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Useful conversion factors 

Multiply By  To Obtain. 

atmosphere (atm) lO1.325 kilopascal (kPa) 
Calorie (international) 4.1868 Joules (J) 

centipoise lO-3 Pa's 
centistoke 10-6 m2/s 
cubic meter (m3

) 35.31 cubic feet (fe) 
cubic meter 1.308 cubic yard (yd3

) 

cubic meter 1,000.00 liter (L) . 

cubic meterls 15,850.0 gallons/min (gpm) 
cubic meterls 22.8245 million galld (MGD) 
cubic meter/m2 24.545 gallons/sq ft (galltt2) 
cubic meter/d . m 80.52 galld . ft (gpdlft) 
cubic meter/d . m2 24.545 galld . ft2 (gpdltt2) 
cubic meterId . m2 1.0 meters/d (mid) 
days (d) 24.00 hours (h) 

days (d) 1,440.00 minutes (min) 
days (d) 86,400.00 seconds (s) 
dyne lO-5 Newtons'(N) 
erg 10-7 Joules (1) 

grains (gr) 6.480 X 10-2 grams (g) . 
grainslU.S. gallon 17.118 mgIL 
grams (g) 2.205 X 10-3 pounds mass (lbm) 

hectare (ha) 104 m 2 

Hertz (Hz) I cycle/s 
Joule (1) I N'm 
J/m3 2.684 X lO-5 Btu/ft3 
kilogramlmJ (kglm3

) 8.346 X 10-3 . Ibmlgal 
kilogramlmJ 1.6855 Ibm/yd3 

kilogram/ha (kglha) 8.922 X 10-1 Ibm/acre 
kilogramlm2 (kglm2

) 2.0482 X 10- 1 Ibn/fr 
kilometers (lan) 6.2150 X 10-1 miles (mi) 

1.3410 horsepower (hp) 
3.600 megajou1es (MJ) 

lO-3 cubic meters (ml) 
1,000.00 

2.642 X 10-1 
milliliters (mL) 

U.s. gallons 
1.1023 U.S. short tons 
3.281 feet (ft) 
2.2785 X 10-3 ftlmin 
3.7975 X 10-5 meters/s (mls) 

196.85 ftlmin 
3.600 kmIh 

Illeters!s 2.237 mileslh (mph) 
micron (JL) 10-6 meters 
milligrams (mg) 10-3 grams (g) 
milligramsIL I glm3 

milligramslL 10-3 kglm3 

Newton(N) I kg'mls2 

Pascal (Pa) 1 N/m2 

Poise (P) lO-I Pa's 
square meter (m2) 2.471 X 10-4 acres 
square meter (m2

) 

square meterls 
lO.7639 
6.9589 X 106 

sq ft (ft2
) 

gpdlft 
Stoke (St) 10-4 m2/s 
Watt{W) 
Watt/cu meter (W/m3 

) 

1 
3.7978 X 10-2 

lIs 
hp/l,OOO ft3 

Wattlsq meter' °C (W/m2 . °C) 1.761 X lO-1 Btulh . ftl . OF 
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-:PREFACIi 


Following the format of previous editions, the fourth edition of Introduction to Envi
ronmental Engineering is designed for use in an introductory sophomore-level engi
neering course with sufficient depth to allow its use in more advanced courses. The 
book covers the basic, traditional subject matter that forms the foundation of more ad
vanced courses. As such, it provides the fundamental science and engineering princi
ples that instructors in more advanced courses may assume are common knowledge for 
an advanced undergraduate. In the more than 60 offerings of this course, we have 
found that mature college students in allied fields-such as biology, chemistry, re
source development, fisheries and wildlife, microbiology and soils science-have no 
difficulty with the material. 

.Wehave assumed the students using this text have had courses in ehemistry, 

physics, and biology as well as sufficient mathematics to understand the concepts of dif

ferentiation and integration. Basic and environmental chemistry concepts are introduced 

atthe beginning of the chapters in which they are relevant. This format integrates the 

chemistry fundamentals with their application to the subject matter of the chapter. 

It provides the student with the tools to analyze and understand the environmental engi

neering issues described in the chapter, in addition to providing an immediate feedback 

of the relevance of the basic chemistry. There are over 100 end-of-chapter chemistry

relat~dl?l'0bleIJJsspread throughout the text. In a similar manner, the fundamental con

ceptsofmicrobiology are introduced as an introduction to biological treatment of 

wast~\yat:~.Inthemathematical presentations, wehave provided only a few derivations. 


i;:;-'l .... In?llfe~periet'lf:e~\themor~rigorous approach of derived mathematics may yield a 

::~'I~sult;tl1qtjsnQtJnQrebut·.·lessdemonstrative-···and even cQ"fusing-to the beginning 


..... ,...... '·student. 

f.·...~~~s~5e;!c~rtiedthr()uglrthetext.Thet1rstis an introduction to the concept 
'jQc ··~.fm;~teri~lSal1d>energybalanceasa.toolfor.understanding environmental'processes 

.t[i&: an~s.olvingenvironmental engineering problems. This concept is introduced in a new 
~tal1cl~qlonech~pteran9then applied for conservative systems in hydrology (hydro

" .lq~i~.9y:cI~'Aeyelopmentofthe rational formula,and reservoir design). This theme is 
>;~~E~:e~PJl~.d~d>toinc1udesludge mass balance in Chapter 4, and the DO sag curve in Chap-

terS.The design equations for a completely mixed activated sludge system and a more 
elaborate sludge mass balance are developed in Chapter 6. Mass balance is used to 
account for the production of sulfur dioxide from the combustion of coal and in the 
development of absorber design equations in Chapter 7. rn Chapter 10, a mass balance 
approachisused for waste audit. There are over 1.00 materials and energy balance end
of-cha?terproblemsspread throughout the text. 

The second theme of the book is the concept of sustainability. First introduced in 
ChapterT, the methods of waste minimization are discussed in each succeeding chap
tertmderthe topics of water conservation, sludge minimization in water treatment, 
land treatment of wastewater, protection of the ozone layer, global warming, resource 
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conservation and recovery of solid waste, hazardous waste management, and reducti<O 
of the volume of radioactive waste. 

Each chapter concludes with a list of review items, the traditional end-of-chaptt~ 
problems, and, perhaps less traditional, discussion questions. The review items ha~, 
been written in the "objective" formatof the Accreditation Board for Engineering arr:~ 
Technology (ABET). Instructors will find this particularly helpful for directing studei~~ 
review for exams, for assessing continuous quality improvement for ABET andf<i 
preparing documentation for ABET curriculum review. We have found the discussioJl 
questions useful as a "minute check" or spot quiz item to see if the students understan! 
concepts as well as number crunching. .. 

The fourth edition has been thoroughly revised and updated. With the addition 
222 new end-of-chapter problems there are now a total of 650 problems. Sixty-six 
the problems have been set up for spreadsheet solutions. The following paragraplff 
summarize the major changes in this edition. 

• A discussion of sustainability and a discussion ohhe process by which laws 
regulations are developed has been added to the first chapter. The discussion 
ethics has been expanded. 

• A new, stand-alone chapter on material and energy balances has been added. 

• 	The hydrology chapter has been reorganized and slimmed down. 

• The water treatment chapter has been revised to include a new treatment J(~: 
Henry's law, new material on waterborne disease and arsenic, updated wat~r:j 
quality standards, an updated technique for design of mixing systems, a new diJ~J 
cussion of membrane treatment technology, and a revised and expanded discu~·) 
sioh of ultraviolet disinfection. Two new example problems have been added. 

~,~~~ 
• Juewaterqualitymanagement chapter has been expanded to include discussion~~: 

qfel1<focrine,<iisruptingcompOlmds (EDCs), total maximum daily load (TMDL!:=~ 
wat~rqllalitY~!llanagernent in. estuaries, and groundwater quality, including ud~J 
cqntrQn~drele;;ts~sofcontaminants and saltwater intrusion into aquifers. 

• Al1ewil1troduction, a· new section on treatment standards, and a new section 
m:errl~ranetreatrnent have been added to the wastewater chapter. In addition, 
~hapterhasb~enrearranged to place the microbiology review closer to the 
cationofmicrpbiology. to activated sludge treatment 

• 	The air pollution standards have been updated and new material on mercury@'j 
lead, and PM2.5 has been added to the air pollution chapter. In addition, the'P 
tions on origin and fate, indoor air, acid rain, ozone depletion, global 
and control ofautomobile emissions have been updated. New discussions on 
alyticcombustion,baghouses, and mercury control have been added. Two 
example problems on catalytic combustion and baghouse design have 
added. 

• A revised introduction to the noise pollution chapter includes the impact of U"''''',l'' €. 

ing loss on people, as well as the economic impact of noise pollution on civil 
gineering projects and businesses. A new discussion of the Lun concept and 
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complete revision of the method of calculating'airborne transmission to reflect 
the ISO calculation procedure are included in the noise pollution chapter. ' 

• 	 The solid waste chapter introduction and discussion of collection methods has 
been updated. A new section on bioreactor landfills has been added. All cost data 
have been updated. 

• 	 In the hazardous waste chapter, the section on risk assessment has be,en updated. 
The discussions on generator requirements, transporter regulations, and under
ground storage tanks have been slimmed down and updated. Two new sections 
and example problems, on retardation of uncontrolled releases into the ground
water and on pump and treat, have been added. 

• 	 The chapter on ionizing radiation has been revised to conform to the SI units of 
notation. Three new example problems have been added. The discussion of ra
dioactive waste management has been updated. ' 

As it stands in the curriculum at Michigan State University (MSU), trye course 
bearing the title of this bookprovides'the foundation for four follow-on senior level en
vironmental engineering courses. The initial portions of selected chapters (hydrology, 
materials and energy balances, water treatment, water quality, wastewater treatment, 
air pollution, noise pollution, and solid waste) are included in the introductory course. 
Advanced material, including most of the design concepts, are covered in the upper 
level courses (hydrology, water and wastewater treatment plant design, solid and haz
ardous waste management). Some of the material is left for the students to pursue on 
their 6wn(environmentallegislation, ionizing radiation). 

Ahlnstructor's manual and set ofPowerPoint® slides are available online for qual
ifiedinstr~stors. Please inqllire\,\iith your McGraw-Hill representative for the neces
s~l·y<af.c~ssp~ss\V()~d .•]'~ejnstrlIctor's manual includes sample course outlines, solved 
e;<a~g!.C?c~~~I11Sianddetai1edsol~tionstothe'end-of-cbapter problems. In addition, 
t~ere.flr~.S»Fgestionsf2rusin~t~e p~dagogicaids, in"the, next. 

l~ll" ;i.):~~~~~qU?iIy1S~.~l~TI1nib~veindkated that Introduction to Environmental Engi
.+..ri~it;~pi~slal1r~f~11~ptt~xtf()rr~.viewandpreparation for the Professional Engineers 
€~~~ exal1lipatipn.It is not only readable for self-study but also provides sufficient example 

p~()1Jle~s~nqgatafotpracticaIapplication in theexam. Many have taken it to the 
exaIll.asopeoftheirrefe~enceresources.And they have used it! 

i •• ~§~I\Vay§j;We.aRpreciateany comments, suggestions, corrections, and contribu
., tions for future revisions. 

Mackenzie L. Davis 
David A. Cornwell 
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1-1 WHAT IS ENVIRONMENTAL ENGINEERING? 

Professions, Learned and Otherwise 
Webster's dictionary defines the learned professions as law, medicine, and theology~~ 
It has been suggested that engineers may not be learned enough to rank among thes\(t~ 
because the study of law, medicine, or theology requires considerably more than fou~ 
years of undergraduate work. There was a time, some hundred years ago, when ,
four-year engineering program was two years longer toan those of the learned pro.. 
fessions! At any rate, Webster's is willing to concede that engineering, along wit~ 
teaching and writing, is a profession even if it is not "learned." At a minimum, a pro- . 
fession is an occupation that requires advanced training in the liberal arts or sciences. 
and mental rather than manual work. • 

But being a professional is more than being in or of a profession. True profession-e 
als are those who pursue their learned art in a spirit of public service (ASCE, 1973).• 
True professionalism is defined by the following seven characteristics: 

1. 	Professionaldecisions are made by means of general principles, theories, 
propositions that are independent of the particular case under consideration. 

2. 	 Professional decisions imply knowledge in a specific area in which the person(;} 
is expert. The professional is an expert only in his or her profession and not 
expert at everything. 

3. The professional's relations with his or her clients are objective and indepen-(,) 
dent of particular sentiments about them. 

4. 	 A professional achieves status and financial reward by accomplishment, 
by inherent qualities such as birth order, race, religion, sex, or age or by mem
hers hip in a union. 

Aprofessional'sdecisionsare assumed to be on behalf of the client and to be 
independent of self"interest 

'rhfprofessionalrelates to a voluntary association of professionals and accepts 
only the authority of those colleagues as a sanction on his or her own behavior. 

7. A professionalis someone who knows better what is good for clients than do 
the c:lients. The professional's expertise puts the client into a very vulnerable 
position.. This vulnerability has necessitated the development of strong pro
fessional codes and ethics, which serve to protect the client. Such codes are 
enforced through the colleague peer group (Schein, 1968). 

The branch of engineering called civil engineering, from which environmental en
gineering is primarily, but not exclusively, derived, has an established code of ethics 
that embodies these principles. The code is summarized in Figure 1-1. 

And What Is Engineering? 
Engineering is a profession that applies mathematics and science to utilize the properties 
of matter and sources of energy to create useful structures, machines, products, systems, 
and processes. 
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AMERICAN SOCIETY OF CIVIL ENGINEERS 

CODE OF ETHICS 


Fundamental Principles 
Engineers uphold and advance the integrity, honor 
and dignity of the engineering profession by: 
1. 	using their knowledge and skill for the enhance

ment of human welfare and the environment; 
2. 	 being honest and impartial and serving with fidel

ity the public, their employers and clients; 
3. striving to increase the competence and prestige 

of the engineering profession; and 
4. 	supporting the professional and technical soci

eties of their disciplines. 

Fundamental Canons 
1. 	Engineers shall hold llaramount the safety, health 

and welfare of the public and shall strive to com
ply with. the principles ofsustainable development 
in the performance of· their p_rofessional duties. 

2. 	Engineers shall perform services only in areas of 
their competence. . 

3.~ngineerss~allissuepublic stat.ementsonly in an 
objective and.· trllthfuL lIlanner. 

4•. Engineers shallact in professional matters for each 
employer or client as faithful agents or trustees. 
and shall avoid conflicts of interest. 

5. 	Engineers shallbuild their professional repu tation 
oothe merit oftheir services and shall not com pete 
unfairly with others. 

6. 	 Engineers shallact in such a manner as to uphold 
and enhance the honor, integrity, and dignity of 
thee:nsineering profession. 

7. 	EngineersshaU continue their professional de
.velopment throughout. their 	careers, and shall 

provide OPIl0rtunitiesfor the professional develop
 FIGURE 1-1mentofthose engineers under their supervision. 

American Society of Civil Engineers code 
of ethics. (ASCE, 2005) 

On to Environmental Engineering 
The Environll1entaI Engineering Division of the American Society of Civil Engineers 
(ASCE) has published the following statement of purpose: 

Environlllentalengineeringismanifest by sound engineering thought and practice in the solu
tiori..ofproblemsofenvironmental sanitation, notably in the provision of safe, palatable, and 
ample public water supplies; the proper disposal of or recycle of wastewater and solid wastes: 
the adequate drainage of urban and rural areas for proper sanitation; and the control of water, 
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soil, and atmospheric pollution, and the social and environmental impact of these solutions. 
Furthermore it is concerned with engineering problems in,tne field of pUblic health, such 
control of arthropod-borne diseases, the elimination of industrial health hazards, and the 
vision of adequate sanitation in urban, rural, and recreational areas, and the effect of 
logical advances on the environment (ASCE, 1977). 

Thus, we may consider what environmental engineering is not. It is not concerned 
marily with heating, ventilating, or air conditioning (HVAC), nor is it concerned 
marily with landscape architecture. Neither should it be confused with the architecturatD 
and structural engineering functions associated with built environments, such 
homes, offices, and other workplaces. 

1-2 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

Where Do We Start? 
We have used the ASCE definition oran environmental engineer as a basis for 
book. Given the constraints of time and space, we have limited ourselves to 
following topics from the definition: 

1. 	 Provision of safe, palatable, and ample pub I ic water supplies 

2. 	 Proper disposal of or recycling of wastewater and solid wastes 

3. 	 Control of water, soil, and atmospheric pollution (including noise as an 
spheric pollutant) 

A ShorLOutlineofThisBook 
Thi§ shprtmltlineprovides an overview of the book. It is derived from the ASCE 
i[1itionRfe~vironll1en tal. engineering. 

th~pter2'rvIaterialsalldEnergy Balances. introduces tools that are used in 
r~BITl7ntal>~ngineering.Thesetools will be applied throughout the book to develop 
fundamental understanding of the subject matter and as a method for developing 
tionstoanalyzeand describe the behavior ofenviron mental processes. 

~ydrolo?yisthe subject ofChapter 3. In that chapter we discuss the hydrologic~E; 
cy~le;al1q:theanalysesused to ensure an ample supply of water from either surface wa-;~ 
ter or groundwater. Because hydrology is concerned with flooding as well as with'''''/' 
droughts, we also touch on the "adequate drainage" portion of the environmental en
gineering definition. The discussion of the physics of groundwater movement will 
you the tools you need to understand problems of groundwater pollution. 

In Chapter 4 we turn from water quantity to water quality. First, we review som~:~) 
basic chemistry concepts and calculations; then we examine some characteristics of 
ter thataffect its quality. Finally, we explain how to treat water for public consumption,~rjJ 

In Chapter Swe consider the effects of various materials on water quality. In 
ticular, we spend a good deal of time examining the effects of organic pollution on 
levels of dissolved oxygen in the water. Dissolved oxygen is required for higher 
of aquatic life, such as fish, to survive. 
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Wastewater treatment is the subject of Chapter 6 __ Here, we look athow we can 
remove pollutants that reduce the quality of the lake or stream. Our emphasis is·on 
municipal wastewater treatment. 

In Chapters 7 and 8, we turn to the control of atmospheric pollution and noise con
trol. After a brief introduction to the health effects and other environmental impacts of 
air pollutants and noise, we examine transport processes that carry pollutants from 
their source to people, as well as some methods of controL 

Solid waste is the topic of Chapter 9. Collection, disposal, and recycling of solid 
waste are fundamental needs of our complex urban society. This chapter will present 
some of the tools for understanding and solving problems in solid waste management. 

Hazardous waste is the topic of Chapter 10. Methods of dealing with abandoned 
hazardous waste sites and managing the wastes we are continually generating are dis
cussed. We examine some alternatives for treatment of these wastes as an application 
of the technologies addressed in earlier chapters. 

The final chapter is a brief examination of ionizing radiation. A brief introduction 
to health effects of radiation is followed by a discussion of management techniques for 
both radioactive waste and x-rays. 

The appendices provide tables of the properties of air, water, and selected chemicals. 
Tables at the inside front and back covers provide a list of atomic masses, the pe

riodic table, conversion factors, and the International System of Units (SI) naming con
vention for factors of 10. 

1-3 ENVIRONMENTAL SYSTEMS OVERVIEW 

Systems as Such 
Beforewe begin in earnest, we thought it worth taking a look at the problems to be dis
cuss~dinthistextinaIargerperspective.Engineers like to call this the "systems ap

(~\ .PJ;O~fh,"tli.ati~'ilo8~i.~gataUthe interrelated parts and their effects on one another. in 
<")·~l1KirqI1wentalsy~tert;sitis.dqubtfuIJhatn1eremortalscan ever hope to identify all the 
t~i.Net;fel~;~~~p~rts,t,osayn.~thi?goftryi~gtoestablishtheireffects on one another. 
• ··Wb~!irstt~i~~tttte'systemsengineerdoes,then, is to simplify the system to·a tractable 

.~if ..... :sizethatbehaves in a fashion similar to the real system. The simplified model does not 
behayeindetail as the system does, but it gives afair approximation of what is going on. 

.W:eh~~ef8IIg~edithispa\ternofsiI11plification in our description of three envi
r()~il17ntaIsystert;s:·the.waterresource management system, the air resource manage
mentsystem, and the solid waste management system. Pollution problems that are 
confined to one of these systems are called single-medium problems if the medium is 
either air, water, or soil. YIany important environmental problems are not confined to 
one of these simple systems but cross the boundaries from one to the other. These prob
lem§arereferred to as multirnedia pollution problems. 

Water Resource Management System 
WaterSupplySl.lbsystem. The nature of the water source commonly determines the 
plalining,design, and operation of the collection, purification, transmission, and distri
bution works. The two major sources used to supply community and industrial needs 
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FIGURE 1-2 

are;~efet1'~dtoassuifacewatetandgroundwater. Streams, lakes, and rivers are the sur
face\~at~t~ources.Groundwaters()urcesare those pumped from wells. 

<.Figurel-2depictsanextensionof the water resource system to serve a small com
rnunity:Thesource in each case determines the type of collection works and the type 
of treatmentworks.* The pipenetwork in the city is called the distribution system. The 
pipes themselves are often referredtoas water mains. Water in the mains generally is 
k~pf.at.~pressureb~t~een200and 860 kilopascals (kPa). Excess water produced by 

'the treatment plant during periods of low demand+ (usually the nighttime hours) is held 
in a storage reservoir. The storage reservoir may be elevated (the ubiquitous water 
tower), or it may be at ground level. The stored water is used to meet high demanddur
ing the day. Storage compensates for changes in demand and allows a smaller treat
mentplant to be built. It also provides emergency backup in case of a fire. 

PopUlation and water-consumption patterns are the prime factors that govern the 
quantity of water required and hence the source and the whole composition of the water 

*Works is a noun used in the plural to mean "engineering structures," It is used in the same sense as art works. 

t Demand is the lise of water by consumers. This use of the word derives from the economic term meaning "the desire 
for a commodity," The consumers express their desire by opening the faucet or flushing the water closet (WC). 
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resource system. One of the first steps in the selection of a suitable water-supply source 
is determining the demand that will be placed on it The essential elements of water de- -~ 

mand include average daily water consumption and peak rate of demand. Average daily 
water consumption must be estimated for two reasons: (1) to determine the ability of the 
water source to meet continuing demands over critical periods when surface flows are 
low or groundwater tables are at minimum elevations, and (2) for purposes of estimating 
quantities of stored water that would satisfy demands during these critical periods. The 
peak demand rates must be estimated in order to determine plumbing and pipe sizing, 
pressure losses, and storage requirements necessary to supply sufficient water during 
periods of peak water demand. 

Many factors influence water use for a given system. For example, the mere fact 
that water under pressure is available stimulates its use, often excessively, for watering 
lawns and gardens, for washing automobiles, for operating air-conditioning equipment, 
and for perfOlming mao.y other activities at home and in industry. The following fac
tors have been found to influence water consumptiori in a major way: 

1. Climate 

2. Industrial activity 

3. Meterage 

4. System management 

"" Standard of living~. 

ThefoH()wingfactorsalso influence water consumption but to a lesser degree: extent 
o(seo/erage,system pressure, water price, and availability of private wells. 

... JfIthedeI11a~~forwater is measured on a per capita* basis, climate is the most im
~ort~l1tf~(;l?Bin~g.f.ncingdemand. T~is ,.issho\Vn dramatically in Table I-t. The aver

f·Z~)a;;.~:an~1,l~tpes.ipitationfortheH\Vet" states isabout 100 cm per year while the average 
..,.~~I)~a~p~~R· ' ionf9rthe"dry"statesis only about 25 cm per year. Of course, the 
s~ '. . . ...., .. lroS~~~i~.e~al;>lyw(lgnerthan the "wet" states. 
'..¥:i1rlc:~o:fillgustryismingrease.percapita water demand. Small rural and 
','.•~~.comnmnitieswill use less water per person than industrialized communities. 
~;;;LT:.het~irdIn0stiIllPortanHactor inwater use is whether individual consumers have 

'fat.ermeter~.lv1~terageirnposesasenseofresponsibility not found in unmetered 
.i.~.. ..r~~~~fl"l£~~a;l"ld?qy~i~esses.ThissYlJsyofresponsibility reduces per capita water con
c" sumptiOllbecausecustomers repair leaks and make more conservative water-use deci

sionsalmost regardless of price. Because water is so inexpensive, price is not much of 
a factor. 

Following meterage closely is the aspect called system management. If the water 
system is well.managed, per capita water consumption is less than if it is 

managed.Well..;managed systems are those in which the managers know when 
the water main occur and have them repaired promptly. 

*Percapita is a Latin term that means "by heads." Here it means person.,. This assumes that each person has 
one head (on the average). 
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TABLE 1-1 
Total fresh water withdrawals for public supplya 

State Withdrawal (Lpcd)b 

"Wet" 

Connecticut 471 
Michigan 434 
New Jersey 473 
Ohio 488 
Pennsylvania 449 

Average 463 

"Dry" 

Nevada 1,190 
New Mexico 797 
Utah 1,083 

AveraGeb 
. 963 

"Compiled from Hutson et al. (200 1). 
"Lpcd = liters per capita per day. 

Climate, industrial activity, meterage, and system management are more signifi-c ) 
cant factors controlling water consumption than the standard of living. The rational~;,:~ 
for the last factor is straightforward. Per capita water use increases with an increased;;~~ 
standard of living. Highly developed countries use much more water than the less "<7 

veloped nations. Likewise, higher socioeconomic status implies greater per capita 
usethanlowersocioeconomic status. 

ThetoralU.S.waterwithdrawal for all uses (agricultural, commercial, domestic, 
mining,andt~ennoelectricpower),including both fresh and saline water, was esti-ifj 

rrlClt~9to.be~Rproxil1)at~ly 5,400 liters per capita per day (Lpcd) in 2000 (Hutson, 
~G,~()Ol~.'Fh~a.rpountforU.S. public supply (domestic; commercial and industrial. 
use)was estimated to be 580 Lpcd in 2000 (Hutson, et a1., 2001). The American Water. 
WorksAssodationestimated that the average daily household water use in the United. 
States was J,320 liters per day in 1999 (AWWA, 1999). For a family of three, 
w{)ul,darpo~nttoab9ut440Lpcd. The variation in demand is normally reported as 
factor of the average day. For metered dwellings the factors are as follows: maximum 
day =2.2 X average day; peak hour = 5.3 X average day (Linaweaver et a1., 1967). 
Some mid-Michigan average daily use figures and the contribution of various sectors 
to demand are shown in Table 1-2. 

International per capita domestic water use has been estimated by the Pacific Insti
tute for Studies in Development, Environment, and Security (Pacific Institute, 2000). 
For example, they report the following (all in Lpcd): Australia, 1,400; Canada, 430; 
China,60; Ecuador, 85; Egypt, 130; Germany, 270; India, 30; Mexico, 130; Nigeria, 25. 

Wastewater Disposal Subsystem. Safe disposal of all human wastes is necessary to 
protect the health of the individual, the family, and the community, and also to prevent 
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TABLE 1-2 
Examples of variation in per capita water consumption 

Percent of per capita consumption 

Location Lpcd Industry Commercial Residential 

Lansing, MI 512 14 32 54 
East Lansing, MI 310 0 10 90 
Michigan State University 271 0 1 99 

Data from local treatment plants. 2004. 

the occurrence of certain nuisances. To accomplish satisfactory results, human wastes 
must be disposed of so that: 

1. 	 They will not contaminate any drinking water supply. 

2. 	TheywiUnotgive rise to a public health hazard by being accessible'to vectors 
(insects, rodents, or other possible can'iers) that may come into contact with 
food or drinking water. 

3. They will not give rise to a public health hazard by being accessible 	to 
children. 

4. 	 They will not cause v iolation of laws or regulations governing water pollution 
or sewage disposal. 

5. They will not pollute or contaminate the waters of any bathing beach, shellfish
breedingground,or streamusedforpublic or domestic water-supply purposes, 

···orforr~creati()nalpurposes. 

i7hgy:;*HEnJtgi~eTiseto a nuisaflcc.duetoodoror unsightl yappearance. 
1~~~~) :-\-- :__>__:""_< _>-_~~;-,- __ -_<.'\'-_-.-_ '. (; '-:;, 

0cr~;/<!<rptt~s~;~fit~~~aig~~.?e~tbemetbythediSChargeOf domestic sewage to an adequate 
.• ·····pu~n~:ote.?tl1tpunitys~weragesystem(U.S.PHS, 1970). Where no community sewer 
(~j; .s:ystelTl~x.ists,on-sitedisposal by an approved method is mandatory. 

In its simplest Jorm the wastewater management subsystem is composed of six 
partS{Fi~~~el=3).rhesourceofwastewater maybe either industrial wastewater or do
tl1~sticse,wageorboth.*Industrial wastewater may be subject to some pretreatment on 
site iiit bas the potential to upset the municipal wastewater treatment plant (WWTP). 
Federal regulations refer to municipal wastewater treatment systems as publicly owned 
treatrnent works, or POTWs. 

The quantity of sewage flowing to the WWTP varies widely throughout the day in 
response to water usage. A typical daily variation is shown in Figure 1-4. Most of 
thewateLused in a community will end up in the sewer. Between 5 and 15 percent of 
the water is lost in lawn watering, car washing, and other consumptive uses. Con
sttmptiveusemaybe thoughtof as the difference between the average rate that water 

*Domestic sewage is sometimes called sanitary sewage, although it is far from being sanitary! 
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Wastewater management subsystem. (Linsley anc! Fanzini. 1979) 

flows into.the distribution system and the average rate that wastewater flows into 
WWTP(ex:ceptingtheeffects of leaks in the pipes). 

!~:q~antityofWastewater, with one exception, depends on the same factors 
detenninethequantity of waterrequired for supply. The major exception is that 

·.·gtoundwater(groundwater) conditions may strongly affect the quantity of water in 

M 0600 1200 1800 M FIGURE 1-4 
Time of Day Typical variation in daily wastewater 
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system because of leaks. Whereas the drinking water distribution system is under pres
sure and is relatively tight, the sewer system is gravity operated and is relafiveiy open. 
Thus, groundwater may infiltrate, or leak into, the system. When manholes lie in low 
spots, there is the additional possibility of inflow through leaks in the manhole cover. 
Other sources of inflow include direct connections from roof gutters and downspouts, 
as well as sump pumps used to remove water from basement footing tiles. Infiltration 
and inflow (I & I) are particularly important during rainstonns. The additional water 
from I & I may hydraulically overload the sewer causing sewage to back up into houses 
as well as to reduce the efficiency of the WWTP. New construction techniques and ma
terials have made it possible to reduce I & I to insignificant amounts. 

Sewers are classified into three categories: sanitary, stonn, and combined. Sanitmy 
sewers are designed to carry municipal wastewater from homes and commercial es
tablishments. With proper pretreatment, industrial wastes may also be discharged into 
these sewers. Storm sewers are designed to handle excess rainwater to prevent flood
ing of low areas. While sanitary sewers convey wastewater to treatment facilities, 
storm sewers generally discharge into rivers and streams. Combined sewers are ex
pectedto accommoda.te both municipal wastewater and stonnwater. These systems are 
designed so· that during dry periods the wastewater is carried to a treatment facility. 
During rain storms, the excess water is discharged directly into a river, stream or lake 
without treatment. Unfortunately, the storm water is mixed with untreated sewage. The 
U.S. Environmental Protection Agency (EPA) has estimated that 40,000 overflows oc
cur each year. Modem design practice discourages the building of combined sewers. 
Many communities have already begun the process of replacing the combined sewers 
with separate systems for sanitary and storm flow. 

When.gravityflow is not possible or when sewer trenches become uneconomi
caIIydeepfthew<istewater may be pumped. When the sewage is pumped vertically to 
discha:geihtp a higher-elevation gravity sewer, the location of the sewage pump is 

call~~~(~t§tqtitm~ < ................ 


..•......•• Se}\'a,petreatll1entisperfonnedattheWWTPto stabilize the waste material, that 
...•.... i~f~~> .... "~~gl~ss.F~tres(·ib.te.1fheeffluentfromtheWWTP may be discharged into an 
Q.c~~n,.a .. e,?pri~~r.>c~lled.;th~.receiving. body). Alternatively, it may be discharged 

<. onto!.(or·into)theground; orbe processed for reuse. The by-product sludge from the 
·WW!P.~lsomust.be disposed ofinan environmentally acceptable manner. 

\Vh~therthewaste<isdischargedontothegroundor into a receiving body, care must 
bee~~E?~s~~<n.?ttPoye(taj(theassimilativecapacityof the ground or receiving body. The 
factthatthe wastewater effluent is cleaner than the river into which it flows does not jus
tify the discharge if itturns out to be the proverbial "straw that breaks the camel's back." 

In summary, water resource management is the process of managing both the 
quantity and the quality of the water used for human benefit without destroying its 
availability and purity. 

Ourairresourcediffers from our water resource in two important aspects. The first is in 
regard to quantity. Whereas engineering structures are required to provide an adequate 
water supply, air is delivered free of charge in whatever quantity we desire. The second 

http:WW!P.~lsomust.be
http:accommoda.te
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FIGURE 1-5 
A simplified block diagram of an air resource management system. 

aspect is in regard to quality. Unlike water, which can be treated before we use it, it is 
impractical togo about with a gas mask on to treat impure air and with ear plugs in to 
keep out the noise. 

The balance of cost and benefit to obtain a desired quality of air is termed air re
source management. Cost-benefit analyses can be problematic for at least two reasons. 
First is the question of what is desired air quality. The basic objective is, of course, to 
protect the health and welfare of people. But how much air pollution can we stand? \Ve 
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know the tolerable limit is something greater than zero, but tolerance varies from per
son to person. Second is the question of cost versus benefit. We know that we don't 
want to spend the entire Gross Domestic Product to ensure that no individual's health 
or welfare is impaired, but we do know that we want to spend some amount. Although 
the cost of control can be reasonably determined by standard engineering and eco
nomic means, the cost of pollution is still far from being quantitatively assessed. 

Air resource management programs are instituted for a variety of re(:l.sons. The 
most defensible reasons are that (1) air quality has deteriorated and there is a.need for 
correction, and (2) the potential for a future problem is strong. 

In order to carry out an air resource management program effectively, all of the 
elements shown in Figure 1-5 must be employed. (Note that with the appropriate 
substitution of the word water for ail; these elements apply to management of water 
resources as welL) 

Solid Waste Management 
Inthepast,solidwastewas.considered a ·resource,·andwe will examine its current po
tentialasaresource. Generally, however, solid waste is considered a prob'lem to be 
solved as cheaply as possible rather than a resource to be recovered. A simplified block 
diagram ofasolid waste management system is shown in Figure 1-6. 

While typhoid and cholera epidemics of the mid-1800s spurred water resource 
management efforts, and while air pollution episodes have prompted better air re
source management, we have yet to feel the impact of material or energy shortages 
severe enough to encourage modern solid waste management. The landfill "crisis" of 
the 1 980sappears to have abated in the early 1990s due to new or expanded landfill 
capacityandtomanyinitiatives to reduce the amount of solid waste generated. By 

Collection 

I.....!----- -----4..... 1 Processing and 
Recovery 

FIGURE 1·6 
Disposal Asimplified block diagram of a sol id waste man

agement system. (Tchobanoglous ct aL, 1977) 
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1999, more than 9,000 curbside recycling programs 'served roughly half of the U.S. 
population (U.S. EPA, 2005a). . 

Multimedia Systems 
Many environmental problems cross the air-water-soil boundary. An example is acid 
rain that results from the emission of sulfur oxides and nitrogen oxides into the atmos
phere. These pollutants are washed out of the atmosphere,-thus cleansing it, but in tum 
polluting water and changing the soil chemistry, which ultimately results in the death 
of fish and trees. Thus, our historic reliance on the natural cleansing processes of the 
atmosphere in designing air-pollution-control equipment has failed to deal with the 
multimedia nature of the problem. Likewise, disposal of solid waste by incineration re
sults in air pollution, which in tum is controlled by scrubbing with water, resulting in 
a water pollution problem. 

Three lessons have come to us from our experience with multimedia problems. 
First, it is dangerous to develop models that are too simplistic. Second, environmental 
engineers must use a multimedia approach and, in particular, work with amultidisci
plinary team to solve environmental problems. Third, the best solution to environmen
tal pollution is waste minimization-if waste is not produced, it does not need to be 
treated or disposed of. 

Sustainability 
While pollution problems will remain with us for the foreseeable future, an overriding is
sue for the continuation of our modem living style and for the development of a similar 
living style for those in developing countries, is the question of sustainability. That is, 
how do we maintain our ecosystem in the light of major depletion of our natural re
$ourc~s.If,jtloursystemsview,we lookbeyondthe simple idea of controlling pollution 
tothelargerideaof sustaining our environment, we see that there are better solutions for 
our'pollution problems. For example: 

~/<i ",'__ '_'_->-_\;_~- ~-:-

-.Pollutionprevt.mtioIlby· the minimization of waste production 

• Lifecyde analysis of our production techniques to include built-in features for 
exttactionandreuse of materials 

• Selection. ofmaterials and methods that have a long life 

• 	Selection of manufacturing methods and equipment that minimize energy and 
water consumption 

1-4 ENVIRONMENTAL LEGISLATION AND REGULATION 

Acts, Laws, and Regulations 
The following paragraphs provide a brief introduction to the process leading to the es
tablishment of regulations and the terms used to identify the location of information 
about bills, laws, and regulations. This discussion is restricted to the federal process 
and nomenclature. 
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A proposal for a new law, called a bill, is introduced in either the Senate or tht? 
House of Representatives (House). The bill is given a designation, for example S. 2649 
in the Senate or H.R. 5959 in the House. Bills often have "companions" in that similar 
bills may be started in both the Senate and House at the same time. The bill is given a 
title, for example, the "Safe Drinking Water Act" which implies an "act"of Congress. 
The act may be listed under one "Title" or it may be divided into several "Titles." Ref
erences to the "Titles" of the act are given by roman numeral. For example,_Title III of 
the Clean Air Act Amendments establishes a list of hazardous air pollutants. Frequently 
a bill directs some executive branch of the government such as the EPA to carry out an 
action such as setting limits for contaminants. On occasion, such a bill includes specific 
numbers for limits on contaminants. If the bills successfully pass the committee to 
which they are assigned, they are "reported out" to the full Senate (for example, Senate 
Report 99-56) or to the full House (House Report 99-168). The first digits preceding the 
dash refer to the session of Congress during which the bill is reported out. In this exam
ple, it is the 99th Congress. If bills pass the full Senate/Hollse they are taken by a joint 
committee of senators and congressional representatives (conference committee) to 
f()rI11(l siriglebillforadibn by both the Senate and House. If the bill is adopt~d by a ma
jorityof both houses, it goes to the Presidentfor approval or veto. When the President 
signs the bill it becomes a law or statute. It is then designated, for example, as Public 
Law 99-339 or PL99-339. This means it isthe339th law passed by the 99th Congress. 
The law or statute approved by the President's signature may alternatively be called an 
act that is referred to by the title assigned the bill in Congress. 

The Office of the Federal Register prepares the United States Statutes at Large an
nually. This is a compilation of the laws, concurrent resolutions, reorganization plans, 
andprbclamationsissued during each congressional session. The statutes are num
bere~ chronologically. They are notplaced in order by subject matter. The short hand 

...... refere~geis, for.ex~l11ple, 104 Stat. 3000. 
'Iht:%rlite~~tBt~sCqdeisthecom~iledwrittensetof laws in force on the day be

fbt~itp~!J,e~i~ni~gqt'thec~l'f~ntsessionofCongress. (U.S, Code, 2005). Reference is 
l11~cletg?~b~.U.§?~?d~by"TitIe" and "§estiQn"number (for example, 42 USC 690 I or 

.\4~0.;SJ2.~*g~OJ)}T~8I~ •. 1-3.• gives.asampl~ioftitles. and sections of environmental 
interese.Notethat "Titles" of the U.s. Code do not match the "Titles" of the Acts of 
Cbn~ress. 

IncaITyin~outthedirectivesoftheCongresstodevelop a regulation or rule, the 
~~f:¥{es.othelj'~~~()Mtiy:ebral1ch<?fthegovernmentfollows a specific set of formal pro

'. ceduresinaprocess referred to as rule making. The government agency (EPA, Depart
mentof Energy, Federal Aviation Agency, etc.) first publishes a proposed rule in the 
Federal Register. The Federal Register is, in essence; the government's newspaper. It is 
published every day that the federal government is open for business. The agency pro
vides the logic for the rule making (called a preamble) as well as the proposed rule and 
requests comments. The preamble may be several hundred pages in length for a rule that 

.. i§J)rlly:a few lines long or a single page table of allowable concentrations of contarni
I1am§.Priortotheissuanceofa.final rule, the agency allows and considers public com

. ment.The time period for submitting public comments varies. For rules that are not 
complex orcontroversial it may be a few weeks. For more complicated rules, the com
ment period may extend for as long as a year. The reference citation to Federal Register 
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TABLE 1-3 

U.S. Code title and section numbers of environmental interest 

Title Sections Statute 

7 136 to 136y Federal Insecticide, Fungicide, and Rodenticide Act 
16 1531 to 1544 Endangered Species Act 
33 1251 to 1387 Clean Water Act 
33 2701 to 2761 Oil Pollution Act 
42 300f to 300j-26 Safe Drinking Water Act 
42 4321 to 4347 National Environmental Policy Act 
42 4901 t04918 Noise Control Act 
42 6901 to 6922k Solid Waste Disposal Act 
42 7401 to 7671q Clean Air Act (includes noise at §7641) 
42 9601 to 9675 Comprehensive Environmental Response, Compensation, and Liability Act 
42 11001 to 11050 Emergency Planning and Community Right-to-Know Act 
42 13 10 1 to 13109 Pollution Prevention Act 
46 3703a Oil Pollution Act 
49 2101 Aviation Safety and Noise Abatement Acta 
49 2202 Airport and Airway Improvement Acta 
49 47501 to 475JO Airport Noise Abatement Act 

"At U.S. Code Annotated (U.S.C.S.A.) 

publications is in the following form: 59 FR 11863. The first number is the volume 
number. Volumesarenumbered by year. The last number is the page number. Pages are 
numbered sequentially beginning with page 1on the firstday ofbusiness in January of 
each yea:. From thenumber shown, this rule making starts on page 11,863! Although 
9n?IIlightassumethisislate in the year, it may not be if a large number of rules have 
beenp~l:>,tished.Thismakesthedateof publication very useful in searching for the mle. 

(Qnseayear1.p~J~I~1,therules thathave.been finalized in the past year are 
cQ~ified.;!l1islUe~nsth.~y:areorganized and published in the .code ofFederal Regula
tions.{CFR,2005).Unlike.the Federal Register, the Code of Federal Regulations is a 
compilation oftherules/regulations bf the various agencies without explanation of how 
the govemmentarrived atits decision. The explanation of how the mle was developed 
m.~ybx:fQ~nqpnlYiIltheFederalRegister. The notation used for Code ofFederal Reg
ulati()nsis as follows: 40 CFR 280. The first number is the "Title" number. The second 
number in the citation refers to the part number. Unfortunately, this title number has no 
relation to either the title number in the Act or the United States Code title number. The 
CFR title numbers and subjects of environmental interest are shown in Table 1-4. 

Water Quality Management 
Drinking water. Under the Interstate Quarantine Act of 1893, the U.S. Public Health 
Service (PHS) wi1s empowered to make and enforce regulations to prevent the spread of 
communicable diseases. Interstate regulations were first promulgated in 1894 and the 
first water-related regulation (prohibiting the use of the "common cup" on interstate 
carriers) was adopted in 1912. The first federal drinking water regulation was adopted 
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TABLE 1-4 
Code ofFederal Regulations title numbers of environmental interest 

Title number Subject 

7 Agriculture (soil conservation) 
10 Energy (Nuclear Regulatory Commission) 
14 Aeronautics and Space (noise) 
16 Conservation 
23 Highways (noise) 
24 Housing and Urban Development (noise) 
29 Labor (noise) 
30 Mineral Resources (surface mining reclamation) 
33 Navigation and Navigable Waters (wet lands and dredging) 
40 Protection oUhe Environment (Environmental Protection Agency) 
42 Public Health and Welfare 
43 Public Lands: Interior 
49 Transportation (transporting hazardous waste) 
50 Wildlife and Fisheries 

in 1914. It established limits for bacterial contamination. In 1925, still acting under the 
1893 Act, the PHS tightened the bacteriological standard and added physical and chem
icalstandardkThese were reviewed and updated periodically through the 1940s. In 
1962f aCbrhprehensiveupdate of the standards was completed. These standards were 
accepted;by.allthestatesbutwerebindingon only about 2 percent of the communities, 
thatistho~etha7serve~inttfrstate .. carriers. 

:J'h~~fft}9rinki~g;~ater;~ctpf1974{SDWA) also identified as Title XIV of the 
U.S.~~.Qli8H~alt~§~(MiceA~t"wastl1~~lrstcongressional act ·focused·on drinking wa
tef;Jtdirecte9;,~h¢'~~\\,lYfo11IlydEPAtoreyisedrinking-water.regulations to protect the 
g~g. ....,~11~;tQq~~ysss~e9i~e~.atwostepprocess.First,it was·to publish rec

". ,.;~m~~p~ .•........ ~xirfl~~cg~tal1linaIltd~xels(RMCLs)for·contaminants believed-to have 
(~} ··all.~dverseeffecton!healthbasedon a study ofhea1th effects by the National Academy 

qK~citP5e'Ihe RMCLsweretobe set, with an adequate margin of safety, at a level 
th~tta:0\\fn?ranticiR~te~h>~tth>~ectwould occur.The Congress·specified that these 
It;\!~ls\\l~r~~g.Q~.he(llth·goalsandwerenotto be federally enforceable. EPA was then 
to set maximum contaminant levels (MCLs) as close to the RMCLs as the agency 
thoughrfea.sible. These became the National Primary Drinking Water Regulations. 
These standards applied to public water systems serving 25 or more people year-round 
or having 15 or more year-round service connections. 

TheSDWAwasamendedand/orreauthorized in 1977, 1979, and 1980. The 1986 
revisionoftheSDWA resulted insignificant changes. The congressional focus was on 
strengtlleningthetegulation-setting process which had lagged significantly under the 
R~aganadministration;The1986Act required: 

Mandatory standards for 83 contaminants by June 1989. 

2. Mandatory regulation of 25 contaminants every 3 years. 
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3. 	 Designation of best available te<;:hnology (BAT) for each contami~ant regulated. 

4. 	 Specification of criteriafor deciding when filtration of surface water supplies 
is required. 

5. 	 Disinfection of all public water supplies. 

6. 	 Monitoring for contaminants that were not regulated. 

7. 	 Banned lead solders, flux, and pipe in public water systems. 

8. 	 New programs for wellhead protection and protection of sole source aquifers 
(Pontius, 2003). 

The mandate to regulate 25 contaminants every 3 years could not be met, and af
ter 	1992 regulations ceased to be issued. The 1986 SDWA amendments authorized 
congressional appropriations for implementation through fiscal year 1991. Reautho
rization was not completed until 1996. 

The 1996 SDWA amendments were signed into law by President Clinton as PL 
1042 182. The amendments made substantial revisions to'the act. Eleven new sec

, ~ .~ 

tions were added. The amendments strengthened and expanded the protection of 
drinking water by providing grants for compliance and enforcement, enhanced 
water-system capacity, operator training, and development of solutions to source 
pollution. In addition, it provided for public notification of violations within 24 
hours (rather than 2 weeks under the old act), and annual reporting of levels of reg
ulated contaminants to consumers. Relief from analysis of contaminants that have 
never been found and are unlikely to occur was given to reduce analytical costs. EPA 
was funded to conduct research on health effects and treatment for arsenic, radon, 
and Crytosporidium. Inaddition,EPAwas required to develop a screening program 
toicicI1tifytheriskS posed by substances that have an effect similar to that produced 
~tnatunlnyoccurringestro~e~andto screen pesticides and other chemicals for estro

. gepiceffects.lnarrtajorshiftfromaU preceding environmental rule making, Section 
1412(~)(6)ofthyactrequiresthatenvironmental regulations·include an assessment of 
tlle;c.o~tsam:lb~n.efits,Furthermore,itpermitsthe EPA administrator to "promulgate a 
maximum contaminant level for thecontaminant that maximizes health risk reduc
tionbenefits.ata cost justified by the benefits." Prior to the enactment of this legis
lation, cost was not to be considered in the protection of human health and the 
environment. 

Water pollution control. The federal role in water pollution control began with the 
Public Health Service Act of 1912. This act established the Streams Investigation Sta
tion at Cincinnati to carry out water pollution research. The Oil Pollution Act was 
passed in 1924 to prevent oily discharges on coastal waters. During the 1930s and 
1940s, there was a continuing debate over whether the federal government should take 
a greater role in controlling water pollution. This debate led to the limited expansion of 
federal powers expressed in the Water Pollution Control Act of 1948 (Table 1-5). The 
Federal Water Pollution Control Act (FWPCA) of 1956, passed by overriding Presi
dent Eisehower's veto (Percival, 2003), was the comerstone of early federal efforts to 
reduce pollution. Key elements of the act included a new program of subsidies for 
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TABLE 1·5 
Federal laws controlling water pollution 

Year Title 

1948 Water Pollution Control Act 

[956 Federal Water Pollution 
Control Act (FWPCA) 

1965 Water Quality Act 

1972 FWPCA Amendments 

1977 	 Clean Water Act 

1981 	 Municipal Waste Treatl)1ent 
Construction Grants Amendments 

Selected elements of legislationCl 

Funds for state water pollution control agencies 
Technical assistance to states 
Limited provisions for legal action against polluters 

Funds for water pollution research and training 
Construction grants to municipalities 
Three-stage enforcement process 

States set water quality standards 
States prepare implementation plans 

Zero discharge of pollutants goal 
BPT and BAT effluent limitations 
NPDES permits 
Enforcement based on~permit violations 

BAT requirements for toxic substances 
BCT requirements for conventional pollutants 

Reduced federal share in construction grants program 

"The table entries include only the new policies and programs established by each of the laws. Often these provisions were carried forward 
in modified form as elements of subsequent legislation. 

The Water Quality Act of 1965 carried forward many provisions of the earlier fed
eral legislation, generally with an increase in levels of funding. The 1965 act also in
troduced important new requirements for states to establish ambient water quality 
standards and detailed plans indicating how the standards would be met. The act also 
s~ifted responsibility for administering the federal water quality program from the U.S. 
PupliC He,nth Serviceto a separate agency, the Federal Water Pollution Control Ad
ministration, within the Department ofHealth, Education, and Welfare (HEW). This 
was not a pennanent change. In 1970, a presidential reorganization order placed the 
water pollution control activities and several other federal environmental programs in 
the newly created Environmental Protection Agency (EPA). 
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In Public Law 92-500 (Federal Wg.ter Pollution Control Act of 197_2),* Congress 
introduced (1) national water quality goals, (2) technology-based effluent limitations, 
(3) a national discharge permit system, and (4) federal court actions against sources 
violating peooit conditions. 

The 1972 amendments aimed to restore and maintain "the chemical, physical and 
biological integrity of the nation's waters." The amendments specified, as a national 
goal, that the "discharge of pollutants into navigable waters be eliminated by 1985." 
This also included an interim goal: 

[W]herever attainable, an interim goal of water quality which provides for the protection and 
propagation of fish, shellfish and wildlife and provides for recreation in and on the water 
[should] be achieved by July 1, 1983. 

The EPA administrator was required to set effluent restrictions that met the follow
ing general requirements ofthe 1972 amendments: By 1977, all dischargers were to 
achieve "best practicable control technology currently available " (BPT); and by 1983, 
all dischargers were to have the "best available technology e..conomically achievable" 
(BAT), Afterdelays caused by numerous legal challenges,to the EPA administrator's 
effluent limitations guidelines, the BPT provisions were implemented. However, the 
BAT requirements were so heavily disputed that Congress modified them in the Clean 
Water Act of 1977. 

The principal criticism of the original BAT effluent limitations was that the costs of 
the very high required percentage reductions in residuals would be much greater than the 
benefits. In defining BAT, costs were considered, but only in the general context of af
fordability by induslry. Computations of the social benefits of stringent effluent controls 
were not a central factor. Congress presumed the benefits of eliminating water pollutants 
would.besubstantial. Congressional insistence on very strict effluent limitations can also 
be interpreted.as an effort to. guarantee the rights ofAmericans to high-quality waters. 

IpI97?,Congressl'espondedto criticsofBATbyrequiring it only for toxic substances. 
~differertrequirernynt was introduced for "conventional pollutants," such as biochemical 
9~xg~~d~mandandsuspendedsolids.1be effluent limitations guidelines for these pollu
tants\¥eryJo~~asedonthe"bestconventional pollutant control technology" (BCT). 

The Clean Water Act of 1977 strongly endorsed the view that waterborne toxic 
substancesITmst be controlled. The text of the act included a list of 65 substances, or 
classes ofsubstances , to be used as the basis for defining toxies. This list resulted from 
.aJQ7:()s~ttleroentofalegalactionin which several environmental organizations sued 
the EPA administrator for failing to issue toxic pollutant standards. This list was sub
sequently expanded by EPA to include 127 "priority pollutants" (Table 1-6). 

Effluent limitations required by the FWPCA amendments of 1972 (and later the 
Clean Water Act of 1977) foooed the basis for issuing "National PoLLutant Discharge 
Elimination System" (NPDES) permits. The permit system idea stemmed from actions 
taken by the Department of Justice in the late 1960s. With the support of a favorable 
interpretation by the Supreme Court, attorneys for the United States relied on the 1899 
River and Harbor Act to prosecute industrial sources of water pollution. The 1899 act, 

*Passed by override of President Nixon's veto (Percival, 2003). 

http:interpreted.as
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TABLE 1·6 
EPA's priority pollutant list 

1. Antimony 
2. Arsenic 
3. Beryllium 
4. Cadmium 

Sa. Chromium (III) 
5b. Chromium (VI) 

6. Copper 
7. Lead 
S. Mercury 
9. Nickel 

lO. Selenium 
11. Silver 
12. Thallium 
13. Zinc 
14.. Cyanide 
15. Asbestos 
16. 2,3,7,8-TCDD (Dioxin) 
17. Acrolein 
IS. Acrylonitrile 
19. Benzene 
20. Bromoform 
21. Carbon tetrachloride 
22. Chlorobenzene 
23. Chlorodibromomethane 
24. Chloroethane 
25. 2-Chloroethylvinyl ether 
26; Chloroform 

l.2ctrans-dichloroethylene 
1,1.1-Trichloroethane 

42. 2,4 Dichlorophenol 

43. Trichloroethylene 
44. Vinyl chloride 
45. 2-Chlorophenol 
46. 2,4-Dichlorophenol 
47. 2,4-Dimethylphenol 
48. 2-Methyl-4-chlorophenol 
49. 2,4-Dinitrophenol 
50. 2-Nitrophenol 
51. 4-Nitrophenol 
52. 3-Methyl-4-chlorophenol 
53. Pentachlorophenol 
54. Phenol 
55. 2,4,6-Trichlorophenol 
56. Acenaphthene 
57. Acenaphthylene 

5S. Anthracene 

59. Benzidine 
60. Benzo(a)anthracene 
61. Benzo(a)pyrene 
62. Benzo(a)fluoranthene 
63. Benzo(ghi)perylene 
64. Benzo(k)f[uoranthene 
65. bis(2-Chloroethoxy)methane 
66. bis(2-ChIoroethyl)ether 
67. bis(2-Chloroisopropyl)ether 
68. bis(2-Ethylhexyl)phthalate 
69. 4-Bromophenyl phenyl ether 
70. Butylbenzyl phthalate 
71. 2,Chloronaphthalene 
72.· 4:Chloroph'enylphenyl ether 
73;Chrysene 
74. Dibenzo(a.h)anthracene 
75. 1.2-Dichlorobenzene 

1,4-Dichror()b~nzene 
78. 3,3-Dichlorobenzidine 

79... Diethy1phthalate 

80..Dimethylphthalate 


·.··Sl;/()i -ll-butYlphthalate 
82. 2,4-Dinitrotoluene 
83. 2.6-Dinitrotoluene 
84. Di-n-octyl phthalate 
85. 1.2-Diphenylhydrazine 

86. Fluoranthene 
87. Fluorene 
88. Hexachlorobenzene 
89. Hexachlorobutadiene 
90. Hexachlorocyc!opentadiene 
91. Hexachloroethane 
92. Indeno( I,2.3-cd)pyrene 
93. Isophorone 
94. Naphthalene 
95. Nitrobenzene . 
96. N-Nitrosodimethylamine 
97. N-Nitrosodi-n-propylamine 
98. N-Nitrosodiphenylamine 
99. Phenanthrene 

100. Pyrene . 
101. 1,2,4-TrichIorobenzene 
102. Aldrin 
103. alpha-BHC 
104. beta-BHC 
105. gamma-El-IC 
106. delta-BHC 
107. Chlordane 
108. 4,4' -DDT 
109. 4,4' -DDE 
no. 4,4' -ODD 
Ill. Dieldrin 
112. alpha-Endosul fan 
113. beta-Endosulfan 
114. Endosu!fan sulfate 
115. Endrin 
116. Endrin aldehyde 
117. Heptachlor 
118. Heptachlor epoxide 
119. PCB-1242 
120. PCB-1254 
121. PCB-I22! 
122. PCB-1232 
123. PCB-1248 
124. PCB-1260 
125. PCB-IOI6 
126. Toxaphene 

Source: 40 CFR 131 luly I, 1993, 

whichwasdraftedoriginally to p~ohibit deposits of refuse in navigable waters to keep 
!hernc1earf?rboattraffic, was interpreted in the 1960s as applying to liquid waste as 
welL IrrDecember 1970, the EPA administrator issued an executive order calling for a 
wat~rquality management program using permits and penalties based on the River and 
Harbor Act of 1899. Although this program was delayed by court challenges in 1971, 
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Congress made it a central part of the federal strategy embodied in the FWPCA~ 
amendments of 1972. 

Air Quality Management 
Two factors stimulated the development of air pollution control legislation. The 
was an air pollution episode at Donora, Pennsylvania, that killed 20 people and made{§~ 
several thousand ill. The second factor was the growing recognition of the linkage be
tween automobile exhausts and photochemical smog. The legislative history is shown 
in Table 1-7. 

The first federal act was the Air Pollution Control Act of 1955 (PL 84-159). It es
tablished a program of federally funded research grants to be administered by the U.S. 
Public Health Service. The expansion of the federal government into air pollution con
trol was a limited one. The legislative history of the act reveals that Congress intended 
to limitfederalinvolvement in deference to the states, counties, and cities. 

The federalrole was further extended by the Clean Air Act of 1963, which allowed 
direct federal intervention to reduce interstate pollution. The form of intervention fol
lowedthe enforcement process in the Federal Water PolluJion Control Act of 1956. 

The first federal restrictions on auto emissions came with the Motor Vehicle Air 
Pollution Control Act of 1965. Based on earlier auto emission control efforts in 
California, the 1965 act gave the Secretary of the Department of Health, Education, 
and Welfare authority to establish permissible emission levels for new automobiles be
ginning with the 1968 lUodel year. The control of emissions from older vehicles was 
left to individual states. 

The Air Quality Act of 1967 borrowed concepts from the Water Quality Control 
Act of 1965 by requiring states to develop ambient air quality standards and state im
plementation plans (SIPs) to achieve the standards. Implementation plans were to in
elude emissign requirements for controlling air pollution and a timetable for meeting 
thereq~ir~l11en.t~.l)eadlineswere set for submitting ambient standards, which were to 
bt>esttlblisn~4pnaregion-wide basis. 

~It~p~gh,t~e(JI.eanAirActAmendments of 1970 continued lUany of the research 
~l1d.$t~t~~idprogI'?lns.~stablishedbypriorlegislation, several aspects of the amend
mentsrepresenteddramatic changes in strategy. These involved (1) the requirement 
thattheadministratorofEPAset national ambient air quality standards (NAAQS) and 
emis~ionstan(}~r~sf~rselectedcategoriesof new industrial facilities, and (2) the ex
plit\td~liI1eati8Il(byCoIlgress) of auto emission standards. Another manifestation of 
the expanded role of the federal government was the requirement of the 1970 amend
ments that the EPA administrator issue new source peljormance standards (NSPS). 
These standards were to control new stationary sources categorized by the administra
tor as contributing significantly. to air pollution. 

The Clean Air Act Amendments of 1977 relaxed the emission requirements some
what and extended the compliance deadlines into the early 1980s. They also defined a 
concept of prevention ofsignificant deterioration (PSD) areas and required that an area 
thatme~tsthe nationalallbient standards for a given air pollutant be declared a PSD 
area forthat pollutant. The amendments also defined three classes of PSD areas. For 
each class, numerical limits indicated the maximum permissible increment of air qual
ity degradation from all new (or modified) stationary sources of pollution in an area. 
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TABLE 1-7 
Federal laws controlling air pollution 

Year Title 

1955 Air Pollution Control Act 

1960 Motor Vehicle Exhaust Act 

1963 Clean Air Act 

1965 Motor Vehicle Air Pollution 
Control Act 

1967 Air Quality Act 

1970 Clean Air ActAmendments 

1977 Clean Air Act Amendments 

Selected elements of legislation(/ 

Funds for air pollution research 
Funds for research on vehicle emissions 
Three-stage enforcement process 
Funds for state and local air pollution control agencies 
Emission regulations for cars beginning with 1968 
models 
Federally issued criteria documents 
Federally issued control technique documents 
Air quality and control regions (AQCRs) defined 
Requirements for states to set ambient standards for AQCRs 
Requirements for state implementation plans 
National ambient air quality standards 
New source performance standards 
Technology forcing auto emission standards 
Transportation control plans 
Relaxation ofprevious auto emission requirements 
Vehicle inspection and maintenance programs 
Prevention of significant deterioration areas 
Emission offsets for nonattainment areas 
Study ozone depletion 
National emission standards for hazardous air pollutants 
(NESHAP) 
Development of a long-term research plan 
Research program to gather data and to 
coordinate and assess federal action 
Sets,attairiment dates for criteria air pollutants 
Imposesnew requirements for auto emissions and 
establishes clean fuels program 
Identifies 189 hazardous air pollutants to be regulated 
Establishes S02 allowances for acid rain control 
Establishes a national permit system 
Sets schedule for phase-out of ozone-depleting compounds 

"The table entries include only the new policies and programs established by each of the laws. Often these provisions were carried forward 
in modified fonn as elements of SUbsequent legislation. 

The. 1977 amendments also indicated that significant new sources of pollution 
couldlocate.inareasthat.didnot meet the NAAQS, but only if certain conditions were 
satisfied. The amendments reqLlired that a significant new source locating in a nonat
tainment area (one which has not achieved the NAAQS) had to mcet strict emission
reduction requirements developed by the EPA administrator. In addition, discharges 
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Without Bubble 
Total Allowed Emissions = 200 Mg/d 
Control Cost = $20 Million 

. . I .. 
100 Mg/d 100 Mgld 

With Bubble 
Total Allowed Emissions::: 200 Mgld 
Control Cost = $15 Million 

The 
k"" Imaginary 

Bubble_ 

FIGURE 1·7 

fllustration of bubble concept. 


from theoewsollrce had to be more than offset by reductions in emissions from other 
soufc~siI1the region. 

In1979, the? EPAextended the concept of emission offsets, as used in non
attair~enta(eas,t()adifferentcontext: multiple sources of air pollution generated at a 
sifiglesite. This extension, known as the bubble policy, is illustrated in Figure 1-7. The 
figure depicts a firm that must control releases from smokestacks at two adjacent 
plants. Before the .. bubblepQlicy,the firm ·had to comply with emission standards 
t~atal1owedQl11yl00Mg/dJromeach plant.* The total discharge was 200 Mg/d. The 
unit cost of emission controls for Plant A was much higher than that for Plant B, but 
the emission requirements were insensitive to these cost differences. Using the bubble 
policy, the firm is free to decide how to reduce residuals at each plant. The only re
striction is that its total discharge must be no greater than 200 Mg/d. Imagine that a 
bubble surrounds the two plants. The policy allows the firm to make choices within the 
bubble, but the total discharge from the bubble is restricted. In the early 1980s, the 
original bubble policy was extended to include plants that were not at the same loca
tion (multiplant bubbles). 

*Mgld megagram per day. 1 Mg 1.000 kg. 
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The Clean Air Act Amendments of 1990 (CAAA) mandated that the EPA promulgate 
more than 175 new regulations, 30 guidance documents, 35 studies, and 50 new research" 
initiatives. The Congressional mandates are categorized under eleven "TItles" in the Act 
It has become common to refer to the requirements of the CAAA by title number. 

In light of the fact that three previous deadlines for attainment had come and gone, 
Title I establishes 16 new deadlines. Although these are primarily aimed at ozone, there 
are also classifications for carbon monoxide and fine particulates. 

Provisions relating to mobile sources are spelled out in Title II. Cars are required 
to have dashboard warning lights that signal whether or not pollution control equip
ment is working. These devices frequently have impregnated chemicals that react with 
the pollutants. The life expectancy of these devices, in terms of miles driven, is speci
fied as 100,000 miles, rather than the previous requirement of 50,000 miles. Auto mak
ers arerequired to produce some cars that use clean fuels such as alcohol and some that 
are powered by electricity. In addition, inspection and maintenance (11M) programs for 
metropolitan areas have been expanded. . 

Because the previousJegislation establishing national emission standards for haz
ardouspollutants(NESHAPs)basedon health risk proved too cumbersome, Title III es
tablished an initial list of 189 hazardous air pollutants (HAPs) shown in Table 1-8 and 
directed EPA to establish emission standards based on technology. *These standards are 
to be the maximum achievable control technology (MACT) for a given source category. 

UnderTitleIV, .the Act outlines a new nationwide approach to the problem of acid 
rain. The law sets up a market-based system to lower sulfur dioxide emissions. EPA 
will issue emission allowances to power plants listed in the act. The allowances are set 
below current emission levels. Plants may meet the allowances by installing control 
technology or by purchasing allowances from plants that have emissions below their 
allowance. Fore:l(ample,inNovember of 1994, Niagara Mohawk, which serves upstate 
New\,orK,afl~th~A..rizonaPublic Service Co. traded emission allowances for carbon 
monoxide. and sulfur dioxide; 

]J~li.~eth~S:leCl~<W~te,rAct,noprovisionTor permits was ·included in the original 
Sr~.afl~i~?~~t.(19~3 .Tltl~?reITlediesthisdeficiency hymaking it unlawful to oper
ate.on~,prth~isg9 .........•. lis~edin;theA.cte~f.~ptby.compliancewith .. a permit. . 
..J)epletion.oftlieozonelayer is addressed in Title vr of tlie Act. A schedule for 
phasi~gout the production ofozone-destroying chemicals was promulgated in tlie Act 
withprqvisionthatEPA couldacceleratetheschedule. In 1993, EPA established an ac
s~lerateCIsched.lll~th~t~Jirnil}atedproduction of these chemicals by 2001. 

N()ise Pollution Control 
Thefederal government's activities in noise abatement are spread over several agen
cies by a variety of legislative acts. The emphasis is on specific activities already reg
ulated separately bythe various agencies. 

Th7landmark legislation in thearea of occupational noise abatement was enacted 
iO<I?42 and is known as the Walsh-Healey Public Contracts Act. This act established 
minimum working conditions for employees of contractors who supply the federal 

*Caprolaetam was deleted from the list in 1996 (40 CFR 63.60). 



26 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

TABLE 1-8 

Hazardous air pollutants (HAPs) 


Acetaldehyde 

Acetamide 

Acetonitrile 

Acetophenone 

2-Acetylaminotluorene 

Acrolein 

Acrylamide 

Acrylic acid 

Acrylonitrile 

Allyl chloride 

4-Aminobiphenyl 

Aniline 

o-Anisidine 

Asbestos 

Benzene (including benzene from gasoline) 

Benzidine 

Benzotrichloride 

BenzyI chloride 

Biphenyl 

Bis(2-ethylhexyl)phthalate (DEHP) 

Bis(chloromethyl)ether 

Bromoform 

IJ-Butadiene 

Calcium cyanamide 

Caprolactam (deleted 1996) 

Captan 

Carbaryl 

Carbon disulfide 


Cresols/Cresylic acid (isomers and mixture) 
o-Cresol 
m-Cresol 

. p-Cresol 
Cumene 
2A-D, salts and esters 
DOE 
DiilzQlndnane 
Dibel1z6fllrans 
1,2-Dibromo-3-chloropropane 
Dibutylphthalate 

I,4-Dichlorobenzene(p) 
3,3-Dichlorobenzidene 
Dichloroethyl ether [Bis(2-chloroethyl)ether] 
1,3-Dichloropropene 
Dichlorvos 
Diethanolamine 
N,N-Diethyl aniline (N,N-Dimethylaniline) 
Diethyl sulfate 
3,3-Dimethoxybenzidine 
Dimethyl aminoazobenzene 
3,3'-Dimethyl benzidine 
Dimethyl carbamoyl chloride 
Dimethyl formamide 
I,I-Dimethyl hydrazine 
Dimethyl phthalate 
Dimethyl sulfate 
4,6-Dinitro-o-cresol, and salts 
2A-Dinitrophenol 
2A-Dinitrotoluene 
lA-Dioxane (l,4-Diethyleneoxide} 
1,2-Diphenylhydrazine 
Epichlorohydrin ( l-chloro-2,3-epoxypropane) 
1,2-Epoxybutane 
Ethyl acrylate 
Ethyl benzene 
Ethyl carbamate (Urethane) 
Ethyl chloride (Chloroethane) 
Ethylene dibromide (Dibromoethane) 
Ethylene dichloride (1,2-Dichloroethane) 
Ethy\eI1eglycol 
E~hyleneimine (Aziridine) 
Ethylene oxide . 
EthylenethiQurea 
Ethylidenedichforide (L, I-Dichloroethane) 
Fonnaldehycte 
Heptachlor 
Hexachlorobenzene 
Hexachlotobl.ltadiene 
Hexachlorocyc lopentad iene 
Hexachloroethane 
Hexamethylene-l,6-diisocyanate 
Hexamethylphosphoramide 
Hexane 
Hydrazine 
Hydrochloric acid 
Hydrogen fluoride (Hydrol1uoric acid) 
Hydrogen sultide (clerical error; deleted 1991) 
Hydroquinone 
Isophorone 
Lindane (all isomers) 
Maleic anhydride 
Methanol 

Methoxychlor 
Methyl bromide (Bromomethane) 
Methyl chloride (Chloromethane) 
Methyl chloroform (1,1, \-Trichloroethane) 
Methyl ethyl ketone (2-Butanone) 
Methyl hydrazine 
Methyl iodide (lodomethane) 
Methyl isobutyl ketone (Hexone) 
Methyl isocyanate 
Methyl methacrylate 
Methyl tert butyl ether 
4,4-Methylene bis(2-chloroaniline) 
Methylene chloride (Dichloromethane) 
Methylene diphenyl diisocyanate (MOl) 
4,4'-Methylenedianiline 
Naphthalene 
Nitrobenzene 
4-Nitro5iphenyl 
4-Nitrophenol 
2-Nitropropane 
N-Nitroso-N-methylurea 
N-Nitrosodimethylamine 
N-Nitrosomorpholine 
Parathion 
Pentachloronitrobenzene (Quintobenzenel 
Pentachlorophenol 
Phenol 
p-Phenylenediamine 
Phosgene 
Phosphine 
Phosphorus 
Phthalic anhydride 
Polychlorinated biphenyls (Aroclors) 
I ,3-Propane sultone . 
beta-Propiolactone 
Propionaldehyde 
Propoxur(Baygon) 
Propylene dichloride (I ,2-Dichloropropane) 
Propylene oxide 
1,2-Propylenimine (2-Methy I azi ridine) 
Quinoline 
Quinone 
Styrene 
Styrene oxide 
2,3,7 ,8-Tetrachlorodibenzo-p-dioxin 
1, I ,2,2-Tetrachloroethane 
Tetrachloroethylene (Perchloroethy lene) 
Titanium tetrachloride 
Toluene 
lA-Toluene diamine 
2,4-Toluene diisocyanate 
o-Toluidine 
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Federal Aviation Administration Acnhat directed the'Secretary of Transportation to 
prescribe rules for control and abatement of aircraft noise. The responsibility for noise 
abatement from airports was assigned to the EPA in the Noise Pollution and Abatement 
Act of 1970. It directed EPA to 

1. 	 Measure noise levels and exposure at airports. 

2. 	 Develop airport noise exposure maps. 

3. 	 Develop a land use noise compatibility program. 

4. 	Develop noise standards. 

Planning grant funds for noise compatibility surveys and the responsibility for noise 
standards for air carriers were assigned to the EPA in the Aviation Safety and Noise 
Abatement Act of 1979. The responsibility for airport noise abatement was assigned to 
the Federal Aviation Administration in the Airport Noise Abatement Act Amendments 
of 1994(PL 103-s272). 

IntheJ962 amendments to the Federal Aid Highways Att, economic, social, and 
environmental impacts were included as requirements for consideration in the develop
ment of plans for construction. The Secretary of Transportation was directed to develop 
and promulgate standards for highway noise levels compatible with different land uses. 

In 1970 Congress added Title IV to the Clean Air Act amendments. This act was 
entitled "Noise Pollution and Abatement Act of 1970," and it set up the Office of Noise 
Abatement and Control in the EPA. This was followed by the Noise Control Act of 
1972 (PL92-574). The major provisions of the act stipulated that EPA: 

1. 	Develop and publish criteria for levels of noise requisite to the protection of 
public health. 

CoI1lpilea·listofnoise sources, identify noise-producing products, and indi
<cateleqhniqu~sfor.control. 

Setllols~ernisSior)standards for products distributed in commerce including 
construction equipment, transportation equipment (including recreational ve
hicles),any motor or engine, and electrical or electronic equipment. 

4.Sefaircraft,railroad, and motor carriernoise standards. 

·In1994'fthe.N()iseControIAct was amended to move airport noise abatement to the 
FederalAviation Agency. 

Solid Waste 
Modem solid waste legislation dates from 1965 when the Solid \Vaste Disposal Act, 
Title II of Public Law 89-272, was enacted by Congress. The intent of this act was to 

I. 	Promote the demonstration, construction, and application of solid waste man
agement and resource recovery systems. 

2. 	 Provide technical and financial assistance in the planning and development of 
resource recovery and solid waste disposal programs. 
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TABLE 1-8 

Hazardous air pollutants (HAPs) (continued) 


Toxaphene (chlorinated camphene) Vinylidene chloride (I, I-Dichloroethylene) Coke oven emissions 
1,2,4-Trichlorobenzene Xylenes (isomers and mixture) Cyanide compounds I 
1.1.2-Trichloroethane o-Xylenes Glycol ethers2 

Trichloroethylene m-Xylenes Lead compounds 
lA5-Trichlorophenol p-Xylenes Manganese compounds 
2.4.6-Trichlorophenol Antimony compounds Mercury compounds 
Triethy lamine Arsenic compounds (inorganic, including Fine mineral fibers3 

Tritluralin arsine) Nickel compounds 
2.2,4-T rimethy Ipentane Beryllium compounds Polycylic organic matter4 

Vinyl acetate Cadmium compounds Radionuclides (including radon)5 
Vinyl bromide Chromium compounds Selenium compounds 
Vinyl chloride Cobalt compounds 

NOTE: For all listings above which contain the word "compounds" and for glycol ethers, the following applies: Unless otherwise 
these listings are defined as including any unique chemical substance that contains the named chemical (i.e., antimony, arsenic, etc.) as 
of that chemical's infrastructure. 
IX'eN where X H' or any other group where a formal dissociation may occur. For example KCN or Ca(CNh 
2Includes mono- anddi- ethers of ethylene glycol, diethylene glycoL and tnethylene glycol R-(OCH2CH~)n::OR' where 
n = 1,2, or 3 
R = alkyl or aryl groups 
R'= R, H, or groups which, when removed, yield glycol ethers with the structure: R-(OCH2CH)n-OH. Polymers are excluded from the 
glycol category. Ethylene glycol monobutyl ether and surfactant alcohol ethoxylates and derivatives delisted November 29, 2004.69 FR 
692988. 
'\Includes mineral fiber emissions from facilities manufacturing or processing glass, rock, or slag fibers (or other mineral derived fibers) 
of average diameter I micrometer or less. 
41ncludes organic compounds with more than one benzene ring. and which have a boiling point greater than or equal to 100ce. 
SA type of atom which spontaneously undergoes radioactive decay. 
Source: Public Law 101-549, Nov. 15, 1990,40 CFR 63.60 

gpvei;nmentwithmaterials, supplies, and equipment in excess of $10,000. However, 
itWasqotuntif 1969 that the Secretary of Labor interpreted this as applicable to 
nois~t~~Qte:Theseappliedonlyto.s.~pply contracts and not to construction contracts.) 

;TheOccupationaISafet.¥cmd Health Actof 1970 (OSHA) enabled the Secretary of 
. Labor to apply the Walsh-Healey standards with new meaning. Walsh-Healey merely 
. excluded from bidding on federal contracts those suppliers who failed to meet mini-
o mum work condition standards. OSHA provided penalties for those suppliers, includ
ing:civilandcriminallaw s(lnctions. Construction noise was brought under federal 
consideration in the Construction Safety Act of 1970. This act carried the Walsh
Healey provisions to the supply of construction contracts. 

In response to the Housing Act of 1949, the Federal Housing Administration's 
1961 appraisal guidance identified noise as an issue to be considered in property ap
praisals. Under the Housing and Urban Development Act of 1965, the Department is
sued comprehensive noise standards in the 1971 Housing and Urban Development 
(HUD) circular 1390.2. These rules were updated to the current standard in 1979. 

Control and abatement of aircraft noise and sonic booms was the focus of the 
environmental component of the Federal Aviation Act of 1958. The Department of 
Transportation Act (1966) included provisions to promote research on noise abatement 
with particular attention to aircraft. This was followed by the 1968 amendments to the 
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3. 	Promote a national research and development program for improved manage
ment techniques. _. 

4. 	 Provide for the promulgation of guidelines for solid waste collection, trans
port, separation, recovery, and disposal systems. 

5. 	 Provide training grants in occupations involving the design, operation, and 
maintenance of solid waste disposal systems. 

Enforcement of this act became the responsibility of the U.S. Public Health Service 
(USPHS) and the Bureau of Mines. The USPHS had responsibility for most of the mu
nicipal wastes. The Bureau of Mines was charged with supervision of solid wastes 
from mining activities and the fossil-fuel solid wastes from power plants and industrial 
steam plants. 

The Solid Waste Disposal Act of 1965 was amended by Public Law 95-512, the 
Resources Recovery Actof·1970. The actdirected that the emphasis of the national 
solid waste management program be shifted from disposal as its primary objective to 
thatof recycling and reuse of recoverable materials in solid wastes or to the conversion 
of wasJestoenergy. 

Another feature of the 1970 act was the mandate of Congress to the Secretary of 
Health, Education, and Welfare toprepare a report on the treatment and disposal of 
hazardous wastes, including radioactive, toxic chemical, biological, and other wastes 
of significance to the public health and welfare. 

Hazardous Wastes 
The Resource Conservation and Recovery Act of 1976, commonly known as RCRA 
(and prollounced "rick -rah") addresses the. handling of hazardous waste at facilities 
c?fTen~.~~op~ratil1~.a9~iat~hQ.s5y.eLtobe constructed. The act was designed in large 
p(l~t.w~~;et~i~~?.s,!lneedsEesultingfromtheClean Air Act and Clean Water Act, 
~9i.threquit~.industriestoternovehazardoussubstances from their air emissions and 

~i) their,· . . ~atrg~is9h~I~.e~,.. Neith~rstat~te,ho\yever, ensures that the ultimate dis
• .~p~~if•. \ ...... ~.steJn.a.terial®\Yl~1.Rei.~11vir()11111entaIlys()und. RCRA was intended to 

•.... 'pr9~idet~at~nsuri111ce~RCRAooes not, however, deal directly with abanooned sites 
0rcl?sedfacilitieswherehazardous wastes have been handled or disposed of in the 
p~st.!he~eJ()cations .. arecoveredbytheComprehensive Environmental Response, 
SOfl1prn~atioll'r~~Liability~ct{CltRCLA, .pronounced "sir-klah"), commonly 
~~feneatoas"Superfl.uid," enacted by Congress in 1980. Finally, RCRA also does 
notc.()ntrol the disposition of hazardous substances within the productive stream of 
commerce. Such substances include chemicals cQvered by the Toxic Substances 
Control Act of 1976 (PL 94-469), pesticides regulated under the Feoeral Insecticide, 
Fungicide, and RodenticideAct of 1972 (PL 92-516), or other hazardous products 
subject to the 1975 Hazardous Materials Transportation Act and to other types of 
fedet(llr~gulation. 

TIle five major elements in the feoeral approach to hazardous waste management are: 

Federal.classification of hazardous waste 

2. 	Cradle-to-grave manifest (recoro-keeping) system 
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3. 	 Federal standards for safeguards to be followed by generators, transporters, 
and facilities that treat, store, or dispose of hazardous waste 

4. 	 Enforcement of federal standards for facilities through a permit program 

5. 	 Authorization of state programs to operate in lieu of the federal program 

The act directs the U.S. Environmental Protection Agency to promulgate regulations 
necessary to put the federal program into full effect. 

Unhappy with the progress in implementing RCRA, Congress in 1984 passed the 
Hazardous and Solid Waste Amendments (HSWA, pronounced "hiss-wah"). The scope 
of RCRA was significantly increased. Under the legislation: 

1. 	Waste minimization was established as the preferred method for managing 
hazardous waste. 

2. 	Untreated hazardous waste Was banned from land disposal and EPA was di
rected to establish treatment standards for land disposal. 

3. 	New technology standards, such as double liners, l~eachate collection systems, 
and extensive groundwater monitoring, were established for land disposal fa
cilities. 

4. 	 New requirements were established for small quantity generators. 

5. 	 The EPA was directed to establish standards for underground storage tanks. 

6. 	 The EPA was directed to evaluate criteria for municipal solid waste landfills 
and upgrade monitoring requirements. 

The Comprehensive Environmental Response, Compensation, and Liability Act 
of 198?i(CfRSLA) provided authority for removal of hazardous substances from 
irnproperlyconstfHctedor operated active sites not in compliance with RCRA and 
frominacti,,~disp2saIsites. 

~~e.rnQ~tJvn:~?mentalfeatureofCfRCLA is that it provides basic operating au
tfJ()ritytet~e;f~cleraLgovernment to take direct action to remove hazardous substances 
from dangerous inactivedisposal sitesand to assist with cleaning up emergency spills. 
ThisincJudesauthoritytocarryout investigations, testing, and monitoring of disposal 
site~.:Ir~lsei~clu?~saut~ority to implementremedial measures to remove contaminants 
iu.t negrou(1dwatc;f.. 

CERCLA earned its nickname, "Superfund," from the provision of a $1.6 billion 
Hazardous Substance Response Trust Fund. Seven-eighths of the money is to be pro
vided by industry through taxes on crude oil, certain petroleum products, and 42chemi
cal feedstocks; one-eighth is to be provided by government through appropriations from 
general revenues. 

In cases where responsibility for the wastes that cause contamination can be traced 
to companies with financial resources, CERCLA places financial responsibility for the 
cleanuponthosecompanies. The statute establishes a set of federal laws under which 
liability can beimposed on such companies even when they are only indirectly involved 
in the ownership or operation of the facilities where the wastes were disposed. After the 
government has identified a site as a threat to the environment, it may call upon those 
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liable companies to undertake the cleanup at their own cost. Alternatively, if such com.
paniesrefuse to assume responsibility for the cleanup, the government can d.rry out the 
remedial program using money from the fund and then bring suit against the companies 
for reimbursement. 

ANational Contingency Plan (NCP) establishes the rules for how EPA will use its 
authority and spend its money. To qualify for expenditure of CERCLA funds, a site 
must appear on the National Priorities List (NPL).The EPA developed the Hazardous 
Ranking System (RRS) as a method of assigning a site to the NPL. As of 2004, 1,244 
sites had been placed on the NPL (U.S. EPA, 2005b). In addition, CERCLA contains 
notice requirements for all releases (spills) of reportable quantities of hazardous sub
stances and creates a Post-Closure Liability Fund for qualified disposal facilities. 

The Superfund Amendments and Reauthorization Act (SARA) of 1986 extended 
the provisions of CERCLA. In addition to establishing an $8.5 billion fund for 
cleanup, SARA directs orestablishes. that EPA: 

1. 	Revise the NPLand the HRS on which itis based. 

~. 	Revise the NCP. 

3. 	 Is authorized to subpoena documents and witnesses. 

4. 	 Can spend money to investigate sites and design remedies, and can permit pri
vate parties to conduct cleanup. 

5. 	 Has broad enforcement authority to require private parties to undertake 
cleanup. 

6. 	Mustimpose the more stringent of federal standards or state standards. 

·'...Ma;y,"seIllixeciJunding, thatis, both federal and private money. 

8.iQevelopanaqmil1istrativerecord. of decisions. 
'":~;:,~0 i :'_.',__:i>'''',:<_ -___ ::--_:-_-><_-):--~-_-_>- '>,"':_ .,',.':-:-<_,>:>,"'

'~$i ...... ' ••.•X*........~iCS~UOS~aVCes}~()ntrolAct(rSCA)i~. unique in hazardous waste legisla
ti.()n~.~~!It~titrequJr~~{di~cl()s~re{ofinformationabout the toxicity of new materials be
foreitheyenterintocomrrtercialmanufacture. It deals with hazardous waste in only one 
inst~nc~:pglychlorinat~d biphenyls (PCBs). At the federal level, rules for the disposal 
ofRCBsaresetunderTSCA(pronounced "tos~ka") rather than RCRA or CERCLA. 

:~-::-::" :--~ : / -:~:-- -:-:~, p'.. ,,',',' ';:':,,':",.:,':: -:'~:" ", :"',' ;: ; ...;. ~'::~: : - ',::,,:,::_>;::,:, ~,,: " -..' -:., ; 

...... ·Xt6Il1icE~~rgya~URadiation 

Laws and regulations to manage radioactive materials and radiation exposure began with 
the Atomic Energy Act of 1946. The act established the Atomic Energy Commission 
(AEC) and directed it to conduct research and development on peaceful applications of 
fissionable and radioactive materials. The Atomic Energy Act of 1954 provided for con
trol()furaniumandthorium ("source material" for nuclear reactors), plutonium and en
ri~?~duranium(classified asspecial nuclear material because of their potential use in 
at()mic\Veapons),andotherby~products of the nuclear industry. The Energy Reorgani
zationAct ofl974 divided the developmental and regulatory functions of the AEC be
tween two agencies: the Energy and Research and Development Administration (ERDA) 
and the Nuclear Regulatory Commission (N'RC). In restructuring the administration of 



32 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

energy-related matters after the Arabbil boycott, the Energy Organi"zati~fl Act of 1977 
replaced ERDA with the Department of Energy (DOE). The NRC was given jurisdic
tion over reactor construction and operation. It regulates the possession, use, trans
portation, handling, and disposal of radioactive materials and wastes. The DOE is 
responsible for research and development and will operate defense and high-level waste 
repositories. 

The diminishing space at low-level disposal sites led to the enactment of the Low
Level Waste Policy Act (LLWPA) in 1980. Each state is responsible for providing for 
the availability of capacity either within or outside the state for disposal of low-level 
radioactive waste generated within its borders. States were encouraged to enter into 
compacts with their neighbors to more efficiently manage the waste. The law allowed 
the compacts to exclude wastes from other regions and allowed existing disposal sites 
to impose surcharges for disposal of wastes from regions without sites. The surcharge 
was to be used for site development. Difficulties in negotiating the compacts prompted 
the enactment of the Low-Level Radioactive Waste Policy Act Amendments of 1985 
(LLRWPAA). It stipulated that the three existing commercial sites remain open for use 
by allstatesthrollgh1992. Annual and total limits on the v6lume of waste that can be 
sent from reactors were established. DOE is responsible"for overseeing the compact 
arrangements with authority to allocate additional emergency capacity to reactors. The 
NRC can authorize emergency access to existing sites. 

The Nuclear Waste Policy Act of 1982 directed DOE to develop a plan for stor
age of high-level radioactive waste. Following the requirements of the law, DOE be
gan investigation of nine sites in the west and two in the east. Under the act, the EPA 
established standards that specified release limits for 1,000 and 10,000 years after 
disposal. 

Because of loudly voiced concern over the direction of the DOE's mission plan 
anctth~decisionto abandonthe search for a repository site in the east, Congress passed 
th~t'111cle~r\"'aste;PolicyAct. Amendments of 1987. The amendments restructured 
DEilE'shi¥h-levelwasteprogral11.Theonly site that would be considered would be 

...•...............· ........· .......a ....•....l..•..a ·.N'_.'.......·.v ... d:" ....F .... rt..e ........... p ... ,.·..... s.p
·....¥· .•...u...... c....•c.................F ...........t....s..•...•..,,-<,.• .............e ......... "",a .....a....... '.· ......:.u......: h ............rm ... ...re ...e......ntfuel would be required to be shipped in NRC
(lppr.?Ved.pa9k~g~siafternotificationofstateand local governments. During the years 
2007-,20fo,DOE is to study the need for a second repository. 

Formixed wastes, that is, both hazardous and radioactive, RCRA and HSWA ap
plytqthehazar~ousc~aracteristic. As of 1987, disposal rules must comply with both 
:f'.H{.q;rlJle~Jorr~dioactivity and EPA rules for hazardous constituents. Before then, 
only the NRC rules applied. Likewise. for leaking disposal sites, CERCLA and SARA 

. rules apply as well as the NRC rules. 
Radiation exposure from x-rays and medical diagnosis and treatment are regulated 

under the Radiation Control for Health and Safety Act of 1968. 

1-5 ENVIRONMENTAL ETHICS 

The birth ofenvironmental ethics as a force is partly a result of concern for our own 
rong~term survival, as well as our realization that humans are but one form of life, and 
that we share our earth with other fonns of life (Vesilind, 1975). 
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TABLE 1-9 
An Environmental Code of Ethics 

1. 	Use knowledge and skill for the enhancement and protection of the environment. 
2. Hold paramount the health, safety and welfare of the environment. 
.3. Perform services only in areas of personal expertise. 
4. 	 Be honest and impartial in serving the public, your employers, your clients and the 

environment. 
5. 	 Issue public statements only in an objective and truthful manner. 

Although it seems a bit unrealistic for us to set a framework for a discussion of en
vironmental ethics in this short introduction, we have summarized a few salient points 
in Table 1-9. 

Although these few principles seem straightfor~ard, real-world problems offer 
distinct challenges. Here is an example for each of the principles list~d: 

.• 	The· first principle may be threatened when it comes into conflict withthe need 
{or food fora starving population and the country is overrun with locust. Will the 
use of pesticides enhance and protect the environment? 

• The EPA has stipulated that wastewater must be disinfected where people come 
into contact with the water. However, the disinfectant may also kill naturally oc
curring beneficial microorganisms. Is this consistent with the second principle? 

• Suppose your expertise is water and wastewater chemistry. Your company has 
~ccept~dajobto perform air pollution analysis and asks you to perform the work 
in the absence of a colleague who is the company's expert. Do you decline and 

believe that dredging a lake to 
the lake. However, the dredging will 

dmyou be irnpartial to all these con

thatanewregulationproposed by EPA is too expensive to imple
~erttbutyouhaveIlodatat~confirmthatopinion. How do you respond to a 10
.5~lllt.\}':sgaR~rr.tPorterasking,Joryouropinion? Do you violate the fifth 
'prirmipleeven though it is "your opinion" that is being sought? 

Below are two cases that are more complex. We have not attempted to provide pat 
solutions, but rather have left them for you and your instructor to resolve. 

Casel: T()Add or Not toAdd 

~;fr'ie;ndofyourshas discoveredthathis firm is adding nitrites and nitrates to bacon to 
:~e;lppreserveit.Healsohasreadthatthese compounds are precursors to cancer-forming 
ch~rI1icals that are produced in the body. On the other hand, he realizes that certain 
disease organisms such as those that manufacture botulism toxin have been known to 
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grow in bacon that had not beentr~ated. He asks )tou whether he sQQuld (a) protest to 
his superiors knowing he might get fired; (b) leak the ~news to the press; (c) remain 
silent because the risk of dying from cancer is less than the absolute certainty of dying 
from botulism. 

Note: The addition of nitrite to bacon is approved by the Food and Drug Adminis
tration. Nitrites and nitrates are, in and of themselves, not very toxic to adults. How
ever, heating these compounds results in a reaction with the amines in proteins to fonn 
nitrosamine which is a cancer-forming compound. 

Case 2: Too Close for Comfort 

As the only engineer in the shop who has had any training in noise pollution, you have 
been asked, on your third day on the job, to review a manufacturer's bid for noise con- . 
trol devices on aeration blowers for a wastewater treatment plant. After reading the bid 
proposal and making a few calculations, you conclude that the noise silencers will pro
tect the workers. However, your reading of lntroduction!o Environmental Engineering 
leads you to surmise that the noise level for nearby .neighbors will be excessive at 
night. (The city has no noise ordinance.) You know that if you ask to go back out on bid 
for better noise control equipment, construction of the plant will be delayed 90 days. 
During these 90 days untreated sewage will enter the river. What do you recommend to 
your new boss? 

We think it is important to point out that many environmentally related decisions 
such as those described above are much more difficult than the problems presented in 
the remaining chapters of this book. Frequently these problems are related more to 
ethics than to engineering. The problems arise when there are several courses of action 
with no a priori certainty as to which is best. Decisions related to safety, health, and 
welfare are easily resolved. Decisions as to which course of action is in the best inter
estof.thepubIicare much more difficultto resolve. Furthermore, decisions as to which 
cOlltseofactibn isirithebest interest of the environment are at times in conflict with 
th(}seth~t(lreinthebest interesLof~hepublic. Whereas decisions made in the public 
inty(~starebasedor1professi(}rial ethics, decisions made in the best interest of the en
vironment are based on environmental ethics. 

Ethos, theGreekwordfrom which "ethic" is derived, means the character of a per
sonas described by his or her actions. This character was developed during the evolu
tlonaryproqessandwasinfluenced by the need for adapting to the natural environment 
Our ethic is our way of doing things. Our ethic is a direct result of our natural environ
ment. During the latter stages of the evolutionary process, Homo sapiens began to mo
dify the environment rather than submit to what, millennia later, became known as 
Darwinian natural selection. As an example, consider the cave dweller who, in the chilly 
dawn of prehistory, realized the value of the saber-toothed tiger's coat and appropriated 
it for personal use. Inevitably a pattern of appropriation developed, and our ethic be
camemoreselfc-modified than environmentally adapted. Thus, we are no longer adapted 
to oULnatural environment but rather to our self-made environment. In the ecological 
context, such maladaptation results in one of two consequences: (1) the organism 
(Homo sapiens) dies out; or (2) the organism evolves to a fom1 and character that is 
once again compatible with the natural environment (Vesilind, 1975). Assuming that we 
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choose the latter course, how can this change in character (ethic) be brought about? 
Each individual must change his or her character or ethic, and the social system must 
change to become compatible with the global ecology." 

The acceptable system is one in which we learn to share our exhaustible resources
to regain a balance. This requires that we reduce our needs and that the materials we use 
must be replenishable. We must treat all of the earth as a sacred trust to be used so that 
its content is neither diminished nor permanently changed; we must release no sub
stances that cannot be reincorporated without damage to the natural system. The recog
nition of the need for such adaptation (as a means of survival) has developed into what 
we now call the environmental ethic (Vesilind, 1975). 

1-6 CHAPTER REVIEW 

When you have completed studying this chaptel; you should be able to do the follow
ing without the aid ofyour textbook or notes: 

1. 	 Sketch and label a water resource system including (a) source; (b) ,collection 
works; (c) transmission works; (d) treatment works; and (e) distribution 
works. 

2. 	 State the proper general approach to treatment of a surface water and a 
groundwater (see Figure l-2). 

3. 	Define the word "demand" as it applies to water. 

4. 	 List the five most important factors contributing to water consumption and 
explain why each has an effect. 

water requirement for an average city ona per-person 
the average daily water requirement for a city of a stated 

storm sewers and sanitary sewers are preferred over 

E;<plain. thep~rpose"ofa lift station. 

Identifyande~plain the following acronyms and concepts found in environ
mental legislation: BPT, BAT, BCT, NPDES,HAP, MACT, "bubble policy," 
NIMLO, Walsh-Healey, OSHA, RCRA, and Superfund. 

PROBLEMS 

Estimate the total daily water withdrawal (in m3/d) including both fresh 
and saline waterfor all uses for the United States in 2000. The population 
was 281,421,906. 

Answer: 1.52 X 109 m3/d 
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1-2. 


1-3. 

1-4. 

1-5. 

1-7. 

1-8. 

1-9. 

Estimate the per capita daily water withdrawal for public supply in the 
United States in 2005 (in Lpcd). Use the following population data 
(McGeveran, 2002) and water supply data (Hutson, 2001): 

Year Population Public supply withdrawal, m3/d 
1950 151,325,798 5.30 X 107 

1960 179,323,175 7.95 X 107 

1970 203,302,031 1.02 X 108 

1980 226,542,203 1.29 X 108 

1990 248,709,873 1.46 X 108 

2000 281,421,906 1.64 X 108 

(NOTE: This problem may be wor~ed by hand calculation and then plotted on graph paper to 
extrapolate to 2005, or it may be worked by using a spreadsheet to perform the calculations, plot 
the graph, and extrapolate to 2005.) 

A residential development of 280 houses is being planned. Assume that the 
American Water Works Association average daily household consumption 
applies, and that each house has three residents. Estimate the additional 
average daily water production in LId that will have to be supplied by the 
city. 

Answer: 3.70 X 105 LId 

Repeat Problem 1-3 for 320 houses, but assume that low-flush valves 
reduce water consumption by 14 percent. 

U sing the data in Problem 1-3 and assuming that the houses are metered, 
.determinewhatadditional demand will be made at the peak hour. 

Answer: 1.96 X 106 Lid 

If(ifaucetisdrippingatarate of one dropper second and each drop contains 
O.150.milliliters;calcutatehowmuch water (in liters) will be lost in 1year. 

Savabuck University has installed standard pressure-operated flush valves 
on its water closets. When flushing, these valves deliver 130.0 Llmin. If 
the delivered water costs $0.45 per cubic· meter, what is the monthly cost 
of not repairing a broken valve that flushes continuously? 

Answer: $2,527.20, or $2,530/mo 

The American Water Works Association estimates that 15% of the water 
that utilities process is lost each day. Assuming that the loss was from pub
lie supply withdrawal in 2000 (Problem 1-2), estimate the total value of 
the lost water if delivered water costs $0.45 per cubic meter. 

Water delivered from a public supply in western Michigan costs $0.45 per 
cubic meter. A 0.5.:.L bottle of water purchased from a dispensing machine 
costs $1.00. What is the cost of the bottled water on a per cubic meter basis? 

An,Hver: $2,000/m3 

http:2,527.20
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l-lO. 	 Using U.S. Geological Survey Circular 1268_{http://usgs.gov), est!mate. 
the daily per capita domestic withdrawal of fresh water in South. Carolina 
in Lpcd. (Note: conversion factors inside the back cover of this book may 
be helpful.) 

1-11. 	 Using the Pacific Institute for Studies in Development, Environment, and 
Security website (http://www.worldwater.org/table2.html), determine the 
lowest per capita domestic water withdrawal in the world in Lpcd and 
identify the country in which it occurs. 

1-8 	 DISCUSSION QUESTIONS 

1-1. 	 Would you expect the demand for water to drop in half if the price ($/L) 
doubled? Explain your reasoning. 

1-2. 	 The water supply for the city of Peoria, is from wells. Other than disinfec
tion, no water treatment is provided. A filtration plant would be appropri
atet6 improve the quality oUhe water. True or False? If the answer is 
false, revise the statement so that it is true. 

1-3. 	 The water treatment plant for the town ofGettysburg, was built 20 years 
ago. Over the last few years, there has been difficulty in maintaining 
water pressure in the system over the 4th of July weekend. In some 
parts of town only a trickle of water Hows from the tap during early 
morning and late evening hours. There are no problems during the re
mflinderofthe year. Explain why the town may be having water pres
sure. problems. 

is considering two proposals for a new water
is 11,400 m3/d. 
and a storage 

tTODos:alBis to build a plant that will 
will be provided. Which 

.' Homeo\¥nersinthe town of Rolla,haveconnected their downspouts and 
thes~~ppuI11psfromtheir footing drains to the sanitary sewer system. The 

Xrainwaterand sump water entering the sewer is called (choose one): 

(a) Infiltration 


(b) Inflow 


These connections to the sanitary sewer, in effect, make it a (choose one): 


(c)Stonn sewer 


(d) Combined sewer 


Explain why you have made your choices. 


TheShiny Plating Company is using about 2,000.0 kg/wk of organic sol

vent for vapor degreasing of metal parts before they are plated. The Air 

Pollution Engineering and Testing Company (APET) has measured the air 


http://www.worldwater.org/table2.html
http:1268_{http://usgs.gov
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1-7. 


in the workroom and in the sJack which vents the degreas~r. APET has de
termined that 1,985.0 kg/wk is being vented up the stack and that the work
room environment is within occupational standards. The 1,985.0 kg/wk is 
well above the allowable emission rate of 11.28 kg/wk. 

Elizabeth Fry, the plant superintendent, has asked lR. Injuneer, the 
plant engineer, to review two alternative control approaches offered by 
APET and to recommend one of them. 

The first method is to purchase a pollution>control device to put on 
the stack. This control system will reduce the solvent emission to 1.0 kg/wk. 
Approximately 1,950.0 kg of the solvent which is captured each week can 
be recycled back to the degreaser. Approximately 34.0 kg of the solvent 
must be discharged to the wastewater treatment plant (WWTP). 1. R. has 
determined that this small amount of solvent will not adversely affect the 
performance of the WWTP. In addition, the capital cost of the pollution 
control equipment will be recovered in about two years as a result of sav
ings from recovering lost solvent. 

The second method is to substitute a solvenf that is not on the list of 
regulated emissions. The price of the substitute is about 10 percent higher 
than the solvent currently in use. J. R. has estimated that the substitute sol
vent loss will be about 100.0 kg/wk. The substitute collects moisture and 
loses its effectiveness in about a month's time. The substitute solvent can
not be discharged to the WWTP because it will adversely affect the 
WWTP performance. Consequently, about 2,000 kg must be hauled to a 
hazardous waste disposal site for storage each month. Because of the lack 
of capital funds and the high interest rate for borrowing, 1. R. recommends 
that the substitute solvent be used. Do you agree with this recommenda
tion?E~plainyour reasoning. 

Ted)Terrificis.thernanager ofa leather tanning company. In part of the 
tanning operation a solution of chromic acid is used. It is company policy 
thatthespentchrome solution is put in 0.20-m3 drums and shipped to a 
hazardous waste disposal facility. 

On Thursday the 12th, the day shift miscalculates the amount of 
chrome to addtb anewbatch and makes it too strong. Since there is not 
enoughW0tninthe tank to adjust the concentration, Abe Lincoln, the shift 
superVisor,hasthetank emptied and a new one prepared and makes a note 
to the manager that the bad batch needs to be reworked. 

On Monday the 16th, Abe Lincoln looks for the bad batch and can
not find it. He notifies Ted Terrific that it is missing. Upon investigation, 
Ted finds that Rip Van-Winkle, the night-shift supervisor, dumped the 
batch into the sanitary sewer at 3:00 a.m. on Friday the 13th. Ted makes 
discreet inquiries at the wastewater plant and finds that they have had no 
process upsets. After Ted severely disciplines Rip, he should: (Choose the 
correct answer and explain your reasoning.) 
A. 	 Inform the city and state authorities of the illegal discharge as required 

by law even though no apparent harm resulted. 
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B. 	 Keep the incident quiet because it will cause trouble for the company. 
without doing the public any good. No hann was done and the shift su
pervisor has been punished. 

C. 	 Advise the president and board of directors and let them decide 
whetherto follow A or B. 
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2-1 INTRODUCTION 

Materials and energy balances are key tools in achieving a' quantitative understanding 
of the behavior of environmental systems. They serve as a method of accounting for 
the flow of energy and materials into and out of environmental systems. Mass balances 
provide us with a tool for modeling the production, transport, and fate of pollutants in 
the environment. Energy balances likewise provide us with a tool for modeling the pro
duction, transport, and fate of energy in the environment. Examples of mass balances 
include prediction of rainwater runoff (Chapter 3), oxygen balance in streams (Chap
ter 5), and audits of hazardous waste production (Chapter 10). Energy balances predict 
the temperature rise in a stream from the discharge of cooling water from a power plant 
(Chapter 5), and the temperature rise due to global warming (Chapter 7). 

2-2 UNIFYING THEORIES 

Conservation of Matter 
The law ofconservation ofmatter states that (without nuclear reaction) matter can nei
therbe created nor destroyed. This is a powerful theory. It means that if we observe an 
environmental process carefully, we should be able to account for the "matter" at any 
point in time. It does not mean that the form of the matter does not change nor, for that 
matter, the properties of the matter. Thus, if we measure the volume of a fresh glass of 
water on the counter on Monday and measure it again a week later and find the volume 
to be less, we do not presume magic has occurred but rather that matter has changed in 
form. The law of conservation of matter says we ought to be able to account for all the 
mass of the water that was originally present, that is, the mass of water remaining in 
thegl~ssplusthemassof water vapor that has evaporated equals the mass of water 
originally present. The mathematical representation of this accounting system is called 
'dlnaterials.balance or mass balance. 

GQ~s~r~afi()1l0()iEnergy 
The law ofconservation of energy states that energy cannot be created or destroyed. 
Like the law of conservation of matter, this theory means that we should be able to ac
c~untforth~"~l1ergY"atany point in time. It also does not mean that the form of the 
energyddesnotchange; Thus, we should be able to trace the energy of food through a 
series of organisms from green plants through animals. The mathematical representa
tion of the accounting system we use to trace energy is called an energy balance. 

Conservation of Matter and Energy 
Atthe tum of the 20th century, Albert Einstein hypothesized that matter could be trans
formed to energy and vice versa. The birth of the nuclear age proved his hypothesis 
correct,sotoday we have a combined law of conservation of matter and energy that 
states that the total amount of energy and matter is constant. A nuclear change pro
duces new materials by changing the identity of the atoms themselves. Significant 
amounts of matter are converted to energy in nuclear explosions. Exchange between 
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mass and energy is not an issue in environmental appli<:;ations. Thus, there are gener
ally two separate balances for mass and energy. --' 

2-3 MATERIALS BALANCES 

Fundamentals 
In its simplest form a materials balance or mass balance may be viewed as an accounting 
procedure. You perform a form of material balance each time you balance your checkbook. 

Balance deposit - withdrawal (2-1) 

For an environmental process, the equation would be written 

Accumulation input - output (2-2) 

where accumulation, input, and output refer to the mass quantities accumulating in the 
system or flowing into or out of the system. The "system" may be, for example, a 
pond, river, orapollution_control device. 

The Control Volume. Using the mass balance approach, we begin solving the prob
lem by drawing a flowchart of the process or a conceptual diagram of the environmen
tal subsystem. All of the known inputs, outputs, and accumulation are converted to the 
same mass units and placed on the diagram. Unknown inputs, outputs, and accumula
tion arealso marked on the diagram. This helps us define the problem. System bound
aries (imaginary blocks around the process or part of the process) are drawn in such a 
waythatcah::ulations are made as simple as possible. The system within the boundaries 
is.called the control volume. 

balance equation to solve for unknown inputs, outputs, 
thatwehave accounted for all of the components 

" that is, the accounting balances. 
fotallinptits or outputs, we can assume that 

The following example il

E~all1~I~2-1. _. Mr.andMfs.Greenhaveno children. In an average week they pur
~h~§~\.ct;>.g~rlngi~t()tffeirhouseapproximately50 kg of consumer goods (food, mag
azines, newspapers, appliances, furniture, and associated packaging). Of this amount, 
50 percent is consumed as food. Half of the food is used for biological maintenance 
and ultimately released as CO2; the remainder is discharged to the sewer system. The 
Greens recycle approximately 25 percent of the solid waste that is generated. Approx
imately Lkg accumulates in.the house. Estimate the amount of solid waste they place 
at the curb each week. 

Spillti01l. _._ Beginbydrawinga mass balance diagram and labeling the known and 
~nknowninputs and outputs. There are, in fact, two diagrams: one for the house and 
one for the people. However, the mass balance for the people is superfluous for the 
solution of this problem. 
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r- ---- -
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Solid waste 

Write the mass balance equation for the house. 

Input 	= accumulation in house + output as food to people + output as ~olid waste 

Now we need to calculate the known inputs and outputs. 

One half of input is food (0.5)( 50 kg) = 25 kg 

This is output as food to the people. The mass balance equation is then rewritten as 

50 kg = 1kg + 25 kg + output as solid waste 

Solving for the mass of solid waste gives 

Output as solid waste = 50 1 - 25 = 24 kg 

The mass balance diagram with the appropriate masses may be redrawn as shown 
below: 

Accumulation 
Food = 25 = lkg 

Solid waste = 24 kg 

We can estimate the amount of solid waste placed at the curb by performing an
other mass balance around the solid.waste as shown in the following diagram: 

Solid waste in ---)00-	 Output to recycle 

Output to curb 
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The mass balance equation is 

Solid waste in = output to recycle + output to curb 

Because the recycled amount is 25 percent of the solid waste 

Output to recycle = (0.25)(24 kg) = 6 kg 

Substituting into the mass balance equation for solid waste and solving for output to curb; 

24 kg = 6 kg + output to curb 

Output to curb 24 - 6 = 18 kg 

Time as a Factor 
For many environmental problems time is an important factor in establishing the de
gree of severity of the problem or in designing a solution. In these instances, Equation 
2-2 is modified to the following form: 

Mass rate of accumulation = mass rate of input - mass rate of output (2-3) 

where rateis used to mean "per unit of time." In the calculus this may be written as 

dM d(in) d(out) 
(2-4)

dt dt dt 

where M refers to the mass accumulated and (in) and (out) refer to the mass flowing in 
or out As part of the description of the problem, a convenient time interval that is 
meaningful for the system must be chosen. 

f'?~J(a,~plef2-2.IrtlIy\~learwatyris filling herbathtub but she forgotto put the plug in. 
;'':JJf;t~t!y~Itl~~ofw:aterfor~bathis0.350 m3 and the tapis flowing at 1.32 L/min and 
~f~ !t~~~~(li9vig,'l1!nl1i~~at8l32~/mi.p,hO\vlongwillittaketo fill thetub to bath level? As
tlsllrging'l'ruLY,sI10t8offthewaterwhen the tubisfull and does not flood the house, how 
&f~. much water will be wasted? Assume the density of water is 1,000 kg/m3 

The mass balance diagram is shown here. 

I 
J 

----4- m1l11 0.32 L/mill 

I 

I 


QIn - l 3. 7 - L' . I V;ccumulation Q(1U( = 

Because we are working in mass units, we must convert the volumes to masses. 
TodQ this, we use the density of water. 

Mass = (volume)(density) (¥)(p) 

Volume (flow rate)(time) (Q)(t) 



- -
- - -
- - -
-- - -

-
-
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So for the mass balance equation, noting that l.0 m3 = 1,000 L so OJ50 m3 
=:: 350 L, 

Accumulation mass in - mass out 

(¥ACc)(P) = (Qin)(p)(t) - (QoUI)(P)(t) 

¥ ACC (Qin)(t) - (Qout)(t) 

¥ACC = 1.32t - 0.32t 

350 L (l.00 Llmin)(t) 

t = 350 min 

The amount of water wasted is 

Wasted water = (0.32 Llmin)(350 min) = 112 L 

More Complex Systems 
Akey step inthe solution of mass balance problems for systems that are more complex 
than the previous examples is the selection of an appropriat~ control volume. In some 
instances, it may be necessary toselect multiple control volumes and then solve the 
problem sequentially using the solution from one control volume as the input to an
other control volume. For some complex processes, the appropriate control volume 
may treat all of the steps in the process as a "black box" in which the internal process 
steps are not required and therefore are hidden in a black box. The following example 
illustrates a case of a more complex system and a method of solving the problem. 

Example 2·3. A storm sewer network in a small residential subdivision is shown in the 
following sketch.The storm water flows by gravity in the direction shown by the pipes. 
Storm water only enters the stb.rmsewer on the east-west legs of pipe. No storm water en
tersolithe:north-sQuthlegs. TheJlow rate for each section of pipe is also shown by each 
·se9ti()~QfPiPr.Th~capacityofeachpipeisO.120 m3!s. During large rain storms, River 
§~ee.yft~ocl§pelpwju~ctionnumber1 because the flow of water exceeds the capacity of 
rn~st()I1l'ls~~erpi~e.T()~lfyiatethisproblemand to provide extra capacity for expansion, 
it:ispr()pos.e~tobWldaretention pond to hold the storm wateruntil the storm is over and 
thengraduallyrelease it-Where in the pipe network should the retention pond be built to 
provide approximately 50 percent extra capacity (0.06 m3!s) in the remaining system? 
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Solution. This is an example of a balanced flow problem. That is Qout- must equal . 
Qin' Although this problem can almost be solved by observation, we will use a 
sequential mass balance approach to illustrate the technique. Starting at the upper end 
of the system at junction number 12, we draw the following mass balance diagram: 

Control volume 
-- 1 

I I 
I I 

ln1~-!' Q," 

The mass balance equation is 

dM dOn) d(out) . 

elt dt dt 

Because no water accumulates at the junction 

elM a 
dt 

and 

d(in} d(out) 

dt dt 

(p)(Qin) = (p)(Qout) 

constant, we may treat the mass flow rate in 
to theflow rate in and out. 

tnjunction 9i80.01 m3/s. 
the following mass balance diagram. 

Again using our assumption that no water accumulates at the junction and recogniz
ingthatthe mass balance equation may again be written in terms of t10w rates, 

Qfrom junction 9 = Qfrom junction 12 + Qin the pipe connected to junction 9 

0.0 I + 0.01 = 0.02 m3/s 
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Similarly 

Qfromjunction 6 	= Q fromjunction 9 + Qinthe pipe connected to junction 6 

= 0.02 + 0.01 = 0.03 m3/s 

and, noting that storm water enters on the east-west legs of pipe 

Qfrom junction 3 = Qfromjunction 6 + Qin the pipe connecting junction 3 wiilijunction 2 

= 0.03 + 0.01 = 0.04 m3/s 

By a similar process for all the junctions, we may label the network flows as shown 
in the following diagram. 

0.005- 0.Ql- 0.01- 0.01-@ @ @ t 
0.005- t°.Ql5 

0.01- to.O] 
O.Ol- to . OI 

0,01-
N 

(j) CD ® 

0.005- to.OJ 

0,01- t 
o . 02 

0.01- t o,02 
O,Ol-0 0) ® 

t0,045 t 
o . OJ tom 

0.125 0.08- 0.04-River Streel 
-+-

CD 

It is obvious that the pipe capacity of 0.12 m3/s is exceeded just below junction 1. By 
observation we can alsoseethatthe total flow into junction 2 is 0.07 m3/s and that a 
retentionpond atthispoint would require that the pipe below junction 1carry only 
O.055m3/s.This meets the requirement of providing approximately 50 percent of the 
,G~pacityforexpansion. 

The effectiveness of an environmental process in removing a contaminant can be de
terminedusingthe mass balancetechnique. Starting with Equation 2-4, 

dM dOn) d(out) 

dt dt dt 

The mass of contaminant per unit of time [d(in)/dt and d(out)ldt] may be calculated as 

Mass 
-.- = (concentration)(flow rate)'
TIme 

For example, 

Mass 	 .. ~ j 

-,- = (mg/m.l)(m' Is) = mg/s
TIme 



MATERIALS AND ENERGY BALANCES 49 

This is called a mass flow rate. In concentration and flo,?, rate terms, the ma.ss balance 
equation is 

(2-5) 

where dM/dt rate of accumulation of contaminant in the process 
Cin, COUl = concentrations of contaminant into and out of the process 
Qin, Qout = flow rates into and out of the process 

The ratio of the mass that is accumulated in the processto the incoming mass is a mea
sure of how effective the process is in removing the contaminant 

dM/dt CinQin - CoutQout 
(2-6) 

CinQin CinQin 

For convenience, the fraction is multiplied by 100%. The left-hand side of the equation 
is given the notation YJ. Efficiency (YJ) is then defined as 

mass in - mass out 
YJ = . 100%) (2-7) 

mass 10 

If the flow rate in and the flow rate out are the same, this ratio may be simplified to 

concentration in - concentration out 
. . 100%) (2-8)

concentration 10 

The following example illustrates a multistep solution using efficiency as part of 
(2) the§6Iutiontechnique. 

/'::1::0 ' 

<'"""" ,:/,' •. -;-'-':-,,-'-",--;.'. ,,<.',,:':'-','-'-,'-<-- "-:'" 
St~1: 

>i..(·~~~ril~I~~"4.::.fbeairI.1()11utionc~l1trolequipmenton a municipal waste incinerator 
iQsluclesafabricfilterpartic1e collector (known as a baghouse). The baghouse con
tain~,~?4dothbags arrangedin parallel, that is 11424 of the flow goes through each 
Q~~ ... The§as.no",vratejnto andolltofthe,baghouse·.is 47 m3/s, and the concentration 
8.~p;.1~tifl~sen.t~t~l1pth~.baghousejs15g/m3. In normal operation the baghouse par
tic~late'discharge meets the regulatory limit of 24 mg/m3

• During preventive mainte
nanceTeplacement of the bags, one bag is inadvertently not replaced, so only 423 bags 
are in place . 

. Calculate the fraction of particulate matter removed and the efficiency of particu
late removal when alL424 bags are in place and the emissions comply with the regula
tory requirements. Estimate the mass emission rate when one of the bags is missing 
a.rrdreca1culate theefficiencyofthe baghouse. Assume the efficiency for each individ
:ua!bagisthe sameas the overallefficiency for the baghouse. 

Solution. The mass balance diagram for the baghouse in normal operation is shown 
here. 

http:andolltofthe,baghouse�.is
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C ! = 24 mg/m}r------------ OU

I I 3Qou~ = 47 m /s
I I 

I 

I Baghouse I 


II 
I 

C,n = 15 g/m3 : I 
--'-.;,....1 Accumulation = I 

Qin = 47 m3/s: particles I 
If removed 


I :-- Control volume
, 
II 
It 
It 
I! 
I 


l ___ _ 
I 
- --' 

In concentration and flow rate terms, the mass balance equation is 

The mass rate of accumulation in the baghouse is 

dM ~ ~ ~', 
= (15,000 mg/m-')(47 m"'/s) - (24 mg/m-')(47 m-/s) = 703,872 mg/s

dt 

The fraction of particulates removed is 

703,872 mg/s 703,872 mg/s 
0.9984 

(15,000 mg/m3)(47 mgls) 705,000 mg/s 

Theefficiency of the baghouse is 

15,000 mg/m3 
- 24 mg/m3 

1] = 000%)
15,000 mg/m) 

= 99.84% 

Not~thafth~fractionofparticulatematterremoved is the decimal equivalent of the 
effie;ency.•• 

To determine the mass emission rate with one bag missing, we begin by drawing 
a massbalancediagram. Because one bag is missing, a portion of the flow (1/424 of 
QouDe~ectivelyb~passes the baghouse. The "Bypass" line around the baghouse is 
drawntqshow.this. . 

Control volume 
r--- ~ 

I I ) 1 
Qhypass = 1424 (47 m Is) 

Baghouse 

I 1 
15g/Ill'JI Cin 


I '4T\ . 

, Qin = (4~4-' 1(47 Ill"!~) I 

, • u J I 
I 

, 
I I , I 

_1- ____ - ---- - - ---- - -~ 
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Ajudicious selection of the control volume aids in'the solution of this problem. 
As shown in the diagram, a control volume around the overall baghouse and bypass ".' 
flow yields three unknowns: the mass flow rate out of the baghouse, the rate:of mass 
accumulation in the baghouse hopper, and the mass flow rate of the mixture. A con
trol volume around the baghouse alone reduces the number of unknowns to two: 

1-- --I 
1 I 
1 
1 I 

I Baghouse I 


______~~MI~ I 

I 


== 15 g/m' I
Cill 

423)· J 
I 

Qin =(424 (47 m·ls) I 
I 
I 
1 

I 
1-_'_''';'''' __ ~ 

Control volume 

Because we know the efficiency and the influent mass flow rate, we can solve the 
mass balaI1ceequation for the mass flow rate out of the filter. 

1])CinQin 

0.9984)(15,000 mg/m3)(47m3/s)(423/424) = 1,1 mg/s 

control volume around the junction of the 
and the final effluent. 

From baghouse 

A mass balance for the control volume around the junction may be written as 

Because there is no accumulation in the junction 

dM = 0 
dt 
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and the mass balance equation is 

CoutQout 	= CinQin from bypass + CinQin from baghou~e 
= (15,000 mg/m3)(47 m3/s)(l/424) + 1,125 = 2788 mg/s 

The concentration in the effluent is 

CoutQout 2,788 mg/s . 3 
- 3 = 59 mg/m

47 m /s 

The overall efficiency of the baghouse with the missing bag is 

15,000 mg/m3 - 59 mg/m3 . 
1] 	 100%)

15,000 mg/m3 

= 99.61 % 

The efficiency is still very high but the control equipment does not meet the allow

able emission rate of 24 mg/m3

• It is not likely that a baghouse would ever operate 

with a missing bag because the unbalanced gas flows would'be immediately appar

ent. However, many smaU holes in a number of bags could yield an eft1uent that did 

not meet the discharge standards but would otherwise appear to be functioning cor

rectly. To prevent this situation, the bags undergo periodic inspection and mainte

nance and the effluent stream is monitored continuously. 


The State of Mixing 
The state of mixing in the system is an important consideration in the application of 
Equation 2-4. Consider a coffee cup containing approximately 200 mL of black coffee 
(oranotherbeverageofyourchoice). If we add a dollop (about 20 mL) of cream and 
if11ll1~?iatelyta~easaIliple(orasip), we would. not be surprised to find that the cream 
wa:snotev~nlydistributed throughout the coffee. If, on the other hand, we mixed the 
cg.ff~e~I1dcre~m;\ligorously and then took a sample, it would not matter if we sipped 

•JrgIIltheteftorrightofthe cup,or, for that matter, put a valve in the bottom and sam
pledfrornthere,we would expectthe cream to be distributed evenly. In terms of a mass 
balanceont,hecoffeecupsystem, the cup itself would define the system boundary for 
thecont~olvolume.lf thecoffee and cream were not mixed well, then the place we take 
\~~>sall1pl~Jrorpwouldstronglyaffect the value of d(out)/dt in Equation 2-4. On 
the other hand, if the coffee and cream were instantaneously well mixed, then any place 
we take the sample from would yield the same result. That is, any output would look 
exactly like the contents of the cup. This system is called a completely mixed system. A 
more formal definition is that completely mixed systems are those in which every drop 
of fluid is homogeneous with every other drop, that is, every drop of fluid contains the 
same concentration of material or physical property (e.g., temperature). If a system is 
completely mixed,then we may assume that the output from the system (concentration, 
temperature,etc.)isthe same as the contents within the system boundary. Although we 
frequently make use of this assumption to solve mass-balance problems, it is often very 
difficult to achieve in real systems. This means that solutions to mass-balance problems 
that make this assumption must be taken as approximations to reality. 

http:thecont~olvolume.lf
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Q Q 

(a) 

Q Q 

(b) 

FIGUE-E 2-1 
(a) Analogy of a plug-tlow system and a train. (/;) Analogy when a pulse change in intluent concentration occurs. 

If completely mixed systems exist, or at least systems that we can approximate as 
completely mixed, then it stands to reason that some systems are completely unmixed 
or approximately so. These systems are called plug-flow systenls. The behavior of a 
plug-flow system is analogous to that of a train moving along a railroad track (Fig
ure 2-J).Eachcarin the train must follow the one preceding it. If, as in Figure 2-1 b, a 
tan~c~rjsinsertedinatrain of box cars, it maintains its position in the trainuntilit ar
ri,,~~:;a~jtsd~~tiniJ.M~n.Th~tankcar may·beidentifiedat·anypoint in time as the train 
tr~velsd,§~rtl1~tfac~.lnterms ofJluid flow, each drop of fluid along the direction of 

>. "/ fl()\V.re1JliJ.tnS:~Iftque.,!nd,ifno reactions Jake place, contains the same concentration of 
,....•..•~,§. p.~~N~?lRropertythatithad\Vhenitentered the.plug-flow system. Mixing 
...:n}~Y'~ ./,n§ti?9Puril,lt~e;radialdir~ction.~swith.thecompletely mixed .systems, 

lug~flowsystemsdon't happen very often in the real world. 
~en~s,ystemhas operated in such a way that the rate of input and the rate of output 

',":e~??stantaflde~ual,then, of course, the rate ofaccU111ulation is zero (i.e., dMldt 0). 
.'1}?i§$g~~itiqwi~calle?S'tl:l1d)'.s:Fate.ln soIvingmass-balanceproblems, it is often con
venient:tornakeanassumption that steady-state conditions have been achieved. We 
should note that steady state does not imply equilibrium. For example, water running 
into. and out of a pond at the same rate is not at equilibrium, otherwise it would not 
be flowing. However, if there is no accumulation in the pond, then the system is at 
steady state. 

Example 2-5 demonstrates the use of two assumptions: complete mixing and 
&tyadY;state. 

;/':<~j 

Example 2:5. Astormsewer is carrying snow melt containing 1.200 gIL of sodium 
chloride into a small stream. The stream has a naturally occurring sodium chloride 
concentration of 20 mg/L. If the storm sewer flow rate is 2,000 L/min and the stream 

http:1}?i�$g~~itiqwi~calle?S'tl:l1d)'.s:Fate.ln
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flow rate is 2.0 m3/s, what is the concentration of salt in the stream aftecthe discharge 
point? Assume that the sewerflow and the stream flow ate completely mixed, that the 
salt is a conservative substance (it does not react), and that the system is at steady 
state. 

Solution. The first step is to draw a mass balance diagram as shown here. 

C = [.200 giLsc 


Qse = 2.000 Llmin 


r - ~It.- - - - ~Control volume 

I ~ 1 ~ I ~~~--------

C" = 20 mg/L 1 I em;, = ? 
3 ---')010-11 Stream 11---.,.... 

Q" 2.0 m 1s 	 I I Qmix == Q,! +Qse 
1 I 
I 11_________I 

Note that the mass flow of salt may be calCulated as ~ 

Mass 
-.- = (concentration)(flow rate)
TIme 

or 

Mass 	 . 
-.- = (mg/L)(Llmm) mg/min
Tlme . 

Using the notation in the diagram, where the subscript "st" refers to the stream and 
the sUbscript "se"refers tathe sewer, the mass balance may be written as 

Rate of accumulation of salt = [CstQst + CseQse] - CmixQmix 

Because we assume steady state, the rate of accumulation equals zero and 

CmixQmix = [CstQst + CseQseJ 

Solvingfor Cmix 

C ' = [C;tQst + CseQse] 
mix Q Q 

, 5t + se 

Before substituting in the values, the units are converted as follows: 

Cse (1.200 g/L)(lOOO mg/g) = 1,200 mg/L 

Qst = (2.0 m3/s)(1000 Llm3)(60 s/min) = 120,000 Llmin 

[(20 mg/L)(120,000 Llmin») + [(1,200 mg/L)(2,000 Llmin»)
Cmix 120,000 Llmin + 2,000 Llmin 

= 39.34 or 39 mg/L 
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Including Reactions 
Equation 3-4 is applicable when no chemical or biological reaction takes place and no 
radioactive decay occurs of the substances in the mass balance. In these instances the 
substance is said to be conserved. Examples of conservative substances include salt in 
water and argon in air. Examples of nonconservative substances (i.e., those that react 
or settle out) include decomposing organic matter and particulate matter that is settling 
from the air. 

In most systems of environmental interest, transformations occur within the sys
tem: by-products are formed (e.g., CO2) or compounds are destroyed (e.g., ozone). Be
cause many environmental reactions do not occur instantaneously, the time dependence 
of the reaction must be taken into account. Equation 2-3 may be written to account for 
time-dependent transformation as follows: 

Accumulation rate = input rate - output rate ± transformation rate (2-9) 

Time-dependent reactions are called kinetic reactions. The rate of transformation, 
or reaction rate (r), is used to describe the rate of formation or disappearance of a sub
stance"or chemical species. With reactions, Equation 2-4 may become 

elM d(in) el(out) 
= --+r (2-10)

dt elt elt 

The reaction rate is often some complex function of temperature, pressure, the reacting 
components, and products of reaction. 

r = -kCn (2-11) 

where· k :::: reaction rate constant (in s -[ or d-- I) 
C ofsubstance 

rate, k, indicates the disappearance of a substance or 

the oxidation of organic compounds 
and radioactive decay (Chapter 11), the reaction rate, r, 

assumed to be directly proportional to the amount of material remaining, that is 
. Thisis known as afirst-order reaction. In first-order reactions, the 

0fth~isubstanceisproportiona1to the amount of substance present at any 

dC 
r -kC (2-12)

dt 

The differential equation may be integrated to yield either 

C
In- = -kt (2-13)

Co 

(2-14) 
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where C concentration at any time t. 

Co = initial concentration 

In = logarithm to base e 

e = exp exponential e = 2.7183 raised to the - kt power 

For simple completely mixed systems with first-order reactions, the total mass of 
substance (M) is equal to the product of the concentration and volume (C¥) and, when 
¥ is a constant, the mass rate of decay of the substance is 

dM d(C¥) d(C) 
-= =¥- (2-15)
dt dt dt 

Because first-order reactions can be described by Equation 2-12, we can rewrite 
Equation 2-10 as 

dM d(in) d(out) 
-=-- -kC¥ (2-16)
dt dt dt 

Example 2-6. A well-mixed sewage lagoon (a shallow pond) is receiving 430 m3/d 
. of sewage out of a sewer pipe. The lagoon has a surface area of 10 ha (hectares) and a 
depth of 1.0 m. The pollutant concentration in the raw sewage discharging into the la
goon is 180 mglL. The organic matter in the sewage degrades biologically (decays) in 
the lagoon according to first-order kinetics. The reaction rate constant (decay coeffi
cient) is 0.70 d-'. Assuming no other water losses or gains (evaporation, seepage, or 
rainfall) and that the lagoon is completely mixed, fmd the steady-state concentration of 
the pollutant in the lagoon effluent. 

Solution; We begin by drawing the mass-balance diagram. 

Ci " = 180 mglL Ceff = ? 
--H>-I 

Qin =430 m'/d I-rl--'110- Qeff = 430 m3/d 

1 

_I 

Controlvolume 

The mass-balance equation may be written as 

Accumulation input rate - output rate - decay rate 

Assuming steady-state conditions, that is, accumulation = 0, then 

Input rate output rate + decay rate 

This may be written in terms of the notation in the figure as 

CinQin = 
b

Cef&eff + kClaaoon¥ 
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Solving for Ceff, we have 

CinQin - kClauoon¥ 
Ceff = '" 

Qeff 

Now calculate the values for terms in the equation. The input mass rate (CinQin) is 

(I 80 mg/L)(430 m3/d)(1,000 Llm3
) = 77,400,000 mg/d 

With a lagoon volume of 

(10 ha)(104 m2/ha)(l m) = 100,000 m] 

and the decay coefficient of 0.70 d- 1
, the decay rate is 

kC¥ = (0.70 d~I)(lOO,OOO m3)(l,000 Llm3)(Clagoon) (70,000,000 Lld)(Clagoon) 

Now using the assumption that the lagoon is completely mixed, we assume that 
Ceff Clagoow Thus, 

kC¥ == (70,000,000 Lld)(Ceff) 

Substituting into the mass-balance equation 

Output rate == 77,400,000 mg/d - 70,000,000 LId X Ceff 

or 

Ccft,(430 mJ/d)(l,OOO LIm]) 77,400,000 mg/d 70,000,000 LId X Ceff 

Solvingfor Cell" we have 

77,400,000mg/d 
Ceff = ·70,430,000 I}d = l.lOmg/L 

':/:r;-;:;) 
;,~~;i-{->~ 

:.JPc!~g~E'i~.W1Vit~F.(!act:ioll. .... . hotedinFigure2-1,in plug-flow systems, the tank 
garfor"plug" element offluid, does not mix with the fluid ahead or behind it. How
ever, a,(ea£tion can takeplace in the tank car element. Thus, even at steady state, the 
cont~ntswithit1theelementcanchangewith time as the plug moves downstream. 
,&~e(>ol)trolV'Qlull'leforthemass balance is the plug or differential element of fluid. 
The mass balance for this moving plug may be written as 

dM d(in) d(out) . d(C)
'-- +¥~- (2-17)

dt dt dt dt 

Because no mass exchange occurs across the plugboundaries (in our railroad car analogy, 
there is no mass transfer between the box cars and the tank car), d(in) and d(out) 0 . 

. Eguation 2-17 may be rewritten as 

dM d(C)
=0-0+ (2-18)

dt dt 
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As noted earlier, for a first-order decay're.action, the right-hand term ~~y b~~xpressed as 

dC
¥-= -kC¥ (2-19)

dt 

The total mass of substance (M) is equal to the product of the concentration and 
volume (C¥) and, when ¥ is a constant, the mass rate of decay of the substance in 
Equation 2-18 may be expressed as 

dC
¥- -kC¥ (2-20)

dt 

where the left-hand side of the equation = dM/dt. The steady-state solution to the 
mass-balance equation for the plug-flow system with first-order kinetics is 

CIn' out = 
Cin 

-ke (2-21) 

or 

Cout (Cin)e- kif (2-22) 

where k reaction rate constant, s-I, min -I, or d - t 

e= residence time in plug-flow system, s, min, or d 

In a plug-flow system of length L, each plug travels for a period Llu, where u = the 
speed of flow. Alternatively, for a cross-sectional area A, the residence time is 

e= (L)(A) = ¥ (2-23)
(u)(A) Q 

3where¥ volume oftlie plug-flow system, m
Q:::.:flowrate(inm3/s) 

L ¥
-k- = -k- (2-24) 

u Q 

where L= length of the plug-flow segment, m 
= linear velocity, . mls 

Although the concentration within a given plug changes over time as the plug moves 
downstream, the concentration at afixed point in the plug-flow system remains con
stant with respect to time. Thus, Equation 2-24 has no time dependence. 

Example 2-7 illustrates an application of plug-flow with reaction. 

Example2-7. A wastewater treatment plant must disinfect its effluent before dis
chargingthewastewater to a near-by stream. The wastewater contains 4.5 X 105 fecal 
coliform colony-forming units (CFU) per liter. The maximum permissible fecal colif
orm concentration that may be discharged is 2,000 fecal coliform CFUIL. It is proposed 
that a pipe carrying the wastewater be used for disinfection process. Determine the 
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length of pipe required if the linear velocity of the wastewater in the pipe is 0.75 m1s. 
Assume that the pipe behaves as a steady-state plug-flow system and that there-action 
rate constant for destruction of the fecal coliforms is 0.23 mm I. 

Solution. The mass balance diagram is sketched here. The control volume is the pipe 
itself. 

~ 

1+--- L = ? ---+I I 

4.5 x I05CFUiL C =2,OOOCFUILein out 

0.75 111/, 7~-•••~~~~1"'" u '" 0.75 m/s 
I 

____ ...J 

Using the steady-state solution to the mass-balance equation, we obtain 

Cout L
In- -k-

UCin 

2,000CFU/L . -\ L
In = -0.23 mm ~------

4.5 X 1Q5CFU/L (0.75 m/s)(60 s/min) 

Solving for the length of pipe, we have 

-0.23 min-l--L-
45 m/min 

- 5.42 = -0.23 min I __L__ 
45 m/min 

L = 1,060m 

Alittle over! km ofpipe is needed to meet the discharge standard. For most waste

an exceptionally long discharge and another 


reactor (discussedin the following section) would be 


Theta;ilks.inwhich physical, chemical, and biochemical reactions occur, for example, 
~il1\Vatersof:e~in~.{Ch~mer 4} and wastewater treatment (Chapter 6), are called 
.··reacters..Thesereactors·areclassifiedbasedon their flow characteristics and their mix
irig concHtions. With appropriate selection of control volumes, ideal chemical reactor 
models may be used to model natural systems. 

Batch reactors are of the fill-and-draw type: materials are added to the tank 
(Figure 2-2a), mixed for sufficienttime toalIow the reaction to occur (Figure 2-2b), 
and thendrained (Figure 2-2c). Although the reactor is well mixed and the contents are 
uniform at anyinstantin time, the composition within the tank changes with time as 
the rea.Ction proceeds. A batch reaction is unsteady. Because there is no flow into or out 
ofabatchreactor 

d(in) d(out) 
~= -0 

dt dt 
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Influent 

(a) (b) (c) 

FIGURE 2-2 

Batch reactor operation. (a) Materials added to the reactor. (b) Mixing and reaction. (c) Reactor is drained. 

Note: There is no influent or effluent during the reaction. 


For a batch reactor Equation 2-16 reduces to 

dM 
-= -kC¥ (2-25)
dt 

As we noted in Equation 2-l5 

dM dC
-=¥
dt dt 

So that for a first-order reaction in a batch reactor, Equation 2-25 may be simplified to 

dC 
-kC (2-26)

dt 

. Flow reactors have acontinuoustype of operation: material flows into, through, 
and out ofthe reactor at all times. Flow reactors may be further classified by mixing 
conditions. The Gontents ofa completelymixed flow reactor (CMFR), also called a 
cpiJtinuous-fl0'Aistirredtank reactor{CSTR), ideally are uniform throughout the tank. 
A·schematicdiagramofaCMFR and the common flow diagraill notation are shown in 
Figure 2-3. The composition of the effluent is the same as the composition in the tank. 

(a) (b) 

FIGURE 2-3 
Schematic diagram of (a) completely mixed now reactor (CMFR) and (b) the 
common diagram. The propeller indicates that the reactor is completely mixed. 
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Effluent 
Qout 

C, 

[ntluenl 

Qin 

Co 

FIGURE 2-4 
Schematic diagram of a plug-flow reactor (PFR). Note: to, > t2 > fl' 

If the mass input rate into the tank remains constant, the composition of the effluent re
mains constant. The mass balance for a CMFR is described by Equation 2-16. 

In plug-flow reactors (PFR), fluid particles pass through the tank in sequence. 
Those that enter first leave first. In the ideal case, it is assumed that no mixing occurs 
in thelateral direction. Although composition varies along the length of the tank, as 
long as the flow conditions remain steady, the composition of the effluent remains con
stant. A schematic diagram of a plug-flow reactor is shown in Figure 2-4. The mass 
balance for aPFR is described by Equation 2-18, where the time element (dt) is the 
time spent in the PFR as described by Equation 2-23. Real continuous-flow reactors 
are generally something in between a CMFR and PFR. 

For time-dependent reactions, the time that a fluid particle remains in the reactor 
obviously affects the degree to which the reaction goes to completion. In ideal reactors 
the average time in the reactor (detention time or retention time or, for liquid systems, 
hydraulic detention time or hydraulic retention time) is defined as 

¥
(J = (2-27)

Q 

ReaLreactorsdonotbehaveas ideal reactors because of density differences due to tem
p)rature().r6therfa~ses,§hortcircuitingbecause of uneven inlet or outlet conditions, 
anqfocaleurbulenceordeadspotsinthe tank corners. The detention time in real tanks 
is generallYless than the theoretical detention time calculated from Equation 2-27. 

Reactor Analysis 
The selection of a reactor either as a treatment method or as a model for a natural 
process depends on the behavior desired or recognized. We will examine the behavior 
ofbatch;CMFR;and PFR reactors in several situations. Situations of particular inter
est are the response of the reactor to a sudden increase (Figure 2-5a) or decrease 
(Figure2-5b) ihthe steady-state influent concentration for conservative and noncon
servative species (commonly called a step increase or decrease) and the response to 
pulse or spike change in influent concentration (Figure 2-5c). We will present the plots 
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FIGURE 2·5 
(a) (b) (e) 

Example influent graphs of (a) step increase in influent concentration, (b) step decrease in influent concen
tration, and (c) a pulse or spike increase in influent concentration. Note: The size of the change is for illus
tration purposes only. 

of the effluent concentration for each of the reactor types for a variety of conditions to 
show the response to these influent changes. 

For nonconservative substances, we will present the analysis for first-order reac
tions. The behavior of zero-order and second-order reactions will be summarized in 
comparison at the conclusion of this discussion. 

Batch Reactor. Laboratory experiments are often conducted in batch reactors be
cause they are inexpensive and easy to build. Industries that generate small quantities 
of wastewater (less than 150 m3!d) use batch reactors because they are easy to operate 
and provide an opportunity to check the wastewater for regulatory compliance before 
discharging it. 

B~ca~sethereis no influent to or effluent from a batch reactor, the introduction of 
ayonservatiyesubstanceintothereactor either as a step increase or a pulse results in 
aninstantaneousincreaseinconcentration of the conservative substance in the reactor. 
The90,n5e~t~~ti~n. ~lotissho~n inFigure2-6 . 

.~13ec~psethereisnojnfluentor effluent, for a nonconservative substance that 
decaysasa first'-order reaction, the mass balance is described by Equation 2-26. Inte
gration yields 

(2-28) 

FIGURE 2-6 
Batch reactor response to a step or pulse in
crease in concentration of a conservative sub
stance. Co mass of conservative substance! o 
volume of reactor. Time 
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FIGURE 2-7 
Batch reactor response for (a) de-

o Ilk 	 o Ilk 21k cay of a non-conservative sub
Time 	 Time stance and (b) for a formation 

(a) 	 (b) reaction. 

The final concentration plot is shown in Figure 2-7a. For the formation reaction, where 
the sign in Equation 2-28 is positive, the concentration plot is shown in Figure 2-7b. 

Example 2-8. A contaminated soil is to be excavated and treated in a completely 
mixedaeratedlagoort at a Superfund site. To detennillethe time it will take to treat the 
contaminated soil, a laboratory completely mixed batch reactor is used to gather the 
following data. Assuming a first-order reaction, estimate the rate constant, k, and de
termine the time to achieve 99 percent reduction in the original concentration. 

Time (d) Waste Concentration (mgIL) 

1 280 

16 132 

constant may beestimatedby solving Equation 2-28 for k. Using 
timeintervalt 16 1 15 d, 

exp[7k(15 d}]
280ing/t 

0.4714 = exp[~k(l5)] 

-0;7520=-k(15) 

k = 0.0501 d- 1 

To achieve 99 percent reduction the concentration at time t must be 1 - 0.99 of the 
original concentration: 

C( 
= 0.01 

Co 

0.01 = exp[ -0.05(t)] 
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FIGURE 2-8 
Response of a CMFR to 
Ca) astep increase in the 
influent concentration of 
a con~ervative substance 
from <concentration Co 
to.a new concentration 
C1.(b) Effluent concen
tration. 

Taking the logarithm of both sides and §olving for t, we get 

t = 92 days 

CMFR. A batch reactor is used for small volumetric flow rates. When water flow 
rates are greater than 150 m3/d, a CMFR may be selected for chemical mixing. Exam
ples of this application include equalization reactors to adjust the pH, precipitation re
actors to remove metals, and mixing tanks (called rapid mix or flash mix tanks) for 
water treatment. Because municipal wastewater flow rates vary over the course of a 
day, a CMFR (called an equalization basin) may be placed at the treatment plant in
fluent point to level out the flow and concentration changes. Some natural systems 
such as a lake or the mixing of two streams or the air in a room or over a city may be 
modeled as a CMFR as an approximation of the real mixing that is taking place. 

For a step increase in a conservati,ve substance entering a CMFR, the initial level 
of the conservative substance in the reactor is Co prior to t 0. At t = 0, the influent 
concentration (Cin) instantaneously increases to C1 and remains at this concentration 
(Figure2-8a). With balanced fluid flow (Qin = Qout) into theCMFR and no reaction, 
the mass balance equation for a step increase is .. 

dM 
(2-29)

dt 

where M = C¥-. The solution is 

(2-30) 

where Ct = concentration at any time t 
Co = concentration in reactor prior to step change 
C1 = concentration in influent after instantaneous increase 

t time after step change 
e= theoretical detention time = ¥/Q 

exp =exponentiale such that the terms in brackets immediately following are 
powers of e, that is, e raised to the power of the term in the brackets, 
wheree 2.7183 

Figure 2~8b shows the effluent concentration plot. 

CI 

::: 
.~ -0.37Co + 0.63C1+ -

J~ 
'J " 

J 

Jg Cnl-----' 
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CJ 

t 

I 

o o t = IJ 

Time Time 

(a) (b) 
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(a) 

FIGURE 2·9 

(b) 

Flushing of CMFR resulting from (a) a step decrease in influent concentra
tion of a conservative substance from Co to O. (b) Effluent concentration. 

Flushing of a nonreactive contaminant from a CMFR by a contaminant-free fluid is 
an example of a step change in the influent concentration (Figure 2-9a). Because Cin 0 
and no reaction takes place, the mass balance equation is 

dM 
(2-31)

dt 

whereM = C¥. The initial concentration is 

M 
Co = (2-32)

¥ 

Solving Equation 2-31 for any time t > 0, we obtain 

(2-33)C, coexr( -~) 
¥IQasnoted in Equation 2-,27. Figure2-9b shows the effluent concentra-

Before entering an underground utility vault to do repairs, a work 
crewa~alyzedthegasinthevauIt andfoundthatit contained 29 mg/m3 of hydrogen 
sulficlp~.I?~sal1~~theaI19\:VatHeexposurelevel is14 mg/m3 the work crew began ven
tilatingthe vault with a blower. If the volume of the vault is 160 m3 and the flow rate 
ofcontatninant-free air is 10 m3/min, how long will it take to lower the hydrogen sul
fide level to a level that will allow the work crew to enter? Assume the manhole be
haves as a CMFR and that hydrogen sulfide is nonreactive in the time period 
considered. 

Solution. This is a case of flushing a nonreactive contaminant from a CMFR. The 
theoreticaf detention time is 

¥ 160 m 3 

e= =---- 16 min 
Q 10 m 3/min 
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The required time is found by solving Equation 2-33 fou .. 

3
14mg/m ( t)·

= exp 
29 mg/m3 16 min 

0.4828 . exr( -16 ~J 
Taking the logarithm to the base e of both sides 

t
-0.7282 = --

16 min 

t = 11.6 or 12 min to lower the concentration to the allowable level 

Because the odor threshold for HzS is about 0.18 mg/m3
, the vault will still have 

quite a strong odor after 12 min. 
Aprecautionary note is in order here. H2S is commonly found in confined spaces 

such as manholes. It is a very toxic poison and has the unfortunate property of dead
ening the olfactory senses. Thus, you may not smell it after ~ few moments even 
though the concentration has not decreased. Each year a few individuals in the United 
States die because they have entered a confined space without taking stringent safety 
precautions. 

Because a CMFR is completely mixed, the response of a CMFR to a step change 
in the influent concentration of a reactive substance results in an immediate corre
sponding change in the effluent concentration. For this analysis we begin with the mass 
balance for a balanced flow (Qin = Qout) CMFR operating under steady-state condi
tions with first-order decay of a reactive substance. 

(2-34) 

\\iheretVl=:<C¥.Becausethe flowrate and volume are co.nstant, we may divide 
thtoughbyQand¥andsimplify to obtain 

dC 1 
dt = 7/Cin - Cout) - kCout (2-35) 

when~e= ¥/Qas noted in Equation 2-27. Under steady-state conditions dC/dt = 0 
and the solution for Cout is 

Co
Cout =-- (2-36)

I + k8 

where Co = Cin immediately after the step change. Note that Cin can be nonzero before 
the step change. For a first-order reaction where material is produced, the sign of the 
reaction term is positiveand the solution to the mass balance equations is 

Co 
(2-37)

1 - k8 
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FIGURE 2·10 
I Steady-state response of CMFR to (a) a step 

o o increase in influent concentration of a reactive 
Time Time substance. (b) Effluent concentration. Note: 

(3) (b) Steady-state conditions exist prior to t = O. 

The behavior the CMFR described by Equation 2-36 is shown diagrammatically in 
Figure 2-10. 

A step decrease in the influent concentration to zero (Cin 0) in a balanced flow 
(Qin = Qout) CMFR operating under non-steady-state conditions with first-order decay 
of a reactive substance may be described by rewriting Equation 2-34: 

divI o , (2-38)
dt 

where M C¥. Because the volume is constant, we may divide through by ¥ and 
simplify to obtain 

dC (1 )- = - + k Cout (2-39)
elt 0 

where 0 = ¥fQ as noted in Equation 2-27. The solution for COlll is 

Co", ~ Coexp (2-40)G+k}1 
wfiereCois the'e(fluentconcentration at t O. 

T,heconcentration plots are shown in Figure 2-11. 

PFlt Pipes andJong narrow rivers approximate the ideal conditions of a PFR. Bio
;logicaltreatment in municipal wastewater treatment plants is often conducted in long 
narrow tanks that maybe modeled as.a PFR. 

A step change in theinfluent concentration of a conservative substance in a plug
fl(}w~eact()rt~suItsjnanjdenticaI step change in the effluent concentration at a time 
eq~ano thethebretical detention time in the reactor as shown in Figure 12. 

Equation 2-2 I is a solution to the mass-balance equation for a steady-state first
order reaction in a PFR. The concentration plot for a step change in the intluent con
centration is shown in Figure 2-13. 

A pulse entering a PFR travels as a discrete element as illustrated in Figure 2-14 
for a pulse of green dye. The passage of the pulse through the PFR and the plots of 
concentrationwith distance along the PFR are also shown. 

Reactor Comparison. Although first-order reactions are common in environmental 
systems, other reaction orders may be more appropriate. Tables 2-1 and compare 
the reactor types for zero-, first-, and second-order reactions. 
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o 
Time 

o 
Time 

(a) 

FIGURE 2-11 

(b) 

Non-steady-state response of CMFR to (a) step decrease from Co to 0 of 
intluent Co reactive substance. (b) Effluent concentration. 

o 
Time 

o t == 0 
Time 

FIGURE 2·12 

(a) (b) 

Response of aPFR to (a) a step increase in the influent concentration of a conserva
tive substance. (b) Effluent concentration. 

o 
Time Time 

FIGURE 2-13 
(a) (b) 

Response of a PFR to (a) a step increase in the intluent concentration of a reactive 
substance. (b) Effluent concentration. 
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FIGURE 2-14 
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COIllparisonofsteady-stateIlIean retention times for decay reactions of different order* 

Equations for mean retention times (8) 
Reaction order r Ideal batch Ideal plug flow Ideal CMFR 

(Co C1) (Co - C/) (Co - C()
Zeror -k 

k k k 
In( Co/C) In( Co/Ct ) (Co/C,)

-kC ---
k k k 

(Co/Ct) - 1 (Co/C/) - 1 (Co/Ct) 1 

kCo kCo kCc 

*Co '= initial concentration or influent concentration; C, final condition or effluent concentration. 
tExpressions are valid for kg ~ Co: otherwise C O.r 
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TABLE 2·2 
Comparison of steady-state performance for decay reactions of different order* 

Equations for C( 
Reaction order r Ideal batch Ideal plug flow IdealCMFR 

Zerot 
t < Colk -k Co - kt Co - kfJ Co -k8 

t> Colk 0 

First -kC Corexp( - kt)] Corexp( - kfJ)] 
Co 

1 + kfJ 

Second 
Co 

1 + ktCo 

Co 

1 + kfJCo 

(4kfJCo + 1) (12 - 1 
-~------.~.--

2kfJ 

*Co = initial concentration or int1uent concentration; C1 tinal condition or eft1uent concentration. 
'Time conditions are for ideal batch reactor only. 

Example 2-10. A chemical degrades in a flow-balanced, steady-state CMFR ac
cording to first-order reaction kinetics. The upstream concentration of the chemical is 
10 mg/L and the downstream concentration is 2 mglL. Water is being treated at a rate 
of 29 m~/min. The volume of the tank is 580 m3

. What is the rate of decay? What is the 
rate constant? 

Solution. From Equation 2-11, we note that for a first-order reaction, the rate of 
decay, r = -kC. To find the rate of decay, we must solve Equation 2-34 for kC to 
determine the reaction rate. 

Forst~ady-statethereisnomassaccumulation, so dMldt = O. Because the reactor 
isfigw"'balanced,Qin= Qout = 29 m3/min. The mass balance equation may be re
written 

kCout¥- CinQin - CoutQout 

SolVingforthereaction rate, we obtain 

r = kC = CinQin - CoutQout 
l!

(10 mglL)(29 m3/min) - (2 mglL)(29 m3/min)
kC = ~ ~ ~ = 0.4 

580m3 

The rate constant, k, can be determined by using the equations given in Table 2-1. For 
a first-order reaction in a CMFR 
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The mean hydraulic detention time (8) is 
3¥ 580 m 

8 = 20 min 
Q 29 m3/min 

Solving the equation from the table for the rate constant, k, we get 

(CoICt ) - 1 
k 

8 

and 

(10 mg/Ll2 mg/L) - I 1 
k = . = 0.20 min 

20mm 

Reactor Design. Volume is major design parameter in reactor design. In general, the 
influent concentration of material, the flow rate into the reactor, and the desired efflu
ent concentratiol1 are known.As noted in Equation 2-27, the volume is directly l:elated 
to the theoretical detention time and the flow rate into the reactor. Thus, the volume can 
be determined if the theoretical detention time can be determined. The equations in 
Table 2-1 may be used to determine the theoretical detention time if the decay rate con
stant, k, is available. The rate constant must be determined from the literature or labo
ratory experiments. 

2-4 ENERGY BALANCES 

First Law of Thermodynamics 
The/irst lawofthelcmodynamics states that (without nuclear reaction) energy can be nei
ther createduordestroy~d. As with the law of conservation of matter, it does not mean 
thattheformoftheenergydoesnotchange. For example, the chemical energy in coal 
C~llbecha~~edtoheatJWdelectricalpower. Energy is defined as the capacity to do use
;fuIw~ork.Workjs9o~e~by a force acting on a body through a distance. One joule (1) is 
. the work done by aconstant force of one newton when the body on which the force is 
exerted moves a distance of one meter in the direction of the force. Power is the rate of 
doing work or the rate of expanding energy. The first law may be expressed as 

(2-41 ) 

where Qu = heat absorbed, kJ 
VI, U2 = internal energy (or thermal energy) of the system in states 1 and 2, 

kJ 
W= work, kJ 

}?undamentals 
Thermal Units of Energy. Energy has many forms, among which are thermal, me
chanical, kinetic, potential, electrical, and chemical. Thermal units were invented when 
heatwas considered a substance (caloric), and the units arc consistent with conserva
tion of a quantity of substance. Subsequently, we have learned that energy is not a 

http:known.As
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substance but mechanical energy of aparticular form: With this in mind_we will still 
use the common metric thermal unit of energy, the calorie.* One calorie (cal) is the 
amount of energy required to raise the temperature of one gram of water from 14.5°C 
to I5.S°C. In SI units 4.186 J = I caL 

The specific heat of a substance is the quantity of heat required to increase a unit 
mass of the substance one degree. Specific heat is expressed in metric units as kcaII 
kg . K and in SI units as kJ/kg . Kwhere K is kelvins and 1 K = 1°C. 

Enthalpy is a thermodynamic property of a material that depends on temperature, 
pressure, and the composition of the material. It is defined as 

H= U + P¥ (2-42) 

where H = enthalpy, kJ 
U = internal energy (or thermal energy), kJ 
P = pressure, kPa 
¥ = volume, m3 

Think of enthalpy as a combination of thermal energy (U) and flow energy (P¥) 
Flow energy should not be confused with kinetic energy (~Mi). Historically, H has 
been referred to as a system's "heat content." Because heat is correctly defined only in 
terms of energy transfer across a boundary, this is not considered a precise thermody
namic description and enthalpy is the preferred term. 

When a non-phase-change processt occurs without a change in volume, a change 
in internal energy is defined as 

(2-43) 

where /).U = change in internal energy 
M mass 
cv. = specific heatat.constant volume 


>/).T =.changeintemperature 


. When a non-phase-change process occurs without a change in pressure, a change 
rne.nthafpyisdefil1edas 

(2-44) 

where /).H= enthalpy change 
specific heat at constant pressure 

Equations 2-43 and 2-44 assume that the specific heat is constant over the range of 
temperature (/).7). Solids and liquids are nearly incompressible and therefore do virtu
ally no work. The change in P¥ is zero, making the changes in Hand U identical. 
Thus, for solids and liquids, we can generally assume Cv = cp and /).U = /).H, so the 
change in energy stored in a system is 

(2-45) 

*Indiscussing food metabolism, physiologists also use the term Calorie, However, the food Calorie is equivalent 

to a kilocalorie in the metric system, We will use the units calor kcal throughout this text. 

tNon-phase-change means, for example, water is not converted to steam, 
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TABLE 2-3 
Specific heat capacities for common substances 

Substance Cp (kJ/kg . K) 

Air (293.15 K) 1.00 
Aluminum 0.95 
Beef 3.22 
Cement, portland 1.13 
Concrete 0.93 
Copper 0.39 
Corn 3.35 
Dry soil 0.84 
Human being 3.47 
Ice 2.11 
Iron, cast 0.50 
Steel 0.50 
Poultry 3.35 
Steam(373.l5 K) 2.01 
"Vater (288.15 K) 4.186 
Wood 1.76 

Adapted from Guyton (1961), Hudson (1959), Masters (1998), Salvato (1972). 

Specific heat capacities for some common substances are listed in Table 2-3. 
When a substance changes phase (i.e., it is transformed from solid to liquid or 

liquidtogas),energyisabsorbed or released without a change in temperature. The en
ergyrequiredtoeacuseaphasechangeof a unit mass. from a solid toaliquidat constant 
pressll~7)isr~11~clctht;latentheatoffuSionor.enthalpy offusion; The energy required. to 

:.. :\ sa~~\~p~qs~§h~~grofau~itIl1assf~oITlaliquidto a gas atconstant pressure is called 
~f.. ......•...••. th~14~(!rtlt~eatof"'~PcorizactlofLoren!~alpy.ofvaporization. .The same amounts of energy

.......•~ ···NS:.:. .... i~S.~I1d~~sin~~he>v~p()r.andfreezjngtheliquid. For water the enthalpy of 
~If' ..59siorr·;~a<2;i~933/%I~gandtl1eent~qlp)'ofvaporizationjs 2257 kJJkg at 100°e. 
~~L;~{'/' 
}~'W'" 

E:~~lInple2-11. Standard physiologytexts (Guyton, 1961) report that a person weigh
ing70.0k?r~q~ires approx.iIl1tltely2,00pkcalJorsimpleexistence, such as eating and 
si~ting',~niag~fir;Approximately61%ofaUtheenergy in the foods we eat becomes heat 
during the process offormation of the energy-carrying molecule adenosine triphosphate 
(ATP) (Guyton, 1961). Still more energy becomes heat as it is transferred to functional 
systems of the cells. The functioning of the cells releases still more energy so that ulti
mately "all the energy released by metabolic processes eventually becomes heat" (Guy
ton, 1961 ).Some ofthis heat isused to maintain the body at a normal temperature of 
3tC. What fraction of the 2,000 kcal is used to maintain the body temperature at 37°C 
iftheroorrflemperature is 20°C? Assume the specitic heat of a human is 3.47 kJ/kg . K. 

The change inenergy stored in the body is 

/)"H :::: (70 kg)(3.47 kJJkg . K)(37°C 200 e) 4,129.30 kJ 

http:4,129.30
http:Steam(373.l5
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Converting the 2,000 kcal to kJ gives 

(2,000 kcal)(4.l86 kJlkcal) = 8,372:0 kJ 

So the fraction of energy used to maintain temperature is approximately 

4,129.30 kJ 
-. = 0.49, or about 50% 
8,372.0 kJ 

The remaining energy must be removed if the body temperature is not to rise above 
normal. The mechanisms of removing energy by heat transfer are discussed in the 
following sections. 

Energy Balances. If we say that the first law of thermodynamics is analogous to the 
law of conservation of matter, then energy is analogous to matter because it too can be 
"balanced," The simplest form of the energy balance equation is 

Loss of enthalpy of hot body = gain of enthalpy by cold body (2-46) 

Example 2-l2. The Rhett Butler Peach, Co. dips peaches in boiling water (l00°C) 
to remove the skin (a process called blanching) before canning them. The wastewater 
from this process is high in organic matter and it must be treated before disposal. The 
treatment process is a biological process that operates at 20°e. Thus, the wastewater 
mllst be cooled to 20°C before disposal. Forty cubic meters (40 m3

) of wastewater is . 
discharged to a concrete tank at a temperature of 20°C to allow it to cool. Assuming 
no losses to the surroundings, and that the concrete tank has a mass of 42,000 kg and a 
specific heat capacity of 0.93 kJlkg . K, what is the equilibrium temperature ofthe con
crete tank and.the wastewater? 

(1,OOOkg/m3)(40 m3)(4.186 kJlkg' K)(373.l5 - T) = 62,480,236 - 167,440T 

where the absolute temperatoreis273.15 + 100 = 373.15 K. 
The gain in enthalpy of the concrete tank is 

llH= (42,OOOkg)(0.93 kJlkg' K)(T - 293.15) 39,060T - 11,450,439 

The equilibrium temperature is found by setting the two equations equal and solving 
for the temperature. 

(ilH)water (llH)concrete 

62,480,236 - 167,440T = 39,060T - 11,450,439 

T = 358 K or 85°C 

This is not very close to the desired temperature, without considering other losses to the 
surroundings. Convective and radiative heat losses discussed later on also playa role in 
reducing the temperature, but acooling tower may be required to achieve 20°e. 

http:42,OOOkg)(0.93
http:temperatoreis273.15
http:K)(373.l5
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For an open system, a more complete energy balance equation is 

Net change in energy = energy of mass entering system - energy of 
mass leaving system ± energy flow into or out of system (2-47) 

For many environmental systems the time dependence of the change in energy 
(i.e., the rate of energy change) must be taken into account. Equation 2-47 may be writ
ten to account for time dependence as follows: 

dH = d(H)mass in + d(H)mass out + d(H)energy flow 
(2-48)

dt dt dt dt 

If we consider a region of space where a fluid flows in at a rate of dMldt and also flows 
out at a rate of dMldt, then the change in enthalpy due to this flow is 

dH dT dM 
-=c M-+cT- (2-49)
dt P dt P dt' 

where dMldt is the mass flow rate (e.g., in kg/s) and fl.T is the difference in tempera
tureofthe mass in the system and themass outside of the system. _ 

Note that Equations 2-47 and 2-48 differ from the mass-balance equation in that 
there is an additionalterm: "energy flow."This is an important difference for every
thingfromphotosynthesis (in which radiative energy from the sun is converted into 
plant material) to heat exchangers (in which chemical energy from fuel passes through 
the walls ofthe tubes of the heat exchanger to heat a fluid inside). The energy flow into 

, , 

(or outot) the system may be by conduction, convection, or radiation. 

Conduction. Conduction is the, transfer of heat through a material by molecular dif
fusio~du~toatertlpera.t~re gradient. Fourier's law provides an expression for calcu

.'latingenyrgY.f1ow byc()nduction. 

(2-50) 

enthalpy, kJ/s or kW 
thermal conductivity, kJ/s . m . K or kW/m . K 

') 

area,m~ 

internperaturethrougha distance, Kim 

1 kW. The average values for thermal conductivity for some com
mon materials are given in Table 2-4. 

Convection. Forced convective heat transfer is the transfer of thermal energy by 
means of large-scale fluid motion such as a flowing river or aquifer or the wind blow
ing.Theconvectiveheat transfer between a fluid at a temperature, Tr, and a solid sur
face at a temperature Ts' can be described by Equation 2-51. 

dH 
- = hcA(Tf - TJ (2-51)
dt 
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TABLE 2-4 
Thermal conductivity for some common materialsa 

Material hte (W/m' K) 

Air 0.023' 
Aluminum 221 
Brick, fired clay 0.9 
Concrete 2 
Copper 393 
Glass-wool insulation 0.0377 
Steel, mild 45.3 
Wood 0.126 

"Note that the units are equivalent to J/s . m . K. 

Adapted from Kuehn et at. (L998), Shortley and Williams (1955), 


where he = convective heat transfer coefficient, kJ/s . m2 
• K, 

A =surface area, m2 

Radiation. Although both conduction and convection require a medium to transport 
energy, radiant energy is transported by electromagnetic radiation. The radiative trans
fer of heat involves two processes: the absorption of radiant energy by an object and 
the radiation of energy by that object. The change in enthalpy due to the radiative heat 
transfer is the energy absorbed minus the energy emitted and can be expressed as 

dHdt :::: Eabs - Eemitted (2-52) 

Thennalradiationis emitted when an electron moves from a higher energy state to 
alo~erol1e.Radiant energy is transmitted in the form of waves. Waves are cyclical or 
si~usoidalassho~ninFigure2-15.Thewaves may be characterized by their wave
lellgth(X)ortheirfrequency (v). The wavelength is the distapce between successive 
peaksQrtroughs; Frequency and wavelength are related by the speed of light (c). 

c AV (2-53) 

Planck's lawrelates the energy emitted to the frequency of the emitted radiation. 

E:::: hv (2-54) 

where h Planck's constant:::: 6.63 X 10-34 J . S 

FIGURE 2-15 
Sinusoidal wave. The wavelength" is the 
distance between two peaks or troughs, (-) 



MATERIALS AND ENERGY BALANCES 77 

The electromagnetic wave emitted when an electron makes a transition between 
two energy levels is called a photon. When the frequenciis high (small wavelengths),' 
the energy emitted is high. Planck's law also applies to the absorption of a pnoton of 
energy. A molecule can only absorb radiant energy if the wavelength of radiation cor
responds to the difference between two of its energy levels. 

Every object emits thermal radiation. The amount of energy radiated depends on 
thewavelength, surface area, and the absolute temperature of the object. The maximum 
amount of radiation that an object can emit at a given temperature is called blackbody 
radiation. An object that radiates the maximum possible intensity for every wavelength 
is called a blackbody. The term blackbody has no reference to the color of the body. A 
blackbody can also be characterized by the fact that all radiant energy reaching its sur
face is absorbed. 

Actual objects do not emit or absorb as much radiation as a blackbody. The ratio 
ofthe amount of radiation an object emits to that a blackbody would emit is called the 
emissivity (e). The energy spectrum of the sun resembles 'that of a blackbody at 6,000 K. 
At normal atmospheric temperatures, the emissivity of dry soil and woodland is ap
proximately 0.90. ,Water and snow have emissivitiesof about 0.95. A human body, re
gardlessofpigmentation, has an emissivity ofapproximately 0.97 (Guyton, 1961). The 
ratio of the amount ofenergy an object absorbs to that which a blackbody would ab
sorb iscalled absorptivity (a). For most surfaces, the absorptivity is the same value as 
the emissivity. 

Integration of Planck's equation over all wavelengths yields the radiant energy of 
a blackbody. 

EB aT4 (2-55) 

blackbody emission rate, W/m2 
l-I:)oltzmalnn constant = 5.67 X 10-8 W/m2 . K4 

(Y, at a temperature Tb receiv
is a blackbody of temperature Tenvirom we can 

dH ........ ·.4 . 4 
-...-...=A(eaTb - aaTcnviron) (2-56)
dt 

where A = surface area of the body, m2
. 

The solution to thermal radiation problems is highly complex because of the "re
radiation" of surrounding objects. In addition, the rate of radiative cooling will 
change with time as the difference in temperatures changes; initially the change per 
HIf.itqf titneWillbe large because ofthe large difference in temperature. As the tem
peratureStapproach eachotherthe rate of change will slow. In the following problem 
we use an arithmetic average temperature as a first approximation to the actual aver

'age temperature. 
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Example 2-13. As mentioned in Example 2-12, heatloss~s dueJo convection and 
radiation were not considered. Using the following assumptions, estimate how long it 
will take for the wastewater and concrete tank to come to the desired temperature 
(20°e) if radiative cooling and convective cooling are considered. Assume that the 
average temperature of the water and concrete tank while cooling between 85°e (their 
combined temperature from Example 2-12) and 200 e is 52.5°C. Also assume that the 
mean radiant temperature of the surroundings is 200 e, that both the cooling tank and 
the surrounding environment radiate uniformly in all directions, that their emissivities 
are the same (0.90), that the surface area of the concrete tank including the open water 
surface is 56 m2

, and that the convective heat transfer coefficient is l3 Jls . m2 
• K. 

Solution. The required change in enthalpy for the wastewater is 

AH = (1,000 kg/m3)(40 m3)(4.l86 kJ/kg' K)(325.65 - 293.15) = 5,441,800 kJ 

where the absolute temperature of the wastewater is 273. L5 + 52.5 =325.65 K. 
The required change in enthalpy of the concrete tank is 

AH = (42,000 kg)(0.93 kl/kg· K)(325.65 - 293.15) = 1,269,450 kl 

Fora total of5,441,800 + 1,269,450 6,711,250kJ,or6,711,250,0001 
In estimating the time to cool down by radiation alone, we note that the emissivi

ties are the same for the tank and the environment and that the net radiation is the 
result of the difference in absolute temperatures. 

4 4Es 	= ea(Tc - Tenviron) 

=ear = (0.90)(5.67 X 10-8 W/m2
• K4)[ (273.15 + 52.5)4 (273.15 + 20)4J 

= 197 W/m2 

Therateof heat loss is 

(197W/m2)(56 m2
) = 11,032 W, or 11,032 lis 

FromEquation2~Sl, the convective cooling rate may be estimated. 

dB 
hcA(1f - T:J 

dt 

(l3J/s . m2 
. K)(56 m2

)[(273.15 + 52.5) - (273.15 + 20) ] 

= 23,660 lis 

The time to cool down is then 

6,711,250,0001 
~~------ = 193,452 s, or 2.24 days

11 ,032 lis + 23,660 Jls 

This is quite a long time. If land is not at a premium and several tanks can be built, 
thenthetitnemay not be a relevant consideration. Alternatively, other options must 
be considered to reduce the time. One alternative is to utilize conductive heat transfer 
and build aheat exchanger. The heat exchanger could be used to heat the incoming 
water needed in the blanching process. 

http:0.90)(5.67
http:K)(325.65
http:kg)(0.93
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Overall Heat Transfer. Most practical heat transfer problems involve multiple heat 
transfer modes. For these cases, it is convenient to use an overall heat transfer coeffi- • 
cient that incorporates multiple modes. The form of the heat transfer equation then 
becomes 

dH 
dt = hoA(I1T) (2-57) 

where ho = overall heat transfer coefficient, kJls . m2 
• K 

I1T = temperature difference that drives the heat transfer, K 

Among their many responsibilities, environmental scientists (often with a job title 
of environmental sanitarian) are responsible for checking food safety in restaurants. 
This includes ensuring proper refrigeration of perishable foods. The following problem 
is an example of one of the items, namely the electrical rating of the refrigerator, that 
might be investigated in a case of food poisoning at a family gathering. 

ExamRle 2-14. In evaluating a possible food "poisoning," Sam and Janet ~vening 
evaluated the required electrical energy input to cool food purchased for a family re
union. The family purchased l2 kg of hamburger, 6 kg of chicken, 5 kg of corn, and 
20 L of soda pop. They have a refrigerator in the garage in which they stored the 
food until the reunion. The specific heats of the food products (in kJlkg . K) are ham
burger: 3.22; chicken: 3.35; corn: 3.35; beverages: 4.186. The refrigerator dimen
sions are 0.70 m X 0.75 m X l.00 m. The overall heat transfer coefficient for the 
refrigerator is 0.43 Jls . m2 

. K. The temperature in the garage is 30°e. The food 
must be kept at 4°C to prevent spoilage. Assume that it takes 2 h for the food to 
reach a temperature of 4°e, that the meat has risen to 200e in the time it takes to get 
it home frorn\the store, and that the soda pop and corn have risen to 30°e. What 
electricalelie[~yinput(inkilowatts) is required during the first 2h the food is in the 
n~fdg~rato(?;Whatisthe energy input required to maintain the temperature for the 
sec8na;2~:~(Y\Assum~\the refrigerator interior is atAOC when thefood is placed in it 
andl:fiattlif!\dooris.notopenedduringthe 4:.hperiod. Ignore the energy required to 
qeattlie air in the refrigerator, and assume that all the electrical energy is used to re
moveqeat.lf the refrigerator is rated at 875 W, is poor refrigeration a part of the food 
poisoning problem? 

The energy balance equation is of the form 

dH d(H)mass in + d(H)mass out + d(H)energy flow 

dt dt dt dt 

wheredHldt the enthalpy change required to balance the input energy 
d(H)mass in change in enthalpy due to the food 

d(H)energy flow the change in enthalpy to maintain the temperature at 4°e 

TIi . dere IS no (H)mass out. 


Begin by computing the change in enthalpy for the food products. 


http:moveqeat.lf
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Hamburger 

~H = (12 kg)(3.22 kJ/kg' K)(20°C - 4°C) = 618.24 kJ 

Chicken 

~H = (6 kg)(3.35 kJ/kg' K)(20°C - 4°C) = 321.6 kJ 

Corn 

~H = (5 kg)(3.35 kJ/kg . K)(30°C - 4°C) = 435.5 kJ 

Beverages 
Assuming that 20 L = 20 kg 

~H= (20kg)(4.186kJ/kg·K)(30°C 4°C) = 2,176.72kJ 

The total change in enthalpy = 618.24 kJ + 321.6 kJ + 435.5 kJ + 2,176.72 kJ 
= 3,552.06 kJ 

Based on a 2-h period to cool the food, the rate of enthalpy change is 

3,552.06 kJ 
= 0493 or 0.50 kJ/s

(2 h)(3,600 s/h) . , 

The surface area of the refrigerator is 

20.70 m X l.00 m X 2 = 1.40 m

0.75 m X 1.00 m X 2 = 1.50 m-
') 

0.75m X 0.70 m X 2 = 1.05 m2 

I~thenrst2h,theelectricalenergy required is 0.044 kJ/s + 0.50 kJ/s = 0.54 kJ/s 
Because I W 1J/s,· the electrical requirement is 0.54 kW, or 540 W. It does not 
appear that the refrigerator is part of the food poIsoning problem. 

In the second 2 h, the electrical requirement drops to 0.044 kW, or 44 W. 
Note that at the beginning of this example we put "poisoning" in quotation marks 

because illness from food spoilage may be the result of microbial infection, which is 
not poisoning in the same sense as, for example, that caused by arsenic. 

The result of Example 2-14 is based on ali assumption of 100 percent efficiency in 
converting electrical energy to refrigeration. Th.is is, of course, not possible and leads 
us to the second law of thermodynamics. 

http:3,552.06
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Second Law of Thermodynamics 
The second law of thermodynamics states that energy flows from a region of higher' 
concentration to one of lesser concentration, not the reverse, and that the quality de
grades as it is transformed. All natural, spontaneous processes may be studied in the 
light of the second law, and in all such cases a particular one-sidedness is found. Thus, 
heat always flows spontaneously from a hotter body to a colder one; gases seep 
through an opening spontaneously from a region of higher pressure to a region~of lower 
pressure. The second law recognizes that order becomes disorder, that randomness in
creases, and that structure and concentrations tend to disappear. It foretells elimination 
of gradients, equalization of electrical and chemical potential, and leveling of contrasts 
in heat and molecular motion unless work is done to prevent it. Thus, gases and liquids 
left by themselves tend to mix, not to unmix; rocks weather and crumble; iron rusts. 

The degradation of energy as it is transformed means that enthalpy is wasted in the 
transformation. The fractional part of the heat which is wasted is termed unavailable 
energy. A mathematical expression called the change in entropy is used to express this 
unavailable energy. 

(2-58) 

where ~s change in entropy 
M mass 
c specific heat at constant pressurep 

T" T2 initial and final absolute temperature 
In = natural logarithm 

By. the second law, entropy increases in any transformation of energy from a re
&ionofNghercpocentration to a.lesser one. The higher the degree of disorder, the 
higherthe entropy. Degraded energy is entropy, dissipated as waste products and heat. 

.. Efjjci~ncY(l1rOrj perhaps, lack ofefficiency is .another expression of the second 
l~w:..S~(!t.~arnot (1824) was the first to approach the problem of the efficiency of a 
heateng'lne(e.g;,a,steam engine) in a·truly fundamental manner. He described.a theo
retical.engirie, now called a Carnot engine. Figure 2-16 is a simplified representation 

lemperaruie T2 

FIGURE 2-16 
Schematic flow diagram of a Carnot 

Heal reservoir at heat engine. 
temperature TI (Richards et al.. 1960.) 
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of a Carnot engine. In his engine, a rrta~erial expands -against a piston th<!t is periodi
cally brought back to its initial condition so that in anyone cycle the change in inter
nal energy of this material is zero, that is V2 - VI ~ 0, and the first law of 
thermodynamics (Equation 2-41) reduces to 

W= Q2 - QI (2-59) 

where QI = heat rejected or exhaust heat 
Q2 = heat input 

Thermal efficiency is the ratio of work output to heat input. The output is me
chanical work. The exhaust heat is not considered part of the output. 

W 
1] =

Q2 
(2-60) 

where W= work output 
Q2 = heat input 

or, from Equation 2-59 

1] 
Q2 - QI 

Q2 
(2-61) 

Carnofs analysis revealed that the most efficient engine will have an efficiency of 

1]max 1- -TI 
(2-62)

T2 

where the temperatures are absolute temperatures (in kelvins), This equation implies 
that maximum efficiency is achieved when the value of T2 is as high as possible and the 
valueJorTlisas·low.aspossible. 

{\refrigetatoflJlaybeconsidered to be a heat engine operated in reverse (Figure 
2-17). Froffi.anenvironmentalpoint of view, the best refrigeration cycle is one that re-
11J?yesthe.greatestamountofheat (Ql)·from·the refrigerator for the least expenditure 
offnechanicalwork. Thus,weuse the coefficient ofperformance rather than efficiency. 

c.o.P (2-63) 

+-w 

FIGURE 2-17 

Schematic flow diagram of a refrigerator. 

(Richards ct aI., 1960.) 
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(2-64) 


Example 2-15. What is the coefficient of performance of the refrigerator in Example 
2-14? 

Solution. The e.O.P. is calculated directly from the temperatures. 

273.15 + 4 
e.O.P 	 10.7 

[(273.15 + 30) - (273.15 + 4) ] 

Note that in contrast to the heat engine, the performance increases if the temperatures 
are close together. 

2-5 CHAPTER REVIEW 

When you have completed studying the chapter, you should be able to do the following 
without the aid ofyour textbook or notes: 

1. 	 Define the law of conservation of matter (mass). 

2. 	 Explain the circumstances under which the law of conservation of matter is 
violated.. 

3.Dra~.aI1}aterials:-balance diagram given the inputs, outputs, and accumula
tionOfthe relations,hipbetween the variables. 

·:4~;(l5J~rlethefoIlowingterITls:.rate;conservativepollutants, reactive chemicals, 
... ·steady,.stateconditions, equilibrium, completely mixed systems, and plug-

flow systems. 

5. 	Explain why the effluent from a completely mixed system has the same con
centration as the systenfitself. 

6. 	 Define the first law of thermodynamics and provide one example. 

7. 	 Define the second law of thermodynamics and provide one example. 

8. 	 Define energy, work, power, specific heat, phase change, enthalpy of fusion, 
eI1thalpy of evaporation, photon, and blackbody radiation. 

9•. Explain how the energy-balance equation differs from the materials-balance 
equation. 

10. List the three mechanisms of heat transfer and explain how they differ. 

11. Explain the relationship between energy transformation and entropy. 
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With the aid of this text you should be able to do the fo-flowing: 

1. 	 Write and solve mass-balance equations for systems with and without 
transformation. 

2. 	Write the mathematical expression for the decay of a substance by first-order 
kinetics with respect to the substance. 

3. 	 Solve first-order reaction problems. 

4. 	 Compute the change in enthalpy for a substance. 

5. 	 Solve heat transfer equations for conduction, convection, and radiation 
individuall y and in combination. 

6. 	 Write and solve energy balance equations. 

7. 	Compute the change in entropy. 

8. 	 Compute the Carnot efficiency for a heat engine. 

9. 	Compute the coefficient of performancefor a refrigerator. 

2-6 PROBLEMS 

2-1. 	 A sanitary landfill has available space of 16.2 ha at an average depth 
of 10m. Seven hundred sixty-five (765) cubic meters of solid waste are 
dumped at the site 5 days per week. This waste is compacted to twice its 
delivered density. Draw a mass-balance diagram and estimate the expected 
life of the landfill in years. 

Answer: 16.29.or 16 years 

2-2. Each month. theSpeedy Dry Cleaning Company buys 1barrel (0.160 m3
) 

of drydeaning fluid. Ninety percent of the fluid is lost to the atmosphere 
an~JOpercentJemainsasresidue to be disposed of. The density of the dry 
cl~aningfl.uid;is1.5940.g/mL Draw amass-balanc'e diagram and estimate 
the monthly mass emission rate to the atmosphere in kg/mo. 

2-3. 	 Congress banned the production of the Speedy Dry Cleaning Company's dry 
cleaning fluid in2000. Speedy is using a new cleaning fluid. The new dry 
deaningfluid has one-sixth the volatility of the former dry cleaning fluid 
(Problem 2-2). The density of the new fluid is 1.6220 g/mL. Assume that the 
amount of residue is the same as that resulting from the use of the old fluid 
and estimate the mass emission rate to the atmosphere in kg/mo. Because the 
new dry cleaning fluid is less volatile, the company will have to purchase less 
per year. Estimatethe annual volume of dry cleaning fluid saved (in m3/y). 

2-4. 	 Gasoline vapors are vented to the atmosphere when an underground gasoline 
storage tank is filled. If the tanker truck discharges into the top of the tank 
with no vapor control (known as the splash fill method), the emission of gaso
line vapors is estimated to be 2.75 kg/m3 of gasoline delivered to the tank. If 
the tank is equipped with a pressure relief valve and interlocking hose connec
tion and the tanker truck discharges into the bottom of the tank below the 

http:16.29.or
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surface of the gasoline in the storage tank, the emission of gasoline vapors is 
estimated to be 0.095 kg/m3 of gasoline delivered (Wark et al., 1998). Assume -.' 
that the service station must refill the tank with 4.00 m3 of gasoline once a 
week. Draw a mass-balance diagram and estimate the annual loss of gasoline 
vapor (in kg/y) for the splash fill method. Estimate the value of the fuel that is 
captured if the vapor control system is used. Assume the density of the con
densed vapors is 0.800 g/rnL and the cost of the gasoline is $1.06 per liter. 

2-5. 	 The Rappahannock River near Warrenton, VA, has a flow rate of 3.00 
m3/s. Tin Pot Run (a pristine stream) discharges into the Rappahannock at 
a flow rate of 0.05 m3/s. To study mixing of the stream and river, a conser
vative tracer is to be added to Tin Pot Run. If the instruments that can mea
sure the tracer can detect a concentration of 1.0 mg/L, what minimum 
concentration must be achieved in Tin Pot Run so that 1.0 mg/L of tracer 
can be measured after the river and stream mix? Assume that the 1.0 mg/L 
of tracer is to be measured after complete mixing of the stream and Rappa
hannockhasb~enachieyedandthatno tracer is in Tin Pot Run or th~ Rap
pahannock above the point where the two streams mix. What mass. rate 
(kg/d) of tracer must be added to Tin Pot Run? 

Answer: 263.52 or 264 kg/d 

2-6. The Clearwater water treatment plant uses sodium hypochlorite (NaOCI) 
to disinfect the treated water before it is pumped to the distribution system. 
The NaOCI is purchased in a concentrated solution (52,000 mg/L) that 
must be diluted before it is injected into the treated water. The dilution 
piping scheme is shown in Figure P-2-6. The NaOCI is pumped from the 
small tank (called a "day tank") into a small pipe carrying a portion of the 
clealftreatedwater(calleda"slipstream") to the main service line. The 
Inajn,sefYice line Carries a flow rateof 0.50 m3/s. The slip stream flows at 

.. 4.Q Lls.Atwhatrateofflow(inLls) must the NaOCI from the day tank be 
~,.pLlt11pedin~othe?lipstream toachieve3 concentration of 2.0 mg/L of 

'.. ···-··&aPGI~ntheITI'-linserviceline?AIthoughitisreactive, you may as~ume 
thatNaOClisnotreactive for this problem. 

Day Tank 

Qin == 0.50 m3/sT""30n/ 
Cin = 0.0 mg/LC mg/L 

Fct:dPump 
~SlipQpumr == ? 

Stream 

~ 

Q" =4.0 Lis 
C" == ? mg/L 

Q,,,,, = 0.50 m-V, 

CO\Jt = 2.0 mg/L 

FIGURE P-2-6 

Dilution piping scheme. 
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2-7. 	 The Clearwater design engiI.1eer cannot find a reliable pump to. move the 
NaOCI from the day tank into the slip stream (Pt:oblem 2~6). Therefore, 
she specifies in the operating instructions that the day tank be used to di
lute the concentrated NaOCI solution so that a pump rated at 1.0 Lis may 
be used. The tank is to be filled once each shift (8 h per shift). It has a vol
ume of 30 m3

• Determine the concentration of NaOCI that is required in 
the day tank if the feed rate of NaOCI must be 1,000 mg/s. Calculate the 
volume of concentrated solution and the volume of water that is to be 
added for an 8 hour operating period. Although it is reactive, you may 
assume that NaOCI is not reactive for this problem. 

2-8. 	 In water and wastewater treatment processes a filtration device may be 
used to remove water from the sludge formed by a precipitation reaction. 
The initial concentration of sludge from a softening reaction (Chapter 4) is 
2 percent (20,000 mg/L) and the volume of sludge is 100 m3

. After filtra
tion the sludge solids concentration is 35 percent. Assume that the sludge 
does not change density during filtration, and that liquid removed from the 
sludge contains no sludge. Using the mass balance method,.determine the 
volume of sludge after filtration. 

2-9. 	 The U.S. EPA requires hazardous waste incinerators to meet a standard of 
99.99 percent destruction and removal of organic hazardous constituents in
jected into the incinerator. This efficiency is referred to as "four nines ORE." 
For especially toxic waste the DRE must be "six nines." The efficiency is to 
be calculated by measuring the mass flow rate of organic constituent enter
ing the incinerator and the mass flow rate of constituent exiting the incinera
tor stack. A schematic of the process is shown in Figure P-2-9. One of the 

t 
Stack gas 

Scrubber 
Water 

Electrostatic 
precipitator 

After
Burner off-gas

Chamber 1 
Rotary Kiln ~ fan ... 

FIGURE P-2-9 

Schematic of hazardous waste incinerator. 
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difficulties of assuring these levels of destruction is the ability to measure 
the contaminant in the exhaust gas. Draw a mass balance diagram for the 
process and determine the allowable quantity of contaminant in the exit 
stream if the incinerator is burning 1.0000 g/s of hazardous constituent. 
(Note: the number of significant figures is very iinportant in this calcula
tion.) If the incinerator is 90 percent efficient in destroying the hazardous 
constituent, what scrubber efficiency is required to meet the standard? 

2-10. 	A new high-efficiency air filter has been designed to be used in a secure 
containment facility to do research on detection and destruction of an
thrax. Before the filter is built and installed it needs to be tested. It is pro
posed to use ceramic microspheres of the same diameter as the anthrax 
spores for the test. One obstacle in the test is that the efficiency of the sam
pling equipment is unknown and cannot be readily tested because the rate 
of release of microspheres cannot be sufficiently controlled to define the 
number of microspheres entering the sampling device. The engineers pro
pose the test apparatus shown in Figure P-2-1O. The sampling filters,cap
ture the microspheres on a membrane filter that allows microscopic 
counting of the captured particles. At the end of the experiment, the num
ber of particles on the first filter is 1,941 and the number on the second fil
ter is 63. Assuming each filter has the same efficiency, estimate the 
efficiency of the sampling filters. (Note: this problem is easily solved by 
using the particle counts (C I, C2, C3) and efficiency Y}.) 

= ') 

== 0.10 LIS 
C, . 

Q2 

/
CI ==" . C3 =? 

Qin = 0,10 LIS Q

oU
[ == O.IOLIS 


Count == 1,941 Count == 63 


Sample time = 10 min 


FIGURE P-2-to 
Filtration test apparatus. 

2-11. 	To remove the solution containing metal from a part after metal plating the 
part is commonly rinsed with water. This rinse water is contaminated with 
metal and must be treated before discharge. The Shiny Metal Plating Co. 
uses the process flow diagram shown in Figure P-2-11. The plating solu
tion contains 85 gIL of nickel. The parts drag out 0.05 Llmin of plating 
solution into the rinse tank. The flow of rinse water into the rinse tank is 
150 Llmin. Write the general mass balance equation for the rinse tank and 
estimate the concentration of nickel in the wastewater stream that must be 
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Q= 0.05 Llmin Q == 0.05 Llmin 

Parts flow Cin == 85 gIL C 
n
:: ? 

Rinse Water 
C 0 
Q 150 Llmin 

FIGURE P·2·11 
Plating rinse water flow scheme. 

treated. Assume that the rinse tank is completely mixed and that no reac
tions take place in the rinse tank. 

Answer: Cn = 28.3 or 28 mg/L 

2·12. 	Because the rinse water flow rate for a nickel plating bath (Problem 2-11) 
is quite high, it is proposed that the countercurrent rinse system shown in 
Figure P-2-12 be used to reduce the flow rate. Assuming that the Cn con
centration remains the same at 28 mg/L, estimate the new flow rate. As
sume that the rinse tank is completely mixed and that no reactions take 
place in the rinse tank. 

Q = 0.05 Llmin Q == 0.05 Llmin 

Rinse Water 
C=O 
Q=? 

Q= ? 

FIGURE P·2-12 
Countercurrent rinse water flow scheme. 

2-13. 	The Environmental Protection Agency (U.S. EPA, 1982) offers the following 
equation to estimate the flow rate for counter current rinsing (Figure P-2-12): 

Cin )1In 11Q= - +-q[( CIl n 

where Q = rinse water flow rate, Llmin 

Cin concentration of metal in plating bath, mg/L 

C/1 = concentration of metal in nth rinse bath, mg/L 
n =number of rinse tanks 
q flow rate of liquid dragged out of a tank by the parts, Llmin 
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Using the EPA equation and the data from Problem 2-11, calculate the rinse 
water flow rate for one, two, three, four and five- rinse tanks in series. using a 
computer spread sheet you have written. Use the spreadsheet graphin·g func
tion to plot a graph of rinse water flow rate versus number of rinse tanks. 

2-14. 	 If biodegradable organic matter, oxygen, and microorganisms are placed in 
a closed bottle, the microorganisms will use the oxygen in the process of 
oxidizing the organic matter. The bottle may be treated as a batch ~eactor 
and the decay of oxygen may be treated as a first-order reaction. Write the 
general mass balance equation for the bottle. Using a computer spread
sheet program you have written, calculate and then plot the concentration 
of oxygen each day for a period of 5 days starting with a concentration of 
8 mg/L. Use a rate constant of 0.35 d- 1

. 

Answer: day 1 5.64 or 5.6 mglL; day 2 3.97 or 4.0 mg/L 

2-15. In 1908, H. Chick reported an experiment in which he disinfected anthrax 
spores with a 5 percent solution of phenol (Chick, 1908). The results of his 
experiment are tabulated below. Assuming the experiment was conducted 
in a completely mixed batch reactor, determine the decay rate constant for 
the die-off of anthrax. 

Concentration of Survivors 
(number/mL) 

398 

Time (min) 

o 
251 30 

158 60 

2~16. A water tower containing 4,000 m3 of water has been taken out of service 
fofil1stallation of a chlorine monitor. The concentration of chlorine in the 
water towerwas 2.0 mg/L when the tower was taken out of service. If the 
chlorine decays by first-order kinetics with a rate constant k 1.0 d- 1 

(Orayrnarland Clark, 1993), what is the chlorine concentration when the 
. tank is put back inservice8 hours l~ter? What mass of chlorine (in kg) 

must be added to the tank to raise the chlorine level back to 2.0 mgIL? 
Although it is not completely mixed, you may assume the tank is a com
pletelymixeq batch reactor. 

2-17. 	The concept of "half-life" is used extensively in environmental engineer
ing and science. For example, it is used to describe the decay of radioiso
topes, elimination of poisons from people, self-cleaning of lakes, and the 
disappearance of pesticides from soiL Starting with the mass balance 
equation, develop an expression that describes the half-life (t1l2 of a sub
stancein terms of the reaction rate constant k, assuming the decay reaction 
takes place in abatch reactor. 

2-18. 	If the initial concentration of a reactive substance in a batch reactor is 100 
percent, determine the amount of substance remaining after 1,2,3, and 4 
half-lives if the reaction rate constant is 6 mo -I. 
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2-19. 	Liquid hazardous wastes are blended in a CMFR to maintain a minimum 
en~rgy content before burnirig them in a hazardcHfS waste:incinerator. 
The energy content of the waste currently being' fed is 8.0 MJ/kg (mega
jouleslkilogram). A new waste is injected in the flow line into the CMFR. 
It has an energy content of 10.0 MJlkg. If the flow rate into and out of the 
0.20 m3 CMFR is 4.0 Lis, how long will it take the effluent from the 
CMFR to reach an energy content of 9 MJlkg? 

Answer: t = 34.5 or 35 s 

2-20. 	Repeat Problem 2-19 with a new waste having an energy content of 
12 MJ/kg instead of 10 MJ/kg. 

2-21. 	 An instrument is installed along a major water distribution pipe line to de
tect potential contamination from terrorist threats. A 2.54-cm-diameter 
pipe connects the instrument to the water distribution pipe. The connecting 
pipe is 20.0 m long. Water from the distribution pipe is pumped through 
the instrument and then discharged to a holding tank for verification analy
sis and. proper disposaL If the flow rate of the water in the sample line is 
LOLlmin, how many minutes will it take a sample from the distribution 
pipe to reach the instrument. Use the following relationship to determine 
the speed of the water in the sample pipe: 

Q 
u= 

A 

where u = speed of water in pipe, m1s 

Q flow rate of water in pipe, m3/s 

A = area of pipe, m2 


lithe ihstrumentuses 10 mL for sample analysis, how many liters of water 
mustpassthr()ughthe samplerbefore it detects a contaminant in the pipe? 

2-22. 	A.pankrupt chel11icai firm has been taken over by new management. On 
the' ~r()p~rWthf!rfounda 20,QOOm3 brine pond containing 25,000 mgIL 
ofsalt. The new owners propose to flush the pond into their discharge 
pipe leading to the Atlantic ocean, which has a salt concentration above 
30,OOOmglL.What flow rate of freshwater (in m 3/s) must they use to 
reducethesaltconcentrationin the pond to 500 mglL within one year? 

Answer: Q = 0.0025 m3/s 

2-23. A 1,900-m3 water tower has been cleaned with a chlorine solution. The va
pors of chlorine in the tower exceed allowable concentrations for the work 
crew to enter and finish repairs. If the chlorine concentration is 15 mg/m3 

and the allowable concentration is 0.0015 mglL, how long must the work
ers vent the tank with clean air flowing at 2.35 m3/s? Although chlorine is 
a reactive substance, you may consider it nonreactive for this problem. 

2..24. A railroad tank car is derailed and ruptured. It discharges 380 m3 of pesti
cide into the Mud Lake drain. As shown in Figure P-2-24, the drain flows 
into Mud Lake which has a liquid volume of 40,000 m3

. The water in the 
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FIGURE P-2-24 

Drain flow into Mud lake. 


creek has a flow rate of 0.10 m3Is, a velocity of 0.10 mis, and the distance 
from the spill site to the pond is 20 km. Assume that the spill is short 
enough to treat the injection of the pesticide as a pulse, that the pond be
haves as a flow balanced CMFR, and that the pesticide is nonreactive. Esti
mate the time it will take to flush99 percent ofthe pesticide from the pond. 

Answer: Time to reach the pond = 2.3 days; 

time to. flush = 21 Jor 21 days 


2-:25. 	 During a snow storm the fluoride feeder in North Bend runs out offeed 
solution. As shown in Figure P-2-25, the rapid-mix tank is connected to a 
5-km-long distribution pipe. The flow rateinto therapid-mix tank is 0.44 
m3/s and the volume of the tank is 2.50 m3

. The velocity in the pipe is 
0.17 mls. If the fluoride concentration in the rapid-mix tank is 1.0 mglL 
when the feed stops, how long will it be until the concentration of fluoride 
is reduced to 0.0 I mglL at the end of the distribution pipe? The fluoride 
may be considered a nonreactive chemicaL 

Q= 0.44 m'/s 

2-26. 	A sewage lagoon thathas a surface area of 10 ha and a depth of 1 m is re
ceiving 8,640 m3/d of sewage containing 100 mglL of biodegradable cont
aminant. At steady state, the effluent from the lagoon must not exceed 
20 mglL of biodegradable contaminant. Assuming the lagoon is well 
mixed and that there are no losses or gains of water· in the lagoon other 
than the sewage input, what biodegradation reaction rate coefficient (d-I) 
mustbe achieved for a first order reaction? 

Answer:k 0,3478 or 0.35 d- I 

Repeat Problem 2-26 with two lagoons in series (see Figure P-2-27). Each 
lagoon has a surface area of 5 ha and a depth of 1 m. 
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Lagoon 1 Lagoon 2 ~- CaUl '" 20 mg/L 
-+- JArea =5ha Area = 5 ha ,.-- Q

Otil 
8,640 m Ie 

FIGURE P-2-27 
Two lagoons in series. 

2·28. 	Using a spreadsheet program you have written, determine the effluent con
centration if the process producing sewage in Problem 2-26 shuts down 
(Cin = 0). Calculate and plot points at 1day intervals for 10 days. Utilize 
the graphing function of the spreadsheet to construct your plot. 

2·29. 	A 90-m3 basement in a residence is found to be contaminated with radon 
coming from the ground through the floor drains. The concentration of 
radon in the room is 1.5 BqlL under steady-state conditions. The room 
behaves as a CMFR and the decay of radon is afirst order reaction with a 
decay rate constant of 2.09 X 10-6 

S-1. If the source of radon is closed off 
and the room is vented with radon free air at a rare of 0.14 m3/s, how long 
will it take to lower the radon concentration to an acceptable level of 
0.15 Bq/L? 

2·30. 	An ocean outfall diffuser that discharges treated wastewater into the Pa
cific ocean is 5,000 mfrom a public beach. The wastewater contains 105 

coliform bacteria per milliliter. The wastewater discharge flow rate is 
OJ m3/s. The coliform first-order death ratein seawater is approximately 
OJ h 1 (Tchobanoglous and Schroeder, 1985). The current carries the 
wastewater plume toward the beach at a rate of 0.5 m/s. The ocean current 
maybe approximated as a pipe carrying 600 m3/s of seawater. Determine 
thecoliformconcentrationarthebeach. Assume that the current behaves 
asaplug,.flowreactorandthat the wastewater is completely mixed in the 
~ulTe,Iltat the discharge point. 

:2~31... ForthefoIl()wing conditions, determine whether a CMFR or a PFR is 
moreeff1cientinremoving a reactive compound from the waste stream un
der steady-state conditions with a first-order reaction: reaction volume = 

280 rn3,flow rate = 14 m3/d, and reaction rate coefficient = 0.05 d-I. 

Answer: CMFR 77 = 50%; PFR 77 = 63% 

2-32. Compare the reactor volume required to achieve 95 percent efficiency for 
a CMFR and a PFR for the following conditions: steady-state, first-order 
reaction, flow rate = 14 m3/d, and reaction rate coefficient = 0.05 d-1. 

2-33. 	The discharge pipe from a sump pump in the dry well of a sewage lift sta
tion did not drain properly, and the water at the discharge end of the pipe 
froze. A hole has been drilled into the ice and a 200-W electric heater has 
been.inserted in the hole. If the discharge pipe contains 2 kg of ice, how long 
will it take to melt the ice? Assume all the heat goes into melting the ice. 

Answer: 55.5 or 56 min 
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2-34. 	As noted in Examples 2-12 and 2-13, the time to achieve the desired tem
perature using the cooling tank is quite long. An evaporative cooler is pro
posed as an alternative means of reducing the temperature. Estimate the 
amount of water (in m3

) that must evaporate each day to lower the temper
ature of the 40 m3 of wastewater from lOOoe to 20°C. (Note: While the 
solution to this problem is straightforward, the design of an evaporative 
cooling tower is a complex thermodynamic problem made even more 
complicated in this case by the contents of the wastewater that would 
potentially foul the cooling system.) 

2-35. 	The water in a biological wastewater treatment system must be heated 
from 15°e to 40°C for the microorganisms to function. If the flow rate of 
the wastewater into the process is 30 m3/d, at what rate must heat be added 
to the wastewater flowing into the treatment system? Assume the treatment 
system is completely mixed and that there are no heat losses once the 
wastewater is heated. 

Answer: 3<14 GJ/d 

2-36. The lowest flow in the Menominee River inJuly is about 40 m3/s.-If the 
river temperature is 18°C and a power plant discharges 2 m3/s of cooling 
waterat 80°C, what is the final river temperature after the cooling water 
and the river have mixed? Ignore radiative and convective losses to the at
mosphere as well as conductive losses to the river bottom and banks. 

2-37. The flow rate of the Seine in France is 28 m3/s at low flow. A power plant 
discharges 10 m3/s of cooling water into the Seine. In the summer the river 
temperatute upstream of the power plant reaches 20°C. The temperature 
of the after the mixes with the river is 27°e 

the cooling water before it is 
and convective losses to the at

bottom and banks. 

thatismixedwith air) is 
northern Wisconsin. The 

be designed for the summerpopulation but will operate year
. rqund.The winter population isabout.half of the summer population. The 
volume-pftheprpposedlfgoombased·onthese design assumptions, is 
B~420>m?~Thedailyvolumeofsewage in the winter is estimated to be 
300m3

. In January, the temperature of the lagoon drops to oDe but it is not 
yet frozen. If the temperature of the wastewater flowing into the lagoon is 
15°e, estimate the temperature of the lagoon at the end of a day. Assume 
the lagoon is completely mixed and that there are no losses to the atmos
phereor the lagoon walls or floor. Also assume that the sewage has a den
sit/of 1,000 kg/m3 and a specific heat of 4.186 kJlkg . K. 

2-39. Using the data in Problem 2-38 and a spreadsheet program you have writ
ten,estimatethetemperature of the lagoon at the end of each day for a 
period of 7 days. Assume that the flow leaving the lagoon equals the 
flow entering the lagoon and that the lagoon is completely mixed. 



--

94 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

2·40. 	Acooling water pond is to be constructed for a power plant tQ(!t discharges 
17.2 m3Is of cooling water. Estimate the required surface area of the pond 
if the water temperature is to be lowered from 45.0°C at its inlet to 35.5°C at 
its outlet. Assume an overall heat transfer coefficient of 0.0412 kJ/s . m2 

. K 
(Edinger et al., 1968). (Note: the cooling water will be mixed with river 
water after it is cooled. The mixture of the 35°C water and the river water 
will meet thermal discharge standards.) 

Answer: 174.76 or 175 ha 

2-41. Asmall building that shelters a water supply pump measures 4 m X6 m X 
2.4 m. It is constructed of I-em-thick wood having a thermal conductivity 
of 0.126 W1m . K. The inside walls are to be maintained at 10°C when the 
outside temperature is - 18°C. How much heat must be supplied each 
hour to maintain the desired temperature? How much heat must be sup
plied if the walls are lined with 10 cm of glass-wool insulation having a 
thermal conductivity of 0.0377 Wlm . K? Neglect the wood in the second 
calculation. 

2-42. 	Because the sewage in the lagoon in Problem 2-38 is violently mixed, 
there is a good likelihood that the lagoon will freeze. Estimate how long it 
will take to freeze the lagoon if the temperature of the wastewater in the 
lagoon is 15°C and the air temperature is -g0c. The pond is 3 m deep. 
Although the aeration equipment will probably freeze before all of the 
wastewater in the lagoon is frozen, assume that the total volume of waste
water freezes. Use an overall heat transfer coefficient of 0.5 kJ/s . m2 

. K 
(Metcalf & Eddy, 2003). Ignore the enthalpy of the influent wastewater. 

2·43. 	Bituminous coal has a heatof combustion* of 31.4 MJ/kg. In the United 
States, the average coal-burning utility produces an average of 2.2 kWh of 
eI~ctricalenergyperkilogram ofbituminous coalbumed. What is the av
erage overall efficiency . of this production of electricity? 

, ,-	 

DISCUSSION QUESTIONS 

2-1. 	 Apiece of limestone rock (CaC03) at the bottom of Lake Superior is 
sldwly.dissolvlng.For the purpose of calculating a mass balance, you can 
assume: 

(a) The system is in equilibrium. 

(b) The system is at steady state. 

(c) Both of the above. 

(d) Neither of the above. 

Explain your reasoning. 

* Heat of combustion is the amount of energy released per unit mass when the compound reacts completely with 
oxygen. The mass does not include the mass of oxygen. 
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2-2. A can of a volatile chemical (benzene) has spilled into a small-pond. List 
the data you would need to gather to calculate-the concentration of ben
zene in the stream leaving the pond using the mass balance techniqUe. 

2-3. In Table 2-3, specific heat capacities for common substances, the values 
for cp for beef, corn, human beings, and poultry are considerably higher 
than those for aluminum, copper and iron. Explain why. 

2-4. If you hold a beverage glass whose contents are at 4°C, "You can feel the 
cold coming into your hand." Thermodynamically speaking is this state
ment true? Explain. 

2-5. If you walk barefoot across a brick floor and a wood floor, the brick floor 
will feel cooler even though the room temperature is the same for both 
floors. Explain why. 
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3-1 FUNDAMENTALS 

The Hydrologic Cycle 
The global system that supplies and removes water from the earth's surface is known 
as the hydrologic cycle (Figure 3-1). Water is transferred to the earth's atmosphere 
through two processes: (1) evaporation and (2) transpiration. * As moist air rises, it 
cools. Eventually enough moisture accumulates and the mass cools sufficiently to nu
cleate (form small crystals) on microscopic particles. Sufficient growth causes the 
droplets or snowflakes to become heavy enough to fall as precipitation. As they fall on 
the earth's surface, the droplets either run over the ground into streams and rivers 
(suiface runoff, or just runoff) or percolate into the ground to form groundwater. 

Surface Water Hydrology 
Precipitation. Surface water hydrology begins before the precipitate hits the ground. 
The form the precipitate takes (rain, sleet, hail, or snow) is important. For example, it 
takes about 10 mm of snow to make the equivalent of 1 mmDf rain. Other factors of 
itnportanceare the size of the area over which the precipitation falls, the intensity of 
the precipitation, and its duration. 

Once the precipitation hits the ground, a number of things can happen. It can 
evaporate promptly. This is especially true if the surface is hot and impervious. If the 
soil is dry and/or porous, the precipitate may infiltrate into the ground or it may only 
wet the surface. This process and the process of wetting leaves and blades of grass is 
called interception. The precipitate may be trapped in small depressions or puddles. It 
may remain there until it evaporates or until the depressions fill and overflow. And last 

------  -
® Groundwater Flow 

... 

FIGURE 3-1 
The hydrologic cycle. 

CD Surface Water Body 
(Storage) 

Ocean 

*-Transpiration is the process whereby plants give off water vapor through the pores of their leaves. The moisture 
comes from the roots through capillary action. 
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but not least, it may run off directly to the nearest stream or lake to become surface wa
ter. The four factors (evaporation, infiltration, interception, and trapping) that reduce· 
the amount of direct runoff are called abstractions. 

Streamflow. The water that makes up our streams and rivers is derived from two 
sources: direct runoff and groundwater exfiltration, or base flow, as it is more com
monly called. Direct runoff is a consequence of precipitation. Base flow is the dry 
weather flow that results from the seepage of groundwater out of stream banks. 

The amount of water that reaches a stream is a function of the abstractions men
tioned above and the catchment area or watershed that feeds the stream. The water
shed, or basin, is defined by the surrounding topography (Figure 3-2). The perimeter 
of the watershed is called a divide. It is the highest elevation surrounding the water
shed. All of the water that falls on the inside of the divide has the potential to be shed 
into the streams of the basin encompassed by the divide. Water falling outside of the 
divide is shed to another basin. 

Groundwater Hydrology 
Water Table (Unconfined) Aquifer. As we mentioned earlier, part of the precipitation 
that falls on the soil may infiltrate. This water replenishes the soil moisture or is used by 
growing plants and returned to the atmosphere by transpiration. Water that drains down
ward below the root zone fin ally reaches a level at which all of the openings or voids in 
the earth's materials are filled with water. This zone is known as the zone ofsaturation. 
Water in the zone of saturation is referred to as groundwater. The geologic formation 

Michigan
Lake Michigan 

lndi·ana 

I Michigan City 

Divide 

I Valparaiso 

o 5 [0 km 
l 	 I 

Plymouth I 

FIGURE 3-2 

The Kankakee River Basin above Davis, IN. Note: Arrows indicate that precipi

tation falling inside the dashed line is in the Davis watershed, while that falling 

outside is in another watershed. The dashed line then "divides" the watersheds. 
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Artesian 

Recharge Area 


1+--+1 
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Piezometric (Pressure) 


Surface 


Unconfined Aquifer 
(See detail 
Figure 3-4) 

ArtesianFlowing AquiferArtesian Well 

Water Table Well 

Nonflowing 
Artesian Well 

FIGURE 3-3 
Schematic of groundwater aquifers. 

that bears the water is called an aquifer. The upper surface of the zone of saturation, if 
not.confined by impermeable material, is called the water table (Figure 3-3). The 
aquifer isc~Ued a water table aquifer or an unconfined aqll{le I: Water will rise to the 
!eveLofthe~atertable in. an unpumpedwater table welL 

Thesmilllervoid spaces in theporotlsmaterialjust above the water table may contain 
~aterasa.resuJt.(}fcapillarity; Thiszonei~Teferredto as the capillaty ji-inge (Figure 3-4).

,-' ,-., - - ,-.," -.--" - -". - - . 

Water Table Well 

Vadose Zone 

Water Table 

FIGURE 3-4 
Detail of the unconfined aquifer. 
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It is not a source of supply since the water held will not drain freely by gravity. The re
gion from the saturated zone to the surface is also called the vadose zone. 

Springs. Because of the irregularities in underground deposits and in surface topog
raphy, the water table occasionally intersects the surface of the ground or the bed of a 
stream, lake, or ocean. At these points of intersection, groundwater moves out of the 
a.quifer. The place where the water table breaks the ground surface is called a gravity 
or seepage spring (Figure 3-3). 

Perched Water Table. A perched water table is a lens of water held above the sur
rounding water table by an impervious layer. It may cover an area from a few hundred 
square meters to several square kilometers. 

Artesian (Confined) Aquifer. As water percolates into an aquifer and flows downhill, 
the lower layers come under pressure. This pressure is the result of the mass of water in 
the upper layers pressing on the water in the lower layers, much as deep sea divers are 
under greater and greater pressure as they go deeper and deeper into the sea. The system 
is analogous to a manometer (Figure 3-5). When there is no constriction in the manome
ter, th~ water level in each leg rises to the same height. If the left leg is raised" 'the in
creased water pressure in that leg pushes the water up in the right leg until the levels are 
equal again. If the right leg is clamped shut then, of course, the water will not rise to the 
same level. H()wever, at the point where the clamp is placed, the water pressure will in
crease. This pressure is the result of the height of water in the left leg. 

A special type of groundwater system occurs when an overlying impermeable for
mation and an underlying impermeable formation restrict the water, much as the walls 
of a manometer. The impermeable layers are called confining layers. Other names 
giventothese layers are aquicludes if they are essentia.Ily impermeable, or aquitards if 
they are lesspermeablethan the aquifer but not truly impermeable. An aquifer between 
impermeabtelayers is called a confined aquifer. If the water in the aquifer is under 

-1"'-- Piezometric Surface 

(a) (b) 

FIGURE 3-5 

Manometer analogy to water in an aquifer. Manometer "a" is analogous to an unconfined aquifer. 

Manometer "b" is analogous to a confined aquifer. 
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pressure, it is called an artesian aquifer (Figure 3-3). The name "artesian'~ comes from 
the French province of Artois (Artesium in Latin) where, in lhe days of the Romans, 
water flowed to the surface of the ground from a well. 

Water enters an artesian aquifer at some location where the confining layers inter
sect the ground surface. This is usually iri an area of geological uplift. The exposed sur
face of the aquifer is called the recharge area. The artesian aquifer is under pressure 
for the same reason that the pinched manometer is under pressure, that is, because the 
recharge area is higher than the bottom of the top aquiclude and, thus, the height of the 
water above the aquiclude causes pressure in the aquifer. The greater the vertical dis
tance between the recharge area and the bottom of the top aquiclude, the higher the 
height of the water, and the higher the pressure. 

Piezometric Surfaces. If we place small tubes (piezometers) into an artesian aquifer 
along its length, the water pressure will cause water to rise in the tubes much as the wa
ter in the legsof a manometer rises td a point of equilibrium. The height of the water 
above the bottom of the aquifer is a measure of the presslire in the aquifer. An imagi
naryplane4rawnthrough the points of equilibrium is called a piezometric suiface. In 
an unconfined aquifer, the piezometric surface is the water table. 

If the piezometric surface of a confined aquifer lies above the ground surface, a 
well penetrating into the aquifer will flow naturally withoutpumping. If the piezomet
ric surface is below the ground surface, the well will not flow without pumping. 

Hydrologic Mass Balance 
Hydrologic problems of interest to civil and environmental engineers, such as the siz
ing of retention ponds and reservoirs and estimating the size of sewers for parking lots, 
streets,and airports, may be solved by the application of mass balance equations. The 
s.~~t~rIlshowninFigure3"C6a is an example of asmall hydrologic system. A simplified 
lTIassbalan?ediagrarIl0fthis systemis shown in Figure 3-6b. It may be described by 
a form ofthe mass balance equation given in Chapter 2 (Equation 2-3): 

Mass rateof.accumulation = Mass rate of input - mass rate of output 

Notingthat rmlSS rate volumetric rate X density, we may write: 

Qs(p) 	 Qp(p) + QQjp) +Q/in(P) 
-QQ"Jp) QI"u,(P) QR(P) QE(P) QrlP) (3-1) 

w-hereQ'refers tothe volume per unit of time (m3/s), p is the density of water (kg/m\ 
and the subscripts are defined as follows: 

S storage 

P :::: precipitation 

Q = river flow (in and out) 

I = groundwater infiltration/exfiltration (in and out) 

R = runoff 

E evaporation 

T = transpiration 
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of the water is constant throughout the system. 
by the density toyield an equation for the 

11l1lettJ:cr,ate.of~ICC.llnjulatl()fi.jl:iqVlatH)n 3~r may then be written as: 

Qs =Qp + QQ;n + Q/in - QQoU! - Q/0Ul QR QE - Qr (3-2) 

In many hydrology texts, the equation is further simplified by writing the expres
in terms of the subscripts: 

s= P+ Qin + lin - QoU! - lou! - R - E - T (3-3) 

.Th~icomrnonunits of expression for the measurement of these terms are not con
, j .sistent'vVitpone/another. Eor example, the common unit of measure for precipitation, 

infiltration,evaporation, and transpiration is mmlh while the common unit of measure 
for storage, river flow,andrunoffis m3/s. Because it is assumed that precipitation, in
filtration, evaporation, and transpiration occur over the entire surface of the hydrologic 
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system, we approximate the volumetric rate by multiplying themeasureroent (in units 
of length per unit time) by the surface-area.: 

The terms of the mass balance equation for the hydrologic equation may be 
expanded to show their functional relationship to other physical phenomena. For ex
ample, the amount of runoff is a function of the characteristics of the surface (paved, 
cultivated, flat, steep-sloped), The amount of storage, for example, is a function of the 
type of soil or geological formation. These two aspects of the hydrologic equation are 
discussed in Sections 3-3 and 3-5. In the following paragraphs, we elaborate on the be
havior of the other terms. 

Infiltration. Of the numerous equations developed to describe infiltration, Horton's 
equation is useful to examine because it characterizes three phenomena of interest. 
Horton expressed the infiltration rate as (Horton, 1935): 

f = fe + (fa - !c)e-kt (3-4) 

where f = infiltration rate, mmlh 
!c= equilibrium or final infiltration rate, mmlh 
fa = initial infiltration rate, mrnlh 
k = empirical constant, h- 1 

t = time, h 

This expression assumes that the rate of precipitation is greater than the rate of infiltration. 
Infiltration rate is a function of the properties of the soil; thus, the values for fa, 

fe' and k are, as you might expect, a function of the soil type. Some examples are 
(in mrnlh and h-I): 

k 

Dothan loamy sand 88 67 1.4 
Fuquay pebbly loamy sand 159 61 4.7 

Spilmqisturc(;ontent, vegetative cover, organic matter, and season affect these values. 
. The second property of interest is that the infiltration rate is an inverse exponential 

function of time. If the rate ofprecipitation exceeds the rate of infiltration, a plot of infil
tration rate versus timewill reveal that as rainfall continues, the rate at which the ground 
s()aksiqlpdecreases because the pore spaces in the soil fill up with water. Because typical 
values forfo and!c are greater than prevailing rainfall intensity, this may lead to calculated 
decreases in infiltration even though there is capacity to accept precipitation at higher rates. 

The third property, which is directly related to hydrologic balances, is that the area 
under the infiltration curve represents the volume of water that infiltrates. Integration 
of Horton's equation yields the volume: 

11 = fe t + fa ~ fe (1 - e-kl) (3-5) 

Evaporation. The loss of water from the surface of a lake or other water body is a 
function of solar radiation, air and water temperature, wind speed, and the difference 
in vapor pressures at the water surface and in the overlying air. As with estimates of 
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infiltration rate, there are numerous methods for estimating evaporation:Daiton first 
expressed the fundamental relationship in the form (Dalton, 1802): 

E = (es - ea)(a + bu) 	 (3-6) 

where 	 E = evaporation rate, mmld 

es = saturation vapor pressure, kPa 

ea = vapor pressure in overlying air, kPa 


a, b = empirical constants 

u :::: wind speed, mls 


Empirical studies at Lake Hefner, Oklahoma, yielded a similar relationship: 

E = 1.22(es - ea)u 	 (3-7) 

From these expressions, it is apparent that high wind speeds and low humidities (vapor 
pressure in the overlying air) resultin large evaporation'rates. You may note that the 
units for these expressions do not make much sense. This is because these are empiri
calexpressionsdeveloped from field data. The constants have implied conversion fac
tors in them. In applying empirical expressions, care must be taken to use the same 
units as those used by the author of the expression. 

Evapotranspiration. Water loss from plants (transpiration) is difficult to separate 
from losses from the soil surface or root zone. For mass balance calculations, these are 
often lumped together under the term evapotranspiration. The rate of evapotranspira
tion is a function of soil moisture, soil type, plant type, wind speed, and temperature. 
Plant types may affectevapotranspiration rates dramatically. For example, an oak tree 
may transpire as much as 160 Lid while a corn plant may transpire only about 1.9 Lid. 

F2~aniple;.~-1.:>.~ilk·sLa~~h~&asurfaceareaof70.8 ha. For the month of April the 
<'I~ng\y.w~sJ.5m3{s,The~atnJe~ulated. the outflow (discharge) from Silk's Lake to be 
;.~511l{)1' tII~.pr~cif'it~ti9nJec()rde~Jorthemonth.was 7.62 cmand the storage vol

·'~~"···~.T7·jr~f: ......~Ry.~~e~titn(l~e~65.9,OOOm3,what is the,estimated evaporation ·in m3 

t~~~ 'a,ndcm?Assume that no water infiltrates out of the bottom of Silk's Lake and that the 
~eflsityofwater is constant 

13~gin.hydra\ViI1gthemas$ .. balance diagram: 

t P=7.62cm 
1--------- 
I 

I 

I 

I 


I Silk's Lake 
I 
I 
I 
I _________ J 

The mass balance equation is: 

Mass accumulation Mass input - mass output 
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Using the assumption that the density of water is constant, we may \Vritethe mass
balance equation as 

Volume accumulation = Volume in - Volume out 

The accumulation is given as 650,000 m3
• The input consists of the inflow and the 

precipitation. The product of the precipitation depth and the area on which it fell 
(70.8 ha) will yield a volume. The output consists of outflQw plus evaporation. 

!J.S = [(Qin)(t) + (P)(area) Jinput - [(Qout)(t) + E]output 

where 

!J..S = Change in storage (a volume) 

(Q)(t) (flow rate)(time) = volume 

Noting that April has 30 days and making the appropriate units conversions: 

650,000 m3 = (1.5 m3/s)(30 d)(86,400 sid) 

+ (7.62 cm)(70.8 ha)(l04 m2/ha)(lmllOO cm) 

- (1.25 m3/s)(30 d)(86,400 sid) - E 

Solving for E: 
3 3 3E = 3.89 X lO6 m3 + 5.39 X lO4 m - 3.24 X 106m - 6.50 X 105 m

E :::: 5.39 X lO4 m3 

For an area of 70.8 ha, the evaporation depth is: 

104 35.39 X m
E = .. = 0.076 mor7.6 cm 

(70.8ha)( 1 04 m2/ha) 

... 

E~altIplei3-2. During April, the windspeed over Silk's Lake was estimated to be 
4:0.fttls.]'~eaiFteIT1peratureaveraged 20°C and the relative humidity was 30%.The 
watertemperature averaged 10°C. Estimate the evaporation rate using the empirical 
relationship in Equation 3-7. 

$oluiittn. ... Fromthewater temperature and Table 3-1, the saturation vapor pressure 
is estimated as es = 1.227 kPa. The vapor pressure in the air may be estimated as 
the product of the relative humidity and the saturation vapor pressure at the air 
temperature: 

ea (2.337 kPa)(OJO) = 0.70 kPa 

The daily evaporation rate is then estimated to be: 

E = 1.22(1.227 - 0.70)(4.0 mls) :::: 2.57 mmld 

The monthly evaporation would then be estimated to be: 

E = (2.56 mm/d)(30 d) = 76.8 mm or 7.7 cm 
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TABLE3-l 
Water vapor pressures at various temperatures 

Temperature, °C Vapor pressure, kPa 

o 0.611 
5 0.872 

10 1.227 
15 1.704 
20 2.337 
25 3.167 
30 4.243 
35 5.624 
40 7.378 

50 12.34 


3-2 RAINFALL ANALYSIS 

Of the many variables of rainfall that might be of interest, we are concerned primarily 
with four: 

1. Space: the average rainfall over the area 

2. Intensity: how hard it rains 

3. Duration: how long it rains at any given intensity 

4. Frequency: how often it rains at any given intensity and duration 

Point Precipitation Analysis 
Data from a single nearby rain gage are often sufficiently representative to allow their 
use in the'qesign of small projects. The analysis of data from a single gage is called 
point precipitation analysis. Spatial analysis is much more complex and is left for more 
advanced courses. 

Rain Gages and Rain Gage Records. There are three types of rain gage in use: the 
U.S. Weather Bureau standard, the weighing bucket, and the tipping bucket. The stan
dard gage is used for manually recording 24-hour accumulations of precipitation. The 
weighing bucket provides a continuous strip chart record of accumulated precipitation 
(Figure 3-7). The tipping bucket records precipitation by logging the number of times 
the cup tips. The cup is designed to tip when 0.25 mm of precipitation has accumulated. 

Interpreting Rain Gage Records. The analysis of standard and tipping-bucket mea
surements is fairly straightforward. Weighing-bucket charts require a slight degree of 
interpretation. 

The weighing-bucket chart is wound on a drum for data collection. The drum 
rotates at a constant speed while the pen inscribes a line of accumulated precipitation 
(actually mass converted to depth). Thus, when there is no rain the line on the chart is 
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o7ooh o90oh 1100h:' 1300h 1500h . 1700 h 

4cm--~--------+--------+--------~~-----4---

3cm--T---------r--------r------~~------~---

2cm--~--------+--------+--------r_------~---

FIGURE 3-7 

Strip chart record from weighing-bucket rain gage. 


horizontal. When it rains, the line is sloped upward; the steeper the slope, the more in
tense the rain. 

Intensity is computed from weighing-bucket records by determining the slope of 
the line (Figure 3-8): 

(3-8)
6.t (t2 - t l ) 

where PLandpzare theaccumulatedprecipitation at times t I and t2 . 

Theduration.ofprecipitationfora given intensity is t. The normal procedure is to 
selectfixed timeihtervals and calculate I1p at each interval. Thus, it is possible for one 
rainfall event to produce data for several durations.* For example, a IS-minute rain 
could yield the following pieces of data: one IS-minute duration event, one lO-minute 
durationevent,andthree 5-minute duration events. 

p21~------------~ 

FIGURE 3-8 

Computation of rainfall intensity from weighing

bucket strip chart record. 


*An event is any continuous period of precipitation. 



Intensity-Duration-Frequency Curves (IDF). The family of curves that depicts the 
relationship between the intensity, duration, and frequency of precipitation at a point is 
a fundamental part of the rational method of design for storm sewers and retention 
ponds (Section 3-3). "In practice, the collection and analysis of basic rainfall data by 
the designer are limited to extensive projects. Rainfall data compiled and processed by 
the U.S. Weather Bureau, the Department of Agriculture, and similar government 
agencies are used widely where the size of the project or lack of local records does not 
justifycompleteloc~lstatistical. analysis " (ASCE, 1969). 

Iable3:}isthe cOIRpilationofapartial/series ofrainfall events. Rather than a 
·~~.cordi9t&llr~infan§,it;isa:ecordofr~infal1jntensities above some practical mini
m~TIl.xltgiv~s(thef7~qu~ncy/ornumb~rofti11!esthat a rainfall ofgiven intensity and 
dhlratl .illb~eq~aled()r~xceededfortreperiodofrecord.Forexample, looking at 
treV;drs;r()~;>in'f~ble3};Qnewouldexp~ctseven rainfall events with an intensity of 
1.60Wrnm/h ormore and aduration of five. minutes to occur in any 45-year period 
(J999 1951= 45 years) in the Dismal Swamp. 

Yoush?uldnot~twootherf~ctsaboWthetable. First, the numbers in the table are 
ClI~()rankJ.Itth~:r~infal1eventsfor5-minute duration storms are arranged in de
scending order of intensity, then the 7th storm in the sequence or "the 7th-ranked" 
storm has an intensity of 160.0 mmlh or more. We assume that the ranks are spaced 
evenly between the recorded ranks, that is, that intensity and rank are linear. Thus, for 
the 5th-ranked storm of 5-minute duration, by interpolation, we can estimate that it 
would have anintensity of 170.0 mmlh or more. 

The second fact that you should note is the ranks may be used to infer the prob
a~ilitytnat a given intensity storm will be equaled or exceeded. Again, using the 
sevehth-rank~d storm,wemayinfer that rainfall intensities of 160.0 mm/h or greater 
willotcurwitha frequency of seven times in 45 years. An annual average probabil
ity of occurrence would be is 0.16 or 16 percent. Hydrologists and engineers often 
use the reciprocal of annual average probability because it has some temporal 
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significance. The reciprocal is called the average return period or average recurrence 
interval (T): 

1
T= (3-9)

Annual average probability 

For the case of our seventh-ranked stonn, the average return period of a 160.0 mmlh, 
5-minute stonn is 6.25 years. This means that we would expect a stonn of 160.0 mmIh 
or greater once every 6.25 years on the average. 

Because the amount of reliable data available is limited,* it is customary to use 
Weibull's fonnula for calculating return period (Weibull, 1939): 

n + 1
T=- (3-10) 

m 

where T == average return period in years 
n = number of years of record 
m = rank of storm, with most intense storm given a ral!k of 1 

Weibull's formula allows for a small correction when the number of years of record is 
small. At larger values of n it closely approximates T nlm. 

Example 3-3. Prepare a table of plotting points for an IDF curve for a 5-year storm 
at the Dismal Swamp. Compute points for each duration given in Table 3-2. 

Solution. Because Table 3-2 is a table of ranks, we need to determine the rank of 
the 5-year storm. First, we rearrange Weibull's formula: 

n + 1 
m 

T 

n = 1999 - 1954 = 45y 

T=5y 

46 
m = - = 9.2 

5 

Starting with the 5-minute duration, we note that the 9.2-ranked storm lies 
between the 16th- and 7th-ranked storm; that is, 

Intensity (mmlh) 

140.0 160.0 

16 9.2 7 

*Systematic measurement of precipitation was begun by the Surgeon General of the Army in 1819. while stream
flow data collection did not begin until 1888. 
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We also note that the ranks increase from right to left whil~ the intensities increase 
from left to right Keeping this in mind, and recalling that we assume a linearrela
tionship between intensity and rank, we may interpolate by simple proportions: 

9.2 - 7 . 
16 7 (160.0 - 140.0) = 4.89 

Thus, the 9.2-ranked storm is 4.89 mmlh less than 160.0 mmJh: 

160.0 4.89 = 155.11 or 155.1 mmfh 

The completed table would appear as follows: 

Intensity and duration values for a 

5-year storm at the Dismal Swamp 


Duration (min) Intensity (mm/h) 

5 155.1 

10 134.5 

15 114.7 

20 82.7 

30 59.5 


~ 40 39.5 

50 33.1 

60 


Note that a similar table could be constructed for each intensity given in Table 3-2. 
This would give us twice as many points to use for fitting the curve. 

The lDF curye forExample 3-3 and the curve for.a return period of 20 years are plot
tedin Figure }.,9.You should note that the frequency curves join occurrences that are 

40 

20 

FIGURE 3·9 
10 20 30 40 50 60 In tensity-duration-frequency curves 

Duration, min for the Dismal Swamp. 
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not necessarily from the same storm. They represent the average intensity expected for 
a given duration. They do not represent a sequence of intensities during a single storm. 
ExampleIDF curves for four U.S. cities are shown in Figure 3-10. 

3-3 RUNOFF ANALYSIS 

Three runoff questions are of interest: 

1. 	 How much of the rain that falls on a watershed reaches the stream or storm 
sewer draining it? 
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2. How long does it take for the runoff to reach the ~tream or storm sewer? 

3. How often does the runoff cause a flood? 

Estimation of Amount of Runoff 
Stream Gages. Streamflow measurements are made by recording the height of the 
surface of the water above a reference datum. The elevation (stage) reading? are cali
brated in terms of streamflow (discharge). At manual recording stations, readings are 
made from a marked rod (staff gage) placed in the stream (Figure 3-11). At automatic 
recording stations, a float and cable system is used to drive a pen on a strip chart 
recorder (Figure 3-12). A stilling well (Figure 3-13) is used to minimize the effects of 
wave action and to protect the float from floating logs and other materials. For small 
streams, a dam with a weir plate (Figure 3-14) may be installed. This system increases 
the change in elevation for small changes in streamflow and makes readings more pre
cise and accurate. 

400 

9 

B 

7 

6 

FIGURE 3-11 

Staff gages for measurement of stream stage. (Courtesy of Stevens Water Monitoring Systems, Inc.) 


395 
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Counter 
Weight 

FIGURE 3-12 

Aoat system and strip chart recorder for continuous stage mea

surement. (Courtesy of Stevens Water Monitoring Systems, Inc.) 


FIGURE 3-13 
Stilling well. (Courtesy of Stevens Water Monitoring Systems, Inc.) 
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FIGURE3~14 
Dam and weir with f10atsystem for stage measurement. (Courtesy of Stevens Water 

Monitoring Systems, Inc.) 


Hydrograpbs. A graphical representation of the discharge of a stream at a single 
gaging station is called a, hydrograph (Figure 3-15). As we mentioned earlier, during 
the period between storms the base flow is a result of exfiltration of groundwater from 
thebanks.of the stream. Discharge from precipitation excess, that is, that which re
mairts.afterabstractions,causes a hump in the hydrograph. This hump is called the 
dtrettruhdjfhydfograph (DRH). 

()pViously,any predpitationexcessthat occurs at the extremities of a watershed will 
"n()tber~cordedatthe basin 0titletuntitsome time lapse has occurred. As precipitation con
tinue&,eFl~lIghtimeelapsesforthemQredistantareas to add to the discharge at the gaging 
stati0t}.,ThelagtiIneofthepeakandtheshape of theDRH depend on the precipitation pat
~emarid the characteristics ofthe basin (size, slope, shape, and storage capacity). 

1,0 em Excess Rainfall 

Time of Concen!ration 

f.+ I"....-t 
Time 10 Peak 

FIGURE 3-15 
An idealized hydrograph showing a uniform 
base tlow and a superimposed direct runoff 
hydrograph resulting from 1.0 em of rainfall 

Time excess. 

http:thebanks.of
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(a) Undeveloped (b) Partially developed (c) Fully developed Time 

FIGURE 3-16 
Effect of watershed development on a hydrograph. Note that Qc > Qb· > Qa and that tc < ta < fa. 
(Source: Adapted from Davis and Master, 2004.) 

TheareaundertheDRH(volume of water discharged) will be Jarger for a water
shed with a large surfacearea than for one witha small area. Because the water will 
flow more quickly from a steeply sloped watershed, the lag time will be smaller than 
for a flat watershed having the same area. It· will take longer for the water to reach the 
gaging station from a long, nalTOW watershed than from a short, broad watershed of the 
same area and slope, The storage capacity of the watershed is dependent on a number 
of factors including, but not limited to, permeability of the soil, type of vegetative 
cover, time of year (frozen or not), and degree of development (urbanization). The ef
fect of development on the discharge hydrograph is illustrated in Figure 3-16. 

One measure of the storage capacity of a watershed is the ratio of the volume of 
waterthatisdischarged pastthe gaging station to the volume of water that falls as pre
cipitation: This ratio is called the runoff coefficient. It may be expressed as: 

C = QR (3-11 )
Qp 

Rational Method. This method of determining runoff is one of the simplest appli
cationsofthehydrologic equation. A good example for us to look at is a paved parking 
10t(Rigure3-17!,A ll1ass balance equation of the form of Equation 3-2 applies in this 
case. The only input is precipitation. The only output is direct runoff. Assuming that 
the density of water is constant, the mass balance equation is: 

Storage Volume of precipitation Volume of runoff 

Unit of time Unit of time Unit of time 

or 

(3-12) 

lithe rainfall on thelot continues for a long enough period at a constant intensity, at 
some time the system will reach steady state. At steady state each drop of water that 
falls on the watershed conceptually displaces a drop through the storm sewer. Thus, 
further rainfall at the same intensity does not increase the discharge at the storm sewer. 
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Input =Qp = iA 

--
~--

Output = QUUl 

FIGURE 3-17 

The application of the hydrologic equation to a parking lot having area = A. 


The hyetograph (time versus rainfall) and corresponding ORR for this situation are 
shown in Figure 3-18. The time that it takes for steady state to be achieved is called the 
time ofconcentration (tc). The time of concentration is primarily a function of the basin 
geometry, surface conditions, and slope. 

At steady state the storage term (Qs) in Equation 3-12 is equal to zero. The equa
tion then reduces to the form 

(3-13) 

The input (Qp) is a volume-per-unit time that may easily be shown to be equal to the 
product of the rainfall intensity (i) and the area of the watershed (A): 

Qp = iA (3-14) 

Constant Rainfall Intensity 

~ Hydrograph 

III 

e? 
<t! 

...c: 
u 
til 

i5 

Time 

FIGURE 3-18 
Hyetograph and hydrograph for a parking lot. 



118 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

The output volume per unit time (QR2 is direct runoff. It is equa~l. to the discharge 
(Qout). Because few natural or artificial surfaces are completely impervious (remember 
the chuck holes !), not all of the precipitation reaches the outlet. We can account for this 
loss by assuming that only some fraction (C) ofthe rainfall makes it to the outlet. By sub
stituting all of these into Equation (3-13) and rearranging so that output is on the left, 
we obtain the rational formula 

Q 0:::: 0.0028 CiA (3-15) 

where Q= peak runoff rate, m3/s 
C = runoff coefficient 
i = average rainfall intensity, mmlh 

A = area of watershed, ha 
0.0028 = conversion factor, m3 

• h/mm . ha . s 

The original derivation of the rational method was in English units. In the English sys
tem the use of intensity in incheslh and area in acres yields 'a runoff in ft3/s without any 
conversion factor. Hence the name "rational" because the units work out rationally! 
Althoughthe basic principles of the rational method are applicable to large watersheds, 
an upper limit of 13 square kilometers is recommended (ASCE. 1969). A selected list 
of runoff coefficients is given in Table 3-3. 

The coefficients in Table 3-3 are applicable for storms of 5- to 10-year return pe
riod. Less frequent, higher intensity storms will require the llse of higher coefficients 
because infiltration and other losses have aproportionally smaller effect on runoff. The 
coefficients are based on the assumption that the design storm does not occur when the 
ground is frozen. 

TABLE 3-3 
Selectedrurioffcoefficients 

Description·'ofarea or Runoff Description of area or Runoff 
character of surface coefficient character of surface coefficient 

'BUSIness Railroad yard 0.20 to 0.35 
Downtown 0.70 to 0.95 Unimproved 0.10 to 0.30 
Neighborhood 0.50 to 0.70 Pavement 

Residential Asphaltic and concrete 0.70 to 0.95 
Single-family 0.30toO.50 Brick 0.70 to 0.85 
Multi-units, detached 0.40 to 0.60 Roofs 0.75 to 0.95 
Multi-units, attached 0.60 to 0.75 Lawns, sandy soil 

Residential (suburban) 0.25 to 0.40 Flat, 2 percent 0.05 to 0.10 
Apartment 0.50to 0.70 Average,2 to 7 percent 0.10 to 0.15 
Industrial Steep, 7 percent 0.15 to 0.20 

Light 0.50 to 0.80 Lawns, heavy soil 
Heavy 0.60 to 0.90 Flat, 2 percent 0.13 to 0.17 

Parks, cemeteries 0.10 to 0.25 Average,2 to 7 percent 0.18 to 0.22 
Playgrounds 0.20 to 0.35 Steep, 7 percent 0.25 to 0.35 

Extracted from ASCE. 1969. 
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·" 
Example 3-4. What is the peak discharge from the grounds of the Beauregard Long. 
Ashby High School during a 5-year storm? The school grounds encompass a 16.2 ha 
plot that is 1.3 km east of the Dismal Swamp rain gage. Assume that the time of 
concentration of the grounds is 41 minutes. (Note: The method for calculating the time 
of concentration is illustrated in Examples 3-7 and 3-8.) The composition of the 
grounds is as follows: 

Runoff 
'}

Character of surface Area (mw) coefficient 

Building 10,800 0.75 

Parking lot, asphaltic 11,150 0.85 

Lawns, heavy soil 


2;0% slope 35,000 0.17. 
6.0% slope 105,050 0.20 

2: = 162,000 

Solution. We begin by computing the weighted runoff coefficient, that is, the prod
uct of the fraction of the area and its runoff coefficient. 

AC = (10,800)(0.75) + (11,150)(0.85) + (35,000)(0.17) + 005,050)(0.20) 
... 

= 44,537.5 m"' or 4.45 ha 

Because the Dismal Swamp rain gage is only 1.3 km away, we shall use the IDF 
curveobtaihedinExample 3~3 to determine the intensity. By definition, the peak dis
c?arpeJora~~~ershed ~cGurswhen the duration of the stormequals the time of con
centratiog'1'~us~,~eselecFadurationof41 minutes and read a value of 38 mmlh at the 

.5-" •.,...........tormcHl'v~.in~igure.3-9" 

. • ·.<.h~peakrunoffisthen 


":','; QF:=(O.0(28)(4.4 5)(38) = 0.47 m31s 

fll~~r~st()rm sewer/large enough to handle 0.47 m3/s of flow is required to carry 
.stormwatel'.awayJrom·the· BLAHS' grounds. 
\, ,,,' " : >_~_' .-/--;--,>, ,', <- 'i'<'>:i;'~M 

I0~t.HYdrog.rapbiMethod.AUriithydrograph(UH)is a DRH that results from a unit 
of precipitation excess over a watershed for a unit period of time. Although any unit 
depth may be selected (fathoms, furlongs, feet, hands, or cubits all would do), we have 
selected an excess of 1.0 cm after abstractions as a workable unit depth.* The 
presumption is that if you can determine an average UH, then you can approximate the 
DRHfor any other rainfall excess over the same unit time by multiplying the UH ordi
n,ates by the amount of the rainfall excess (Sherman, 1932). For example, a 2.0-cm rain

.' .. <faH(exCes$would yielda ?RHwith ordinates twice as large as a 1.0-cm UH. The method 
isJimiredtowatershedsbetweenJ,OOO- and 4,000-square kilometers in area (Viessman, 

*In the original development of the UH by Sherman, a unit depth was defined as 1.0 inch of rainfall excess. 

http:005,050)(0.20
http:35,000)(0.17
http:11,150)(0.85
http:10,800)(0.75
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et al., 1989). Because the intent of the Uff is to portray discharge caus~ byAirect runoff 
so we can use it to predict the DRH for other stonns, the firs(step in constructing a UH 
is to remove the groundwater contribution. This step is called hydrograph separation. 
There are a number of graphical procedures for hydrograph separation. 

The second step in the construction of the UH is to estimate the total volume of 
water that occurs as direct runoff. Since the hydro graph is a plot of discharge versus 
time, the area under the DRH is equal to the volume of direct runoff. The volume is 
computed by numerical integration of the area under the curve. This is simply a sum
mation of the products of an arbitrary unit of time (Lit) and the height of the DRH or
dinate at the center of the selected time interval. 

The third step is to convert the volume of direct runoff to a storm depth of runoff. 
This is done by dividing the volume of direct runoff by the area of the watershed in 
square meters and then mUltiplying by a conversion factor of 100 cmlm. 

The fourth step is to divide the ordinates of the DRH by the storm depth computed 
in step three. The quotients are the ordinates of the UH. T_hey have units of m3/s . em. 

The unit duration of the UH is determined from the hyetograph (time-rainfall 
graph) ofthe storm that was used to develop the UR. Because all of the precipitation 
doesnot result in direct runoff, an effective duration of excess precipitation must be es
timated. The effective duration becomes the UR unit duration. 

Example 3~5. Determine the unit hydrograph ordinates for the Triangle River hy
drograph shown in Figure 3-19. The area of the watershed is 16.2 square kilometers. 

Solution. The first step is to determine the depth of the storm precipitation spread 
over the watt!rshed. The depth is equivalent to the volume of water divided by the 
area. The volume is equal to the area under the hydrograph;Becauseof the rather 
s~~lIletriG~.Lshape of this partic~larhydrograph, it would be easy to find the area 
frowtheprinciples of geometry. However, in the interest of developing a technique 
th~t~illalsobeapplic~bletomorecustomary hydrographs, we will numerically in
t~~)atythS~Ieaunderthe surve. We do this. by taking a convenient slice or !:It and 
·mlfltipl~ingitlJytheheightofthedirect runoff (DRR) ordinate. The direct runoff or
. diriateis simply the difference between the total ordinate and the base ordinate. In 
this particular instance the base ordinateis, by observation, 2.0 m3/s for all time peri
ods.Using aconveriient time interval ofl hour, the following tabular computations 
are usedtQ numeric:aIlyintegratethe area under the curve: 

Time Total Base DRH Volume 
interval (h) ordinate (m3/s) ordinate (m3/s) ordinate (m3/s) increment (m3) 

10-c11 2.5 2.0 0.5 1,800 
11-,12 3.5 2.0 1.5 5,400 
12-13 4.5 2.0 2.5 9,000 
13-14 4.5 2.0 2.5 9,000 
14--15 3.5 2.0 1.5 5,400 
15-16 2.5 2.0 0.5 1,800 

L = 32,400 
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FIGURE 3-19 
Triangle River hydrograph. 

The volume increment is calculated as follows: First, the difference between the total 
ordinate and the base ordinate is found for the time increment selected. In the first 
row, for the time period from 10 AM to 11 AM (1000 to 1100 hours) the total 
ordinate is read from the hydrograph (Figure 3-19) as 2.5 m3/s: 

Total ordinate - Base ordinate = DRH ordinate 

2.5 m3/s 2.0 m3/s = 0.5 m3/s 

To find the area (volume) represented by this slice, the flow rate is multiplied by the 
time interval selected (1 h) with appropriate units conversions: 

(0.5 m3/s)(l h)(3,600 s/h) = 1,800 m3 

This process is continued for all the slices shown in Figure 3-19. The total volume 
(area under the curve) is estimated as 32,400 m3

. We can verify this by using the 
geometry of the triangle: 

3112(base)(height) = 	 (0.5)(6 h)(s.O m3/s - 2.0 m3/s)(3,600 s/h) = 32,400 m

Since we wish to construct a unit hydrograph, we need to determine whether or not 
this storm produced 1.0 cm of rainfall excess over the watershed. If it did, then we 
may use the ordinates directly. If not, then we must adjust the ordinates so that they 
would be equivalent to that produced by a 1.0 cm rainfall excess. We can determine 
whether or not this storm produced 1.0 cm by dividing the volume of rainfall by the 
area of the watershed (given as 16.2 km2): 

32,400 m3 

Storm depth = 2 6? 2 X 100 cm/m = 0.20 cm 
(16.2 km )(1 X 10 m-/km ) 



122 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

It is obvious that the storm is too smaU_and, hence, the"ordinates are too sJ:nalL By di
viding the ordinates by the storm depth, we can synthesize"orainatesfor a unit hydro
graph. For example, for the first DRR ordinate: 

DRR ordinate 0,5 m3/s 3 
= ---- = 2.5m/s·cm

Storm depth 0.2 cm 

This ordinate would be located at the center of the slice that was used to establish it, 
i.e., halfway between 1000 and 1100 hours (see the arrows in Figure 3-19), i.e., 1030. 
For a generic hydrograph starting at a time equal to zero, the plotting point would be 
0.5 h. The remaining unit hydrograph ordinates are tabulated below. 

Triangle River Generic 
plotting time plotting time UR ordinate 

(h) (h) (m3/s . cm) 

1030 0.5 2.5 

1130 1.5 7.5 

1230 2.5 12.5 

1330 3.5 12.5 

1430 4.5 7.5 

1530 5.5 2.5 


The unit "m3/s . cm" is read as 

(s)(cm) 

This Ineans ifwemu1tiplya UH ordinate by the cm of excess rainfall, we will get 
lInitsof.m3/sJotthe ordinate. 

... ... W{;can.ch.ec~ourlogicbycalculating the area under a similar triangle llsing 
thesen¢wordinates; 

Time DRR Volume 
interval (h) ordinate (m3/s) increment (m::;) 

10':"11 2.5 9,000 
•. 11"-'12····· 7.5 27,000 


12-13 12.5 45,000 

13-14 12.5 45,000 

14-15 7.5 27,000 

15-16 2.5 9,000 


2: = 162,000 

Recalculating our storm depth: 

162,000 mJ 

7 . ..-.--)--- X 100 cmlm l.00 em 
(16.2 km-)(1 X 106 m-/km2

) 
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The unit hydrograph may be applied to a sequence of storms that have the same unit 
duration. There are two fundamental assumptions in the technique. The first is that 
storms of the same unit duration have ordinates that are in proportion to the unit hy
drograph ordinates. Thus, simple ratios can account for differences in runoff excess. 
The second assumption is that a sequence of storms may be approximated by super
imposing one hydrograph over another (with appropriate time lag) and adding the or
dinates together. This is illustrated in the next example. 

Example 3-6. Using the hyetograph in Figure 3-20, and the unit hydrograph ordi
nates from Example 3-5, determine the DRH ordinates and compound runoff. 

Solution. The tabular computations are shown below. The explanation follows the 
table. 

DRH ordinates 
Time Tillie Rainfall Compound 

interval (11) excess (cm) 2 3 runoff (m3/s) 

O-J 0.5 1.25 N/A N/A 1.25 
2 1-2 2.0 3.75 5.0 N/A 8.75 
3 2-3 1.0 6.25 15.0 2.5 23.75 
4 0.0 6.25 25.0 7.5 38.75 
5 4-5 0.0 3.75 25.0 12.5 4t.25 
6 5-6 0.0 1.25 15.0 12.5 28.75 
7 6-7 0.0 0.0 5.0 7.5 12.5 
8 7-8 0.0 0.0 0.0 2.5 2.5 

~~~) 
"F" T~~tirneil1teryal issil11plyan ienumeration ·ofthes~gments. For the first hour,Jrom 

.i~~~i· ·t~~ihyylg~rapl1;ngigurt;3'-20,.therainfall excess is. 0.5 cm. For the second and third 
·hQ~r~~.·JI-t~'tai~fane.~.~esseSia.re2.0andl.0SIn,respectively.No rain falls after the end 
()f~thethirdhoui. 'the colmtm labeled ORB 1 refers to the ordinates that are generated 
fromtherainfall excess (0.5 cm)occurring in the first hour. Likewise, the DRH 2 
;referst()thep~dinates resulting from the 2.0-cm rainfall excess in the second hour. 

2 3 4 FIGURE 3-20 
Time, h Hyetograph for Triangle River basin. 

http:hQ~r~~.�JI-t~'tai~fane.~.~esseSia.re2.0andl.0SIn,respectively.No


124 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

The first set of ordinates is obtained by multiplying the rainfall excess. by each of 
the UR ordinates, that is: 

(Rainfall excess)(UR Ordinate) ORH ordinate 

Using the UH ordinates from Example 3-5: 

(0.5 cm)(2.5 m3/s . cm) = 1.25 m3/s 

(0.5 cm)(7.5 m3/s . cm) = 3.75 m3/s 

(0.5 cm)(l2.5 m3/s . cm) = 6.25 m3/s 

(0.5 cm)(12.5 m3/s . cm) = 6.25 m3/s 

(0.5 cm)(7.5 m3/s . cm) = 3.75 m3/s 

(0.5 cm)(2.5 m3/s . cm) = 1.25 m3/s 

The values for the second DRR start an hour later. Thus, under the column DRR 2, 
the first row is not applicable (N/A) since the rain that falls in the second hour (time 
interval 2) cannot reach the stream in the first hour. Likewise, under the column DRR 3, 
the first and second rows are N/A because rain that falls in the third hour cannot 
reach the stream in the first or second hour. 

The ORR ordinates for the second hour of rainfall excess are obtained in the 
same fashion as those for the first, that is by multiplying the rainfall excess by each 
of the UR ordinates: 

(2.0 cm)(2.5 m3/s . em) = 5.0 m3/s 

(2.0 cm)(7.5 m3/s . cm) = 15.0 m3/s 

(2.0 cm)(l2.5 m3/s . cm) = 25.0 m3/s 

(2.0 cm)(l2.5 rn3/s· cm) == 25.0 m3/s 


(2.0cm)(7Sm3/s· em) = 15.0 tn3/s 


Ci.Ocrn)(1.5 m3/s' cin)= 5.0 m3/s 


.Y~u~h()uldnote.thatthetableiscarried beyond the last rainfall period in the hyeto
graph until all ofthe ordinates are used because it takes some finite length of time for 
the last drop ofrainfall excess to reach the stream. 

Thecompoundrunoffis thesumof the ORR ordinates for each of the time inter
vals.For example: 

1.25 + N/A + N/A 1.25 

3.75 + 5.0 + N/A 8.75 

6.25 + 15.0 + 2.5 = 23.75 

To plot the compound runoff hydrograph. the compound runoff ordinates are plotted 
at 1.0-h intervals. starting 0.5 h from time zero in accordance with the plotting posi
tioilof the UR ordinates specified earlier. A plot of the individual hydrographs for 
each of the storrns,theirsuperposition, and the resulting compound hydrograph are 
shown in Figure 3-21. These computations and the plot are easily executed on a 
spreadsheet. 
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FIGURE 3-21 

Compound runoff hydrograph for Triangle River. Note: Base t10w is not shown. 


Estimation of Time of Arrival 
In addition to the quantity of discharge, it is often desirable to know when the peak 
flow will arrive at the watershed outlet or at some point along the discharge channel. 
Thisis particularly important when analyzing a series of watersheds that contribute to 
a river or sewer at various distances downstream from the headwater. The coincident 
arrival oftwo peaks would influence the design dramatically. 

La~Ii.IUe.. Thetime.ofarrivalofthe peak discharge is determined inherently in the 
U~IH~th2dofestima~ingTunofLThelagtimeisthe time from the midpoint of excess 
tainfaUtQttiepeak.dischargeas. shown in Figure 3-15. 

'-,< <<,"' , ;,~>~':5'/?"",',: >"'" ,,', >;"i'_<:~::-: -- ---'''::<; ::,,-:;:- - < , 

l' ........~()ht~l1trati()rt.<rhetimeofconcentration(te}isthe time required for direct 
:rgriofffof!owfrom the hydraulically most remote Palt of the drainage area to the wa
:tetsh~doutletOne ofthe major assumptions ofthe rational method is that the average 
r~infalli~te~sityusedi~Jjquationl-15has continued fora period long enough to 
estal5lish'directrunoffandthatrainfall has continued long enough to equal or exceed 
tc Thus, it is impossible to use the rational formula without being able to estimate tc' 

Although there are several methods for estimating te, the Federal Aviation Agency 
formula appears to be the easiest to use (FAA, 1970): 

1.8(1.1 - crv31w 
(3-16)tc = Vs 

where te = time of concentration,min 
C runoff coefficient 
D = overland flow distance, m 
S = slope, % 
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Example 3-7. Estimate tc for the BLAHS 6-percent-slopeJawn in-Example 3-4. As
sume that the overland flow distance was 300.0 m. 

Solutio1l. From Example 3-4 we use the same value of C, namely 0.20. Thus, 

I.8( 1.1 - 0.20) V(3.28)(300J)) 
tc == 

50.82 
tc == -- == 27.97 or 28 min 

1.82 

For several areas that drain to a common outlet such as a drainage ditch or a stonn 
sewer, the time of concentration is equal to the largest combination of the time of con
centration for runoff to flow from the surface to the drainage inlet (tc) plus the time of 
flow through the drainage ditch or storm sewer. Example3-8 illustrates the computa
tions. 

Example 3-8. Estimate the time of concentration for BLAHS. The table below 
shows the estimated values for tc for each of the areas. The building and lawns drain to 
a COmmon storm sewer inlet. The storm sewer flows to another manhole inlet where 
the parking lot runoff is collected. The total flow from the four areas is then carried to 
a municipal storm sewer. The arrangement of the areas and the storm sewers is shown 
in the sketch below. The storm sewer on the BLAHS grounds flows at a speed of 0.6 
m/s. 

Character of surface tc(min) 

Buil~i~g 8 
Patkinglot 10 
Lawns 
·}O%~slope 38 

6.0% slope 28 

School 

MHI 

Parking 
Stonn Lot 
Sewer 

MH2 

Solution. The time of concentration to be used for estimating the peak discharge is 
the largest combination of tc and flow time. 
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For the distance marked on the sketch, the travel time of the now from manhole 
1(MH 1) to manhole 2 (MH 2) on the school grounds is 

120 m 
Travel time = 6 200 s or 3.33 min

O. mls 

The total time of concentration (Tc) for the school building is 

Tc = tc + travel time = 8 + 3.33 = 11.33 or II min 

The time of concentration for each element is summarized as follows: 

Character of surface tc (min) Total Tc (min) 

Building 8 11 

Parking lot 10 10 

Lawns 


2.0% slope 	 38 41 
6.0% slope 	 28 31 

Note that the parking lot drains directly into MH 2. Thus, Tc = Ie 

According to this evaluation, the time of concentration to be used in entering the 
IDFcurve isthemaximum Tc- In this case the maximum Tc is 41 minutes. The esti
m,ate ofthepeakdischarge using this time of concentration was shown in Example 
14.. 

)]siigt~t~dl1t()ll'r()l1~bflnY··OfOccur..erice 
> ~:t>:»;i 

~j4~fi:;L- Tn~ .•> ..........§f0~c~~elke.(JI1)tisedjnthedesig~of water supply or storm water. 

~(}n~ql.~~(;.~~.s~Q~I.a.D~afuncti()nof:thecqstofthe projectand the benefits to be ob
tainedfr()rnh.That is, the benefit-cost ratio should be greater than 1.0 to justify the 
pr?jecripn.~s()nomicgrounds;Whilethecost of construction can be estimated in a 
str~.igntfonvardrnanner,.t~eenvi~onmentalcostmaybeimpossible to estimate. Like
.~is~..l1e~~beyoIl(.lacheapersupply of water or a reduced amount of flood dam
ageisdifficultto quantify. 

The following paragraphs provide some guidance on the selection of a design fre
quency. They were obtained from the ASCE sewer design manual with their permis
sion(ASCE, 1969). 

Inpra:ctice~benefit-cost studies usually are not conducted for the ordinary urban 
storm drainage project. Judgment supported by records of performance in other simi
larareasisusuaUY the basis·ofselecting·the design frequency. 
. The range offrequencies used in engineering offices is as follows: 

1. 	For storm sewers in residential areas, 2 to 15 years, with 5 years most com
monly reported. 
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2. 	For storm sewers in commerc~al and high-value districts, 10 to -=,0 years, de
pending on economic justification. 

3. 	 For flood protection works and reservoir design, economics usually dictate a 
50-year return period. 


Other factors that may affect choice of design frequency include: 


1. 	Use of greater return periods for design of those parts of the system not eco
nomically susceptible to future relief. 

2. 	 Use of greater recurrence intervals for design of special structures, such as ex
pressway drainage pumping systems, where runoff exceeding capacity would 
seriously disrupt an important facility. Design frequencies of 50 years or more 
may be justified in such cases, particularly in small drainage areas, even 
though the project may be located in a district justifying only 5-year frequency 
for normal drainage. 

3. 	 Adoption of shorter return periods than normal but c~mmensurate with avail
able funds so that some degree of protection can be~provided. 

The cost of storm sewers is not directly proportional to design frequency. Studies of ef
fects of various factors on sewer cost show that sewer systems designed for 10-year 
storms may cost only about 6 to 11 percent more than systems designed for 5-year 
storms, depending on the sewer slope (Rousculp, 1939). The lesser increase applies to 
steeper sewers. 

If the peak flow is estimated by the rational method, it is assumed that the return 
period (inverse probability) of the peak flow is the same as that of the rainfall used to 
obtain it. Ifyou use the UH method to determine the discharge, you must resort to 
some othermethod of estimating the probability of occurrence. 

. 3~4S'tORAGEOFRESERVOIRS 
,,: ,,'> ,,' '~- -,' ',',:: " 

·€lassificatioDoiReservoirs 
F6t!(jl1rphrp~se~~~~n classify reservoirs either by size or by use. The size of the 
reservoir isusedto establish the degree of safety to be incorporated into the design of 
thedam and>spillway.The use or uses of the reservoir are a basis for evaluating the 
~e.ne.fit-90st·.ratio; 
. Major dams (reservoir capacity greater than 6 X 107 m3

) are designed to withstand 
the maximum probable flood. Intermediate-sized dams (1 X 106 to 6 X 107 m3

) are de
signed to handle the discharge from the most severe storm considered to be reasonably 

106 3characteristic of the watershed. For minor reservoirs (less than 1 X m ) the dams 
are designed to handle floods with return periods of 50 to 100 years. 

Some of the benefits derived from reservoirs include the following: (I) flood con
trol;(2)hydroelectric power; (3) irrigation; (4) water supply; (5) navigation; (6) preser
vation of aquatic life; and (7) recreation. The mUltipurpose or multiuse reservoir is the 
ruleTather than the exception. Very seldom is it possible to justify the cost of a major 
reservoir onthe basis of a single use. 
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Volume of Reservoirs 

~ '". 

Mass Diagram. The techniques for determining the storage volume required for a 
reservoir are dependent both on the size and use of the reservoir. We shall discuss the 
simplest procedure, which is quite satisfactory for small water-supply impoundments, 
storm-water retention ponds, and wastewater equalization basins. It is called the mass 
diagram or Rippl method (Rippl, 1883). The main disadvantage of the Rippl method is 
that it assumes that the sequence of events leading to a drought or flood will be the 
same in the future as it was in the past. More sophisticated techniques have been de
veloped to overcome this disadvantage, but these techniques are left for more advanced 
classes. 

The Rippl procedure for determining the storage volume is an application of the 
mass balance approach (Equation 2-4). In this case it is assumed that the only input is 
the flow into the reservoir (Qin) and that the only output is the flow out of the reservoir 
(QouJ Therefore, 

dS d(In) d(Out) 

dt dt dt 

becomes 

dS 
(3-17)

dt 

with the assumption that the density term cancels out because the change in density 
across the reservoir is negligible. 

Ifwe multiply both sides of the equation by dt, the inflow and outflow become 
voluI11cs(flow rate X time volume), that is, 

(3-18) 

ti01e increments (t1t); the change in storage is then 

t1S (3-19) 

summing the storage terms, we can estimate the size of the reser
design is for water supply, then Qout is the demand, and zero or 

Hu.n.I...,", there is enough water to meet the demand. If 
have a capacity equal to the absolute 

storage to meet the demand. If the reservoir design is for flood 
protection, then Qout is the capacity of the downstream river to hold water, and zero 
or negative values indicate the river is below flood stage. If the storage is positive, 
then the reservoir must have capacity equal to the cumulative storage to prevent 
flooding. 

Ex~mple3-9. Using the data in Table 3-4, determine the storage required to 
m~etademand of 2.0 m3

/ s for the period from August 1976 through December 
1978. 
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Qout(Llt) 
3(106 m ) 

5.357 
5.184 
5.357 
5.184 
5.357 

5.357 

5.357 
5.357 
5.184 
5.357 
5.184 
5.357 

5.357 
4.838 
5357 

5.357 
5.184 
5.357 

The data in the first and second columns of the table were .extracted from Table 3-4. 
The third column is the product of the second column and the time interval for 

themonth.For example, forAugust (31 d) and September (30 d), 1976: 

(1.70m:Vs)(3 Ld)(86,400 sid) 4,553,280 m3 

(1.56 m3/s)(30 d)(86,400 sid) = 4,043,520 \113 

The fourth column is the demand given in the problem statement. 

Month 

1976 
Aug 
Sep 
Oct 
Nov 
Dec 

1977 
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug

u 

Sep 
Oct 
Nov 
Dec 

L978 

Solutioll. The computations are summarized in the table below. 

I(LlS) 
3(106 m ) 

-0.8035 
1.944 

-'- 3.122 
- 3.019 
-2.081 

-1.071 
-3.402 
-5.657 
-7.210 

7.262 
-6.941 

-7.530 
-7.651 

-0.0537 
-0.1832 

Qin 
(m3/s) 

1.70 
1.56 
1.56 
2.04 
2.35 

2.89 
9.57 

l7.7 
16.4 
6.83 
3.74 
1.60 
1.13 
1.13 
1.42 
1.98 
2.12 

1.98 
1.95 
3.09 

·3.94, 
12.7 

Qin(L~t) 
3(106 m ) 

4.553 
4.043 
4.178 
5.287 
6.294 

7.741 

4.285 
3.027 
2.929 
3.803 
5.132 
5.678 

5.303 
5.054 
8;276 

Qout 
(m3/s) 

2.0 
2.0 
2.0 
2.0 
2.0 

2.0 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 

2.0 
2.0 
2.0 

LlS 
3(106 m ) 

-0.8035 
-1.140 
- 1.178 

0.1036 
0.9374 

2.384 

1.071 
-2.330 
-2.255 
-1.553 
-0.052 

0.3214 

-0.5892 
-0.121 
14.061 

-0.0536 
0.1296 
2.919 
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The fifth column is the product of the demand and" the time interyal fQr: the 
month. For example, for August and September 1976: - . 

3(2.0 m3/s)(31 d)(86,400 sid) = 5,356,800 m

(2.0 m 3/s)(30 d)(86,400 sid) = 5,184,000 m3 

The sixth column (LlS) is the difference between the third and fifth columns. For 
example, for August and September 1976: 

4,553,280m3 
- 5,356,800 m3 = -803,520 m3 

4,043,520 m3 
- 5,184,000 m3 = -1,140,480 m3 

The last column (L(LlS)) is the sum of the last value in that column and the value 
in the sixth column. For August 1976, it is -803,520 m3 since this is the first value. 
For September 1976, it is 

( -803,520 m3
) + (-1 :140,480 m3

) -1,944,000 m3 

The following logic is used in interpreting the table. From August through De
cember 1976, the demand exceeds the flow, and storage must be provided. The maxi

3mum storage required for this interval is 3.122 X 106 m . In January 1977, the 
storage (LlS) exceeds the deficit (l(nS)) from December 1976. If we view the deficit 
as the volume of water in a virtual reservoir with a total capacity of 3.122 X 106 m3

, 
3then in December 1976, the volume of water in the reservoir is 1.041 X 106 m

(3.122 X 106 
- 2.081 X 106

). The January 1977 inflow exceeds the demand and fills 
the reservoir deficit of 2.081 X 106 m3

. 

Because the inflow (Qin) exceeds the demand (2.0 m 3/s) for the months of Febru
ary through June 1977, no storage is required during this period. Hence, no computa
tions. wereperform~d. 

FromJuly1977throughFebruary 1978, the demand exceeds the inflow, and 
storageisrequired.Themaximumstoragerequired is 7.651 X 10) m3

• Note that the 
cornptttationsJor storagedidnotstopin December 1977, even though the inflow ex
ese~edthedernand.Thisisbecausethe storage was not sufficient to fill the reservoir 
de,ficitThestoragewassufficient to fill the reservoir deficit in March 1978. 

You should notethatthese tabulations are particularly well suited to spreadsheet-

storage volume determined by the Rippl method must be increased to 
account for water lost through evaporation and volume lost through the accumulation 
of sediment. 

Application of the Mass Diagram. When existing storm sewers cannot handle 
runoff, consideration is given to providing a retention basin (storage pond) as an alter
native to replacing the existing storm sewer. The retention basin serves two functions. 
First, it delays the coincidence of peak flows, and second, it can be designed to release 
stormwater at a rate the storm sewer can handle. The procedure for applying the mass 
diagram to retention basins is basically the same as it is for water supply. The DRH for 
the design storm is substituted for the monthly discharge readings. The allowable dis
charge to the existing sewer is substituted for QOUl" 



HYDROLOGY 133 

Wastewater treatment plants function best when the'fLow into the plant is constant. 
The general daily fluctuation in water use in most municipalities and industries-results 
in an alternating pattern of high and low wastewater discharge. The peaks and valleys of 
flow can be evened out with an equalization basin. The volume of the equalization basin 
is chosen to shave off the peaks and fill in the valleys of the inflow mass diagram. 

3-5 GROUNDWATER AND WELLS 

Although the portion of the population of the United States supplied by surface water 
is 58 percent greater than that supplied by groundwater, the number of communities 
supplied by groundwater is almost 12 times that supplied by surface water (Figure 3-22). 
The reason for this pattern is that larger cities are supplied by surface water while many 
small communities. use groundwater. 

Groundwater has several characteristics that make it desirable as a water supply 
source. First, the groundwater system provides natural storage, which eliminates the cost 
ofimpoundment works. Second, since the supply frequently is available at the point of de
mand,thecostof transmissionis reduced.significantly; Third, because groundwater is fil
tered by thenatllralgeologic strata,groundwater is clearer to the eye than sUlface water. 

PopUlation\I'ater source System supply source 

___,.,...1::::::--- Surface 

Groundwater 
92% 

Medium 
25.1 

LargeSmall 
202.445.5 

(d) 

t'erce!ltage of the population served by drinking-water system source. (b) Percentage of drinking-water sys
by supply source. (c) Number of drinking-water systems (in thousands) by size. (d) Population served (in 

millions of people) by drinking-water system size. Source: 1997 National Public Water Systems Compliance 
Report. U.S. EPA. Office of Water. Washington. D.C. 20460. (EPA-305-R-99-002). (Note: Small systems serve 
25-3.300 people; medium systems serve 3.30 I-I0.000 people; large systems serve 10.000";'- people.) 
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Construction of Wells 
Modern wells consist of more than a simple hole in the ground (Figure 3-23). A steel 
pipe called a casing is placed in the well hole to maintain the integrity of the hole_ The 
casing is sealed to the surrounding soil with a cement grout, and a screen is placed at 
the bottom of the casing to allow water in and to keep soil material out. Two types of 
pump may be used. In the diagram shown, the pump motor is at the ground surface and 
the pump itself is placed down in the well above the well.screen. The alternative is a 
submersible pump. In this case both the pump and the motor are lowered into the cas
ing; water is pumped out of the well through a discharge pipe or drop pipe. 

Sanitary Considerations. The penetration of a water-bearing formation by a well 
provides a direct route for possible contamination of the groundwater. Although there 
are different types of wells and well construction, there are basic sanitary aspects that 
must be considered and followed (refer to Figure 3-24): 

1. The annular space outside the casing should be filled with a watertight cement 
.grout or puddledclay from the surface to the depth necessary to prevent entry 
of contaminated water. A minimum of 6m is recommended. 

Removable Heat Lamp 

RooflWalls 

Shingles and 
Sheathing 

1

6m 

1 


FIGURE 3-23 
Pllmphollse. (u.s. EPA, Water-Bearing Sand or GraveL": 

. Closed Ball Bottom
1973) 
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Pump 
Discharge 

Pipe \ 1<CIIi~--O.6 m--iloilO1 

Sanitary 

WeI! 

Seal 


a.6m 
Concrete 
Pad 

--i-- ..0{- Highest 
Flood 
Level 

6m 

be sealed into the overlying imperrne
pressure. 

A sanitary well-seal with an approved vent should be installed at the top of the 
well casing to prevent the entrance of contaminated water or other objection
able material (U.S. EPA, 1973). 

Well Covers and Seals. Every well should be provided with an overlapping, tight
fitting~over at thetopof the casing or pipe sleeve to prevent contaminated water or 
other materialfrom entering the welL 

The seal in a well that is exposed to possible flooding should be elevated at least 
O.6mabovethe highest known flood level.When this is not possible, the seal should 
be watertight andequipped with a vent line whose opening to the atmosphere is at least 
0.6 m above the highest known flood level. 
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Well covers and pump platforms should be elevated above the :£J.djacent finished 
ground level. Pumproom floors should be constructed of reinforced, watertight con
crete sloped away from the well so that surface and wastewater cannot stand near the 
well. The minimum thickness of such a slab or floor should be 0.1 m. Concrete slabs 
or floors should be poured separately from the grout formation seal and, where the 
threat of freezing exists, insulated from it and the well casing by a plastic or mastic 
coating or sleeve to prevent bonding of the concrete to eith~r. 

All water wells should be readily accessible at the top for inspection, servicing, 
and testing. This requires that any structure over the well be easily removable to pro
vide full, unobstructed access for welL·servicing equipment. 

Disinfection of Wells. All newly constructed wells should be disinfected to neutral
ize contamination from equipment, material, or surface drainage introduced during 
construction. Every well should be disinfected promptly after construction or repair. 

Pumphousing. A pumphouse installed above the surface of the ground should be 
used. Ifshcmld be unnecessary to use an underground dischqrge connection if an insu
lated, heated pumphouse is provided. For individual installations in rural areas, two 
60-waU light bulbs, a thermostatically controlled electric heater, or a heating cable will 
generally provide adequate protection when the pumphouse is properly insulated. 
Because power failures may occur, an emergency gasoline-driven power supply or 
pump should be considered. 

Cone of Depression 
When a well is pumped, the level of the piezometric surface in the vicinity of the well 
willbeJowered(Figure 3-25). This lowering, or drawdown, causes the piezometric 
surfaEetotakethesh~peof aninverted cone called a cone of depression. Because the 
waterle)'~Linapurnp~dweU is lower thanthatin the aquifer surrounding it, the water 
t1gwSft?Ttl1ea~pifer i~tothewell.At increasing distances from the well, the draw
'd9~~<i~c~eas,esun5ilthe~slopeoftheconemerges with the static water table. The dis
tancefromthewell atwhich this occurs is called the radius of influence. The radius of 

. . Cone of Depression for : 

. " Cone of Depression for' .. : Lesser Pumping Rate 

. Greater Pumping Rate : Drawdown. . .',: 

:...... ,~>::.. :. 
. . 

Radiusoflntluence 
, . . .' . 

FIGURE 3-25 

Effect of pumping rate on cone of depression. (U.S. EPA, 1973) 


http:i~tothewell.At
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Discharg~ 

J.I./---,--..,........,c-i .. " . Fine Sand 

. , .~ 

. :'. . .' .... '. Radius. of ~nt1uence '. 
# • "":': •• ' •• : .':' • " 

FIGURE3-26 
Effect of aquifer material on cone of depression, (U.s. EPA, 1973) 

influence is not constant but tends to expand with continued pumping. At a given 
pllfnpingrate;theshapeoftheconeofdepression depends onthe characteristics of the 
water-'bearingformation. Shallow and wide cones will'form in aquifers composed of 
coarse sands or gravel. Deeper and narrower cones will form in fine sand or sandy clay 
(FigureT·26}.Asthepumping rate increases, the drawdownincreases. Consequently 
the slope ofthe cone steepens. When other conditions are equal for two wells, it may 
be expected that pumping costs will be higher for the well surrounded by the finer ma
terialbecause of greater drawdown. 

When the cones of depression overlap, the local water table will be lowered 
Thisrequires additional pumping lifts to obtain water from the interior 

wells. A wider distribution of the wells over the groundwater 
",uU~"Uf-, and will allow the development of a larger quan

should be placed no closer together 
For morethan two wells, they 

Discharge 

~ . 
':. Cone created by pumping 

Wells A and B '" • > 

.. 

: ' .' Aquifer ,. 

Effect of overlapping cones of depression, (U.s. EPA, 1973) 
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Definition of Terms 
The aquifer parameters identified and defined in this section are those relevant to de
termining the available volume of water and the ease of its withdrawaL 

Porosity. The ratio of the volume of voids (open spaces) in the soil to the total vol
ume is called porosity. It is a measure of the amount of water that can be stored in the 
spaces between soil particles. It does not indicate how much of this water is available 
for development. Some typical values are shown in Table 3-5. 

Specific Yield. The percentage of water that is free to drain from the aquifer under 
the influence of gravity is defined as specific yield (Figure 3-28). Specific yield is not 
equal to porosity because the molecular and surface tension forces in the pore spaces 
keep some of the water in the voids. Specific yield reflects the amount of water avail
able for development. Some values are shown in Table 3-5. 

Storage Coefficient (8). This parameter is akin to specific yield. The storage coeffi
cient is the volume of available water resulting from a unit decline in the piezometric 
surface over a unit horizontal cross-sectional area. It has units of m3 of water/m3 of 
aquifer or, in essence, no units at all! Storage coefficient and specific yield may be used 
interchangeably for unconfined aquifers. Values of Sfor unconfined aquifers range from 
0.01 to 0.35. For confined aquifers the values of S vary from 1 X 10-3 to 1 X 10-5

. 

TABLE 3-5 
Values of aquifer parameters 

·.·.s·uri8QIlsolidatei···· 
···CUlY 

Loafi;l 
Fin,esand 
Medium sand 
Co~;~es~~d' 
Sand and gravel 
Gravel 

Consolidated 
Shale 
Granite 
$ahdstdne 
Limestone 
Fractured rock 

Typical 
Range of Range of hydraulic 
porosities specific yield conductivity 

(%) (%) (m/s) 

55 50-60 1-10 1.2 X 10-6 

35 25-45 6.4 X 10-6 

45 40-50 3.5 X 10-5 

35-40 10-30 1.5 X 10--4 

30 25-35 6.9 X 10-4 

20 10-30 15-25 6.1 X 10-4 

25 20-30 6.4 X 10-3 

<5 0.5-5 1.2 X 10-- 12 

<1 1.2 X 10 IO 

15 5~30 5-15 5.8 X 10-7 

15 10-20 0.5-5 5.8 X 10-6 

5 2-10 5.8 X 10.-5 

Range of 
hydraulic 

conductivities 
(m/s) 

0.1-2.3 X 10-6 

10-6 to 10-5 

1.1-5.8 X 10-5 

10-5 to 10-4 

10-4 to 10-3 

10-5 to 10-3 

10-3 to 10-2 

10-8 to 10-5 

10-7 to 10-5 

10-8 to 10-4 

Adapted from Bouwer, 1978, Linsley et al., 1975. and Walton, 1970. 
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1 

Static Water 1m 

Level 1 
Redu.:ccl Water 

Level 

Water Drained by 

Gravity from I 


cubic meter of Soil 


~t" Y'II Volume Water (.IO()C)f.) FIGURE 3·28
Speel IC Ie ( = . m

Volume SOIl Specific yield. (Adapted from Johnson Division, UOP, 1(75) 

Hydraulic Gradient and Head. The slope of the piezometric surface is called the 
hydraulic gradient. It is measured in the direction of the steepest slope of the piezo
metric surface. Groundwater flows in the direction of the hydraulic gradient and at a 
rate proportional to the slope: 

The vertical distance from a reference plane (zero datum) to the bottom of a well 
is called the elevation head. The heightto which water 

the pressure.head. The sum of the elevation head 
total head. 

Zero Datum 

Geometry for definition of head and hydraulic gradient. 
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Using Figure 3-29 and the as'sumption that the 'groundwater is flQwing in the plane 
of the page, we can define the gradient to be: 

Change in head 
Hydraulic gradient = ------ (3-20)

Horizontal distance 

or in the differential sense: 

~h dh 
Hydraulic gradient = - = -. 	 (3-21) 

r dr 

We generally require three wells, one of which is out of plane with the other two, 
to define the hydraulic gradient. Heath suggests the following graphical procedure 
for finding the hydraulic gradient between three closely spaced wells (I-leath, 
1983): 

1. 	 Draw a line between the two wells with the highest and lowest head and di
vide it into equal intervals. By interpolation, find.the place on the line between 
these two wells where the head is equal to the head of the third \-vell. 

2. 	 Draw a line from the third well to the point on the line between the first two 
wells where the head is the same as that in the third well. This line is called 
an equipotential line. This means that the head anywhere along the line 
should be constant. Groundwater will flow in a direction perpendicular to 
this line. 

3. 	 Draw a line perpendicular to the equipotential line through the well with the 
lowest or highest head. The groundwater flow is in a direction parallel to this 
line. It is called aflow line. 

4. 	Calculate the gradient as the difference in head betwc(;H on the 
equipotentiaUineand the head at the lowest or highest well divlded by the dis
tance from theeqllipotentialline to that well. 

Example 3-10. For the wells shown in plan view below, determine the direction of 
flow and the hydraulic gradient. The total head is given for each well as follows: 

WellA lOAm 

Well B 9.9 m 

Well C = 10.0 m 

500 m 

A t-------~ C 


500 m I 

B1 
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Solution. The stepwise graphical solution procedure is shown below. 

Step 1 Step 2 

Head IO.4I 
A 

IOJ 
IDistancelOOm 

c 
• 10.0 

A 

Equipotential 
Line C 

10.2 
100mt Direction100m 

of Flow10.1 T 

10.0 t...-- Head Equal to 

9.9 Well C 

B B 

Step 3 

A 500 m C 

40001 

B 

Th\! distance r must be determined in order to calculate the hydraulic gradient. From 
theptan view, wemay note that the wells form a right triangle with legs of 400 m 
and 200m.5heang!e ex may be computed as: 

500 

400 

The.distance· ris 

r (400)sin a 400 sin 51.34 312.35 m 

The hydraulic gradient is then: 

10.4 m 10.0 m 
Hydraulic gradient 312.35 m = 0.00128 

Note that the hydraulic gradient has no units. 

Hydranlic Conductivity (K). The property of an aquifer that is a measure of its 
ability to transmit water under a sloping piezometric surface is called hydraulic 
conductivity. It is defined as the discharge that occurs through a unit cross section of 
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1m 

K:;:; discharge that occurs through 

T:= discharge that occurs through unit cross section I m square 

unit width and aquifer height D 

FIGURE 3-30 
Illustration of definition of hydraulic conductivity (K) and transmissivity (T). (Adapted 
from Johnson, VOP, 1975) 

a.quifer~Figute3-3q)underahydraulic gradient of 1.00, It has units of speed (InfS). 
]:ypiGatyaluesarcgiveni nTabl e 3-5. 

1'..an~6issiyity.(T,).Thecoeffieientoftransmissivity (T) is a measure of the rate at 
:whicl1waterwillt1o:wthroughaunitwidth vertical strip of aquifer extending through its 
fullsaturated thickness (Figure 3-30) under a unit hydraulic gradient. It has units of m2/s. 
Valuesofthetran§missivitycoefficient range from l.0 X 10-4 to 1.5 X 10- 1 m2/s. 

WeU'lIydr~nJlics 
Equations for calculating the discharge that results when the piezometric surface is 
lowered are based on the work of the French hydrologist Henri Darcy. In 1856 he dis
covered that the velocity of water flow in a porous aquifer was proportional to the hy
draulicgradient. He proposed the following equation, which is now called Darcy's law 
(Darcy, 1856): 

dh
v=K (3-22)

dr 

where v == velocity, mls 
K == hydraulic conductivity, mls 

dhldr slope of the hydraulic gradient, mlm 
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The Darcy velocity is not a real velocity because if assumes that the full cross
sectional area of the aquifer is available for water to flow through. However, much of 
the cross-sectional area is soil material; thus, the actual area through which the water 
flows is much less. As a result, the actual linear velocity of the groundwater is consid
erably faster than the Darcy velocity. 

We may determine the actual average linear velocity by taking into account the 
fraction of the cross-sectional area filled with soil. Let us define the flow (Q) to be 
the product of the total cross-sectional area and the Darcy velocity, that is Q = Av. 
The actual average linear velocity (Vi) through the voids times the area of the voids 
(A ') is also equal to the flow (Q). Thus, the actual velocity is related to the Darcy 
velocity: 

A'v' = Av Q (3-23) 

If we solve this expression for the average linear velocity, Vi, we find: 

Av 
Vi = J3-24)

N 

If we multiply the top and bottom by a unit length (L), then we have 

ALv 
v 

I 

=- (3-25)
A'L 

The product AL is the total volume of the soiL The productA 1 L is the void volume. The 
ratio of the void volume to the total volume is the definition of porosity (Yf). The actual 
linear velocity may then be defined in terms of the poros'ity as 

Darcy velocity v 
v' = (3-26)

Porosity 

orin tenus of the hydraulic gradient 

K(dh/dr) 
,(3-27)

T] 

dh 
Q vA = KA (3-28)

dr 

This equation has been solved for steady state and nonsteady or transient flow. Steady 
state is a condition under which no changes occur with time. It will seldom, if ever, oc
curinpractice, but may be approached after very long periods of pumping. Transient
flowequations include a factor of time. The derivation of these equations is based on 
the following assumptions: 

1. The well is pumped at a constant rate. 

2. Flow towards the well is radial and uniform. 

3. Initially the piezometric surface is horizontaL 
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4. The well fully penetrates the' aquifer and is open for the el!~ire height of the 
aquifer. 

5. 	 The aquifer is homogeneous in all directions and is of infinite horizontal extent. 

6. 	 Water is released from the aquifer in immediate response to a drop in the 
piezometric surface. 

Steady Flow in a Confined Aquifer. The equation describing steady, confined aquifer 
flow was first presented by Dupuit in 1863 (Dupuit, 1863) and subsequently extended by 
Theim in 1906 (Theim, 1906). It may be written as follows (refer to Figure 3-31 for an 
explanation of the notation): 

21TT(h2 - hi)Q= ._-- (3-29)
In(r2/rl) 

Q= well pumping flow rate, m 3/s 

Original Piezometric Surface, 

~1\"1P~'1 jr~" . 52 '."hW-""'-' 

----l ITLL----l=-=_=__=_t 
- ---. I I s 81 __ ...-"' --- ---

Aquiclude -- __ _ 

~"',,""""'" 

CD I 

Confined I h h1 hz D H 


Aquifer '====~::!:1':1~~~~_.~__~.r2-d 	 1._..,,1, 

Impermeable 


Original Piezometric Surface = GWT 
\"'¢.lj\W~\W'i\' 

I 	 I SI _ 

, s : I II j, '" P'lezometnc. 

I Pumpmg 
H

I --I hI 

h:~'jfrq/#q/;l;»~~~~t/-@-7--+-----r2 -1 
Impermeable 

(h) 

FIGURE 3-31 

Geometry and symbols for a pumped well in (a) confined aquifer and (b) unconfined aquifer. 

(Adapted from Bouwer. 1978.) 
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where T KD = transmissivity, m2/s 
D = thickness of artesian aquifer, m 

h" h2 = height of piezometric surface above confining layer, m 
rl, '2 = radius from pumping well, m 

In = logarithm to base e 

Example 3-11. An artesian aquifer 10.0 m thick with a piezometric surface 40.0 m 
above the bottom confining layer is being pumped by a fully penetrating well. The 
aquifer is a medium sand with a hydraulic conductivity of 1.50 X 10-4 mls. Steady 
state drawdowns of 5.00 m and 1.00 mare observed at two nonpumping wells located 
20.0 m and 200.0 m, respectively, from the pumped welL Determine the discharge at 
the pumped well. 

Solution. First we determine hi and h2: 

hl 40.0 - 5.00 = 35.0 m 

h2 = 40.0 1.00 = 39.0 ill 

so 

Q 
(27T)(1.50 X 10-4)(10.0)(39.0 

In(200/20) 

35.0) 

Q 0.0164 or 0.016 m3/s 

Ste3{:lyFl~w inan Unconfined Aquifer. For unconfined aquifers the factor Din 
EquationJ:-29 isreplaced bythe. height of the water table above the lower boundary 
oftheaquifer;Theequation then becomes 

7TJ(,(h2 
- h2

)
Q=2 I . (3-30) 

In(r2lrd 

~xample3·1,~... A 0.50 m,diameter well fully penetrates an unconfined aquifer 
which is 30.0mthick. The drawdown at the pumped well is 10.0 m and the hy
draulic conductivity of the gravel aquifer is 6.4 X 10-3 m/s. If the flow is steady 
and the discharge is 0.014 m3/s, determine the drawdown at a site 100.0 mfrom the 
welL 

Solution. First we calculate hi 

hi = 30.0 - 10.0 20.0 m 

Then we apply Equation 3-30 and solve for h2. Note that rl = 0.50 ml2 = 0.25 m. 

7T(6.4 X 1O-3)(h~ (20.0)2)
0.014 = --------

In(l0010.25) 

http:In(l0010.25
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(0.014)(5.99)
h~ - 40'0.0 ' 

7T(6.4 X 10,3) 

h2 = (4.17 	+ 400.0)112 

h2 = 20.10 m 

The drawdown is then 

S2 == H - h2 = 30.0 - 20.10 = 9.90 m 

Unsteady Flow in a Confined Aquifer. A solution for the transient-flow problem 
was developed by Theis in 1935 (Theis, 1935). Using heat-flow theory as an anal
ogy, he found the following for an infinitesimally small diameter well with radial 
flow: 

(3-31)s 4;Tr(e~:')dU. 
where s = 	drawdown (H h), m' 

r 2S 
u 

4Tt 
r = distance between pumping well and observation well, or radius of pumping 

well, m 
S storage coefficient 
T = transmissivity, m2/s 
t = time since pumping began, s 

Some explanations of the terms may be of use here. The lower case s refers to the 
drawdownatsbmetime,t, after the start of pumping. The time does not appear 
explicitlyinEquation3-31 butisused to compute the value of u to be used in the 
iptegration.The trapsmissivityand storage coefficient also are used to calculate 
u'rrhetransmjssivitymaybedetermined from the hydraulic conductivity and the 
thickness of the aquifer as it was for steady-state flow. Field pumping tests may 
also be used to define T. You should note that the r term used to calculate the 
value of u may take on values ranging upward from the radius of the well. Thus, 
YQlICOuld iLyouwjshed. calculate every point on the cone of depression (i.e., 
valuebfs) by iterating the calculation with values of r from the well radius to in
finity. If you wish to calculate the drawdown at a specific distance from the 
pumping well, then, of course, you must use that distance for r. The integral in 
Equation 3-31 is called the well function of u and is evaluated by the following 

. 	 . 
senes expanSiOn: 

2 3
U u 

W(u) -0.577216 lnu+u---+---'" (3-32)
2· 2! 3·31 

A table of values of W(u) was prepared by Ferris, et al. (Ferris et aL, 1962). It is repro
duced in Table 3-6. 



N
 X

 
1

0
'4

 
N

 X
 

IO
-' 

J 
N

 X
 
1O

~:
: 

N
 X

 
10
~1
 

N
 

2
9

.3
5

6
4

 
13

.2
38

3 
8

.6
3

3
2

 
6.

33
15

 
4

.0
3

7
9

 
1.

82
29

 
0

.2
1

9
4

 
II

 
26

.')
58

5 
1.

7.
74

82
 

5
,4

4
5

6
 

13
.1

43
0 

8
.5

3
7

9
 

6.
23

63
 

3
.9

4
3

6
 

1.
73

71
 

0
.1

8
6

0
 

l.
2

 
3

3
.7

7
9

2
 

17
41

 
26

.g
71

5 
17

.6
61

.1
 

5.
35

86
 

13
Jl

56
0 

0.
75

34
 

8
.4

5
0

9
 

6
.1

4
9

4
 

3
.8

5
7

6
 

1.
65

95
 

0.
15

84
 

1.
3 

33
.6

99
2 

3
L

3
9

6
6

 
29

.0
94

0 
17

.5
81

1 
15

.2
78

5 
12

.9
75

9 
10

.6
73

4 
8

.3
7

0
9

 
6.

06
95

 
3

.7
7

8
5

 
1.

58
89

 
0.

13
55

 
1.

4 
33

.6
25

1 
3 

29
.0

19
9 

2
6

.7
1

7
3

 
1.

7.
50

70
 

15
.2

04
4 

12
.9

01
8 

10
.5

99
3 

8
.2

9
6

8
 

5
.9

9
5

5
 

3
.7

0
5

4
 

1.
52

41
 

0
.1

1
6

2
 

.5
 

33
.5

56
1 

31
 

2
8

.9
5

0
9

 
2

6
.6

4
8

3
 

17
.4

38
0 

15
.1

35
4 

12
.8

32
8 

10
.5

30
3 

8.
22

78
 

5
.9

2
6

6
 

3
,6

3
7

4
 

1.
46

45
 

0
.1

0
0

0
 

1.
6 

33
.4

91
 (i

 
3

1
.1

8
9

0
 

2
8

.8
8

6
4

 
26

.5
83

8 
17

.3
73

5 
15

.0
70

9 
12

.7
68

3 
10

.4
65

7 
8

.J
6

3
4

 
5.

86
21

 
3

,5
7

3
9

 
1.

40
92

 
0.

08
63

1 
1.

7 
3

3
,4

3
0

9
 

31
.1

 
2

8
.8

2
5

8
 

2
6

.5
2

3
2

 
17

.3
12

8 
15

.0
10

3 
12

.7
07

7 
10

04
05

 
8

.1
0

2
7

 
5

.8
0

1
6

 
3

.5
1

4
3

 
1.

35
78

 
0

.0
7

4
6

5
 

1.1
3 

3
3

.3
7

3
8

 
3

1
.0

7
1

2
 

2
8

,7
6

8
6

 
2

6
.4

6
6

0
 

17
.2

55
7 

14
.9

53
1 

12
.6

50
5 

10
.3

47
9 

8
.0

4
5

5
 

5
.7

4
4

6
 

3.
45

81
 

1,
30

89
 

0.
06

47
1 

1.
9 

3
3

.3
1

9
7

 
31

.0
17

1 
28

,7
14

5 
17

.2
01

6 
14

.8
99

0 
12

.5
96

4 
[0

.2
9

3
9

 
7

.9
9

[5
 

5
,6

9
0

6
 

3
.4

0
5

0
 

1.
26

49
 

0
.0

5
6

2
0

 

2
.0

 
3

3
.2

6
8

4
 

30
.9

65
8 

28
.6

63
2 

17
.1

50
3 

14
.8

47
7 

12
.5

45
1 

10
.2

42
6 

7
.9

4
0

2
 

5
.6

3
9

4
 

3.
35

47
 

1.
22

27
 

0
.0

4
8

9
0

 
2.

1 
3

3
.2

1
9

6
 

3
0

.9
1

7
0

 
2K

.6
14

5 
7.

lO
15

 
14

,7
96

9 
1

2
4

9
6

4
 

10
.1

93
8 

7,
89

14
 

S.
59

(}
7 

3
.3

0
6

9
 

1.
18

29
 

0.
04

26
1 

2.
2 

33
.1

73
1 

2
8

5
6

7
9

 
26

.2
65

3 
17

.0
55

0 
14

.7
52

4 
12

.4
49

8 
10

.1
47

3 
7.

84
49

 
5

,5
4

4
3

 
3

,2
6

1
4

 
L

l4
5

4
 

0
.0

3
7

1
9

 
2.

3 
3

3
.1

2
8

6
 

28
,5

23
5 

26
.2

2U
9 

1
7

Jl
I0

6
 

14
.7

08
0 

12
.4

05
4 

10
.1

02
8 

7.
80

04
 

5
.4

9
9

9
 

3,
21

79
 

.1
09

9 
0

,0
3

2
5

0
 

2.
4 

33
.0

86
1 

2
8

,4
8

0
9

 
26

. 1
7K

3 
16

.9
68

0 
14

.6
65

4 
1

.3
6

2
8

 
10

.0
60

3 
7.

75
79

 
5

.4
5

7
5

 
3

.1
7

6
3

 
1.

07
62

 
0

.0
2

8
4

4
 

2.
5 

33
'(

)4
53

 
3

0
.7

4
2

7
 

28
.4

40
1 

2
6

,1
3

7
5

 
23

,8
34

9 
16

.9
27

2 
14

.6
24

6 
12

.3
22

0 
10

.0
19

4 
7.

71
72

 
5.

41
67

 
3

.1
3

6
5

 
1.

04
43

 
0.

02
49

1 
2.

6 
33

'(
)0

60
 

30
.7

03
5 

28
.4

00
9 

2
6

.0
9

8
3

 
23

.7
95

7 
6

.8
8

8
0

 
14

.5
85

4 
12

,2
82

8 
9

.9
8

0
2

 
7

.6
7

7
9

 
5

,3
7

7
6

 
3

.0
9

8
3

 
1.

01
39

 
0

.0
2

1
8

5
 

2
.7

 
3

2
.9

6
8

3
 

30
.6

65
7 

28
.3

63
1 

2
6

.0
6

0
6

 
2

3
.7

5
8

0
 

16
.8

50
2 

14
.5

47
6 

12
.2

45
0 

9.
94

25
 

7
.6

4
0

 
5

,3
4

0
0

 
3.

06
15

 
0

.9
8

4
9

 
0

.0
1

9
1

8
 

2.
8 

32
.9

31
9 

3
0

.6
2

9
4

 
28

,3
26

8 
2

6
J)

2
4

2
 

2
3

.7
2

1
6

 
21

.4
19

0 
19

.1
16

4 
16

.8
13

8 
14

.5
1 

t:
l 

12
.2

08
7 

9
.9

0
6

 [ 
7.

60
38

 
5

.3
0

3
7

 
3.

02
61

 
n.

95
73

 
n

.o
 1

68
6 

2
.9

 
32

.l
l9

68
 

30
.5

94
3 

21
\.2

91
7 

25
,9

89
1 

23
,6

86
5 

21
':1

83
9 

19
.0

S
13

 
16

.7
78

8 
14

.4
76

2 
2.

17
36

 
9

.8
7

1
0

 
7.

56
87

 
5

,2
6

8
7

 
2

.9
9

2
0

 
0

.9
3

0
9

 
0

.0
1

4
8

2
 

3.
0 

3
2

.8
6

2
9

 
3

0
.5

6
0

4
 

2
8

.2
5

7
8

 
25

.9
55

2 
2

3
.6

5
2

6
 

2 
L

35
00

 
16

.7
44

9 
14

.4
42

3 
12

.1
39

7 
9.

83
71

 
7.

53
48

 
5

.2
3

4
9

 
2.

95
91

 
0

.9
0

5
7

 
0.

01
30

.5
 

3.
1 

3
2

.8
3

0
2

 
3

0
.5

2
7

6
 

2
8

.2
2

5
0

 
2

5
.9

2
2

4
 

23
.6

19
8 

2
1

.3
1

7
2

 
19

.0
14

6 
16

,7
12

1.
 

14
.4

09
5 

12
.1

06
9 

9
.8

0
4

3
 

7
.5

0
2

0
 

5
.2

0
2

2
 

2
.9

2
7

3
 

0
,8

8
1

5
 

0
;0

] 
14

9 
3.

2 
3

2
.7

9
8

4
 

30
.4

95
8 

21
5.

19
32

 
2

5
,8

9
0

7
 

23
.5

81
30

 
2 

18
.9

82
9 

6.
68

03
 

14
.3

77
7 

12
.0

75
1 

9
.7

7
2

6
 

7.
47

03
 

5
.J

7
0

6
 

2
.8

9
6

5
 

0
,8

5
8

3
 

lO
.0

[0
[3

 
3.

3 
3

2
.7

6
7

6
 

30
.4

65
1 

28
.1

62
5 

2
5

.8
5

9
9

 
23

.5
57

3 
2 

18
.9

52
1 

6.
64

95
 

14
.3

47
0 

12
.0

44
4 

9.
74

18
 

7
.4

3
9

5
 

5
.1

3
9

9
 

2
.8

6
6

8
 

0,
83

61
 

0
.0

0
8

9
3

9
 

3.
4 

3
2

.7
3

7
8

 
3

0
.4

3
5

2
 

2
8

.1
3

2
6

 
2

5
,8

3
0

0
 

23
.5

27
4 

21
.2

24
9 

18
.9

22
3 

16
,6

19
7 

14
.3

17
 

12
.0

14
5 

9
.7

1
2

0
 

7.
40

97
 

5
.1

1
0

2
 

2
.8

3
7

9
 

0
.8

1
4

7
 

0.
00

78
91

 
3.

5 
3

2
.7

0
8

8
 

3
0

.4
0

6
2

 
21

3.
10

36
 

2
5

.8
0

1
0

 
23

.4
98

5 
2

1
.1

9
5

9
 

18
.8

93
3 

16
.5

90
7 

14
.2

88
1 

11
 

9
.6

8
3

0
 

7.
38

07
 

5
.0

8
1

3
 

2.
80

99
 

0
.7

9
4

2
 

0
.0

0
6

9
7

0
 

3
.6

 
3

2
.6

8
0

6
 

3
0

.3
7

8
0

 
21

5,
07

55
 

25
.7

72
9 

23
.4

70
3 

21
.1

67
7 

18
.8

65
1 

16
.5

62
5 

14
.2

59
9 

9
.6

5
4

8
 

7
.3

5
2

6
 

5
.0

5
3

2
 

2
.7

8
2

7
 

0
.7

7
4

5
 

0
.0

0
6

1
6

0
 

3.
7 

32
.6

53
2 

3
0

.3
5

0
6

 
28

.0
48

1 
25

.7
45

5 
23

.4
42

9 
21

.1
40

3 
18

.8
37

7 
16

.5
35

1 
14

.2
32

5 
.9

30
0 

9
.6

2
7

4
 

7
.3

2
5

2
 

5
.0

2
5

9
 

2
,7

5
6

3
 

0
.7

5
5

4
 

0
.0

0
5

4
4

8
 

3.
8 

3
2

.6
2

6
6

 
3

0
.3

2
4

0
 

2
8

,0
2

1
4

 
2

5
.7

1
8

8
 

23
.4

16
2 

2
1

.1
1

3
6

 
18

,8
11

0 
16

.5
08

5 
14

.2
05

9 
11

.9
03

3 
9.

60
07

 
7

.2
9

8
5

 
4

.9
9

9
3

 
2

.7
3

0
6

 
0.

73
71

 
0

.0
0

4
8

2
0

 
3.

9 
3

2
.6

0
0

6
 

3
0

.2
9

8
0

 
2

7
.9

9
5

4
 

2
5

.6
9

2
8

 
23

.3
90

2 
21

.0
87

7 
18

.7
85

1 
16

.4
82

5 
14

.1
79

9 
11

.8
77

3 
9

.5
7

4
8

 
7

.2
7

2
5

 
4

.9
7

3
5

 
2

.7
0

5
6

 
0

.7
1

9
4

 
0

.0
0

4
2

6
7

 

4
.0

 
32

.5
75

3 
3

0
.2

7
2

7
 

27
.9

70
1 

2
5

.6
6

7
5

 
23

.3
64

9 
2

1
.0

6
2

3
 

18
.7

59
8 

16
.4

57
2 

14
.1

54
6 

[ 
1.

85
20

 
9.

54
95

 
7

.2
4

7
2

 
4

.9
4

8
2

 
2

.6
8

1
3

 
0

.7
0

2
4

 
0

.0
0

3
7

7
9

 
4.

 
3

2
.5

5
0

6
 

3
0

.2
4

8
0

 
2

7
.9

4
5

4
 

2
5

.6
4

2
8

 
23

.3
40

2 
2

1
.0

3
7

6
 

18
.7

35
1 

16
.4

32
5 

14
.1

29
9 

11
.8

27
3 

'9
.5

2
4

8
 

7.
22

25
 

4
.9

2
3

6
 

2
.6

5
7

6
 

0
.6

8
5

9
 

0
.9

0
3

3
4

9
 

4.
2 

32
.5

26
5 

3
0

.2
2

3
9

 
27

.9
21

3 
25

.6
18

7 
23

,3
16

1 
2

1
.0

1
3

6
 

18
.7

11
0 

16
.4

08
4 

14
.1

05
8 

11
.8

(\
32

 
9

.5
0

0
7

 
7.

19
85

 
4

.8
9

9
7

 
2

.6
3

4
4

 
0

.0
0

2
9

6
9

 
4.

3 
3

2
.5

0
2

9
 

3
0

.2
0

0
4

 
2

7
.8

9
7

8
 

2
5

.5
9

5
2

 
2

3
.2

9
2

6
 

2
0

,9
9

0
0

 
16

.3
88

4 
14

.0
82

3 
11

.7
7'

n 
\ 

9.
47

71
 

7.
17

49
 

4
.8

7
6

2
 

2
.6

1
1

9
 

0
.6

5
4

6
 

0
.0

0
2

6
3

3
 

4
.4

 
.n

A
8

0
0

 
3

0
.1

7
7

4
 

27
,8

74
8 

2
5

.5
7

2
2

 
2

3
.2

6
9

6
 

2
0

.9
6

7
0

 
16

.3
61

9 
14

.0
59

3 
11

.7
56

7 
9.

45
41

 
7

.1
5

2
0

 
4.

85
33

 
2

.5
8

9
9

 
0

.6
3

9
7

 
0

.0
0

2
3

3
6

 
4

.5
 

3
2

,4
5

7
5

 
3

0
.1

5
1

9
 

2
7

.8
5

2
3

 
2

5
.5

4
9

7
 

23
.2

47
1 

2
0

.9
4

4
6

 
IS

.6
42

0 
16

.3
39

4 
14

.0
36

8 
1

[.
7

3
4

2
 

9.
43

17
 

7
.1

2
9

5
 

4
.8

3
lO

 
2

.5
6

8
4

 
0

.6
2

5
3

 
0

.0
0

2
0

7
3

 
4

.6
 

32
,4

35
5 

30
.1

32
9 

2
7

.8
3

0
3

 
2

5
.5

2
7

7
 

23
,2

25
2 

2
0

.9
2

2
6

 
18

,6
20

()
 

16
.3

17
4 

14
.0

14
8 

11
.7

 J
22

 
9.

40
97

 
7

.1
0

7
5

 
4.

80
91

 
2

.5
4

7
4

 
0

,6
1

1
4

 
'. 

0.
00

18
41

 
4

.7
 

3
2

.4
1

4
0

 
3

0
.1

1
1

4
 

2
7

.8
0

8
8

 
25

.S
06

2 
23

.2
03

7 
2

0
.9

0
 I 

18
,5

98
5 

6
.2

9
5

9
 

13
.9

93
3 

11
.6

90
7 

9.
38

82
 

7
.0

8
6

0
 

4
.7

8
7

7
 

2
,5

2
6

8
 

0
.5

9
7

9
 

0
.0

0
1

6
3

5
 

4
.8

 
32

.3
92

9 
3

0
.0

9
0

4
 

2
7

.7
8

7
8

 
2

5
.4

8
5

2
 

2
3

,1
8

2
6

 
2(

J,
S

80
0 

18
.5

77
4 

16
.2

74
8 

13
.9

72
3 

11
.6

69
7 

9.
36

71
 

7
.0

6
5

0
 

4
.7

6
6

7
 

2.
50

68
 

0
.5

8
4

8
 

1 
0

.0
0.

[4
53

 
4

.9
 

32
.3

72
3 

30
,0

69
7 

2
7

.7
6

7
2

 
2

5
.4

6
4

6
 

2
3

.1
6

2
0

 
20

.8
59

4 
8.

55
68

 
16

.2
54

2 
13

.9
51

6 
11

.6
49

1 
9

.3
4

6
5

 
7

.0
4

4
4

 
4

.7
4

6
2

 
2.

48
71

 
0.

57
21

 
( 

0.
00

12
91

 

5.
0 

32
.3

52
1 

3
0

.0
4

9
5

 
2

7
.7

4
7

0
 

25
.4

44
4 

23
.1

41
8 

20
.8

39
2 

18
.5

36
6 

16
,2

34
0 

13
,9

31
4 

11
.6

28
9 

9.
32

63
 

7
.0

2
4

2
 

4.
72

61
 

2.
46

79
 

0
.5

5
9

8
 

0
.0

0
[ 

14
8 

5.
1 

32
.3

32
3 

3
0

,0
2

9
7

 
27

.7
27

1 
2

5
.4

2
4

6
 

2
3

.1
2

2
0

 
2

0
.8

1
9

4
 

IS
,5

16
8 

16
.2

14
2 

3.
91

16
 

11
.6

09
 

9.
30

65
 

7.
00

44
 

4
,7

0
6

4
 

2
.4

4
9

 
0

.5
4

7
8

 
0

.0
0

[0
2

1
 

5.
2 

32
.3

12
9 

3
0

,0
1

0
3

 
2

7
.7

0
7

7
 

25
.4

05
1 

23
.1

02
6 

2
0

.8
0

0
0

 
18

.4
97

4 
6.

19
4g

 
13

,8
92

2 
11

.5
89

6 
9.

28
71

 
6.

98
50

 
4.

68
71

 
2

.4
3

0
6

 
0

.5
3

6
2

 
0

.0
0

0
9

0
8

6
 

5.
3 

3
2

.2
9

3
9

 
29

.9
91

3 
27

.6
88

7 
25

,3
86

1 
23

.0
83

5 
20

.7
80

9 
18

,4
78

3 
16

.1
75

8 
13

.8
73

2 
11

.5
70

6 
9.

26
81

 
6.

96
59

 
4.

66
81

 
2

.4
1

2
6

 
0

.5
2

5
0

 
O

J)
00

80
86

 
5.

4 
3

2
.2

7
5

2
 

2
9

.9
7

2
6

 
2

7
.6

7
0

0
 

2
5

.3
6

7
4

 
23

.0
64

8 
2

0
.7

6
2

2
 

18
.4

59
6 

16
.1

57
1 

13
.8

54
5 

11
.5

51
9 

9
.2

4
9

4
 

6.
94

73
 

4
.6

4
9

5
 

2
.3

9
4

8
 

0
.5

1
4

0
 

0
.0

0
0

7
1

9
8

 



T
A

B
L

E
 3

-6
 


V
al

ue
s 

o
f 

W
(u

)«
(:

(!
!t

ti
nu

ed
) 




N
'U

 
N

 x
 

H
r'!

) 
N

 X
 

1
0

'1
3

 
N

 x
 l

O
'x

 
N

 X
 1

0 
.. 

7 
N

 X
 1

0
-6 

N
 X

 
I
(
J
'5

 
N

 X
 1

0
-.

1 
N

 x
 

N
 X

 
!O
'~
I 

N
 

5.
5 

32
.2

56
8 

2
9

.9
5

4
2

 
2

7
.6

5
1

6
 

16
.1

38
7 

13
.8

36
1 

11
.5

33
6 

9
.2

3
1

0
 

6
.9

2
8

9
 

4
.6

3
1

3
 

2.
37

75
 

0
.5

0
3

4
 

0
.0

0
0

6
4

0
9

 
5

.6
 

3
2

.2
3

8
8

 
2

9
.9

3
6

2
 

2
7

.6
3

3
6

 
16

.1
20

7 
13

.8
18

1 
11

.5
15

5 
9

.2
1

3
0

 
6

.9
1

0
9

 
4

.6
1

3
4

 
2

.3
6

0
4

 
O

A
93

0 
0

.0
0

0
5

7
0

8
 

5.
7 

32
.2

21
1 

2
9

.9
1

8
5

 
2

7
.6

1
5

9
 

16
.1

03
0 

13
.8

00
4 

11
.4

97
8 

9.
19

53
 

6.
89

32
 

4
.5

9
5

8
 

2.
34

37
 

0
.4

8
3

0
 

0
.0

0
0

5
0

8
5

 
5.

8 
3

2
.2

0
3

7
 

29
.9

01
1 

2
7

.5
9

8
5

 
16

.0
85

6 
13

.7
83

0 
II

A
8

0
4

 
9

.1
7

7
9

 
6.

87
58

 
4

.5
7

8
5

 
2

.3
2

7
3

 
O

A
73

2 
0

.0
0

0
4

5
3

2
 

5.
9 

3
2

.1
8

6
6

 
2

9
.8

8
4

0
 

2
7

.5
8

1
4

 
16

.0
68

5 
13

.7
65

9 
11

.4
63

3 
9.

16
08

 
6.

85
88

 
4.

56
15

 
2.

31
11

 
0

.4
6

3
7

 
0

.0
0

0
4

0
3

9
 

6
.0

 
3

2
.1

6
0

8
 

2
9

.8
6

72
 

2
7

.5
6

4
6

 
16

.0
51

7 
13

.7
49

1 
11

,4
46

5 
9

.1
4

4
0

 
6

.8
4

2
0

 
4

.5
4

4
8

 
2.

29
53

 
0

.4
5

4
4

 
0.

00
03

60
1 

6.
1 

3
2

.1
5

3
3

 
2

9
.8

5
0

7
 

27
.5

48
1 

16
.0

35
2 

13
.7

32
6 

11
.4

30
0 

9.
12

75
 

6
.8

2
5

4
 

4.
52

83
 

2.
27

97
 

0
,4

4
5

4
 

0.
00

03
21

 J
 

6.
2 

32
.1

37
0 

2
9

.8
3

4
4

 
27

..5
31

8 
16

.0
18

9 
13

.7
16

3 
l1

A
1

3
8

 
9

.1
1

1
2

 
6

.8
0

9
2

 
4

.5
1

2
2

 
2

.2
6

4
5

 
0

.4
3

6
6

 
0

.0
0

0
2

8
6

4
 

6.
3 

3
2

.1
2

1
0

 
2

9
.8

1
8

4
 

2
7

.5
1

5
8

 
16

.0
02

9 
13

.7
00

3 
11

.3
97

8 
9

.0
9

5
2

 
6

.7
9

3
2

 
4

.4
9

6
3

 
2

.2
4

9
4

 
0

.4
2

8
0

 
0

.0
0

0
2

5
5

5
 

6.
4 

3
2

.1
0

5
3

 
2

9
.8

0
2

7
 

27
.5

00
1 

15
.9

87
2 

3
.6

8
4

6
 

11
.3

82
0 

9.
07

95
 

6.
77

75
 

4
,4

8
0

6
 

2
.2

3
4

6
 

0
.4

1
9

7
 

0
.0

0
0

2
2

7
9

 
6.

5 
3

2
.0

8
9

8
 

2
9

.}
8

7
2

 
2

7
.4

8
4

6
 

15
.9

71
7 

D
.6

6
9

1
 

t 1
.3

66
5 

9
.0

6
4

0
 

6
.7

6
2

0
 

4
A

6
5

2
 

2.
22

01
 

O
A

I1
5

 
0

.0
0

0
2

0
3

4
 

6.
6 

3
2

.0
7

4
5

 
2

9
.7

7
1

9
 

2
7

.4
6

9
3

 
18

.2
59

0 
15

.9
56

4 
13

.6
53

8 
11

.3
51

2 
9.

04
87

 
6.

74
67

 
4

.4
5

0
 I 

2
.2

0
5

8
 

0
.4

0
3

6
 

0
.0

0
0

1
8

1
6

 
6.

7 
3

2
.0

5
9

5
 

2
9

.7
5

6
9

 
27

.4
54

3 
25

.1
51

7 
18

.2
43

9 
15

.9
41

4 
13

.6
38

8 
11

.3
36

2 
9.

03
37

 
6.

73
17

 
4.

43
51

 
2.

19
17

 
0

.3
9

5
9

 
0.

00
01

62
1 

6.
8 

:1
2.

04
46

 
2

9
.7

4
2

 
27

.4
39

5 
2

5
.1

3
6

9
 

2
2

.8
3

4
3

 
18

.2
29

1 
15

.9
26

5 
13

.6
24

0 
11

.3
21

4 
9.

01
89

 
6.

71
69

 
4

,4
2

0
4

 
2

.1
7

7
9

 
0.

38
83

 
0

.0
0

0
1

4
4

8
 

6.
9 

.1
2.

03
00

 
29

.7
27

5 
2

7
.4

2
4

9
 

2
5

.1
2

2
3

 
97

 
18

.2
14

5 
15

.9
11

9 
13

,6
09

4 
11

.3
60

8 
9.

00
43

 
6.

70
23

 
4

,4
0

5
9

 
2.

16
43

 
0

.3
8

1
0

 
0

.0
0

0
1

2
9

3
 

7.
0 

3
2

.0
1

5
6

 
29

.7
13

1 
27

.4
10

5 
2

5
.1

0
7

9
 

2
2

;8
0

5
3

 
18

.Z
00

 1
 

15
.8

97
6 

13
.5

95
0 

11
.2

92
4 

8.
98

99
 

6
.6

8
7

9
 

4
.3

9
1

6
 

2
.1

5
0

8
 

0.
37

38
 

0
.0

0
0

1
1

5
5

 
7

. 
J2

.0
0

 1
5 

2
9

.6
9

8
9

 
27

.3
96

3 
2

5
.0

9
3

7
 

22
.7

91
1 

18
.1

86
0 

15
.8

83
4 

13
.5

80
8 

11
.2

78
2 

8
.9

7
5

7
 

6.
67

37
 

4
.3

7
7

5
 

2
.1

3
7

6
 

0
.3

6
6

8
 

0
.0

0
0

1
0

3
2

 
7.

2 
31

.9
87

5 
2

9
.6

8
4

9
 

2
7

.3
8

2
3

 
25

.0
79

7 
22

.7
77

1 
18

.1
72

0 
15

.8
69

4 
13

.5
66

8 
11

.2
64

2 
8

.9
6

1
7

 
6.

65
98

 
4

.3
6

3
6

 
2

.1
2

4
6

 
0

.3
5

9
9

 
0

.0
0

0
0

9
2

1
9

 
7.

3 
JJ

 .9
73

7 
29

.6
71

1 
2

7
.3

6
8

5
 

2
5

.0
6

5
9

 
2

2
.7

6
3

3
 

2{
).

46
08

 
18

.1
58

2 
15

.8
55

6 
13

.5
53

0 
11

.2
50

4 
8

.9
4

7
9

 
6

.6
4

6
0

 
4

.3
5

0
0

 
2

.1
1

1
8

 
0

.3
5

3
2

 
0

.0
0

0
0

8
2

3
9

 
7.

4 
3

1
.9

6
0

 I 
29

.6
57

5 
2

7
.3

5
4

9
 

2
5

.0
5

2
3

 
2

2
,7

4
9

7
 

2
0

.4
4

7
2

 
18

.1
44

6 
15

.8
42

0 
13

.5
39

4 
11

.2
36

8 
8

.9
3

4
3

 
6

.6
3

2
4

 
4

.3
3

6
4

 
2.

09
91

 
0.

34
67

 
0

.0
0

0
0

7
3

6
4

 
7.

5 
3

1
.9

4
6

7
 

29
.6

44
1 

2
7

.3
4

1
5

 
2

5
.0

3
8

9
 

2
2

.7
3

6
3

 
2C

l.4
33

7 
18

.1
31

1 
15

.8
28

6 
13

.5
26

0 
11

.2
23

4 
8,

92
09

 
6

.6
1

9
0

 
4.

32
31

 
2.

08
67

 
0.

34
03

 
0

.0
0

0
0

6
5

8
3

 
7

.6
 

31
.9

33
4 

2
9

.6
3

0
8

 
2

7
.3

2
8

2
 

2
5

.0
2

5
7

 
22

.7
23

1 
2

0
.4

2
0

5
 

18
.1

17
9 

15
.8

15
3 

13
.5

12
7 

11
.2

10
2 

8
.9

0
7

6
 

6.
60

57
 

4
.3

1
0

0
 

2
.0

7
4

4
 

0.
33

41
 

0
.0

0
0

0
5

8
8

6
 

7
.7

 
3

1
.9

2
0

3
 

2
9

.6
1

7
8

 
2

7
.3

1
5

2
 

2
5

.0
1

2
6

 
2

2
.7

1
0

0
 

20
04

07
4 

18
.1

04
8 

15
.8

02
2 

13
.4

99
7 

II
.J

 9
71

 
8

.8
9

4
6

 
6.

59
27

 
4

.2
9

7
0

 
2.

06
23

 
0

.3
2

8
0

 
0

.0
0

0
0

5
2

6
3

 
7.

8 
31

.9
07

4 
2

9
.6

0
4

8
 

2
7

.3
0

2
3

 
2

4
.9

9
9

7
 

22
.6

97
1 

20
.3

94
5 

18
.0

91
9 

15
.7

89
3 

13
.4

86
8 

11
.1

84
2 

8.
88

17
 

6.
57

98
 

4
.2

8
4

2
 

2
.0

5
0

3
 

0.
32

21
 

O~
00
00
47
07
 

7.
9 

31
.8

94
7 

29
.5

92
1 

2
7

.2
8

9
5

 
2

4
.9

8
6

9
 

2
2

.6
8

4
4

 
20

;3
81

8 
18

.0
79

2 
15

.7
76

6 
13

.4
74

0 
II

. 
J7

1
4

 
8

.8
6

8
9

 
6.

56
71

 
4

.2
7

1
6

 
2

.0
3

8
6

 
0.

31
63

 
0

.0
0

0
0

4
2

1
0

 

8
.0

 
31

.8
82

1 
29

.5
79

5 
2

7
.2

7
6

9
 

2
4

.9
7

4
4

 
2

2
.6

7
1

8
 

2
0

.3
6

9
2

 
18

.0
66

6 
15

.7
64

0 
13

.4
61

4 
11

.1
58

9 
8

.8
5

6
3

 
6.

55
45

 
4.

25
91

 
2

.0
2

6
9

 
0

.3
1

0
6

 
0

.0
0

0
0

3
7

6
7

 
8.

1 
31

.8
69

7 
29

.5
67

1 
2

7
.2

6
4

5
 

2
4

.9
6

1
9

 
2

2
.6

5
9

4
 

20
.3

56
8 

IS
Jl

5
4

2
 

15
.7

51
6 

13
.4

49
0 

1
1

.l
4

6
4

 
8

.8
4

3
9

 
6.

54
21

 
4

.2
4

6
8

 
2

.0
1

5
5

 
0

.3
0

5
0

 
0

.0
0

0
0

3
3

7
0

 
8.

2 
3

1
,8

5
7

4
 

29
.5

54
8 

27
.2

52
3 

2
4

.9
4

9
7

 
22

.6
47

1 
2

0
.3

4
4

5
 

18
.0

41
9 

15
.7

39
3 

13
.4

36
7 

11
.1

34
2 

8
.8

3
1

7
 

6
.5

2
9

8
 

4
.2

3
4

6
 

2
.0

0
4

2
 

0
.2

9
9

6
 

0
.0

0
0

0
3

0
1

5
 

8.
3 

31
.8

45
3 

2
9

.5
4

2
7

 
27

.2
40

1 
2

4
.9

3
7

5
 

2
2

.6
3

5
0

 
2

0
.3

3
2

4
 

18
.0

29
8 

15
.7

27
2 

13
.4

24
6 

I 
J.

l2
2

0
 

8
.8

1
9

5
 

6
.5

1
7

7
 

4
.2

2
2

6
 

1.
99

30
 

0,
29

43
 

0
.0

0
0

0
2

6
9

9
 

S
A

 
3

1
.8

3
3

3
 

2
9

.5
3

0
7

 
2

7
.2

2
8

2
 

2
4

.9
2

5
6

 
2

2
.6

2
3

0
 

2
0

.3
2

0
4

 
1

8
0

1
7

8
 

15
.7

15
2 

13
.4

12
6 

1
1.

1 
10

1 
8

.8
0

7
6

 
6.

50
57

 
4

.2
1

0
7

 
1.

98
20

 
0.

28
91

 
0

.0
0

0
0

2
4

1
5

 
8.

5 
3

1
8

2
1

5
 

2
9

.5
1

8
9

 
2

7
.2

1
6

3
 

2
4

.9
1

3
7

 
2

2
.6

1
1

2
 

2
0

.3
0

8
6

 
18

.0
06

0 
15

.7
03

4 
13

,4
0(

)S
 

11
.0

<)
82

 
.8

.7
9

5
7

 
6.

49
39

 
4

.1
9

9
0

 
1.

97
11

 
0

.2
8

4
0

 
0

.0
0

0
0

2
1

6
2

 
8.

6 
31

.8
09

H
 

29
.5

07
2 

2
7

.2
0

4
6

 
2

4
.9

0
2

0
 

22
.5

99
5 

2
0

.2
9

6
9

 
17

.9
94

3 
15

.6
91

7 
13

.3
89

 
I 

1.
08

65
 

!U
8

4
0

 
6

.4
8

2
2

 
4

.1
8

7
4

 
1,

96
04

 
0

.2
7

9
0

 
0

:0
0

0
0

1
9

3
6

 
8.

7 
J 

1.
79

82
 

2
9

.4
9

5
7

 
27

.1
93

1 
2,

 .. 
89

05
 

2
2

.5
8

7
9

 
2

0
.2

8
5

3
 

17
.9

82
7 

15
.6

80
1 

3.
37

76
 

11
.0

75
0 

8
.7

7
2

5
 

6
A

7
0

7
 

4
.1

7
5

9
 

1.
94

98
 

0
.2

7
4

2
 

0
.0

0
0

0
1

7
3

3
 

8.
8 

; 1
.7

86
H

 
2

9
.4

8
4

2
 

2
7

.1
8

1
6

 
2

4
.8

7
9

0
 

22
.5

76
5 

2
0

.1
7

3
9

 
17

.9
71

3 
15

.6
68

7 
13

.3
66

1 
11

.0
63

5 
8

.7
6

1
0

 
6,

45
92

 
4

.1
6

4
6

 
1.

93
93

 
0

.2
6

9
4

 
0

.0
0

0
0

1
5

5
2

 
8.

9 
31

.7
75

5 
2

9
.4

7
2

9
 

:n
.1

7
0

3
 

2
4

.8
6

7
8

 
22

.5
65

2 
20

.. 2
62

6 
1

7
.%

0
0

 
15

.6
57

4 
3,

35
48

 
11

.0
52

3 
' 

8.
74

97
 

6
.4

4
8

0
 

4
.1

5
3

4
 

1.
92

90
 

0
.2

6
4

7
 

0
.0

0
0

0
1

3
9

0
 

9
.0

 
31

.7
64

3 
2

9
.4

6
1

8
 

2
7

.1
5

9
2

 
2

4
.8

5
6

6
 

2
2

.5
5

4
0

 
2

0
.2

5
1

4
 

17
.9

48
8 

15
.6

46
2 

3.
34

37
 

1 
1 .

O
ill

 I
 

8
.7

3
8

6
 

6
.4

3
6

8
 

4
.1

4
2

3
 

1.
91

87
 

0
,2

6
0

2
 

0
.0

0
0

0
1

2
4

5
 

9.
1 

.1
1.

75
33

 
29

.4
50

7 
27

.1
48

1 
2

4
.8

4
5

5
 

2
2

.5
4

2
9

 
20

.2
4(

J4
 

17
.9

37
8 

15
.6

35
2 

13
.3

32
6 

J 
1'

<)
30

0 
8.

72
75

 
6.

42
58

 
4

.1
3

1
3

 
1.

90
87

 
0

.2
5

5
7

 
0

.0
0

0
0

1
1

1
5

 
9.

2 
31

.7
42

4 
2

9
.4

3
9

8
 

2
7

.1
3

7
2

 
2

4
.8

3
4

6
 

2
2

.5
3

2
0

 
2

0
.2

2
9

4
 

17
.9

26
8 

15
.6

24
3 

13
.3

21
7 

11
.0

19
1 

8
.7

J6
6

 
6

A
I4

8
 

4.
 1

2(
)5

 
1.

89
87

 
0

.2
5

1
3

 
. 

0
.0

0
0

0
0

9
9

8
8

 
9.

3 
31

.7
31

5 
2

9
,4

2
9

0
 

2
7

.1
2

6
4

 
24

.8
23

8 
2

2
.5

2
1

2
 

2
0

.2
1

8
6

 
17

.9
16

0 
15

.6
13

5 
13

.3
10

9 
11

.0
08

3 
8

.7
0

5
8

 
6

.4
0

4
0

 
4.

10
98

 
1.

88
88

 
0

.2
4

7
0

 
0

.0
0

0
0

0
8

9
4

8
 

9.
4 

31
.7

20
8 

2
9

,4
1

8
3

 
2

7
.1

1
5

7
 

2/
1.

81
3 

22
.5

10
5 

20
.2

07
9 

17
.9

05
3 

15
.6

02
8 

13
.3

00
2 

10
.9

97
6 

8.
69

51
 

6
.3

9
3

4
 

4
.0

9
9

2
 

1.
87

91
 

0
.2

4
2

9
 

0
.0

0
0

0
0

8
0

1
8

 
9.

5 
3 

J.
71

 0
3

 
2

9
.4

0
7

7
 

27
.1

05
1 

24
.8

02
5 

2
2

.4
9

9
9

 
2

0
.1

9
7

3
 

17
.8

94
8 

15
.5

92
2 

13
.2

89
6 

10
.9

87
0 

8.
68

45
 

6
.3

8
2

8
 

4
.0

8
8

7
 

1.
86

95
 

0
.2

3
8

7
 

0
.0

0
0

0
0

7
1

8
5

 
9.

6 
3

1
.6

9
9

8
 

2
9

.3
9

7
2

 
2

7
.0

9
4

6
 

2
4

.7
9

2
0

 
2

2
.4

8
9

5
 

2
0

.1
8

6
9

 
17

.8
84

3 
15

.5
81

7 
13

.2
79

1 
10

.9
76

5 
8

.6
7

4
0

 
6.

37
23

 
4

.0
7

8
4

 
1.

85
99

 
0

.2
3

4
7

 
0

.0
0

0
0

0
6

4
3

9
 

9.
7 

31
.6

89
4 

2
9

.3
8

6
8

 
2

7
.0

8
4

3
 

24
.7

81
7 

2
2

A
7

9
1

 
2

0
.1

7
6

5
 

17
.S

73
9 

15
.5

71
3 

13
.2

68
8 

10
.9

66
2 

8
.6

6
3

7
 

6
.3

6
2

0
 

4.
06

81
 

1,
85

05
 

0
.2

3
0

8
 

0
.0

0
0

0
0

5
7

7
 

9.
8 

3
1

.6
7

9
2

 
2

9
.3

7
6

6
 

2
7

.0
7

4
0

 
24

.7
71

4 
2

2
.4

6
8

8
 

20
.1

66
3 

17
.8

63
7 

15
.5

61
1 

13
.2

58
5 

10
.9

55
9 

8
.6

5
3

4
 

6.
35

17
 

4
.0

5
7

9
 

.8
4

1
2

 
0

.2
2

6
9

 
0.

00
00

05
 1

73
 

9.
9 

3
1

.6
6

9
0

 
2

9
.3

6
6

4
 

2
7

.0
6

3
9

 
24

.7
61

3 
2

2
.4

5
8

7
 

20
.1

56
1 

17
.8

53
5 

15
.5

50
9 

13
.2

48
3 

10
.9

45
8 

8.
64

33
 

6
.3

4
1

6
 

4
.0

4
7

9
 

1.
83

20
 

0.
22

31
 

0
.0

0
0

0
0

4
6

3
7

 

S
o

u
rc

e.
 F

er
ri

s 
et

 a
I.

, 
19

62
. 



HYDROLOGY 149 

Example 3-13. If the storage coefficient is 2.74 X 10-4 a~d the transmissivity is 2.63 
X 10-3 m2/s, calculate the drawdown that will result at the end of 100 days of pump
ing a 0.61-m-diameter well at a rate of 2.21 X 10-2 m3/s. 

Solution. Begin by computing u. The radius is 

0.61 m 
r = 2 = 0.305 m 

and 

(0.305 m)2(2.74 X 10-4
) 10 

u = = 2.80 X 10
4(2.63 X 10-3 m2/s)(l00 d)(86,400 sid) 

The factor of 86,400 is to convert days to seconds. 
From the table of W(u) versus u find that at 2.8 X 10-10

, W(u) = 21.4190. 
Compute s: 

2.21 X 10-2 m3/s 
s = (21.4190)

4(3.14)2.63 X 10-3 m3/s 

= 14.33 or 14 m 

Unsteady Flow in an Unconfined Aquifer. There is no exact solution to the transient
flow problem for unconfined aquifers because T changes with time and r as the 
water table is lowered. Furthermore, vertical-flow components near the well 
invalidate the assumption of radial flow that is required to obtain an analytical 
solution:lfthellhconfined aquifer is very deep in comparison to the drawdown, 
the tr.ansient:"f1 oW solution fOra confined aquifer may be used for an approxi
mate"som~ion.ln generaI,however, numerical methods yield more satisfactory 
soilltlb'rts;"" . 

I)etermining the Hydraulic Properties of a Confined Aquifer. The estimation of 
the transmissivity and storage coefficient of an aquifer is based on the results of a 
puIUpingtest.The preferred situation is one in which one or more observation wells 10
catedat a distance from the pumping well are used to gather the data. 

The transmissivity may be determined in the steady-state condition by using 
Equation 3-29. If we define drawdown as s H - h, then the rearrangement of Equa
tion 3-29 yields 

Qln(r2lrd 
T (3-33) 

21T(Sl - S2) 

whereSI drawdown at radius rl, m 
S2 drawdown at radius m 

In the transient state we cannot solve for T and 5 directly. We have selected the 
Cooper and Jacob method from the several indirect methods that are available (Cooper 
and Jacob, 1946). For values of u than 0.01, they found that Equation 3-31 could 

http:mate"som~ion.ln
http:4(3.14)2.63
http:m)2(2.74
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FIGURE 3·32 
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be rewritten as follows: 

s = Q In 2.25Tt (3-34)
47fT r2S 

Asemilogarithmicplot of s versus t (log scale) from the results of a pumping test 
(Figure3-32)enablesadirectcalculation of T from the slope of the line. From Equa
tion 3-34~thedifference in drawdown at two points in time may be shown to be 

Q t2 
S2 - Sl = --In- (3-35)

47fT t1 

Q t2 
T = In- (3-36)

47f(S2 - SI) t! 

Cooper and Jacob showed that an extrapolation of the straight-line portion of the plot 
to the point where s = 0 yields a "virtual" (imaginary) starting time (to). At this virtual 
time, Equation 3-34 may be solved for the storage coefficient, S, as follows: 

2.25Tto 
S (3-37) 

The calculus implies that the distance to the observation well (r) may be as little as 
the radius of the pumping well itself. This means that drawdown measured in the 
pumping well may be used as a source of data. 
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Example 3-14. Determine the transmissivity and storage coefficient for the Watapi
tae Wells based on the pumping test data plotted in Figure 3-32. 

Solution. Using Figure 3-32 we find s[ = 0.49 mat t[ = 1.0 min and at t2 = 10.0 
min we find S2 = 1.43 m. Thus, 

2.21 X 10-2 10.0 
T= In

4(3.14)(1.43 - 0.49) 1.0 

= (1.87 X 10-3)(2.30) = 4.31 X 10-3 m2/s 

From Figure 3-32 we find that the extrapolation of the straight portion of the graph 
yields to = 0.30 min. Using the distance between the pumping well and the observa
tion (r = 68.58 m) we find 

(2.25)(4.31 X 1O-3)(0.30){60)s =-------------------
(68.58)2 

== 3.7 X 10-5 

The factor of 60 is to convert minutes into seconds. Now we should check to see if our 
implicit assumption that II is less than 0.01 was tme. We use t = 10.0 min for the check. 

(68.58)2(3.7 X 10-5) 
II = = 0.017 

4(4.31 X 10- 3)(10.0)(60) 

This is a bit high. However, it is obvious that at 100 minutes it would be acceptable. 
Because the slope does not change, we will take this as a reasonable solution. 

Determining the Hydraulic Properties of an Unconfined Aquifer. Transmissivity 
may be determined under steady-state conditions in a fashion similar to that for con
fined. aquifers using Equation 3-33. 

Providfng that the basic assumptions can be met, the transient-state equations for a 
confined aquifer may be applied to an unconfined aquifer. Because the unconfined layer 
often does not release water immediately after a drop in the piezometric surface, the 
transient equations often are not valid. Thus, great care should be taken in using them. 

Pumping Test Results from Nonhomogeneous Aquifers. Of course, our assump
tion that an aquifer is homogeneous seldom applies in real life. Under a few circum
stances the inhomogeneities even out to yield average aquifer parameters. Under many 
other circumstances more complex techniques are required. 

Two special cases of inhomogeneity are of particular interest. The first case is 
where the cone of depression intercepts a barrier. This is shown in Figure 3-33. The net 
result is that a greater pumping lift is required to achieve the same well yield as would 
have been obtained if the barrier had not existed. 

The second case is where the cone of depression intersects arecharge area (Figure 3-34) 
such as a lake, stream, or underground stream. The net result is to reduce the lift required to 
maintain the desired yield of the well. Of course, iUs possible to dry up the lake or stream 
if the pumping rate is large enough. This is shown by the increase i~ slope after the plateau. 

http:2.25)(4.31
http:10-3)(2.30
http:4(3.14)(1.43
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FIGURE 3-33 
Pumping test curve showing effect of barrier at day 50. 
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FIGURE 3·34 
Pumping test curve showing effect of recharge fnim day 50 to day 150. 
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Calculating Interference. As we mentioned earlier, the cones ofdepression of wells 
located close together will overlap; this interference will reduce the potential 'yield of 
both wells. In severe circumstances, well interference can cause drawdowns that leave 
shallow wells dry. 

A solution to the well interference problem can be achieved by the method of su
perposition. This method assumes that the drawdown at a particular location is equal 
to the sum of the drawdowns from all of the influencing wells. Mathematically,this can 
be represented as follows: 

n 

(3-38) 

where Si individual drawdown caused by well i at location r. 

Example 3-15. Three wells are located at 75-m intervals along a straight line. Each 
well is 0.50 min diameter. The coefficient of transmissivity is 2.63 X 10-3 m2/s and 
the storage coefficient is 2.74 X 10-4

. Determine the drawdown at each well if each 
well is pumped at 4.42 X 10-2 m3/s for 10 days. 

Solution. The drawdown at each well wi II be the sum of the drawdown of each well 
pumping by itself plus the interference from each of the other two wells. Because 
each well is the same diameter and pumps at the same rate, we may compute one 
value of the term Q/(41TT) and apply it to each well. 

Q 4.42 X I 
3 == 1.34

41TT 4(3.14)(2.63 X 10- ) 

Irtaddition, because each well. is identical, the individual drawdowns of the wells 
pumIllngbytbemselveswill beequal.Thus, we may compute one value of u and ap~ 
ply ittoeach,well. 

X 10-4) 

, = 1.88 X 10-9 

X 10-'»(10)(86;400) 

Using u = 1.9 X 10-9 and referring to Table 3-6 we find W(u) 19.5042. The 
drawdownof each individual well is then 

S (.134)(19.5042) 26.14 m 

Before we begin calculating interference, we should label the wells so that we 
can keep track of them. Let us call the two outside wells A and C and the inside well 
B. Let us now calculate interference of well A on well B, that is, the increase in draw
down at well B as a result of pumping well A. Because we have pumped only for ten 
days, we must use the transient-flow equations and calculate u at 75 m. 

(75)2(2.74 X 10- 4
) 4 

U75 = 1.70 X 10
4(2.63 >< 10-3)(10)(86,400) 

From Table 3-6, W(u) 8.1027. The interference of well A on B is then 

SA on B = (1.34)(8.1027) = 10.86 m 

http:75)2(2.74
http:4(3.14)(2.63
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Piezometric Surface 

Before Pumping Begins 


Well A Well B Well C 

s = 10.86 SA on C = 9.00 

S8 on A 

- -~:::~ 
10.86.-----..:: -- -- .-

-
-------- - - - -- ,...,.. - -, ............... 

S8 on C = 10.86 

s = 26.14 
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of Individual S == 26.14 

Well Pumping 
by Itself 

SA == 46.00 Sc == 46.00 
Sa == 47.86 
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with All Wells 

Pumping 

..-: Depth of Well 25011~ Depth of Wel'l / '== 100.0 m 
== 87.5 III 

25 m 
I..... II> 

FIGURE 3-35 

Interference drawdown of three wells. 


In a similar fashion we calculate the interference of well A on well C. 

[(ISO = (150)2(3.0145 X 10-8
) := 6.78 X 10-4 

and W(u) = 6.7169 

SAon (1.34)(6.7169) = 9.00 m 

Since our well arrangement is symmetrical, the following equalities may be used: 

SAonB = Ss on A = SB on C Sc on B 

SAonC = SConA 

The total drawdown at each well is computed as follows: 

S SBonA +SConA 

SA = 26.14 + 10.86 + 9.00 = 46.00 m 

SB = S + SA on B + Sc on B 

SB = 26.14 + 10.86 + 10.86= 47.86 m 

Sc = SA = 46.00m 

Drawdowns are measured from the undisturbed piezometric surface. Note that if the 
wells are pumped at different rates, the symmetry would be destroyed and the val ue 
Qf(41TT) would have to be calculated separately for each case. Likewise, if the dis
tances were not symmetric, then separate u values would be required. The results of 
these calculations have been plotted in Figure 3-35. 
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Groundwater Contamination 
The well hydraulics equations may be used to design purge or extraction wells to re
move contaminated groundwater. The lowering of the piezometric surface will cause 
contaminants to flow to the well where they may be removed to the surface for treat
ment. In some cases, a well field may be required to intercept the contaminant 
plume. In these cases, the well interference effects may be put to good use in de
signing the distribution of the wells. The use of extraction wells is discussed in 
Chapter 10. 

3-6 WASTE MINIMIZATION FOR SUSTAINABILITY 

"Water: too much, too little, too dirty." (Loucks et at., 1981) These are the conditions 
that prompt water resource management. Often the incentive for increased control fol
lows a major disaster, namely flood, drought, fish kill, or epidemic. Historically, solu
tions.to waterresource problems in general, and water supply in particular, have been 
structural in nature. Building reservoirs, dredging channels, and driving new and 
deeper wells are traditional ways that civil engineers have solved these problems. Mod
ernwaterresourcemanagement also considers nonstructural means to achieve water 
resource. goals. 

A key nonstructural means to achieve water resource goals is to minimize the 
useof water. Water that is not used has reduced potential for being contaminated or 
lost through evaporation/transpiration. In addition to conserving water, a reduced 
municipalwaterdemand reduces the cost of water supply works, water treatment 
andidistribution, and wastewater collection and disposal facilities. Many examples 
ca~.qesit~~wheresi~pI~changesin habits can reduce water consumption and, in 
tur~,p?lNtion?fn~t~ralW(lters.For·example,.·washingof streets with high-pressure 
h()§esc~n;lJer~gl~c~d\¥itbwetsweeping, and spray irrigation can be replaced with 
trit~l~ipri atiofl.[:he installati0tl0fwater meters in Boulder, Colorado, reduced the 

.....·....•~~~~~r~<..dtr~~rydtror;r802Lpcdto 635 Lpcd(Hanke, 1970). The use of water
~) sayi~W';~yyicessuchashigh:-pIessurej low-volume shower heads and low-volume 

flush toilets can reduce per capita household demand by as much as 16 percent 
..• (Flack;1980): 

CHAPTER REVIEW 

When you have completed studying this chapter you should be able to do the following 
without the aid of your textbooks or notes: 

Sketch and explain the hydrologic cycle, labeling the parts as in 
Figure3-1. 

Listan.d explainthe four factors that reduce the amount of direct runoff. 

Explain the difference between streamtlow that results from direct runoff 
and that which results from baseflow. 

http:tions.to
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4. 	 Define evaporation, transpiration, runoff, baseflow, watersh~d, basin, and 
divide. 

5. 	 Sketch the groundwater hydrologic system, labeling the parts as in 
Figure 3-3. 

6. 	 Explain why water in an artesian aquifer is under pressure and why water 
may rise above the surface in some instances and not others. 

7. 	 Explain why infiltration rates decrease with time. 

8. 	 Explain return period or recurrence interval in terms of probability that an 
event will take place. 

9. 	Define the rational formula and identify the units as used in this text. 

10. 	Explain why the rational method may yield inadequate results when applied 
by inexperienced engineers, while experienced engineers may get adequate 
results. 

11. 	Explain what a unit hydrograph is. 

12. 	Explain the purpose of the unit hydrograph and explain how it might be ap
plied in the analysis of a storm sewer design or a stream flood-control project. 

13. 	 Using a sketch, show how the groundwater contribution to a hydrograph is 
identified. 

14. 	Define time of concentration and explain how it is used in conjunction with 
the. rational method. 

15. Sketchasubsurface.crosscsection from the results of a well boring log and 
identify pertinent hydrogeologic features. 

16. SketCha:welland label themajor sanitary protection features according to 
thistext.····· 

1.7. 	Sketch apiezometric profile for a single well pumping at a high rate, and 
sketch a profile for the same well pumping at a low rate. 

18. 	 Sketch a piezometric profile for two or more wells located close enough 
together to interfere with one another. 

19. 	 Sketch a well-pumping test curve which shows (a) the interception of a 
barrier, and (b) the interception of a recharge area. 

20. 	 Give two examples of methods to minimize water use. 

With the use of this text you should be able to do the following: 

1. 	 Compute mass balances for open and closed hydrologic systems. 

2. 	 Compute infiltration rates by Horton's method and estimate the volume of 
infiltration. 
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3. Estimate the volume of water loss through transpiration given the air and 
water temperature, wind speed, and relative humidity. 

4. 	 Use Horton's equation and/or some form of Dalton's equation to solve 

complex mass balance problems. 


5. 	 Construct anintensit~-duration-frequency curve from a compilation of 

intense rainfall occurrences. 


6. 	 Construct a unit hydrograph for a given stream-gaging station if you are 

provided with a rainfall and total flow at the gaging station. 


7. 	 Apply a given unit hydrograph to construct a compound hydrograph if you 
are provided with an observed rainfall and an estimate of the rainfall losses 
dueto infiltration and evaporation. 

S. 	 Determine thepea.k flow (Q in the rational formula) and time of arrival (tc) 
resulting from arainfaU ofspecified intensity and duration in aweU~defined 
watershed; 

9,' .UsiI1gther:rtass balance.meth6d, determine the volume of a reservoir or 

retention basin fora given demand or flood control given appropriate 

discharge data. 


10. 	Calculatethedrawdown ala pumped well or observation well if you are 
given the proper input data. 

11. 	 Ca1culatethe transmissivity and storage coefficient for an aquifer if you are 
prqvided:withthe resultsofa pumping test. 

or more wells. 

Assuming thatthe lake shore 
the distance the lake elevation drops during the 

month of August. What distance will the shoreline recede if the lake 
shore slope is 50? 

Answers:Verticaldrop= 211.11 or 210 mm or 21 cm 

Contraction 2,422 or 2,400 mm or 240 cm or 2.4 m 

LakeI(ickapo~'TX,isapproximately 12 km in length by 2.5 km in width. 
The inflow for the month ofMarch is 3.26 m3/s and the outflow is 2.93 m3/s . 
.The total monthly precipitation is 15.2 em and the evaporation is 10.2 cm. 
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The seepage is estimated to be 2.5 cm. Estimate the change in storage (in 
m3) during the month of March. 	 .. . -

3-3. 	 A 4,000-km2 watershed receives 102 cm of precipitation in one year. 
The average flow of the river draining the watershed is 34.2 m3/s. Infil
tration is estimated to be 5.5 X 10-7 cmls and evapotranspiration is es
timated to be 40 cm/y. Determine the change in storage in the watershed 
over one year. The ratio of runoff to precipitation (both in em) is 
termed the runoff coefficient. Compute the runoff coefficient for this 
watershed. 

3-4. 	 Using the values of!o,!c, and k for a Fuquay pebbly loamy sand (see Sec
tion 3-1), find the infiltration rate at times of 12, 30, 60, and 120 minutes. 
Compute the total volume of infiltration over 120 minutes. 

3-5. 	 Infiltration data from an experiment yield an initial infiltration rate of 4.70 
cm/h and a final equilibrium infiltration rate of 0.70 cm/h after 60 minutes 
of steady precipitation. The value of kwas estimaJed to be 0.1085 h - I . 

Determine the total volume of infiltration for the following storm sequence: 
30 mm/h for 30 minutes, 53 mm/h for 30 minutes, 23 mm/h for 
30 minutes. 

3-6. 	 Using the empirical equation developed for Lake Hefner, estimate the 
evaporation from a lake on a day that the air temperature is 30°C, the wa
ter temperature is 15°C, the wind speed is 9 mis, and the relative humidity 
is 30 percent. 

Answer: 4.7Jor 4.7mmJd 

Using the empirical equation developed for Lake Hefner, estimate the 
evaporation from a lake on a day that the air temperature is 40°C, the wa
tertemperatu~eis25°C,the wind speed is 2.0 mIs, and the relative humid
ityis5 percent 

The Dalton-type evaporation equation implies that there is a limiting rela
tivehuinidityabove which evaporation will be nil regardless of the wind 
sp~ed .. UsingtheLake Hefner empirical equation, estimate the relative hu
midityat which evaporation will be nil if the water temperature is 10°C 
and the air temperature is 25°C. 

3-9. 	 Prepare an IDF curve for a 2-year storm at Dismal Swamp using the 
data in Table 3-2. Hint: Curve should intersect 98.7 mm/h at 15 minutes 
duration. 

3-10. 	Prepare an IDF curve for a lO-year storm at Dismal Swamp using the data 
inTable 3-2. 

3-11. 	Prepare an intensity-duration-frequency curve for a 5-year storm with the 
data shown in the following table. 
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Annual maximum intensity (mmlh) 

30-minute 60-minute 90-minute 120-minute 
Year duration duration duration duration 

1960 122.3 100.3 81.1 55.3 

1961 104.6 82.9 64.5 39.7 

1962 81.0 60.8 41.5 16.5 

1963 145.1 123.7 104.7 81.7 

1964 83.0 61.5 40.7 16.0 

1965 70.1 51.1 30.1 11.3 

1966 94.7 71.0 51.7 26.7 

1967 63.7 41.5 21.8 10.1 

1968 57.9 35.7 17.1 9.7 

1969 71.5 50.0 31.3 15.9 _ 

Hint: Curve should intersect 96.8 mm/h at 60 minutes duration. 

3-12. 	Prepare an intensity-duration-frequency curve for a 2-year storm with the 
data from Problem 3-11. 

3-13. 	A large shopping mall parking lot may be arranged in either of the two con
figurations shown in Figure P-3-13. The drain commissioner prefers the 
longest time of concentration to allow for the passage of other peak flows in 
the drain. Using the highest runoff coefficient for a')pha1tic pavement, estimate 
thetirne~fconcentrati9nfor each configuration and recommend the one to 
submitto the drain commissioner. Note: area of (a) is same as area of (b). 

S 6.00% 


(a) 

FIGURE P-3-13 

Alternative parkihg lot configurations. 


3-14. 	Mechanicsville has obtained a grant under the Federal Program for Urban 
DevelopmentofGreenspace and the Environment to build a condominium 
complex for the retired. The total land set aside is 74,010 m2

• Of this area 
15,831 m2 will be used for Swiss chalet condominiums with slate roofs. 
Public streets and drives will occupy 18,886 m2

• The remainder will be 
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lawns. The area is flat and'has a sandy soiL 'Using the mo~t conservative 
estimates of C, find the peak discharge from the.development for a 2-year 
storm. Assume an overland flow distance of 272 m and use the IDF curves 
given in Figure P-3-14. 

Answer: Q = 0.6097 or 0.61 m3/s 
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FIGUREP-J-14 

3-15. 	Repeat Problem 3-14 using the IDF curves for Miami, FL, shown in 
Figure 3-l Oc. 

3-16.Paul~~everehasproposed that a Little League baseball park be built near 
Boxborough, MA. A site on a 9.94-ha pasture has been selected. Drainage 
from the pasture passes through a culvert under Route 62. The capacity of 
the culvert is not known. The highway department uses a 5-year return pe
riod for design of culverts for this type of road. From the topographic data 
of the site, the overland flow distance is estimated to be 450 m, the slope of 
the pasture is estimated to be 2.00 percent, and the runoff coefficient is esti
mated to be 0.20. Using the IDF curves for Boston, MA (Figure 3-1 Oa), 
estimate the peak flow capacity of the existing culvert in m3Is. 

Answer: Q 0.2115 or 0.21 m3/s 

3-17. The proposed parking lot for Paula's baseball park (Problem 3-16) will 
occupy 2.64 ha of the site. It will be graded to a slope of 1.80 percent. 
The overland flow distance will be 200.0 m and the runoff coefficient is 
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estimated to be 0.70. Ignoring the runofffromt~e pasture, determine 
whether the existing culvert has the capacity to carry the peak flow from 
the parking lot from a storm with a 5-year return period. Use the IDF 
curves for Boston, MA (Figure 3-lOa). 

3-18. 	A storm sewer is to be designed for a parking lot in Holland, MI, that has 
an area of 4.8 ha. The parking lot slope will be 1.00 percent and the esti
mated runoff coefficient is 0.85. The overland flow distance is 219_.0 m. 
Using the rational method, estimate the peak discharge from the parking 
lot for a 5-year storm. The IDF curve for a 5-year storm at Holland, MI, 
can be described by the following equation: 

1,193.80 

where i =: intensity, mm/h, and tc = time of concentration, min. 

3-19. 	John Snow is planning to build a shopping mall and parking lot on the 
north side of Hindry Road as shown in Figure P-3-19. The existing cculvert 
near the southwest corner of the proposed parking lot was designed for a 
5-yearstorm. Determine the frequency that the capacity of the culvert will 
be exceeded if it is not enlarged when the mall is constructed. Also deter
mine the peak discharge that must he handled if the design criteria are 
changed to specify a 10-year storm. Use the IDF curves in Figure P -3-14. 

Answers: Qdesicrn = 0.74 m3/s; I that will cause flood 37.7 mm/h; 
freq;ency of flooding ~ 4 times/y; Ql0y 2.0 m3/s 

N 

1 

Culvert No. 280 

FIGURE P-3-19 

Sketch of proposed shopping mall site. 


http:1,193.80
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3-20. 	Dr. William Gorgas is·p.1.anning to build a Clinic on the east side of Okemos 
Road as shown in Figure P-3-20. The existing culvert (no. 481) was de
signed for a 5-year storm. Determine if the'capacity of the culvert will be . 
exceeded if it is not enlarged when the clinic is built. Also determine the 
peak discharge that mustbe handled if the design criteria are changed to 
specify a lO-year storm. Use the IDF curves in Figure P-3-14. 

Pasture 
A 12.65 ha 
C=0.16 

D= 177.83 m 

Slope =1.70% 


Proposed clinic 
A=3.16 ha 
C=0.70 

Watershed for 

Culvert No. 

Upncomin, MI 
Approved: 
J. R. injuneer 313197 

FIGURE P-3-20 

Sketch of proposed clinic site. 


3-21. 	Two adjacent parcels of land adjoin each other as shown in Figure P -3-2l. 
Assume that the speed of the water moving to the east along the drainage 
ditch from point P is 0.60 mls. Determine the peak runoff from a 5-year 
storm that must be carried by the drainage ditch using the IDF curves for 
Seattle, WA (Figure 3-lOd). The repetitive calculations required in this 
problem make it a good candidate for a spreadsheet solution. 

Answer: Q 0.11 m3/s 
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FIGURE P-3-21 

Drainage from two adjacent parcels. 


3-22. 	A parking lot is configured in three sections as shown in Figure P-3-22. 
There are storm water inlet manholes for each section. Storm water flows 
in.thestorm sewerfromeast to west. The storm water moves at a speed of 
0.90 m/s once it reaches the storm sewer. Determine the peak runoff from 
a 5-year storm that must be carried by the storm sewer carrying storm 
water away from manhole no. 3. Use the IDF curves for Miami, FL 
(Figure 3-1 Oc). The repetitive calculations required in this problem 
make it a good candidate for a spreadsheet solution. 

A 6.0ha 
C=0.90 
S 1.80% 

1 
N 

FIGUREP-3-22 

Storm sewer capacity for three part parking lot. 


3-23. 	Determine the unit hydrograph ordinates for the Isosceles River with the 
streamJlowdata shown in Figure P-3-23 on page 164. The basin area is 
'14.40 km2

, and.the unit duration of the storm is 1 hour. For ease of compu
tation, .locate ordinates at hourly intervals, that is, 1500, 1600, and 1700 hours. 
Notethat the time is military time; that is, 1500 h = 3 P\1, 2000 h = 8 PM, 
etc. 
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FIGURE P-3-23 
Storm hydrograph for Isosceles River. 

3-24. 	Determine the unit hydrograph ordinates for the Convex River flow data 
shown below. For ease of computation the total ordinates are tabulated be
low the hydrograph. Note that the base flow may be determined by simple 
graphical extrapolation. The area of the watershed is 100 ha. Note that the 
time is military time, that is, 1500 h = 3 PM, 2000 h = 8 PM, etc. 

4.0 

3.0 

'" ~ 
i
&: 2.0 

1.0 

2000 2100 2200 2300 0000 0 100 0200 0300 

Time,h 

FIGURE P-3-24 
Storm hydrograph for the Convex River. 

Time (h) Total stream flow (m3/s) 

2100 	 3.0 

2200 	 3.8 

2300 	 4.0 

0000 	 3.8 

0100 	 3.0 
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3·25. 	Determine the unit hydrograph ordinates for the Verde River with the 
stream flow data shown in the table below that resulted from a 5-hour 
storm of uniform intensity. The basin area is 64.0 km2

. 

Time (h) Flow (m3/s) Time (h) Flow (m3/s) Time (h) Flow (m3/s) 

0 0.55 35 5.77 65 1.64 

5 0.50 40 5.02 70 1.10 

10 0.45 45 4.29 75 0.79 

15 1.98 50 3.50 80 0.47 

20 4.82 55 2.72 85 0.25 

25 6.24 60 2.19 90 0.25 

30 6.86 

Answer: The plotting points of the ordinates are at midpoints of the 
time intervals, i.e., 2.5 h, 7.5 h, 15.0 h, 25 h, 35 h, 45 h, 55 h, 65 h. 
The UH ordinates in m3/s . cm are 0.51,2.544,4.95,4.55,3.29, 
1.98, 1.07,0.42. 

3-26. 	Determine the unithydrograph ordinates for the Crimson River with the 
stream flow data shown in the table below. The basin area is 626.0 km2

. 

The unit duration of the storm was five hours. 

Time (h) Flow (m3/s) Time (h) Flow (m3/s) Time (h) Flow (m3/s) 

0 1.60 35 21.55 70 5.15 

5 1.73 40 18013 75 3.46 

10 	 1.57 45 15.77 80 2.48 

1.41 	 50 13.48 85 1.48 

55 11.03 90 0.79 

60 8.55 95 0)7 

65 6.88 100 0.77 

3-27. Applytheunithydrograph distribution shown below to the following 
observed:rainfaILCompute·the·compound runoff. 

Day 	 UH ord. (m3/s' em) 

1 	 0.12 
2 	 0.75 

3 	 0.13 

Day 	 Rain (em) Abstractions (em) 

1 0.50 	 0.20 

2 0.30 	 0.10 

3 0.0 	 0.0 

http:1.07,0.42
http:0.51,2.544,4.95,4.55,3.29
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3-28. 	Using the unit hydrograph for the Isosceles River developed in Problem 
3-23, determine the stream flow hydrograph resulting frorrlthe storm shown 
in Figure P-3-2S. Note that the time is military time; that is, 1500 h = 3 PM, 
2000 h = 8 PM, etc. 

..c- 0.20 
8 
() 

'~ 0.15 
'" t) 
() 

x 
U.l O.lO 

:E 
c: 0.05 

';;j 
0:: 

2 3 4 

Time.h 

FIGURE P-3-28 
Plot of rainfall on the Isosceles River watershed. 

3-29. 	Using the unit hydrograph developed for the Verde River in Problem 3-25, 
determine the stream flow hydrograph resulting from the storm shown in 
Figure P-3-29 below. 

1500 2000 0000 0500 1000 

Time.h 

FIGURE P-3-29 
PlotofrairifaU ontheVerde River watershed. 

3-30. 	Using the unit hydrograph developed for the Crimson River in Problem 
3-26, determin~thestream flow hydrograph resulting from the storm 
shown in f'igureP-3-30 below. 

06001700 2200 0000 

Time.h 

FIGURE P-3-30 
Plot of rainfall on the Crimson River watershed. 
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3-31. 	A reservoir has been built to supply water dutif!g droughts. The design 
3volume is 7.00 X 106 m . Ifthe average flow into the reservoir is 3:2'm3/s 

and the DNR requires that the discharge from the reservoir be at least 2.0 
m3/s, how many days will it take to achieve the design volume? 

3-32. 	The Town of Woebegone has requested that you estimate the size of water 
tower (volume in liters) it should provide, on the basis of the following 
estimate of their demand and the fact that the town have a well that pumps 
36 Lis. 

Time (Lis) 

Midnight-6 AM 0.0 

6 AM-noon 54.0 

Noon-6PM 54.0 

6 PM-midnight 36.0 

, 	 , 

3-33. 	The demand for a water supply from the Clear Fork Trinity River is 
0.35 m3/s. Construct a mass balance for the period from July 1, 1951, 
through May 31, 1952, and determine the storage required (in m3

) to meet 
this demand. Data are given in the table on page 168. Assume that the 
reservoir is full at the beginning of the analysis period and that flows 
greater than the demand are discharged downstream after the reservoir is 
filled. Is the reservoir full at the end of May 1952? Use a spreadsheet pro
gramyou have written to solve this problem. 

Answer:¥= 4,838,832 or 4.8 X 106 m3
; the reservoir is full at the 

end ofMay 1952. 

3.;34.Constructal11:1ssbalancefor the Squannacook River to determine the stor
>~ag~~(irrcubic.meters) required to meet a demand of 1.76 m3/s for the pe

<:~-l=i6clfrom}?nuaryl, 1964 through December 31, 1967. Data are given in 
thetable,<mpage 169. Assume that the reservoir is full at the beginning of 
the analysis period and that flows greater than the demand are discharged 
downstreamafter the reservoir is filled. Is the reservoir full at the end of 
December 1967? Use a spreadsheet program you have written to solve this 
problem. 

3-35. 	The demand for a water supply from the Hoko River is 0.325 m3/s. If the 
Department of Environmental Quality limits the withdrawal to 10 percent 
of the flow, what size reservoir (in cubic meters) is required to provide the 
required flow during the drought that occurs between May I and Novem
ber 30, 1972? Data are given in the table on page 170. Assume that the 
reservoir is full at the beginning of the analysis period and that flows 
greaterthan the demand are discharged downstream after the reservoir is 
filled. Is the reservoir full at the end of November 1972? Work this prob
lem by the mass balance method, using a spreadsheet program you have 
written. 
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HYDROLOGY 171 

3-36. A coworker has been working on the design of a retention pond for the Bar 
Nunn MalL Your boss has just informed you that your coworker has.come 
down with chicken pox and you must finish the calculations to determine 
the volume of the retention basin. Your boss gives you the work shown be
low. Determine the volume of the retention basin in cubic meters. Note: 
each interval is I-hour long. Use a spreadsheet program you have written 
to solve this problem. 

Interval 
Inflow 
(Lis) 

Volume in 
(m3

) 

Outflow 
(Lis) 

Volume out 
(m3

) 

10.0 36.0 10.0 36.0 

2 20.0 72.0 10.0 36.0 

3 30.0 10.0 

4 20.0 10.0 

5 15.0 10.0 

6 5.0 

3-37. 	The Menominee River floods when the flow rate is greater than 100 m3/s. 
Using the data on page 172, determine the storage required (in cubic meters) 
to prevent a flood during the period from January 1, 1959, through De
cember 31, 1960. Assume the reservoir is empty at the start of the analysis 
period. Also assume that, after the reservoir is full, the now out of the 
reservoir is at a rate equal to Qout until the reservoir is empty. Is the reser
voir empty at the end of December 1960? Use a spreadsheet program you 
havewritteI1 to solve this problem. 

109 	 3A.nswer:¥ 1,226,525,760 or 1.23 X m ; the reservoir is not 
empty. 

3-38~'The Spokane River.i10ods whenthe flow rate is greater than 250.0 m3/s . 
. Using the dataiI1 the table on page 173, determine the storage required 

(in. cubic meters) to prevent a flood during the period from January 1, 
1957, throughDecember 31, 1958. Assume the reservoir is empty at the 
start of the analysis period. Also assume that, after the reservoir is full, the 
flow outof thereservoir is at a rate equal to Qout until the reservoir is 
empty. Is the reservoir empty at the end of December 1958? Use a spread
sheet program you have written to solve this problem. 

3-39. The Rappahannock River floods if the flow rate exceeds 5.80 m3/s. Using 
the data in the table on page 174, determine the storage required (in cubic 
meters) to prevent a flood during the period from January 1, 1960, through 
December 31,1962. Assume the reservoir is empty at the start of the analy
sis period. Also assume that, after the reservoir is full, the flow out of the 
reservoir is at a rate equal to Qout until the reservoir is empty. Is the reser
voir empty at the end of December 1962? Use a spreadsheet program you 
have written to solve this problem. 
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3·40. 	Four monitoring wells have been placed around a leaking underground 
storage tank. The wells are located at the corners of a 100-ha square. The 
total piezometric head in each of the wells is as follows: NE comer, 30.0 m; 
SE corner, 30.0 m; SW corner, 30.6 m: NW corner 30.6 m. Determine the 
magnitude and direction of the hydraulic gradient. 

Answer: Hydr~ulic gradient = 6.0 X 10-4
; direction = west to east 

3-41. 	After a long wet spell, the water levels in the wells described in Problem 
3-40 were measured and found to be the following distances from the 
ground surface: NE corner, 3.0 m; SE corner, 3.0 m; SW corner, 3.6 m; 
NW corner, 3.4 m. Assume that the ground surface is at the same elevation 
for each of the wells. Determine the magnitude and direction of the hy
draulic gradient. 

3-42. Inpreparation for a groundwater modeling study of the movement of a 
plume of contamination, three wells were instruled to determine the hy
draulic gradienLThree wells were installed in a rectangular grid at the fol
lowing locations: well A at x= 0.0 mandy = O.Om; well B at x = 280 m 
and y = 0.0 m; well C at x = 0.0 mand y = 500 m. The ground surface el
evation for each well is at 186.66 mabove mean sea leveL The depth to the 
groundwater table in each well is as follows: well A = 5.85 m; well B = 
5.63 m; well C = 5.52 m. Determine the magnitude and direction of the 
hydraulic gradient. 

3-43. 	A gravelly sand has a hydraulic conductivity of 6.9 X 10-4 mis, a hydraulic 
gradient of 0.00141, and a porosity of 20 perceht. Determine the Darcy 
velocity and the average linear velocity. 

Answq:v =.·9.73 X 10-7 mls;v'= 4.86 X 10-6 mls 

a-44.;~;fil1esand·hasa.hyd~aulicc()nducti"ityof3.5 X 10-5 mis, a hydraulic 
,. . .:jS(flgient()fO.OQ141,anda.porosityof45 percent. Determine the Darcy ve

locity and the average linear velocity. 

Tl1~r~~mtsofatra~erstlldyatabeach yielded an estimated average linear 
ve10cityof the groundwater of 0.60 mid. Laboratory studies were used 
todetermine~porosity of30percent and a hydraulic conductivity of 
4}5.~.J.O~4mlsforthesand.Estimate the Darcy velocity (in m/s) and 
hydraulic gradient of the groundwater. 

3-46. 	Two piezometers have been placed along the direction of flow in a con
fined aquifer that is 30.0 m thick. The piezometers are 280 m apart. The 
difference in piezometric head between the two is 1.4 m. The aquifer hy
draulicconductivity is 50 mid and the porosity is 20 percent. Estimate the 
travel time for water to flow between the two piezometers. 

a..47.AJully-penetratingwell ina 28.0mthick artesian aquifer pumps at a rate 
of0.00380 m3/s for 1,941 days and causes adrawdown of 64.05 m at an 
observation well 48.00 m from the pumping well. How much drawdown 
will occur at an observation well 68.00 maway? The original piezometric 
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surface was 94.05 mabove the bottom confming layer. The aql:lifer material 
is sandstone. Report your answer to two decimal places:' 

Answer: Sz = 51.08 m 

3-48. 	If a fully penetrating well in a 99.99 m thick artesian aquifer pumping at a 
rate of 0.0020 m3/s for 1,812 days causes a drawdown of 12.73 mat an ob
servation well 280.00 mfrom the pumping well, how much drawdown will 
occur at an observation well 1,492.0 m away? The original piezometric 
surface was 170.89 mabove the bottom confining layer. The aquifer mate
rial is sandstone. Report your answer to two decimal places. 

3-49. A 42.43 m thick fractured rock artesian aquifer supplies water to a fully 
penetrating welL Before pumping began, the piezometric surface in the 
pumping well was observed to be 70.89 m above the bottom confining 
layer. The pumping rate of the well is 0.0255 m3/s. After 1,776 days of 
pumping an observation well is drilled 272.70m from the pumping well. 
The drawdown in this well was observed to be 5.04 m. Estimate the draw

. downata. distance of 64.28 mfrom the pumping; welL 

3-50. 	A long-term pumping test was conducted to determine the hydraulic con
ductivity of a 82.0 m thick confined aquifer. The nonpumping piezommet
ric surface was 109.5 mabove the confining layer. The pumping rate was 
0.0280 m3/s. The steady-state drawdown at an observation well 41.0 m 
away from the pumping well was 3.55 m. The drawdown at an observation 
well 63.5 m away from the pumping well was 1.35 m. Determine the hy
draulic conductivity to three significant figures. 

3-51. 	It is undesirable to lower the piezometric surface of a confined aquifer be
lowtheaquiclude because this will destroy the stl1lctural integrity of the 
aq~iferformati9n.Determinethemaximum rate of pumpingthat would be 
permi~siblef9rthecasedescribedin Example 3-11 if the following condi
tions.• prer~il.: 
1. 	 The observationwell at200.0m maintained the same drawdown. 

2. 	 Another observation well 2.0m from the pumped well was used to 
observeloweringofthe piezometric surface to the bottom of the 
aqlliclude. 

Report your answer to two decimal places. 

3-52. 	An artesian aquifer 5.0 mthick with a piezometric surface 65.0 mabove the 
bottom confining layer is being pumped by a fully penetrating well. The 
aquifer is a mixture of sand and graveL A steady-state drawdown of7.0 m 
is observed at a nonpumping well located 10.0 m away. If the pumping rate 
is 0.020 m3/s, how faraway is a second nonpumping well that has an ob
served drawdown of2.0 m? Report your answer to two decimal places. 

3-53. 	Atest well was drilled to the underlying impervious stratum in an uncon
fmed aquifer. The depth of the well was 18.3 m. Observation wells were 
drilled at 20.0 m and 110.0 mfrom the pumping test well. The static water 

http:at200.0m
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level in each well was 4.57 m below the ground surface. The test well 
was pumped at a rate of 0.0347 m3/s until steady-state conditions were 
achieved. The drawdown in the observation wells was 2.78 m and 0.73 m 
at 20.0 m and 110.0 m respectively. Determine the hydraulic conductivity 
in mls. Report your answer to three significant figures. 

3-54. 	For an unconfined aquifer, there is a possibility that drawdown will lower 
the piezometric surface to the bottom of the well and that the water. will 
stop flowing. For the case described in Example 3-12, determine the maxi
mum pumping rate that can be sustained indefinitely if the drawdown at 
the observation well 100.0 m from the pumped well is 9.90 m and the 
drawdown at the pumped well is limited by the depth of the aquifer, that 
is, 30.0 m. Report your answer to two decimal places. 

Answer:Q =1.36 m3/s 

3-55. A contractor is trying to estimate the distance to be expected of a draw
down of 4.81 m from a pumping well under the following conditions: 

Pumping rate 0.0280 m3/s 


Pumping time = 1,066 d 


Drawdown in observation well 9.52 m 


Observation well is located 10.00 m from the pumping well 


Aquifer material = medium sand 


Aquiferthickness = 14.05 m 


Assumelhat thewell is fully penetrating in an unconfined aquifer. Report 
two decimal places. 

III thick unconfined aquifer is to be used 
wastewater treatment plant. 

5.25m below the static water 
addition,it is desired that the 

at adistance of 53.56 m from"the 

m fully penetrates an unconfined aquifer that 
is 20.0 m thick. The well has a discharge of 0.0150 m 3/s and a drawdown 
of 8.0 m. If the flow is steady and the hydraulic conductivity is 1.5 X 10-4 

mis, what is the height of the piezometric surface above the confining 
layerat asite80 mfromthewell? 

3..58... RepeatProb1em 3-57 using a well diameter of 0.50 m. 
'" 

3~59. AOJO mdiameterwellJulIypenetrates a confined aquifer that is 28.0 m 
thick. Theaquifer material isfractured rock. If the drawdown in the 
pumped well is 6.21 m after pumping for 48 hours at a rate of 0.0075 m3/s, 
what will the drawdown be at the end of 48 days of pumping at this rate? 
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3-60. 	An aquifer yields the following results from pumping a 0.61 m diameter 
well at 0.0303 m3/s: s = 0.98 m in 8 min; s = 3..87 m in 24 h. Determine 
its transmissivity. Report your answer to three significant figures. 

Answer: T = 4.33 X 10-3 m2/s 

3-61. 	Determine the transmissivity of a confined aquifer that yields the follow
ing results from a pumping test of a 0.46 mdiameter well that fully pene
trates the aquifer. 

Pumping rate 0.0076 m3/s 

s 3.00 m in 0.10 min 

s = 34.0 m in 1.00 min 

3·62. 	An aquifer yields a drawdown of 1.04 m at an observation well 96.93 m 
from a well pumping at 0.0170 m3/s after 80 min of pumping. The virtual 
time is 0.6 min and the transmissivity is 5.39 X 10-3 m21s. Determine the 
storage coefficient. 

Answer: S = 4.647 X 10-5 or 4.6 X 10-5 

3·63. 	Using the data from Problem 3-62, find the drawdown at the observation 
well 80 days after pumping begins. 

3·64. 	If the transmissivity is 2.51 X 10-3 m2/s and the storage coefficient is 
2.86 X 10- 4

, calculate the drawdown that will result at the end of 2 days 
of pumping a 0.50 m diameter well at a rate of 0.0194 m3/s. 

3·65. 	Determine the storage coefficient for an artesian aquifer from the pumping 
test results shown in the table below. The measurements were made at an 
observation well 300.00 m away from the pumping well. The pumping 
ratewas 0.0350 m3/s. 

Drawdown (m) 

3.10 

4.70 

1,700.0 5.90 

Answer: S 1.9 X 10-5 

3·66. Rework Problem 3-65, but assume that the data were obtained at an obser
vation well 100.Om away from the pumping welL 

3·67. Determine the storage coefficient for an artesian aquifer from the pumping 
test results shown in the table below. The measurements were made at an 
observation well 100.00 m away from the pumping well. The pumping 
rate was 0.0221 m3/s. 

Time (min) Drawdown (m) 

10.0 1.35 

100.0 3.65 

1,440.0 6.30 
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3-68. 	Rework Problem 3-67, but assume that the data }Vere obtained at an obser
vation well 60.0 m away from the pumping well. 

3-69. 	Determine the storage coefficient for an artesian aquifer from the follow
ing pumping test results on a 0.76 mdiameter well that fully penetrates 
the aquifer. The pumping rate was 0.00350 m3/s. The drawdowns were 
measured in the pumping well. 

Time (min) Drawdown (m) 

0.20 	 2.00 

1.80 	 3.70 

10.0 	 5.00 

3-70. 	Two wells located 106.68 m apart are both pumping at the same time. Well 
A pumps atO.0379 m3/s and well B pumps atO.0252 m3/s. The diam~ter 
ofeach wen is 0.460 m. The transmissivity is 4.35 X 10-:-3 m2/s and the 
storage coefficient is 4.1 X 10-5

. What is the interference of well A on 
well B after 365 days of pumping? Report your answer to two decimal 
places. 

Answer: Interference of well Aon Bis 9.29 m. 

3-71. 	Using the data from Problem 3-70, find the total drawdown in well 
B after 365 days of pumping. Report your answer to two decimal 
places. 

3-72.)ftwo weHs,no. 12 andno. 13,.located 100.0 mapart, are pumping at 
nltes ofO.0250m3/s and 0.0300m3/s,respectively, what is the interference 
of \VeIl flO:. 12 ()rlwellflo. 13ilfter280days ofpl1mping? The diameter of 

····~flchwenisO.500m.l'hetransmissivity is 1.766 X 10-3 m2/s and the stor
.ageoco~ffic.ientis6.675 rO--5 .Reportyouranswer to two decimal . 

.'. places. . . 

3-73.Usillgthe dataftom Problem 3-72, find the total drawdown in well 13 
after280d~ysof pumping. Reportyouranswer to two decimal places. 

3-74.WcllsX.,Y, aI1clZ are located equidistant at 100.0 m intervals. Their 
pumping rates are 0.0315 m3/s, 0.0177 m3/s, and 0.0252 m3/s respectively. 
The diameter of each well is 0.300 m. The transmissivity is 1.77 X 1O~ 3 m2/s. 
The storage coefficient is 6.436 X 10-5

• What is the interference of well X 
on well Yand on well Z after 100 days of pumping? Report your answer 
to two decimal places. 

3-:75. 	Using the data in Problem 3-74, find the total drawdown in well X at 
the·endoflOO days of pumping. Report your answer to two decimal 
places. 

3-76. 	For the well field layout shown in Figure P-3-76, determine the effect of 
adding a sixth well. Is there any potential for adverse effects on the well or 
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the aquifer? Assume all wells are pumped for 100 days and that each well 
is 0300 m in diameter. Well data are given in the ta.ble below. Aquifer data 
are shown below the well data. . 

t MSU 
1.0 km 

-
50 m 50 m---E) 


002 001 


E 

0 
0-

SOm SOm 


004 003 

, 

-. 
;.. 

0 
0 

SOm 50 m~,,.,--- 

N 

,~ 

( 
0 
005 

Proposed New Well 

t 

... 

MSU 

Well Field No.1 

····1···· .... Approved: Jl 

FIGUREP·3·76 
Layout for MSU well field. 

Well no. Pumping rate (m3/s) Depth of well (m) 

1 0.0221 111.0 

2 0.0315 112.0 

3 0.0189 110.0 

4 0.0177 111.0 

5 0.0284 112.0 

6 (proposed) 0.0252 111.0 
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The aquifer characteristics are as follows: 


Storage coefficient 6.418 X 10-5 


Transmissivity 1.761 X 10-3 m2/s 

Nonpumping water level = 6.90 m below grade 

Depth to top of artesian aquifer = 87.0 m 

Answer: Total drawdown for each well in numerical order: (1) ~9.54 m, 
(2) 84.99 m, (3) 80.05 m, (4) 79.54 m, (5) 83.18 m, (6) 81.35 m. 
Drawdown is below the top of the aquiclude for wells 2, 5, and 6. 

3-77. 	For the well field layout shown in Figure P-3-77, determine the effect of 
adding a sixth well. Is there any potential for adverse effects on the well or 
the aquifer? Assume all wells are pumped for 100 days and that each well 
is 0.300 m in diameter. Aquifer and well data are given below the Figure. 

Chug-a-Lug 


Plant FIGURE P·3·77
Well Field No.1 
l.5km Layout for brewery well

Approved: /:'kJ 
field no. I. 

The aquifer characteristics are as follows: 

Storage coefficient 2.11 X 10-6 

Transmissivity 4.02 X 10-3 m2/s 
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Non-pumping water te'vel = 9.50 m beiow grade 

Depth to top of artesian aquifer 50.1 m 

Chug-a-Lug Brewery Well Field No.1 

Well no. Pumping rate (m3/s) Depth of well (m) 

1 0.020 105.7 

2 0.035 112.8 

3 0.020 111.2 

4 0.015 108.6 

5 0.030 ll3.3 

6 (proposed) 0.025 109.7 

3-78•.	What pumping rate, pumping time, or combination thereof can be sus
tainedby thenew well in Problem 3-77 if all of the well diameters are 
enlarged to 1.50 m? 

3-79. 	For the well field layout shown in Figure P-3-79, determine the effect of 
adding a sixth well. Is there any potential for adverse effects on the well or 
the aquifer? Assume all wells are pumped for 180 days and that each well 
is 0.914 m in diameter. Well data are given in the table below. Aquifer data 
are shown below the well field data. 

Chug-a-Lug Brewery Well Field No.2 

Pumping rate (m3/s) Depth of well (m) 

0.0426 169.0 

0.0473 170.0 

0.0426 170.0 

0.0404 168.0 

5 0.0457 170.0 

6 (proposed) 0.0473 170.0 

The aquifer characteristics are as follows: 

Storage coefficient =2.80 X 10-5 

Transmissivity = 1.79 X 10-3 m2/s 

Nonpumping water level = 7.60 m below grade 

Depth to top of artesian aquifer = 156.50 m 

3-80. 	What pumping rate, pumping time, or combination thereof can be sus
tained by the new well in Problem 3-79 if all of the well diameters are en
larged to 1.80 m? 
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125 mProposed _____e_--- - --..,. 
New Well 

N 

t 

125 m

4 __--------i. 

2 5 

125 m 
'!------3 

Chug-a-Lug 

/------411 1 Well Field No.2 

Approved: /:'lfJ 

LayourforbrewerY\\ielIJieldno. 2. 

An artesian aquifer is under pressure because of the weight of the overly
inggeologicstrata. Is this sentence true or false? If it is false, rewrite the 

. sentenceto.makeittruc. 

3-2. Identify the base flow in the following hydrographs. 

3.0 0.3 OJ 

0.2 0.2 

0.1 o.t MI~ 
0: 

2 3 4 
0 

2 3 4 

Hours Weeks 

(a) (b) (c) 
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3-3. 

3-4. 

3-5. 

3-6. 

3-7. 

3-8. 


As a field engineer you hav~ been asked to estimate ho~ long.you would 
have to measure the discharge from a mall parking lot before the maxi
mum discharge would be achieved. What data would you have to gather to 
make the estimate? 

Explain why it is impossible to use the rational formula without being able 
to estimate the time of concentration. 

When a flood has a recurrence interval (return period) of 5 years, it means 
that the chance of another flood of the same or less severity occurring next 
year is 5 percent. Is this sentence true or false? If it is false, rewrite the 
sentence to make it true. 

For the following well boring log, identify the pertinent hydrogeologic 
features. The well screen is set at 6.0-8.0 m and the static water level after 
drilling is 1.8 mfrom the ground surface. 

Strata Depth, m Remarks " 

Top soil 0.0-0.5 
Sandy till 0.5-6.0 Water encountered at 1.8 m 
Sand 6.0-8.0 
Clay 8.0-9.0 
Shale 9.0-10.0 Well terminated 

For the following well boring log (Bracebridge, Ontario, Canada), 
identify the pertinent hydrogeologic features. The well screen is set at 
48.0-51.8 m andthe static water level after drilling is 10.2 mfrom the 
ground surface. 

Depth, ill Remarks 

0.0-6.1 

Gravellyc1ay 6.10-8.6 

Fine sand 8.6-13.7 

Clay 13.7-17.5 Casing sealed 

Fine sand 17.5-51.8 

Bedrock 51.8 Well terminated 

Sketch the piezometric profiles for two wells that interfere with one 
another. Well A pumps at 0.028 m3/s and well B pumps at 0.052 m3/s. 
Show the ground water table before pumping, the drawdown curve of each 
well pumping alone, and the resultant when both wells are operated 
together. 
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4-1 INTRODUCTION 

Approximately 80 percent of the United States population turn their taps on every day 
to take a drink of publicly supplied water. They all assume that when they take a drink 
it is safe. They probably never even think of safety. 

There are approximately 170,000 public water systems in the United States. EPA 
classifies these water systems according to the number of people they serve, the source 
of their water, and whether they serve the same customers year-round or on an occa
sional basis. The following statistics are based on information in the Safe Drinking 
Water Information System (SDWIS), for the fiscal year ended September 2000, as re
ported to EPA by the states (U.S. EPA, 2000). 

Public water systems provide water for human consumption through pipes or other 
constructed conveyances to at least 15 service connections or serve an average of at least 
25 people for at least 60 days a year. EPA has defined three types of public water systems: 

• 	Community Water System (CWS): A public water system that supplies water to 
the same population year-round. 

• 	Non-Transient Non-Community Water System (NTNCWS): Apublic water sys
tem that regularly supplies water to at least 25 of the same people at least six 
months per year, but not year-round. Some examples are schools, factories, 
office buildings, and hospitals that have their own water systems. 

• 	Transient Non-Community Water System (TNCWS): Apublic water system that 
provides water in a place such as a gas station or campground where people do 
not remain for long periods of time. 

EPA also classifies water systems according to the number of people they serve: 

• 	VerysmaHwater systems serve 25-500 people 

• S mallwatersystemsserve 501-3,3 00 people 

• 	Medium water systems serve 3,30 I 10,000 people 

• 	Large water systems serve 10,001-100,000 people 

• 	Very large water systems serve 100,000+ people 

ThefoUowingisthenumber of systems and population served in the year 2000 (Note: 
populations are not summed because some people are served by multiple systems and 
counted more than once): 

• 	54,064 CWS served 263.9 million people 

• 	20,559 NTNCWS served 6.9 million people 

• 	93,210 TNCWS served 12.9 million people 

In developing nations, clean water is the exception rather than the rule. 
In 2005 every 15 seconds a child under the age of 5 died from a water-related 

illness. Seventeen percent of the earth's population (1.2 billion people) do not have 
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Years tion from 1890 to 1935, Philadelphia. 

reliable drinking water and 40 percent of the population do not have access to adequate 
sanitation (www.waterforpeople.com). 

Thefactthafthe United states and developed countries have an outstandingwater 
supply'record is no accident. Since the early 1900s environmental engineers have 
been working in the United States to reduce waterborne disease. Figure 4-1 shows 
the incidence of typhoid cases in Philadelphia from 1890 to 1935. This is typical of 
the decrease in waterborne disease as public water supply treatment has increased. 
Philadelphia received its water from rivers and distributed the water untreated until 
about 1906, when slow sand filters were put into use. An immediate reduction in ty
phoid fever was realized. Disinfection of the water by the addition of chlorine fur
therdecreasedthe number of typhoid cases. A still greater decrease was accomplished 
afterl9tOby ~areful control over infected persons who had become carriers. Since 
lQ52th~d~at¥Ht~fronltyphoid fever'in the,.UnitedStates"has been less,than I per 
1,~OQlOQq.>~~11~:~9u..ntriesandorg~nizati?nshave' committed their technological 
anCi·fj. "'cialr~so:urcestode~elopingnations inrecognition of the principle that 
re ,gcpesstosafeandadequatedrinkingwater is a fundamental right of all 

.••.~ 
''§'clvaficesillpubIichealthtracking in the United States, and the more acute 

~JV~re,n~ssof\V~terborne illnesses from a variety of organisms, have contributed to a 
betterungerstandingofthelink betweenwater quality and illness. While many of the 
.m~a,i1ism§Clss()~i~t~8wit~\8eathsorseriousdisease (e.g., typhoid, polio virus) have 
j)eendiminated in the United States, organisms with the potential to cause sickness 
and occasionally death are still being found. Between 1980 and 1996, 402 outbreaks 
of waterborne disease were reported in the United States (WQ&T, 1999) as show in 
Figure 4-2. Many of these illnesses are associated with gastrointestinal symptoms 
(diarrhea, fatigue, cramps). The majority of these outbreaks tend to occur in small 
systems. Table 4-1 shows the number of illnesses caused by various organisms. Of 
th()se~09,213 cases; 403,000 cases are attributed to one outbreak of cryptosporidio
sis in Milw(iukee, ""isconsinin 1993. It was estimated that 403,000 people became 
sick and 50 deaths occurred among severely immunocompromised individuals during 
this outbreak. At the time, the city complied with all water quality regulations. In 
2006, EPA passed new regulations to address cryptosporidiosis. 

http:www.waterforpeople.com
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FIGURE 4-2 
Waterborne disease outbreaks, 1980 to 1996. (Source: WQ &T, 1999.) 

TABLE 4-1 
"VaterborneDisease Outbreaks in the United States, 1980 to 1996*t 

Illness No. of outbreaks Cases of illness 

Gastroenteritis, undefined 183 55,562 
Giardiasis 84 10,262 
Chemical poisoning 46 3,097 
Shigellosis 19 3,864 
Gastroenteritis, Norwalk virus 15 9,437 
Campylobacteriosis 15 2,480 
Hepatiti~1 13 412 
G9tPt()spo~9iosis 10 419,939* 
Salmonellosis 5 1,845 
q~strQellteritisfE.coli 0157:H7 3 278 
Xe~siniosis 2 103 
Cholera 2 28 
Gastroenteritis, rotavirus 1 1,761 
Typ~8i?{e:er 1 60 
Gastroenteritis,Plesiomonas 1 60 
Amoebiasis 1 4 
Cyc1osporiasis 1 21 
TOTAL 402 509,213 

*An outbreakof waterborne disease for microorganisms is defined as: (I) two or more persons experience a 

similarillness after consumption or use of water intended for drinking, and (2) epidemiologic evidence 

implicates the water as a source of illness. Asingle case of chemical poisoning constitutes an outbreak if a 

laboratory study indic~te? that the water has been contaminated by the chemical. 

'Data arefromCDC annual surveillance summaries for 1980 through 1985 and two-year summaries for! 986 

through 1994, as corrected for severa! missing outbreaks by G.F. Craun (personal communications). 

+Totalinc!udes 403,000 cases from a single outbreak. 

Source: WQ&T, 1999. 
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A water that can be consumed in any desired amouritwithout concern for adverse 
health effects is termed a potable water. Potable does not necessarily mean .that the .. 
water tastes good. This is in contrast to a palatable water, which is one that is pleasing 
to drink, but not necessarily safe. We have learned that we must provide a water that is 
both potable and palatable, for if it is not palatable people will tum to untreated water 
that may not be potable. The ,widespread availability of potable water in the United 
States does not mean that there are no operational or control deficiencies in w.ater sys
tems, especially in smaller systems. The scientific community is continually making 
advances in identifying contaminants and discovering potential long-term health ef
fects of constituents that had not been previously identified. 

Water Chemistry 
An understanding of the fundamentals of water chemistry is essential to the compre
hension ofthechaptersonwater quality and wastewatectreatment. You should plan to 
spend ample time working the examples in this section. 

PhysicalpropertiesofWater. The basic physical properties of water rel~vant to 
water treatmentare density and viscosity. Density is a measure of the concentration of 
matter and is expressed in three ways: 

1. 	 Mass density, p. Mass density is mass per unit volume and is measured in 
units of kg/m3

. Appendix A, Table A-I, shows the variation of density with 
temperature for pure water free from air. Dissolved impurities change the den
sity in direct proportion to their concentration and their own density. In envi
ronmental engineering applications, it is common to ignore the density 
increasedue to impurities in the water. However, environmental engineers do 

of the matter when dealing with high concentrations, 
liquid chemicals. 

unit volume, mea
weight of a fluid is related to its density 

, 9.81 m/s2
• 

pg 	 (4-1) 

(4-2) 

where the subscript zero denotes the density of water at 3.98°C, 1,000 kg/m3, 
and the specific weight of water, 9.81 b\J/m3

. 

For quick approximations, the density of water at normal temperature is taken as 
1,000 kg/m3(which is conveniently 1kg/L) with a specific gravity = L 

Al1subst~nces, including liquids, exhibit a resistance to movement, an internal 
ffiction.Thehigher the friction, the harder it is to pump the liquid. A measure of the 
frictionisViscosity.Viscosityispresented in one of two ways: 

Dynamic viscosity, or absolute viscosity, fL, has dimensions of mass per unit 
length per time, with units of Pa . s. 
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2. Kinematic viscosity, v, is foun~ by 

v = pip (4-3) 

and has dimensions oflength squared per time with the corresponding units m2/s. 

States of Solution Impurities. From an environmental engineering point of view, 
substances can exist in water in one of three classifications-suspended, colloidal, or 
dissolved. 

A dissol ved substance is one which is truly in solution. The substance is homoge
neously dispersed in the liquid. Dissolved substances can be simple atoms or complex 
molecular compounds. Dissolved substances are in the liquid, that is, there is only one 
phase present. The substance cannot be removed from the liquid without accomplish
ing a phase change such as distillation, precipitation, adsorption, extraction, or passage 
through "ionic" pore-sized membranes. In distillation either the liquid or the substance 
itself is changed from a liquid phase to a gas phase in order to achieve separation. In 
precipitation the substance in the liquid phase combines with another chemical to form 
a soJidphase, thlls achieving separation from the water. 1J.dsorption also involves a 
phase change, wherein the dissolved substance reacts with a solid particle to form a 
solid particle-substance complex. Liquid extraction can separate a substance from wa
ter by extracting it into another liquid, hence a phase change from water to a different 
Iiquid.A membrane with pore sizes in the ionic-size range can separate dissolved sub
stances from the solution by a high-pressure filtering process. 

Suspended solids are large enough to settle out of solution or be removed by 
filtration. In this case there are two phases present, the liquid water phase and the 
suspended-particle solid phase. The lower size range of this class is 0.1 to l.Op-m, 
about the size of bacteria. In environmental engineering, suspended solids are de
finedasthos~solidsthat can befiltered by a glass fiber filter disc and are properly 
called JilterabIe solids. Suspend~dsolids can be removed from water by physical 
·l11ethqcissuch,:ss~dimentation,Jiltration,. and centrifugatio n . 

..••• <Cpllpid<ilparticlesar\!.inthes,iz.erangebetween dissolved substances and sus
P~l1.d~~g~rficles.They.arejna soIidstateand can be removed from the liquid by phys

. > icalmeans such as very high-force centrifugation or filtration through membranes with 
very small porespaces.However, the particles are too small to be removed by sedi
mentationorbynormalJiltrationprocesses. Colloidal particles exhibit the Tyndall ef

. tSShWati~,w,hy.n lightpassesthrougha liquid containing colloidal particles, the light 
is retlected by the particles. The degree to which a colloidal suspension reflects light at 
a 90° angle to the entrance beam is measured by turbidity. Turbidity is a relative mea
sure, and there are various standards against which a sample is compared. The most 
common standard is a nephelometric turbidity unit (NTU). For our purposes we will 
simply refer to the measure of turbidity as a turbidity unit (TU). For a given particle 
size, the higher the turbidity, the higher the concentration of colloidal particles. 

Another useful term in environmental engineering that is used to describe a solu
tion state is color. Color is not separate from the above three categories, but rather is a 
combination of dissolved and colloidal materials. Color is widely used in environmen
tal engineering because it, in itself, can be measured. However, it is very difficult to 
distinguish "dissolved color" from "colloidal color." Some color is caused by colloidal 
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FIGURE4-3 
Particulates in water. (Soufce: McTigue and Cornwell, 1988.) 

iron or manganese complexes, although the most common cause of color is from com
plexorganiccompounds that originate from the decomposition of organic matter. One 
cOl11ll1onsourceof color is the degradation of soil humus, which produces humic acids. 
Humic acids impart reddish-brown color to the water. Humic acids have molecular 
'vVei~ht~\Re,?'f~.~~\800~nd50,OOO, .thelower being dissolved and the greater, colloidaL 

'!YI?~tQOA~rSe~f:l1stobebetween35 and lO}Lm''fhichis colloidal. Color is measured by 
• /7 .~e€LPilitY.9fthe~gl~tiont().absorblight.Colorparticles can be removed by the methods 
. . ....• di~~tl . rdi.~s()lve,~Brconoiclalpa~ides,depending uponthe state of the color. 

'~:~':;J ····Ei3pry~en~s~Moyeryie'fby~izeofthetypesofparticles that are often dealt 
'. ···..,.••••..............•.•.....•.. i.e..•..•.rtreatment~Ate.c.hn.. ique.thatisbeingused in water treatment to help eval
~'tl.atewa~er quality is particle counting. A partide counter counts. the number of parti-

c!esi~aWa~ersampleand .. reportstheresultsbyparticle.size,.generally from I to 30}Lm. 
~igu.~eA8~~p0'f~a~aI11Rlec()llntcomparingthedistribution of particles in a raw wa
te~·t()"tI1atofthefinishedwater.Whileparticle counting does not indicate anything 
aboutthekind of particle, it can be useful in assessing overall treatment efficiency as 
well as characterizing water sources. 

Chemical Units. Since solutes in solution are often analyzed by weight, the terms 
weightpercentand milligram per liter are used. In order to perform stoichiometric cal
culations,* it is necessary to convert to common units, and the terms molarity and 
l10rtnalityare used. 

*Stoichiometrv is the part of chemistry concerned with measuring the proportions of dements involved in a reac
tion. Stoichiometric calculations are an application of the principle of conservation of mass to chemical reactions. 
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Particle distribution changes through treatment. 

Weight percent, P, is sometimes employed to express approximate concentrations 
of commercial chemicals or of solid concentrations of sludges. The term specifies the 
grams of substance per 100 grams of solution and is mathematically expressed as 

W 
P = X 100% (4-4)

W+ Wo 

where P percent of substance by.weight 
W=grams.·.ofsubstance 
rvo~grams of solution 

Analystsgel1erallygiveresults directly in mass per volume (concentration), and 
the units aremglL. In environmental engineering it is often assumed that the substance 
does not change the density of the water. This is generally untrue, but it does make for 
some<usefulconversions,and the assumption is not too inaccurate for dilute concen
trations.If such art assumption is made and we recall that 1 mL of water weighs 1 g 
(again an approximation), then 

1 mg Img 1mg 
= 1ppm (4-5)

L 1,000 g 106 mg 

or 1mglL equals 1part per million (ppm). If the same assumptions are made, then the 
weight percent of I mglL can be determined: 

W 1mg(100) 10-3 g(lOO)
P = X 100 = = = 1 X 10-4 % (4-6)

W + Wo 1 L 103 g 

or 1 mg/L equals 1 X 10-4 %, which can be translated into 1% = 10,000 mglL. 

http:trations.If
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In order to work with chemical reactions it is necessary to convert .weight con
centrations to molarity or normality. Amole is 6.02 X I 0~3 molecules of asubstance. -: 
Chemical reactions are expressed in integral numbers of moles. Amole of a substance 
has a relative weight called its molecular weight (MW). Molecular weight is the sum 
of the atomic weights. Atable of atomic weights is given inside the front cover of this 
hook. Molarity is the number of moles in a liter of solution. A I-molar (I M) solution 
has I mole of substance per liter of solution. Molarity is related to mgfL by 

mg/L = molarity X molecular weight X 103 (4-7) 

= (moJes/L)(g/mole)( 103 mg/g) 

A second unit, equivalent weight (EW), is frequently used in softening and redox 
reactions. The equivalent weight is the molecular weight divided by the number (n) of 
electrons transferred in redox reactions or the number of protons transferred in 
acid/base reactions. 

The value of n depends on how the molecule reacts.' In this text we are concerned 
with molecules that react in acidlbase reactions or precipitation reactions. In an 
acid/basereaction, n is the number. of bydrogen ions that the molecule transfers. 
Thatis~an acid gives up an EW of hydrogen ions, anda base accepts an EW of hy
drogen ions. In a precipitation reaction,n is the valence of the element in question. 
For compounds; n'is equal to the number of hydrogen ions that would be required 
to replace the cation; that is, for CaC03 it would take two hydrogen ions to replace 
the calcium, therefore, n = 2. In oxidation/reduction reactions, It is equal to the 
change in oxidation number that the compound undergoes in the reaction. Obvi
ously,.it is difficult to recognize reaction capacity without the context of the reaction. 
Cqmmonvalence states of elements found in water are listed in Appendix A. 

Normality (N)is the number of equivalent weights per liter of solution and is re-
lated.tomolarity(M).by . 

(4-8) 

is often purchased as a 93 weight 
Findthe mgfL of H2S04 and the molarity and normality of the solu

has a specific gravity of 1.839. 

1 Lofwater weighs 1 ,000g, 1 L of 100% H2S04 weighs 

1,000(1.839) = 1,839 g 

(0.93)(1,839 g) 1,710 g of H2S04, or 1.7 X 106 mglL of H2S04 in a 93% solution. 
The molecular weight of H2S04 is found by looking up the atomic weights on the 
inside cover of this book: 

2H = 2(1) = ')
'

S= 32 

40 4(16) = 64 

98 g/moJe 

http:lated.tomolarity(M).by
http:ously,.it
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The molarity is found by using Equation 4-7: 

1,710 gIL ... 
= 17.45 mole/L or 17.45 M 

98 g/mole 

The normality is found from Equation 4-8, realizing that H2S04 can give up two 
hydrogen i~ns and therefore n 2 equivalents/mole: 

N = 17.45 mole/L (2 equiv/mole) = 34.9 equiv/L 

Example 4-2. Find the weight of sodium bicarbonate, NaHC03, necessary to make 
aIM solution. Find the normality of the solution. 

Solution. The molecular weight of NaHC03 is 84; therefore by using Equation 4-7: 

mg/L = (l mole/L)(84 g/mole)(1 03 mg/g) 84,000 

HC03 is able to give or accept only one proton; therefore n 1, and the normality is 
the same as the molarity. 

Example 4-3. Find the equivalent weight of each of the following: Ca2
+, cOj-, 

CaC03· 

Solution. Equivalent weight was defined as 

Atomic or molecular weight 
EW 

n 

Theullits ofEW are grams/equivalent (g/eq) or milligrams/milliequivalent (mg/meq). 
~()rcal~ium,}tisequal to the valence or oxidation state in water, so n 2. From 

the;tableontheinsidecoverofthe book, the atomic weight of Ca2+ is 40.08. The 
equivalentweight is then 

40.08
EW 20.04 g/eq or 20.04 mg/meq 

2 

For the carbonate ion (CO~ -) the oxidation state of 2 - is used for n since the base 
CO~- can potentially accept 2 hydrogen ions (H+). The molecular weight is 

C 12.01 

30 = 3(16.00) = 48.00 

60.01 

and the equivalent weight is 

60.01
EW = -- = 30.00 g/eq or 30.00 mg/meq 

2 
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In CaC03, n = 2 since it would take two hydrogen ions to replace the cation (Ca2+) 
to fonn carbonic acid, H2C03. Its molecular weight is the sum of the atomic weights 
ofCa2+ and CO~- and is, therefore, equal to 40.08 + 60.01 = 100.09. Its equivalent 
weight is 

100.09 
EW = -.2" 50.04 g/eq or mg/meq 

Chemical Reactions. There are four principal types of reactions of importance in 
environmental engineering: precipitation, acid/base, ion-association, and oxidationl 
reduction. 

Dissolved ions can react with each other and fonn a solid compound. This phase
change reaction of dissolved to solid state is called a precipitation reaction. Typical of 
a precipitation reaction is the formation of calcium carbonate when a solution of cal
ciumis mixed with a solution of carbonate: 

- (4-9) 

The (s) in the above reaction denotes that the CaC03 is in the solid state. When no 
symbol is used to designate state, it is assumed to be dissolved. The arrows in the re
action imply that the reaction is reversible and so could proceed to the right (that is, the 
ions are combining to form a solid) or to the left (that is, the solid is dissociating into 
the ions). 

Often, outofconvenience, we talk about compounds when in reality a compound 
does in water. Take, for example, a water containing sodium chloride and cal
V ...',u1u'ua.... ' ..... We would say that the water has NaCI and CaS04 in it, but no implica

the association of NaandCl orCa and S04' The following 

(4-10) 

(4-11 ) 

suc~thaL.thewaterconsists.offourunassociatedions: Na+, Ca2+, Cl ,and SO~-. 
l)on'tmak(;,the.~istakeof,thi~kingthatthesodium and chloride are together . 
.. ,A.c;idl6ascrcactionsareaspecialtypeofionizationwhen a hydrogen ion is added 
to or removed from solution. An acid could be added to water to produce a hydrogen 
ion, as by the addition of hydrochloric acid to water with the reaction 

HCl ~ H+ + Cl- (4-12) 

Theabovereaction is simplified in that it is assumed that water is present. The reaction 
is properly written 

(4-13) 

Ahyarogen ion could also be removed from water, as by the addition of a base: 

NaOH + H30+ ~ 2H20 + Na+ (4-14) 
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In some cases, ions may exist in water complexed with other ions. Formation of 
dissolved complexes are ion-association reactions. In this case, the Ions -are "tied" to
gether in the solution. The complex could be a neutral compound, such as soluble mer
curic chloride: 

Hg2 + + 2Cl- ~ HgCl2 (4-15) 

More often: the soluble complex has a charge and is itself an ion. Metal ion complexes 
are common examples: 

(4-16) 

The AIOH2 + is still soluble, but acts differently than did the individual species be
fore complexation. 

Oxidationlreduction reactions involve valence changes and the transfer of elec
trons. When iron metal corrodes, it releases electrons: 

Feo ~ Fe2+ + 2e- (4-17) 

If one element releases electrons, then another must be avaihble to accept the elec
trons. In iron pipe corrosion, hydrogen gas is often produced: 

2H+ + 2e ~ H2(g) (4-18) 

where the symbol (g) indicates the hydrogen is in the gas phase. 

Precipitation Reactions. All complexes are soluble in water to a certain extent. Like
wise, all complexes are limited by how much can be dissolved in water. Some com
pounds, such as NaCl, are very soluble; other compounds, such as AgCl, are very 
insoluble-{)nly a small amount will go into solution. Visualize a solid compound being 
placed indistilIedwat~r;Someofthe compound will gointo solution. At some time no 
more ofthecompound will dissolve, and equilibrium will be reached. The time to reach 
equilibrium may be seconds or centuries; The solubility reaction is written as follows: 

ACIBb(s) ~aAb++ bBa
- (4-19) 

(4-20) 

I~!erestingly,theproducfof the· activity of the ions (approximated by the molar con
centration) is always a constant for a given compound at a given temperature. This 
constant is called the solubility constant, Ks. In the general form it is written as 

(4-21) 

where, in this text, [J denotes molar concentrations. Do not use mg/L! A table of con
stants is shown in Table 4-2 and in Appendix A. Ks values are often reported as pKs, 
where 

pKs = -logKs (4-22) 

The constant works equally well whether we are dissolving a solid (reaction going to 
the right) or precipitating ions (reaction going to the left). If we place AaBbCS) in water, 
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TABLE 4-2 
Selected solubility constants at 25°C 

Substance Equilibrium equation Application 

Aluminum hydroxide Al(OHh(s) ~ A13+ + 30H-' 32.9 Coagulation 
Aluminum phosphate AWOis) .~ AI3+ + PO~ 20.0 Phosphate removal 
Calcium carbonate CaC03(s) ..,- Ca2+ + C05- 8.305 Softening, corrosion control 
Ferric hydroxide Fe(OHh(s) ~ Fe3+ + 30H 38.57 Coagulation, iron removal 
Ferric phosphate FePOis) ~ FeH + PO~ 21.9 Phosphate removal 
Magnesium hydroxide Mg(OH)z(s) ~ Mg2+ + 20H- 11.25 Softening 

for every a moles of A that dissolve, b moles of B will dissolve until equilibrium is 
reached. But kinetically* it might take years to happen. . 

When precipitating ions, it is possible to have a higher concentration of ions 
in solution than dictated by the solubility product. This is called a supersat~rated 
solution. 

Example 4-4. How many mg/L of PO~- would be in solution at equilibrium with 
AIPOis)? 

Solution. The pertinent reaction is 

AIPOis) ~ A13+ + PO~

TheassociatedpKs is found in Table 4-2 as 20.0 and calculated as 

Ks= 10-20.°= [Al][P04J 

onemole of Al3+ and one mole of PO~- are 
molar concentration of Al3+ and PO~- in 

x 

for X (which is equal to PO~-), we find pol- = 10- 10 moles per liter in 
solution. The molecular weight is 95 g/mole, so the concentration in mg/L is 

(95 g/mole)(l03 mg/g)(10-10 moles/L) = 9.5 X 10-6 mg/L 

·'.~~,J~x'arirple4-5.1f 50.0 mg of COr and 50.0 mg of Ca2 + are present in I L of water, 
';:;2&' whafwiIlihethe final (equilibrium) concentration ofCa2+? 

*Kinetics is the part of chemistry concerned with rates of reactions and factors that affect them. 

http:J~x'arirple4-5.1f
http:20H-11.25
http:30H�38.57
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Solution. The molecular weight of CaH is 40.08 and that of cot. is 60.01, resulting 
in initial molar concentrations of 1.25 X 10-3 moleslL and 8::33 X 10-4 moleslL for 
Ca2+ and cOj- respectively. 

1O-pKr 305Ks = == 10-8. = [Ca2 +][COj-] 

For every mole of Ca2
+ that is removed from solution, one mole of cOj- is 

removed from solution. If the amount removed is given by Z, then 

10-8.305 4.95 X 10-9 = [1.25 X 10-3 - Z][8.33 X 10-4 - Z] 

1.04 X 10-6 - (2.08 X 1O-3)Z + Z2 = 0 

-b 2: Yb2 
- 4ac

Z=-------
2a 

2.08 X 10-3 2: V4.34-xIO-:=6 4(1.04 X 10-6) 

2 
8.28 X 10-4 

so that the final Ca2 
+ concentration is 

[Ca2 +] = 1.25 X 10-3 - 8.28 X 10-4 = 4.22 X 10-4 M 

or 

(4.22 X 10-4 moles/L)(40 g/mole)(l03 mg/g) = 16.9 mg/L 

Acid/Base Reactions. For the purposes of this text, acids are defined as those com
pounds that release protons. Bases are those compounds that accept protons. 

The simple reaction for the release of a proton is 

(4-23) 

(4-24) 

resultingin the net reaction 

(4-25) 

It is understood that water is generally present. Hence Equation 4-23 is used in 
place of Equation 4-25. In the case of Equation 4-25, water is acting as the base; that 
is, it accepts the proton. If a base is added to water, the water can act as an acid. 

(4-26) 

In the above reaction the base (B -) accepts a proton from water. If a compound is a 
stronger acid than water,then water will act as a base. If a compound is a stronger base 
than.water, then water will act as an acid. 

You can quickly see that acid/base chemistry centers on water and that it is impor
tant to know how strong an acid water is. Water itself is ionized in water by the equation 

(4-27) 
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TABLE 4·3 

Strong acids 

Substance Equilibrium equation Significance 

Hydrochloric acid HCI ---t H+ + Cl pH adjustment 

Nitric acid HN03 ---t H+ + NO) Analytical techniques 

Sulfuric acidQ H2S04 ---t 2H+ + SO~- pH adjustment, coagulation 

"Dissociation of the second proton, HS04 H+ + SO~ -, is actually a weak acid reaction with a pKa of 1.92. 
As long as the pH of the solution is above 2.5, the release of both protons may be considered complete. 

The degree of ionization of water is very small and can be measured by what is called 
the ion product of water, Kv. It is found by 

(4-28) 

and has a value of 10- 14 (pKw = 14) at 25°C. A solution is said to be acidic if [H+] is 
greaterthan..[OH-],neutral if equal, and basic if [H+] is less than (OH-]. If the solution 
is neutral, then [H+] [OH-] = 10-7 M. If the solution is acidic, H+ is greater than 
10-7 M. A convenient expression for the hydrogen ion concentration is pH, given by 

(4-29) 

Therefore, a neutral solution at 25°C has a pH of 7 (written pH 7), an acidic solution 
hasapH < 7, and a basic solution has a pH> 7. 

Acids are classified as strong acids or weak acids. Strong acids have a tendency to 
donate their protons to water. For example, 

HCI~H+ + CI (4-30) 

the simplified formof 

H20~H30+ + Cl- (4-31 ) 

No.te the use of the single arrow to sig
assume that the reaction proceeds completely 

··~~:.lmpl~4·6.IfIOQl11g()fH2S04 (MW = 98) is added to 1 L of water, what is the 
final'pH? .. 

Solution. Using the molecular weight of sulfuric acid we find 

g 
( 100 m )( 1 )( 1 ) 1.02 X 10-3 mole/L 
lL H20 98 g/mole .103 mg/g 

H2S04 ~ 2H+ + SO~-

and therefore 2(1.02 X 1O-3)MH+ is produced. The pH is 

pH = log(2.04 X 10-3
) = 2.69 

http:log(2.04
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TABLE 4·4 
Selected weak acid dissociation constants at 25°C 

Substance 	 Equilibrium equation pKa Significance 

Acetic acid 	 CH}COOH ~ H+ + CH}COO- 4.75 Anaerobic digestion 

Carbonic acid 	 H2CO} (C02 + H20) ~ H+ + HC03 6.35 Corrosion, coagulation, 
HCO; ~ H+ + CO~- ro.33 softening, pH control 

Hydrogen sulfide 	 H2S ~ H+ + HS- 7.2 Aeration, odor control, 
HS- ~ H+ + S2 11.89 corroslOn 

Hypochlorous acid HOCI ~ H+ + OC1- 7.54 Disinfection 

Phosphoric acid H}P04 ~ H+ + H2POi 2.12 Phosphate removal 
H2POi ~ H+ + HPO~- 7.20 plant nutrient, 
HPO~- ~ H+ + PO~- 12.32 analytical 

Weak acids are acidsthat do not completely dissociate in water. An equilibrium exists 
between the dissociated ions and undissociated compound. The reaction of a weak acid is 

(4-32) 

An equilibrium constant exists that relates the degree of dissociation: 

[H+][W-]
K=--- (4-33) 

(l [HW] 

As with other K values, 

(4-34) 

AIistofitnportantweak acidsin water and in wastewater treatment is in Table 4-4. By 
kn2.\\Ii~gtr.~.pHofa solution (which can be easily found with a pH meter) it is possi
bl~tPigtt.aJ;~u~hide~ofthedegree ofdissociation of the acid. For example, if the pH
is..~q~aLt(}tb~rKa(thBtis,[H+l=Ka),then from Equation 4-33, [HW] = [W-] and 
tneaddis50percentdissociated. If the [H+J is two orders of magnitude (100 times) 
less than the Kal then 100[H+] Ka (or pH » pK). 

100[H+] = [H+](W-] 
[HW] 

or 100 [HW] [W-]. We would conclude that essentially all the acid is dissociated 
(W- » HW). Correspondingly, if pH « pK then [HW] »[W ], and none of the 
acid is dissociated. * 

Example 4-7. If 15 mg/L of HOCI is added to a potable water for disinfection and 
thefinal measured pH is 7.0, what percent of the HOCl is not dissociated? Assume the 
temperature·is 25°(. 

*If [H+] < Ka. then pH > pK. The symbol » means greater by two orders of magnitude. 

http:PO~-12.32
http:HPO~-7.20
http:OC1-7.54
http:CO~-ro.33
http:CH}COO-4.75
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Solution. The reaction is 

From Table 4-4, we find the pKa is 7.54 and 

Ka 10-7.54 2.88 X 10-8 

Writing the equilibrium constant expression in the form of Equation 4-33 

[H+][OCl-] 

[HOCI] 

and substituting the values for Ka and [H+] 

Solving for the HOCI concentration 

[HOCI] 3.47[OCI-] 

Sincethe fraction of HOCI that has not dissociated plus the OCl- that was formed by 
the dissociation must, by the law of conservation of mass, equal 100% of the original 
HOCladded: 

[HOCI] + [OCI-] 100% (of the total HOCI added to the solution) 

then 

3.47[OCI-] + [OCI-] 100% 

4.47[OCl-1 100% 

100% 
-. -. - = 22.37% 
4.47 

. thalresists large changes in pH when an acid or base is 
"VUHIVI isdilutediscalled abuffer solution. A solution containing 

aweak acid and its salt is an example of a buffer. Atmospheric carbon dioxide (C02) 

produces a natural buffer through the following reactions: 

CO2(g) :;;::: CO2 + H20 ~ H2C03 ~ H+ + HCO) ;;::: 2H+ + CO~- (4-35) 

This is perhaps the mostimportant buffer system in water and wastewater treatment. 
We will be referring to it several times in this and subsequent chapters as the carbonate 
buffer system. 
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As depicted in Equation4-35, the CO2 in solution is in equilibrium.with atmos
pheric CO2(g). Any change in the system components to the right of CO2 causes the 
CO2 either to be released from solution or to dissolve. 

We can examine the character of the buffer system in resisting a change in pH by as
suming the addition of an acid or a base and applying the law of mass action (Le Chatelier's 
principle). ~or example, if an acid is added to the system, it unbalances it by increasing the 
hydrogen ion concentration. Therefore, the carbonate combiI}es with it to form bicarbon
ate. Bicarbonate reacts to form more carbonic acid, which in tum dissociates to CO2 and 
water. The excess CO2 can be released to the atmosphere in a thermodynamically open 
system. Alternatively, the addition of a base consumes hydrogen ions and the system 
moves to the right with the CO2 being replenished from the atmosphere. When CO2 is 
bubbled into the system or is removed by passing an inert gas such as nitrogen through 
the liquid (a process called stripping), the pH will change more dramatically because the 
atmosphere is no longer available as a source or sink for CO2, Figure 4-5 summarizes the 
four generalresponses of the carbonate buffer system. The first two cases are common in 
natural settings when the reactions proceed over a relatively long period of time. In a wa
ter treatrnent plant, we can alter the reactions more quickly tfICin the CO2 can be replen
ished from the atmosphere. The second two cases are not common in natural settings. 
They are used in water treatment plants to adjust the pH. 

In natural waters in equilibrium with atmospheric CO2, the amount of CO~- in so
lution is quite small in comparison to the HCO) in solution. The presence of Ca2+ in 
the form of limestone rock or other naturally occurring sources of calcium results in 
the formation of calcium carbonate (CaC03), which is very insoluble. As a conse
quence, it precipitates from solution. The reaction of Ca2+ with CO~- to form a pre
cipitate is one of the fundamental reactions used to soften water. 

Alkalinity. Alkalinity is defined as the sum of all titratable bases down to about pH 
4.5.>ltisfoundbyexperimental1y determining how much acid it takes to lower the pH 
ofwaterto4.5. Inmost waters the only significant contributions to alkalinity are the 
cfrb()na.tespeciesaildanyJree H+ ot OH-. The total H+ that can be taken up by a wa
t~rconta.iningprimarily carbonate species is 

(4-36) 

where [] refers to concentrations in moles/L. In most natural water situations (pH 6 to 8), 
theOU-andH+ arenegligible j such that 

Alkalinity = [HCO)] + 2[CO~-1 	 (4-37) 

Note that [CO~-] is multiplied by two because it can accept two protons. The pertinent 
acidlbase reactions are 

H2C03 ~ H+ + HC03 pKal = 6.35 at 25°C (4-38) 

HC03 ~ H + CO~- pKa2 = 10.33 at 2YC (4-39) 

From the pK values, some useful relationships can be found. The more important ones 
are as follows: 

1. 	 Below pH of 4.5, essentially all of the carbonate species are present as 
H2C03, and the alkalinity is negative (due to the H+). 
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Case I 
Acid is added to carbonate buffer systemO 

Reaction shifts to the left as H2CO; is formed when H+ and HC03 combineb 

CO2 is released to the atmosphere 

pH is lowered slightly because the availability of free H+ (amount depends on 
buffering capacity) 

Case II 
Base is added to carbonate buffer system 

Reaction shifts to the right 

CO2 from the atmosphere dissolves into solution 

pH is raised slightly because H+ combines with OH- (amount depends on 
buffering capacity).. 

Case III 
CO2 is bubbled into carbonate buffer system 

Reaction shifts to the right because H2CO; is formed when CO2 and H20 
combine 

CO2 dissolves into solution 

pH islowered 

. 	 . 

~(IRefer[oEquatiori4-35 

bTheasterisk * in the H2C03 is used to signify the sum of CO2 and H2CO, in solution. 

Behavior of the carbonate buffer system with the addition of acids and bases or the addition and removal of CO2, 

2. 	 Ata pHof8.3most of the carbonate species are present as HC03, and the al
kalinity equals HCOi. 

3. 	Above a pH of 12.3, essentially all of the carbonate species are present as 
C05-:-; and the alkalinity equals 2[CO~-J + [OH-]. The [OH-] may not be 
insignificantat this pH. 

Figure 4-6 schematically shows the change of species described above as the pH 
is lowered by the addition of acid to a water containing alkalinity. Note that the pH 
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FIGURE 4-6 
Titration curve for a hydroxide-carbonate mixture. (Source: Sawyer, McCarty, and 
Parkin, 1994.) 

starts at above 12.3 and as acid is added the pH drops slowly as the first acid (H+) 
addition is consumed by free hydroxide (OH-), preventing a significant pH drop, and 
then the acid is consumed by carbonate (CO~-) being converted to bicarbonate 
(HC03). At about pH 8.3 the carbonate is essentially all converted to bicarbonate, at 
whichpointthere isanothet somewhat flat area where the acid is consumed by con
verting.bicarbonatetocarponic.•. ~cid. 

,FromEquation4-37andourdiscussion of buffer solutions, it can be seen that al
.	k~Hniwserve~asarneaspr~()fbufferingcapacity. The greater the alkalinity, the greater 
the>qpffe(ing5apa~ity.lnenvironmentalengineering, then, we differentiate between al
kalinewaterandwaterhaving high alkalinity. Alkaline water has a pH greater than 7, 
while a water with high alkalinity has ahigh buffering capacity. An alkaline water may 
ormaynot have a high buffering capacity. Likewise, a water with a high alkalinity may 
or:maynothave.ahighpH . 

. By convention, alkalinity is not expressed in molarity units as shown in the above 
equations, but rather in mg/L as CaC03. In order to convert species to mg/L as CaC03, 

multiply mg/L as the species by the ratio of the equivalent weight of CaC03 to the 
species equivalent weight: 

EWcaco,)
mg/L as CaC03 = (mg/L as species). .' (4-40)( 

EWspecies 

The alkalinity is thenfound by adding all the carbonate species and the hydroxide, and 
then subtracting the hydrogen ions. When using the units "mg/L as CaC03," the terms 
are added directly. The multiple of two for CO~ - has already been accounted for in the 
converSIOn. 
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Example 4-8. A water contains 100.0 mg/LCO~- and 75.0 mg/L HC03ata pH of -.' 
10. Calculate the alkalinity exactly at 25°C. Approximate the alkalinity by ignoring 
[OH-] and [H+]. 

Solution. First, convert cOj-, HCO;-, OH-, and H+ to mg/L as CaC03. 

Theequivalent weights are 

CO~-: MW::::;; 60, n = 2, EW 30 

HCO}: MW = 61,n = 1, EW = 61 

H+: MW 1, n 1, EW = 1 

OH-; MW = 17, n = 1, EW = 17 

and the concentration of H+ and OH- is calculated as follows: pH = 10; therefore 
[H+] lO- IO M. Using Equation 4-7, 

mg/L = (10-10 moles/L)(l g/mole)(l03 mg/g) = 10-7 
' 

Using Equation4-28, 

10-4 moles/L 

and 

mg/L = (10-4 moles/L)(l7 g/mole)(103 mg/g) 1.7 

Now, themg/Las CaC03 is foundby using Equation 4-40 and taking the equivalent 
weight of CaC03to be 50; 

cQl~ = lOOO(~6)= 167 

=75.b@~) . 61 

H+ = 1O~7en = 5 X 1O~6 

QHC = I)(~~) 5.0 
The exactalkalinity (in mg/L) is found by 

Alkalinity = 61 + 167 + 5.0 - (5 X 10-6
) 

= 233 mglL as eaC03 

Itisarrroximatedby 61 + 167 = 228 mg/L as CaC03. This is a 2.2 percent error. 

~ctivityCoefficients. To this point our discussions have assumed that the solutions 
being analyzed were dilute. That is, the total ion concentrations were low (generally 
less than 10-2 M). For dilute solutions, the ions in solution can be considered to act 
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independently from one another. Asth~ concentration of ions in sol~tion increases, the 
interaction of their electric charges affects their equilibrium relationships. This inter
action is measured in terms of ionic strength. To account for high ionic strength, 
the equilibrium relationships are modified by incorporating activity coefficients. These 
are symbolized by yCion). Activity is then the product of the molar concentration of the 
species an~ its activity coefficient. For example, the solubility product of CaC03 
would be 

(4-41) 

Reaction Kinetics 
Many reactions that occur in the environment do not reach equilibrium quickly. Some 
examples include disinfection of water, gas transfer into and out of water, removal of 
organic matter from water, and radioactive decay. The study of how these reactions 
proceed is called reaction kinetics. The rate of reaction, r, is used to describe the rate 
of formation or disappearance of a compound. Reactions that take place in a single 
phase (that is, liquid, gas, or solid) are called homogeneous·'reactions. Those that occur 
at surfaces between phases are called heterogeneous. For each type of reaction, the rate 
may be defined as follows: 

For homogeneous reactions 

r 
moles or milligrams 

(unit volume)(unit time) 
(4-42) 

For heterogeneous reactions 

moles or milligrams 
r=

(unit surface)(unit time) 
(4-43) 

Production of a compound results in a positive sign for the reaction rate (+ r), 
\VhiIedisappearance of a substance yields a negative sign (~r). Reaction rates are a 
functionoftemperature,pressure, and the concentration of reactants. For a stoichio
metric reaction ofthe form: 

aA + bB-+cC 

where a, b, andc· are the proportionality coefficients for the reactants A, B, and C, the 
change in concentration of compound Ais equal to the reaction rate equation for com
pound A: 

d[A] = rA = -k[At' [B]f3 k[CF (4-44)
dt 

where [A], [B], and [C] are the concentrations of the reactants, and a, {3, and yare em
pirically determined exponents. The proportionality term, k, is called the reaction rate 
constant. It is often not a constant but, rather, is dependent on the temperature and 
pressure. Since A and B are disappearing, the sign of the reaction rate equation is neg
ative. It is positive for C because C is being formed. 
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TABLE 4-5 
Example reaction orders 

Reaction order Rate Equation 

Zero rA =-k 

First rA -k[A] 

Second fA = -k[A]2 

Second rA = ~k[A][B] 


The order ({l reaction is defined as the sum of the exponents in the reaction rate 

equation. The exponents may be either integers or fractions. Some sample reaction or

ders are shown in Table 4-5. 


For elementary reactions where the stoichiometric equation represents both the mass 

balance and the molecular scale process, the coefficients of proportionality (a, b, c) are 

equivalent to the exponents in the reaction rate equation: 


(4-45) 

The overallreaction rate, r, and the individual reaction rates are related: 

rA rB rc 
r =- = (4-46)

abc 

. The reaction rate constant, k, may be determined experimentally by obtaining data on 

the.concentrations of the reactants as a function of time and piotting on a suitable 

graph. The form ofthe graph is determined from the result of integration of the equa

tionsinJaBle4:5.1'be integrated forms and the appropriate graphical forms are shown 

inTable4-6~;:-:->\ 

t_.~'~;_J1 .:':::.::-:{,:,;- ~-_,~-_ ~'h-\~::-'-;'-__ ~~--_;-:>:_ ",,'__ 

::~iGas!r.·.·..~.. ...•. AI.·.l.il.TIP.·o ....o.fti.me-de.pendent reactions is the mass trans-n~.ter........ ..... ..rt.a.l.1t.·... exampl...e 
it~it Nr·tcIis~g'!:~tioI1onVolatiliz<lti~n}ofgas from Water. In 1924 Lewis and Whitman 

····1$ 

TABLE4~6 

Plottibg;p~ocedure.todetermineo..d~rofreaction by method of integration for 

.... ptqgtlo'Yl"e~ctorall(tfor abatchreactora 


Rate Integrated Linear 
Order equation equation plot Slope Intercept 

d[A]
0 -k [AJ - [Ao] = -kt [A] YS. t -k [AoJ

dt 
[AJd[A] = ~k[A] ln~·- -kt In [AJ vs. t -k In [AoJ

dt [Ao] 
d[A] 1 1 1 

k[Af --=kt -YS.t k - 
dt [AJ [Ao] [AJ [Ao] 

aSource: 1. G. Henry and G. W. Heinke, 1989. 

1 

http:rt.a.l.1t
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Bulk gas Bulk gas 

Gas film Gas filmr Interface Interface --.., ~/ 
Liquid film Liquid film 

~/ ~ 

Bulk liquid Bulk liquid 

C,> C, C,< C, 

Concentration ~ Concentration ----+

(a) (b) 

FIGURE 4·7 
Two-film model of the interface between gas and liquid: (a) absorption mode and (b) desorption mode. 

postulated a two:..fi1m theory to describe the mass transfer of gases. According to their 
theory, the boundary between the gas phase and the liquid phase (also called the 
interface) is composed of two distinct films that serve as a barrier between the bulk 
phases (Figure 4-7). For a molecule of gas to go into solution, it must pass through the 
bulkof the gas, the gas film, the liquid film, and into the bulk of the liquid (Figure 4-7a). 
To leave the liquid, the gas molecule must follow the reverse course (Figure 4-7b). The 
driving force causing the gas to move, and hence the mass transfer, is the concentration 
gradient: Cs - C. Cs is the saturation concentration of the gas in the liquid, and C is the 
actual concentration. When Cs is greater than C, the gas will go into solution. When C 
is greater than Cs' thegas will desorb. 

TherelationshiBbetween.theequilibrium concentration of gas dissolved in solu
tionartdthepartialpressure of the gas is defined by Henry's law (WQ&T, 1990): 

Hc 
p (4-47)

PT 

e = the·mole fraction of gas in water 
p molefraction ofgas in air 
H proportio~~lityconstant, known as Henry's constant (the slope of the 

straight-lilleportion of the distribution curve) 
PT = total pressure atm 

For water treatment, PT is usually 1 atmosphere (atm). Various units are used by 
different investigators for the concentrations in the two phases and, therefore, the units 
for Henry's constant vary. Because of units, care must be taken in using the relation
ship,especiaUy when obtaining constants from different sources. Below is a discussion 
of the primary methods of reporting Henry's law. 

Probably the most common method of expressing Henry's law is with units of c 
andpas mole fractions: 

He 
p (4-48)

PT 
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where p mol gas/mol air 

e = mol gas/mol water 


atm (mol gas/mol air)

H = atm, actually 


mol gas/mol water 

PT = atm, usually = I 


Recall that according to Dalton's law, a mole of gas per mole of air is the same as the 
partial pressure of the gas or is also the same as the volume of gas per volume of air. Ause
ful conversion factor when calculating c is that 1 L of water contains 55.6 mol of water: 

1000 gil 
--- = 55.6 mollL 
18 g/mol 

Another method of reporting Henry's law is to utilize concentration units. In this 
case, the total pressure PTis commonly defined as 1, and 'hence it is left off of the equa
tion and atmis dropped from the units of H. In this case, any set of mass per volume or 

.mol~pervolumeunits canbe used (as long as p and e are the same), and hence iUs of
ten referred to as the dimensionless or unitless Henry's law constant: 

p = Hlle (4-49) 

where p concentration units, e.g., kg/m3
, mollL, mg/L 


Hu =unitless 

c = same concentration units used for p 


At I atmpressure and DoC, 22.412 L of air is 1 mol of air. At other temperatures, 
Lmolofairis 0.082TL[where T = temperature in kelvin (K)] of air. The following 
conversionbetweenH and Hu can be made: 

(4-50) 

p (4-51)
PT 

where p = mol gas/mol air (partial pressure) 
c = mol gas/m3 water 

Hm atm Xm3 water/mol gas 

~ {H a:~~g:;~~:::;) lC;,:;a:;~J 
H 

55,600 
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Finally, milligram per liter units :for c may be used. This is veJY useful in water 
treatment: 

HDc 
p (4-52)

PT 

where p = mol gas/mol air (partial pressure) 
c mglL 

HD = (atm)(L)/mg 
Hm HH ------

D - MW - 55,600 MW 
MW = molecular weight of gas of interest 

The Henry's law coefficient varies both with the temperature and the concentration 
of other dissolved substances. Henry's l~w constants are given in Table A-2,AppendixA. 

The rate of mass transfer can be described by thefollowing equation: 

dC 
=kaCCs - C) (4-53)

dt . 

where ka = rate constant or mass transfer coefficient, s -I. 
The difference between the saturation concentration and the actual concentration 

(Cs - C) is called the deficit. Since the saturation concentration is a constant for a con
stant temperature and pressure, this is a first-order reaction. 

Example 4-9. A falling raindrop initially has no dissolved oxygen. The saturation 
concentratien for the drop is 9.20 mglL. If, after falling for two seconds, the droplet 
has an oxygen concentration of 3.20 mg/L, how long must the droplet fall (from the 
startofthe fall) to achieve a concentration of 8.20 mg/L? 

3.20 = 6.00 mg/L 

Deficit at t sec = 9.20 8.20 = 1.00 mg/L 

NpwusingtheintegIatedform of the first-order rate equation from Table 4-6, noting 
thatthe rate ofchange is proportional to deficit and, hence, [AJ = (Cs - C) and that 
[Ao] (9.20 0.00), 

6.00 
In - = -k(2.00 s)

9.20 

k=0.2137s- 1 

With this value of k, we can calculate a value for t: 

(9.20 - 8.20)
In _._.- = -(0.2137)(t)

9.20 

t lOA s 
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Water Quality 
Precipitation in the form of rain, hail, or sleet contains very few impurities. It may con
tain trace amounts of mineral matter, gases, and other substances as it forms and falls 
through the earth's atmosphere. The precipitation, however, has virtually no bacterial 
content (U.S. PHS, 1962). 

Once precipitation reaches the earth'ssurface, many opportunities are presented for 
the introduction of mineral and organic substances, microorganisms, and other forms 
of pollution (contamination).*When water runs over or through the ground surface, it 
may pick up particles of soil. This is noticeable in the water as cloudiness or turbidity. 
It also picks up particles of organic matter and bacteria. As surface water seeps down
ward into the soil and through the underlying material to the water table, most of the 
suspended particles are filtered out. This natural filtration may be partially effective in 
removing bacteria and other particulate materials. However, the chemical characteris
tics of the water may change and vary widely when it comes in contact with mineral 
deposits. As surface water seeps down to the water table, it dissolves some of the min
eralscontainedin the soil and rocks. Groundwater, therefore, often contains more dis
solved minerals than surface water. 

The following four categories are used to describe drinking water quality: 

L 	Physical: Physical characteristics relate to the quality of water for domestic 
use and are usually associated with the appearance of water, its color or tur
bidity, temperature, and, in particular, taste and odor. 

2. 	Chemical: Chemical characteristics of waters are sometimes evidenced by 
their observed reactions, such as the comparative performance of hard and 
soft. waters in laundering. Most often, differences are not visible. 

agentsareveryimpOltant in their relation to 
_.. , ... ,.., the physical and chem

F"""f,-(,."<n',",,,l'h,,, consideredinareas where there is a 

come in contact with radioactive sub


""""',l",vJ.Theradioactivity of the water is of public health concern in these cases. 


gonseq.qe~tlY,i~ntheideyel()pment.ofawatersupply system, it is necessary to ex
*~};arniH~~c:arefUl1yantheJactorsthatmight adversely affect the intended use of a water 

supply source. 

Physical Characteristics 

Turbidity. ,The presence of suspended material such as clay, silt, finely divided or

ganicInaterial, plankton, and other particulate material in water is known as turbidity. 

'l'heqnit.ofmeasure isa Turbidity Unit (TU) or Nephlometric Turbidity Unit (NTU). 


*J>ollution as used in thistext mearis the presence in water of any foreign substances (organic, inorganic, radio
logical, or biological) that tend to lower its quality to such a point that it constitutes a health hazard or impairs the 
usefulness of the water. 
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It is determined by reference to a chemical mixture thai produces a reproQucible re
fraction of light. Turbidities in excess of 5 TU are easily deteCtable in a glass of water 
and are usually objectionable for aesthetic reasons. 

Clay or other inert suspended particles in drinking water may not adversely affect 
health, but water containing such particles may require treatment to make it suitable for 
its intended use. Following a rainfall, variations in the groundwater turbidity may be 
considered an indication of surface or other introduced pollu!ion. 

Color. Dissolved organic material from decaying vegetation and certain inorganic 
matter cause color in water. Occasionally, excessive blooms of algae or the growth of 
aquatic microorganisms may also impart color. While color itself is not usually objec
tionable from the standpoint of health, its presence is aesthetically objectionable and 
suggests that the water needs appropriate treatment. 

Taste and Odor. Taste and odor in water can be caused by foreign matter such as or
ganic compounds, inorganic salts, or dissolved gases. These materials may come from 
domestic, agricultural, or natural sources. Drinking water sh~urd be free from any ob
jectionable taste or odor at point of use. 

Temperature. The most desirable drinking waters are consistently cool and do not 
have temperature fluctuations of more than a few degrees. Groundwater and surface 
water from mountainous areas generally meet these criteria. Most individuals find that 
water having a temperature between 100 -15°C is most palatable. 

Chemical Characteristics 
Chloride. Most waters contain some chloride. The amount present can be caused by 
theleaching ofmarine sedimentary deposits or by pollution from sea water, brine, or 
industrial ordomestic wastes. <Chloride concentrations in excess of about 250 mglL 
~suaHYproducea~oticeaple taste.in drinking water. Domestic water should contain 
;lessthaIl;100111g/~ofchlorid~.Jnsomeareas,itmay be necessary to use water with a 
chloridecontentinexcessof 100mg/L In these cases, all of the other criteria for wa
ter purity mustbemet. 

.FJu?ride. ·.InsoIllea.reas, water· sources contain natural fluoride. Where the concen
trations approach optimum levels, beneficial health effects have been observed. In such 
areas, the incidence of dental caries has been found to be below the levels observed in 
areas without natural fluoride. The optimum fluoride level for a given area depends 
upon air temperature, since temperature greatly influences the amount of water people 
drink. Excessive fluoride in dlinking water supplies may produce fluorosis (mottling) 
of teeth, which increases as the optimum fluoride level is exceeded.* State or local 
healthdepartments should be consulted for their recommendations, but acceptable lev
els are generally between 0.8 and 1.3 mglL fluoride. 

*Mottled teeth are characterized by black spots or streaks and may become brittle when exposed to large amounts 
of fluoride. 

http:taste.in
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Iron. Small amounts of iron frequently are present ""in water because of the large" 
amount of iron in the geologic materials. The presence of iron in water is considered 
objectionable because it imparts a brownish color to laundered goods and affects the 
taste of beverages such as tea and coffee. 

Lead. Exposure of the body to lead, however brief, can be seriously damaging to 
health. Prolonged exposure to relatively small quantities may result in serious illness 
or death. Lead taken into the body in quantities in excess of certain relatively low 
"normal" limits is a cumulative poison. 

Manganese. Manganese imparts a brownish color to water and to cloth that is 
washed in it. It flavors coffee and tea with a medicinal taste. 

Sodium. The presence of sodium in water can affect persons suffering from heart, 
kidney, or circulatory ailments. When a strict sodium-free diet is recommended, any wa
tershQuldberegarded with suspicion. Home water softeners may be of particular con
Cern because they add large qllantitiesofsodium to the water. (See Section 4_-:3 for an 
explanation of the chemistry and operation of softeners). 

Sulfate. Waters containing high concentrations of sulfate, caused by the leaching of 
natural deposits ofmagnesium sulfate (Epsom salts) or sodium sulfate (Glauber's salt), 
may be undesirable because of their laxative effects. 

Zinc. Zincisfound in some natural waters, particularly in areas where zinc ore de
p()sitspayebeelllIlined. Zinels not considered detrimental to health, but it will impart 
an undesirable taste to drinking water. 

, - - . - ---~ 

r~'~Ar~~rii~.><}\r~6niSoc~ursnaturallyinth~ envirollment,and· it is also widely used in 
':, tim8~rtre~tm~nt,a~riclllturaIchelTIical~(pesticides), and manufacturing of gallium ar
t~:) ·~<:?~l~e:(~~~.rs;glaSst~~galloY~~.Ars~.nicindrinkingwater is associated with lung and 
·~)<.I.l~~IJ'~n:~la(itJ,er2ancer. . 

1()~i~ln()rg~nic Substances.Nitrates(N03) , cyanides (eN), and heavy metals con
stit~te.th)Jllaj~rclasse~~finorganicsu~stancesof health concern. Methemoglobine
mi~~i9~(;lntcY~t1Qsisqr."'bl,uyb<'lpYScyodrome?'")has occurred in infants who have been 
give~wateror fedformula prepared with water having high concentrations of nitrate. 
CNtiesup the hemoglobin sites that bind oxygen to red blood cells. This results in 
oxygen deprivation. A characteristic symptom is that the patient has a blue skin color. 
This condition is called cyanosis. CN causes chronic effects on the thyroid and central 
ner\iOus sys.tem.Thetoxicheavymetals include arsenic (As), barium (Ba), cadmium 
(Cd)~chrOlllium(Cr), lead (Pb), mercury (Hg), selenium (Se), and silver (Ag). The 
heavy metals have a wide range ofeffects. They may be acute poisons (As and Cr6+ 

for~xample},orthey.mayproduce chronic disease (Pb, Cd, and Hg for example), 

Toxic Organic Substances. There are over 120 toxic organic compounds listed on 
the U.S. Environmental Protection Agency's Priority Pollutant List (Table 1-6). These 
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include pesticides, insecticides, and s·olvents. Like the inorganic substanf.es, their ef
fects may be acute or chronic. .. 

Microbiological Characteristics 
Water for drinking and cooking purposes must be made free from disease-producing 
organisms (pathogens), These organisms include viruses, bacteria, protozoa, and 
helminths (worms). 

Some organisms which cause disease in people originate with the fecal discharges 
of infected individuals. Others are from the fecal discharge of animals. 

Unfortunately, the specific disease-producing organisms present in water are not 
easily identified. The techniques for comprehensive bacteriological examination are 
complex and time-consuming. It has been necessary to develop tests that indicate the 
relative degree of contamination in terms of an easily defined quantity. The most 
widely used test estimates the number of microorganisms of the coliform group. This 
grouping includes two genera: Escherichia coli and Aerobac..ter aerogenes. The name 
of the group is derived from the word colon. While E. coli ,are common inhabitants of 
the intestinal tract, Aerobacter are common in the soil, on leaves, and on grain; on oc
casion they cause urinary tract infections. The test for these microorganisms, called the 
Total Coliform Test, was selected for the following reasons: 

1. 	The coliform group of organisms normally inhabits the intestinal tracts of hu
mans and other mammals. Thus, the presence of coliforms is an indication of 
fecal contamination of the water. 

2. 	 Even in acutely ill individuals, the number of coliform organisms excreted in 
the feces outnumber the disease-producing organisms by several orders of 
ma.gnitude. The large numbers of coliforms make them easier to culture than 
disease"producingorganisms. 

Thecolifofrn.groupoforganisms survives in natural waters for relatively long 
periods oftilTie,butdoesnotreproduce effecti vely in this environment. Thus, 
the presence of coliforms in water implies fecal contamination rather than 
growth of the organism beca.use of favorable environmental conditions. These 
organismsalso survive better in water than most of the bacterial pathogens. 
This means thauheabsence of coliforms is a reasonably safe indicator that 
path()gens are not present. 

4. 	 The coliform group of organisms is relatively easy to culture. Thus, laboratory 
technicians can perform the test without expensive equipment. 

Current research indicates that testing for Escherichia coli specifically may be war
ranted. Some agencies prefer the examination for E. coli as a better indicator of bio
logical contamination than total coliforms. 

Thetwo protozoa of most concern are Giardia cysts and Cryptosporidium oocysts. 
Both pathogens are carried by animals in the wild and on farms and make their way 
into the environment and water sources. Both are associated with gastrointestinal 
illness. 

http:substanf.es
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Radiological Characteristics 
The development and use of atomic energy as a power source and the mining of ra
dioactive materials, as well as naturally occurring radioactive materials, have made it 
necessary to establish limiting concentrations for the intake into the body of radioac
tive substances, including drinking water. 

The effects of human exposure to radiation or radioactive materials are harmful, 
and any unnecessary exposure should be avoided. Humans have always been exposed 
to natural radiation from water, food, and air. The amount of radiation to which the in
dividual is normally exposed varies with the amount of background radioactivity. Wa
ter with high radioactivity is not normal and is confined in great degree to areas where 
nuclear industries are situated. 

Water Quality Standards 
President Ford signed the National Safe Drinking Water Act (SDWA) into law on 
Dec~mber16,1974.The Environmental Protection Agency (EPA) was directed to es
tablish maximum contaminant levels (MCLs) for public water systems to pr~vent the 
occurrence of any known or anticipated adverse health effects with an adequate mar
gin of safety. EPA defined a public water system to be any system that provides piped 
water for huma.n· consumption,if such a system has at least 15 service connections or 
regularly serves an average of at least 25 individuals daily at least 60 days out of the 
year. This definition includes private businesses, such as service stations, restaurants, 
motels, and others that serve more than 25 persons per day for greater than 60 days out 
of the·year. 

FrorTl1975 through 1985, the EPA regulated 23 contaminants in drinking water 
supplied by public water systems. These regulations are known as interim primary 
griV~ipgi~aterregulations (IPDWRs):InJuneof 1986, the SDWA was amended. The 
~.IIl~vg!1l,eI1ts((~e9.uire~§gA.to~etnmximumcontaminant lev.el goals (MCLGs) and 
.M~Ls:for~rsp~Cificsubsta~ces.Thislisrincluded·22 of the IPDWRs (aU except tri

. ~ 

..h(l1~I11~t~~@,es);CEI0e~fl1.en~rrt~Ilts.aIs()required EPA toregu late 25 addi tional contami"'::,::.:",;:;;;:' 

i' • .• §an.~~/~y~ry.~~!e~yearslJeginl1ingjnJanl1arY;···1991. and continuing for an indefinite 
1,\ '. periodof.time. 

.~~ble,.tqlists eachregulated contaminant and summarizes its adverse health ef
fects.S()!1lepfthese~?9taminant levelsarebeingconsidered for revision. The notation 

i?f.\..<'~"J.n;t~~~fl;blerne~tlstl1atatreatIIl~nttechnique is specified rather than a contami
.\ nant level. Thetreatment te~hniques are specific processes that are used to treat the wa

ter. Some examples include coagulation and filtration, lime softening, and ion 
exchange. These will be discussed in the following sections. 

Lead and Copper. In June 1988, EPA issued proposed regulations to define MCLs 
and MCLGs for lead and copper, as well as to establish a monitoring program and a 
treat111enttechniquefor both. The MCLG proposed for lead is zero; for copper, 1.3 
IIlg/L.TheMCLaction levels,.applicable to water entering the distribution system, are 
O.005mglLfor lead anci 1.3 mg/L for copper. 

Compliance with the regulations is also based on the quality of the water at the 
consumer's tap. Monitoring is required by means of collection of first-draw samples at 

mailto:h(l1~I11~t~~@,es);CEI0e~fl1.en~rrt~Ilts
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residences. The number of samples required to be collected will rang~ from 10 per year 
to 50 per quarter, depending on the size of the water system. - ", 

The SDWA amendments forbid the use of pipe, solder, or flux that is not lead-free 
in the installation or repair of any public water system or in any plumbing system pro
viding water for human consumption. This does not, however, apply to leaded joints 
necessary fC?r the repair of cast iron pipes. 

Disinfectants and Disinfectant By-Products (D-DBPs). The disinfectants used to 
destroy pathogens in water and the by-products of the reaction of these disinfectants 
with organic materials in the water are of potential health concern. One class of 
DBPs has been regulated since 1979. This class is known as trihalomethanes (THMs). 
THMs are formed when a water containing an organic precursor is chlorinated 
(precursor means forerunner). In this case it means an organic compound capable of 
reacting to produce a THM. The precursors are natural organic substances formed from 
the decay of vegetative matter; such as leaves, and aquatic organisms. THMs are of 
concern because they are potential carcinogens and may cause reproductive effects. 
The four THMs that were regulated in the 1979rules are: ,chloroform (CHCI3), bro
modichloromethane (CHBrC12), dibromochloromethane (CHBrlCl), and bromoform 
(CHBr3)' Of these four, chloroform appears most frequently and is found in the high
est concentrations. 

The D-DBP rule was developed through a negotiated rule-making process, in 
which individuals representing major interest groups concerned with the rule (for ex
ample, public-water-system owners, state and local government officials, and environ
mental groups) publicly work with the EPA representatives to reach a consensus on the 
contents of the proposed rule. 

Maximum residual disinfectant level goals (MRDLGs) and maximum residual 
disillfectantlevels(MRDLs)were established for chlorine, chloramine, and chlorine 
diox~de(Table4-8).Be8ause ozone reacts too quickly to be detected in the distribution 
system,PIJlimitson',ozonewere set. 

Tr~;~C]LGsandMCLsforthedisinfection by-products are listed in Table 4-9. In 
aGditiont?~egula.tingindividlIalcompounds, the D-DBP rule,set levels for two groups 
ofcompounds:HAA5 andTTHMs. These groupings were made to recognize the po
tentialeumulative effect of several compounds. HAAS is the sum of five haloacetic 
acids (monochloroacetic acid, dichloroacetic acid, trichloroacetic acid, monobro
nioaceticaCid,and9ibromoacetic acid). TIHMs (total trihalomethanes) is the sum of 

TABLE 4-8 
Maximum residual disinfectant goals (MRDLGs) and 
maximum residual disinfectant levels (MRDLs) 

MRDLGs MRDL 
Disinfectant residual mg/L omaiL 

Chlorine (free) 4 4.0 
Chloramines (as total chlorine) 4 4.0 
Chlorine dioxide, 0.08 0.8 
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TABLE 4-9 
Maximum contaminant level goals (MCLGs) and maximum 
contaminant levels (MCLs) for disinfection by-products (DBPs) 

Stage 1 Stage 2 
MCLG MCL· MCL 

Contaminant mg/L mg/L mg/L 

Bromate Zero 0.010 
Bromodichloromethane Zero 
Bromoform Zero 
Chloral hydrate 0.005 
Chlorite 0.3 1.0 
Chloroform 0.07 
Dibromochloromethane 0.06 
Dichloroacetic acid Zero 
Monochloroacetic acid 0.03 
Trichloroacetic acid 0.02 
HAA5 0.060 0.060* 
TIHMs 0.080 0.080* 

*Calculated differently in Stage 2. 

the concentrations of chloroform (CHCl3), bromodichloromethane (CHBrC12), dibro
mochloromethane (CHBr2Cl), and bromoform (CHBr3\ 

TheD-DBP ruleis quite complex. In addition to the regulatory levels shown in the 
tables, levelsare established for precursor removal. The amount of precursor required 
tober~Il1()ye?isa..func.tiol1qfthealkaliriity ofthe water and the amount of total or
gqniS~~f:bgn<(J;~<:;)·present. 

''L'~~!?-~Bg;f\llewasimplemented ·instages.·Stage l·.• of the rule was promulgated 
i~i~ov.e:~~er~12g8.••Stagr2\vfs.promulgated..·in.2006. 
.:.~h,encl1J9rin~isl:lcldedtoawaterthatcontainsTOC, the chlorine and TOC 
slowlyieacttoform THMs and HAAS. Therefore, THM and HAAS are continu
Qnslyincreasing untilthepoint of maximum formation is reached. In order to better 
det~rInin~theJev~lofDB.~sconsumedatthetap,compliance with the regulation is 
ga~epQll.9QlleC?tingsampIesinthedistriblltionsystem. Although the number of sam
pIes can vary, it is in the range of four distribution samples collected quarterly for 
eachtreatmel1t plant. In the Stage 1 rule, the sample points (say, four) are averaged 
over four quarters of data (so 16 data points are averaged) to determine compliance 
with the MCLs of Table 4-9. This method of determining compliance is called a run
ningannualaverage(RAA). For the Stage 2 rule, several changes were made to the 
number and locations of the samples, but also the method to calculate compliance 
was changed. In Stage 2, the four quarters from an individual sample site are aver
agea(4datapoints)and each site must be below the MCLs. This is referred to as a 
locational running annual average (LRAA). Although the MCLs in Stage 1 and 
Stage 2 are the same, because of the use of the LRAA, compliance is more difficult 
in the Stage 2 rule. 
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Surface Water Treatment Rule (SWTR). The Surface Water Treatment R.ule (SWTR) 
and its companion rules, the Interim Enhanced Surface Water Treatment Rule (IESWTR) 
and the Long-Tenn Enhanced Surface Water Treatment Rules (LTIESWTR and 
LTIESWTR), set forth primary drinking water regulations requiring treatment of surface 
water supplies or groundwater supplies under the direct influence of surface water. The 
regulations require a specific treatment technique-filtration and/or disinfection-in lieu 
of establishing maximum contaminant levels (MCLs) for ~urbidity, Oyptosporidium, 
Giardia, viruses, Legionella, and heterotrophic bacteria, as well as many other pathogenic 
organisms that are removed by these treatment techniques. The regulations also establish 
a maximum contaminant level goal (MCLG) of zero for Giardia, Oyptosporidium, 
viruses, and Legioneila. No MCLG is established for heterotrophic plate count or turbidity. 

Turbidity Limits. Treatment by conventional or direct filtration must achieve a tur
bidity level oflessthan OJ NTU in at least 95 percent of the samples taken each month. 
Those systems using slow sand filtration must achieve a turbidity level of less than 5 
NTU at all times and not more than 1 NTU in more than 5 percent of the samples taken 
eachrnonth.The 1 NTUlimit may be increased by the state 'up to 5 NTU if it deter
mines that there is no significant interference with disinfection. Other filtration tech
nologies may be used if they meet the turbidity requirements set for slow sand filtration, 
provided they achieve the disinfection requirements and are approved by the state. 

Turbidity measurements must be performed on representative samples of the sys
tem's filtered water every four hours or by continuous monitoring. For any system us
ing slow sand filtration or a filtration treatment other than conventional treatment, 
direct filtration, or diatomaceous earth filtration, the state may reduce the monitoring 
requirements to once per day. 

D.........l.'....S •. ..·.!fi·· •. ... t.i.o.' ..... f!.qu· ....•m.··· n.· .....8 ".
...L.·n.·.. ... e.·c ..t.·..•.R ..•.. i..r.·•.e.......e.. ... t ..•.•... Filtered water supplies must achieve the same disinfec
tioQa~Tequiredfor~nfi1teredsystems(that is, 99.9 or 99.99% removal, also known as 
3-10~t.lnd4}ogrem()yal()rinactivation,for Giardia and viruses respectively) through 
ac?f(1~i~lltioQ\()ffiltrftiQnan9Clpplicationof a disinfectant 
~;~l{qrdiq..an;dVifUsesarebothJairly well inactivated by chlorine, and hence with 

properphysicaltreatmentand chlorination both can be controlled. Cryptosporidium, 
however,.is resistantt,0chlorination. Depending on the source water concentration, 
EPf\establishep1ev~ls,?ftr~atment,both additional physical barriers and disinfection 
te~~niqu.~s,tha~Qlllstl>eused to reduce the rush of illness due to Cryptosporidium. 
Ozo~e and ultraviolet light are effective disinfectants for C1)'ptosporidiurn. 

Total Coliform. On June 19, 1989, the EPA promulgated the revised National Pri
mary Drinking Water Regulations for total coliforms , including fecal coliforms and 

call. Theseregulationsapply to all public water systems. 
The regulations establish a maximum contaminant level (MCL) for coliforms 

based on the presence or absence of coliforms. Larger systems that are required to col
lect.at leastAOsamplespermonth cannot obtain coliform-positive results in more than 
5 percent of the samples collected each month to stay in compliance with the MCL. 
Smaller systems that collect fewer than 40 samples per month cannot have coliform
positive results in more than one sample per month. 

http:however,.is


225 WATER TREATMENT 

The EPA will accept anyone of the five analytical meth(~ds noted below·forthe de
termination of total coliforms: 

Multiple-tube fermentation technique (MTF) 
Membrane filter technique (MF) 
Minimal media ONPG-MUG test (colilert system) (MMO-MUG) 
Presence-absence coliform .test (P-A) 
Colisure technique 

Regardless of the method used, the standard sample volume required for total coliform 
testing is 100 mL. 

Apublic water system must report a violation ofthe total coliform regulations to 
the state no later than the end of the next business day. In addition to this, the system 
must make public notification according to the general public notification requirements 
ofthe Safe Drinking Water Act, but with special wording prescribed by the total col
iform regulations. . 

Sec()l1daryMaximumCoIltaminant Levels (SMCLs)~ The National Safe Drinking 
Water Act also provided for the establishment of an additional set of standards"'to pre
scribe maximum limits for those contaminants that tend to make water disagreeable to 
use,butthat do nothave any particular adverse public health effect. These secondary 
maximum contaminant levels are the advisable maximum level of a contaminant in 
any public water supply system. The levels are shown in Table 4-10. 

AWWA Goals. The primary and secondary maximum contaminant levels are the 
rriaxirnumallowed (or recommended) values of the various contaminants. However, a 

Manganese 
Odor 
pH 
Sulfate 
l'otaldissolved solids 

(TDS) 
Zinc 

,··Noncorrosive 
0.5 
0.05 
0.3 
0.05 
3 threshold odor number 
6.5-8.5 units 

250 

500 

5 


"All quantities are mg/L except those for which units are given. 
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TABLE 4-11 
American Water Works Association water quality goals 

Contaminant Goal (mg/L)Q 

Turbidity < 0.1 TU 
Color < 3 color units 
Odor None 
Taste None objectionable 
Aluminum <0.05 
Copper <0.2 
Iron <0.05 
Manganese < 0.01 
Total dissolved solids (TDS) 200.0 
Zinc < LO 
Hardness 80:0 

(I All quantities are mglL except those for which units are given. 

reasonable goal may be much lower than the MCLs themselves. The American Water 
Works Association (AWWA) has issued its own set of goals to which its members try 
to adhere. These goals are shown in Table 4-11. 

Water Classification and Treatment Systems 
Water Classificationby Source. Potable water is most convenientlyclassified as to 
its source, that is, groundwater or surface water. Generally, groundwater is Uncontam
inated but may contain aesthetically or economically undesirable impurities. Surface 
water mustbeconsidered to be contaminated with bacteria, viruses, or inorganic sub
sta~ceswhichcouldpresentahealthhazard. Surface water may also have aesthetically 
unpleasingcharacteristicsJor a potable water. Table 4-12 shows acomparison between 
groundwater and surface water. 
t"...; :",',_ ", ,,'.-- _,'<-: - -: ", - 

TABLE 4·12 

General characteristics of groundwater and surface water 


Ground Surface 

Constant composition Varying composition 

High mineralization Low mineralization 

Little turbidity High turbidity 

Low or no color Color 

Bacteriologically safe Microorganisms present 

Nodissolved oxygen Dissolved oxygen 

High hardness Low hardness 

RiS,Fe, Mn Tastes and odors 


Possible chemical toxicity 
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TABLE 4·13 
Raw water quality as a function of water source 

Turbidity Color Average alum 
Source (TU) (Pt-Co units) dose (mg/L) 

Reservoir 11 18 16 
Lake 16 28 22 
River 26 44 29 

Source: D. A. Cornwell and 1. A. Susan, 1979. 

Groundwater is further classified as to its source-deep or shallow wells. Municipal 
water quality factors of safety, temperature, appearance, taste and odor, and chemical bal
ance aremost easily satisfied bya deep well source. High concentrations ofcalcium, iron, 
manganese, and magnesium typify well waters. Some supplies contain hydrogen sulfide, 
while others may have excessive concentrations of chloride, sulfate, or carhomite. 

Shallow wells are recharged by a nearby surface watercourse. They may-have 
qualities similar to the deep wells, or they may take on the characteristics of the"'Surface 
recharge water.A sand aquifer between the shallow well supply and the surface water
course may act as an effective filter for removal of organic matter and as a heat 
exchanger for buffering temperature changes. To predict water quality from shallow 
wells, careful studies of the aquifer and nature of recharge water are necessary. 

Surface water supplies are classified as to whether they come from a lake, reservoir, 
·of.river.Acornparison of the three is shown in Table 4-13. Generally, a river has the low
esr~aterquality and a reservqir the highest Water quality in ·rivers depends upon the 
characterofth,e\Vate~shed.River quality is largely influenced by pollution (or lack 
tM5eon~rg.r;nN~.tl~.fipalities,ind~stries,andagricultural practices. The characteristics of 
~clJ~e~ca.tl~eehigplY~arabl~'Durinsrains?rperiodsof •. runoff, turbidity may. increase 
sul:>&~a.Qt~a.lly ·.• Ynv~r~·wiIIshow:anjncrt!aseincolor and .. taste and in odor-producing 
<.... ; " alll1Il1?nths,(llgaLel?om~;frequently cause taste and odor problems. 

;~;>'j.,...,', . .><me.sour.fS$;hav~'Il1~c~Jys~d~y-to.:day.· variation· than rivers. Addition
~ly,the.qUlescentconditionswiUJeduceboth the turbidity and, on occasion, the coior. As 
inrivef~,surt1mer algalbloom.s can create taste and odor problems in lakes and reservoirs. 

~~~J.!re~t~~~t;~y~t~~sr ..,Trygtfi1entplantscanbe classified as simple disinfection, filter 
. plants, or softening planh.Plants employing simple chlorination are usually ground

water sources that have a high water quality and chlorinate to ensure that the water 
reaching customers contains safe bacteria levels. Generally, a filtration plant is used to 
treat surface water and when necessary a softening plant is used to treat groundwater. 

In a filtration plant, rapid mixing, flocculation, sedimentation, filtration, and disin
fection are employed to remove color, turbidity, taste and odors, organic matter, and 

C6ci8a(!leri~.Additional operations may include bar racks or coarse screens if floating de
pris~ndfishareaproblem. Figure 4-8 shows a typical flow diagram of a filtration plant. 
Tht;taw(untreated) suiface water enters the plant via low-lift pumps or gravity. Usually 
screening has taken place prior to pumping. During mixing, chemicals called coagulants 
are added and rapidly dispersed through the water. The chemical reacts with the desired 
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Screen 

Surface water supply 
Sedimentation Disinfection

(Stream, river or lake) 

Rapid 

mix 


ToFlocculation 
distributionbasin 
system 

Sludge Pump 

FIGURE 4·8 
Flow diagram of a conventional surface water treatment plant ("filtration plant"). 

impurities and forms precipitates (floes) that are slowly brought into contact with one 
another during flocculation. The objective of flocculation is to allow the flocs to collide 
and "grow" to a settleable size. The particles are removed by gravity (sedimentation). 
This isdone to minimize the amount of solids that are applied to the filters. For treat
ment works with a high-quality raw water, it may be possible to omit sedimentation and 
perhapsfiQcculation. This modification is called direct filt~aiion. Filtration is the final 
polishing (removal) of particles. During filtration the water is passed through sand or 
similar media to screen out the fine particles that will not settle. Disinfection is the ad
dition of chemicals (usually chlorine) to kill or reduce the number of pathogenic organ
isms. Disinfection of the raw water is neither economical nor efficient, and may form 
undesirable by-products. The color and turbidity consume the disinfectant thus requir
ing the use of excessive amounts of chemicaL In addition, the presence of turbidity may 
shield the pathogens from the action of the disinfectant and thereby prevent efficient de
stmction. Storage may be provided at the plant or locatedwithin the community to meet 
peak demands and to allow the plant to operate on a uniform schedule. The high-lift 
PUrnI>sproyidesufficientpressure toconvey the water to its ultimate destination. The 
pr~cipit.atedG~~Inicals,original turbidity,and suspended material are removed from the 
sedirnenrati0i\basins<indfromthefilters. These residuals must be disposed of properly. 

S.o.ftAnil1gipl(intsutilizethesameunitoperations as filtration plants. but use dif
fere?t.cherni~~ls.;:rheprimarYftmctionof a softening plant is to remove hardness 
(ealciumandmagnesium);In a softening plant (a typical Oow diagram is shown in 
Figure 4-9), the design considerations of the various facilities are different than those 

Storage 
To distributionSettling RecarbonationGroundwater systemtankfrom wells 

or. Rapid
Hard surface mix 
water 


Reactioll 
 Pump
basin 

Rapid 
sand filter 

Sludge 

FIGURE 4-9 

Flow diagram of water softening plant. 
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in filtration. Also the chemical doses are much higher 'in softening, and- the corre
sponding sludge production is greater. 

During rapid mix, chemicals are added to react with and precipitate the hardness. 
Precipitation occurs in the reaction basin. The other unit operations are the same as in 
a filtration plant except for the additional recarbonation step employed in softening to 
adjust the final pH. , 

In the next two sections of this chapter, we discuss coagulation chemistry and soft
ening chemistry, respectively. The subsequent sections describe the physical processes 
themselves. These are applicable to both filtration and softening plants. 

4-2 COAGULATION 

Surface waters must be treated to remove turbidity, color, and bacteria. When sand 
filtration was developed around 1885, it became immediately apparent that filtration 
alone would not produce a clear water. Experience has demonstrated that direct filtra
tion is largely ineffective in removing bacteria, viruses, soil particles, and color. 

The object of coagulation (and subsequently flocculation) is to turn the small par
ticles of color. turbidity, and bacteria into larger flocs, either as precipitates 'or sus
pended particles. These floes are then conditioned so that they will be readily removed 
in subsequent processes. Technically, coagulation applies to the removal of colloidal 
particles. However, the term has been applied more loosely to removal of dissolved 
ions, which is actually precipitation. Coagulation in this chapter will refer to colloid re
moval only. We define coagulation as a method to alter the colloids so that they will be 
able to approach and adhere to each other to form larger floc particles. 

Colloid Stability 
Beforediscussingcolloid removal, we should understand why the colloids are sus
peride~insofutioftandcan'tberemovedby sedimentation or filtration. Very simply, 
thepa~ticlesinthecol1oidrangeare too small to settle in a reasonable timeperiod, and 
t~o,~rtl~n::to;beJrapp:edinthepores ofafilter. For colloids to remain stable they must 
renlain'sm.all.iYIosh,olloids are stable because they possess a negative charge that re
pelsothercolloidal particles before they collide with one another. *The colloids are 
continually involved in Browniq.n movement, which is merely random movement. 
Charges on colloids are measured by placing DC electrodes in a colloidal dispersion. 
Theparticles<migrate tathe pole of opposite charge at a rate proportional to the poten
tial gradient. Generally, the larger the surface charge, the more stable the suspension. 

Colloid Destabilization 
Colloids are stable because of their surface charge. In order to destabilize the parti
cles, we must neutralize this charge. Such neutralization can take place by the addi
tionof an ion of opposite charge to the colloid. Since most colloids found in water are 
negatively charged, the addition of sodium ions (Na+) should reduce the charge. 
Figure. 4- to shows such an effect. The plot shows surface charge as a function of 

*Some colloids are stabilized by their affinity for water, but these types of colloids are of less importance, 
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No Salt 

Low Sail 

High Salt 

'---------------.~ FIGURE 4-10 

Distance from Surface of Particle Effect of salt on electric potentiaL 


distance from the colloid for no-salt (NaCl) addition, low-salt addition, and high-salt 
addition. As we would have predicted, the higher the concentration of sodium we add, 
the 10wertIJe charge, and therefore the lower the repelling forces around the colloid. If, 
instead of adding a monovalent ion such as sodium, we add a divalent or trivalention, 

. the charge is reduced even faster, as shown in Figure 4-1 LIn fact, it was found by 
S~htllz,~and¥ardythatoneITloleof a trivalent ion can reduce the charge as much as 
3Qto'?QI11olt!sofadivalention and as much as 1,500 to 2,500 moles of a monovalent 
iOl1 (oftenr~feJredtoas the Schulze-Hardy rule). 

"':_<,-r -;;--:-_<~:- /,:-'----:>,\,_ '::?, ,'::'<:-- , 

tb~gtllati~l1 
ThepurPbse ofcoagulation is to alter the colloids so that they can adhere to each other. 
During coagulationa positive ion is added to water to reduce the surface charge to the 
pointwb~f~thecolloidsare not repelled from each other. Acoagulant is the substance 
(chemical) that is added to the water to accomplish coagulation. There are three key 
properties of a coagulant: 

1. 	Trivalent cation. As indicated in the last section, the colloids most commonly 
found in natural waters are negatively charged, hence a cation is required to 
neutralize the charge. A trivalent cation is the most efficient cation. 

2. 	 Nontoxic. This requirement is obvious for the production of a safe water. 

3 . .Insoluble in the neutral pH range. The coagulant that is added must precipitate 
out of solution so that high concentrations of the ion are not left in the water. 
Such precipitation greatly assists the colloid removal process. 
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Valence (Z) = 1 

Valence (Z) = 2 

Valence (Z) == 3 

Distance from Surface of Particle 	 FIGURE 4·11 
Effect of valence on electric potential. 

The two most commonly used coagulants are aluminum (Al3+) and ferric iron (Fe3+). 
Both meet the above three requirements, and their reactions are outlined here. 

Aluminum. Aluminum can:be purchased as either dry or liquid alum [AI2(S04h 
. 14H20rCommercial alum has an average molecular weight of 594. Liquid alum 
issolda~(lpproxirnately48.8percenj lllltm(S.3% A120 3) and 51.2 percent water. If it 

. issolda~i(lmore concenttated solution, there can be problems with crystallization of 
i~y:. thealllrn~uringshipment and storage. A48.8percent alum solution has a crystalliza
\'iJtiol1;spoinl()f~15.6°C. A 50.7percent alum. solution will crystallize at +18JoC. Dry 
.'alUrnc:ostsabout 50percentmorethan an equivalent amount of liquid alum so that 

only users of very smalhimounts of alum purchase dry alum. 
: When alum is added to a water containing alkalinity, the following reaction occurs: 

A12(S04h'14H20 + 6HC03 
,< ~2Al(OHh '3H20(s) +6C02 + SH20 + 3S0~- (4-54) 

such that each mole of alum added uses six moles of alkalinity and produces six moles 
of carbon dioxide. The above reaction shifts the carbonate equilibrium and decreases 
the pH. However, as long as sufficient alkalinity is present and CO2(g) is allowed to 
evolve, the pH is not drastically reduced and is generally not an operational problem. 
Wh~n sufficient alkalinity is not present to neutralize the sulfuric acid production, the 
pHmaybe greatly reduced: 

AI2(S04h' 14H20 ~ 2AI(OHh . 3H20(s) + 3H2S04 + 2H20 (4-55) 

If the second reaction occurs, lime or sodium carbonate may be added to neutralize the 
acid. 
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Two important factors in coagulallt addition are 'pH and dose. The_Qptimum dose 
and pH must be determined from laboratory tests. Theo·ptimal pH range for alum 
is approximately 5.5 to 6.5 with adequate coagulation possible between pH 5 to pH 8 
under some conditions. 

An important aspect of coagulation is that the aluminum ion does not really exist 
as AI3+ and the final product is more complex than Al(OHh When the alum is added 
to the water, it immediately dissociates, resulting in the release of an aluminum ion sur
rounded by six water molecules. The aluminum ion immediately starts reacting with 
the water, forming large Al . OH . H20 complexes. Some have suggested that it fOnTIS 
[Als (OHho . 28H20t+ as the product that actually coagulates. Regardless of the ac
tual species produced, the complex is a very large precipitate that removes many of the 
colloids by enmeshment as it falls through the water. This precipitate is referred to as 
afloc. Floc formation is one of the important properties of a coagulant for efficient col
loid removal. The final product after coagulation has three water molecules associated 
with it in the solid form as indicated in the equations. 

Example 4-10. One of the most common methods to evaluate coagulation efficiency 
is to conduct jar tests. Jar tests are performed in an apparatus such as shown in Figure 
4'-12. Six beakers are filled with water and then each is mixed and flocculated uni
formly by a gang stilTer. The jars are square in order to prevent swirling and are called 
gator jars. A test is often conducted by first dosing each jar with the same alum dose 
and varying the pH in each jar. The test can then be repeated in a second set ofjars by 
holding the pH constant and varying the coagulant dose. 

Two sets of such jar tests were conducted on a raw water containing 15 TU and an 
HC03" alkalinity concentration of 50 mglL expressed as CaC03. Given the data below, 
findJheoptiIualpH, coagulant dose, and the theoretical amount of alkalinity that 
would be consumed at the optimal dose. 

1 2 3 4 5 6 
pH 5.0 5.5 6.0 6.5 7.0 7.5 
Alum dose (mg/L) 10 10 10 10 10 10 
Settledturbidity (TU) 11 7 5.5 5.7 8 13 

Jar test II 

pH 6.0 6.0 6.0 6.0 6.0 6.0 
Alum dose (mg/L) 5 7 10 12 15 20 
Settled turbidity (TU) 14 9.5 5 4.5 6 13 

Solution. The results of the two jar tests are plotted in Figure 4-13. The optimal pH 
was chosen as 6.25 and the optimal alum dose was about 12.5 mg/L The experi
menter would probably try to repeat the test using a pH of 6.25 and varying the alum 
dose between 10 and 15 to pinpoint the optimal conditions. 
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close up of floc in Gator jar. (David Cornwell) 

The amount of alkalinity that will be consumed is found by using Equation 4-54, 

:vhichshows usthat one mole of alum consumes six moles of HC03 . With the mole
cularweightofalum equal to 594, the moles of alum added per liter is found by 

. using Equation 4-7: 

12.5 X 10-3 giL 

2.1 X 10-5 mo1es/L


594 g/mole 
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FIGURE 4-13 

6(2.1 x 10-5
) = 1.26 x 10-4 M HCO) 

Themolecular\VeightofHCO) is 61, so 

(1.26 X 10-4 moles/L)(61 g/mole)(l03 mg/g) ::= 7.7 mg/L HC03 

are consumed, which can be expressed as CaC03 by using Equation 4-40: 

50 _ 
= 6.31 mg/L RC03 as CaC037.7 61 

Iron. Iron can be purchased as either the sulfate salt (F~(S04h . xH20) or the chlo
ride salt (FeCI3 . xH20). It is available in various forms, and the indi vidual supplier 
should be consulted for the specifics of the product. Dry and liquid forms are available. 
The properties of iron with respect to forming large complexes, dose, and pH curves 
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are similar to those of alum. An example of the reaction of FeCl3in the presence of al
kalinity is 

FeCl3 + 3HC03 + 3H20 ~ Fe(OHh . 3H20(s) + 3C02 + 3Cl- (4-56) 

and without alkalinity 

(4-57) 

forming hydrochloric acid which in turn lowers the pH. Ferric salts generallfhave a 
wider pH range for effective coagulation than aluminum, that is, pH ranges from 4 to 9. 

Coagulant Aids. The four basic types of coagulant aids are pH adjusters, activated 
silica, clay, and polymers. Acids and alkalies are both used to adjust the pH of the 
water into the optimal range for coagulation. The acid most commonly used for lower
ing the pH is sulfuric acid. Either lime [Ca(OHh] or soda ash (Na2C03) are used 
to raise the pH. 

When activated silica is added to water, it produces a stable solution that has a 
negative surface charge. The activated silica can unite with the positively charged 
alumimim or with iron flocs, resulting in a larger, denser floc that settles faster and en
hances enmeshment. The addition of activated silica is especially useful for treating 
highly colored, low-turbidity waters because it adds weight to the floc. However, acti
vation of silica does require proper equipment and close operational control, and many 
plants are hesitant to use it. 

Clays can act much like activated silica in that they have a slight negative charge 
and can add weight to the floes. Clays are also most useful for colored, low-turbidity 
waters; but are rarely used. 

Polymel's can have a negative charge (anionic), positive charge (cationic), positive 
andI1egativecharge(polyamphotype). or no charge (nonionic). Polymers are long
chain~deatboncompou~qsofhigh molecular weight that have many active sites. The 
active sites adhere tafloes, joining.them together and producing a larger, tougher floc 
thats~ft~~~~:betteLThisprofessiscallediYlterparticle bridging. The type of polymer, 
dQse,andpOint of agditi()n mustbedetermined [or each water, and requirements may 
change within a plant on a seasonal, or even daily, basis. 

:"c 

Hardness. The term hardness is used to characterize a water that does not lather 
well, causes a scum in the bath tub, and leaves hard, white, crusty deposits (scale) on 
coffee pots, tea kettles, and hot water heaters. The failure to lather well and the forma
tion of scum on bath tubs is the result of the reactions of calcium and magnesium with 
the soap. For example: 

Ca2+ + (Soap) ~. Ca(Soaph(s) (4-58) 

As a result of this complexation reaction, soap cannot interact with the dirt on clothing. 
and the calcium-soap complex itself forms undesirable precipitates. 

Hardness is defined as the sum of all polyvalent cations (in consistent units). The 
common units of expression are mglL as CaCO] or meqlL. Qualitative terms used 
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TABLE 4-14 
Hard water classification 

Hardness range 
(mg/L CaC03) Description 

0-75 Soft 
75-100 . Moderately hard 

100-300 Hard 
>300 Very hard 

to describe hardness are listed in Table 4-14. Because many people object to water 
containing hardness greater than 150 mg/L as CaC03 suppliers of public water have 
considered it a benefit to soften the water, that is, to remove some of the hardness. A 
common water treatment goal is to provide water with a hardness in the range of75 to 
120 mg/L as CaC03. 

Although all polyvalent cations contribute to hardnes~, 'the predominant contribu
tors are calcium and magnesium. Thus, our focus for the remainder of this discussion 
will be on calcium and magnesium. 

The natural process by which water becomes hard is shown schematically in Figure 
4-14. As rainwater enters the topsoil, the respiration of microorganisms increases the 
CO2 content of the water. As shown in Equation 4-35, the CO2 reacts with the water to 
form H2C03. Limestone, which is made up of solid CaC03 and MgC03 reacts with the 
carbonic acid to form calcium bicarbonate [Ca(HC03h] and magnesium bicarbonate 

Rain 

FIGURE 4-14 

Natural process by which water is made hard. 
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[Mg(RC03h]. While CaC03 and MgC03 are both insolublejn water, the bicarbonates 
are quite soluble. Gypsum (CaS04) and MgS04 may also go into solution to contribute 
to the hardness. 

Because calcium and magnesium predominate, it is often convenient in perform
ing softening calculations to define the total hardness (TR) of a water as the sum of 
these elements 

(4-59) 

where the concentrations of each element are in consistent units (mglL as CaC03 or 
meqlL). Total hardness is often broken down into two components: (1) that associated 
with the RCO) anion (called carbonate hardness and abbreviated CH), and (2) that as
sociated with other anions (called noncarbonate hardness and abbreviated NCR).* 
Total hardness, then, may also be defined as 

TR CR + NCR (4-60) 

Carbonate hardness is defined as the amount of hardness equal to the total hard
ness or the total alkalinity, whichever is less. Carbonate hardness is often called rem
pontry hardness because heating the water removes it. When the pH is less than 8.3, 
HCO) is the dominant form of alkalinity, and total alkalinity is nominally taken to be 
equal to the concentration of HCO) . 

Noncarbonate hardness is defined as the total hardness in excess of the alkalinity. 
If the alkalinity is equal to or greater than the total hardness, then there is no noncar
bonate hardness. Noncarbonate hardness is called permanent hardness because it is not 
removed when water is heated. 

Barcharts ofwater composition are often useful in understanding the process of 
softening. Byconvention, the bar chart is constructed with cations in the upper bar and 
anipI1sinlhelo\AicrQar.Jnthe upper bar, calcium is placed first and magnesium sec
on9.pthercati{)nsfollowwithout any specified order. The lower bar is constructed 
withbica~b()nateplacedfirst Other.anions follow without any specified order. Con
structl<;m:Q~.~ barphartisiHustrated in Example 4-11. 

Example 4·11. Given the following analysis of a groundwater, construct a bar chart 
ofthe constituents, expressed as CaC03. 

mglLas ion EW CaCO/EW ion mg/L as CaC03 

Ca2+ 103 2.50 258 
Mg2+ 5.5 4.12 23 
Na+ 16 2.18 35 
HCO~

3 
S02
... 4 

255 
49 

0.82 
1.04 

209 
51 

CI: 37 1.41 52 

*Note that this does not imply that the compounds exist as compounds in solution. They are dissociated. 
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Total Hardness 
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Ion Concentration, mg/L as CaCO} 

FIGURE 4-15 
Bar graph of groundwater constituents. 

Solution. The concentrations of the ions have been converted to CaC03 equivalents. 
The results are plotted in Figure 4-l5. 

The cations total 3 I 6 mg/L as CaC03, of which 281 mg/L as CaC03 is hard
ness. The anions total 312 mg/L as CaC03, of which the carbonate hardness is 209 
mg/L as CaC03. There is a discrepancy between the cation and anion totals because 
theJeare.otherionsthatwerenotanalyzed. If a complete analysis were conducted, 
andAoanalyticaLerroroccurred, the equivalents of cations would equal exactly the 
eqtlivalentsofanions.Typically, a complete analysis may vary :t5% because of 
analyticalenors; 

The relationships between total hardness, carbonate hardness, and noncarbon
a.tr~a.rdness arejIlustratedin Figure 4-16. In Figure 4-16a, the total hardness is 
250mg/L as CaC03, the carbonate hardness is equal to the alkalinity (HC03 = 
200 mg/L as CaC03), and the noncarbonate hardness is equal to the difference be
tween the total hardness and the carbonate hardness (NCH = TH - CH= 250 = 200 

50 mg/L as CaC03). In Figure 4-16b, the total hardness is again 250 mglL as 
CaC03. However, since the alkalinity (HC03) is greater than the total hardness, and 
since the carbonate hardness cannot be greater than the total hardness (see Equation 
4-60), the carbonate hardness is equal to the total hardness, that is, 250 mg/L as 
CaC03.Withthe carbonate hardness equal to the total hardness, then all of the hard
ness is carbonate hardness and there is no noncarbonate hardness. Note that in both 
cases it may be assumed that the pH is less than 8.3 because HCO;- is the only form 
of alkalinity present. 
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Total hardness (TH) 

Carbonate hardness (CH) 

Noncarbonate 
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Total hardness (TH) 
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FIGURE 4-16 
Relationships between total hardness, carbonate hardness, and noncarbonate 
hardness. 

Example 4-12. A water has an alkalinity of 200 mglL as CaC03. The ci+ concen
trat~onls160rng/Lastheion, andtheMg2+ concentration is 40 mglL as the ion. The 
pIlis8,1.Findthe total, carbonate, andnoncarbonate hardness. 

S1lUti(Jn.(>,ytlt~ molecularweights ofca1ciumandmagnesium are 40 and 24 respec
tively~Sinceeachhasavalenceof2+,thecorresponding equivalent weights are 20 
and 12. Using Equation 4-40 to convert mglL as the ion to mglL as CaC03 and 
adding the two ions as shown in Equation 4-59, the total hardness is 

',' ". ~,5Qmg/meq), (50 mg/meq)160m<i/L ",", "'" 40mg/L 567 mg/L as CaC03 
e 20 mg/meq 12 mg/meq 

where 50 is the equivalent weight of CaC03• 

By definition, the carbonate hardness is the lesser of the total hardness or the 
alkalinity. Since, in this case, the alkalinity is less than the total hardness, the carbon
ate hardness (CH) is equal to 200 mgIL as CaC03_The noncarbonate hardness is 
equal to the difference 

NCH= TH CH 567 - 200 = 367 mg/L as CaC03 

Note that we can only add and subtract concentrations of Ca2+ and Mg2+ if they are in 
equivalent units, for example, moleslL or milliequivalentslL or mglL as CaC03_ 
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Softening can be accomplished. by either the lime-soda process_.or by ion ex
change. Both methods are discussed in the following sections. 

Lime-Soda Softening 
In lime-so~a softening it is possible to calculate the chemical doses necessary to remove 
hardness. Hardness precipitation is based on the following two solubility reactions: 

Ca2+ + cOj- ;;;::: CaC03(s) (4-61) 

and 

Mg2+ + 20H- ;;;::: Mg(OH)z(s) (4-62) 

The objective is to precipitate the calcium as CaC03 and the magnesium as 
Mg(OHh- In order to precipitate Ca.C03, the pH of the water must be raised to about 
10J. To precipitate magnesium, the pH must be raised to about 11. If there is not 
sufficient naturally occurring bicarbonate alkalinity (HCO)') for the CaC03(s) 
precipitate to form (that is, there is noncarbonate hardn~ss), we must add CO~- to 
the water. Magnesium is more expensive to remove than calcium, so we leave as 
much Mg2+ in the water as possible. It is more expensive to remove noncarbonate 
hardness than carbonate hardness because we must add another chemical to pro
vide theCOj . Therefore, we leave as much noncarbonate hardness in the water 
as possible. 

Softening Chemistry. The chemical processes used to soften water are a direct 
application of the law of mass action. We increase the concentration of CO~
and/?rOH- by the addition of chemicals, and drive the reactions given in Equa
ti?ns4~61and4-62to. the right Ihsofar as possible, we convert the naturally o.c
cgrringbicarbonatealkalinity (HCO),) .to carbonate (CO~-) by the addition of 
hydr?xylions{On:-). Hydroxyl ions cause the carbonate buffer system (Equation 
4-351.t()~Qirttothe,rightand, thus,provide the carbonate for the precipitation re
~ctiof1\~qutItion4-6J). 

The.common source of hydroxyl ions is calcium hydroxide (Ca(OHhl. Many 
watertreatmentplants find it moreeconomical to buy quicklime (CaO), commonly 
calledlim~, than hydrated lim~ [Ca(OHh]. The quicklime is converted to hydrated 
liIIl~atth~,\Matertreatment plant by mixing CaO and water to produce a slurry of 
Ca(OHh, which is fed to the water for softening. The conversion process is called 
slaking: 

CaO + H20;;;::: Ca(OHh + heat (4-63) 

The reaction is exothermic. It yields almost 1MJ per gram mole of lime. Because of 
this high heat release, the reaction must be controlled carefully. All safety precautions 
for handling a strong base should be observed. Because the chemical is purchased as 
lime,itiscommon to speak of chemical additions as addition of "lime," when in fact 
we mean calcium hydroxide. When carbonate ions must be supplied, the most common 
chemicalcl:iosen is sodium carbonate (NazC03). Sodium carbonate is commonly re
ferred to as soda ash or soda. 

http:process_.or
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Softening Reactions. The softening reactions are regnlgted by controltingthe pH. 
First, any free acids are neutralized. Then pH is raised to precipitate the CaC03; if 
necessary, the pH is raised further to remove Mg(OHh. Finally, if necessary, CO~
is added to precipitate the noncarbonate hardness. 

Six important softening reactions are discussed below. In each case, the chemical 
that has been added to the water is printed in bold type. Remember that (s) designates 
the solid form, and hence indicates that the substance has been removed from the wa
ter. The following reactions are presented sequentially, although in reality they occur 
simultaneously. 

1. Neutralization of carbonic acid (HzC03). 

In order to raise the pH, we must first neutralize any free acids that may 
be present in the water. CO2 is the principal acid present in unpolluted, natu
rally occurring water. * You should note that no hardness is removed in this 
step. 

(4-64) 

2. Precipitation of carbonate hardness due to calcium. 
As we mentioned previously, we must raise the pH to about 10.3 to 

precipitate calcium carbonate. To achieve this pH we must con vert all of 
the bicarbonate to carbonate. The carbonate then serves as the common 
ion for the precipitation reaction. 

Caz+ + 2HCO; + Ca(OHh ~ 2CaC03(s) + 2HzO (4-65) 

3~Precipitation of carbonate hardness due to magnesium. 
remove carbonate hardness that results from the presence of 

to achieve apH of about 11. The reaction 
two stages. The first stage occurs when we con

2HzO (4-66) 

the water did not change because MgC03 is soluble. 
\Viththe additi9nof more lime the hardness due to magnesium is removed. 

Mg2++C01-+Ca(OlIh Mg(OHh(s) + CaC03(s) (4-67) 
:' '"/''' ,,,' , ','-" '-,","- ",-, _.,',::' 

4. RelI1~~ar6fhonci~ib6nate hardness due to calcium. 
Ifwe need to remove noncarbonate hardness due to calcium, no fur

ther increase in pH is required. Instead we must provide additional car
bonate in the form of soda ash. 

(4-68) 

*C02 andH2C03 in water are essentially the same: 

Thus, the number of reaction units (n) for CO2 is two. 
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5. Removal of noncarbonate han:iness due to magnesium. , 
If we need to remove noncarbonate hardness'due to magnesium, we will 

have to add both lime and soda. The lime provides the hydroxyl ion for pre
cipitation of the magnesium. 

Mg2+ + Ca(OHh ~ Mg(OH)z(s) + Ca2+ (4-69) 

Note that although the magnesium is removed, there is no change in the hard
ness because the calcium is still in solution. To remove the calcium we must 
add soda. 

(4-70) 

Note that this is the same reaction as the one to remove noncarbonate hardness 
due to calcium. 

These reactions are summar.ized fn Figure 4-17. 

Process Limitations and Empirical Considerations. Lime-soda softening can
not produce a water completely free of hardness because of the solubility of 
CaC03 and Mg(OHh, the physical limitations of mixing and contact, and the lack 
of sufficient time for the reactions to go to completion. Thus, the minimum cal
cium hardness that can be achieved is about 30 mg/L as CaC03, and the minimum 
magnesium hardness is about 10 mg/L as CaC03. Because of the slimy condition 
that results when soap is used with a water that is too soft, we have traditionally set 
a goal for final total hardness of 75 to 120 mg/L as CaC03. Because of economic 

Precipitation of Carbonate Hardness 

Ca2+ + 2HCO;-+ Ca(OH)2= 2CaC03(5) + 2HzO 

Mg2+ + 2HC03'+Ca(OH).=MgC03 + CaC01(5) + 2Hp 
I'.· ..........., .• .. __ -.J 

MgC03 +Ca(OH)2'" Mg(OHMs) +CaCO)(s) 

Precipitation of Noncarbonate Hardness Due to Calcium 

Ca2+ + Na2CO) "'" CaCO)(5) + 2Na ~ 

Precipitation of Noncarbonate Hardness Due to Magnesium 

Mg2+ + Ca(OHl2 = Mg(OH)2(s) + Ca"' 

J; , -------;:


Ca-" + NazC03 = CaC03(s) + 2Na 

FIGURE 4·17 
Surnmary of softening reactions. (Note: The chemica! added is 
printed in bold type. The precipitate is designated by (s), The ar
row indicates where a compound formed in one reaction is used 
in another reaction,) 
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constraints, many utilities will operate at total hardh~ss goals of up to 140 to 
ISO mg/L. 

In order to achieve reasonable removal of hardness in a reasonable time period, an 
excess of Ca(OHh beyond the stoichiometric amount usually is provided. Based on 
our empirical experience, a minimum excess of 20 mg/L of Ca(OHh expressed as 
CaC03 must be provided. . 

Magnesium in excess of about 40 mg/L as CaCO) forms scales on heat ex
change elements in hot water heaters. Because of the expense of removing magne
sium, we normally remove only that magnesium which is in excess of 40 mg/L as 
CaC03. For magnesium removals less than 20 mg/L as CaC03, the basic excess of 
lime mentioned above is sufficient to ensure good results. For magnesium removals 
between 20 and 40 mg/L as CaC03 , we must add an excess of lime equal to the 
magnesium to be removed. For magnesium removals greater than 40 mg/L as 
CaC03, the excess lime we need to add is 40 mg/L as CaC03. Addition of excess 
lime in amounts greater than 40 mg/L as CaC03 does not appreciably irnprove the 
reaction kinetics. 

The chemical additions (as CaC01) to soften water may be summariied as 
follows: 

Step Chemical additiona Reason 

Carbonate hardness 
I. Lime CO., Destroy H2C03 

2. Lime HCO;- Raise pH; convert HCO,~ to CO~
. ,,+

3. Llme Mg~ to be removed Raise pH; precipitate Mg(OHh 
4. Lime required excess Drive reaction 
NOl1carbonate ·hardlless 
5; Soda I1cmcarbonate hardness Provide CO~

,to be removed 

"ThctCl'ms"[ill1c ;·'und.'·S9da =" refer to mg/L of Ca(OHhand Na2C03 as CaCO, equal to mg/Lof ion 
(0. r gEts in the case of CO,las CaCO~, 

~ -. 

These steps are diagrammed in the flow chart shown in Figure 4-18. The next three ex
'al'nples iHuslhte the technique. 

Example 4-13. From the water analysis presented below, determine the amount of 
lime and soda (in mg/L as CaCO:J necessary to soften the water to 80.00 mg/L hard
nessas CaC03. 

Water Composition (mg/L) 

Ca2+: 95.20 CO,: 19.36 HCO~: 241 .46,,'
Mg1+: 13.44 SO;;: 53.77 

Na+; 25.76 CI_: 67.81 
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No Is Mg2+ > 
40mglL? 

Yes ADD lime '" 
(Mg2+ 40) 

Yes Is 
(Mg2+ - 40) < 2m 

Is 
(Mg2+ - 40) > 40? 

No 

ADD lime =. 
(Mgl~ 40) 

Yes 
b 

there NeH (0 

be removedry· 

Add Sod., 
NCH to be 

r 
FIGURE4-18 
F1owdiagranlforsotvingsofteningpmblems.(Note: All additions are "as CaCOJ." NCH 
meansnoneaibonate hardness.) 

Solution. We begin by converting the elements and compounds to CaC03 

equivalents. 

Ion mg/L as ion EW CaCO.,lEW ion mg/L as CaC03 

Ca2+ 95.20 2.50 238.00 
Ma2+ 

b l3.44 4.12 55.37 
Na+ 25.76 2.18 56.16 
HCO3 241.46 0.820 198.00 
sol~ 53.77 1.04 55.92 
C1 67.81 1.41 95.61 
CO2 19.36 2.28 44.14 
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The resulting bar chart would appear as shown below. 

M 
If'! 
a-. 
7 
M 

mg/L as CaCO) 

Ca2+ Moh Na+ 
b 

HCO; SOr Cl

mg/L as 
('I ('"."i" 0() or,~ 0: 

"i" 00 r, ::7' 
-t on~ (",I J-

From the bar chart we note the fonowing: CO2 does not contribute to the hardness; the to
tal hardness (TH) = 293.37 mg/L as CaC03; the carbonate hardness (CH) = 198,00 

. mg/L as CaC03; and, finally, the noncarbonate hardness (NCH) is equal to TH - Clj 
95J7mg/L as CaCO,.

~ . 
Using Figure 4-17 to guide our logic, we determine the lime dose as follows: 

Step Dose (mgfL as CaC03) 

44,14 
198.00 

40 = 55.37 40 15.37 

excess 20.00 


277.51 

Tfie(li110~fit:~8[Hmeloaddis 277.51mg:/L as CaCO,. The excess chosen was the
:";,:,/,:\,,,:; __\:,>_: __~:)_:_; __ :_-:_N,' " -,,or;:, _'''' ____" ~___ ~ 

miniI11l'.lJl1since(Mg-"'~40) was less than 20. 
. Now we must determine if any NCH need be removed. The amount of NCH that 

. canoe left{~CHf) is equal to the final hardness desired (80.00 mgfL) minus the CH 
leftdueto solubility and other factors (40.00mgfL): 

NCHf = 80.00 40.00 40.00 mg/L 

Thus, 40.00 mg/L may be left The NCH that must be removed (NCH R) is the initial 
NCH j (95.37 mgfL) minus the NCHf: 

NCHR = NCH i - NCHr 
NCHR = 95.37 40.00 55.37 mg/L 

Thus, the amount of soda to be added is 55.37 mg/L as CaC03. The fact that 
.this number is equal to the Mg2+ concentration is a coincidence of the numbers 
chosen. 
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Example 4-14. From the water analysis presented below, detennine·the amount oflime 
and soda (in mg/L as CaC03) necessary to soften the water to 90.00 mg/L as CaCn~. 

Water Composition (mgIL as CaC03) 

Ca2+: 149.2 HCO;: 185.0 

Mg2+:. 65.8 SO~-: 29.8 


Na+: 17.4 Cl-: 17.6. 


Solution. The bar chart for this water may be plotted directly as shown below. 
"1: 
('·1 

{) '" N 

mgtL as CaCO, 


CaH Mg2~ Na+ 

CO2 

I HCO; sot CI

mgtL asCaCO l 
C<J 


0\ 1.f1 -i N

r: {) 7 

N 00 f",- (,I N 

From the bar chart we note the followine:: 
'-' 

TH = 215.0 mg/L as CaCO] 

CH = 185.0 mg/L as CaCO] 

NCH = 30.0 mg/L as CaC03 

Following the logic of Figure 4-17, we calculate the lime dose as follows: 

Step Dose (mglL as CaC03) 

Lime = CO2 29.3 
Lime = HCO; 185.0 
Lime=Mtt~-40= 65.8 - 40 = 25.8 
.Lime=excess 25.8 

265.9 

The amount oflime to addis 265.9 mg/L as CaC03. The excess chosen was equal to 
the difference between the Mg2+ concentration and 40 since that difference was 
between20arid40,thatis, Mg2+ - 40 = 25.8. 

Theamount of NCHR is calculated as in Example 4-13: 

NCH f = 90.00 - 40.00 = 50.00 


NCHR = 30.00 - 50.00 = - 20.00 


Since NCHR is a negative number, there is no need to remove NCH and. therefore, 110 

soda ash is required. 

Example 4-15. Given the following water, determine the amount (mg/L) of90 per
cent purity CaO and 97 percent purity Na2C03 that must be purchased to treat the 
water to a final hardness of 85 mg/L; 120 mg/L. 
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Ion 

21 

209 

183 

97. 

Solution. First find the total hardness (TH), carbonate hardness (CH), and noncar
bonate hardness (NCH): 

TH = Ca2+ + Mg2+ = 183 + 97 = 280 mg/L 

CH = HCO;- = 209 mg/L 

NCH = TH - CH = 7 I mg/L 

Use Figure 4-17 to find the lime dose as CaC03, assuming that we will leave 40 mg/L 
M ,+. h 

g~ In t e water: 

~ Ca(OHh = [21 + 209 + (97 - 40) + 40J = 327 mg/L as CaC03 "

Since one mole of CaO equals one mole of Ca(OHh, we find 327 mg/L of CaO as 
CaC03. The molecular weight of CaO is 56 (equivalent weight = 28), and correcting 
for 90 percent purity: 

CaO = 327 G~)G) = 203 mglL as CaO 

The amount of NCH that can be left in solution is equal to the final hardness desired 
(85 mg/L) minus the CH left behind due to solubility, inefficient mixing, etc. (40 mg/L), 
and is equal to 85 - 40 = 45 mg/L. 

Therefore, the NCHR is the initial NCH (71 mg/L) minus the NCH which can be 
left (45 mg/L) and is 71 - 45 = 26 mg/L. From Figure 4-18: 

Na2C03 = 26 mg/L as CaC03 

The equivalent weight of soda ash is 53 and the purity 97 percent: 

Na2C03 = 26 (53) (_1_) = 28 mg/L as Na2C03 
50 .97 

If the final hardness desired is 120 mg/L, then the allowable final NCH is 120 
40 = 80 mg/L, which is greater than the ini tial NCH of 71, so no soda ash is neces
sary. The final hardness would be about 40 mg/L (carbonate hardness solubility) plus 
71 mg/L (noncarbonate hardness) or III mg/L. 

More Advanced Concepts in Lime-Soda Softening 
Estimating CO2 Concentration. CO2is of importance in two instances in softening. 
In the first instance, it consumes lime that otherwise could be used to remove Ca and 
Mg. When the concentration of CO2exceeds 10 mg/L as CO2 (22.7 mg/L as CaC03 or 
0.45 meq/L), the economics of removal of CO2 by aeration (stripping) are favored over 
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removal by lime neutralization. In the_second instanc"e, CO2 is use~ to Jleutralize the 
high pH of the effluent from the softening process. These reactions are an application of 
the concepts of the carbonate buffer system discussed in Section 4-1. 

The concentration of CO2 may be estimated by using the equilibrium expressions 
for the dissociation of water and carboniC acid with the definition of alkalinity (Equation 
4-36), The pH and alkalinity of the water must be determined to make the estimate. Ex
ample 4-16 illustrates a simple case where one of the forms of alkalinity predominates. 

Example 4-16. What is the estimated CO2 concentration of a water with a pH of7.65 
and a total alkalinity of 310 mgfL as CaC03? 

Solution. When the raw water pH is less than 8.5, we can assume that the alkalinity 
is predominately HC03.Thus, we can ignore the dissociation of bicarbonate to form 
carbonate. 

With this assumption, the procedure to solve the problem is 

a. 	 Calculate the [H+] from the pH. 

b. 	 Calculate the [HC03 ] from the alkalinity. 

c. 	 Solve the first equilibrium expression of the carbonic acid dissociation for 
(H1C03]· 

d. 	 Use the assumption that [C02J = (H2C03] to estimate the CO2 concentration. 

Following this approach, the (H+] concentration is 

[H+] = 10-7
.
65 = 2.24 X 10-8 moles/L 

The [HCO;Jconcentration is 

61 	mg/meq)(. 1 )
[HCO~l= 3JOmg/L -- . 	 1 .(. ... 50m~/meq(6l g/mole)(1O' mg/g) 

= 6.20 x 10-3 moles/L 

Since the alkalinity is reported as mgfL as CaC03, it must be converted to mgfL as the 
species using Equation 4-40before themolar concentration may be calculated. The ratio 
61150i~thefatiQoftheequivalent weightof HC03 to the equivalent weight of CaC03. 

The equilibrium expression for the dissociation of carbonic acid is written in the 
form of Equation 4-33 using the reaction and pKa given in Table 4-4. 

(H+][HC03]
K =---

a (H2C03J 

where Ka 10-6.35 = 4.47 X 10-7 

Solving for [H2C03J gives 

(2.24 X 10-8 moles/L)(6.20 X 10-3 moles/L)
[R,CO·d = - . --.----.~ 

~ , 4.47 X 10-7 

(H1C031= 3.11 X 10-4 moles/L 

http:moles/L)(6.20
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We may assume that all the CO2 in water forms carbonic 'acid. Thus, the estimated 
CO2 concentration is 

[C02] 3.11 X 10-4 moles/L 

In other units for comparison and calculation: 

CO2 = (3.11 X 10-4 moles/L)(44 X 103 mg/mole) 13.7 mg/L as CO2 

50 mg/meq)
CO2 = (13.7 mg/L as CO2) I ;::;: 3 Ll4 or 31.1 mglL as CaC03( 22 mg meq 

The equivalent weight of CO2 is taken as 22 because it effectively behaves as car
bonic acid (H2C03) and thus n 2. 

Softening to Practical Limits. In Example 4-14, the NCHR was found to be a neg
ative number. This implies that the water will be softened to a hardness less than the 
desired value. One way to overcome this difficulty is to treat a portion of the water to 
the practical limits and then blend the treated water with the raw water to achieve the 
desired hardness. Unlike the flowchart method used in Examples 4-13 through 4-15, 
calculations of chemical additions to soften to the practical limits of softening (that 
is 0.60 meq/L or 30 mglL as CaC03 of Ca and 0.20 meq/L or 10 mg/L as CaC03 of 
Mg(OHh), do not take into account the desired final hardness. Stoichiometric amounts 
of lime and soda are added to remove all of the Ca and Mg. Example 4-17 illustrates 
the technique using both mglL as CaC03 and milliequivalentslL as units of measure. 

Example 4-17. Determine the chemical dosages for softening the following water to 
. the practical solubility limits. 

EW EW CaC03IEW ion mglL as CaCO} meq/L 

22.0 2.28 21.9 0.44 
20.0 2;50 238.0 4.76 

Ma2+ 
'0 12.2 4.12 55.6 1.11 

Na+ 23.0 2.18 56.2 1.12 
Alkalinity 198 3.96 
C1- 67.8 35.5 1.41 95.6 1.91 
SOf- 76.0 48.0 1.04 76.0 1.58 

Bar chart of raw water in mglL as CaC03: 
~ -

21.9 o 238 293.6 

CaL; Mg~+ Nn 


CO2 
I , 


HCO; CI
I 

21.9 o 198 293.6 369.6 
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Solution. To soften to the practical s?lubility limits; lime and soda must be added 
as shown below. 

Addition Lime Lime Soda Soda 
= to: mglL as CaC03 meqlL mglL as CaC03 meqlL 

CO2 21.9 0.44 
HCO; 198.0 3.96 
Ca-HCO; 40 0.80 
Mg2+ 55.6 1.11 	 55.6 1.11 

275.5 5.51 	 95.6 1.91 

Since the difference Mg - 40 = 15.6 mglL as CaC03, the minimum excess lime of 
20 mgIL as CaC03 is selected.The total lime addition is 295.5 mgIL as CaC03or 
165.5 mgIL as CaO. The soda addition is 95.6 mglL as CaC03or 

95~6 mg/L as CaC03 (53/50) = 101.3 mg/L as Na2C03 
.. 

Note that (53/50) is the equivalent weight of Na2C03/equivalent weight of CaC03. 

Reaction with CO2: 

CO2 + Ca(OHh ~ CaC03(s) + H20 

Bar chart after removal of CO2: 

o 	 238 293.6 349.8 

sot 

198 	 293.6 3696 

ReadionwithHCO; 

Ca2+ + 2HCO; + Ca(OHh ~ 2CaC03(s) + 2H20 

Bar chart.after reactionwithHCO;. 

40 	 95.6 151.8 

I 	

ICa2+ 	 ICa2+ Mg2+ Nar 


I 

I 0
I 

I 


cor 	 I CI- sot 

I 
 I 

95.6 171.6 

The 30 mglLas CaC03to the left of the dashed line is the calcium carbonate that re
mains because of solubility product limitations. 
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Reaction with calcium and soda: 


Ca2+ + Na2C03 -+CaC03(s) + 2Na+ 


Bar chart after reaction with calcium and soda: 

30 
55.6 IIl.S 

Na~ 

I 

co;- (T 
I 

SOr 
I 

95.6 17J.6 

Reactions with magnesium, lime, and soda: 

Mg2+ + Ca(OHh -+ Mg(OHh(s) + Ca2+ 

Ca2+ + Na2C03 -+ CaC03( s) + 2N a + 

Bar chart of finished water: 

30 10 
56.2 96.2 151.8 ---.~ 

I 
t 
lOW sor 
I 

171.6 

.~,.SplifTreatment. As shown in Figure 4)9, in split treatment a portion of the raw 
"»,~teri~by--passedaro~n(IJhesofteningreactiontank and the settling tank. This serves 

'f.;;~sev~raltunsti().ns.Eirst;jtaUows,thewaterto. be.'tailored· to yield a product water that 
has 0.80meqlL or 40 mgIL as CaC03 of magnesium (or any other value above the sol
ubility limit). Second, it allows for reduction in capital cost of tankage because the en
tire flow does not need to be treated. Third, it minimizes operating costs for chemicals 
by treating only a fraction of the flow. Fourth, it uses the natural alkalinity of the water 
tolowerthepH of the product water and assist in stabilization. In many cases a second 
sedill1.entationbasin is added after recarbonation and prior to filtration to reduce the 
solids loading onto the filters. 

Tbefractionalamountof the split is calculated as 

Mgt, - Mo-bl x=--- (4-71 )
Mg r Mg i 
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Flow =: (I - X)(Q) Recarbonation 

Disinfection 

Raw Q 

Water --..,.-'--lI>o-{ 
 Water 

FIGURE 4-19 

Split-flow treatment scheme. 


where Mg f = final magnesium concentration, mglL as CaC03 

Mgi = magnesium concentration from first stage, mg/L as CaC03 

Mgr = raw water magnesium concentration, mg/L as CaC03 

The first stage is operated to soften the water to the practical limits of softening. 
Thus, the value for Mgj is commonly taken to be,l0 mg/L a~ (:aC03. Since the desired 
concentration of Mg is nominally set at 40 mglL as CaC03 as noted previously, Mg f is 
commonly taken as 40 mg/L as CaC03. 

Example 4-18. Determine the chemical dosages for split treatment softening of the 
following water. The finished water criteria is a maximum magnesium hardness of 
40 mglL as CaC03 and a total hardness in the range 80 to 120 mg/L as CaC03. 

Constituent mg/L EW EW CaCOiEW ion mg/L as CaC03 meq/L 

CO2 22.0 2.28 25.0 0.50 
Ca2+ 20.0 2.50 238 4.76 
Mg2+ 12.2 4.12 90.6 L80 
Na: 23.0 2.18 56.2 1.12 

,',--, 

". J}l~aliriity 198 3.96 
C1- 67.8 35.5 1.41 95.6 1.91 
sol- 76.0 48.0 1.04 76.0 1.58 

In the first stage the water is softened to the practical solubility limits; 

lime and soda must be added as shown below. 


Addition Lime Lime Soda Soda 
= to: mg/L as CaC03 meqlL mg/L as CaC03 meqlL 

CO2 25.0 0.50 

HC03 198.0 3.96 

Ca~HC03 40 0.80 

Md

b 

2+ 90.6 1.80 90.6 L80 


313.6 6.26 130.6 2.60 
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The split is calculated in tenns of mg/L as CaC03: 

X= (40 - 10)/(90.6 - 10) 0.372 

The fraction of water passing through the first stage is then 1 0.372 = 0.628. The 
total hardness of the water after passing through the first stage is the practical solu
bility limit, that is, 40 mgIL as CaC03• Since the total hardness in the raw water is 
238 + 90.6 = 328.6 mgIL as taC03, the mixture of the treated and bypass water has 
a hardness of: 

(0.372)(328.6) + (0.628)(40) 147.4 mglL as CaC03 

This is above the specified finished water criteria range of 80-120 mg/L as CaC03, 

so further treatment is required. Since the split is designed to yield the required 
40 mg/L as CaC03 of magnesium, more calcium must be removed. Removal of the 
calcium equivalent to the bicarbonate will leave 40 mg/L as CaC03 of calcium 
hardness plus the 40 mg/L as CaC03 of magnesium hardness for a total of80 mg/L 
as CaC03. The additions are as follows. 

Lime Lime 
Constituent mgIL as CaC03 meqlL 

CO2 25.0 0.50 
HC03 198.0 3.96 

223.0 4.46 

~ 

Addition of lime = to CO2 and HC03 (even in second stage) is necessary to get pH 

nig/L as CaC03 

CaCO] 

The selection ofchemicals and their dosage depends on the raw water com
position and thedesiredfinal w~ter compositic)O. If we use a Mgconcentration of 40 
~&~.~s;<i(lq()J~saproduct\Vater·criterion,.··.then six cases illustrate the dosage 
schemes. Three of the cases occur when the Mg concentration is less than 40 mg/L as 
CaC03 (Figure 4-20a, b, and c) and three cases occur when Mg is greater than 40 mg/L 
as CaC03 (Figure 4-21a, b, and c). In the cases illustrated in Figure 4-20, no split treat
ment is required. Conversely, the cases illustrated in Figure 4-21 are for the first stage 
ofasplit treatment flow scheme (softening to the practical limits). In the cases illus
tratedinFigure 4-21,. the hardness of the mixture of the treated and raw water must be 
cheeked to see ifan acceptable hardness has beenachieved. If the hardness after blend

. irtgis.abovethedesiredconcentration, then further softening in a second stage is re
quired(Figure 4-22). Since the design of the split is to achieve a desired Mg 
concentration of 40 mgIL as CaC03, no further Mg removal is required. Only treat
ment of the Ca is required. 
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l. Add lime = CO2 (to raise pH) 

2. Add lime == HCO~ (to raise pH)CaN Mg2+ 
3. Check is sum of Ca2+ that rem~ins:

CO2 
NCH + Mg2+> 120? If yes, remove Ca2 + 

HCOj Cl- NCH with soda ash (Ca2+ - HCOj). 

(aJ 
L---. 4. Consider excess lime"

l. Add lime == CO2CaN Mcr 2+ 

b 

2. Add lime = HCOJ
CO2 
 3. Consider excess lime 
HCO-} CI- HCO; > Ca2+, therefore, all CaH has been 

(b) 

Ca2+ Mg2+ Na+ I. Add lime CO2 
CO2 2. Add lime HCOj 


:;. Consider excess lime

HCO~ 

(c) 

FIGURE 4-20 
Dosage schemes when Mgl+ concentration is less than 40 mg/L as CaCOJ and no split treatment is 
required. Note that no MgH is removed and that reactions deal with CO2 and Ca2+ only. 

I. Add lime CO2 (to raise pH) 
Ca2l Mg2+ 2. Add BOle HCO; (10 raise pH) 


CO, 3. Add lime == Mg2+ 


4. Add soda == (Ca2+ + Mgh) - HCO; (to remove Ca2 ')l HCOj CI
) 
 5.Considerexcess lime 

I. Add lime CO2 

2. Add lime == HCO~ 

3. Add lime = M{': 
4. Add soda =([a2+ + Mg2+) - HCO; 

5. Consider excess lime 

I. Add lime CO2 

2. Add lime = HCOj (Need all because need to raise pH) 

3. Add lime =: Mg2+ 

4. No soda ash required 

5. Consider excess lime 

FIGURE 4-21 

Cases when MgH concentration is greater than 40 mgfL as CaC03 and split treatment is required. 

Note that these cases illustrate softening to the practical limits in the first stage of the split-now 

scheme. 
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Limel 
Soda ash 
addition 

QRaw Mg,. Rapid Slow"";;":""--+-1
Water Mix Mix Flow = 

(l X)Q 

Return Sludge 

Flow Bypassed"" XQ 

First Stage 

Liri1cl 

SoMash 

addition 


Recarbonation Disinfection 

Return Sludge 

Second Stage 

FIGURE4~22 

Fl0w-diagratnforatwostage split-treat~lent lime-soda ash softening plant. (Adapted from 1. L. Cleasby and 
J.. H,Dillipgham.1966.) 

:', ",' ;',< ,',: ,':,-t::-:-'-> --:-'>~~-

"..k;1~~ .•.•••.•••··•••.·;;::;U ...... :t.·.·~i.> 
.iJ ·io~~i~~lt~!1g~;S9[teping 
;fIr ill~~~.~~~~~~~·g~#(pi.~efi1i~dasthereversibleinterchangeof ions between a solid and 
t;;'i'~aliquithphasejnwhich thereis no permanent change in the structure of the solid. Typ
'>'"!:'~~y 

ical1y~jTliw~\er"softeningbyjonexchange,the water containing the hardness is passed 
thfo~glj~c()l~rnP~?~tainingtheion:exShangematerial. The hardness in the water ex
Ch(l~$~$.cV\iitlLanionifromtheion-exchange material ..GeneraIly, the ion exchanged 
with the hardness is sodium, as illustrated in Equation 4-72: 

(4-72) 

where R represents the solid ion-exchange material. By the above reaction, calcium 
(ormagnesiumjhasbeen removed from the water and replaced by an equivalent 
all1?~nt~fsodium, thatis, two sodium ions for each cation: The alkalinity remains un
cha?ged,,[heexchange results in essentially 100 percent removal of the hardness 
frolllth.~wateruntilthee.xchange capacityof the ion-exchange material is reached, as 
sh(JwninFigure 4:23. When the ion-exchange material becomes saturated, no hard
ness will be removed. At this point breakthrough is said to have occurred because the 
hardness passes through the bed. At this point the column is taken out of service, and 



256 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

Influent 

Hardness 


--~-------------
Saturation 


ofIon

Exchange 

Material 


Effluent 

Hardness 


FIGURE 4·23 
Time Hardness removal in ion-exchange column. 

the ion-exchange material is regenerated. That is, the hardness is removed from the 
material by passing water containing a large amountof Na+ through the column. The 
mass action of having so much Na + in the water causes the hardness of the ion
exchange material to enter the water and exchange with the sodium: 

CaR2 + 2NaCI :.;:::: 2NaR + CaCh (4-73 ) 

The ion-exchange material can now be used to remove more hardness. The CaCh is a 
waste stream that must be disposed of. 

There are some large water treatment plants that utilize ion-exchange softening. 
but the most common application is for residential water softeners. The ion-exchange 
material can either be naturally occurring clays, called zeolites, or synthetically made 
resins. The~e are several manufacturers of synthetic resins. The resins or zeolites 
are characterized by the amount of hardness that they will remove per volume of resin 
materialandbytheamountofsalt required to regenerate the resin. The synthetically 
produced resins have amuch higher exchange capacity andrequire less salt for regen
er~tio~;However,Jheyals()costmuch more. People who work in the water softening 
industry()ftenworkinunitso~gr~insofhardness per gallon of water (gr/gal). It is use
fuitorem~1l1berthatlgr/galequals 17.1. mgfL 

Sincetheresinreinovesvirtually 100 percent of the hardness, it is necessary to by
pass a portion of the water and then blend in order to obtain the desired final hardness. 

Hardnessdesired 
%Bypass = (100) (4-74)

Hardnessinitial 

Example 4-19. A home water softener has 0.1 m3 of ion-exchange resin with an ex
change capacity of 57 kg/m3

. The occupants use 2,000 L of water per day. If the water 
contains 280.0 mglL of hardness as CaC03 and it is desired to soften it to 85 mgfL as 
CaC03, how much should be bypassed? What is the time between regeneration cycles? 

Solution. The percentage of water to be bypassed is found using Equation 4-74: 

85
%Bypass = (l00) = 30.36 or 30% 

280 
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The length of time between regeneration cycles is deterrniI}ed from the exchange ca
pacity of the ion-exchange material (media). This is also called the "time to breakthrough," 
that is, the time to saturate the exchange material. If30 percent of the water is being by
passed, then 70 percent of the water is being treated and the hardness loading rate is 

Loading rate (0.7)(280 mg/L)(2,000 LId) 392,000 mg/d 

Since the bed capacity is 57 kgim3 and the bed contains 0.1 m3of ion-exchange me
dia, the breakthrough time is approximately 

(57 kg/m3)(O.l m3) 
Breakthrough time = 6 =14.5 d 

(392,000 mg/d)(l0- kg/mg) 

4-4 MIXING AND FLOCCULATION 

Clearly, if the chemical reactions in coagulating and softening a water aregoiTlg to take 
place,the.chemical mustbe mixed with the water. In this section we will begin to look 
at the physical methods necessary to accorl1plishthe chemical processes of coagufation 
and softening. 

Mixing, or rapid !nixing as it is called, is the process whereby the chemicals are 
quickly and uniformly dispersed in the water. Ideally, the chemicals would be instan
taneously dispersed throughout the water. During coagulation and softening the chem
ical reactions that take place in rapid mixing form precipitates. Either aluminum 
hydroxide or iron hydroxide form during coagulation, while calcium carbonate and 
magnesium hydroxide form during softening. The precipitates formed in these 
p\ocessesmustbe broughtintucontact with one another so that they canagglomerate 
andfQrml~rgerpartic1es,called floes. This contacting. process is called flocculation 
andjsL~c;cqrnHlis~eclh¥slo\¥,gentlelllixing. 

{~.;Jlwthttr~~twe~t,ofwaterapdwastewaterthedegree of mixing is measured by the 
0;':;JvelQgftYcgr~di.e~t,Q:.Ih~velocitygradienris bestthought of as the amount of shear 
~j .t.~!p~Rl~~~;tfr~~~is,t~ehigl1~ritheGvalue;.themore violent the mixing. The velocity 

griai~ntis;a'fun~.tioTlofthSPQ'Yerjnput into a unit volume of water. It is given by 

(4-75)G~~; 

From literature, experience, laboratory, or pilot plant work it is possible to select a G 
valuefor a particular application. The total number of particle collisions is proportional 
to GO, where 0 is the detention time in the basin as given by Equation 2-27. 

Rapidrnixing is probably the most important physical operation affecting coagulant 
dose efficiency. The chemical reaction in coagulation is completed in less than 0.1 s; 
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Chemical Addition 

Chemical Addition 
FIGURE 4-24 
Rapid mix tank. 

therefore, it is imperative that mixing be as instantaneous and complete as possible. 
Rapid mixing can be accomplished within a tank utilizing a vertical shaft mixer (Fig
ure 4-24), within a pipe using an in-line blender (Figure4:·25), or in a pipe using a sta
tic mixer (Figure 4-26). Other methods, such as Parshall flumes, hydraulic jumps, 
baffled channels, or air mixing may also be used. ' 

The selection of G and G() values for coagulation is dependent on the mixing de
vice, the chemicals selected, and the anticipated reactions. Coagulation occurs pre
dorninatelyby two mechanisms: adsorption of the soluble hydrolysis species on· the 
colloid and destabilization or sweep coagulation where the colloid is trapped in the hy
droxide precipitate. The reactions in adsorption-destabilization are extremely fast and 
occur within 1second. Sweep coagulation is slower and occurs in the range of I to 7 
seconds (Amirtharajah, 1978). Jar test data may be used to identify whether adsorp
tion-destabilization or sweep coagulation is predominant. If charge reversal is apparent 
from the dose-turbidity curve (see, for example, Figure 4-13), then adsorption
destabilizationis the predominant mechanism. If the dose-turbidity curve does not 
sh8W chargereversal(that is;the curve isrelatively flat at higher doses), then the pre
dOIninantmechanism issweepcoagulation.G values in the range of 3,000 to 5,000 s-[ 
and.detel1tlontimesontheorder of 05sarerecommended for adsorption-desorption 

Shaft Gland 

Alternative 
(Downstream) Chemical 

Feed Line 

1==<===Pf::::7::'~tt=::rf===F1 L - - - - -7\ 
I I I 
I I I 
I i,__,-l-r-
I . \ 
I / 
I I 
r-- ___ ~ 

PropellersStatorTyp. 

FIGURE 4·25 

Typical in-line blender. (Source: AWWA, 1998.) 
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FIGURE 4·26 
STAHC MIXER: Asuccession of reversing, flow-twisting, and flow-splitting 
elements provides positive dispersion proportional to number of elements. 
(Source: Chemical Engineering, March 22, 1971.) 

reactions. These values are most commonly achieved in an in-line blender. For sweep 
coagulation, detention times of 1 to 10 sand G values in the range of 600 to 1,000 s 1 

are recommended (Amirtharajah, 1978). 

Softening. For dissolution of CaO/Ca(OHh mixtures for softening, detention times 
on the order of5 to 10 minutes may be required. G values to disperse and maintain par
ticles in suspension may be on the order of 700 s-I. In-line blenders are not \lied to 
mix softening reagents. 

Rapid~Mix Tanks. The volume of a rapid-mix tank seldom exceeds 8 m3 because 
of mixing equipment and geometry constraints. The mixing equipment consists of an 
electric motor, gear-type speed reducer, and either a radial-flow or axial-flow impeller 
as shown in Figure 4-27. The radial-flow impeller provides more turbulence and is 
preferred for rapid mixing. The tanks should be horizontally baffled into at least two 
andpteferably three compartments in order to provide sufficient residence time. They 
areals9 baffled vetticallyto minimize vortexing. Chemicals should be added below 
theimpeljer, the point ofthe most mixing. ,S orne. unitless geometric ratios for both 

',. rapid.ir1fxing,anqftocculation are shown. in Table 4.; I 5 . These values can be used to 
selectthCPfoperbasin depth and surface area and .theimpellerdiameter. For rapid 

"mixing,irl~Qrder constructareasonably sized often more depth is required,'" " ... '- ..~. ~ ,.~< ~. . .. " 

((1 ) RadiaJ';f!ow turbine impeller 

FIGURE 4-27 

Basic impeller styles. (Source: Courtesy of SPX Process Equipment.) 
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TABLE 4·15 

~-

Tank and impeller geometries for mixing 

Geometric Ratio Allowed Range 

DIT (radial) 0.14-0.5 
DIT (axial) 0.17-0.4 
HID (either) 2-4 
HIT (axial) 0.34-1.6 
HIT (radial) 0.28-2 
BID (either) 0.7-1.6 

D = impeller diameter 
T == equivalent tank diameter 
H water depth 
B == water depth below impeller 

than allowed by the ratios in Table 4-15. In this case the tanls. is made deeper by using 
two impellers on the shaft. Rapid mixing is generally accomplished with a radial
flow-type turbine like that of Figure 4-27. When dual impellers are used, the top im
peller is axial flow, while the bottom impeller is radial flow. Figure 4-28 shows the 
flow patterns of radial and axial flow impellers. When dual impellers are employed on 
gear-driven mixers, they are spaced approximately two impeller diameters apart. We 
normally assume an efficiency of transfer of motor power to water power of 0.8 for a 
single impeller. 

Flocculation 
Whilcrapidmix is the most important physical factor affecting coagulant efficiency, 
flocculation is .themostimportant factor affecting particle-removal efficiency. The 

\ ................../ .........
......~\.../
-®J .. 

~........• \\ 


Bottom view 

Radial Flow 

\ 

~ 
! j 
Bottom view 


Axial Flow 


FIGURE 4·28 

Basic flow patterns created by impellers. (Source: 

Cornwell and Bishop. 1983.) 
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TABLE 4-16 
GO values for flocculation 

Type GO (unitless) 

Low-turbidity, color 

removal coagulation 20-70 60,000 to 200,000 


High-turbidity, solids 

removal coagulation 30-80 36,000 to 96,000 


Softening, 10% solids 130-200 200,000 to 250,000 

Softening, 39% solids 150-300 390,000 to 400,000 


objective of flocculation is to bring the particles into contact so that they will collide, 
stick together, and grow to a size that will readily settle. Enough mixing must be pro
videdto bring the floc into contact and to keep the floc from settling in the f1occula
tiorrbasimToomuchmixing willshearthefloc particIes.so that the floc is small and 
finely dispersed. Therefore, the velocity gradient must be controlled within~ a rela
tively narrow range. Flexibility should also be built into the flocculator so that the 
plant Operator can vary the G value by a factor of two to three. The heavier the floc 
and the higher the suspended solids concentration, the more mixing is required to 
keep the floc in suspension. This is reflected in Table 4-16. Softening floc is heavier 
than coagulation floc and therefore requires a higher G value. An increase in the floc 
concentration (as measured by the suspended solids concentration) also increases the 
requiredG.With<water temperatures of approximately 20°C, modern plants provide 
about 20n1inute~ of flocculation time (0) at plant capacity. With lower temperatures, 
tl1edet~nti()Ilt~~)jsjncreased.At15°C thegetention timeis increased by 7 percent, 
atli9°9itis~inGrea~ed<t5p~rcent,.and at 5°C·itis.·increased .. 25· percent. 

0R;:5 ···<~}~flpe,(;ura,ti9.ni~m()rrtlallyaccompli~hedwittlan~ial.;flow impeller (Figure 4-27), 
....~~.. apaQd·· QCUl~t9~(Fig~re4-23),or~ baf~edchamber (Figure 4-30). Axial-flow 

.ill} ...... <.{ ............ ~~~~rr<r~c9I1lrtl9P?edOvertheothertypes·offlocculators because they 
.. imparta:nefirlyconshintG throughouuhe tank(Hudson, 1981). The flocculator'basin 

Settling Tank \ 
\ 
I 

Elevation 

Paddle flocculator. (Courtesy of El1virex, Inc., a Rexl10rd Company.) 

http:particIes.so
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FIGURE 4-30 
Baffled Baffled chamber flocculator. 

should be divided into at least three compartments. The velocity gradient is tapered so 
that the G values decrease from the first compartment to the last and that the average 
of the compartments is the design value selected from Table 4-16. 

Power Requirements 
In the design of mixing equipment for rapid-mix and flocculation tanks, the power im
parted to the liquid in a baffledtank by an impeller may be.described by the following 
equation for fully turbulent flow developed by Rushton (1952). 

P Np(n)\Dip (4-76) 

where P = power, W 
Np = impeller constant (also called power number) 
n rotational speed, revolutions/s 

Di = impeller diameter, 01 

p density of liquid, kg/m3 

The impeller constant ofaspecific impeller can be obtained from the manufacturer. 
Fortheradial-flowimpellet ofFigure 4-27, the impeller constant is 5.7 and for the 
axial.:t1owiIl1peller,itisOJI. It is recommended that for flocculation, the tangential 
velocity (tip speed) be limited to 2;7 m/s. 
.....Theppwerimpartedbyapaddle mixer (Figure 4-29) is a function of the drag force 

onthepaddles. . 

CD Ap(V )3 
P 

p 
(4-77)

2 

where P power imparted, W 
CD = coefficient of drag of paddle 

p density of fluid, kg/m3 
A = cross-sectional area of paddles, m2 

vp = relative velocity of paddles with respect to fluid, mls 

It has been found that the peripheral velocity of the paddle blades should range 
from 0.1 to 1.0 mls and that the relative velocity of the paddles to the fluid should be 
0.6tp0;75tirries the paddle-tip speed. The drag coefficient (CD) varies with the length
to:-width ratio (for example: for L:W of 5, C[) = 1.20, for L:W of 20, CD 1.50. and 
for L: Wof infinity, CD 1.90). It is also recommended that the total paddle-blade area 
on a horizontal shaft not exceed 15 to 20 percent of the total basin cross-sectional area 
to avoid excessive rotational tlow. 



263 WATER TREATMENT 

For pneumatic mixing, the power imparted is given by~ 

h + 10.33) (4-78)P KQa In ( 10.33 

where P = power imparted, W 
K constant = 1.689 . 

Qa = air flow rate at atmospheric pressure, m3/min 
h air pressure at the point of discharge, m 

The power imparted by static-mixing devices may be computed as 

P = yQh (4-79) 

where P power imparted, kW 
y specific weight of fluid, kN/mJ 
Q = flow rate, m3/s 
h head loss through the mixer, m 

Th>e specificweight of water is equal to the product of the density and the {lcceler
ationdue to gravity (y = pg). At normal temperatures, the specific weight of water is 
taken to be 9.81 kN/m3

, 

Upflow Solids-Contact. Mixing, flocculation, and clarification may be conducted in 
a single tank such as that in Figure 4-31. The intluent raw water and chemicals are 
mixed in the center cone-like structure. The solids flow down under the cone (some
times called a "skirt"), As the water tlows upward, the solids settle to form a sludge 
blanket. This design is called 9.n upflow solids-contact basin. The main advantage of 
this unit is its reduced size. The units are best suited to treat a feed water that has a rel
ativelyc()l1stantquality. His often favored for softening because the water quality from 
wellsisr~latively constant and.the sludge blanket provides a further opportunity to 
drivethiprecipit~ltion reactions to completion. 

Access 

Perimeter Radial weir 


weir '1r.'-----"1:::J;;;!i:;::!::=====~:::::;~ 


scraper 

Sludge drain 

Zone A rapidmix 

Zone B - flocculation and solids contact 

Zone C upflow and sludge-blanket zone 

FIGURE 4·31 

Typical upf10w solids-contact unit. (Source: AWWA, 1990.) 
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Example 4·20. Acity is planning toe installation of a new watenreaffuent plant to 
supply a growing population. There will be only one rapid mix basin and then the flow 
will be evenly split between two flocculator trains, each with three basins equal in vol
ume. The required water depth of all basins is 4.0 m. Determine correct basin volumes, 
basin dimensions, tank equivalent diameter, required input power, impeller diameter 
from table-below, and rotational speed using the following parameters: 

Q = 11.5 X 103 m3/d 

Rapid mix 0 =2 min. 
Rapid mix G = 600 S-I 

Total flocculation 0 = 30 min 

Flocculators G = 70, 50, 30 s I 

Water temperature = SoC 

Place impeller at one-third the water depth 

Impeller Impeller Power 
type Diameters (m) number (Np ) 

Radial 0.8 1.1 1.4 5.7 

Axial 0.8 1.4 2.0 0.31 

Solution: 

a. 	 Rapid-mix design 

Convert 11.5 X 103 m3/d to m3/min: 


d h 
7.986 or 8.0 m3/min

60 min 

f'J()wwithEquation2~27wecandetermine the volume of the rapid mix basin 
usingtheflO'wrateand detention time. 

3if = (Q)(O) = (8.0 m3/min)(2 min) = 16.0 m

Based on the required waterdepth of the basin, the corresponding area is: 

16 m 3 

Area = 4.0 m2 

4.0 m 

It is common practice to make the length and width of the mixing basins equal. 
Therefore, the square root of the required area will yield the side dimension. 

Length and width = V4.0 m2 2.0 m 

Calculating the equivalent tank diameter is useful at this point because it will be 
needed when calculating the geometric ratios for the impeller. 

fi
x Area Vr4~X-4~()-m2

TE = - = - ..- = 2.26 m 

7f 	 11 
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The required input power can be calculated by using equation 4-75. Using Table 
A-I in Appendix Aand the temperature of the water, find the dynamic viscosity of [52 X 

10-3 Pa . s. As noted in the table footnote, the values in the table are multiplied by 10-3
. 

P = C2JL¥ = (600 s ')2(1.52 X 10-3 Pa . s)(16.0 m3
) = 8,755 W 

By using Table 4-15, we cap evaluate different size radial impellers using the geo
metric ratios. Below is a comparison of the ratios for the available sizes of radial im
pellers·and the rapid mix basin. 

Radial Impeller Diameter 
Geometric Allowable 

Ratio Range 0.8 m 1.1 m lAO m 

DfT 0.14-0.5 0.35 OA9 
HID 2.0-4.0 3.64 2.85 

HIT 0.28-2.0 1.77 1.77 ' l.77 

BID 0.7-1.6 1.21 0.95 

The shaded areas indicate values that are not within the range, which leaves the 
1.1-m radial impeller as best suited for this application. Finally, the required rotational 
speed fortheimpeller is calculated by using Equation 4-76. 

3 

n = [NpP~D,)5r = (5,7)(I,0:~7:;;)(1.l m)' 0.98 rps = 59 rpm113 

h"'t'"":>~'n two flocculation trains, the flow rate 
by 2. 

lJsingEquation 2-2Tagain; we can find the needed basin volume for each floc
culationtrain. 

Because we need three equal flocculator tanks, the total volume per train is 
divided by 3. 

VT 120 m3 

¥perbasin = 3 = 3 = 40 m 
3 

...... UsWgthe same criteria. as before we solve for the area, length, width, and equiv
alent tank diameter ofthe."basins. 

40.0 m3 

Area = 10.0 m2 

4.0m 
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Length and width- VI0.0 m2 3.1 6 m 
2 

_ ~4 X Area _ ~4 X 1O.0m _TE - - - - - 3.57 m 
1T 1T 

The input power needed is going to be calculated three times because each floccu
lator has a-unique velocity gradient. 

PG=70 = G2JL¥ = (70 S-I)2(1.52 X 10-3 Pa' s)(40.0 m3
) = 298 W 

PG=50 = G2JL¥ = (50 s-1)2(1.52 X 10-3 Pa' s)(40.0 m3
) = 152 W 

PG=30 = G2JL¥ = (30 S-I)2(1.52 X 10-3 Pa' s)(40.0 m3
) = 54.7 W 

Select an impeller that will work with the flocculator basins by using the geomet
ric ratios for an axial impeller. 

Axial Impeller Diameter 
Geometric Allowable 

Ratio Range 0.8m 104 !TI 2.0 rri 

DIT 0.17-004 0.22 0.39 

HID 2.0-4.0 2.86 2.00 

HIT 0.34-1.6 1.12 1.12 1.12 

BID 0.7-1.6 0.95 

Notice the gray areas again; this table shows that a lA-m impeller would best fit 
the tank sizes. 

..[. P ..]1I3 [ 298 W 113 
nC",;,70 =. 5> =. . 3 5 = 0.56 rps = 34 rpm(J 

. Npp(D;) .. (0.31)(1,000 kblm )(104 m) 

Forfl09culati?n,th<;tang9ntial velocity (tip speed) must not exceed 2.7 mfs. If this 
is true forthe.flocculator with a G = 70 s I, then it is true for the others since their ro
tational speed is lower. 

Tip speed = (rpS)(1T X DJ = (0.56)(1T X 104) = 2046 or 2.5 m/s 

4-5 SEDIMENTATION 

Overview 
Particles that will settle within a reasonable period of time can be removed in a sedi
mentation basin (also called a clarifier). Sedimentation basins are usually rectangular or 
circular with either a radial or upward water flow pattern. Regardless of the type of 
basin, the design can be divided into four zones: inlet, settling, outlet, and sludge stor
age. While our intent is to present the concepts of sedimentation and to design a sedi
mentation tank, a brief discussion of all four zones is helpful in understanding the sizing 
of the settling zone. Asc~ematic showing the four zones is shown in Figure 4-32. 

http:S-I)2(1.52
http:1)2(1.52
http:S-I)2(1.52
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Target 
baffle 

/ 	 Perforated baffle Eftluent 

Q~l 	
weir 

J. 
J. 
1. Settling

1. zone 
I 

Inlet Outlet 
zone zone 

(a) 

Outlct 
zone 

Settling 
lont: 

Inlet 
zolle 

FIGURE 4-32 
Zones of sedimentation: (aJ hori

. zontal flow clarifier: (b) uptlow 
claril1er. 

Th~puW~ ~~h~i.~l~t~Qnt}§to.evenlydistributethe flow and suspended parti
(1) 	 clesacros .. ~~)~r~ti~~Q~Jnes~t~ling.fone.*Theinlet~one consists·of a series of 
i:i ·inle ... ·>~fi~>~£ig3esfptace~~~OtltJ.rrlintotheJank ~ndextendingthe full. depth of 

.~ff. >./i jil ...·..~~~~~>~¥stel11,t.heD9\\1takeson ... tlow pattern determined by 
/•...•~.,t.~e:i!11~\ ..• i,/.~e.;~tsQl11~RointIthenowpattemils even1y··distributed, and the water 

.. v~locity.sl()wtdto the design velocity of the sedimentation zone. At that point the in-
t¥~, 	 Ietzon~~nd.sa.?:dthe settlin&zpnebegins. Witha well-designed inlet baffle system, the 

iriletzone.extenasapproximatelyl.5 mdQwnthelengthofthe tank. Proper inlet zone 
desigIl\~ay(\V~t~(b5.thjefu?stiI11porta~tasp~cfof·removal efficiency. 

·With>impr(}perdesign;tlle inletvelocities may never subside to the settling-zone 
.design velocity~ Typical design numbers are usually conservative enough that an inlet 
zone length does not have to be added to the length calculated for the settling zone. In 
an accurate design, the inletand settling zones are each designed separately and their 
lengths~ddedtQgethe!{ 

The configuration anddepth of the sludge storage zone depends upon the method of 
c:le~lting,thefrequt:!ncyofcleal1irig, and the quantity of sludge estimated to be produced. 

. AILthese variables can beeyaluated and a sludge storage zone designed. In lieu of these 

"'The cross section i,the area through which the flow moves. For example. in Figure 4-32a the cross section is the 
scnling zone width X depth and in 4-32b iL is the bottom circular area. 
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design details, some general guidelines can be presented. With a well-flocculated solid 
and good inlet design, over 75 percent of the solids may settle in the first fifth of the-tank.
For coagulant floc, Hudson recommends a sludge storage depth of about 03 m near the 
outlet and 2 m or more near the inlet (Hudson, 1981).. 

lfthe tank is long enough, storage depth can be provided by bottom slope; if not, 
a sludge hopper is necessary at the inlet end. Mechanically-cleaned basins may be 
equipped with a bottom scraper, such as shown in Figure 4-33. The sludge is continu

(I 

FIGURE 4-33 
Photograph and schematic diagram of circular sludge scraper. (Source: David Cornwell/Courtesy of Siemens 
Water Technologies.) 
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ously scraped to a hopper where it is pumped out. For mec~anically cleaned. basins, a 
one percent slope toward the sludge withdrawal point is used. A sludge hopper is de
signed with sides sloping with a vertical to horizontal ratio of 1.2: 1 to 2: 1. . 

The outlet zone is designed sO as to remove the settled water from the basin with
out calTying away any of the floc particles. A fundamental property of water is that the 
velocity of flowing water is proportional to the flow rate divided by the area through 
which the water flows, that is,' . 

Q 
v (4-80) 

where v = water velocity, mls 

Q= water flow, m3Is 


Ac = cross-sectional area, m2 


Within the sedimentation tank, the flow is going through a very large area (basin 
depth times width); consequently, the velocity is slow. To remove the water from the 
basin quickly, it is desirable to direct the water into a pipe or small channel for .easy 
transport, which will produce a significantly higher velocity. If a pipe" were to be-placed 
at the end of the sedimentation basin, all the water would "rush" to the pipe. This rush
ing water would create high velocity profiles in the basin, which would tend to raise 
the settled floc from the basin and into the effluent water. This phenomenon of wash
ing out the floc is called scouring, and one way to create scouring is with an improper 
outlet design. Rather than put a pipe at the end of the sedimentation basin, it is desir
able to first put a series of troughs, called weirs, which provide a large area for the wa
ter to flow through and minimize the velocity in the sedimentation tank near the outlet 
zone. The weirs then feedintoacentral channel or pipe for transport ofthe settled wa
ter. Figure 4B4showsvarious weirarrangem~nts. The length6f weir required is a 
functionof the type of solids. The heavier the. solids, theharder,itis to scour them, and 

.• the higher. the allowable outlet . velocity. Therefore, heavier particles require a. shorter 
le~gtlrofW"~irthan dolight particles. Each stategenerally has a set of standards which 

.~~~.' .. 111~stbefonowed.but Table 4-17 shows typical design values for weir loadings. The 
eunitsforweiroverilowrates are m3/d . m,whkhis water flow (m3/d) per unit length 

ofweir (m). 

Typitalweir overflow rates 

Weir overflow rate 

Type of floc (m3/d'm) 


Lightalum floc 

(low-turbidity water) 143-179 


Heavier alum floc 

(higher-turbidity.water) 179-268 


Heavy floc from lime softening 268-322 


Source: Walker Process Equipment Inc.. 1973. 



FIGURE 4-34 

Weir arrangements: (a) 


rectangular; (h) circular. 

(SOllree: David COIl1well! 


(h) MacKenzie L. Davis.) 

270 
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In a rectangular basin, the weirs should cover at least oQe-third, and preferably up 
to one-half, of the basin length. Spacing may be as large as 5 to 6 m on-centersbtll is 
frequently on the order of one-half this distance. 

Example 4·21. The town of l.!rbana has a low-turbidity raw water and is designing 
its overflow weir at a loading rate of 150 m3/d . m. If its plant flow rate is 0.5 m3/s, 
how many linear meters of weir are required? 

Solution 

(0.5 m3/s)(86,400 sId)
------- = 288 m 

150 m3/d' m 

Sedimentation Concepts 
Therearetwolmportanf iermstounderstandin sedimentationzone design. The first is 
the particle (floc) settling velocity, V y• The second is the velocity at which the fank is 
designed to operate, called the ove~flow rate, Va' The easiest way to understand these 
twoconcepts istoview an upward-flow sedimentation tank as shown in Figure 4-35. 
In this design, the particles fall downward and the water rises vertically. The rate at 
which the particle is settling downward is the particle-settling velocity, and the veloc
ity of the liquid rising is the overflow rate. Obviously, if a particle is to be removed 
from the bottom of the clarifier and not go out in the settled water, then the particle
sett!ing/v~19citYlllustbe 'greater than the liquid-rise velocity (vs > vo). Ifvs is greater 
th~nl'q,()n~'Y()uldexgectJOO percent particle removal, and if Vs is less.than vo' one 

\G')\\Igli:lg~Xl?~crRg~rp~qt.•rell1()v~Llnd~.sign,theprocedure would be to determine the 
.f;;; ;partr~I~;~.y~tH~~v~lgfi~y;~~dsetth~o~.~rfl0W rateal some lower value. Often Vo is set 
>~.r" at50id7Qerc.e~t()fv$foFa~<upflowclarifiet: 

...••. ~~.c()qsid~L""hytljeliq~id ..risevelocityis called an overflow rate and 
(C~ .tsate;}hetennove~owrateisiused since the water is flowing over the top 

()~tankinto thew~irsystem. It is sometimes referred to as the surface loading rate 
2b~pallse.ith~sunits oftp3/d ·m . The units are flow of water (m3/d) being applied to a 

Q 
v" = \' 

I J 

~~- Setrled Particles 
FIGURE 4·35 
Settling in an uptlow clarifier. (Legend: VI velocity of 

, 'dF fLlqUl low Rate :0 Q Particles + Liquid liquid; V, = terminal settling velocity of particle,) 
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m2 of surface area. This can be thought of as the aino~ntof wat~r that-goes through 
each m2 of tank surface area per day, which is similar to a loading rate. Recall from 
Equation 4-80 that the velocity of flow is equal to the flow rate divided by the area 
through which it flows. Hence an overflow rate is the same as a liquid velocity: 

VolumelTime (Depth)(Surface area) Depth 
v 	 = = . = ---- = Liquid velocity (4 81) 

o Surface Area (Time)(Surface area) Time 	 
VI() (h)(As) h 

v 	 = =----
o As (())(As) () 

It can be seen from the above discussion that particle removal is independent of 
the depth of the sedimentation tank. As long as Vs is greater than vo' the particles will 
settle downward and be removed from the bottom of the tank regardless of the depth. 
Sedimentation zones vary from a depth of a few centimeters to a depth of 6 m or 
greater.* . 

We can show that particle removal in a horizontal sedimentation tank is likewise 
dependent only upon the overflow rate. An ideal horizontal sedimentation tank is based 
upon three assumptions (Hazen, 1904, and Camp, 1946):

1. 	 Particles and velocity vectors are evenly distributed across the tank cross sec
tion. This is the function of the inlet zone. 

2. 	 The liquid moves as an ideal slug down the length of the tank. 

3. 	 Any particle hitting the bottom of the tank is removed. 

Using-Figure 4-36a to illustrate the concept, let us consider a particle which is re
leased at point A. In order to be removed from the water it must have asettling veloc
itygreat enoughsothat itreaches the bottom of the tank during the detention time (fJ) 
dfthewaterinthetank.Wemay say its settling velocity must equal the depth of the 
tank divided bythe detentiontime, that is, 

(4-82)VI' = eh 

Now we can also show that the settling velocity of the particle must be equal to or 
greater than the overflow rate of the tank in order to be removed. Using the definition 
of detention timefromEquation 2-27 and substituting into Equation 4-82: 

h hQ 
v = = ..-- (4-83) 

S (1IIQ) 11 

But we know that the tank volume is described by the product of the height, length, 
and width so we can rewrite this as: 

hQ Q
v 	 - --- (4-84)
s-/xwxh-/xw 

*Tube settlers are designed with a very shallow settling zone. Their use is beyond the presentation of this text. 
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A 

h 

(0 ) 

A 

(/J) 

A 

FIGURE 4-36 

Ideal horizontal sedimentation tank. 


Q 
(4-85)

As 

which is the overflow rate (va). This implies that the removal of a horizontal clarifier 
is independent of depth! This is indeed strange and runs counter to our intuitive feel
ingof how the sedimentation tank shollidwork. Why is this so? Figure 4-36b should 
help clear up this apparent ambiguity. What we see is that particles with Vs greater than 
or equaItov; are removed in tanks having a depth equal to one-half the depth of Figure 
4-36a.Ifthedepth were greater, particles having settling velocities equal to Va would 
not be completely removed (Figure 4-36c). But some removal would take place since 
those particles entering the tank at lower depths would have the correct trajectory to 
reach the bottom. This leads us to the concept of partial removal. 
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--------J Vo/2 

~-----, -----
Escape 

L--____~.---_____ --~ CaptiJred 

FIGURE 4-37 

Partial solids removal in ideal sedimentation tank. 


In a horizontal sedimentation tank, unlike an upflow clarifier, some percentage of 
the particles with a Vs less than Va will be removed. For example, consider particles hav
ing a settling velocity of 0.5 Va enterIng unifonnly into the settling zone. Figure 4-37 
shows that 50 percent of these particles (those below half the depth of the tank) will be 
removed.. That is, they will hit the bottom of the tank before being carried out because 
they only have to settle one-half the tank depth. Likewise,- one-fourth of the particles 
having a settling velocity of 0.25 Va will be removed. The percentage of particles re
moved, P, with a settling velocity of Vs in a sedimentation tank designed with an over
flow rate of Va is 

(4-86) 

Example 4-22. The town of San Jose has an existing horizontal-flow sedimentation 
tank with an overflow rate of 17 m3/d' m2

, and it wishes to remove particles that have 
settling velocities of 0.1 mmls, 0.2 mmls, and 1 mmls. What percentage of removal 
should~eexpected foreachparticle in an ideal sedimentation tank? 

First we need to convert the overflow rate to compatible units: 

m3 m (1,000 mmlm)
17--= 17 -. = 0.2 mm/s

d· m2 d (86,400 sid) 

Since Vs < Vo for a V.I' of OJ mmls, some fraction of the particles will be removed, as 
given by Equation 4-86. 

(OJ)
P = 100- == 50% 

(0.2) 

b. Vs 0.2 mmls 
These particles have v~ == V O' and ideally will be 100 percent removed. 

c. Vs Imm/s 
These particles have Vs > vo' and 100 percent of the particles should be easily 

removed. 
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Determination of Vs 

In design of an ideal sedimentation tank, one first determines the settling velocity (v s) 
of the particle to be removed and then sets the overflow rate (va) at some value less 
than or equal tovs' 

Determination of the particle-settling velocity is different for different types of 
particles. Settling properties ofparticles are often categorized into one of three classes: 

~ 

Type I Sedimentation. Type I sedimentation is characterized by particles that settle 
discretely at a constant settling velocity. They settle as individual particles and do not 
flocculate or stick to other particles during settling. Examples of these particles are 
sand and grit material. Generally speaking, the only application of Type I settling is 
during pre-sedimentation for sand removal prior to coagulation in a potable water 
plant, in settling of sand particles during cleaning of rapid sand filters, and in grit 
chambers (see Section 6-6). 

Type}I Sedimentation. Type II sedimentation is characterized by particles that floc
culateduringsedimentation. Because they flocculate, their size is constantly changing; 
therefore, the settling velocity is changing. Generally the settling velocity is Increas
ing. These types of particles occur in alum or iron coagulation, in primary sedimenta
tion (see Section 6-7), and in settling tanks in trickling filtration (see Section 6-8). 

TypeJII or Zone Sedimentation. In zone sedimentation the palticles are at a high 
concentration (greater than 1,000 mglL) such that the particles tend to settle as a mass, and 
a distinct clear zone and sludge zone are present. Zone settling occurs in lime-softening 
sedimentation,activated-sludge sedimentation, and sludge thickeners (see Section 6-12). 

"".,.'nHvv"V..."., ....., particle-'settling velocities and consequently 

.... Vj""J'...~u.vu',u.uvu, the particle-settling velocity can be 
_~~",",..,,~ton~moveaspecific size particle. In 1687, SirIsaac 

falling in .aquiescent fluid accelerates until the fric
on theparticleisequal.to the gravitational force of the parti

lOS?), ThethreeJorcesare defined as follows: 

FG = (pJg¥p (4-87) 

FB (p)g¥p (4-88) 

(4-89) 

Fa 
Fa 
p[) 
Ps 
p 

= 
= 

gr~vitational force 
buoyancy. force 
drag force 
density of particle, kg/m3 
density of fluid, kg/m3 

g = acceleration due to gravity, m/s2 

http:theparticleisequal.to
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FIGURE 4-38 

Forces acting ona free-falling particle in a fluid (FD =: drag force; FG =: 


gravitational force; Fs buoyancy force). 


ill' = volume of particle, m3 

CD = drag coefficient 
Ap = cross sectional area of particle, m2 

v = velocity of particle, mis 

The driving force for acceleration of the particle is the difference between the 
gravitational and buoyant force: 

(4-90) 

When the drag force is equal to the driving force, the particle velocity reaches a 
constant value called the terminal settling velocity (vJ. 

Fe - F8 = Ff) (4-91) 

For spherical particles with a diameter = d, 

ill' 4/3 (7T)(dI2)3 2 
:= -- := - d (4-93)

Ap ('d)(dI2)2 3. 

Using equation 4-29 and 4-93 to solve for the terminal settling velocity: 

__ [4 g(ps - p) d]112 
V (4-94) 

s 3 CvP 

The drag coefficient takes on different values depending on the flow regime surround
ing the particle. The flow regime may be characterized qualitatively as laminar, turbu
lent, or transitional. In laminar flow, the fluid moves in layers, or laminas, one layer 
gliding smoothly over adjacent layers with only molecular interchange of momentum. 
In turbulent flow, the fluid motion is very erratic with violent transverse interchange of 
momentum. Osborne Reynolds (1883) developed a quantitative means of describing 
the different flow regimes using a dimensionless ratio that is called the Reynolds num
ber. For spheres moving through a liquid this number is defined as 

(d) vs 
R (4-95) 

v 
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Newton's coefficient of drag as a function of Reynolds llumber. (Source: T. R. Camp, 1946.) 


where R Reynolds number 
. d diameter·of sphere, m 
v.~ = velocity of sphere, m/s 
v = kinematic viscosity, m2/s = J-l/p 

p= density of fluid, kg/or' 


J.l dynamic viscosity, Pa . S 

Thomas Camp (946) developed empirical data relating the drag coefficient to 
Reynolds number (Figure 4-39). Foreddying resistance for spheres at high Reynolds 

IO~),Cf)has a value of about OA. For viscous resistance at low 
fQr spheres: 

24 
(4-96)

R 

24 3
_.+ 1/2 + 0.34 (4-97) 
R R 

Sir George Gabriel Stokes showed that, for spherical particles falling under laminar 
(quiescent) conditions, Equation 4-94 reduces to the following (Stokes, 1845): 

g(ps p)d~ 
') 

(4-98)
18J-l 

a constant 

Equation 4-98 is called Stokes' law (Stokes, 1845). Dynamic viscosity (also called ab
solute viscosity) is a function of the water temperature. A table of dynamic viscosities 
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is given in Appendix A. Fair, Geyer, an~d Okun (1968)"recommend t~!lt va-be set at 0.33 
to 0.7 times Vs depending upon the efficiency desired. 

Flocculant Sedimentation Lab or Pilot Data. There is no adequate mathematical re
lationship that can be used to describe Type II settling. The Stokes equation cannot be 
used because the flocculating particles are continually changing in size and shape, and 
when watet is entrapped in the floc, in specific. gravity. Laboratory tests with settling 
columns are used to develop design data. 

A settling column is filled with the suspension to be analyzed. The suspension is 
allowed to settle. Samples are withdrawn from the sample ports at selected time inter
vals. The concentration of suspended solids is determined for each sample and the per
cent removal is calculated: 

C{
R% 1 - -- (100%) 	 (4-99)

Co 

where R% = percent removal at one depth and time, % 
Ct = concentration at time, t, and gi ven depth, mgfL 
Co = initial concentration, mgfL 

Percent removal versus depth is then plotted as shown in Figure 4-40. The circled 
numbers are the calculated percentages. Interpolations are made between these plotted 
points to construct curves of equal concentration at reasonable percentages, that is, 5 
or 10 percent increments. Each intersection point of an isoconcentration line and the 
bottom of the column defines an overflow rate (v o ): 

H 
=~-v 	 (4-100)

o t. 
I 

whereU= heighcof column, m 
ti =Jime.defined by intersection of isoconcentration line and bottom of column 

(x..axisJwhere thesubscript,i, refers to the first, second, third, etc., inter
wv."".>, d 

I 

o 	 5 to 20 30 40 50 70 80 90 100 120 

Sampling TlillC, Min 

FIGURE 4-40 

lsOCll[lCCmration lines for Type II settling test using a 2-m-deep column. 
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A vertical line is drawn from ti to intersect all the isoconcenlration lines crossing the ti 
time. The midpoints between isoconcentration lines define heights HIo H2, H3,-etc. 
used to calculate the fraction of solids removed. For each time, ti' defined by the inter
section of the isoconcentration line and the bottom of the column (x-axis), you can 
construct a vertical line and calculate the fraction of solids removed: 

HI H2 
RTo Ra + H (Rb - Ra) +Ii (Re - Rb) + ... (4-101) 

where RT 
a 

= total fraction removed for settling time, ta 
Ra, R'n Rc = isoconcentration fractions a, b, C, etc. 

The series of overflow rates and removal fractions are used to plot curves of suspended 
solids removal versus detention time and suspended solids removal versus overflow 
rate that can be used to size the settling tank. Eckenfelder (1980) recommends that 
scale-up factors of 0.65 for overflow rate and 1.75 for detention time be used to design 
the tank. 

Example 4-23. The city of Urbana is planning to installa new water treatment plant 
Design a settling tank to remove 65 percent of the influent suspended solids from their 
design flow of 0.5 m3!s. A batch-settling test using a 2.0 m column and coagulated 
water from their existing plant yielded the following data: 

Percent removal as a function of time and depth 

Sampling Time, min 

40 60 90 120 

73 76 
70 74 
63 71 

2.0m 
Va = (1,440 min/d) 82.3 mid 

(35 min) 

Thecorresponding removal fraction is 

1.5 0.85 
RT50 = 50 + -(55 50) + - (60 - 55)

2.0 2.0 

0.60 OAO 
-... - (65 - 60) + (70 65)
2.0 2.0 

0.20 0.05+ (75 - 70) + - (l00 - 75)
2.0 2.0 

59.5 or 60% 
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FIGURE 4-41 

Suspended solids removal versus detention time. 


The corresponding detention time is taken from the intersection of the isoconcen
tration line and the x-axis used to define the overflow rate, that is, 35 minutes for the 
50 percent}ine. 

This calculation is repeated for each isoconcentration line that intersects the 
x-axisexc~ptthe]astonesfor which data are too sparse, that is, 30,40,50,55,60, 
and 65 I?ercent, but not70 'or 75 percent. 

Tw~gra.phs.arecthenconstructed (see Figures 4-41 and 4-42). From these graphs 
tl1e~~nch;sg~ledetenti~ntime and overflow rate for 65 percent removal are found to 
be?~rnmu,trsand50tllld.• 
, . Applyingthe scale-up factors yields 

to = (54 min)( 1.75) = 94.5 or 95 min 

Vo (50 mJd)(0.65) = 32.5 mid 

Zone Sedimentation Lab Data. For zone sedimentation, values can also be obtained 
from the lab. The design overflow is again set at about 0.5 to 0.7 times the lab value. 

Jar Test Data. A technique has been developed to determine settling velocities of 
coagulant floes from jar test data (Hudson, 1981). 

Experience. Typical design numbers exist for all types of sedimentation basins. 
These numbers can be used in lieu of laboratory or pilot work. The applicability of the 
typical numbers to particles in different situations is unknown. For this reason, the typ
ical numbers are often quite conservative. These conservative numbers also correct for 

http:mJd)(0.65
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FIGURE 4·42 

Suspended solids removal versus overf1ow rate. 


ineffective inlet or outlet zone design. Adesign engineer with sufficient time and funds 
can generally save his or her client capital costs by designing a good inlet system and 
conductinglab tests for proper sedimentation zone design. However, clients are not al

willingtoexpend.such funds and the engineer has little choice other than to se
design numbers. Table 4-18 shows some overflow rates for potable 

Application 

Alum or iron coagulation 
Turbidity removal 
Color removal 
Hig~algae 

LiihesoJtenillg 
Low magnesium 
High magnesium 

Source: AWWA. 1990. 

and circular 
m 3/d'm2 

40 
30 
20 

70 
57 

Upflow 
solids-contact 

m3/d . m2 

50 
35 

130 
105 
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.' 

Example 4-24. . Determine the surface area of a settling tank foethe clty of Urbana's 
0.5 m3/s design flow using the design overflow rate found in Example 4-23. Compare 
this surface area with that which results from assuming a typical overflow rate of 
20 m3/d . m2

. Find the depth of the clarifier for the overflow rate and detention time 
found in Example 4-23. 

Solution 
a. 	 Find the surface area. 

First change the flow rate to compatible units: 

0.5 m3)(86AOO s) 3
( s d = 43,200m Id 

Using the overflow rate from Example 4-23, the surface area is 

43,200 m3/d . 2 
As = 3 2 = 1,329.23 or 1,3~0 m 

32.5 mid, m 

Using the conservative value 

43,200 m3/d ? 

As = 3 2 = 2,160 m
20 mid, m 

Obviously, the use of conservative data would, in this case, result in a 60 percent 
overdesign of the tank area. 

Common length-to-width ratios for settling are between 2: 1 and 5: 1, and lengths 
seldom exceed 100 m. A minimum of two tanks is always provided. 

Assuming two tanks, each with a width of 12 m, a total surface area of 1,330 m2 

would imply a tanklength of 

1,330 m2 

Length =' 	 = 55.4 or 55 m 
(2 tanks)(12 m wide) 

This meets our length-to-width ratio of 5: 1. 
h. Find the tank depth. 

Firstfind the total tank volume from Equation 2-27 using a detention time of 
95 minutesfrom Example 4-:23 : 

3¥ = (0.5 m3/s)(95 min)(60 s/min) = 2,850 m

This would be divided into two tanks as noted above. The depth is found as the 

total tank volume divided by the total surface area: 


2,850 m3 

Depth = 2 = 2.1428 or2 m 
1,330 m 

This depth would not include the sludge storage zone. 
The final design would then be two tanks, each having the following dimen

sions: 12 m wide X 55 mlong X 2 m deep plus sludge storage depth. 

http:1,329.23
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4-6 FILTRATION 

The water leaving the sedimentation tank still contains floc particles. The settled water 
turbidity is generally in the range from I to 10 TV with a typical value being 2 TV. In 
order to reduce this turbidity to less than 0.3 TV, a filtration process is normally used. 
Water filtration is a process for separating suspended or colloidal impurities from wa
ter by passage through a porous medium, usually a bed of sand or other medium. Wa
ter fills the pores (open spaces) between the sand particles, and the impurities-are left 
behind, either clogged in the open spaces or attached to the sand itself. 

There are several methods of classifying filters. One way is to classify them ac
cording to the type of medium used, such as sand, coal (called anthracite), dual media 
(coal plus sand), or mixed media (coal, sand, and garnet). Another common way to clas
sify the filters is by allowable loading rate. Loading rate is the flow rate of water applied 
per unit area of the filter. It is the velocity of the water approaching the face of the filter: 

Q 
(4-102)

As 

where Va = face velocity, mid 
loading rate, m3/d . m2 


Q= flow rate onto filter surface, m3/d 

AI' = surface area of filter, m2 


Based on loading rate, the filters are described as being slow sand filters, rapid 
sand filters, or high-rate sand filters. 

Slow sand filters were first introduced in the 1800s. The water is applied to the 
sandata loading rate of 2.9 to,7.6m3/d . m2

. As the suspended or colloidal material is 
ap~liedtothesandzthepa~tic1es beginto collect in the top 75mm and to clog the pore 
spac;es.:i\st~~p,oresbecomed,?gged,waterwil1no longer pass through the.sand. At 
th.i~PQtp.t.t~etop.l~yer9f8~pdjs8crapedoff, cleaned, and replaced. Slow sand filters 

...... requirtl£lrg~aEe(l$Qflan.<ia?d~eoperatorintensive. 
·.it~J~.~j~al'ly~t900sthere'\¥9sane~4t(}jnstaUfiltration systems in large numbers in 
@.- <.5l*~ertqp:~e~entepit.lemiss:.Rapid.sandfiltersweredeveloped to meet this need.. These 

fiItershavegraded (layered) sand within the bed. The sand grain size distribution is se
legtedtooptirl)izethe.passageofwater wbile minimizing the passage of particulate 
mattet 

I<.dpig';San<l<filters.are..c1eanedin.place by forcing water backwards through the 
sand. This operation is called backwashing. The wash water flow rate is such that the 
sand is expanded andthe filtered particles are removed from the bed. After backwash
ing, the sand settles back into place. The largest particles settle first, resulting in a fine 
sand layer on top and a coarse sand layer on the bottom. Rapid sand filters are the most 
common typeoffilter usedin water treatment today. 

Traditionally,rapidsand filters have been designed to operate at a loading rate of 
21~(Jrh3/d' m . Experiments conducted at the Chicago water treatment plant have 

derl)onstratedthat satisfactory water quality can be obtained with rates as high as 235 
3m /d 'm2 (AWWA, 1971). Filters now operate successfully at even higher loading 

rates through the use of proper media selection and improved pretreatment. Normally, 
a minimum of two filters are constructed to ensure redundancy. For larger plants 
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(>0.5 m3/s), a minimum of four filters i~ suggested (Montgomery, 1985). The surface area 
of the filter tank (often called a filter box) is generally restricted in size to about 100 m2, 

except for very large plants. 
In the wartime era of the early 1940s, dual-media filters were developed. They are de

signed to utilize more of the filter depth for particle removal. In a rapid sand filter, the finest 
sand is on the top; hence, the smallest pore spaces are also on the top. Therefore, most of 
the particles will clog in the top layer of the filter. In order to ~se more of the filter depth for 
particle removal, it is necessary to have the large particles on top of the small particles. This 
was accomplished by placing a layer of coarse coal on top of a layer of fine sand. Coal has 
a lower specific gravity than sand, so, after backwash, it settles slower than the sand and 

2ends up on top. Dual-media filters are operated up to loading rates of 300 m3/d . m . 

In the mid 1980s, deep-bed monomedia flIters came into use. The filters are de
signed to achieve higher loading rates while at the same time producing lower finished 
water turbidities. The filters typically.consist of 1.0 mm to 1.5 mm diameter anthracite 

2about 1.5 m to 2.5 m deep. They operate at loading rates .up to 800 m3/d . m . 

Example 4-25. As part of their proposed new treatment plant, Urbana is going to in
stall rapid sand filters after their sedimentation tanks. The design loading rate to the fil

2teris 200 m3/d . m • How much filter surface area should be provided for their design 
flow rate of 0.5 m3/s? If the surface area per filter box is to be limited to 50 m2

, how 
many filter boxes are required? 

Solution. The surface area required is the now rate divided by the loading rate: 

Q (0.5 m3/s)(86,400 sId) ..,
AI' = - = = 216 m~

2 . Va 200 m3/d' m

IftlIeiIllaximum surface area of anyone tank is 50 m:::, then the number of filters re
quiredis 

216 m 2 

Number = = 4.32 
50m2 

Since .we.cannot build 0.32 filter, we need to round to an integer. Normally, we build 
an even number offilters to make construction easier and to reduce costs. In this case 
~e'Y~\l19/p~oposetobuildfour filters and check to see that the design loading does 
not exceed our guideline values. With four filters the loading would be 

Q (0.5 m3/s)(86,400 sid) 
v = - =- = 216 mid 
a As (4 filters)(SO m2/filter) 

This is less than the 23S mid recommended maximum loading rate and would be ac
ceptableexcept that many states require that the filter capacity be sufficient to handle 
the design flow rate with one filter out of service. Therefore, we must check the load
ingwitli three filters in service 

(O.S m3/s)(86,400 sid) 
v = = 288 mid 

a (3 filters)(SO m2/filter) 
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This exceeds the recommended maximum loading rate. Ifthe 50 m2/filter eannot 
be altered, another filter box is required. Because the filter box may be as large as 
100 m2/filter, we would expect that four slightly larger filters would be constructed 
to meet the required loading with one filter out of service. 

Figure 4-43 shows a cutaway drawing of a rapid sand filter. The bottom of the fil
ter consists of a support media and collection system. The support media is designed 
to keep the sand in the filter and prevent it from leaving with the filtered water~ Layers 
of graded gravel (large on bottom, small on top) traditionally have been used for the 
support. The underdrain blocks collect the filtered water. 

On top of the support media is a layer of graded sand. The sand depth varies be
tween 0.5 and 0.75 m. If a dual media filter is used, the sand is about 0.3 m thick and 
the coal about0.45 m thick. Approximately 0.7 m to 1 m above the top of the sand are 
thewashwater troughs. The washwatertroughs collect the backwash water used to 
c1eanthe filter. The troughs are placed high enough above the sand layer so that sand 
will~otbe carried out with the backwash Water. Generally a total depth of 1.8 m to 3 m 
is allowed abovethe sand layer for water to buildup above the filter. This depth of wa
ter provides sufficient pressure to force the water through'the sand during filtration. 

Figure 4-44 shows a slightly simplified version of a rapid sand filter. Water from 
the settling basins enters the filter and seeps through the sand and gravel bed, through 
a false floor, and out into a clear well that acts as a storage tank for finished water. Dur
ing filtration, valves Aand C are open. 

During filtration the filter bed will become more and more clogged. As the filter 
clogs, the water level will rise above the sand as it becomes harder to force water 

Graded gravel 

Typical gravity filter box. (Source: F B. Leopold Co.) 

http:about0.45
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FIGURE 4-44 

Operation of a rapid sand t1Iter. (Source: Steel and McGhee, 1979). 


through the bed. Eventually, the water level will rise to the point that the filter bed must 
be cleaned.Thispointis called terminal head loss. When this occurs, the operator turns 
offvalvesj\aod C. This stops thesugply of water from the sedimentation tank and pre
ventsanym9rewaterfromenteringthec1ear welL The operator then opens valves E 
andH.. ]hisaHQwsalarge flowofwashwater (cleanwater stored in an elevated tank or 
ppmpecifromaclearwell)toenterbelow the filter bed. This rush of water forces the 
sand bed to expand and sets individual sand particles in motion. By rubbing against 
each other, the Iightcolloidal particles that were trapped in the pore spaces are released 
and escape with thewashwater, The washwater is a waste stream that must be treated. 
After afew minutes the washwater is shut off and filtration resumed. 

Grain Size Characteristics 
The size distribution or variation of a sample of granular material is determined by 
sieving the sample through a series of standard sieves (screens). One such standard 
series is the U.S. StandardSieve Series. The U.S. Standard Sieve Series (Table 4-19) 
is based on a sieve opening of I mm. Sieves in the "fine series" stand successively in 
the ratioof(2)1/4 to one another, the largest opening in this series being 5.66 mm and 
the smallest 0.037 mm. All material that passes through the smallest sieve opening in 
the series is caught in a pan that acts as the terminus of the series (Fair and Geyer, 
1954). 
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TABLE 4·19 
U.S. Standard Sieve Series 

Sieve Size of Sieve Size of 
designation opemng designation openmg 

number (mm) number (mm) 

200 0.074 20 0.84 
140 0.105 (18) (1.00) 
100 0.149 16 1.19 
70 0.210 12 1.68 
50 0.297 8 2.38 
40 0.42 6 3.36 
30 0.59 4 4.76 

Source: Fair and Geyer, 1954. 

Thegrainsize analysis begins by placing the sieve screens in ascending ordex with 
the largest opening on top and the smallest opening on the bottom; A sand sample is 
placed on the top sieve and the stack is shaken for a prescribed amount of time. At the 
end of the shaking period, the mass of material retained on each sieve is determined. The 
cumulative mass is recorded and converted into percentages by mass equal to or less 
than the size of separation of the overlying sieve. Then the cumulative frequency distri
bution is plotted. For many natural granular materials, this curve approaches geometric 
normality. Logarithmic-probability paper, therefore, assures an almost straight-line plot 
whichfacilitatesinterpolation. The geometric mean (Kg) and geometric standard devia
tion(Sg)are useful parameters of central tendency and variation. Their magnitudes may 
bedeteffi1inecdfromtgeplot.Theparameters most commonly used, however, are the 

,ef[e(;tillesize'l~,QrJ Opercentile,Pw,a?d,th~unifQrmitycoefficient, U, or ratio of the 60 
.;.J p~rce~til~t~tlf,el0;~erce~til~~P6oljllQ.Useofthel0percentile was suggested by Allen 
Vi;;) .nazembe\Z!.l\ls.e....•.. be......l.,.i.a .. .•. ...... .....,.ce ...of water offered by a bed.... 9o.·~?e.,rv.e....•..d t.h.at.•.•..~~.s.i.~.tan .. ·tothepas.sage
v~i,'--' 	 , v - 'h---' -"h·· t~V -"v

V

' + - d" t '1;.. t d hI' I h 
>..i ..•.••....••.•........,••...•. fI'~'lA<}I~gr~lnsarel~.nu~e omog~neous yremmnsa most t e same, 


• 	 .,.... irr~spec~iyeofsizevariation(uptoauniformitycoefficientof about 5.0), provided that 
thelOpercentile remains unchanged (Hazen, 1892). Use of the ratio of the 60 percentile 
t~)thelOpercentileasa IheasUre ofunif?nnity was suggested by Hazen because this ra
ti~cg~~r~~tb~fange,i~si?eofhalfthesand.*On the basis of logarithmic normality, the 
ptoba~ilityintegralestablishesthefollowingrelationsbetween the effective size and uni
formity.coefficient and the geometric mean size and geometric standard deviation: 

E = = (K )(Sg)-1.282 	 (4-103)PIO g

U (Sg)L535 	 (4-104)P6olP IO 

Experience has suggested that, for silica sand, the effective size should be in the 
range of 0.35 to 0.55 mm with a maximum of about La mm. The uniformity coefficient 
should range between 1.3 and 1.7. Smaller effective sizes result in a product water that 

*It would be moreiogical to speak of this ratio as a coefficient of nonuniformity because the coefficient increases 
in magnitude as the nOl1uniforrnity increases. 
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is lower in turbidity, but they also -result in higher pressure losse~ in the filter and 
shorter operating cycles between cleanings. ~, 

Example 4·26. For the size frequencies by weight and by count of the sample of 
sand listed below, find the effective size, E, and uniformity coefficient, U. 

U. S. Standard Analysis of stock sand 
Sieve No. (Cumulative mass % passing) 

140 0.2 
100 0.9 
70 4.0 
50 9.9 
40 21.8 
30 39.4 
20 59.8 
16 74.4 
12 91.5 
8 96.8 
6 99.0 

99,99 99.9 99.5 99 98 95 90 80 70 60 50 40 30 20 10 5 2 I 0.5 0, I 0.01 
10.0 + ___..--'--'---'----L_-'--._--'-_L_---'-_'-'----'---'----...L_-'---'-_-L--L--L-..L....--L-,_._--' 

0, !0 +-----.---.---'r-.,.---,.....--...-.....,.----,I,-----rl--rl--rl-T,---'1.....,.-,--r[~'I-"-',--T 'i' ~ 
0,01 0.10,2 ! 2 5 10 20 30 40 50 60 70 80 90 95 98 99 99,S 99.9 99,99 

Cumulative Mass Percent Passing 

FIGURE 4·45 
Grain size analysis of run-of-bank sane!. 
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Solution. First we must plot the data on log-probability" paper as shown in Figure 
4-45. From this plot we then find the effective size: . 

E = PIO = 0.30 mm 

The uniformity coefficient is then 

P60 0.85 u = = 2.8 
PIO 0.30 

Sand excavated from a natural deposit is called run-oj-bank sand. Run-of-bank 
sand may be too coarse, too fine, or too nonuniform for use in filters. Within econom
icallimits, proper sizing and uniformity are obtained by screening out coarse compo
nents and washing out fine components. In rapid sand filters, the removal of "fines" 
may be accomplished by stratifying the bed through backwashing and then scraping 
off the layer that includes the unwanted sand. 

Filter Hydraulics 
The loss of pressure (commonly termed head loss) through a clean stratified-sand fil
ter with uniform porosity was described by Rose (1945) in the following form*: 

1.067 (va)\D) ~ (CD)(J)
hL = ----- £..t (4-105) 

(¢)(g)(E)4 i 1 d 

where 	 h[ frictional head loss through the filter, m 
Va = approach velocity, mls 
D depth offilter sand, m 
CD==dragco~fficient 

:R=.massfraction ofsand particles of diameter d 

';i1;~cfiarneterofsand grains,m 

.	q) .' shapefactor .. 


g acceleration due to gravity, m/s2 


E porosity 


The drag coe.ffici~ntis defined in Equations 4-96 and 4-97. The Reynolds number 
llsed tocaklllatethedrag coefficient is multiplied by the shape factor to account for 
nonspherical sand grains. The summation term may be calculated using the size distri
bution of the sand particles found from a sieve analysis. Although the Ro~e equation is 
limited to clean filter beds, it does provide an opportunity to examine the initial stages 
of filtration and the effects of sand grain size distribution on head loss. As the filter 
clogs, the head loss will increase so that the calculated results are the minimum ex
peeted head losses. Initial head losses in excess of 0.6 m imply either that the loading 
rate is too .highor that the sandhas too large a proportion of fine grain sizes. The 
design of the filter must account for the additional losses that occur as the filter runs. 

*Other headloss equations include those by Carmen-Kozeny, Fair-Hatch, and Hazen. [These equations are sum
marized by Cleasby and Logsdon (WQ&T. 1999) and by iv1etcalf & Eddy, Inc. (2003).] 
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Thus, the filter box must be at least RS deep as the highest designheadJoss. As men
tioned previously, this is about 3 m maximum. 

The hydraulic head loss that occurs during backwashing is calculated to determine 
the placement of the backwash troughs above the filter bed. The trough bottom should 
be at least 0.15 m above the expanded bed to prevent loss of filter material. Fair 
and Geyer (1954) developed the following relationship to predict the depth of the ex
panded bed: 

c)(D) ± f (4-106) 
i= 1(1 - ce) 

where De == depth of the expanded bed, m 
c :::: porosity of the bed 

Ce == porosity of expanded bed 
f == mass fraction of sand with expanded porosity 

The porosity of the expanded bed may be calculated for,a given particle by 

== (Vb)O.22
Ce (4-107) 

Vs 

where Vb velocity of backwash, mJs 
Vs == settling velocity, mJs 

Strictly speaking, this form of the expanded bed porosity is applicable only for 
laminar conditions. Since the conditions during backwash are turbulent, a more repre
sentative nJodel equation is that given by Richardson and Zaki (1954): 

== (Vb)O.2247RO 1 

• 

Ce (4-108) 
Vs 

V.I' d60% 
R==--

v 

whered60% == 60 percentile diameter, m. A more. sophisticated model developed by 
Dharmaraj~~.~ndCleasby(l986) .. is also. available. 

Thedetemtination of De is not straightforward. From Equation 4-107, it is obvious 
that the expanded bed porosity is a function of the settling velocity. The particle set
tling velocity is determined by Equation 4-94. To solve Equation 4-94 you must calcu
late the drag coefficient (CD). The drag coefficient is a function of the Reynolds 
number which, in turn, is a function ofthe settling velocity. Thus, you need the settling 
velocity to find the settling velocity! To resolve this dilemma, you must begin with an 
estimated settling velocity. Knowing the sand grain diameter and specific gravity, you 
can use Figure 4-46 to obtain a first estimate for the settling velocity to use in calcu
latingthe. Reynolds number. . 

Backwashrates normally vary between 880 mid and 1,200 mJd. However, the lim
iting factor in choosing a backwash rate is the terminal settling velocity of the smallest 
sand grains that are to be retained in the filter. Because the filter backwashing process is 
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used is to make sure that the largest, or the 
largest, particles are fluidized. In a dual-media filter, the P90 of the an

thracit~ is considered the largest-diameter particle. By fluidizing this particle during 
backwash it will not "sink" to the bottomofthefilter and will restratify after backwash 
iscol1lplete. 

+~:L~:;< 

~x~illPl~1ft27.... EstiITIatet?e.c1~anfilterh~adlossin Urbana's proposed new sand fil
.(~ t~r./<> .•......• pl~:4__ 25)N~i~gJresanddescribedinExample 4~26and determine if it is rea
~} s.~na\)le.l.Jse.theJoHowingass~mptions: specific gravity of sand is 2.65, the shape 
~~:~ ..... factor is 0:82; the bed porosity is 0:45, the water temperature is 10oe, and the depth of 

sand is 0.5 m. 
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Solution. The computations are shown in the table below. 

Sieve No. % Retain d(m) R CD 
(CD)(f) 

8-12 5.3 0.002 3.1370 9.684551 256.64 
12-16 17.1 0.00142 2.2272 13.12587 1,580.7 
16-20 14.6 0.001 1.5685 18.03689 2,633.4 
20-30 20A 0.000714 1.1199 24.60549 7,030.1 
30-40 17.6 0.000505 0.79208 34.01075 11,853 
40-50 11.9 0.000357 0.55995 47.21035 15,737 
50-70 5.9 0.000252 0.39526 60.72009 14,216 
70-100 3.1 0.000178 0.27919 85.96328 14,971 

100-140 .7 0.000126 ' 0.19763 121.4402 6,746.7 

Total (CD)(f)ld = 75,025 

In the first two columns, the grain size distribution from Example 4-26 is rearranged 
to show the fraction retained between sieves. The third column is the geometric 
mean diameter of the sand grain computed from the upper and lower sieve size. 
The fourth column is the Reynolds number computed from Equation 4-95 with the 
correction for nonspherical sand grains. For the first row, using the loading rate from 
Example 4-25, 

Cd) Va (.82)(.002 m)(0.0025 mls)
R= == 3.137 

v 1.307 X 10-6 m2/s 

Thefiltrationvelocity is simply the conversion of the filtration rate to compatible 

2l6m3/d'm2 

Va = 6 0 = 0.0025 mls
8 ,4 0 sid 

Thekinematic viscosity is determined from Appendix A using the water temperature 
pf10°C. Thefactorof 1O-6 is to convert from /Lm2/s to mlls. 

The drag coefficient is calculated in column 5 using either Equation 4-96 or 
4-97, depending on the Reynolds number. For the first row, 

24 3 
CD = ~ + 172 + 0.34

R R 
== 7.6507 + 1.6938 + 0.34 9.6846 

The final column is the product of the fractional mass retained and the drag coeffi
cient divided by the diameter. For the first row, 

(CD)(f) '(9.6846)(0.053)
-'--- 256.64 

d 0.002 
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The last column is summed and the head loss calculated using Equation 4": 105: 

1.067 (0.0025t
? 

(0.5) 4 
hL (7.5025 X lO )

(0.82)(9.8 )(0.45)4 

(1.0119 X 10-5)(7.5025 X lO4) = 0.76 m 

This initial head loss exceeds the guideline of 0.6 m. Either the filtration rate should 
be lowered or the fraction of fines should be reduced. 

Example 4-28. Determine the height that the backwash troughs must be placed 
above the filter bed for the sand filter being designed for Urbana. For ease of compu
tation, assume that Equation 4- I07 applies, even though the flow is turbulent and equa
tion 4-108 is more applicable. 

Solution. To begin, we must select a backwash rate. Assuming that we wish to re
tairtthefinestsand grains used in building thefilter, the backwash rate must not wash 
out particles with a diameter of 0.000 126 m (0.0126 cm). Using Figure 4-46, we find 
that, fora 0.0126 cm particle with a specific gravity of 2.65, the terminal settling ve
locityis approximatelyl cm/s (864 mId). Thus, our backwash rate may not exceed 
864 mid rather than the nominal minimum of 880 mid. 

The computations are shown in the table below. 

Estimated Calculated 
vs(mls) Vs (m/s) 

0.558380 .2778839 .4812 .10216 
0.699442 .2092095 .5122 J5058 
0:904272 .1544058 .5476 J2275 
1.32400 .1078248 .5927 .50080 
2.05917 .0727132 .6463 .49762 
3.37953 .0477221 .7091 .40902 
6.77751 .0283125 .7954 .28831 

13.0928 .0171201 .8884 .27788 
.0107893 .9834 .42232 

---
2.,f/(l - Ee) = 3.1715 

The estimated settling velocities in the first column were found from Figure 4-46. The 
Reynolds number was then computed with this estimated velocity. For the first row: 

R = ¢ (d) Vs (.82)(.002 m)(OJO mls) 
376.435 

v 1.307 X 10-6 m2/s 

Youshouldnotethatthe shape factor, sand particle diameter, and viscosity are all the 
sameas in Example 4-27. The drag coefficient (CD) is calculated in the same fashion 
as Example 4-27. The settling velocity is calculated using Equation 4-94 assuming 
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the density of water is 1,000 kg/m3. For the first row: 

(4)(9.8 mls2)(2,6S0 kg/m3 - 1,000 kg/m3)(0.002 m) 112 

(3)(0.S5838)(1,000 kg/m3) 

= 0.2778839 mls 

The density of the sand grain is simply the product of the specific gravity (from Ex
ample 4-27) and the density of water: 

Ps = (2.65)(1,000 kg/m3) = 2,650 kg/m3 

The expanded bed porosity (columnS) is calculated from Equation 4-107. For the 
first row, 

0.01 mls )0.22 
0.4812( 0.2778839 mls 

The first row of the last column is then 

f 0.OS3 
~.-= 0.10216
I-Ee 0.4812 

where 0.053 is taken from the first row in Example 4-27 and is the mass fraction of sand 
having a geometric mean diameter of 0.002 m, that is, between sieve numbers 8 and 12. 

Using Equation 4-106 with a porosity of 0.45 and an undisturbed bed depth of 
O.S m from Example 4-27, the depth of the expanded bed is then 

De = (1 .45)(0.5 m)(3.171S) = 0.87 m 

Allowing for a safety margin of 0.] 5 m as mentioned above, the bottom of the back
wash trough should be placed 

0.S2 or 0.5 m 


aboyefhetopofthe sand surface. (Note: (0.87 - 0.5) De - D.) 


4-7 DISINFECTION 

··Disinfectiol1isusect<in·watertteatment to reduce pathogens (disease-producing microor
ganisms) to an acceptable level. Disinfection is not the same as sterilization. Sterilization 
implies the destruction of all living organisms. Drinking water need not be sterile. 

Three categories of human enteric pathogens are normally of consequence: bacte
ria, viruses, and amebic cysts. Purposeful disinfection must be capable of destroying 
all three. 

To be of practical service, such water disinfectants must possess the following 
properties: 

1. 	They must destroy the kinds and numbers of pathogens that may be intro
duced into water within a practicable period of time over an expected range in 
water temperature. 
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2. 	They must meet possible fluctuations in composition, concentration, ahd con
dition of the waters or wastewaters to be treated. 

3. 	They must be neither toxic to humans and domestic animals nor unpalatable 
or otherwise objectionable in required concentrations. 

4. 	They must be dispensable at reasonable cost and safe and easy to store, trans
port, handle, and apply. . 

S. 	 Their strength or concentration in the treated water must be deterrninvd easily, 
quickly, and (preferably) automatically. 

6. 	 They must persist within disinfected water in a sufficient concentration to pro
vide reasonable residual protection against its possible recontamination before 
use, or-because this is not a normally attainable property-the disappearance 
of residuals must be a warning that recontamination may have taken place. 

Disinfection... Kinetics 
Under ideal conditions, when an exposed microorganism contains a single site vulner
able to a single unit of disinfectant, the rate of die-off follows Chick's law, which states 
that the number oforganisms destroyed in a unit time is proportional to the number of 
organisms remaining (Chick, 1908): 

dN
--=kN 	 (4-109)

dt 

Thisi.saifirst-orderreaction. U!1der real conditions the rate of kill may depart signifi
cantlyfroIl1Ghick's law. Increased rates ofkill may occur because of a time lag in the 

Q])?;i~iI1~ectantr~.ae.l1il1~vit,aIc~nters in the cell..Decreased rates of kill may occur because 
(~~} of~yc'Fnil1~fonc'Yl1trati()nsofdisinfectantinsolution or poordistribution of organisms 

and'disinfectant • . ;;;~~ 
::;<;',~:) ,.:-<_ :<- i/O: ,2' -",{--.; _.->:<_ -:~_" :-.-- " 

:~~~~j'r.~i~~¢U~I1§<i~w~tef
chi()iid~\isme·tri()~t~()trimondisinfecting chemical used. The term chlorination is of

(~~tep.usee.~ynOI})'(llousIywith disinfection. Chlorine may be used as the element (CI2), 

t'8 as:so~iumhypocrlorit~(NaOCl),orascalciuIn.hypochlorite [Ca(OClhJ· 
>.'Yf.. ..·..c111()Fin~isaddedtowater,amixtureof hypochlorous acid (HOCI) and hy
drothloricacid(HCl) is formed: 

(4-110) 

Thisreaction is pH dependent and essentially complete within a very few milliseconds. 
In dilute solution and at pH levels above 1.0, the equilibrium is displaced to the right 
an~very little C12 exists in solution. Hypochlorous acid is a weak acid and dissociates 
p~orlyatlevelsof pH below about 6. Between pH 6.0 and 8.5 there occurs a very sharp 
change fromundissociated HOCI to almost complete dissociation: 

HOCl ~ H+ + OCI (4-111 ) 

pK = 7.537 at 25°C 
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Thus, chlorine exists predominantly'as_HOCl at pH leVels between 4.0 apd 6.0. Below 
pH l.0, depending on the chloride concentration, the HOCt reverts back to C12 as 
shown in Equation 4-110. At 20°C, above about pH 7.5, and at O°C, above about 
pH 7.8, hypochlorite ions (OCI-) predominate. Hypochlorite ions exist almost exclu
sively at levels of pH around 9 and above. Chlorine existing in the form of HOCI 
and/or OCI is defined as free available chlorine. 

Hypochlorite salts dissociate in water to yield hypochlorite ions: 

NaOCI ~ Na+ + OC1- (4-112) 

Ca(OClh ~ Ca2+ + 20Cl- (4-113) 

The hypochlorite ions establish equilibrium with hydrogen ions (in accord with 
Equation 4-111), again depending on pH. Thus, the same active chlorine species 
and equilibrium are established in water regardless of whether elemental chlorine or 
hypochlorites are used. The significant difference is in the resultant pH and its influ
ence on the relative amounts of HOCl and OC1- existing at equilibrium. Elemental 
chlorine tends to decrease pH; each mg/L of chlorine added reduces the alkalinity by 
up to 1.4 mglL as CaC03. Hypochlorites, on the other hand, always contain excess al
kali to enhance their stability and tend to raise the pH somewhat. We seek to maintain 
the design pH within a range of 6.5 to 7.5 to optimize disinfecting action. 

Chlorine-Disinfecting Action 
Chlorine disinfection involves a very complex series of events and is influenced by the 
kind and extent of reactions with chlorine-reactive materials (including nitrogen), tem
perature, pH, the viability oftest organisms, and numerous other factors. Such factors 
greatly complicate attempts to determine the precise mode ofaction of chlorine on bacte
riaandothermicroorganisms.Overtheyears, several theories have been advanced. One 
e(1Ilythe.ory>heldthatchlorinereactsdirectly with water to produce nascent oxygen; an
otherheld that the action ofchlorine is due to complete oxidative destruction of organ
iSrn$.Thesetheories~ereinunifiedbecausesmall concentrations of hypochlorous acid 
wereobseD/edtodestroybacteriawhereas other oxidants (such as hydrogen peroxide or 
potassium pennanganate}failedto do likewise. A later theory suggested that chlorine re
acts with protein and aminoacids of cells to alter and ultimately destroy cell protoplasm. 
Currently iUs considered that the bactericidal action of chlorine is physiochemical, but 
a.mongyet~unanswered questions are those pertaining to phenomena such as variations in 
resistance of bacteria, spores, cysts, and viruses, and the appearance of mutants. 

Microorganism kill by disinfectants is assumed to follow the CT concept, that is, the 
product of disinfectant concentration (C) and time (T) yields a constant. CT is widely used 
in the Surface Water Treatment Rule (SWTR) as a criteria for cyst and virus disinfection. 
CTis an empirical expression for defining the nature of biological inactivation where: 

CT = 0.9847Co.1758pH2,7519temp-O,1467 (4-114) 

where C disinfectant concentration 
T = contact time between the microorganism and the disinfectant 

pH = log (H""" J 
temp temperature, °C 
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The relationship shown in Equation 4-114 means that the cOQ1bination of concentration 
and time (CT) required to produce a 3-log reduction in Giardia cysts by free chlorine 
can be estimated if the free chlorine concentration, pH, and water temperature are 
known. 

Table 4-20 shows examples of the U.S. EPA-required CT times for free chlorine 
under the SWTR. EPA used empirical data and a safety factor to develop the table. 
Therefore, the numbers in the table do not exactly match Equation 4-114. Generally, 
for a conventional coagulation plant, O.S-log inactivation of Giardia is required and for 
an untreated surface water, 3-10g inactivation is required. 

Another pathogen that may require inactivation is Cryptosporidium. Cryptospo
ridium is not inactivated by chlorine, and either ozone or ultraviolet light (UV) is 
required. Those processes are discussed in later sections. 

It has become common in the water industry to express the inactivation credit or 
to express the physical removal· achieved in a plant as log removal. This term does not 
imply that the removal of physical particles is a logarithmic process, but rather that the 
percent removal found at a point in time can be mathematically represented by a log 
remdval function. LOg removal (LR) ca.n be found as: 

influent concentrations) 
LR Iocr (4-11S) 

b 
( effluent concentrations 

Ifthe log removal for a series of data is to be determined, then the averages for the in
fluent and effluent concentrations can be used. The percent removal (or inactivation) is 
related to the log removal or inactivation by 

100 
% removal = 100 - LR (4-116) 

10 

',-", 

,~~]{j~aijl~le~..29;&cityrneasl!tt~d t~e concentration ofaerobic spores in its raw and 
l~ '··~g~~~~~~ft{(ra~(l~indicator()~glantperformance. Spores are often plentiful in water 

:.> su~gli(:;$arI~.~arri.cgn~.ervativ~indiQatoFsofhowwell a plant is able to remove cryp
((Jsppridium; The city data are as follows: 

Sunday 200,000 16 
Monday 14S,000 4 
Tuesday 170,000 2 
Wednesday IS0,000 8 
Thursday 170,000 10 
~riday 180,000 2 
Saturday 180,000 3 

Calculate the log removal and convert that to percent removal. 
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Solution. The log removal is found by finding the average raw and finished water 
concentrations and then using Equation 4-115. The average raw concentration is 
170,714 sporeslL and the finished average concentration is 6.43. Therefore, 

170,714)LR log = 4.42( 6.43 

And the percent removal is 

100 
% = 100 44"' = 99.99610 . ~ 

Chlorine/Ammonia Reactions 
The reactions of chlorine with ammonia are of great significance in water chlorination 
processes. When chlorine is added to water that contains natural or added ammonia 
(ammoniumion exists in equilibrium with ammonia and hydrogen ions), the ammonia 
reacts with HOCltoform various chloramines which, like HOCl, retain the oxidizing 
power of the chlorine. The reactions between chlorine and ammonia may be~ repre
sented as follows (AWWA, 1971): 

NH3 + HOCI ;;:::::: NH2Cl + H20 (4-117) 
Monochloramine 

NH2Cl + HOCI ;;:::::: NHCl2 + H20 (4-118) 
Dichloramine 

NHCl2 + HOCI ;;:::::: NC13 + H20 
Trichloramine or nitrogen trichloride (4-119) 

, " 	 "- ,,-' ,'" 

~hedi$trib?ti?n/ofthe~eacti?nproductsis governed by the rates of formation of 
//';,/) "'1I10n9chl?rarI)in~a~ddichl~raITIine,which are dependent upon pH, temperature, time, 
(~~i.~~~it>~I~:~~}.rati().<I~~eneral,high CI2:NH3 ratios, low temperatures, and low 
.pf{l~> ./~;fil~grnifhl?raWiref()rITIation. '.' . . 

··.(J~lodnealson~actsiwithorganicnitrogenous materials, such as proteins and 
/~~ 	 atl1i~oacids,!oJormorga~icchloramine complexes. Chlorine that exists in water in 

cnrI1lifalcombination~ith ammonia or organic nitrogen compounds is defined as 
combinedavailable chlorine. '. . 

'Th~·b~idiiIngcap~citYoffn:~ech.rorine solutions varies with pH because of varia
tionsin the resultant HOCI:OC1- ratios. This applies also in the case of chloramine 
solutions as a result of varying NHCh:NH2Cl ratios, and where monochloramine pre
dominates at high pH levels. The disinfecting ability of the chloramines is much lower 
than that of free available chlorine, indicating that the ammonia chloramines also are 
less reactive than free available chlorine. 

Practices ofWaterChlorination 
Evolution~ Early waterchlorination practices (variously termed "plain chlorination," 
"simple chlorination," and "marginal chlorination") were applied for the purpose of 
disinfection. Chlorine-ammonia treatment was soon thereafter introduced to limit 
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the development of objectionable tasre~ and odors often associated ~ith f!larginal chlo
rine disinfection. Subsequently, "super-chlorination" was developed for the additional 
purpose of destroying objectionable taste- and odor-producing substances often asso
ciated with chlorine-containing organic materials. The introduction of "breakpoint 
chlorination" and the recognition that chlorine residuals can exist in two distinct forms 
established contemporary water chlorination as one of two types: combined residual 
chlorination or free residual chlorination. 

Combined Residual Chlorination. Combined residual chlorination practice in
volves the application of chlorine to water in order to produce, with natural or added 
ammonia, a combined available chlorine residual, and to maintain that residual through 
part or all of a water-treatment plant or distribution system. Combined available chlo
rine forms have lower oxidation potentials than free available chlorine forms and, 
therefore, are less effective as oxidants. Moreover, they are also less effective disinfec
tants. In fact, about 25 times as much combined available residual chlorine as free 
available residual chlorine is necessary to obtain equivalent bacterial kills (S. typhosa) 
under the same conditions of pH, temperature, and contact rime. And about 100 times 
longer contact is required to obtain equivalent bacterial kills under the same conditions 
and for equal amounts of combined and free available chlorine residuals. 

When a combined available chlorine residual is desired, the characteristics of the 
water will determine how it can be accomplished: 

1. 	 If the water contains sufficient ammonia to produce with added chlorine a 
combined available chlorine residual of the desired magnitUde, the application 
of chlorine alone suffices. 

2. 	 If the water contains too little or no ammonia, the addition of both chlorine 
andammonia is required. 

Ifthe..}Vaterhasanex.isting free available chlorine residual, the addition of 
ammonia will convert the residual to combined available residual chlorine. A 
cOHINnedaVailablechlorine residual should contain little or no free available 
chlorine. 

The.practiceofcombined residual chlorination is especially applicable after filtra
tion (posttreatInent) for controlling certain algae and bacterial growths and for pro
victing;a,ndmaintaininga stable residual throughout the system to the point of consumer 
use. 

Although combined chlorine residual is not a good disinfectant, it has an advan
tage over free chlorine residual in that it is reduced more slowly and, therefore, persists 
for a longer time in the distribution system. Thus, it is useful as an indicator of major 
contamination. Water plant personnel routinely monitor the chlorine level in the distri
bution system. The presence of available chlorine (either combined or free) indicates 
that no major contamination has occurred. If major contamination does take place, the 
combined chlorine residual will be depleted, albeit at a slow rate. This depletion serves 
as a warning that contamination may have taken place. 

A chloramine residual also has the advantage of minimizing the formation of disin
fection by-products (DBPs), as chloramines are not a strong enough oxidant to react 
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with the organic matter in the water and form chlorinated hydrocarbons. An increasingly 
common disinfection strategy is to add chlorine in order to achieve Giardia and virus 
CT and then add ammonia to form chloramines and stop or reduce the DBP forination. 

Because of its relatively poor disinfecting power, combined residual chlorination is 
often preceded by free residual chlorination to ensure the production of potable water. 

Free Residual Chlorination. Free residual chlorination practice involves the appli
cation of chlorine to water to produce, either directly or through the destruction of am
monia, a free available chlorine residual and to maintain that residual through part or 
all of a water treatment plant or distribution system. Free available chlorine forms have 
higher oxidation potentials than combined available chlorine forms and therefore 
are more effective as oxidants. Moreover, as already noted, they are also the most 
effective disinfectants. 

When free available chlorine residual is desired, the -characteristics of the water 
will determine how it can be accomplished: 

1. 	If the water contains no ammonia (or other nitrogenous materials), th~ appli
cation of chlorine will yield a free residuaL 

2. 	 If the water does contain ammonia that results in the formation of a combined 
available chlorine residual, it must be destroyed by applying an excess of 
chlorine. 

With molarCl2:NH3 (as N), concentrations up to 1:1 (5:1 mass basis) monochlo
~amineanddiGhloramine will be formed. The relative amounts of each depend on pH 
andotl1.erfa~tors. Chloramine residuals generally reach a maximum at equimolar con
centratjonsofchl~rineand ammonia. Further increasesin the CI2:NH3 ratio result in 
the oxidation ofammonia and reduction ofchlorine. These oxidationlreduction reac

c;~ ti~g~~r~~ssenti~H~.gq.ITIplete~hentwo l1101esofchlorine have been added for each 
'.f 'l118Te~f~tnl}1Qn~agr~~~ntSufficienttimemustbeprovided to allow the reaction to go 
;~toPWl) .....h!B~atni?~rc;sidllalsd~c[inetoaminimumvalue, the breakpoint, when 
'..t~ ............... ...................•. z.~~arlittio;isabout2:l.Atthis point, -oxidation/reduction reactions are 
~l~~s§e9LlyeolTlplete; Further addition of chlorine produces free residual chlorine as il

·'lu~t~~t~~inf'ig~re 4'-47. 
',,>, i, ,<:,:>'~'" ' 

",:;:;:.:-,',<>"'/,,,':>' ,.:;.:,,~,::,,-

.':::. Chl()tiri~Diaiid~; 
Anothefvery st[cmg oxidant is chlorine dioxide. Chlorine dioxide (CI02) is formed on
site by combining chlorine and sodium chlorite. Chlorine dioxide is often used as a 
primary disinfectant, inactivating the bacteria and cysts, followed by the use of chlo
ral11in~as distriblltion system disinfectant. Chlorine dioxide does not maintain a 
r~sidualJongenoughtobe useful as a distribution-system disinfectant. The advantage 

:':;3) O~PhloriIledioxideoverchlorine is that chlorine dioxide does not react with precursors 
01'\

/\:;:';,:',';' 
tofofrl1DBPs. 

W:igetlchlorinedioxide reacts in water, it forms two by-products, chlorite and, to 
rif:ifj some extent, chlorate. These compounds may be associated with a human health risk, 
.:/ and therefore many state regulatory agencies limit the dose of chlorine dioxide to 
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FIGURE 4·47 

Breakpoint chlorination, (Source: AWWA, 1969.) 


1.0 mglL. In many cases this may not be a sufficient dose to provide good disinfection. 
Chlorine dioxide use has also been associated with tastes and odors in some commu
nities. The health concerns, taste and odors, and relatively high cost have tended to 
limit the use of chlorine dioxide. However, many utilities have successfully used chlo
rine dioxide as a primary disinfectant 

()zoneisapungenhsmelling, unstable gas. It is a form ofoxygen in which three atoms 
.\Jfoxygell are combined to form the molecule °3- Because of its instability, it is gener
atedatthe pointof use. The ozone-generating apparatus commonly is a discharge elec
trode. To reduce corrosion of the generating apparatus, air is passed through a drying 
process and then into theozone generator. The generator consists of two plates or a wire 
and tube with an electric potential of 15,000 to 20,000 volts. The oxygen in the air is 
dissociated by the impact of electrons from the discharge electrode. The atomic oxygen 
then combines with atmospheric oxygen to form ozone in the following reaction: 

(4-120) 

Approximately 0.5 to 1.0 percent by volume of the air exiting from the apparatus will 
be ozone. The resulting ozone-air mixture is then diffused into the water that is to be 
disinfected. 

Ozoneis widely used in drinking water treatment in Europe and is continuing to 
gain popularity in the United States. It is a powerful oxidant, more powerful even than 
hypochlorous acid. It has been reported to be more effective than chlorine in destroy
ing viruses and cysts. Table 4-2 i shows the CT values for ozone, chlorine dioxide, and 
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TABLE 4·21 
CT values for Giardia and Cryptosporidium inactivation 

Temperature, (DC) Chlorine dioxide Ozone Chloramine 

Giardia* at 3-10g inactivation 

0.5 
5 

10 
15 
20 
25 

63 
26 
23 
19 
15 
11 

2.9 
1.9 
1.43 
0.95 
0.72 
0.48 

3,800 
2,288 
1,850 
1,500 
1,100 

750 

Cryptosporidiumt at 2-log inactivation 

0.5 1,275 48 N/A 
5 858 32 N/A 

10 553 20 N/A 
15 357 12 N/A 
20 232 7.8 N/A 
25 150 4.9 N/A 

Sources: *U.S EPA, 1991. 

tU.S. Environmental Protection Agency, National Primary Drinking Water Regulations: Long Term 2 Enhanced 

Surface Water Treatment Rule. 


chloranlinefor3~log inactivation (99.90 percent removal) of Giardia cysts and for 
2-login;activat~c>nofCryptosporidium oocysts. Table 4-21 can be compared to the val

\~&~esf9f:gI119r~eeinTabl~+20to?otehow strong an oxidant ozone is. (Also the weak 
<". disi~f~ctiqn,;?~iH.fy:of's~l~r~Illi~~sisobviousi.) 

,;;" I?l~~iKioIltoReingia.s:rongoxidant,ozone has the. advantage of not forming 
~'~~~S9r~rfY\Qfthe.cllIQ~nateciDBPs.}\S with chlorine dioxide, ozone will not persist 

';~ i?;tll~\\'~ter,d.ecayingbacktooxygen in minutes. Therefore, a typical flow schematic 
R!~i would be to add ozone either to the raw water or between the sedimentation basins and 
~~filterforprimary disinfection, followed by chloramine addition after the filters as the 

..... distribution disinfectimt. 

Ultraviolet Radiation 
Light is important to almost all life forms. We "see" only a very small fraction of the 
colors of light. The ultraviolet range of light falls beyond the violet end of the rainbow. 
Table 4-22 outlines the spectral ranges of interest in photochemistry. 

Light photons with wavelengths longer than 1000 nanometers (nm) have a photon 
!~,~)em'!rgytoosreall to.causechemica1 change when absorbed, and photons with wave

~;';. le~gthsshorterthanl00nmhaveso much energy that ionization and molecular dis
ruptionsc:haracteristic of radiation chemistry prevaiL 

Little photochemistry occurs in the near infrared range except in some photosyn
thetic bacteria. The visible range is completely active for photosynthesis in green 
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TABLE 4·22 
Spectral ranges of interest in photochemistry 

Range name 

Near infrared 
Visible 
Ultraviolet 

UVA 

UVB 

uve 

Vacuum ultraviolet (VUV) 

Wavelength range (nm) 

700-1,000 
400-700 

315-400 
280-315 
200-280 
100-200 

plants and algae. Most studies in photochemistry involve the ultraviolet range. The 
ultraviolet range is divided into three categories connected with the human skin's sen
sitivity to ultraviolet light. The UVA range causes change§ to the skin that lead to tan
ning. The UVB range can cause skin burning and is prone to induce skin cancer. The 
uve range is extremely dangerous since it is absorbed by proteins and can lead to celt 
mutations or cell death. 

Disinfection of water and wastewater using ultraviolet light has been practiced ex
tensively in Europe and is becoming more common in the United States. Ultraviolet light 
disinfects water by rendering pathogenic organisms incapable of reproducing. This is ac
complished by disrupting the genetic material in cells. The genetic material in cells, 
namely DNA, will absorb light in the ultraviolet range-.primarily between 200nm and 
300 nm wavelengths (UVlight is most stronglyabsorbed by DNAat 253.7 nm). If the 
DN~absorbstoomuchUVlight,itwillbedamageandwil1 be unable to replicate. It 
h~~beenf?undth~tthe energyrequired to damage the DNA is much less than that re
quire~it~actualIydestroytheorganism~The effect is the same, however, since if a mi
croorga~i80);Ga??otrepr?d~ce,it cannot cause an infection. 
.•.... ']'he/illactivati?llofmiGroorganisms by UV is directly related to UV dose, a con
ceptsitnilar to CT used for other common disinfections including chlorine and ozone. 
TheaverageUV dose is calculated as follows: 

D = It (4-121) 

where D = UV dose 
I = average intensity, mW/cm2 

t = average exposure time, s 
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The survival fraction is calculated as follows: 

Survival fraction = log (;.) (4-122) 

where N = organism concentration after inactivation 

No = organism concentration before inactivation 


The equation for UV dose indicates that dose is directly proportional to exposure time 
and thus inversely proportional to system flow rate. UV intensity (I) is a function of wa
ter UV transmittance and UV reactor geometry as well as lamp age and fouling. UV in
tensity can be estimated by mathematical modeling and verified by bioassay. Exposure 
time is estimated from the UV reactor specific hydraulic characteristics and flow patterns. 

The major factor affecting the performance ofUV disinfection systems is the influ
ent water quality. Particles, turbidity, and suspended solids can shield pathogens from 
UV light or scatter UV light to prevent it from reaching the target microorganism, thus 
reducing its effectiveness as a disinfectant. Some organic compounds and inorganic 
compounds (such as iron and permanganate) can reduceUV transmittance by absorb
ing UV energy, requiring higher levels oruv to achieve the same dose. Therefore, it is 
recommended that UV systems be installed downstream of the filters so that removal of 
particles and organic and inorganic compounds is maximized upstream of Uv. 

Water turbidity and UV transmittance are commonly used as process controls at 
UV facilities. The UV percent transmittance of a water sample is measured by a UV
range spectrophotometer set at a wavelength of 253.7 nm using a l-cm-thick layer of 
water; The water UV transmittance is related to UV absorbance (A) at the same wave
length by the. equation: 

Percent transmittance = 100 X lO-A (4-123) 

Forex~mple,awaterUV absorbaneeofO~012per em corresponds to a water percent 
. ,transmittance 6f95(i.e:, at 1.cm frpffithe UVl~Il)p, 95pertent of lamp output is left). 
.'.'Similarly1al!V~bsorbance.of 0;046 pe;r emisequlvalentto 90 percent UV transmittance. 

.' nYhasBeen found tobeveryeffeftiveJoftlIe disinfection of Cryptosporidium, 
Giarliiaiandviruses; U.S. EPA has established UVdose requirements. Table'4-23 
sh()wsth~U.S. EPA requirements. 

TABLE 4-23 ... 
UV(loseteqnirentents for Cryptospliridium,'Giardia lamblia, and virus 

Cryptosporidium Giardia Lamblia Virus 
? ?Log Credit UV dose (mJ/cm2

) UV dose (mJ!cm-) UV dose (mJ/cm-) 

0.5 1.6 1.5 39 
LO 2.5 2.1 58 
.1.5 3.9 3.0 79 
2.0 5.8 5.2 100 
2.5 8:5 7.7 121 
3.0 12 11 143 
3.5 15 15 163 
4.0 22 22 186 
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Although the Cryptosporidium log credit requirements for say 2:-log inactivation are 
5.8 rnJ/cm2

, many design engineers will use values of 20 to 40 inJlcm2 for additional safety. 
UV electromagnetic energy is typically generated by the flow of electrons from an 

electrical source through ionized mercury vapor in a lamp. Several manufactures have 
developed systems to align UV lamps in vessels or channels to provide UV light in 
the germi~idal range for inactivation of bacteria, viruses, and other microorganisms. 
The UV lamps are similar to household fluorescent laI11Ps, except that fluorescent 
lamps are coated with phosphorus, which converts the UV light to visible light. Bal
lasts (i.e., transformers) that control the power of the UV lamps are either electronic or 
electromagnetic. Electronic ballasts offer several potential advantages including lower 
lamp operating temperatures, higher efficiencies, and longer ballast life. 

Both low pressure and medium-pressure lamps are available for disinfection ap
plications. Low-pressure lamps emit their maximum energy output at a wavelength of 
253.7 nm, while medium-pressure l(lmps emit energy with wavelengths ranging from 
180 to 1370 nm. The intensity of medium-pressurelamps is much greater than low
pressure lamps. Thus, fewer medium-pressure lamps are r~quired for an equivalent 

Reactor Temperature 

casing sensor 

UV intensity Effluent 
--  pipe 

UV lamp housed with 

UV lamp sleeve 


wiper 

Wiper 
motor 
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\ 
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\ " 
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to lamp 

Control 
uv panel 

transmittance 
monitor 

FIGURE 4-48 

UV disinfection system schematic. (Source: Aquionics.) 
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dosage. For small systems, the medium-pressure system ml:iY consist of a single lamp. 
Although both types of lamps work equally well for inactivation of organism~, low
pressure UV lamps are recommended for small systems because of the reliability as
sociated with multiple low-pressure lamps as opposed to a single medium-pressure 
lamp, and for adequate operation during cleaning cycles. 

o Most conventional UV reactors are available in two types: namely, closed vessel 
and open channeL For drinking water applications, the closed vessel is generally the 
preferred UV reactor for the following reasons (U.S. EPA, 1996): " 

• Smaller footprint 

• Minimized pollution from airborne material 

• Minimal personnel exposure to UV 

• Modular design for installation simplicity 

Figure 4-48 shows a conventional closed-vessel UV reactor. 

Advanced Oxidation Processes (AOPs) 
AOPs are combinations of disinfectants designed to produce hydroxyl radicals (OH·). 
Hydroxyl radicals are highly reactive nonselective oxidants able to decompose many 
organic compounds. Most noteworthy of the AOP processes is ozone plus hydrogen 
peroxide. 

4-8 ADSORPTION 

f\2S()1·.ptiQnisia;ll1a~stt:~n$f9rprocess wherein a substance is transferred'from the liq
if:r:' uici" .toth9sWf~~~~fflSolid"\Vhs~eitjsbound by chemicalor physical forces. 
@~1} '·.c IJX,iw~~ter\tre~tm~nt1the.ads()rbent". (solid) is activated carbon, either 
.~. .~~~;< ..~}grp?\\Idere~(rAS}.I)AGisf~dtotherawwater in a slurry and is gen
.~r~I.Ji.~~~~J();[~~~¥~<tas!e~.~£:~o9.()r-c.au~ingsubstances or to provide some removal 
"~i~ ofsyntl1etic.organic diemicaIs(SOCs). GAG is added to the existing filter system by 
t+Lt r~plasingtheanthracitewithGA.9,oranadditional contactor is built and is placed in 

theflow~ch~me,~ftel'.primaryfiltration~The design of the GAG contactor is very sim

f2r~~ ilar~tprl1gn~?ffi~~~:Jl{~!i~~;~¥acisorption in water treatment in the United States 
are predominately for taste and odor removaL However, adsorption is increasingly be
ing considered for removal of SOCs, VOCs, and naturally occurring organic matter, 
such as THM precursors and DBPs. 

Biologicallyderivedearthyc:musty odors in water supplies are a widespread prob
lem. Their occurrence interval and concentration vary greatly from season to season 
andis.oftenunpredictable.As mentioned, one of the most popular methods for remov
ingth~secompoundsistheadditionofPAG to the raw water. The dose is generally less 
tha1110mg/LTheadvantage of PAC is that the capital equipment is relatively inex
pensiveand it can be used on an as-needed basis. The disadvantage is that the adsorp
tion is often incomplete. Sometimes even doses of 50 mg/L are not sufficient. 

http:andis.oftenunpredictable.As
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As an alternative for taste and -odor control, many plants have replaced the an
thracite in the filters with GAC. The GAC will last from, one to three years and then 
must be replaced. It is very effective in removing many taste and odor compounds. 

Concern about SOCs in drinking water has motivated interest in adsorption as 
a treatment process for removal of toxic and potentially carcinogenic compounds 
present in minute, but significant, quantities. Few other processes can remove 
sacs to the required low levels. Generally, GAC is used for SOC removal either 
as a filter media replacement or as a separate contactor. The data for how long the 
GAC will last for any given SOC are somewhat limited and must be evaluated on 
a case-by-case basis. If the GAC is designed to remove SOCs from a periodic 
"spill" into the source water, then filter media replacement may be adequate be
cause the GAC is not being used every day and is acting as a barrier. However, if 
the GAC is to be used continuously for SOC removal, then a separate contactor 
may be warranted. 

GAC has been proposed to be used to remove Il:aturally occurring organic matter 
that would, in turn, reduce the formation of DBPs. Testing has shown that GAC will 
remove these organics. It must operate in a separate contactdr since the depth of a con
ventionalfilter is inadequate. The GAC will typically las(90 to 120 days until it loses 
its adsorptive capacity. Because of its short life, the GAC needs to be regenerated by 
burning in a high-temperature furnace. This can be done on-site or can be done by re
turning the GAC to the manufacture. 

GAC has also been considered for removal of THMs. However, the capacity is 
very low and the carbon may only last up to 30 days. GAC is not considered practical 
forTHM removal. 

MEMBRANES 

~ttle[I1bran~isalhinl~yefofmaterial thatis capable of separating materials as a func
ti9nofth~irphysicalandchemical propertieswhen a driving force is applied across the 
rp~.n;bJ~t1e.Irrthecaseofwatertreatment, the driving force is supplied by using a high 
pressurepurnp.andthemembranetype is selected based 'on the constituents to be 
removed. 

Inthetnembrane process, the feed stream is divided into two streams, the concen
tr~teo~rejecfstream,andthepermeate or product stream as shown in Figure 4-49. The 

'membraneisatthe heart of every membrane process and can be considered a barrier 

t''1- -- ~ 
Membrane module ----- ~ c - - - - - -1 R'i'" 

High-pressure 

pump 

. I
t 

J 

Permeate 

FIGURE 4-49 
Schematic representation of a membrane process, 
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FIGURE 4·50 
Schematic representation (If contaminants sepa
rated by a membrane. 

between the feed and product water that does not allow certain contaminants to pass, as 
represented by Figure 4-50. The performance or efficiency of a given membrane is 
detelmined by its selectivity and the applied flow. The efficiency is called the flux and is 
defined as the volume flowing through the membrane per unit area and time, m31m2

. ~. The 
selectivity of a membrane toward a mixture is expressed by its retention, R, and is given by 

C" - cr 
R ---" X 100% (4-124) 

cp 

where (:( = contaminant concentration in feed 
Cp = contaminant concentration in permeate 

The value of R varies between 100 percent (complete retention) and 0 percent (no 
retention). 

Membrane technologyis becoming increasingly popular as an alternative treat
mentt~chnology for drinking water. The anticipation of more stringent water quality 
regulations, adecteaseinavailability of adequate water resources, and an emphasis 
Qnwaterfor reusehas,mademembraneprocesses more viable as a water treatment 
prQt;ess.~i;advancesarebeing made in membrane technology, capital and operation 
an411laintertance cqsts continue to decline, further endorsing the use of membrane 
.treatment techniques. 

: Membranes can be described by a variety of criteria including: (Jacangelo et aI.,
1997) ... 

• molecular weight cutoff (MWCO) 

• membrane material and geometry 

• targeted materials to be removed 

• type ofwater qualityto be treated, andlor 

• treated· water quality 

Along with these criteria, membrane processes can also be categorized broadly into 
pressure-driven and electrically driven processes. This discussion is limited to 
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FIGURE 4-51 

Schematic comparison of selected separation processes. (Source: Jacangelo et aL, 1997.) 


pressure-driven membrane processes. Figure 4-51 summarizes the various pressure
driven membrane processes and selected materials removed by each. A brief de
scription of each follows. 

• Reverse osmosis (RO). This process. has traditionally been employed for the re
movalofsalts from brackish water and seawater. It depends upon applying high 
pres~uresa~rossthemembrane (in the range of 1,000 to 8,000 kPa) in order to 
overcpme the osmotic pressure differential between the saline feed and product 

• Ndno-filtration 	(NF). This process, also called membrane softening, lies be
tweenRO and ultrafiltration. This membrane process employs 500 to 1,000 kPa 
for operation.Whileit provides removal of ions contributing to hardness, i.e., 
calcium and magnesium1 the technology is also very effective for removal of 

··color andDBP precursors. 

• 	Ultrafiltration (UF). UF membranes cover a wide range of MWCOs and pore 
sizes. Operational pressures range from 70 to 700 kPa, depending on the appli
cation. "Tight" UF membranes (MWCO = 1,000 daltons) may be employed for 
removal of some organic materials from freshwater, while the objective of 
"loose" membranes (MWCO > 50,000 daltons, 70 to 200 kPa) is primarily for 
liquid/solid separation, i.e., particle and microbial removaL 

• 	Micn~filtati()n(MF). A major difference between MF and loose UF is membrane 
pore size; the pores of MF (= 0.1 ,urn or greater) are approximately an order of 
magnitude greater than those of UF. The primary application for this membrane 
process is particulate and microbial removal. 
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4-10 WATER PLANT RESIDUALS MANAGEMENT 

The precipitated chemicals and other materials removed from raw water to make ifpotable 
and palatable are termed residuals. Satisfactory treatment and disposal of water treatment 
plant residuals can be the single most complex and costly operation in the plant. 

Residuals withdrawn from coagulation and softening plants are composed largely 
of water, and the residuals are often referred to a sludge. As much as 98 percent of the 
sludge mass may be water. Thus, for example, 20 kg of solid chemical precipitate is ac
companied by 980 kg of water. Assuming equal densities for the precipitate and water 
(a bad assumption at best), approximately I m3 of sludge is produced for each 20 kg of 
chemicals added to the water. For even a small plant (say 0.05 m3!s) this might mean 
up to 800 m3!y of sludge-a substantial volume to say the least! 

Water treatment plants and the residuals they produce can be broadly divided into 
four general categories. First are those treatment plants that coagulate, filter, and oxidize 
a surface water for removal of turbidity, color, bacteria, algae, some organic compounds, 
and often iron andlor manganese. These plants generally use alum or iron sa.lts for co
agulationandproducetwo waste streams; The majority of the waste produced- from 
these plants is sedi mentation basin (or clarifier) sludge and spent filter backwash water 
(SFBW). The second type of treatment plants are those that practice softening for the re
moval of calcium and magnesium by the addition oflime, sodium hydroxide, andlor 
soda ash, These plants produce clarifier basin sludges and SFBW. On occasion, plants 
practice both coagulation and softening. Softening plant wastes can also contain trace 
inorganics such as radium that could affect their proper handling. The third type of 
plants arethosethatare designed to specifically remove trace inorganics such as nitrate, 
fluoride, radium, arsenic, etc. These plants use processes such as ion exchange, reverse 
osmosis, oradsorption. They produce liquid residuals or solid residuals such as spent 
.~~~~~gM()l1fl1alce~i~LT~e~()u.rth c~t~gory.oftreatmentplants are.· those that produce ·air

•if:' 	 ·.ph~se;r~· al§c~lfrip,g:th~$triPBi[1gofyolatile:ompounds. The major types of treatment 
;:~~1 .... glal1t.re, ... ualsCpgoduced.areshqY<ninT~ble4-24.Because95.percent ·of the·.residuals 
~~i1Rf.. ..'/\ . u1£lI1 ts.orsofte~i~g.sludge,JheY.y<illbestressedin this section. 
..~.<.»>.\f....... .~lts.9~sxntheticorganicp?IYIPers are added in the water treat


•. IPt~~(IJroce~s.to~()agulatesuspendedanddissolved contaminants and yield rehitively 
ii~cleanw~tersuitableJor filtratiQn.Most ofthese coagulants and the impurities they re
~~~' .- - -.-, "-' -	 , 

.~'·JrI1ove~ettIe toth~botwmofthe settling basinwhere they become part of the sludge. 
..:'I'n~~~~ludge~~I~.~~.~err~dtoasalum,iro~,. orpolymeric .sludge according to which 

,,,:f·· primary.coagulantisl.lsed.l'ltesewastesaccountfor approximately 70 percent of the 
water pIant waste generated. The sludges produced in treatment plants where water 
softening is practiced using lime or lime and soda ash account for an additional 25 per
cent of the industry's waste production. It is therefore apparent that most of the waste 
generation involves water treatmentplants using coagulation or softening processes. 

The most logicalsludge managernentprogram attempts to use the following ap
pro~chindisposing orthe sludge: 

Minimization. ofsludgegeneration 

Chemical recovery of precipitates 

3. Sludge treatment to reduce volume 

4. Ultimate disposal in an environmentally safe manner 

http:glal1t.re
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TABLE 4-24 
Major water treatment plant residuals 

Solid/Liquid Residuals 
1. Alum sludges 
2. Iron sludges 
3. Polymeric sludges 
4. Softening sludges 
5. SFBW 
6. Spent GAC or discharge from carbon systems 
7. Slow sand filter cleanings 
8. Residuals from iron and manganese removal plants 
9. Spent precoat filter media 

Liquid-Phase Residuals 
10. Ion-exchange regenerant brine 
11. Pregenerant from activated alumina 
12. Reverse osmosis reject 

Gas-Phase Residuals 
13. Air stripping off-gases 

With a short digression to identify the sources of water plant sludges and their produc
tion rates, we have organized the following discussion along these lines. 

Sludge Production and Characteristics 
In water. treatment plants, sludge is most commonly produced in the following treat
llynfprocesses:.. presedimentation, sedimentation, and filtration (filter backwash). 

<---.,",-,,-. , -, 

Presedimentation. When surface waters are withdrawn from watercourses that con
·tainalargeq~antityofsuspellded materials, presedimentation prior to coagulation may 
·bepra~ticecl~\Thepurposeofthis is to reduce the accumulation of solids in subsequent 
units:The settled material generally consists of fine sand, silt, clays, and organic de
compositiori p~oducts. 

S()ft~ningSeaill1entationBasin. The residues from softening by precipitation with 
Hme [Ca(OHhJ and soda ash (NazC03) will vary from a nearly pure chemical to a 
highly variablemixture. The softening process discussed in Section 4-3 produces a 
sludge containing primarily CaC03 and Mg(OHh, 

Theoretically, each mg/L of calcium hardness removed produces 1 mg/L of 
CaC03 sludge; each mg/L of magnesium hardness removed produces 0.6 mg/L of 
sludge; and each mg/L of lime added produces I mg/L of sludge. The theoretical 
sludge production can be calculated as: 

Ms = 86.4 Q(2 CaCH + 2.6 MgCH + CaNCH + 1.6 MgNCH + CO2) (4-125) 

where Ms = sludge production (kg/d) 

CaCH = calcium carbonate hardness removed as CaC03 (mg/L) 
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MgCH magnesium carbonate hardness removed as CaC03 (mg/L) 
Q = plant flow, m3/s '- . 

CaNCH = noncarbonate calcium hardness removed as CaC03 (mg/L) .' 
MgNCH = noncarbonate magnesium hardness removed as CaC03 (mg/L) 

CO2 carbon dioxide removed by lime addition, as CaC03 (mg/L) 

When surface waters are softened, this equation is not valid. There will be addi
tional sludge from coagulation of suspended materials and precipitation of metal co
agulants. The solids content of lime-softening sludge in the sedimentation basin ranges 
between 2 and IS percent. Anominal value of 10 percent solids is often used. 

Coagulation Sedimentation Basin. Aluminum or iron salts are generally used to 
accomplish coagulation. (The chemistry of the two salts was discussed in Section 4-2.) 
The pH range of 6 to 8 is where most water treatment plants effect the coagulation 
process. In this range the insoluble aluminum hydroxide complex of AI(H20h(OHh 
probably predominates. This species results in the production of 0.44 kg of chemical 
sludge for each kg of alum added. Any suspended solids present in the water will pro
duce an equal amount of sludge. The amount of sludge produced per turbidity_ unit is 
not as obvious; however, in many waters a correlation does exist. Carbon, polymers, 
and clay will produce about 1kg of sludge per kg of chemical addition. The sludge 
production for alum coagulation may then be approximated by: 

Ms = 86.40 Q(0.44A + SS + M) (4-126) 

where Ms = dry sludge produced, kg/d 

Q = plant flow, m3/s 

A= alum dose, mgIL" 


SS suspended solids in raw water, mg/L 
M=miscellaneous chemical additions such as elay,.polymer, and carbon, mg/L 

~.• t\ltlftlsludgeleavingth~sedilTIentatior'rbasinusually has a suspended solids con
~~f .t~~t;igJth ng~qfO.~.t03p~~ce~tItisoften less than 1 percent. Twenty to 40 percent 
f~>Qft~.ecS()l .•.•.. ar~()rg,mic;therelTI(linderal·e··inorganicor.silts. The·pH of alum sludge is 

··.rlprlTI(ll1yinthe5:5t07;SrangeAlumsludgefrom sedimentation basins may in'elude 
.. ~~f 'large>nulTIbersof microorganisms, but it generally does not exhibit an unpleasant odor. 

The sludge now rate is oftenin the range 0[0.3 to 1 percent of the treatment plant flow. 

SfJ~nt>E'ilte:t·Backw.ashWater. All wafer treatment plants that practice filtration 
produce i:l large volume ofwashwater containing a low suspended solids concentration. 
The volume of backwash water is usually 2 to 3 percent of the treatment plant flow. 
The solids in backwash water resemble those found in sedimentation units. Since fil
ters can support biological growth, the spent filter backwash water may contain a 
larger fraction of organic solids than do the solids from the sedimentation basins. 

lVlassB~lanceAnalysis. Clarifier sludge production can be estimated by a mass bal
anceanalysis ofthesedimentationbasin. Since there is no reaction taking place, the 
mass balance equation reduces to the form: 

Accumulation Rate Input Rate - Output Rate (4-127) 
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The input rate of solids may be estimated from Equation 4-125 or 4-126. To esti
mate the mass flow (output rate) of solids leaving the clarifier through the weir, you 
must have an estimate of the concentration of solids and the flow rate. The mass flow 
out through the weir is then 

Weir output rate = (Concentration, g/m3)(Flow Rate, m3/s) = g/s 

Example 4-30. A coagulation treatment plant with a flow of 0.5 m3/s is dosing 
alum at 23.0 mg/L. No other chemicals are being added. The raw-water suspended
solids concentration is 37.0 mg/L. The effluent suspended-solids concentration is 
measured at 12.0 mg/L. The sludge solids content is 1.00 percent and the specific 
gravity of the sludge solids is 3.01. What volume of sludge must be disposed of each 
day? 

Solution. The mass-balance diagram for the sedimentation basin is 

Input Rate Ms -......,-----"-----t-...... Weir Output Rate 

The mass of solids (sludge) flowing into the clarifier is estimated from Equation 4-126: 

Ms = 86.40(0.50 m3/s)(0.44(23.0 mg/L) + 37.0 mg/L + 0) 

2,03558kg/d 

. Recognizing that g/m3 = mg/L, the mass of solids leaving the weir is 

Weir output tate = (12.0 g/m3)(0.50 m3/s)(86,400 s/d)(l0-3 kg/g) 

::::: 518.4 kg/d 

Accumulation = 2,035.58 - 518.4 = 1,517.18 or 1,517 kg/d 

Becallsethisisadry mass andthe sludge has only 1.00 percent solids, we must ac
count for the volume of water in estimating the volume to be removed each day. Using 
Equation 4-4, we can solve for the mass of water (Wo): 

1517
1.00 = ' . . (l00)

1,517 + Wo 

Wo = 150,183 kg/d 

Now we use the definition of density (mass per unit volume) to find the volume of 
sludge and water: 


Mass

Volume = --

Density 

http:1,517.18
http:2,035.58
http:g/m3)(0.50
http:86.40(0.50
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VT = volume of solids + volume of wa!er 
1,517 kg/d 150,183 kg/d

-------+---
(3.0 1)(1,000 kg/m3) 1,000 kg/m3 

= 0.50 + 150.18 = 150.7 m3/d or 150 m3/d 

The specific gravity of the solids is 3.01 and the density of water is 1,000 kg/m3
. 

Obviously, the solids account for only a small fraction of the total volume. This is 
why sludge dewatering is an important part of the water treatment process. 

Minimization of Sludge Generation for Sustainability 
Minimizing sludge generation can have an advantageous effect on the requirements 
and economics ofhandling , treating, and disposing of water treatment plant sludges. 
Minimization also results in the conservation of raw materials, energy, and labor. 

There are three methods to minimize the quantity of metal hydroxide precipitates 
in the sludge: 

1. 	 Changing the water treatment process to direct filtration 

2. 	Substituting other coagulants and, in particular, using polymers that are more 
effective at lower dosage 

3. 	Conserving chemicals by determining optimum dosage at frequent intervals as 
raw water characteristics change 

Thetreatmen;.~fs()liql1iq~id wastes produced in.water treatment. processes involves 
the,sep(1fat!()ItQfithe.~at~tfromthe. solid constituents.. to the degree necessary.· for the 

~;i~~elect~d~isP()~(1Lrn~th()2.Th~ref9~e,.therequireddeg~eeof treatment is a direct func
;~;.).' tionoftheulti ..dispo.~a[ll1eth?d. 

'JI~ ........ >} ••.•.•.•.. e:seY~f~!sll1~iSe tre.atment.niethodologies.which... have been practiced 
·.·;~~Jhe;:;N~te,E;i~~~.~trY~(:figu\~4~?2showsthemost commOn sludge-handling options 

~i . available, listed by generaicategories of thickening,. dewatering, and disposal. In 
~Jt..... c,h()Qsingac?Inbinatio~of the possible treatment processtrains, it is probably best to 

. firstidtotifytheav{iilabledisp?sal options and their requirements for a final cake 
. ;~~\ .....~()~i2sc99centEatiE)Ih¥()stlandfillappli(;ationswillrequire.a "handleable" sludge and 

this may Iimitthe type ofdewatering devices which are acceptable. Methods and costs 
oftransportatldn may affect the decision "how dry is dry enough." The criteria should 
notbe to simply reach a given solids concentration but rather to reach a solids concen
tration of desired properties for the handling, transport, and disposal options available. 

Table4:,25shows a generalized range of results which have been obtained for final 
solids concentrations from different dewatering devices for coagulant and lime sludges. 

Tog~veyouan appreciation ofthese solids concentrations, a sludge cake with 35 
pe~centsolidswouldhavetheconsistency of butter, while a 15 percent sludge would 
haveaconsistency much .like mbbercement. 

After removal ofthe sludge from the clarifier or sedirnentation basin, the first treat
ment step is usually thickening. Thickening assists the performance of any subsequent 
treatment, gets rid of much water quickly, and helps to equalize flows to the subsequent 
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Waste Source ' Thickening Conditioning I "Dewateringrrreatment Disposal 
~ )0, ( "f~ )O,~ 

I I 
Lime I 

FIGURE 4-52 
Sludge handling options. 

treatment device. An approximation for determining sludge volume reduction via thick
ening is given by: 

(4-128) 

where¥1 volume of sludge before thickening, m3 

:¥2 =volumeofsludge after thickening, m3 

PI = percent of solids concentration of sludge before thickening 
P2=percent of solids concentration after thickening 

(Thickening is usually accomplished by using circular settling basins similar to a 
clarifier (Figure 4-53).Thickeners can be designed based on pilot evaluations or using 

TABLE 4-25 
Rarigeofcakesolid concentrations obtainable 

Lime sludge, % Coagulation sludge, % 

Gravity thickening 15-30 3-4 
Basket centrifuge 10-15 
Scroll centrifuge 55-65 20-25 
Belt filter press 18-25 
Vacuum filter 45-65 nJa 
Pressure filter 55-70 30-45 
Sand drying beds 50 20-25 
Storage lagoons 50-60 7-15 
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Turntable base 

/
Influent 

pipe 

FIGURE 4-53 

Continuous-flow gravity thickener. (Courtesy of Link BelL) 


data obtained from similar plants. Lime sludges are typically loaded at 100 to 200 
kg/m:'d,andcmigulant sludge loading rates are about 15 to 25 kg/m2 . d. 

Following thickening of the sludge, dewatering can take place by either mechani
calor nonmechanical means. In nonmechanical devices, sludge is spread OLlt with the 
freewaterdrainingand the remaining water evaporating. Sometimes the amount of 
free water available to drain is enhanced by natural freeze-thaw cycles. In mechanical 
dewatering, some type of device is used to force the water out of the sludge. 

We begin our discussion with the nonmechanical methods and follow with the me
chanicalrnethods. 

blgoons. A lagoon is essentially a large hole that is dug out for the sludge to flow 
into.L(lgoonscan beconstructed~s eitherstor~gelagoons or dewateling lagoons. Stor

.~gel~~oo~s<IrecI~~i~nedto;storeandcollectthesQlids.for some .. predeterminedamount 
i¥;jJ ·?~titp;e:ithey~~ilLg~.l1erallyhayedecant:capabHities but no underdrain system. Stor
2~~~ • age.I.agR()l;t~shonh~lJ~Jeq~ippedwitlTseal~dbottoms to protectthe groundwater. Once 
2~~·the . . . ·8~ni§fuJl()rd~gantqann()lorgermeetdischarge limitations, it must be.<..... /£~lranXd:}Qfa()ilitftte.drying,the.standing water may be removed by 
f~~c·ipqmping,.leaviI1ga wet sludge. Coagulantsludges can only be expected to reach a 7 to 
~l;~~ .Igp~rce~t$plids concentrationinstoragelagoons. The remaining solids must be either 

<c~~ane~?ut wet?rallowedto~yaporNe.Depending upon the depth of the wet solids, 
,~!?::>~m~2Qr~ti8flq~[1.takeyears;rrh~topJayerswiH often form a crust, preventing evapora

tionofthe bottom layers of sludge. 
Thepnmary difference between a dewatering lagoon and a storage lagoon is that a 

dewatering lagoon has a sand and underdrain-bottom, similar to a drying bed. Dewater
ing lagoons can be designed to achieve a dewatered sludge cake. The advantage of a de
watering.lagoonovera drying bed is that storage is built into the system to assist in 
meeH~gpeak solids production or to assist in handling sludge during wet weather. The 

"25 ciis~~yantageof bottom sand layers compared to conventional drying beds is that the bot
st: tQI11 §andlayers canplug UpOl""blind" with mUltiple loadings, thereby increasing the re

quiredsurfacearea. Polymer treatment can be useful in preventing this sand blinding. 
Storage lagoons, which are generally earthen basins, have no size limitations but 

have been designed in areas from 2,000 to 60,000 m2
, ranging in depth from 2 to 10 or 
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more meters. Storage and dewaterifiglagoons may be equipped ~jth inlet structures 
designed to dissipate the velocity of the incoming sludge~ .. This minimizes turbulence 
in the lagoons and helps prevent carryover of solids in the decant. The lagoon outlet 
structure is designed to skim the settled supernatant and is sometimes provided with 
flash boards to vary the draw-off depths. Any design of a storage lagoon must consider 
how the sludge will be ultimately r~moved unless the site is to be abandoned. 

The basis for design of dewatering lagoons is essentially the same as that for sand 
drying beds. The difference is that the applied depth is high and the number of appli
cations per year is greatly reduced. 

Sand-Drying Beds. Sand-drying beds operate on the simple principle of spreading 
the sludge out and letting it dry. As much water as possible is removed by drainage or 
decant and the rest of the water must evaporate until the desired final solids concentra
tion is reached. Sand-drying beds haye been built simply by cleaning an area of land, 
dumping the sludge, and hoping something happens. At the other end of the spectrum 
sophisticated automated drying systems have been built. 

Drying beds may be roughly categorized as follows: _ 

1. 	 Conventional rectangular beds with side walls and a layer of sand on gravel 
with underdrain piping to carry away the liquid. They are built either with or 
without provisions for mechanical removal of the dried sludge and with or 
without a roof or a greenhouse-type covering (see Figure 4-54). 

2. 	 Paved rectangular drying beds with a center sand drainage strip with or with
out heating pipes buried in the paved section and with or without covering to 
prevent incursion of rain. 

3~ ."~~dge-water"dryi~g beds.that include a wedge wire septum incorporating 
proyisionJoraninitialflood with a thin layer of water, followed by introduc
tion()fliquidsludgeontopofthewater layer, controlled formation of cake, 
and proyisionJor mechanicaLcleaning. 

,',' ,,___ -' .',','<->-': --':} ,>"--'-:'-:.:): -', ',--- '".; 

;4.l{ect~ngularyaCuuln:.assisted drying beds with provision for application of 
vacuum to assist gravity drainage. 

'. Sand
Collection 

: . .. . , 
.' •••• Gravel FIGURE 4·54 

• '" 9 •• ... ... 

r---j- Typical sludge drying bed construction. ~Source: 
: __ L 

U.S. Environmental Protection Agency, \979.) 
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The dewatering of sludge on sand beds is accomplished by two major factors: 
drainage and evaporation. The removal of water from sludge by drainage is a two~-step 
process. First, the water is drained from the sludge, into the sand, and out the under
drains. This process may last a few days until the sand is clogged with fine particles or 
until all the free water has drained away. Further drainage by decanting can occur once 
a supernatant layer has formed (if beds are provided witll a means of removing surface 
water). Decanting for removat" of rain water can also be particularly important with 
sludges that do not crack. 

The water that does not drain or is not decanted must evaporate. Obviously climate 
plays a role here. Phoenix would be a more efficient area for a sand bed than Seattle! 
Much of the lower Midwest, for example, would have an annual evaporation rate of 
about 0.75 m, so typical annual loadings to a sand bed in that area would be 100 
kg/m2

• y. This may be applied and cleaned in about ten cycles during the year. 
The filtrate from the sand-drying beds can be either recycled, treated, or dis

charged to awatercourse depending on its quality. Laboratory testing of the filtrate 
should be performed in conjunction with sand-drying bed pilot testing before a deci
sionismadeasto whatis to be done with it. 

Cutrent United States practice is to make drying beds rectangular with dimensions 
of 4 to 20 m by 15to 50 m with vertical side walls. Usually 100 to 230 mm of sand is 
placedover200to460 mrnofgraded gravel or stone. The sand is usually 0.3 to 1.2 mm 
in effective diameter and has a uniformity coefficient less than 5.0. Gravel is normally 
graded from 3 to 25 mm in effective diameter. Underdrain piping has normally been of 
vitrified clay,but,plastic pipe is also becoming acceptable. The pipes should be no less 
thanlOOmrnindiameter,should be spaced 2.2 to 6 m apart, and should have a mini
mum slopeofLpercentWhenJhe cost of labor is high, newly constructed beds are de
signed for rnechanicalsludgeremoval. 

Ii'~. E're~~#'l't}'Il.~~Wt;{'~~~t~~ri&Sludgeb yei ther of the nonmechanical methods 111 a y 
"~$;j" ~·l)~yn~~gc~~~~~~~~icalc~",clitioningofthesludgethrOugh·altemate natural·freezing 

., '. g~~c-I~s.1lt~)fre.eze-thawprocessdehydratesthesludgeparticles by freez
•.....~ ..... 

t~~[h§;flo§el)"~sso9i~tedwiththeparticles.Thedewatering process takes 
;'~;<il~():$ta~~s;'~lle;firststageTeduces sludge volume by selectively freezing the 

.~.aterI1101ecules. Next, the solids are dehydrated when they become frozen. When 
th~'vY~4,.thesQHdmassformsgranular-shaped particles. This coarse material readily 

.·)settJ~sandretainsitsnr"Ysizeandshape. This residue sludge dewaters rapidly and 
.. '.. ... makes.suitablelanclfillmateriahfWt1 " 

The slJ.perriata~tliquid from this process can be decanted, leaving the solids to de
waterby natural drainage and evaporation. Pilot-scale systems can be utilized to eval
uatethis method's effectiveness and to establish design parameters. Elimination of rain 
and snow from the dewatering system by the provision of a roof will enhance the 
process· considerabIy. 

The potential advantages of a freeze-thaw system are 

Insensitivity to variations in sludge quality 

3. Minimum operator attention 
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Rotating bowl 

""""",,"_Feed 

Liquid Solid 
discharge discharge 

FIGURE 4·55 
Solid bowl centrifuge. (Courtesy of Bird Machine Company.) 

4. Natural process in cold climates (winter) 

S. Solids cakemore acceptable at landfills 

6. Sludge easily worked with conventional equipment 

Several natural freeze-thaw installations are located in New York state. At the alum 
coagulation plant of the Metropolitan Water Board of Oswego County, SFBW is dis
charged to lagoons that act as decant basins. Thickened sludge is pumped from the la
goons to special freeze-thaw basins in layers about 450 mm thick. The sludge has 
never been deeper than 300 mm during freezing because of additional water losses. 
The300 ~m sludge layer reduces to about 75 mm of dried material after freeze-thaw. 

Centrifuging. A centrifuge uses centrifugal force to speed up the separation of 
s.ludg~ipa:rtic1es\fromtheliquid. In atypical unit (Figure4-55), sludge is pumped into 
ah(}tifQntal,cxlin4ric~lbQwl,rotatingat800 to 2,000 rpm. Polymers used for sludge 
conditi9ningals.oareinjectedintothe centrifuge. The solids are spun to the outside of 
t~~b.owl}Vh~reth~yare~crapedoutby·a screw conveyor. The liquid, or centrate, is re
tl.lITI(!d.tQthetreatmentplantTwotypes of centrifuges are currently used for sludge de-
watering: the solidbowlandthe basket bowl. For dewatering water-treatment-plant 
sludges, the solid bowl has proven to be more successful than the basket bowl. Cen
trifuges areverysensitivetochangesin the concentration or composition of the sludge, 
as well.as to the amount ofpolymer. applied. 

Because of its calcium carbonate content, lime softening-sludge dewaters with rel
ative ease in acentrifuge. Acake dryness of 20 to 25 percent can be achieved for a cen
trifuged alum sludge. Asolids content of 50 percent or higher can be achieved with a 
lime sludge. 

Vacuum Filtration. A vacuum filter consists of a cylindrical drum covered with a 
filtering material or fabric, which rotates partially submerged in a vat of conditioned 
sludge(Figure 4-56), Avacuum is applied inside the drum to extract water, leaving the 
solids, orfilter cake, on the filter medium. As the drum completes its rotational cycles, 
a blade scrapes the filter cake from the filter and the cycle begins again. Two basic 
types of rotary-drum vacuum filters are used in water treatment: the traveling medium 
and the precoat medium filters. The traveling medium filter is made of fabric or stain
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FIGURE 4-56 
Vacuum filter. (Courtesy of Komline-Sanderson Engineering Corporation.) 

less steel coils. This filter is continuously removed from the drum, allowing it to be 
washed from both sides without diluting the sludge in the sludge vat. The precoat 
medium filter is coated with 50 to 75 mm of inert material, which is shaved off in 
0.1'mmirtcrementsasthe drum moves. 

C\G~rti~~o~si~f!lt:f:iIf~rJ.l~~ss(J~FJl). Thebelt filter press operates on the principle 
.Jt~.~~:..pe~gt~g~SI~~g~.~~k~c~~t<li~~tib~tween two filter belts around a roll introduces 
';;~I~~e~"i~~~soJ11Bre~~iyeJOfce$ig.W~c.~e,allowingwatert0 work its way to the surface 
f~··'1n<.t.q~t·~~~~r:¢~ge'i~?ere~yr~~l1cipgtheca~emoisture content. The device employs 

{U ·.2().~9ttmoyi?¥Relts~()contil)llol.Isly.dewatersludges through one or more stages 'of de
w-atering(figure 4-57).Typically the CBFP includes the following stages of treatment: 

.Area.dor/conditioner to remove free-draining water 
-,.

.2~,iA.low.pres~urez()neofbeltswiththe top belt being solid and the bottom belt 
being a sieve; here further water removal occurs and a sludge mat having sig
nificant dimensional stability is formed 

3. 	 Ahigh pressure zone of belts with a serpentine or sinusoidal configuration to 
add shear to the pressure dewatering mechanisms 

PI~tePressure Filters. The basic component of a plate filter is aseries of recessed ver
ticalplat~s,Eachplateiscoveredwith cloth to support and contain the sludge cake. The 
plates are mounted in a frame consisting of two head supports connected by two hori
zontal parallel bars. Aschematic cross section is illustrated in Figure 4-58. Conditioned 
sludge is pumped into the pressure filter and passes through feed holes in the filter plates 
along the length of the filter and into the recessed chambers. As the sludge cake forms 
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FIGURE 4-57 

Continuous belt filter press. (Source: U.S. EPA, 1979.) 


and builds up in the chamber, the pressure gradually increases to a point where further 
sludge injection would be counterproductive. At this time the injection ceases. 

A typical pressure filtration cycle begins with the closing of the press to the posi
tion shown onFigure4-58. Sludge is fed for a 20- to 30-minute period until the press 
is effectively full ofcake.Thepressure at this point is generally the designed maximum 
(700.toi l,700kPa)andismaintaiIledforl to 4 hours, during which more filtrate is re
moved and lhedesiredcake soIidscontent is achieved. The filter is then mechanically 

Moveable 

Sludge --l---.......--,:j::--~-...:r

slurry inlet 

FIGURE 4-58 
Schematic cross section of a fixed volume 
recessed plate filter assembly. (Source: 

Filtrate outlets U.S. EPA. 1979.) 
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opened, and the dewatered cake is dropped from the chamhers onto a conveyor belt for 
removal. Cake breakers are usually required to break up the rigid cake into coriveyable 
form. Because recessed-plate pressure filters operate at high pressures and because 
many units use lime for conditioning, the cloths require routine washing with high
pressure water, as well as periodic washing with acid. 

The Erie County Water Authority's Sturgeon Point Plant in Erie County, New York, 
and the Monroe County Water Authority'S Shoremont Plant in Rochester, N~w York, 
serve as typical examples of the application of filter presses. Both plants include grav
ity settling and chemicakonditioning of the sludge followed by mechanical dewatering 
via pressure plate filtration. A typical process flow diagram of the sludge treatment sys
tem used at both plants is shown in Figure 4-59. The Sturgeon Point Plant includes a 
1.6-m diameter press, while the Monroe County facility includes a 2-m by 2-m press. 
Under actual operating conditions, the dewatered sludge cakes produced at Sturgeon 
Pointand at theShoremontPlant contain between 45 and 50 percent dry solids by mass. 
Of the dry solids, as much as 30 percent may be conditioning chemical solids and/or fly 
ash. Thus, the corrected dry solids achieved is about 35 percent. This is a significantly 
bettetproduct than whatthe other mechaniccil methods produce. ' 

Ultimate Disposal 
After all possible sludge treatment has been accomplished, a residual sludge re
mains, which must be sent to ultimate disposal or used in a beneficial manner. Of 

Conditioned 
sludge 

retention 
To disposal tank 
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decant 
tank 

Lime 

Pump, 

Precoat 

Pumps 

Sludge 
thickener 

..1.;')".1
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Filtrate 
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Equali7Jltion 
tank Filtrate 

disposal 

Pressure plate filter process for alum sludge treatment. 
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the many theoretical alternatives for-ultimate disposal, only thre.e are. of practical 
interest: 

1. 	Co-disposal with sewage sludge 

2. 	 Landfilling 

3. 	Beneficial use 

Due to the increasing costs and decreasing availability of landfills, beneficial use 
options are becoming more popular. Beneficial use options include land application to 
agricultural or forest lands, soil replacement for turf farms, additives to yard waste or 
biosolids compost, top soil additions, and brick or cement manufacturing. For detailed 
information on beneficial use options refer to: Commercial Application and Marketing 
ofWater Plant Residuals by Cornwell et a!. (2000) 

4-11 CHAPTER REVIEW 

Whenyouhave completed studying this chapter you should be able to do the following 
without the aid ofyour textbook or notes: 

1. 	Define potable and palatable and explain why we mllst provide a water that 
is both potable and palatable. 

2. 	Distinguish between dissolved substances, suspended solids, and colloidal 
substances based on their size and the mechanism by which they can be re
moved from water. 

3. 	 D~fine and calculate quantities of a given substance in water in percent by 
weight, parts per million (ppm), and milligrams per liter (mg/L), and convert 
frompneunit of measure to the others. 

-",--.--- -' 

4~ Detin~ alka!inityin terms of all the chemical species found, that is, Equation 
4~36. 

" - \' 

5. Defil1ebuffeL 

6.E~plhlritheeffectofvarious chemical additions to the carbonate buffer sys
tem.Your explanation should include the effect on the displacement of the 
reactiort(left orright), effect on CO2 (into or out of solution), and effect on 
pH(in<:;rease, decrease, or no change). 

'7. 	Lisflnefollr categories of water quality for drinking water. 

8. 	 List the four categories of physical characteristics. 

9. 	 Select the appropriate category of chemical standard for a given con
stituent, for example, zinc-esthetics, iron-esthetics/economics, 
nitrates-toxicity. 

10. 	 Define pathogen,SDWA,MCL, VOC, SOC, DBP, THM, and SWTR. 

11. Identify the microorganism group used as an indicator of fecal contamina
tion of water and explain why it was selected. 

12. 	Sketch a water softening plant and a filtration plant, labeling all of the parts 
and explaining their functions. 
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13. 	 Define the Schulze-Hardy rule and use it to explain the effectiveness of ions 
of differing valence in coagulation (Figures 4-10 and 4-11). . 

14. 	 Explain the significance of alkalinity in coagulation. 

15. 	Differentiate between coagulation and flocculation. 

16. 	Write the reaction chemistry of alum and ferric chloride when alkalinity is 
present and when no alkalinity is present. 

17. 	 Explain the effect of pH on alum and ferric chloride solubility. 

18. 	 Explain how to conduct a jar test to obtain an optimum coagulant dose. 

19. 	 List the four basic types of coagulant aids; explain how each aid works and 
when it should be employed. 

20. 	 Define hardness in terms of the chemical constituents that cause it and in 
terms of the results as seen by the users of hard water. 

21. 	Using d~agramsand chemical reactions, explain how water becomes hard. 

22. 	GiventhelotaFhardness and alkalinity, calculate the carbon:lte hardne~s 'and 
"noncarbonate hardness. 

23. 	 Write the general equations for softening by ion exchange and by chemical 
precipitation. 

24. 	Explain the significance of alkalinity in lime-soda softening. 

25. 	 Ca1culatethe theoretical detention time or volume of tank if you are given 
the flow rate and the volume or detention time. 

LJ,,,JLuluhow an upward-flow sedimentation tank Cupflow clarifier) works, 
diagram of a settling particle. 

dfliquidflow and settling-basin geometry, and 

show.hoW, ina horizontal·,flowclarifier, a 
that is lessthan the overflow rate may be 

retained in a settling basin given the over-
basin flow scheme (that is, horizontal flow or 

4~89) 

30. 	Explain the difference between Type I, Type II, and Type III sedimentation. 

31. 	 Compare slow sand filters, rapid sand filters, and dual media filters with re
spect to operating procedures and loading rates. 

32. 	Explainhowarapidsand filter is cleaned. 

~.ketchand labeLa rapid sand filter identifying the following pertinent fea
ttlres:inletmain,outletInain,··washwater outlet, collection laterals, support 
media (graded gravel); graded filter sand, and backwash troughs. 

Define effective size and uniformity coefficient and explain their use in de
signing a rapid sand filter. 
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35. 	Explain why a disinfectanf'that has a residua-l is preferable. to one that 
does not. 

36. 	Write the equations for the dissolution of chlorine gas in water and the sub
sequent dissociation of hypochlorous acid. 

37. 	E~plain the difference between free available chlorine and combined avail
able chlorine, and state which is the more effective disinfectant. 

38. 	Sketch a breakpoint chlorination curve and label the axes, breakpoint, and 
regions of predominantly combined and predominantly free residuaL 

39. 	Define the terms thickening, conditioning, and dewatering. 

40. 	List and describe three methods of nonmechanical dewatering of sludge. 

41. 	List and describe four mechanical methods of dewatering of sludge. 

With the aid ofthe text you should be able to do the following: 

1. 	Calculate the gram equivalent weight of a chemical or compound. 

2. 	Calculate the molarity, normality, and concentration of a given chemical 
compound in milligrams per liter (mgfL) and convert from one unit of mea
sure to the others. 

3. 	Calculate the equilibrium concentration of a compound when it is in equilib
rium with its precipitate. 

4. 	 Calculate the pH of a solution containing a strong or weak acid alone (ne

glecting the dissociation of water). 


5.Convertaconcentrationof a compound to calcium carbonate equivalents. 

6. TaICl.llate thereaction rate constant (k) from a set of experimental data. 

7.Ca1clllatecQnsumptionofalkalinity for a given dose of alum or ferric chloride. 

8. 	Calculatetl1eproduction of COb SOJ-, or acid fora given dose of alum or 
ferric chloride. 

9. 	 Calculatethe amount of lime (as CaC03) that must be added if insufficient 
aIkaliflUyjspresentin order to neutralize the acid produced by the addition 
of alum or ferric chloride to a given water. 

10. 	Estimate the amount of lime and soda ash required to soften water of a stated 
composition. 

11. 	Calculate the fraction of the "split" for a lime-soda softening system or an 
ion-exchange softening system. 

12. 	Size arapid-mix and t1occulation basin for a given type of water treatment 
plant and determine the required power input. 

13. 	Design a mixer system for either a rapid-mix or tlocculation basin. 

14. 	Size a sedimentation basin and estimate the required weir length. 
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15. Perform a grain size analysis and determine the effective size and- uniformity 
coefficient. 

16. 	 Size a rapid sand filter and determine the clean-sand head loss and the depth 
of the expanded bed during backwash. 

4-12 PROBLEMS 

4·1. 	 Show that a density of 1 g/mL is the same as a density of 1,000 kg/in3
. 

(Hint: Some useful conversions are listed inside the back cover of 
this book.) 

4-2. 	 Show that a 4.50 percent by weight mixture contains 45.0 kg of substance 
in a cubic meter of water (that is, 4.50% 45.0 kg/m\ Assume the den
sity of water = 1,000 kg/m3

. 

4-3. 	 What is the concentration of NH3 (in mg/L) of household ammonia that 
contains 3.00 percent by weight ofNH3? Assume the density of water = 

1,000 kg/m3
. 

Answer: 30,000 mglL 

4·4. 	 What is the concentration of chlorine (in mg/L) of household bleach that 
contains 5.25 percent by weight of C12? Assume the density of water = 
1 ,000kg/rn3

. 

4-5. 	 Show that 1 mglL = 1g/m3. 

4-6. 	 In 200 I the U.S. Environmental Protection Agency promulgated a new 
stahdardMCL for arsenic in drinking water. The standard is now 10 parts 
.per billion (ppb). What is the concentration in mg/L? 

4-7.In~.hoW(lnfiquatedand,wehope;Soohtbbe forgotten system of measure
'nJef1ts,it\Y~s c~ml11onto considerwaterflqws in terms of millions of gallons 

..... ;ge~.d~i(~GD).[)et~rrninethenumberofMGD equivalent to the following 
,,~~ .~~'Ys}nl11'/s:8.043~;O.?5;0.438;0.5; 4.38; and 5. Record both your ca1cue. Iated£l.ijswerandtheanswerrounded to include only significant figures.' 

Calculate the molarity and normality of the following: 

a.20q.qmgILHCI 
b .. 150.01l1glL H2S04 

c. 100.0 mglL Ca(HC03h 
d. 70.0 mglL H3P04 

Answers: 

Molarity (M) Normality (N) 

a.. 0,005485 0.005485 

b. 0.001529 0.003059 

c. 0.0006168 0.001234 

d. 0.000714 0.00214 
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4-9. 	 Calculate the molarity and normality of the following: 

a. 80 JLgfL HN03 

b. 135 JLgfL CaC03 

c. 10 JLgfL Cr(OHh 
d. 1000 JLgfL Ca(OHh 

4-10. 	Calculate the molarity and normality of the following: 

a. 0.05 mgfLAs3 + 

b. 0.005 mgfL Cd2+ 

c. 0.002 mgfL Hg2+ 

d. 0.10 mgfL Ni2+ 

4-11. 	Calculate the mg/L of the following: 

a. 0.01000 N Ca2+ 
b. 1.000 M HCO;
c. 0.02000NH2S04 

d. 0.02000 M SO~-

Answers: Ca2+ 200.4 mg/L, HCOj- = 61.02 mg/L 
H2S04 980.7 mg/L, SO~- = 1,921 mglL 

4-12. 	Calculate the fLgfL of the following: 

a. 0.0500 N H2COJ 

b. 0.0010 M CHCIJ 


,c. 0.0300 N Ca(OHh 

d. 0.0080M CO~--

4-13.< Calculate the mglLof the· following: 

a. 02500MNaOH 

b.O.0704MNazS04 

f.a.034grvIK2Cr207 

d;O. B42M KCl 

4-14. 	How many mg/L of magnesium ion will remain in solution in water that is 
O.OOlOOOM inhydroxylion and at 25°C? 

Answer: 0.1367 mg/L 

4-15. 	The Pherric, New Mexico, groundwater contains 1.800 mg/L of iron as 
Fe3+. What pH is required to precipitate all but 0.300 mg/L of the iron 
at 25°C? 

4-16. 	Determine the concentration, in moles per liter, to which the hydroxide 
concentration must be raised to produce a concentration of 0.200 mgfL of 
copper if the starting concentration is 2.00 mglL. Estimate the resultant pH. 

4-17. 	Given a saturated solution of calcium carbonate, how many moles of cal
cium ion will remain in solution after the addition of 3.16 X 10--4 M of 
Na2CO) at 25°C? (Assume that the pH does not change.) 
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4-18. 	The solubility product of calcium fluoride (CaF2) is 3.45 X 10- n at 25_0 C. 
Will a fluoride concentration of 1.0 mglL be soluble in a water containing 
200 mglL of calcium? 

4-19. 	In preparation for a laboratory experiment, a technician makes up a 
saturated solution of CaS04' Because the container is unlabeled, a 5.00 X 

10-3 Msolution of NaZS04 is accidently added to the container. What are 
the concentrations of calcium and sulfate after equilibrium is reached? 
Assume the pKs of CaS04 is 4.31 at 25°C. Assume both solutions are 
at 25°C. 

4-20. 	What amount of NaOH (a strong base), in mg, would be required to neu
tralize the acid in Example 4-6 (see Section 4-1)? 

Answer: 81.568 or8l.6 mg 

4-21. 	The pH of a finished water from a softening process is 10.74. What 
amount Of 0.0200QNsulfuric acid, in milliliters, is required to neutralize 
1.000 L ofthe finished water? Assume the buffering capacity is zero.' 

4-22. 	How many milliliters of0.02000 N hydrochloric acid would be required to 
perform the neutralization in Problem 4-21? 

4-23. 	Using a computer spreadsheet program you have written, plot a titration 
curve of the pH of a 50.0 mL solution of 0.0200 N NaOH (a strong base) 
being titrated with 0.0200 N HCl (a strong acid) to a pH of 7.00. 

4-24. Calculate thepH of a water at 25°C that contains 0.6580 mglL of carbonic 
acid. Assume that [H+] = [HCO;-] at equilibrium and neglect the dissoci
atiomofwater. 

4.50, what isthe HC03 concen

4-26. 	Wh~ris thepHofawater at25°C that contains 0.5000 mglL of 
hypo~hl?r9usacid?Assum~equilibrium has been achieved. Neglect the 
qis~()(;iati()n(}t.w~ter.Althoughjtmay not be justified by the data avail
ableto you, report the answer to two decimal places. 

4-27. 	If the pH in Problem 4-26 is adjusted to 7.00, what would the OC1- con
centration in mglL be at 25°C? 

4..28. 	Convert the following from mglL as the ion to mglL as CaC03: 

a.83.00mglL Ca2+ 
b. 27.00mg/LMg2+ 
c. 48;00 mglL CO2 (Hint: See footnote on p. 241) 
d. 220.00 mglL HC03 

e. 15.00 mglL CO~-
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Answers: 

Ca2+ = 207.25 or 207.3 mg/L as CaC03. 

Mg2+ = 111.20 or 111.2 mglL as CaC03 

CO2 109.18 or 109.2 mgIL as CaC03 

HCO;- = 180.41 or 180.4 mgIL as CaC03 


CO~- = 25.02 or 25.0 mglL CaC03 


4-29. 	Convert the following from mglL as the ion or compound to mglL as 
CaC03: 

a. 200.00 mg/L HCl 
b. 280.00 mg/L CaO 
c. 123.45 mg/L Na2C03 
d. 85.05 mg/L Ca(HC03)2 

e. 19.90 mg/L Na
+ . 

4-30.. Convert the following from mglL as CaC03to mg/L as the ion or 
compound: 

a. tOO.OO mg/L SO~-
b. 30.00 mg/L HCO;
c. 150.00 mg/L Ca2+ 
d. to.OO mg/L H2C03 

e. 150.00 mg/L Na+ 

Answers: 

SO~- = 95.98 or 96.0 mglL 


HCO;- = 36.58 or36.6mglL 

Ca2+ =60.07 or 60.1 mglL 

HiC03 '= 6.198 or 6.20 mglL 

Na+=68.9 fmglL 


4.;31.ConVeItthefollowing from mglL as CaC03 to mg/L as the ion or 
compound: 

a. .1 O.OOmg/L CO2 

b.13.~Omg/L ..Ca(OHh 

c. 481.00 mg/L H3P04 

d. 81.00 mg/L H2P04 

e. 40.00 mg/L Cl

4-32. 	Convert 0.0100 N Ca2+ to mglL as CaC03. 

4·33. 	What is the "exact" alkalinity of a water that contains 0.6580 mglL of 
bicarbonate, as the ion, at a pH of 5.66? No carbonate is present. 

Answer: 0.4302 mglL as CaC03 

4·34. 	Calculate the "approximate" alkalinity (in mg/L as CaC03) of a water 
containing 120.0 mglL of bicarbonate ion and 15.00 mg/L of carbonate ion. 
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4·35. Calculate the "exact" alkalinity of the water inc-Problem 4-34 if the pH 
is 9.43. 

4-36. 	Calculate the "approximate" alkalinity (in mg/L as CaC03) of a water 
containing 15.00 mg/L of bicarbonate ion and 120.0 mg/L of carbonate 
lOn. 

4-37. 	Using Equations 4-28,4-36,4-38, and 4-39, derive two equations that 
allow calculation of the bicarbonate and carbonate alkalinities in mg/L 
as CaC03 from measurements of the total alkalinity (A) and the pH. 

Answers: (in mg/L as CaC03) 

_ 50,000{ Co~oo) + [H+] - (~)} 
HC03 

= (2K2)
1+ - 

[H+)
2K-,)

C02 
-	 = .-.- (HCO-)

3 ([H-r-)· ) 

where A total alkalinity, mg/L as CaC03

K2 second dissociation constant of carbonic acid 
= 4.68 X 1O-! I at 25°C 

Kw = ionization constant of water 
= I X 10- 14 at 25°C 

alkalinity in mg/L as CaC03 

inmg/L as CaC03 

calculate the bicarbonate and carbon
aWaterhaving a total alkalinity of 

4-39. 	Using thesolutionto,Problem 4-37, calculate the bicarbonate and 
carbonatealkaliriities,inmg/L as·CaCO), of the water described in 
Ptoblefu··4..43. 

4-40. 	If a water has a carbonate alkalinity of 120.00 mg/L as the ion and a pH of 
10.30, what is the bicarbonate alkalinity in mg/L as the ion? 

Answer: HC03 = 130.686 or 130.7 mg/L 

4-41. 	What is the pH ofa water that contains 120.00 mg/L of bicarbonate ion 
and15.00nig/L ofcarbonate ion? 

4-42. Calculate the alkalinity of the water in Problem 4-40, using the equa
tionsin Problem 4-37 and the "exact" method of Example 4-8 (see 
Section 4-1). 
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4-43. 	The following mineral analysis was repoded for a watef,samRle taken 
from Well No. I at the Eastwood Manor SubdivIsion near McHenry, 
Illnois (Woller and Sanderson, 1976a). . 

Well No.1, Lab No. 02694, November 9,1971 

'Iron 	 0.2 Silica (Si02) 20.0 

Manganese 0.0 Fluoride 0.35 

Ammonium 0.5 Boron 0.1 

Sodium 4.7 Nitrate 0.0 

Potassium 0.9 Chloride 4.5 

Calcium 67.2 Sulfate 29.0 

Magnesium 40.0, Alkalinity 284.0 as CaC03 

Barium 0.5 pH 7.6 units 

Note: An reported as "mglL as the ion" unless stated otherwi~e, 

Determine the total, carbonate, and noncarbonate hardness in mg/L as 
CaC03 using the predominant polyvalent cation definition in Section 4-3. 

Answers: TH 332.8 mg/L as CaC03 

CH = 284.0 mg/L as CaC03 

NCH = 48.8 mg/L as CaC03 

4-44. Calculate the total, carbonate, and noncarbonate hardness in Problem 4-43 
.using all of the polyvalent cations. What is the percent error in using only 
the predominant cations? 

4-45. 	Thefollowingmineral analysis was reported for a water sample taken 
froITl,WellNo.larMagnolia, lllinois (Woller and Sanderson, 1976b). 
D~termin~the total, carbonate and noncarbonate hardness in mg/L as 
CaC03 using the predominant polyvalent cation definition of hardness. 

Well No.1, LabNo.BI09535, April 23, 1973 

Iron 0.42 Zinc 0.01 

Manganese 0.04 Silica (Si02) 20.0 

Ammonium 11.0 Fluoride OJ 
Sodium 78.0 Boron 0.3 

Potassium 2.6 Nitrate 0.0 

Calcium 78.0 Chloride 9.0 

Magnesium 32.0 Sulfate 	 0.0 

Barium 0.5 Alkalinity 494.0 as CaC03 

Copper 0.01 pH 	 7.7 units 

Note: All reported as "mg/L as the ion" unless stated otherwise. 
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4·46. 	The following mineral analysis was reported for_Michigan State University 
wen water (MDEQ, 1979). Determine the total, carbonate, and noncatbon
ate hardness in mg/L as CaC03 using the predominant polyvalent cation 
definition of hardness. Note: All units are mg/L as the ion. 

Michigan State University Well Water 

Fluoride 1.1 Silica (Si02) 3.4 

Chloride 4.0 Bicarbonate 318.0 

Nitrate 0.0 Sulfate 52.0 

Sodium 14.0 Iron 0.5 

Potassium 1.6 Manganese 0.07 

Calcium 96.8 Zinc 0.27 

Magnesium 30.4 Barium 0.2 

4-47. An analysis of bottled water from the Kool Artesian Water Bottling Company 
is listed below. Determine the total, carbonate, and noncarbonate hardiless in 
mg/L as CaC03 using the predominant polyvalent cation definition of hard
ness. Note: All units are mg/L as the ion unless otherwise stated. (Hint: use 
the solution to Problem 4-37 to find the bicarbonate concentration.) 

KooI Artesian 'Vater 

Calcium 37.0 Silica 11.5 


Magnesium 18.1 Sulfate 5.0 


Potassium 1.6 

Zinc 0.02 

4-48. Thefollowing data were obtained for an irreversible elementary reaction. 
Rlbtthe data, determine the order ofthe reaction (zero, first, or second) 
ar~th~rateconstantk. Use. a spreadsheet to plot the data and fit a curve. 

Reactant A 
Time, min Concentration, mmoleslL 

o 2.80 

2.43 

2 12 

5 1.39 

10 0.69 

20 0.17 
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4-49. 	Repeat Problem 4-48 for-the following data; 

Reactant A 
Time, min Concentration, mmoleslL 

0 48.0 
- 1 6.22 

2 	 3.32 

3 	 2.27 

5 	 1.39 

10 	 0.704 

4-50. 	Shown below are the results of water quality analyses of the Thames River 
in London. If the water is treated with 60.00 mg/L of alum to remove tur
bidity, how much alkalinity will remain? Ignore side reactions with phos
phorus and assume all the alkalinity is HC03. 

Thames River, London 

Milligrams 
Constituent Expressed as per liter 

Total hardness CaC03 260.0 

Calcium hardness CaC03 235.0 

Magnesium hardness CaC03 25.0 

Total iron Fe 1.8 

Copper Cu 0.05 

Chromium Cr 0.01 

Tota.L alkalinity CaC03 130.0 

Chloride Cl 52.0 

~hosphate (total) P04 1.0 

Silica Si02 14.0 

Suspended solids 43.0 

Total solids 495.0 

pHG 7.4 

aNot in mglL. 

Answer: Alkalinity remaining = 99.69 or 100 mg/L as CaC03 

4-51. 	Shown below are the results of water quality analyses of the Mississippi 
RiveratBaton Rouge, Louisiana. If the water is treated with 30.00 mg/L 
of ferric chloride for turbidity coagulation, how much alkalinity will re
main? Ignore the side reactions with phosphorus and assume all the 
alkalinity is HC03. 
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Mississippi River, Baton Rouge, Louisiana 

Milligrams 
Constituent Expressed as per liter 

Total hardness CaC03 164.0 


Calcium hardness CaC03 108.0 


Magnesium hardness CaC03 56.0 


Total iron Fe 0.9 


Copper Cu 0.0l 


Chromium Cr 0.03 


Total alkalinity CaC03 136.0 


Chloride Cl 32.0 


Phosphate (total) P04 3.0 


Silica Si02 10.0 


Suspended solids 29.9 

TurbidityCl NTU 12.0 


pHa 7.6 


"Not inmg/L 

4·52. 	Shown below are the results of water quality analyses of Crater Lake at 
MountMazama, Oregon. If the water is treated with 40.00 mg/L of alum 
f6rturbidifycoagulation, how much alkalinity will remain? Assume all the 
. alkalinity is HC03. 

:;'.:',:,'-_.,', 

Cr~terLake,Nfotil1tMazama,.Oregon 

.'"----y', ',,-',-:', -',,' ,,', Milligrams
··~········rt$titu~trt.···. perliter 

····fotCl.rh~idHJss 	 CaC03 28.0 

Calcium hardness CaC03 19.0 

Magnesitmihardness CaC03 9.0 

Totaffiorl Fe 0.02 

Sodium Na 11.0 
Total alkalinity CaC03 29.5 
Chloride Cl 12.0 
SOlfate S04 12.0 

Silica SiOz 18.0 

TotaLdissolved solids 83.0 
pHCI • 7.2 

"Not in mgIL. 
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4·53. 	Prepare a bar chart of the wl;lter described ihProblem 4-1~. (Note: Valences 
may be found in Appendix A.) Because all of the-constituents were not ana
lyzed, an ion balance is not achieved. 

4·54. 	Prepare a bar chart of the water described in Problem 4-45. Because all of 
the constituents were not analyzed, an ion balance is not achieved. 

4·55. 	Prepare a bar chart of the water described in P~oblem 4-46. Because all of 
the constituents were not analyzed, an ion balance is not achieved. 

4-56. 	Prepare a bar chart of the Lake Michigan water analysis shown below. Be
cause all of the constituents were not analyzed, an ion balance is not achieved. 
For the estimate of the CO2 concentration, ignore the carbonate alkalinity. 

Lake Michigan at Grand Rapids, MI Intake 

Milligrams 
Constituent Expressed as per liter 

Total hardness CaCO] 143.0 

Calcium Ca 38.4 

Magnesium Mg 11.4 

Total iron Fe 0.10 

Sodium Na 5.8 

Total alkalinity CaCO} 119 

'Bicarbonate alkalinity CaCO} 115 

Chloride CI 14.0 

Sulfate S04 26.0 

Silica Si02 1.2 

TotaLdissolved solids 180.0 

NTU 3.70 

pHa 8.4 

aNat in mg/L, 

4-57. 	Determine the lime and soda ash dose, in mgfL as CaC03, to soften the 
following water to a final hardness of 80.0 mgfL as CaC03, The ion con
centrations reported below are all mg/L as CaC03. 

Ca2+ = 120.0 

Mg2+ = 30.0 

HCO;- = 70.0 

CO2 = 10.0 

Answers: Total lime addition = 100 mgfL as CaC03 

Total soda ash addition = 40 mgfL as CaC03 
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4-58. What amount of lime and/or soda ash, in mg/La~ CaC03, is required to 
soften the Village of Lime Ridge's water to 80.0 mg/L hardness as CaC03. 

Compound Concentration, mgIL as CaC03 

CO2 4.6 

Ca2+ 257.9 

Mg2+ 22.2 


HCO;	 248.0 
SO~-	 32.1 

4-59. 	Determine the lime and soda ash dose, in mg/L as CaO and Na2C03, to 
soften the following water to a final hardness of 80.0 mg/L as CaC03. The 
ion concentrations reported below are all mg/Las CaC03. Assume the 
lime is 90 percent pure and the soda ash is 97 percent pure. 

Cau = 210;0 


Mgu 23.0 


HC03 = 165.0 


CO2 5.0 


Answers: Tota1lime addition 118 mg/L as CaO 

Total soda ash addition = 31 mg/L as Na2 CO) 

4~60. Determine the lime and soda ash dose, in mg/L as CaC03 to soften the 
following water to a final hardness of 70.0 mg/L as CaC03. The ion con
centrationsreportedbeloware all as CaC03. 

Answers: Total-lime addition = 352 mg/L as CaC03; 

Add no soda ash 

4-6i •. Wh~t~Inbufi(dflime anclJor soda ash, in mg/L as CaCO), is required to 
soften the Village of Sarepta's water to a hardness of 80.0 mg/L as CaC03. 

Compound Concentration, mgIL as CaC03 

CO2 	 39.8 

CaU 167.7 

Mg2+ 
 76.3 


HCO; 257.9 

SO~- 109.5 
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4-62. 	Determine the lime and soda ash dose, in mg/L as CaO and Na2C03, 
to soften the following water to a final hardn~ss of 80:0 mgiL as 
CaC03. The ion concentrations reported below are all as CaC03. 
Assume the lime is 93 percent pure and the soda ash is 95 percent 
pure. 

Ca2+ ::: 137.0 


Mg2+ 56.0 


HC03 = 128.0 


CO2 = 7.0 


4-63. 	What amount of lime and/or soda ash, in mg/L as CaC03, is required to 
soften the Village of Zap's water to 80.0 mglL hardness as CaC03? 

Compound 	 Concentration, 

mgIL'as CaC03 


CO2 44.2 

Ca2+ 87.4 

Mcr2+ 96.3
I:> 

HC03 	 204.6 
SO~-	 73.8 

4-64 .. Determine the lime and soda ash dose, in mg/L as CaCO), to soften the 
water described in Problem 4-43 to a fi nal hardness of 100.0 mg/L as 
GaC03· 

Answers: CO2 = 44.2 mg/L as CaC03 

Total lime addition = 481 mglL as CaC03 

Add no soda ash 

4-65. 	Determine the lime and soda ash dose, in mglL as CaC03, to soften the 
water described in Probfem 4-50 to a final hardness of 90.0 mg/L as 
CaC03· 

4-66. 	TheVillage of Galena wants to use a softening process to remove lead 
from their water. The water analysis is shown next page. Determine the 
lime and soda ash dose, in mg/L as CaO and Na2C03' to soften the follow
ing water to a final hardness of 80.0 mg/L as CaCO). The ion concentra
tions reported below are all as the ion. Assume the lime is 93 percent pure 
and the soda ash is 95 percent pure. 
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Village of Galena 

Milligrams 
Constituent Expressed as per liter 

Calcium Ca 177.S 


Magnesium Mg 16.2 


Total iron Fe 0.20 


20aLeadll 	 Pb 

Sodium Na 	 4.9 
Carbonate alkalinity CaC03 	 0.0 

Bicarbonate alkalinity CaC03 276.6 


Chloride C1 0.0 


Sulfate S04 276.0 


Silica Si02 1.2 


Total dissolved solids 667 


pH" 7.2 


"Parts per billion. 

"Not in mg/L. 

Will the softening process remove lead? 

4-67. Determine the lime and soda ash dose, in mgIL as CaC03, to soften the 
hardness ofSO.O mg/L as CaC03.If the price of 

is>$JOO.OOpermegagram (Mg), and the price of 
u'">,->\.r1 is$200.00perMg, what is the annual 

of this water? 

arelOO percent pure. The ion concentra
all mglL as CaC03• 

Mg2+=.lOO.O 


RCO; 150.0 


CO2 = 22.0 


Answers: Lime 272.0 mglL as CaC03 

Soda 110.0 mglL as CaC03 


Total annual cost = $607,703.25, or $608,000 


4-68. 	Determine the. lime andsoda ash dose, in mg/L as CaC03, to soften the 
following waterto a final hardness of 120.0 mg/L as CaC03. If the price 
of lime, purchased as CaO, is $61.70 per megagram (Mg), and the price of 
soda ash, purchased as Na2CO), is $172.50 per Mg, what is the annual 

http:607,703.25
http:u'">,->\.r1
http:CaC03.If
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chemical cost of treating 1.35 m3/s of this water? Assume theJjrne is 87 
percent pure and the soda ash is 97 percent pure.~The ion concentrations 
reported below are all mglL as CaC03_ . 

Ca2+ = 293.0 


Mg2+ :::: 55.0 


HCO;- = 301.0 


CO2 3.0 


4-69. 	Determine the lime and soda ash dose, in mglL as CaC03, to soften the 
Hardin, Illinois, water to a final hardness of 95.00 mglL as CaC03 
(Woller, 1975). Using the price and purity information supplied in Prob
lem 4-67, determine the annual chemical cost of treating 0.150 m3/s of 
this water. 

Well No. 2, Hardin, IL 

Iron 0.10 Zinc 0.13 

Manganese 0.64 Silica (Si02) 21.6 

Ammonium OJ8 Fluoride OJ 

Sodium 21.8 Boron 0.38 

Potassium 3.0 Nitrate 8.4 

Calcium 102.0 Chloride 32.0 

Magnesium 45.2 Sulfate 65.0 

Copper 0.01 Alkalinity 344.0 as CaC03 

pH. 
Note: All reported as"lngfL asthe ion" unless stated otherwise. 

4-70. 	Determine the lime and soda ash dose, in mglL as CaC03, to soften the 
following water to a final· hardness of 90.0 mglL as CaC03. If the price of 
lime, purchased as CaO, is $61.70 per megagram (Mg), and the price of 
sodaash,purchasedasNa2C03, is $172.50 per Mg. What is the annual 
chemical cost of treating 0.050 m3/s of this water? Assume the lime is 
90 percent pure and the soda ash is 97 percent pure. The ion concentra
tions reported below are all mg/L as CaC03. 

Ca2+ = 137.0 


Mg2+ 40.0 


HCO;- = 197.0 


CO2 = 9.0 


4-71. 	Design a split treatment softening process (flow scheme/split, chemical 
dose in mglL as CaC03) for the following water. The final hardness must 
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be < 120 mg/L as CaC03. Compounds are gi venin mg/L as the Ion stated 
unless otherwise specified: 

CO2 42.7 HCO; 344.0 mglL as CaC03 

Ca2+ 102.0 SO~- 65.0 
Mg2+ 45.2 Cl- 32.0 
Na+ 21.8 

4-72. 	Given the following water (all in meqlL), design a process to soften the 
water (flow scheme/split; amount of lime and/or soda required in mglL as 
CaO and Na2C03 respectively) and find the final hardness. The final hard
ness must be < 120 mglL as CaC03. 

CO2 0.40 Mg2+ 1.12 

Ca2 + 2.16 HCO] 2.72 

4-73. 	 Design a softening process for the City of What Cheer to achieve a magne
siumconcentrationof40 mgILasCaC03 and afinal total hardness less 
than 120 mg/L as CaC03. Show the flow scheme, calculated split, aInount 
of lime and/or soda in mglL as CaC03, and the final hardness. The water 
analysis is shown below. 

Compound Concentration, mgIL as CaC03 

39.8 

167.7 

76.3 

257.9 

109:5 

. a rapid-mix basin that is to be used to 
otwater if the detention time is 10 seconds? 

4-75~TWoparan~ffl()cculation basins areto be used to treat a water flow of 
0.150 m3/s. If the design detention time is 20 minutes, what is the volume 
of each tank? 

4-76. 	Two sedimentation tanks operate in paralleL The combined flow to the 
two tanks. is. 0.1000 m3/s.The volume of each tank is 720 m3

, What is the 
detention time of each tank? 

r .' 	 , 

4~77.Determine the power input required for the tank designed in Problem 
4-74 ifthe water temperature is 20°C and the velocity gradient is 
700 S-I, 

Answer: 245.49 or 250 Wor 0.25 kW 
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4-78. 	The flocculation tanks in Eroblem 4-75 were designed (or an average ve
locity gradient of 36 s 1 and a water temperature of 17°C. What power in
put is required? 

4·79. 	What power input is required for Problem 4-77 if the water temperature 
falls to 10°C? 

4·80. 	What power input is required for Problem 4-78 if the water temperature 
falls to 108°C? 

4·81. 	Complete Example 4-20 by computing the rotational speed of the im
pellers in compartments 2 and 3. 

4·82. 	The town of Eau Gaullie has requested proposals for a new coagulation 
water treatment plant. The design flow for the plant is 0.1065 m3/s. The 
average annual water temperature is 19°C. The following design assump
tions for a rapid-mix tank have been made: 

1. Number of tanks = 1 (with 1backup spare) , 

2. Tank configuration: circular with liquid depth 2 X diameter 

3. Detention time 10 s 

4. Velocity gradient = 800 s 1 

5. Impeller type: turbine, 6 flat blades, Np = 5.7 

6. Available impeller diameters: 0.45, 0.60, and 1.2 m 

1 
7. Assume B = 3H 

Design the rapid-mix system by providing the following: 

1. Water power inputin kW 

2. Tankdimensionsin m 


Diameter oftheimpeller in m 


4. Rotational speed of impeller in rpm 

Answers.~ P = 0.700 kW 
Diameter = 0.88 m; depth 1.76 m 

Impeller diameter 0.45 m 

Rotational speed = 399 or 400 rpm 

4·83. Laramie is planning for a new softening plant. The design flow is 0.168 m3/s 
The average water temperature is 5°C. The following design assumptions 
for a rapid-mix tank have been made: 

L Tank configuration: square plan with depth width 

2. Detention time 5 s 

3. Velocity gradient 700 s I 

4. Impeller type: turbine, 6 flat blades, Np = 5.7 
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5. 	 Available impeller diameters: 0.45, 0.60, atid_1.2 m 

1 
6. 	 Assume B = 3H 

Design the rapid-mix system by providing the following: 

I. 	Number of tanks' 

2. 	 Water power input in kW 

3. 	 Tank dimensions in m 

4. 	 Diameter of the impeller in m 

5. 	Rotational speed of impeller in rpm 

4-84. 	Your boss has assigned you the job of designing a rapid-mix tank for the 
new water treatment plant for the town of Waffle. The design flow rate is 
0.050 m3/s. The average water temperature is 8°C. The following design 
assumptions for a rapid-mix tank have been made: 

1. 	 Number of tanks I (with 1 backup) 

2. 	Tank configuration: circular with liquid depth = l.0 m 

3. 	 Detention time 5 s 

4. 	 Velocity gradient 750 s I 

5. 	 Impeller type: turbine, 6 flat blades, Np = 3.6 

6. 	 Available impeller diameters: 0.25,0.50, and 1.0 m 

1 
7. 	 Assume B = 3H 

Design therapid.:.mix system by providing the following: 

1: 	 Waterpower input in kW 


Tank dimensions in m 


3. 	Diameter of the impeller in m 

4. 	 Rotational speed ofimpeller in rpm 

4..85. 	Continuing thepreparationoftheproposal for the Eau Gaullie treatment 
planr(Problem4-82), design the flocculation tank by providing the fol
lowing for the first two compartments only: 

1. 	 Water power input in k W 

2. 	 Tank dimensions in m 

3. 	 Diameter of the impeller in m 

4. 	 Rotational speed of impeller in rpm 

Use the following assumptions: 

1. 	 Number of tanks = two 

2. 	 Tapered G in three compartments: 90, 60, and 30 s I 

http:0.25,0.50
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3. GO = 120,000 

4. Compartment length = width = depth 

5. Impeller type: 	axial-flow impeller, three blades, Np = OJ 1 

6. 	 Available impeller diameters: 1.0, 1.5, and 2.0 m 


1 

'7. Assume B = 3H 

Answers for first compartment only: 


P = 295.31, or 295 W or 0.295 kW 


L W= D = 3.3 m 


Impeller diameter = 1.5 m 


Rotational speed = JO rpm 


4-86. 	Continuing the preparation of the proposal for the Laramie treatment plant 
(Problem 4,:-83), design the flocculation tank by providing the following 
for the firsUwocompartments only: 

1. Water power input in kW 

2. Tank dimensions in m 

3. Diameter of the impeller in m 

4. Rotational speed of impeller in rpm 

Use the following assumptions: 

'I. N'umber of tanks = two 

2. TaperedGin three compartments: 90,60, and 30 S-I 

3. GO = 120,000 


4.Compartrnent length = width = depth 


5,lmpel1ertype:axial~tlow impeller, three blades, Np = 0.40 

6. 	Availableirnpeller diameters: 1.0, 1.8, and 2.4 m 

. 1 


7. Assume B =}H 

4-87.Coritintiirigthe preparation of the proposal for the Waffle treatment plant 
(Problem 4-84), design the flocculation tank by providing the following 
for the first two compartments only: 

1. Water power input in kW 

2. Tank dimensions in m 

3. Diameter of the impeller in m 

4. Rotational speed of impeller in rpm 

Use the following assumptions: 

1. Number of tanks = 1 (with 1 backup) 

2. Tapered G in three compartments: 60, 50, and 20 s-I 
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3. Detention time = 30 min 

4. Depth 3.5 m 

5. Impeller type: axial-flow impeller, three blades, Np 0.43 

6. Available impeller diameters: 1.0, 1.5, and 2.0m 

1 
7. Assume B = 3H 

4..88. 	 If the settling velocity of a particle is 0.70 cmls and the overflow rate of a 
horizontal flow clarifier is 0.80 crn/s, what percent of the particles are re
tained in the clarifier? 

Answer: 88 percent 

4-89. 	If thesettling velocity of a particle is 2.80 mrn/s and the overflow rate of 
an upflow clarifier is 0.560 crn/s, what percent of the particles are retained 
in the clarifier? 

~ 

4-90. Ifthe settling velocity of a particle is 0.30 cmls 
. 

and the overflow rate of a 
horizontal flow clarifier is 0.25 cmls, what percent of the particles are re
tained in the clarifier? 

4-91. 	If the flow rate of the original plant in Problem 4-88 is increased from 
0.150 m3/s to 0.200 m3Is, what percent removal of particles would be 
expected? 

4-92. lftheflow rate of the original plant in Problem 4-89 is doubled, what 

perCel1t removal of particles would be expected? 


plant in Problem 4-90 is doubled, what 
wollldbe.expected? 

uses 1 0 sedimentation basins with 
should be the surface area Cm2

) of 

.C4,:95.<Assurnin~ac,09~ervativeval~eforanoverflow rate, determine the surface 
·m:ea0l1.I11?)ofeaGhoftwo sedimentation tanks that together must handle 

at10w of 0.05162 m3/s of lime softening floc. 

4-96. 	Repeat Problem 4-95 for an alum or iron floc. 

4-97. 	Two sedimentation tanks operate in parallel. The combined flow to the two 
tanks is 0.1000 m3/s. The depth of each tankis 2.00 m and each has a de
tention timeof 4.00 h. What is the surface area of each tank and what is 
tlleoverf1()\,v rate of each tank in m3/d . m2? 

4-98. Detem1inethe detention time and overflow rate for a settling tank that will 
reduce the influent suspended solids concentration from 33.0 mg/L to 
15.0 mg/L. The following batch settling column data are available. The 
data given are percent removals at the sample times and depths shown. 
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Depths,* m· 

Time, min 0.5 1.5 2.5 3.5 4.5 

10 50 32 20 18 15 
20 75 45 35 30 25 
40 85 65 48 - 43 40 
55 90 75 60 50 46 
85 95 87 75 65 60 
95 95 88 80 70 63 

*Depths from top of column. column depth = 4.5 m. 

4-99. 	The following test data were gathered to design a settling tank. The initial 
suspended solids concentration for the test was 20.0 mg/L. Determine the 
detention time and overflow rate that will yield 60 percent removal of sus
pended solids. The data given are suspended solids concentrations in 
mg/L. 

Time, min 

Depth,* m 10 20 35 50 70 85 

0.5 14.0 10.0 7.0 6.2 5.0 4.0 
l.0 15.0 110 10.6 8.2 7.0 6.0 

1.5 15.4 14.2 12.0 10.0 7.8 7.0 
16.0 14.6 12.6 11.0 9.0 8.0 
17.0 15.0 110 11.4 10.0 8.8 

4-100. Thefollowing test data were gathered to design a settling tank. The initial 
turbidityfor the test was 310 NTU. Determine the detention time and 
oved1owrate that will yield 88 percent removal of suspended solids. The 
data given are suspended solids concentrations in NTU. 

Time, min 

Depth,* m 30 60 90 120 

l.0 	 5.6 2.0 
2.0 	 1l.2 5.9 2.6 
3.5 	 14.5 9.9 6.6 3.0 

*Depths from top of column, column depth 4.0m. 
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4-101. For a flow of 0.8 m3/s, how many rapid sand filter boxes of dime-nsions 
10 m X 20 mare needed for a loading rate of 110 m3/d· m2? 

Answer: 4 filters (rounding to nearest even number) 
24-102. If a dual-media filter with a loading rate of 300 m3/d . m were built in

stead of the standard filter in Problem 4-101, how many filter boxes would 
be required? 

4-103. The water flow meter at the Troublesome Creek water plant is on the 
blink. The plant superintendent tells you the four dual-media filters (each 
5.00 m X 10.0 m) are loaded at a velocity of 280 mid. What is the flow 
rate through the filters in m3/s? 

4-104. A plant expansion is planned for Urbana (Example 4-25). The new design 
flow rate is 1.0 m3/s. A deep-bed monomedia filter with a design loading 
rate of 600 m3/d . m2 of filter is to be used. If each filter box is limited to 
50m2 of surface area, how many filter boxes will be required? Check the 
designloadil1gwith one filter box out of service. Propose an alternative'de
sign if the design loading rate is exceeded with one filter box out of service. 

4-105. TheOrono Sand and Gravel Company has made a bid to supply sand for 
Eau Gaullie's new sand filter. The request for bids stipulated that the sand 
havean effective size in the range 0.35 to 0.55 mm and a uniformity coef
ficient in the range 1.3 to 1.7. Orono supplied the following sieve analysis 
as evidence that their sand will meet the specifications. Perform a grain 
size analysis (semi-log plot) and determine whether or not the sand meets 
the specifications. Use a spreadsheet program you have written to plot the 
data and fit a curve. 

20 S.70 

30 25.90 

40 44.00 

50 20.20 

70 .3.70 

100 0.10 

4~106.TheLexington Sand and Gravel Company has made a bid to supply sand 
for Laramie's new sand filter. The request for bids stipulated that the sand 
have an effective size in the range 0.35 to 0.55 mm and a uniformity coef
ficient in the range 1.3 to 1.7. Lexington supplied the following sieve 



348 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

analysis (sample size = 50D.00 g) as evidence that its s~nd will meet the 
specifications. Perfonn a grain size analysis (log-log plot) and detennine 
whether or not the sand meets the specifications. Use a spreadsheet pro
gram you have written to plot the data and fit a curve. 

u.s. Standard Mass 
Sieve No. retained, g 

12 0.00 

16 2.00 

20 65.50 

30 272.50 

40 151.0 

50 8.925 

70 0.075 

4-107. Rework Example 4-26 (Section 4-6) with the 70, lOO, and 140 sieve frac
tions removed. Assume original sample contained 100 g. 

4-108. The rapid sand filter being designed for Eau Gaullie has the characteristics 
and sieve analysis shown below. Determine the head loss for the clean fil
ter bed in a stratified condition. 

Depth = 0.60 m 

Filterloading = 120 m3/d . m2 

Sand specific gravity = 2.50 

Shape factor = 1.00 

Stratified bed porosi ty = 0.42 

U.S. Standard Mass 
Sieve No. percent retained 

8-12 0.01 

12-16 0.39 

16-20 5.70 

20-30 25.90 

30-40 44.00 

40-,50 20.20 

50-70 3.70 

70-100 O.lO 
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4-109. Determine the height of the expanded bed f6rthe sand used in 
Problem 4-108 if the backwash rate is 1,000 mId. Assume Equation 
4-107 applies. . 

4-110. The rapid sand filter being designed for Laramie has the characteristics 
shown below. Determine the head loss for the clean filter bed in a stratified 
condition. 

Depth 0.75 m 

Filter loading 230 m3/d . m 2 

Sand specific gravity 2.80 

Shape factor 0.91 

Stratified bed porosity 0.50 

Water temperature = SoC 

Sand Analysis 

u.s. Standard J\tlass percent 
Sieve No. retained 

8-12 0.00 

12-16 0.40 

16-20 13.10 

54.50 

30.20 

1.785 

4~1l2. As noted in Example 4-27 in Section 4-6, the head loss was too high. Re
work the example without the 100-140 sieve fraction to see how much this 
would improve the head-loss characteristics. 

4-113. What effect does removing the 100-140 sieve fraction have on the depth of 
the expanded bed in Example 4-28 (Section 4-6)? 

.4~lT4;Whatis the equivalent percent reduction for a 2.5 log reduction of Giardia 
lambia? 

4-115. What is the log reduction of Giardia lambiathat is equivalent to 99.96 
percent reduction? 
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4-13 DISCUSSION QUESTIONS 

4-1. 	 Would you expect a carbonated beverage to have a pH above, below, or 
equal to 7.0? Explain why. 

4-2. 	 Explain the word turbidity in terms that the mayor of a community could 
understand. 

4-3. 	 Which of the chemicals added to treat a surface water aids in making the 
water palatable? 

4-4. 	 Microorganisms playa role in the formation of hardness in groundwater. 
True or false? Explain. 

4-5. 	 If there is no bicarbonate present in a well water that is to be softened to 
remove magnesium, which chemicals must you add? 

4-6. 	 Use a scale drawing to sketch a vector diagram of a horizontal-flow sedi
mentationtank that shows how 25 percent of the particles with a settling 
velocity one-quarter that of the overflow rate will be removed. 

4-7. 	 In the United States, chlorine is prefelTed as a disinfectant over ozone be
cause it has a residual. Why is the presence of a residual important? 

4-8. 	 Anew water softening plant is being designed for Lubbock, Texas. The 
climate is dry and land is readily available at a reasonable cost. What 
methods of sludge dewatering would be most appropriate? Explain your 
reasomng. 
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5-1 INTRODUCTION 

The uses we make of water in lakes, rivers, ponds, and streams is greatly influenced by 
the quality of the water found in them. Activities such as fishing, swimming, boating, 
shipping, and waste disposal have very different requirements for water quality. Water 
of a particularly high quality is needed for potable water supplies. In many parts of the 
world, the introduction of pollutants from human activity has seriously degraded water 
quality even to the extent of turning pristine trout streams' into foul open sewers with 
few life forms and fewer beneficial uses. 

Water quality management is concerned with the control of pollution from human ac
tivity so that the water is not degraded to the point that it is no longer suitable for intended 
uses. The lone frontier family, settled on the banks of the Ohio River, did not significantly 
degrade water quality in that mighty river even though it threw all its wastes into the river. 
The city ofCincinnati, however, could not discharge its untreated wastes into the Ohio 
River without disastrous consequences. Thus, water quality management is also the sci
ence of knowing how much is too much for a particular water body. 

To know howmuch waste can be tolerated (thetechnical term is assimilated) by a wa
ter body,you mustknow the type of pollutants discharged and the manner in which they af
fect water quality. You must also know how water quality is affected by natural factors such 
as the mineral heritage of the watershed, the geometry of the terrain, and the climate of the 
region. Asmall, tumbling mountain brook will have a very different assimilative capacity 
than a sluggish, meandering lowland river, and lakes are different from moving waters. 

Originally, the intent of water quality management was to protect the intended Llses 
of a water body while using water as an economic means of waste disposal within the 
constraints of its assimilative capacity. In 1972, the Congress of the United States es
tablishedihat it was in the national interest to "restore and maintain the chemical, 
physicaI,.andbiologicalintegrityof the nation's waters." In addition to making the water 
safe t()drin~~theCongressalso established a goal of "waterquality which provides for 
theprQtectiopandpropagation of fish, shellfish, and.wiIdlife,··and provides for recre
ationi~~ndol1the\Vater'?(FWPCA, 1972). By understanding the impact of pollutants 
()n.;\V~terquality,theenvironmentalengineer can properly design the treatment facili
iiiestcrrehlovethese pollutants to acceptable levels. 

This chapter deals first with the major types of pollutants and their sources. In the 
remainderofthe chapter, water quality management in rivers and in lakes is discussed, 
placi~gtheehlRhasis o~ the categories of pollutants found in domestic wastewaters. 
For both rivers and lakes, the natural factors affecting water quality will be discussed 
as the basis for understanding the impact of human activities on water quality. 

5-2 WATER POLLUTANTS AND THEIR SOURCES 

Point Sources. The wide range of pollutants discharged to surface waters can be 
grouped into broad classes, as shown in Table 5-1. Domestic sewage and industrial 
wastes are called point sources because they are generally collected by a network of 
pipes or channels and conveyed to a single point of discharge into the receiving water. 

The first edition of this chapter was written by John A. Eastman, Ph.D.. of Lockwood. Jones and Beals, Inc.. 
Kettering,OH. 
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TABLES·1 
Major pollutant categories and principal sources of pollutants 

Point sources Non-point sources 

Pollutant 
category 

Domestic 
sewage 

Industrial 
wastes 

Agricultural 
runoff 

Urban 
runoff 

Oxygen.cdemanding material 
Nutrients 

X 
X 

X 
X 

X 
X 

X 
X 

Pathogens 
Suspended solids/sediments 
Salts 

X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

Toxic metals X X 
Toxic organic chemicals 
Endocrine-disrupting chemicals 
Heat 

X 
X 
X 
X 

X 
X 

Domestic sewage consists of wastes from homes, schools, office buildings, anlstores. 
The term municipaLsewage is used to mean domestic sewage into which industrial 
wastes are alsodisC:harged. 

Under the FedetaI Water Pollution Control Act of 1972 some animal feeding opera
tions(AFOs}maybe designated asa point source. AFOs are designated point sources if 
thefeeding~peration may be classified as a concentrated animal feeding operation 
(CAFO).Theregulations define AFOs as facilities where animals are fed and confined for 
45~ays;?rl11oreinanY12-consecutive-monthperiod, and where crops, vegetation, forage 
gr~\\'t~,orRost~~~ve~tresidues ~renotgrown or sustained in the feedlot orfacility. The 

',&> .. 1~tterf5~~ir~m?~t<~~~t{)J~istinguisltfe,edlotsfrompastures. To qualify as aCAFO (and, 
!f~~tlltlS'?5;~ijOin!'~O~rc5~~.~I~~()mgstrneetoneofthreecriteria(DiMura, 2003): (1) all 
(;:~:i\fOs;':VitljJiQ0Qa~iIll(llunits'!'orm()reareCAFOs;(2)AFOswith.between 300·and 1,000 

',(iliima1u . ·spba1'~e~ir~ctlt ..er.ir1qirectlytosurlacew(lters areCAFOs (AFOs with 
,< .... ~I·.uni~l11aJi9o~beSlassified(lsCAFOs);and(3Jany AFO may be des

Ign.,Ci\F9ifitisfoundtocontributesignificantly to pollution of surface waters. 
.~~ .'.In¥~~.~ral,.. g8int sour~epol1utioncan bered~cedor eliminated through waste min
;i{i;iItlizationul1d prDper wastewater treatment prior to discharge to a natural water body. 

{~~ 	·N~1I-;oint:~orirces.1Jrbanandagricultural runoff are characterized by multiple dis
'\ 	 cnarge,PQil1ts. Thescarecalled non-point sources. Often the polluted water flows over 

the surface of the land or along natural drainage channels to the nearest water body. 
Even when urban or agricultural runoff waters are collected in pipes or channels, they 
aregenerally transported the shortest possible distance for discharge, so that waste
water treatment ateach outlet is not economically feasible. Much of the non-point 
s~~r~~p~l1ution 09curs during rainstorms or spring snowmelt resulting in large flow 

~"lir~t~sthatll1~ketreatll1ent ev~nmore difficult. Non-point pollution from urban storm 
J water.(ind,inparticular,storm watercolIectedin combined sewers that carry both 

stormwaterandmunicipal sewage may require major engineering work to correct. The 

*Generally, one animal unit is equal to 4.'iO of live animal mass. 
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original design of combined sewers _provided a flow structure that diyerted excess 
storm water mixed with raw sewage (above the design- capacity ·of the wastewater 
treatment plant) directly to the nearest river or stream. The elimination of combined 
sewer oveiflow (CSO) may involve not only provision of separate storm and sanitary 
sewers but also the provision of storm water retention basins and expanded treatment 
facilities to treat the storm water. This is particularly complex and expensive because 
the combined sewers frequently occur in the oldest, mo~t developed portions of the 
community. Thus, paved streets, utilities, and commercial activities will be disrupted. 
The installation of combined sewers is now prohibited in the United States. 

Runoff from agricultural land is a significant non-point source. Fertilizer, whether 
in the form of manure or commercial fertilizer, contributes nutrients. Agricultural 
runoff carries toxic organic compounds in the form of pesticides. Soil erosion con
tributes suspended solids. Implementation of Best Management Practices (BMP) to 
reduce excess application of fertilizer and pesticides along with erosion control pro
grams conserves the farmers economic investment whileprotecting the river. 

Oxygen-Demanding Material. Anything that can be oxidized in the receiving water 
with the consumption of dissolved molecular oxygen is termed oxygen-demanding ma
terial. This material is usually biodegradable organic matter but also includes certain in
organic compounds. The consumption of dissolved OJ.ygen, DO (pronounced "dee oh"), 
poses a threat to fish and other higher forms of aquatic life that must have oxygen to 
live. The critical level of DO varies greatly among species. For example, brook trout 
may require about 7.5 mg/L of DO, while carp may survive at 3 mglL. As a rule, 
the most desirable commercial and game fish require high levels of dissolved oxygen. 
Oxygen-demanding materials in domestic sewage come primarily from human waste 
and food residue. Particularly noteworthy among the many industries that produce 
oxygen-demanding.wastes are· the food processing and paper industries. Almost any 
naturally. occuiTingorganic matter, such as animal droppings, crop residues, or leaves, 

-. th~tg{;tintothe\Vaterfromnon-point sources, contribute to the depletion of DO. 

Nl1trie.n~s.Nitr~g{;nandphosphorus, two nutrients of primary concern, are consid
ered.p,Qllutants.because<they are too much of a good thing: All living things require 
these nutrients for growth. Thus, they must be present in rivers and lakes to support 
the natural f()()dchain.* Problems arise when nutrient levels become excessive and the 
food web is grosSly disturbed, which causes some organisms to proliferate at the ex
p~l1seofothers~,Aswmbediscussed in a later section, excessive nutrients often lead to 
large growths of algae, which in turn become oxygen-demanding material when they 
die and settle to the bottom. Some major sources of nutrients are phosphorus-based de
tergents, fertilizers, and food-processing wastes. 

Pathogenic Organisms. Microorganisms found in wastewater include bacteria, 
viruses, and protozoa excreted by diseased persons or animals. When discharged into 
surface· waters, they make the water unfit for drinking (that is, nonpotable). If the 
concentration of pathogens is sufficiently high, the water may also be unsafe for 

*In simplistic terms, a food chain is the collection of interrelated organisms in which the lower levels are the 
"eatees" and the upper levels are the "eaters_" 
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swimming and fishing. Certain shellfish can be toxic beca!lse they concentrate patho
genic organisms in their tissues, making the toxicity levels in the shellfish much greater 
than the levels in the surrounding water. 

Cholera and typhoid are endemic diseases in the world with over 384,000 cases 
of cholera and 16 million cases of typhoid per year. These killers cause 20,000 and 
600,000 deaths per year respe~tively (Population Reports, 1998). Yet, in the United 
States, they are unheard of outside of a historic context. The widespread disease
causing organisms in the United States are Giardia lambia and Cryptosporidium 
parvum. These are protozoan pathogens from both human and animal sources. 

Bacteria that have developed immunity to antibiotics are now being found in nat
ural waters (Ash et al.; 1999, Sternes, 1999, Bennett and Kramer, 1999). The resistance 
of the bacteria appearing in natural waters is an ominous prelude to the future effec
tiveness of antibiotics. 

Suspended Solids. Organic and inorganic particles that are carried by the wastewater 
intoareceiving water areterrned suspended solids (SS). When the speed of the water is 
reduc;edby flowing into·a pool or a lake, many of these particles settle to the bottom as 
sediment In common usage, the word sediment also includes eroded soil particles that are 
being carried by water even if they have not yet settled. Colloidal particles, that do not set
tie readily, cause the turbidity found in many stllface waters. Organic suspended solids 
may also exert an oxygen demand. Inorganic suspended solids are discharged by some in
dustries but result mostly from soil erosion, which is particularly bad in areas of logging, 
stl'ipmining, and construction activity. As excessive sediment loads are deposited into 
lakes and reservoirs, the usefulness of the water is reduced. Even in rapidly moving moun
taills!r~ams,sedimenrfrom mining and logging operations has destroyed many ·living 
pl~ces(ecolo¥icalhaqitats)for aquatic organisms. For example, salmon eggs can only de
yel()lJ:a:t1qHatcltins~ea:lnbedsof 100se.graveLAs the pores between the pebbles are filled 
wi!hseciim:ent,>~he;eggssuffocate and the salmon population is reduced. 

~ '< " , 

,'::' ::'_-'<':__-:_~::;__:' _>: :",' __:',:;~_ ;' ,i'..:__ -__~ 

~~i~~~~~(ic>~~~~BP~~nl;?st.peo~[~associatesaltywaterwith oceans and salt lakes, all 
w~tet cOflt(li·~s Som~5i~altTnesesa,Itsare()ftellmeasured by evaporation of a filtered 

(j\V;at~rsam1?le.Thesaltsandotherthings that don't evaporate are called total dissolved 
so.li~s(l'R§tAproblemariseswh~nJhe salt concentration in normally fresh water in
cry.~sestot~epoill~~her~thenatural population ofplants·. and animals is threatened or 

c. ....J~r(js·J}ql()~gy(l,1sefulforpublicwater supplies or irrigation. High concentra
tions ofsalts an~discharged by many industries, and the use of salt on roads during the 
winter causes high salt levels in urban runoff, especially during the spring snowmelt. 
Of particular concern in arid regions, where water is used extensively for irrigation, is 
that the water picks up salts every time it passes through the soil on its way back to the 
riveLInaddition, evapotranspiration causes the salts to be further concentrated. Thus, 
the salt concentration continuously increases as the water moves downstream. If the 
cOllcentrationgets too high, crop damage or soil poisoning can result. 

Toxic.l\1etalsand Toxic OrganicCompounds. Agricultural runoff often contains pes
ticides and herbicides that have been used on crops, Urban runoff is a major source of 
zinc in many water bodies. The zinc comes from tire wear. Many industrial wastewaters 
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contain either toxic metals or toxic organic substances. If dischqrgedin large quantities, 
many of these materials can render a body of water nearly useless for long periods of 
time. The lower James River in Virginia has been reduced to use only as a shipping chan
nel because of a large industrial discharge of highly toxic and persistent organic com
pounds. Many toxic compounds are concentrated in the food chain, making fish and 
shellfish u~safe for human consump~ion. Thus, even small quantities of toxic compounds 
in the water can be incompatible with the natural ecosystem and many human uses. 

Endocrine-Disrupting Chemicals. The class of chemicals known as endocrine dis
rupters, or EDCs, alter the normal physiological function of the endocrine system and 
can affect the synthesis of hormones. EDCs can also target tissues where the hormones 
exert their effects. EDCs can mimic estrogens, androgens, or thyroid hormones or their 
antagonists. They can interfere with the regulation of reproductive and developmental 
process in mammals, birds, reptiles, and fish (Sadik and Witt, 1999; Harries et al., 
2000). Figure 5-1 shows the most frequently detected pharmaceuticals and EDCs in 
recent survey of U.S. waters (U.S.O.S., 2002). 

Heat. Although heat is not often recognized as a-pollutant, those in the electric 
power industry are well aware of the problems of disposing of waste heat. Also, waters 
released by many industrial processes are much hotter than the receiving waters. In 

FIGURE 5-1 

Most frequently detected pharmaceutical- and endocrine-disrupting compounds. Source: U.S.G.S., 2002. 
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some environments an increase of water temperature cali be beneficial. For example, 
production of clams and oysters can be increased in some areas by wanning the water. 
On the other hand, increases in water temperature can have negative impacts. Many 
important commercial and game fish, such as salmon and trout, live only in cool water. 
In some instances the discharge of heated water from a power plant can completely 
block salmon migration. Higher temperatures also increase the rate of oxygen deple

, , 

tion in areas where oxygen-demanding wastes are present. 

5-3 WATER QUALITY MANAGEMENT IN RIVERS 

The objective of water quality management is simple to state: to control the discharge of 
pollutants so that water quality is not degraded to an unacceptable extent below the nat
ural background leveL However, controlling waste discharges must be a quantitative en
deavor. We must be able to measure the pollutants, predict the impact of the pollutant on 
water quality, determine the background water quality which would be present without 
human intervention, and decide the levels acceptable for intended uses of the Water. 

To most people, the tumbling mountain brook, crystal clear and icy cold, fed by the 
melting'snow, and safe to drink is the epitome of high water quality. Certainly a stream in 
that condition is a treasure, but we cannot expect the Mississippi River to have the same 
waterquality. It never did and never will. Yet both need proper management if the water is 
to remain usable for intended purposes. The mountain brook may serve as the spawning 
ground for desirable fish and must be protected from heat and sediment as well as chemi
calpollution. The Mississippi, however, is already warmed from hundreds of kilometers 
of exposure to the sun and carries the sediment from thousands of square kilometers of 
land: But even the Mississippi can be damaged by organic matter and toxic chemicals. 
Fish do live there and the river is used as a water supply for millions of people. 

Theimpact of pollution on a river depends both on the nature of the pollutant and the 
llllique characteristics of the individual river.* Some of the most important characteristics 
in~lude the volume and speed ofwater nowing in the river, theriver's depth, the type of 
b?ttom,anctthe surrounciing vegetation, Other factors include the climate of the region, 
th~l).1inel'afherita~e.ofthewatershed, land use, pattems,and the types of aquatic life in 
tbe~v~r.Waterqualitymanagement for a particular river must consider all these factors. 
Thus; SOme rivers are highly susceptible to pollutants such as sediment, salt, and heat, 
whfle6ther rivers can tolerate large inputs of these pollutants without much damage. 

/TQtalMaximumDailyLoad (TMDL) 
Under Section303(d) of the 1972 Clean Water Act, states, telTitories, and authorized 
tribes are required to develop lists of impaired waters. Impaired waters are those that 
do not meet water quality standards that the states, territories, and authorized tribes 
have established for them. This assessment is made after assuming that point sources 
of pollution have installed minimum levels of pollution control technology. The law 
requiresthatthese jurisdictions establish priority rankings for waters on the lists and 
developtotal maximum daily loads (TMDL) for these waters. A TMDL specifies the 
maximumamount of pollutant that a water body can receive and still meet water quality 

*Here we will use the word "river" to include streams. brooks. creeks. and any other channel oftlowing. fresh water. 



360 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

standards. In addition, the TMQL allocates pollutant loadings (that is, the mass of 
pollutant) that may be contributed among point and. non-point sources. The TMDL is 
computed on a pollutant-by-pollutant basis for a list of pollutants similar to those in 
Table 5-1. Additional categories include acidslbases (measured as pH), pesticides, and 
mercury. The TMDL computation is defined as: 

TMDL =2:WLA + 2:LA + MOS (5-1) 

where WLA = waste load allocations, that is, portions of the TMDL assigned to exist
ing and future point sources 

LA = load allocations, that is, portions of the TMDL assigned to existing and 
future non-point sources 

MOS = margin of safety 

The MOS is to account for uncertainty about the relationships between loads and water 
quality. A software system called Better Assessment Science Integrating Point and Non;.. 
pointSources (BASINS) that integrates a geographic infonnation system (GIS), national 
watershed and meteorological data, and state-of-the-art environmental assessment and 
modeling tools is used to develop the TMDL (Ahmad~2002; U.S EPA, 2005). 

Some pollutants, particularly oxygen-demanding wastes and nutrients, are so com
mon and have such a profound impact on almost all types of rivers that they deserve 
special emphasis. This is not to say that they are always the most significant pollutants 
in anyone river, but rather that no other pollutant category has as much overall effect 
on our nation's rivers. For these reasons, the next sections of this chapter will be de
voted to a more detailed look at how oxygen-demanding material and nutrients affect 
water quality in rivers. 

EffectorOxygen~DemandingWastes on Rivers 
Theintrbguctiol1 ofoxygen-demanding material, either organic or inorganic, into a river 
causesdeRletionofthe dissolved oxygen in the water. This poses a threat to fish and 
otherhigherformsofaq~atic lifeif theeoncentration of oxygen falls below a critical 
poiryt.1'opredict,theextentofoxygendepletion, it is necessary to know how much 
wasteisbeiIlgOischargedand how much oxygen will be required to degrade the waste. 
Hdwever,becauseoxygen·is continuously being replenished from the atmosphere and 
from ph6tosynthesisbyalgae.andaquatic plants, as well as being consumed by organ
iSrns,the9Qncentrationofoxygen in the river is determined by the relative rates of these 

.. competing processes. Organic oxygen-demanding materials are commonly measured by 
determining the amount of oxy,gen consumed during degradation in a manner approxi
mating degradation in natural waters. This section begins by considering the factors af
fecting oxygen consumption during the degradation of organic matter,then moves on to 
inorganic nitrogen oxidation. Finally, the equations for predicting dissolved oxygen con
centrationsinrivers from degradation of organic matter are developed and discussed. 

Biochemical Oxygen Demand 
The amount ofoxygen required to oxidize a substance to carbon dioxide and water 
may be calculated by stoichiometry if the chemical composition of the substance is 
known. This amount of oxygen is known as the theoretical oxygen demand (ThOD). 
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Example 5-1. Compute the ThOD of 108.75 mgfL of glucose (C6H120 6). 

Solution. We begin by writing a balanced equation for the reaction. 

C6H1206 + 602 ~ 6C02 + 6H20 

Next, compute the gram molecular weights of the reactants using the table on the in-' 
side cover of the book. 

glucose oxygen 

6C = 72 (6)(2)0 = 192 

12H 12 

60 = 96 

180 

Thus, it takes 192 g of oxygen to oxidize 180 g of glucose to CO2 and H20. 
The ThODaf 108,75· mgfLof glucose is 

. (192 g O2 )(108.75 mg/L of glucose) . 116 mg/L O2180 g glucose 

In contrasttothe ThOD, the chemical oxygen demand, COD (pronounced "see oh 
dee"), is a measured quantity that does not depend on knowledge of the chemical com
position ofthe substances in the water, In the COD test, a strong chemical oxidizing 
agent(chromic acid) is mixed with a water sample and then boiled. The difference be
tWeentlieamountofoxidizing 'agent at the beginning of the test and thatTemaining at 
the end of the testis used to calculate the COD. 

·IftheC)xidati()Irofall()rganic~ompoundi~carriedout by microorganisms using the 0[

a~ca<EQo~s?~rce,the.oxygenconsumedis.known·as·biochemicaloxygen de
J)~pr?99uIl~ed"bse;ohdee").TheactualBOD is less than the ThOD due to 

r» ........f:;y ..••.•• ir~f'S~Il1~B!!h~carponintop~wbact~rialcells.The test is·a bioassay that 
{ltili~~~CI,'??r~~nistl1sincon~itionssimilartothose in natural waterto measure indirectly 
tl1~~m()un~ofoiodegradableorganic matter present Bioassay means to measure by bio
l(}gicalB~(lns,Awater Samr1eis inoculated with.bacteria·thatconsume the biodegradable 
org~nicll1a~erJq9bt~iHeeer~Yf()rtheirlife ... processes.Because.the.organisms also utilize 
()xxgenillcthe:pr()c:es~ofconsumingthe waste, the process is called aerobic decomposition. 
Tliis oxygen consumption is easily measured. The greater the amount of organic matter 
present, the greater the amount of oxygen utilized. The BOD test is an indirect measure
ment of organic matter because we actually measure only the change in dissolved oxygen 
concentration caused by the microorganisms as they degrade the organic matter. Although 
not aiL organic matter is biodegradable and the actual test procedures lack precision, the 
BODtest is still the most widely used method of measuring organic matter because of the 

~.:( ·directC6ncePtllalrehltionship between BOD and oxygen depletion in receiving waters. 
·:1J ... ..Only~nderrarecircumstances will the ThOD, COD, and BOD be equal. If the 
. {;§:~ chemical composition of all ofthe substances in the water is known and they are capa
~i~? bleof being completely oxidized both chemically and biologically, then the three mea

sures of oxygen demand will be the same. 
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FIGURE 5-2 
BOD and oxygen

-, - - - - - -==--=--equivalent relationships. 

5 10 15 20 25' 30 35 40 
Time;d 

When a water sample containing degradable organic matter is placedin a closed 
container and inoculated with bacteria, the oxygen consumption typically follows the 
pattern shown in Figure 5-2. During the first few days the rate of oxygen depletion is 
rapid because of the high concentration of organic matter present. As the concentra
tion of organic matter decreases, so does the rate of oxygen consumption. During the 
last part of the BOD curve, oxygen consumption is mostly associated with the decay 
of the bacteria that grew during the early part of the test. It is generally assumed that 
the rate at which oxygen is consumed is directly proportional to the concentration of 
degradable organic matter remaining at any time. As a result, the BOD curve in 
Figure 5-2 can be described mathematically as a first-order reaction. Using our def
inition of reaction.rate and reaction order from Chapter 4, this may be expressed as: 

dLt (5-2)
dt 

\vhere Lr=oxygenequivalentofthe organics remaining at time t, mg/L 
-rA=~kLt 

k = reaction rate constant, d - [ 

Rearranging Equation 5-2 and integrating yields: 

dLt 
-kdt 

Lt 

i"dL, -k ftdt 
L" Lt .Jo 

LtIn- = -kt 
Lo 

or 

Lt = L0 e 
-kt (5-3) 

where 

Lo oxygen equivalent of organic compounds at time t = 0 
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Rather than Lt , our interest is in the amount of oxygen used in the consumption 
of the organics (BODr). From Figure 5-2, it is obvious that BODr is the difference 
between the initial value of Lo and Lt, so 

=Lo 

= Lo(l (5-4) 

Lo is often referred to as the ultimate BOD, that is, the maximum oxygen consumption 
possible when the waste has been completely degraded. Equation 5-4 is called the 
BOD rate equation and is often written in base 10: 

(5-5) 

Note that lower case k is used for the reaction rate constant in base e and that capital K 
is used for the constant in base 10. They are related: k = 2.303(K). 

Example 5·2. If the BOD3 of a waste is 75 mg/L and the K is 0.150 d-1
, what is the 

ultimate BOD? 

Solution. Note that the rate constant is given in base 10 (K versus k), and substitute 
the given values into Equation 5-5 and solve for Lo: 

75 Lo(l - lO (.150)(3)) 0.645 Lo 

or 

75 
Lo = 6 = 116 mg/L

0.45 

= 2J03(K) = 0.345,and 
I -.-. e'-(.345)(3)y= 0.645 Lo 

You should note that the ultimate BOD (Lo) is defined as the maximum BOD ex
erted by the waste. It is denoted by the horizontal line in Figure 5-2. Because BODt ap
proaches Lo asymptotically, it is difficult to assign an exact time to achieve ultimate 
BOD. Indeed, based on Equation 5-3, it is achieved only in the limit as t approaches in
finity.However, from a practical point of view, we can observe that when the BOD 
curve is approximately horizontal, the ultimate BOD has been achieved. In Figure 5-2, 
!Ve'?i0uldtake thistobe at about 35 days. In computations, we use a rule of thumb that 
ifBODt and Loagree whenroundedtothree significant figures, then the time to reach 
ultimate BOD has been achieved. Given the vagaries of the BOD test, there are occa
sions when rounding to two significant figures would not be unrealistic. 

While the ultimate BOD best expresses the concentration of degradable organic mat
ter, it does not, by itself, indicate how rapidly oxygen will be depleted in a receiving water. 
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TABLE 5-2 
Typical values for the BOD rate constant 

Sample 

Raw sewage 0.15-0.30 0.35-0.70 
Well-treated sewage 0.05-0.10 0.12-0.23 
Polluted river water 0.05-0.10 0.12-0.23 

Oxygen depletion is related to both the ultimate BOD and the BOD rate constant (k). 
While the ultimate BOD increases in direct proportion to the concentration of degradable 
organic matter, the numerical value of the rate constant is dependent on the following: 

1. The nature of the waste 

2. The ability of the organisms in the system to utilize the waste 

3. The .temperature 

Nature of the Waste. There are literally thousands of naturally occurring organic com
pounds, not all of which can be degraded with equal ease. Simple sugars and starches are 
rapidly degraded and will therefore have a very large BOD rate constant. Cellulose (for 
example, toilet paper) degrades much more slowly, and hair and fingernails are almost 
undegradable in the BOD test or in normal wastewater treatment. Other compounds are 
intermediate between these extremes. The BOD rate constant for a complex waste de
pends very, much on the relative proportions of the various components. A summary of 
typicalBOD rate constantsis shown in Table 5-2. The lower rate constants for treated 
sewagecomparedtora'iVsewage result from the fact that easily degradable organic com
pounqs,aremorec?il1pletelyremoved than less readily degradable organic compounds 
dllring'iVastewatertreatment. 

->., ------: " :/;- -'" >:. -> 

~pntiY1of8rga~is~~itOI.Jtni.ZeSVaste. Any given microorganism is limited in its abil
itytoutilizeorganic compounds. As a consequence, many organic compounds can be de
gradedbyqnly asmalJ group of microorganisms. In a natural environment receiving a 
continuous discharge oforganic waste,. that popUlation of organisms which can most ef
ficieJltly~tiliztthisW~stp~illpredominate. However, the culture used to inoculate the 
BODtestmay contain only a very small number of organisms that can degrade the par
ticular organic compounds in the waste. This problem is especially common when ana
lyzing industrial wastes. The result is that the BOD rate constant is lower in the laboratory 
test than in the natural water. This is an undesirable outcome. The BOD test should there
fore be conductedwith organisms which have been acclimated to the waste so that the 
rate constant deterrninedin the laboratory can be compared to that in the river.* 

Temperature. Mostbiological processes speed up as the temperature increases 
and slowdowna.s the temperature drops. Because oxygen utilization is caused by the 

*The word "acclimated" means that the organisms have had time to adapt their metabolisms to the waste or that 
organisms that can utilize the waste have been given the chance to predominate in the culture. 
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metabolism of microorganisms, the rate of utilization is similarly affected by tempera
ture, Ideally, the BOD rate constant should be experimentally determined for the tem
perature of the receiving water. There are two difficulties with this ideal. Often the 
receiving-water temperature changes throughout the year, so a large number of tests 
would be required to define k. An additional difficulty is the task of comparing data 
from various locations having d,ifferent temperatures. Laboratory testing is therefore 
done at a standard temperature of 20°C, and the BOD rate constant is adjusted_ to the 
receiving-water temperature using the following expression: 

kT kZO((})T-20 (S-6) 

where T = temperature of interest, °C 
kT BOD rate constant at the temperature of interest, d-I 

kzo = BOD rate constant determined at 20°C, d-I 

() =.: temperature coefficient. This has a value of 1.13S for temperatures be
tween 4 and 20°C and 1.0S6 for temperatures between 20 and 30°C 
(Schroepfer,et al., 1964). 

Example 5·3. A waste is being discharged into a river that has atemperatLll'e of 
IO°C.What fraction of the maximum oxygen consumption has occurred in four days 
if the BOD rate constant determined in the laboratory under standard conditions is 
O.ltS d- I (base e)? 

Solution. Determine the BOD rate constant for the waste at the river temperature 
using Equation 5-6: 

klO"c O.llS( I.13S) 10-20 

= 0.032 d- I 

find·thefraction of maximum oxygen con

k and Lofrom an experimental set of 
simplest and least accurate method is to plot BOD versus time. This re

sults in a hyperbolic first-order curve of the form shown in Figure 5-2. The ultimate BOD 
is estimated from the asymptote of the curve. The rate equation is used to solve for k. It 
isoften~ifficult tofitanaccurate hyperbola to data that are frequently scattered. Methods 
that linearize the data are preferred. The usual graphical methods for first-order reactions 
ca9notbellst;dbecausethe semilog plot requires knowledge of the initial concentration 

. whish,.inthiscase,isone oftht; constants we are trying to determine, that is, L01 One 
simplemethodaroundthis impasseis called Thomas' graphical method (Thomas, 19S0). 
The methodrelies on the similarity of the series expansion of the following two functions: 

(S-7) 
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and 

F2 = (kt)(l + (1/6) kt)-3" (5-8) 

The series expansion of these functions yields: 

F\ 	~ (kl)[ I - O.S(kl) + ~ (kl)2 - 2~ (kt)3 + ...J (5-9) 

F" 	= (kt)[ 1 - O.5(kt) + ~ (kt)2 - 1 (kt)3 + ... J (5-10) 
~ 6 21.9 

The first two terms are identical and the third differs only slightly_ Replacing 
Equation 5 -9 by 5-10 in the BOD rate equation results in the following approximate 
equation: 

(5-1l) 

By rearranging terms and taking the cube root of both s~des, Equation 5-11 can be 
transformed to: 

t )113 1 (k)2/3 
( BOOt = (kLo~/3 + 6(Lo)1I3 (t) (5-12) 

A plot of (tIBOOt )113 versus t is linear (Figure 5-3). The intercept is defined as: 

A = (kLo) -1/3 (5-13) 

The slope is defined by: 

(k)2/3 
B=---	 (5-14)

6(Lo) II3 

Solving for L,;t3 in Equation 5-13 substituting into Equation 5-14 and solving for k yields: 

k = 6(8IA) (5-15) 

Likewise, substituting Equation 5-15 into 5-13 and solving for L yields: 

(5-16) 

The procedure for determining the BOD constants by this method is as fol
lows: 

1. 	 From the experimental results of BOD for various values of t, calculate 
(tIBODt ) 113 for each day. 

2. 	 Plot (tIBOO,) 113 versus t on arithmetic graph paper and draw the line of best 
fit by eye. 

3. 	Determine the intercept (A) and slope (8) from the plot. 

4. 	 Calculate k and Lo from Equations 5-15 and 5-16. 
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.-	 . 

Example 5-4. The following data were obtained from an- experiment to determine 
the BOD rate constant and ultimate BOD for an untreated wastewater: 

Day 0 1 2 4 6 8 

BOD, mglL 0 32 57 84 106 111 

Solution. First calculate values of (t/BODt )113 

Day 0 1 2 4 6 8 

(t/BOD
t
) 1/3 0.315 0.327 0.362 0.384 0.416 

The plot of (tIBODt ) 113 versus time for these data is shown in Figure 5-3. From the 
figure, A = 0.30 and . 

B = (0.416 - 0.300) 0.0145 
(8 ~ 0) 

Substituting in Equations 15 and 5-16: 

6(0.0145)
k = 0.29 d-1 

0.30 

1
L = 	 = 128 mglL 

o 6(0.30)2(0.0145) _ 

0.28· 	 FIGURE 5-3 o 	 Plot of (tIBOD/ 13 versus t for Thomas' 
Tlme. graphical method. 
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Laboratory Measurement of Biochemical Oxygen Dem.and._ 
In order to have as much consistency as possible, it is important to standardize testing 
procedures when measuring BOD. In the paragraphs that follow, the standard BOD test 
is outlined with emphasis placed on the reason for each step rather than the details. The 
detailed procedures can be found in Standard Methods for the Examination of Water 
and Wast~water (APHA, 2004) which is the authoritative reference of testing proce
dures in the water pollution control field. 

Step 1. A special 300 mL BOD bottle (Figure 5-4) is completely filled with a sample 
of water that has been appropriately diluted and inoculated with microorganisms. The 
bottle is then stoppered to exclude air bubbles. Samples require dilution because the only 
oxygen available to the organisms is dissolved in the water. The most oxygen that can 
dissolve is about 9 mglL, so the BOD of the diluted sample should be between 2 and 6 
mglL. Samples are diluted with a special dilution water that contains all of the trace 
elements required for bacterial metabolism so that degradation of the organic matter is 
not limited by lack of bacterial growth. The dilution water also contains an inoculum of 
microorganisms so that all samples tested on a given day 'contain approximately the 
same type and number of microorganisms. 

FIGURE 5-4 
BOD bottles. The bottie on the left is shown with the cap removed to illustrate the shape of the glass stoppers. 
The point on the end of the stopper is to ensure that no air is trapped in the bottle. The bottle in the center is 
shown with the stopper in place. Water is placed in the small cup formed by the lip_ Tnis acts as a seal to furtner 
exclude air. The bottle on tne right is shown with plastic wrap over the stopper. This is to prevent evaporation of 
the water seal. (Photo courtesy of Harley Seeley of the Instructional Media Center, Michigan State University.) 
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The ratio of undiluted to diluted sample is called the sample size, usually ex
pressed as a percentage, while the inverse relationship is called the dilution fa~ctor. 
Mathematically, these are 

voL of undiluted sample . 
Sample size (%) = X 100 (5-17)

vol. of diluted sample 

vol. of diluted sample 100 
Dilution factor = = ----- (5-18)

voL of undiluted sample sample size (%) 

The appropriate sample size to use can be determined by dividing4 mglL (the mid
point of the desired range of diluted BOD) by the estimated BOD concentration in the 
sample being tested. A convenient volume of undiluted sample is then chosen to ap
proximate to this sample size. 

Example 5-5. The BOD of a wastewater sample is estimated to be 180 mglL. What 
volume of undiluted sample should be added to a 300 mL bottle? Also, what are the 
sample size and dilution factor using this volume? Assume that 4 mglL BOD can be 
consumed in the BOD bottle. ' 

Solution. Estimate the sample size needed: 


. 4

Sample SIze = - X 100 2.22 % 

180 

Estimate the volume of undiluted sample needed since the volume of diluted sample 
j is 300 mL: 

Vol. ofundiluted sample = 0.0222 X 300 mL 6.66 mL 

Therefore a convenientsample v()lume would be 7.00 mL. 

. 7.00 mL 
Sample size = X 100 = 2.33% 

300mL 

300 mL __ 42.9Dilution factor 
7:00mL 

Step 2. Blank samples containing only the inoculated dilution water are also placed in 
BOD bottles and stoppered. Blanks are required to estimate the amount ofoxygen consumed 
by the added inoculum of microorganisms (called seed) in the absence of the sample. 

Step 3. The stoppered BOD bottles containing diluted samples and blanks are in
cubated in the darkat 20°C for the desired number of days. For most purposes, a 
standard time of five days is used: To determine the ultimate BOD and the BOD rate 
constant, additional times are used. The samples are incubated in the dark to pre
vent photosynthesis from adding oxygen to the water and invalidating the oxygen 
consumption results. As mentioned earlier, the BOD test is conducted at a standard 
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temperature of 20°C so that the effect of temperature ori the BOD rate constant is elim
inated and results from different laboratories can be compared. 

Step 4. After the desired number of days has elapsed, the samples and blanks are re
moved from the incubator and the dissolved oxygen concentration in each bottle is mea
sured. The BOD of the undiluted sample is then calculated using the following equation: 

BOOt = (DOb.t - DOs•t) X dilution factor (5-19) 

where DO1J,t dissolved oxygen concentration in blank after t days of incubation, mgIL 
DO,.{ = dissolved oxygen concentration in sample after t days of incubation, mg/L 

Example 5-6. What is the BODs of the wastewater sample of Example 5-5 if the DO 
values for the blank and diluted sample after five days are 8.7 and 4.2 mg/L, respectively? 

Solution. Substitute the appropriate values into Equation S-19: 

BODs = (8.7 - 4.2) X 42.9= 193 or .190 mg/L 

Additional Notes on Biochemical Oxygen Demand 
Although the S-day BOD has been chosen as the standard value for most wastewater 
analysis and for regulatory purposes, ultimate BOD is actually a better indicator of total 
waste strength. For anyone type of waste having a defined BOD rate constant, the ratio 
between ultimate BOD and BODs is constant so that BODs indicates relative waste 
strength. For different types of wastes having the same BODs, the ultimate BOD is the 
same only'if, by chance, the BOD rate constants are the same. This is illustrated in 
Fi§;ureS-S for amunicipal wastewater having aK = O.IS d-1and an industrial waste
waterha.vinga K =0.05d- 1

• Although both wastewaters have a BODs of 200 mglL, the 

L=457 mglL 

Municipal Wastewater 
(K =0.15 d.c 1) 

~________________\ ______ ~:3:~~~~ 
6 

'J' '" o 200co BODs = 200 mglL 

10 20 30 40 50 60 70 80 

Time.d 

FIGURES-S 
The effect of Kon ultimate BOD for two wastewaters having the same BODs_ 
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River Temperature 200 e 
(K 0.133 d-I ) 

L=68 mg/L 70 ~ 

60 
River Temperature = lOoe 

50 (K =0:032 d- I ) 

40 

6 o 30 
o:l 

20 

to 

FIGURE 5-6 
10 20 30 40 50 60 70 80 The effect of K on B005 , when the uJtimate 

Time, d BOD is constant. 

industriaL wastewater has a much higher ultimate BOD and can be expected to have a 
greaterimpactondissolved oxygen in a river. For the industrial wastewater, a smaller 
fraction of the BOD was exerted in the first five days due to the lower rate constant. 

Proper interpretation of BODs values can also be illustrated in another way. Con
sidera.sampleof polluted river water for which the following values were determined 
using standardlaboratory techniques: BODs SO mg/L, and K O.llS d-I, The ul
timatc'BO]J.caIculated from Equation S-S is, therefore, 68 mg/L. However, because the 

~:~). ri~~rteII1R~r~t~r~\is,~QoF,the Kval uein the river is onlyO.032 d- I (sec Example S-3). 
~~;!) ~ssho\\l.~~r~ghi~a,nyingi~ure5-6, the laboratory value orBODs seriously overesti
0;~~. ·watest~e~gtti~lg0ygen~onsUJl1pti9nintheriver,Again~ a smaller fraction of the BOD 
,~,.,,~ ,isexe~t~giR:·e;Q~Ys.\Vhe~the8~p·.fate'Gonstant is lower., 

ii.t~s;;~~~~~(~~k~fti,rJbii,;~J~~;!~~~~i\~~~~n~::i~~;;~:~~ ~~~:~St~~~ 

.{~ '; toth~seaofles~ than5day~,.so there was no need to consider oxygen demand at 
~l 10ng~rtiInes~Sincethereisnoothertime that is any more rational than S days, this 

v~l~ehasbecometirtl1l)'entrench~d;* 

Nitrogen Oxidation 
Up to this point an unstated assumption has been that only the carbon in organic matter 
is oxidized. Actual!y many organic compounds, such as proteins, also contain nitrogen 
thatcanbe.oxidizedwith the consumption ofmolecular oxygen. However, because the 

*~~~~rousinve~tigationsofthe kinetics of the BOD test have demonstratedthat the selection of a 5-day incuba
,.. ,. tionperiodmaybe:justified on scientific grounds regardless of the travel time of streams. For example. one ex

~~~ planation is that after 5 days. the microbial system in the BOD bottle is in the autodigcstive phase. That is. there 
is no carbon source outside of the microbial cells that they can consume and that any oxygen uptake that occurs 
beyond 5 days is the result of consumption of carbon that they have stored (Gaudy and Gaudy. (980). 

http:than5day~,.so
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mechanisms and rates of nitrogen oxidation are distinctly differentJromthose of car
bon oxidation, the two processes must be considered separately. Logically, oxygen 
consumption due to oxidation of carbon is called carbonaceous BOD (CBOD), while 
that due to nitrogen oxidation is called nitrogenous BOD (NBOD). 

The organisms that oxidize the carbon in organic compounds to obtain energy can
not oxidiz~ the nitrogen in these compounds. Instead, the nitrogen is released into the 
surrounding water as ammonia (NH)). At normal pH valves, this ammonia is actually 
in the form of the ammonium cation (NHt). The ammonia released from organic com
pounds, plus that from other sources such as industrial wastes and agricultural runoff 
(that is, fertilizers), is oxidized to nitrate (NO;-) by a special group of nitrifying bac
teria as their source of energy in a process called nitrification. The overall reaction for 
ammonia oxidation is 

NH+ + 20 microorganis!:!:s NO - + H 0 + 2H+ 
4 2 .... 3 2 (5-20) 

From this reaction the theoretical NBOD can be calculated as follows: 

grams of oxygen used 4 X 16 ' 
NBOD = ----;:- = 4.57 g 0 21g N 

grams of nitrogen 14 

The actual nitrogenous BOD is slightly less than the theoretical value due to the incor
poration of some of the nitrogen into new bacterial cells, but the difference is only a 
few percent. 

Example 5-7. Compute the theoretical NBOD of a wastewater containing 30 mg/L 
of ammonia as nitrogen. (We often say "ammonia nitrogen" and write the expression 
as NH3-N;) If the wastewater analysis was reported as 30 mg/L of ammonia (NH3)' 
what would the theoreticalNBOD be? 

Solution. Inthefirstpartofthe.problem, the amount of ammonia was reported 
asNFIj-N'.}herefore,wecan usethe theoretical relationship developed from 
Equation5"2Q. . 

Tneo. NBOD = (30mg N/L)(4.57 mg Ozlmg N) = 137 mg 02/L 

Toanswer the secondquestion, we must convert mglL of ammonia to NHrN by 
muitiplyingbythcratioofgram molecular weights of Nto NH3. 

(30 mg NH)/L) (~4 g N ) = 24.7 mg NIL 
. 17 g NH3 

Now we may use the relationship developed from Equation 5-20. 

Theo. NBOD = (24.7 mg N/L)(4.57 mg 02/mg N) = 133 mg 02/L 

The rate at which the NBOD is exerted depends heavily on the number of nitrify
ing organisms present. In untreated sewage, there are few of these organisms, while 
in a well-treated effluent, the concentration is high. When samples of untreated and 

http:N/L)(4.57
http:N/L)(4.57
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NBOD 

Untreated Sewage 

...l 
-----------1----

-ell CBOD 
E 

NBOD 


---- --- t---------
CBOD 

5 10 

Time,d 

15 20 
FIGURE 5-7 
BOD curves showing both carbonaceous 
and nitrogenous BOD. 

treated sewage are subjected to the BOD test, oxygen consumption follows the pattern 
shown in Figure 5-7. In the case of untreated sewage, the NBOD is exerted after much 
of the CBOD has been exerted. The lag is due to the time it takes for the nitrifying 
bacteria to reach a sufficient population for the amount of NBOD exertion to be sig
nificant compared with that of the CBOD. In the case of the treated sewage, a higher 
population of nitrifying organisms in the sample reduces the lag time. Once nitrifica
tion begins, however, the NBOD can be described by Equations 5-4 and 5-5 with a 
BOD rate constant comparable to that for the CBOD of awell-treated effluent (K = 
0.04 to 0.10 d-I):Because tne lag before the nitrogenous BOD is highly variable, 
BQD5 values arcoftcndifficultto interpret. When measurement of only carbonaceous 
BOD is desired; chemical inhibitors are added to stop the nitrification process. The 
rate constant for nitrification is a1s9 affected by temperature and can be adjusted us
ingEqo.at1pu 5-6, 

The concentration of dissolved oxygen in a river is an indicator of the general health of 
the river.All rivers have some capacity for self-purification. As long as the discharge of 
'o}{yg~n"demafldingwastes is well within the self-purification capacity, the DO level will 
remain high and a diverse population of plants and animals, including game fish, can be 
found. As the amount of waste increases, the self-purification capacity can be exceeded, 
causing detrimental changes in plant and animal life. The stream loses its ability to 
cleanse itself and the DO level decreases. When the DO drops below about 4 to 5 mg/L, 
most game fish will have been driven out. If the DO is completely removed, fish and 
other higher animals are killed or driven out and extremely noxious conditions result. 
T~ewaterbecomes blackishand foul smelling as the sewage and dead animal life de

·.cory-lpOSf1 under anaerobic conditions (that is, without oxygen). 
One of the major tools of water quality management in rivers is the ability to 

assess the capability of a stream to absorb a waste load. This is done by determining 
the profile of DO concentration downstream from a waste discharge. This profile 
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FIGURES·S 
Typical DO sag curve. 

is called the DO sag curve (see Figure 5-8) because the'DO concentration dips as 
oxygen-demanding materials are oxidized and then rises again further downstream 
as the oxygen is replenished from the atmosphere. As depicted in Figure 5-9, the 
biota of the stream are often a reflection of the dissolved oxygen conditions in the 
stream. 

To develop a mathematical expression for the DO sag curve, the sources of oxygen 
and the factors affecting oxygen depletion must be identified and quantified. The only 
significant sources of oxygen are reaeration from the atmosphere and photosynthesis 
ofaquatic plants. Oxygendepletion is caused by a larger range of factors, the most im
portantbeingtheBOD,bot~carbonaceous and nitrogenous, of the waste discharge, 

.	andtheB()Dialre~dyintheriver upstream of the waste discharge. The second most 
i1~P9rtantfactoris,th~ttheOOinthewaste discharge is usually less than that in the 
riyer.Thus,thePO attheriveris lowered as soon as the waste is added, even before 
aDxBPRjsA~~rted:OtherJactorsaffectingdissolved oxygen depletion include non
PQintsourcepoUution,therespiration of organisms living in the sediments (benthic de
mand), andJherespiratioopf aquatic plants. Following the classical approach, the DO 
sagequation(also knowo.asthe Streeter-Phelps equation in recognition of the engi
l1e~rs.~ho dsvelopydit)V\iillbedeveloped by considering only initial DO reduction, 
carbonaceous BOD, andreaenltion from the atmosphere (Streeter-Phelps, 1925). Sub
sequently, the equation will be expanded to include the nitrogenous BOD. Finally, the 
other factors affecting DO levels will be discussed qualitatively; a quantitative discus
sion is beyond the scope of this book. 

lVlass-Balance Approach. Simplified mass balances help us understand and solve 
the DO sag curve problem; Three conservative (those without chemical reaction) mass 
balancesmay.beused to account for initial mixing of the waste stream and the river. 
DO, carbonaceous BOD, and temperature all change as the result of mixing of the 
waste stream and the river. Once these are accounted for, the DO sag curve may be 
vicwed as a nonconservative mass balance, that is, one with reactions. 
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Mass of DO in Wastewater 

Mass of DO --' L- Mass of DO FIGURE 5-10 
in Riverin River -L ___-'I ~. Conservative mass balance diagram for DO 

After Mixing mixing. 

The conservative mass balance diagram for oxygen (mixing only) is shown in 
Figure 5-10. The product of the water flow and the DO concentration yields a mass of 
oxygen per unit of time: 

Mass of DO in wastewater = QwDOw (5-21) 

Mass of DO in river = QrDOr (5-22) 

where Qw = volumetric flow rate of wastewater, m 3/s 
Qr = volumetric flow rate of the river, m3/s 


DOw = dissolved oxygen concentration in the wastewater, g/m3 

DOr = dissolved oxygen concentration in the river) g/m3 


The mass of DO in the river after mixing equals the sum of the mass flows: 

Mass of DO after mixing = QwDOw + Qr DO,. (5-23) 

In a similar fashion for ultimate BOD: 

Mass of BOD after mixing = QwLw + QrLr (5-24) 

where Lw = ultimate BOD of the wastewater, mg/L 
Lr == ultimate BOD of the river, mg/L 

The concentrations of DO and BOD after mixing are the respective masses per unit 
timedividedby the total flow rate (that is, the sum of the wastewater and river flows): 

DO = QwDOw + QrDOr (5-25)
Qw + Qr 

QwLw + QrLr
L = (5-26) 

a Qw + Qr 

where La initialultimateBOD after mixing. 

Example 5-8. The town of State College discharges 17,360 m3/d of treated waste
water into the Bald Eagle Creek. The treated wastewater has a BODs of 12 mglL and a 
k of 0.12 d - I at 20°e. Bald Eagle Creek has a flow rate of 0.43 m3/s and an ultimate 
BOD of 5.0 mg/L. The DO of the river is 6.5 mg/L and the DO of the wastewater is 
1.0 mg/L. Compute the DO and initial ultimate BOD after mixing. 

Solution. The DO after mixing is given by Equation 5-25. To use this equation we 
must convert the wastewater flow to compatible units, that is, m3/s. 

(17,360 m 3/d) 3 
Qw = 0.20 m-/s

(86,400 sId) 
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The DO after mixing is then 

(0.20 m3/s)( 1.0 mg/L) + (0.43 m%)(6.5 mg/L) . 
DO = = 4.75 mg/L

0.20 m 3/s + 0.43 m% 

Before we can determine the initial ultimate BOD after mixing, we must first deter
mine the ultimate BOD of the wastewater. Solving Equation 5-4 for Lo: 

BODs 12 mg/L 12 
Lo = (1- e- kt) = (1 - e-(O.12)(S)) = (1- .55) = 26.6mg/L 

Note that we used the subscript of 5 days in BODs to determine the value of t in the 
equation. Now setting Lw = Lo' we can determine the initial ultimate BOD after 
mixing using Equation 5-26: 

(0.20 m3/s)(26.6 mg/L) + (0.43 m%)(5.0 mg/L)
La = 3 3 = 11.86 or 12 mg/L

0.20 m-/s + 0.43 m Is 

For temperature, we must consider a heat balance rather than a mass balance. As 
noted in Chapter 2, this is an application of a fundamental principle of physics: 

Loss of heat by hot bodies = gain of heat by cold bodies (5-27) 

The change in enthalpy or "heat content" of a mass of a substance may be defined by 
the following equation: 

(5-28) 

where H = change in enthalpy, J 
m = mass of substance, g 
cp = specific heat at constant pressure, JIg' K 

AT = change in temperature, K 

The speeific heat of water varies slightly with temperature. For natural waters, 
a value of 4.19 will be a satisfactory approximation. Using our fundamenta'I heat 
loss = heat gain equation, we ITlay write 

(5-29) 

The temperature after mixing is found by solving this equation for the final tem
perature by recognizing that AT on each side of the equation is the difference between 
the final river temperature (Tf ) and the starting temperature of the wastewater and the 
river water, respectively: 

(5-30) 

Oxygen Deficit. The DO sag equation has been developed using oxygen deficit 
rather than dissolved oxygen concentration, to make it easier to solve the integral equa
tion that results from the mathematical description of the mass balance. The oxygen 
deficit is the amount by which the actual dissolved oxygen concentration is less than 
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the saturation value with respect to oxygen in the air:' 

D;::: DOs - DO (5-31) 

where D = oxygen deficit, mglL 
DOs = saturation concentration of dissolved oxygen at the temperature of the 

river after mixing, mglL 
DO = actual concentration of dissolved oxygen, n:glL 

The saturation value of dissolved oxygen is heavily dependent on water temperature
it decreases as the temperature increases. Values of DOs for fresh water are given in 
Table A-3 of Appendix A. 

Initial Deficit. The beginning of the DO sag curve is at the point where a waste dis
charge mixes with the river. The initial deficit is calculated as the difference between 
saturated DO and the concentration of the DO after mixing (Equation 5-25): 

QwOOw + QrOOr
Da ;::: DOs - -~~-. , (5-32)

Qw + Qr ~ 

where Do ;::: initial deticit after river and waste have mixed, mglL. 

Example 5-9. Calculate the initial deficit of the Bald Eagle Creek after mixing with 
the wastewater from the town of State College (see Example 5-8 for data). The stream 
temperature is lOoC and the wastewater temperature is Woe. 

Solution. .. With the stream temperature, the saturation value of dissolved oxygen 
(OO~) can be determined from the table in Appendix A. At 10°C, DOs 11.33 mglL. 
Since we calculatedtheconcentration of DO after mixing as 4.75 mglL in Example 
5-8, the initial defiCit after mixing is 

4.75 mg/L ;::: 6.58 mg/L 

Because wastewater commonly has a higher temperature than river water, espe
ciallyduringthe winter,the river temperature downstream of the discharge is usually 
higherthan that upstrearn, Since we are interested in downstream conditions, it is im
p~rt~nttouse the downstream temperature when determining the saturation concen
tratiQnofdissolved oxygen. 

DO Sag Equation. Amass balance diagram of DO in a small reach (stretch) of river 
is shown in Figure 5-11a. This is a comprehensive mass balance that accounts for all 
of the inputs and outputs. We are going to limit our development to the classical 
Streeter-Phelps model. The simplified mass balance diagram is shown in Figure 5-11h. 
The mass balance equation is then: 

RDOin + W + A M - ROOout = 0 (5-33) 

where ROOin = mass of DO in river t10wing into reach 

W mass of DO in wastewater flowing into reach 
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pw A 

ROO out 

B M N R M 

(a) (b) 

Legend 
RDO,n . RDO 

Ollt 
mass of DO flowing in and out of reach 


W = mass of DO in wastewater flowing into reach 

A = mass of DO entering from atmosphere 

P :::: ma:;s of DO entering from algae photosynthetic oxygen production 

B mass of DO consumed by benthic demand 

M mass of DO removed by microbial degradation of carbonaceous BOD 

N = mass of DO removed by microbial degradation of nitrogenolls BOD 

R .:::: mass of DO. consumed by algal respiration 


FIGURE 5·11 
Mass balance diagram of DO in a small reach of river (a) and simplified mass balance for Streeter-Phelps 
model (b). 

A mass of DO added from atmosphere 
M mass of DO removed by microbial degradation of carbonaceous 

BOD 
RDOolit = mass of DO in river flowing out of reach 

5-33 we can account for RDOin + W. Our goal is to find ROOout in 
(mg/LJ.This leaves A and.M to be accounted for before 

aresult of microbial action 
deficit With theassumption that the sat

differentiation of Equation 5-31 

d(DO)dD
--+ =0 

dt dt 

d(DO) dD 
(5-34)

dt dt 

Therate.at which DO disappears coincides with the rate that BOD is degraded, so 

d(OO) dD d(BOD) 
(5-35)

elt dt dt 

Remembering that in Equation 5-4 BOOt was defined as 

B001 Lo - L; 

http:Therate.at


----
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and noting that Lo is a constant, we m~ay say that the'chang~ in BOp wittI time is 

d(BOD) dLr 
(5-36)

dt dt 

This leads us to see that the rate of change in deficit at time t due to BOD is a first
order react~on proportional to the oxygen equivalent of the organic compounds remaining: 

dD _. =kL (5-37)dt t 

The rate constant, k, is called the deoxygenation rate constant and is designated kd . 

The rate of oxygen mass transfer into solution from the air (A) has been shown to 
be a first-order reaction proportional to the difference between the saturation value and 
the actual concentration: 

d(DOj 
~- = k(DO. - DO)' (5-38)

dt S 

From Equations 5-31 and 5-34 we can see that 

dD 
-kD (5-39)

dt 

The rate constant is called the reaeration rate constant, kr< 
From Equations 5-37 and 5-39 we can see that the oxygen deficit is a function of 

the competition between oxygen utilization and reaeration from the atmosphere: 

dD 
(5-40)

dt 

.... dD
where=-:-=thechange in oxygen deficit (D) per unit of time, mg/L . d 

'.dt 
deoxygenation rate constant,d - [ 
ultiI11ateBOIJof river water, mg/L 

kr = reaeration rate constant, d- I 

D = oxygen deficit in river water, mg/L 

By integrating Equation 5-40, and using the initial conditions (at t = 0, D = Da) we 
··ootail1theDO sag equation: 

k L 
d a ( kit -ekr I) , D ( - k t)D e ' T a e r (5-41) 

kr kd 

where D = oxygen deficit in river water after exertion of BOD for time, t, mg/L 
La initial ultimate BOD after river and wastewater have mixed (Equation 5-26), 

mg/L 
ka = deoxygenation rate constant, d-! 
k,. reaeration rate constan t. d - [ 
t time of travel of wastewater discharge downstream, d 

Da = initial deficit after liver and wastewater have mixed (Equation 5-32), mg/L 
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When kr = kd' Equation 5-41 reduces to: 

D (kdtLa + Da)(e-k"t) , (5-42) 

where the terms are as previously defined. 

Deoxygenation Rate Constant. The deoxygenation rate constant differs from the 
BOD rate constant because there are physical and biological differences between a 
river and a BOD bottle. In general, BOD is exerted more rapidly in a river because of 
turbulent mixing, larger numbers of "seed" organisms, and BOD removal by organisms 
on the stream bed as well as by those suspended in the water. While k rarely has a value 
greater than 0.7 day I, kd may be as large as 7 day-1 for shallow, rapidly flowing 
streams. However, for deep, slowly moving rivers, the value of kd is very close to that 
for k. 

Bosko has developed a method of estimating kd from k using characteristics of the 
stream (Bosko, 1966).· 

v 
k +-1] , (5-43)

H 

where kd deoxygenation rate constant at 200 e, d-\ 
V = average speed of stream flow, mls 
k = BOD rate constant determined in laboratory at 20oe, d- l 

H average depth of stream, m 
1] bed-activity coefficient 

coefficient may vary from 0.1 for stagnant or deep water to 0.6 or 
the bed-activity coefficient includes a con-

dimensionallycorrect. After determining kd 
Equation 5-6 if the 

rate constant for the reach of Bald 
the wastewater outfall ( discharge pipe). 

creekisO.03m/s. The depth is 5.0 m and 

Solution. From Example 5-8, the value of k is 0.12 d- l
. Using Equation 5-43, the 

deoxygenation rate constant at 200 e is 
I 0.03 mls I 

kd =0.12d + (0.35) O.l221orO.l2d 
5.0m 

theunitsare.not consistent. As we have noted before, empirical ex
suchas that in Equation 5-43, may have implicit conversion factors. 
must be careful to use the same units as those used by the author of 

the equation. 



382 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

We also note that the deoxygen:ation rate constant of 0.1221 d~l is at 20°C. In Ex
ample 5-9, we noted that the stream temperature was woe. Thus, we must correct the 
estimated kd using Equation 5-6. 

kdat 10°C = (0.1221 d-1)(LI35)1O-20 = (0.1221)(0.2819) 

== 0.03442 or 0.034 d- 1 

Reaeration. The value of k,. depends on the degree of turbulent mixing, which is re
lated to stream velocity, and on the amount of water surface exposed to the atmosphere 
compared to the volume of water in the river. A narrow, deep river will have a much 
lower kr than a wide, shallow river. O'Connor and Dobbins (1958) developed a gener
alized empirical equation to estimate the reaeration constant based on the characteris
tics of the stream and the mol~cular diffusion of oxygen into water: 

3.9 v°.5 
kr = HL5 (5-44) 

where kr == reaeration rate constant at 20°C, day 1 

v == average stream velocity, mls 
H = average depth, m 

Note that the factor of 3.9 includes a conversion factor to make the equation dimen
sionally correct. The reaeration rate constant is also affected by temperature and can be 
adjusted to the river temperature using Equation 5-6 but with a temperature coefficient 
(0) of 1.024. For variolIs streams, kr can range from 0.05· to greater than 18 d-\ . 

To relate travel time to a physical distance downstream, one must also know the av
erage stream velocity. Once Dhas been found at any point downstream, the DO can be 
foundfromEquation5-}I.Notethat it is physically impossible for the DO to be less than 
zero.IfthedeficitcakulatedfromEquation 5-41 is greater than the saturation DO, then 
alftheoxygenwasdepletedatsome earlier time and the DO is zero. If the result of your 
ca1culationsyieldsan~gatiyeDO,report itas zero because it cannot be less than zero! 

Thelowestpointon the DO sag curve, which is called the critical point, is of ma
jor interest ?inceit indicates the worst conditions in the river. The time to the critical 
point (t(.)ean be found by differentiating Equation 5-41, setting it equal to zero, and 
solvingfort using base values for kr and ki 

I [kr( 1 - D--kr kd)] (5-45)I = In 
C kr - kd kd a kd La 

(5-46)I, = ~d (1 -~) 
The criticaldeficit (Dc) is then found by using this critical time in Equation 5-4 i. 

In some instances there may not be a sag in the DO downstream. The lowest DO 
may occur in the mixing zone. In these instances Equation 5-45 will not give a useful 
value. 
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.' . 

Example 5~11. Determine the DO concentration at a point 5 km downstream 
from the State College discharge into the Bald Eagle Creek (Examples 5-8, 5-9, 

lO). Also determine the critical DO and the distance downstream at which it 
occurs. 

S()lution. All of the appropriate data are provided in the three previous examples. 
With the exceptions of the travel time, t, and the reaeration rate, the values needed for 
Equations 5-41 and 5-45 have been computed in Examples 5-8, 5-9, and 5-10. The 
first step then is to calculate kr

(3.9)(0.03 m/s)O.5
kr at 20°C = = 0.0604 d-1 

(5.0 m)1.5 

. Because this is at 20°C and the stream temperature is at lOoC, Equation 5-6 must be 
used to correct for the temperature difference. 

kr at lOOC = (0.0604 d 1)(1.024)10-20 = (0.0604)(0.7889) = 0.04766 d- I 

Note that the temperature coefficient is the one noted in the text above rather than the 
ones reported with Equation 5-6. 

The travel time tis computed from the distance downstream and the speed of the 
streant 

(5 km)( 1,000 m/km) 
t = = 1.929 d 

(0.03 m/s)(86,400 sId) 

Although it is not warranted by the significant figures in the computation, we have 
keepfc)Ur significant figures because of the computational effects of trun

~ , ' " ' ' '- - ,- - - -- 

--'0:9L22)+6.58(0.9122) = 6.729 or 6.73 mg/L 

4.60 mg/L 

The critical time is computed using Equation 5-45: 

_ I {0.04766 r _0'0_4_76_6_-_0'_03_44_2 }
(. - In. 1 - 6.58 
. 0.04766 - 0.03442 0.03442 L (0.03442)(11.86) 

te =6.45 d 

Using lefoc the time in Equation 5-41, calculate the critical deficit as 

.(0:03442)(11.86) [e(O.03442)(6.45) _ e-(0.04766)(6.45)] +6.58[e-(O.04766}(6.45)] 

0.04766 - 0.03442 . 

Dc 6.85 mg/L 

http:O.04766}(6.45
http:0.04766)(6.45
http:e(O.03442)(6.45
http:0:03442)(11.86
http:0.03442)(11.86
http:3.9)(0.03
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Solving Equation 5-31 for DO at the'qjtical point (DOc) and using DOc_.. 11.33 
mgfL from Table A-3 of Appendix A gives the critical DO: . 

DOc 11.33 - 6.85 = 4.48 mg/L 

The critical DO occurs downstream at adistance of 

(6.45d)(86,400 s/d)(o".03 mls) ( I ) = 16.7 km 
1,000 mlkrrt 

from the wastewater discharge point. (Note that 0.03 mls is the speed of the stream.) 

Management Strategy. The beginning point for water quality management in rivers 
using the DO sag curve is to determine the minimum DO concentration that will pro
tect the aquatic life in the stream. This value, called the DO standard, is generally set 
to protect the most sensitive species that exist or could exist in the particular river. For 
a known waste discharge and a known set of river characteri~tics, the DO sag equation 
can be solved to find the DO at the critical point. If this value is higher than the stan
dard, the stream can adequately assimilate the waste. If the DO at the critical point is 
less than the standard, then additional waste treatment is needed. Usually, the environ
mental engineer has control over just two parameters, La and Da. By increasing the ef
ficiency of the existing treatment processes or by adding additional treatment steps, the 
ultimate BOD of the waste discharge can be reduced, thereby reducing La. Often a rel
atively inexpensive method for improving. stream quality is to reduce Da by adding 
oxygen to the wastewater to bring it close to saturation prior to discharge. To determine 
whether a proposed improvement will be adequate, the new values for La and Da are 
usedto determine whether the DO standard will be violated at the critical point Under 
ul1uslIalconditions, the engineer may artificially aerate the river with mechanical sys
tem.stoillcreasetheDO. 

'¥henusillgthcebOsagcurvetodetermine the adequacy of wastewater treatment, 
irisi~l1p()rt~nttotlsetheri;terconditionsthatwill cause the lowest DO concentration. 
Us~~H)'thesecon?itionsoccur in the late summer when river flows are low and tem
perat~res~~ehigh. A frequently used criterion is the "IO-year, 7-day low flow," which 
is the recurrencei nterval of the average low flow for a 7 -day period. Low river flows 
reducethedilution of the wasteentering the river, causing higher values for La and 0(1' 
Th~value.ofk,.is:usuallyreducedbylow river flows because of reduced velocities. In 
addition, higher temperatures increase kd more than kr and also decrease DO satura
tion, thus making the critical point more severe. 

Example 5-12. The Pitts Canning Company is considering opening a new plant at 
one oftwo possible locations: the Green River and its twin, the White River. Among 
the decisions to be made are what effect the plant discharge will have on each river 
and whichriver would be impacted less. Effluent data from the Pitts A Plant and the 
Pitts B Plantareconsidered to be representative of the potential discharge charac
teristics. In addition, measurements from each river at summer low-flow conditions 
are available. 

http:s/d)(o".03
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Effluent parameter A plant Bp~ant 

Flow, m3/s 
Ultimate BOD at 25°C, kg/d 
DO, mg/L 
Temperature, °C 
K at 20°C, d-I 

0.0500 
129.60 

0.900 
25.0 
0.0500 

0.0500 
129.60 

0.900 
25.0 
0.0300 

River parameter Green River White River 

Flow, m3/s 
Ultimate BOD at 25°C, mg/L 
DO, mg/L 
Temperature, °C 

. Speed, mls 
Averag~ depth, m 
Bed-activity coefficient 

0.500 
19.00 
5.85 

25.0 
0.100 
4.00 
0.200 

0.500 
19.00 
5.85 

25.0 
0.200 
4.00 
0.200 

There are four combinations to be evaluated: 
A-Green B-Green 
A-White B-White 

Solution. This problem will b.e worked in base 10. Note that the BOD rate constant 
(K) is given in base 10. Also note that for the purpose of explaining the calculations, 
thenumber.ofsignificant figures given for the data is greater than can probably be 
measurecLThe onlydi~ferencein the .combinations is the change in deoxygenation 
and reaeratf6ncoefficietlts. Thus, we needcalculate only one value of La and one 
valut;of}{i; '. •. 
...•.. . 'Wigeglrtbyconvertingthemass flow of ultimate BOD (kg/d) to a concentration 
(mgiL).FblIoWing outgeneralapproachfor calculating concentration from mass 
flow (Chapter 2); we dividethc\mass discharge (kg/d) by the flow of the water carry
in"gthcwaste(QHn Qn orthesliID Qw + Qr): 

M.assof ultimate BOD discharged (kg/d) 

Flow of water-carrying waste (m3/s) 

The mass discharge units are then converted to mg/d and the water flow to LId so that 
the days cancel. 

(kg/d) X (l X 106 mg/kg) 

(m3/s) X (86,400 s/d)(l X 103Llm3) 

For either Plant A or B: 

L = (129.60 kg/d)(l X 106 mg/kg) 

H' (0.0500 mJ/s)(86,400 s/d)(l X 103 Llm3
) 
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L29.60 X 106 mg 
== 

4.320 X 106 L 

== 30.00 mg/L 

Now we can compute the mixed BOD using Equation 5-26. 

(0.0500)(30.00) + (0.500)( 19.00)
L = '--~--.----.--. 

a 0.0500 + 0.500 

== 20.0 mg/L 

From Table A-3 of Appendix A, we find that the DO saturation at 25°C is 8.38 mglL. 
Then, using Equation 5-32, we determine the initial deficit: 

D = 8.38 _ (0.0500)(0.900) + (0.500)~.85) 
a 0.0500 + 0.500 

= 8.38 - 5,4 

= 2.98 mg/L 

For the combination of the A Plant discharging to the Green River, the deoxy
genation coefficient and reaeration coefficient are calculated by using Equations 5-43 
and 5-44, in base 10: 

0.100 X 0.200 . 50 + ~.~~-~~.~----O0 0 
2.3 X 4.00 

= 0.05217 d-1 at 20°C 

and 

1.7(0.100)°·5 
Kr = (4.00{5 

= 0.067 [98 d- J at 20°C 

~Note:..Thefactor2.3.in the Kef equation and the 1.7 in the K,:equation are the conver
sionsin base 1O.Hence, they differ from the equations in the text.) 

Since the temperature of the river is 25°C and the wastewater effluent tempera
ture is also 25°C, we do not have to calculate a temperature after mixing. However, 
we will have to adjust Kd and K· to 25°C. For Kd , we use Equation 5-6 with a value 
of eof 1.056. 

Kd O.05217( 1.056)25-20 

0.068513 or 0.0685 d- 1 

From the discussion that follows Equation 5-44, we note that () = 1.024 for reaeration, 
and thus 

Kr = 0.067198(1.024)25-20 

0.075658 or 0.0757 d- I 

Although perhaps not justified by the coefficients, we round to three significant 
figures because we will \vant to calculate travel time to two decimal places. 

http:Thefactor2.3.in
http:0.500)~.85
http:0.0500)(30.00
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Now we have all the information we need to calculate the time to the critical 
point. Using Equation 5-45 gives 

I {0.0757 [ (0.0757 0.0685)]} 
(. = 0.0757 0.0685 log 0.0685 1 - 3.0 0.0685 X 20.0 

= 	 138.89 log [1.105(1 - 3.0(0.005255))] 

138.89 log [1.0876] 

= 	5.07 d 

Using this value for t in Equation 5-41 (in base 10 because K values are in base 10), 
we can calculate the deficit at the critical point: 

D. = (0.0685)(20.0) [10-(0.0685)(5.07) _ 10-(0.0757)(5.07)] + 2.98[10-(0.0757)(5.07)] 
( 0.0757 - 0.0685 

= 	 191.76 [(0.4493) (0.4133)] + 2.98[0.4133] 

6.903 + 1.232 

=8.I3mg/L 

The DO at the critical point is determined by solving Equation 5-31 for DO and 
substituting the appropriate value for the DO saturation that we obtained earlier from 
Table A-30f Appendix A: 

DO = DOs - D 

8.38 8.13 = 0.25 mg/L 

Thus, the lowest DO for the A-:-Green combination is 0.25 mg/L, and it occurs at a 
traveltime of5.07 daysdownstream from the A Plant outfalL Since the Green River 
travelsataspeedofO.100mfs, this would be 

10.100 mls)(5.0Td)(86,400 sId) = 43.8 km 
1,000rnlkm 

combil1ations are summarized below: 

A-White B-Green B-White 

tc 
D 
DO 

.0.0685 
0.0757 
5.07 
8.14 
0.25 

0.0714 
0.107 
3.99 
6.93 
1.47 

0.0422 
0.0757 
5.93 
6.27 
2.13 

0.0451 
0.107 
4.44 
5.31 
3.08 

that the best combination is the B Plant on the White River. 
a spreadsheet program, we have generated the deficit values for a series of 

foreach of the combinations and plotted the results in Figure 5-12. From this 
figure wecanl11ake the following general observations: 

1. 	 Increasing the reaeration rate, while holding everything else as it is, reduces 
the deficit and displaces the critical point upstream. 

http:2.98[10-(0.0757)(5.07
http:10-(0.0757)(5.07
http:10-(0.0685)(5.07
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Effect of Kd and Kr on DO sag curve. 
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2. 	 Decreasing the reaeration rate, while holding everything else as it is', increases 
the deficit and displaces the cri tical point downstream. 

3. 	 Increasing the deoxygenation rate, while holding everything else as it is, in
creases the deficit and displaces the critical point upstream. 

4. 	 Decreasing the deoxyg~nation rate, while holdi~g everything else as it is, de
creases the deficit and displaces the critical point downstream. 

Nitrogenous BOD. Up to this point, only carbonaceous BOD has been considered 
in the DO sag curve. However, in many cases nitrogenous BOD has at least as much 
impact on dissolved oxygen levels. Modern wastewater treatment plants can routinely 
produce effluents with CBODs of less than 30 mg/L. A typical effluent also contains 

.	approximately 30 mg/L of nitrogen, which would mean an NBOD of about 137 mg/L 
if it were discharged as ammonia (see Example 5-7). Nitrogenous BOD can be il1cor
poratedinto the DO sag curve by adding an additional term to Equation SAl: 

kdLa k t . k t . k t knLn k t D == ~-- (e d - e r) +D a<e - ',) + (e - ',. e -kit) .(5-47) 
~-~ 	 ~ ~ 

where kll the nitrogenous deoxygenation coefficient, d- l
; Ln ultimate nitrogenous 

BOD after waste and river have mixed, mg/L; and the other terms are as previously de
fined. It is important to note that with the additional term for NBOD, it is not possible 
to find the critical time using Equation 5-45. Instead, it must be found by a trial and er
rorsolution of Equation 5-47. 

()tlterFaCtorsAffectingDO Levels in Rivers. The classical DO sag curve assumes 
thatt~ereisoniyon7point-sourcedischargeof waste into the river. In reality, this is 
rar~lyth~8~se'i~uI~ipl~p~ints()urcescan.be handled by .. dividing therivel' up into 

f(:J r~~S~ys~itti~;p()ipts()u5~~fttheheadofefchr~ach.Areach isa length of river spec
F<}<ifieapyihe.el1gineeronthebasisofits homogeneity, that is, channel shape, bottom 
f~~0S1qge;ete"l'h~?~ygenideficitandresidual BOD can be calculated at the 
'0 .............r~~c:~.1'hes~v~lu~sarethtmusedtodetermine new values of Da and La at 
~~tn.e'beginnil1gof the following reach. Non-point source pollution can also be handled 

th,is',Vayifchereachesaremade'small enough. Non-point source pollution can also be 
if)c0f:P?rated dir~ctlyintotheDOsa&equationfor a more sophisticated analysis. Di

~>A ·vtgi~~~h,e.~iyerint9reach(3~js also necessary whenever the flow regime changes, since 
thereaerationcoefficient would also change. In small rivers, rapids playa major role 
in maintaining high DO levels. Eliminating rapids by dredging or damming a river can 
have a severe impact on DO, although DO levels immediately downstream of dams are 
usually high because of the turbulence of the falling water. 

Some.rivers contain large deposits of organic matter in the sediments. These can 
be natural deposits of leaves and dead aquatic plants or can be sludge deposits from 
vV;~st~watersreceivinglittleor no treatment. In either case, decomposition of this 01'

>,~~ gaDiclIlattetplacesan.agditionaL burden on the stream's oxygen resources, since the 
oxygen demand must be supplied from the overlying water. When this benthic demand 

significant, compared to the oxygen demand in the water column, it must be lU

eluded quantitatively in the sag equation. 
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Aquatic plants can also have a:' substantial effeCt on DO leve~s. DJlring the day, 
their photosynthetic activities produce oxygen that supplements the reaeration and can 
even cause oxygen supersaturation. However, plants also consume oxygen for respira
tion processes. Although there is a net overall production of oxygen, plant respiration 
can severely lower DO levels during the night. Plant growth is usually highest in the 
summer ~hen flows are low and temperatures are high, so that large nighttime respi
ration requirements coincide with the worst cases of oxygen depletion from BOD ex
ertion. In addition, when aquatic plants die and settle to the bottom, they increase the 
benthic demand. As a general rule, large growths of aquatic plants are detrimental to 
the maintenance of a consistently high DO level. 

Effect of Nutrients on Water Quality in Rivers 
Although oxygen-demanding wastes are the most important river pollutants on an 
overall basis, nutrients can also contribute to deteriorating water quality in rivers by 
causing excessive plant growth. Nutrients are those elements required by plants for 
theiLgrowth. They include, in order of abundance in plant tissue: carbon, nitrogen, 
phosphorus, and a variety of trace elements. When there are sufficient quantities of all 
nutrients available, plant growth is possible. By limiting the availability of anyone nu
trient; further plant growth is prevented. 

Some plant growth is desirable, since plants form the base of the food chain and 
thus support the animal community. However, excessive plant growth can create a 
number of undesirable conditions such as thick slime layers on rocks and dense 
growths of aquatic weeds. 

The availability of nutrients is not the only requirement for plant growth. In many 
rivers, the'turbidity caused by eroded soil particles, bacteria, and other factors prevents 
lightfr()lJlpenetratingJarinto the water, thereby limiting total plant growth in deep wa
ter.Itcisforthisreasonthatslimegrowths on rocks usually occur in shallow water. 
~tr~ng\Vatercurr~ntsalso preventrooted plants from taking hold, and thus limit their 
gf~\Yth)~oquieLbackwaterswherethecurrents are weak and the water is shallow 
enoug~forlight topenetrate. 

Effects of Nitrogen. There are three reasons why nitrogen is detrimental to a receiv
inghbdy: 

h 	 Irthrghcollcentrations, NH3-N is toxic to fish. 

2. 	 NH3, in low concentrations, and NO), serve as nutrients for excessive growth 
of algae. 

3. 	 The conversion of NH: to N03consumes large quantities of dissolved oxygen. 

Effects of Phosphorus. The major deleterious effect of phosphorus is that it serves 
asa.vitalnutrient for the growth of algae. If the phosphorus availability meets the 
growthdem,mds oUhe algae, there is an excessive production of algae. When the al
gae die, they become an oxygen-demanding organic material as bacteria seek to de
grade them. This oxygen demand frequently overtaxes the DO supply of the water 
body and, as a consequence, causes fish to die. 
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Management Strategy. The strategy for managing water quality problems associ
ated with excessive nutrients is based on the sources for each nutrient. Except under 
rare circumstances, there is plenty of carbon available for plant growth. Plants use 
carbon dioxide, which is available from the bicarbonate alkalinity of the water and 
from the bacterial decomposition of organic matter. As carbon dioxide is removed 
from the water, it is replenisheq from the atmosphere. Generally, the major source of 
trace elements is the natural weathering of rock minerals, a process over whichJhe en
vironmental engineer has little controL However, since the acid rain caused by air pol
lution accelerates the weathering process, air pollution control can help reduce the 
supply of trace elements. Even when substantial amounts of trace elements are found 
in wastewater, their removal is difficult. In addition, such small amounts are needed 
for plant growth that nitrogen or phosphorus is more likely to be the limiting nutrient. 
Therefore, the practical control of nutrient-caused water-quality problems in streams 
is based on removal of nitrogenand/or phosphorus from wastewaters before they are 
discharged. 

5.;4 WATER QUALITY lVIANAGEMENT IN LAKES 

Oxygen-demanding wastes can also be important lake pollutants, especially when the 
wasteis discharged to a contained area such as a bay. Pathogens are of particular con
cern near bathing beaches. Again, as with rivers, there are special classes of lakes 
which are mostseriously affected by other pollutants such as toxic chemicals from in
dustriaLdischafges.However, phosphorus so dominates other pollutants in controlling 
\V.aterqllalityinthevast majority of lakes that we will give it special emphasis. 

Aknowledgeoflake systems is essential to an understanding of the role of phos
phoru~.inl~~~g()ltptio.I1.The .. stu9Y ofl~kesiscalled limnology. This section is 'essen
tiallyaSl1prtc;oursejnlimnology as it relates to phosphorus pollution.

"~~),, 

£',,__,; <>_: -:- u/-.,''' ~< __::;;:_?;':__-_':::_:- _",: ,_>,'",«:.:: :~-_- __ :<>_ "','r 

.:c~. Stva.' ·~t.i.·.~~l1.a.···.n.d.·····.· •. JUvnove.r. 
~'fi:.itJj - ~ 

.r}.··; '~@a~llfafl;r(lkesTrrihet~ITlPerat~8If~aticczone.··becoI11e.stratified·.during the summer 
~~,alldg\fertum(tumover) in the fall due to.changes in the water temperature that result 
r:~~ frert1.th~anl1ualeycleofair teniperaturechanges.ln addition, lakes in cold climates 

.un.d~r~o\Vint~tstr~ti~c~tio~andspring()vertumas welL. These physical processes, 

1J;J~~!;~h~~§~;;!:J~t~~~eOt~~'::~;~q~~~i~:,f the water quality in the lake. Nonethe-

Dllringthe summer, the surface water of a lake is heated both indirectly by contact 
with warm air and directly by sunlight. Warm water, being less dense than cool water, 
remains near the surface until mixed downward by turbulence from wind, waves, 
J)oats;,andotheFforces. Because this turbulence extends only a limited distance below 
m~\vNersurface, the result is an upper layer of well-mixed, warm water (the 

j~:tEl e~ilil(1lzion,)tloating on the lo\ver water (the hypolimnion), which is poorly mixed and 
(0jj~ooh.(1sshowninFigure5-l3a.Because ofgood mixing the epiIimnion will be aerobic 

~~aveDO),The hypolimnion will have a lower DO and may become anaerobic (de
void of oxygen). The boundary is called the thermocline because of the sharp temper
ature change (and therefore density change) that occurs within a relatively short 

http:teniperaturechanges.ln
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(a) 

Ice 

(b) 

FIGURE 5-13 

Stratification of a lake during (a) summer and (b) winter. 


distance. The thermocline may be defined as a change in temperature with depth that 
is greater than 10C/m. You may have experienced the thermocline while swimming in 
a small lake. As long as you are swimming horizontally, the water is warm, but as soon 
as you tread water or dive, the waterturns cold. You have penetrated the thermocline. 
The depth of the epilimnion is related to the size of the lake. It is as little as one meter 
in small bikes and as much as 20 meters or more in large lakes. The depth of the epil
imnionisalso relatedto storm activity in the spring when stratification is developing. 
Al11ajorstorm at the right time will mix warmer water to a substantial depth and thus 
createadeeperthannorrualepilimnion. Once formed, lake stratification is very stable. 
Itcanbebrokenonlybyexceedingly violent storms. In fact, as the summer progresses, 
thestabilityjllcreasesbecauset~e epilimnion continues to warm, while the hypolimnion 
remains. at. a fairly constant temperature. 

In thefall, as temperaturesdrop, the epilimnion cools until it is more dense than 
the hypolimnion. Thesurfacewater then sinks, causing overturning. The water of the 
hypplill1nip.rrisestothesurface where it cools and again sinks. The lake thus becomes 
. completely mixed. If the lake is in a cold climate, this process stops when the temper
ature reaches 4°C, since this is the temperature at which water is most dense. Further 
cooling or freezing of the surface water results in winter stratification, as shown in 
Figure 5-13b. As the water warms in the spring, it again overturns and becomes com
pletely mixed. Thus, temperate climate lakes have at least one, if not two, cycles of 
stratification and turnover every year. 

BiologicalZones 
Lakes contain several distinct zones of biological activity, largely determined by the 
availability of light and oxygen. The most important biological zones, shown in Figure 
5-14, are the euphotic, littoral, and benthic zones. 
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FIGURE5-14. 
Biological zones in a lake. 

.EuphoticZone. The upper layer of water through which sunlight can penetrate is 
called the euphotic zone. All plant growth occurs in this zone. In deep water, algae are 
the most important plants, while rooted plants grow in shallow water near the shore. 
The depth of the euphotic zone is determined by the amount of turbidity blocking sun
lightpenetration. In most lakes, the turbidity is due to algal growth, although color and 
suspended clays may substantially reduce sunlight penetration in some lakes. In the 
euphotic zone, plants' produce 'more oxygen by photosynthesis than they remove by 
re§piratiotr.~el~~the~ughoticz.pn~l ies theprofundalzone. The ·transition between 

(Y€) th~t'A'Qzqn~sis~c~ll~dt~eligAtcompensationleveL The lightcompensation level cor
<j••.<,resPQndsr(JlJghIx;to~rdep!that'A'hichthelightintensity is about one percent of unat
~. t~~~a!.~. ... gligh\.ltisj~gortanttonotethat the bottom of the euphotic zone only 

rarelY,(JQii withthethermoc 1 ine~ 
;.-:,.::.::.•.';.•....-:~.5~.'_~i':- ___ .", " ___ "./<,,_"" "<"" __ ' ' _ - :~_ ::_'::<:-:: >"',,-::\,,,_:<-'_<','<i,'/",'/ <,'<:'. '_ '_ ',:'_:"-,::'" -,,,<>,,,,< 'c- _::,_: - 

·~Ditt(}rarZone. The shallow water near the shore in which rooted water plants can 
gt()\ViscalIedt~elittoralzone.The extentof the littoral zone depends on the slope of 

/ th~,l~k,~,~o~t?ll1.'~ndth~~rPthof the euphotic zone. The littoral zone cannot extend 
!.,'. ...·deepertllantheellphoticzone. 

Benthic Zone. The bottom sediments comprise the benthic zone. As organisms living 
in the overlying water die, they settle to the bottom where they are decomposed by or
ganisms living in the benthic zone. Bacteria are always present. The presence of higher 
life f()rms such as worms, insects, and Cl1.lstaceans depends on the availability of oxygen. 

liaKeProductivity 
The productivity of a lake is a measure of its ability to support a food web. Algae form 
the base 6f this food web, supplying food for the higher organisms. A lake's produc
tivity may be determined by measuring the amount of algal growth that can be supported 
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TABLES·3 
Lake classification based on productivity 

Chlorophyll a Total phosphorus 
concentration, Secchi depth, concentration, 

Lake classification J,Lg/L m p;g/L 

Oligotrophic Average 1.7 9.9 8 
Range OJ-4.5 5.4-28.3 3.0-17.7 

Mesotrophic Average 4.7 4.2 26.7 
Range 3-11 1.5-8.1 10.9-95.6 

Eutrophic Average 14.3 2.5 84.4 
Range 3-78 0.0-7.0 15-386 

Source: Wetzel, 1983. 

by the available nutrients. Although a more productive lake,usualLy will have a higher 
fish population, the number of the most desirable fish may decline. In fact, increased 
productivity generally results in reduced \-vater quality because of undesirable changes 
that occur as algal growth increases. Because of the important role productivity plays 
in determining water quality, it forms a basis for classifying lakes. Table 5-3 shows a 
lake classification based on productivity. 

Oligotrophic Lakes. Oligotrophic lakes have a low level of productivity due to a se
verely limited supply of nutrients to support algal growth. As aresult, the water is clear 
enough that the bottom can be seen at considerable depths. In this case, the euphotic 
zone often extends into the hypolimnion, which is aerobic. Oligotrophic lakes, there
fore,sUcpp~rtcoldwatergamefish, Lake Tahoe on the California-Nevada border is a 
classicex,arnpleofanoJigotrophic•. lake. 

Fl~tto~hl~\~akes.. Eutrophic lakes have a high productivity because of an abundant 
supplyofalgaLnutrients. The algae cause the water to be highly turbid, so the euphotic 
zone may extend only partially into the epilimnion. As the algae die, they settle to the 
lake bottom where they are decomposed by benthic organisms. In a eutrophic lake, this 
decornppsitionis sllfficiepttodepletethe hypolimnion of oxygen during summer strat

ification.Becausethehypolimnion is anaerobic during the summer, eutrophic lakes 
support only warm-water fish. In fact, most cold-water fish are driven out of the lake 
long before the hypolimnion becomes anaerobic because they generally require dis
solved oxygen levels of at least 5 mg/L. Highly eutrophic lakes may also have large 
mats of floating algae that typica.lly impart unpleasant tastes and odors to the water. 

Mesotrophic Lakes. Lakes which are intermediate between oligotrophic and eu
trophic are called mesotrophic. Although substantial depletion of oxygen may have 
occurred in the hypolimnion, it remains aerobic. 

Senescent Lakes. These are very old, shallow lakes which have thick organic sediments 
and rooted water plants in great abundance. These lakes will eventually become marshes. 
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Eutrophication 
Eutrophication is a natural process in which lakes gradually become shallower and more 
productive through the introduction and cycling of nutrients. Thus, oligotrophic lakes 
gradually pass through the mesotrophic, eutrophic, and senescent stages, eventually fill
ingcompletely. The time for this process to occur depends on the original size of the 
lake and on the rate at which sediments and nutrients are Introduced. In some lakes the 
eutrophication process is so slow that thousands of years may pass with little change in 
water quality. Other lakes may have been eutrophic from the day they were formed, if 
nutrient levels were high at that time. 

Cultural eutrophication is caused when human activity speeds the processes natu
rally occurring by increasing the rate at which sediments and nutrients are added to the 
lake. Thus, lake pollution can be seen as the intensification of a natural process. This is 
not to say that eutrophic lakes are necessarily polluted, but that pollution contributes to 
eutrophication. Water quality management in lakes is primarily concerned with slow
ing eutrophication to at least the natural rate. To understand the factors involved in eu
trophication,it is nec~ssary to understand the factors contributing to algal growth; 

Algal Growth Requirements 
Allalgae reqllire macronutrients, such as carbon, nitrogen, and phosphorus, and mi
cronutrients, such as trace elements. For algae to grow, all nutrients must be available. 
Lack of anyone nutrient will limit the total algal popUlation. The availability of each 
I1utrient.and its natural cycle are summarized below. 

Carbon~Algae obtain their carbon from carbon dioxide dissolved in the water. Since 
the carbon dioxide isin equilibrium with the bicarbonate buffer system (see Chapter 4), 
theimmediatel.yava.ilablecarhon is determined by the alkalinity of the water. However, 
ascarbol1dioxideisremovedfrorn the water, it is replenished from the atmosphere. 
The atmosphere is, ofc().ufse,aYirtlially inexhaustible source of this gas. When algae 
areeither9QJlsumedby.higherorg~nisms ordie~nd decompose, the organic carbon is 
oxidizedback'to"c.~rPQndio~idewhichreturns either to the water or to the atmosphere 
to complete the carboncyc1e, 

"~itrogert."" Nitrogen in lakes is usually intheform of nitrate (N03 ) and comes from 
e~tern~ls~u,rcesby>:\VaYBfinflowingstreamsor groundwater. When taken up for algal 
gI'Qwth,tne nitrogeniscliemically reduced to amino-nitrogen (NHi) and incorporated 
into organic compounds. When dead algae undergo decomposition, the organic nitrogen 
is released to the water as ammonia (NH3). The ammonia is then oxidized back to ni
trate by bacteria in the same nitrification process discussed earlier in river systems. 

Nitrogen cycles from nitrate to organic nitrogen, to ammonia, and back to nitrate 
as long as the water remains aerobic. However, in anaerobic sediments, and in the 
hypolimnion ofeutrophic lakes, when algal decomposition has depleted the oxygen 
supply, nitrate is reduced by anaerobic bacteria to nitrogen gas (N2) and lost from the 
system in a process called denitrification. Denitrification reduces the average time ni
trogen remains in the lake system. The denitrification reaction is 

(5-48) 
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Some photosynthetic microorganisms can also fix njtrogen_gas from the 
sphere by converting it to organic nitrogen. In lakes the most important nitrogen-fixinf!e 
microorganisms are photosynthetic bacteria called cyanobacteria, formerly known as~~; 
blue-green algae because of the pigments they contain. Because of their nitrogen-fixing~;: 
ability, cyanobacteria have a competitive advantage over green algae when nitrate and~)

J,"-~ 

ammoniu~ concentrations are low but other nutrients are sufficiently abundant. Thesl:cJ 
cyanobacteria are generally undesirable because of their tendency to aggregate in 
sightly floating mats and because they impart unpleasant odor and taste to the water.t;) 
Cyanobacteria can also produce toxins which kill fish. Fortunately, these nuisance 
ganisms are not prevalent unless the supply of soluble fixed nitrogen is reduced to low 
levels. 

Phosphorus. PhospholUs in lakes originates from external sources and is taken up by 
algae in the inorganic form (PO~ -).and incorporated into organic compounds. During 
algal decomposition, phospholUs is returned to the inorganic fonn. The release of phos
pholUs from dead algal cells is so rapid that only a little of i~ leaves the epilimnion with 
the settling algal cells. However, little by little, phosphorus is transferred to the sedi
ments, some of it in undecomposed organic matter; some of it in precipitates of iron, 
aluminum, and calcium; and some bound to clay particles. To a large extent, the perma
nent removal of phosphorus from the overlying waters to the sediments depends on the 
amount of iron, aluminum, calcium, and clay entering the lake along with phospholUs. 

Trace Elements. The quantities of trace elements required to support algal growth 
are so small that most fresh waters have sufficient amounts for a substantial algal 
population. 

Th~.Lin1iting.·Nlltrient 

In1840~JustinLiebigformulatedthe idea that "growth of a plant is dependent on the 
al110llntoffoQdstuffthatis presented to it in minimum quantity." This is now known as 
Me#lg'slavyoftheminimum. As applied to algae, it means that algal growth will be 
~limitedbythenutrientthatis least available. Of all the nutrients, only phosphorus is 
notreadily.available from the atmosphere or the natural water supply. For this reason, 
phosphorus is deemed the limiting nutrient in lakes. The amount of phosphorus con
trols.the quantity ofalgal growth and therefore the productivity of lakes. This can be 
seenfrOrllFigirre5- t5irrwhich the concentration of chlorophyll a is plotted against 
phospholUs concentration. Chlorophyll a, one of the green pigments involved in pho
tosynthesis, is found in all algae, so it is used to distinguish the amount of algae in 
the water from other organic solids such as bacteria. It has been estimated that the 
phosphorus concentration should be below 0.0 10 to 0.015 mg/L to limit algae blooms 
(Vollenweider, 1975). 

Controlof Phosphorus in Lakes 
Since phosphorus is usually the limiting nutrient, control of cultural eutrophication must 
be accomplished by reducing the input of phospholUs to the lake. Once the input is re
duced, the phosphorus concentration will gradually fall as phosphorus is buried in the 
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.Reiatiollshipbetween summer levels of chlorophyll a and measured total 


ph(jsphol1Jsconcentrationfo~ 143 lakes. (Source: Jones and Bachmann, 

{~:;~)
. 	 1976.) 

;~ 	 I~~~~~;:~~U~&~q~?tjh¢ l3.ke.9therstrategies for reversing or slowing the elitmph
ic~tiQ.. .~~;·s~ch>aflprecipit~tingph8sphorus withadditions of aluminum (alum) or 

:.. .r~;tI2\,i. ..... ..'. "',' .trBfllSJricnisediments bydredging, .have' been proposed. However, -if the 
"~j~inJwtofphosphorusisnotalsocurtailed, the eutrophication process will continue. Thus, 

f:ft~ 	 d~~dgingorprecipitation alone can result only in temporary improvement in water qual
ity.InfgnjYilctign\Vitllreducegphosphoflls inputs,these measures can help speed up the 
r~I}1B)'. '. ........ '. .•.. .9f t,lsalreadyin the'lake system. Of course, the need to speed the re
coveryprocess must be weighed against the potential damage from inundating shoreline 
areas with sludge and stirring up toxic compounds buried in the sediment. 

To be able to reduce phosphoms inputs, it is necessary to know the sources of phos
phorus and the potential for theirTeduction. The natural source of phosphoms is the 
weatheringofrock. Phosphorus released from the rock can enter the water directly, but 
more,commonly it is taken up by plants and enters the water in the form of dead plant 
matter. Itisex.ceeginglydifficult to reduce the natural inputs of phosphoms. If these 
sourc~sarelarge, thelake is generally naturally eutrophic. For many lakes the principal 
sources ofphosphorus arethe result of human activity. The most important sources are 
mllnicipal and industrial wastewaters, seepage from septic tanks, and agricultural runoff 
that carries phosphorus fertilizers into the water. 
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Municipal and Industrial Wastewaters. All municipal ~sewage:contains phospho
rus from human excrement. Many industrial wastes are high in this nutrient. In these 
cases, the only effective way of reducing phosphorus is through advanced waste treat
ment processes, which are discussed in Chapter 6. Municipal wastewaters also contain 
large quantities of phosphorus from detergents containing polyphosphate, which is a 
chain of p~osphate ions (usually three) linked together. The polyphosphate binds with 
hardness in water to make the detergent a more effective <:;leaning agent. By the 1970s, 
phosphorus loading from detergents was approximately twice that from human excre
ment. Today's detergents do not contain phosphorus because the manufacturers have 
replaced it with other chemicals. 

Septic Tank Seepage. The shores of many lakes are dotted with homes and summer 
cottages, each with its own septic tank and tile field for waste disposal. As treated waste
water moves through the soil toward the lake, phosphorus is adsorbed by soil particles, 
especially clay. Thus, during the early life of the tile field, very little phosphorus gets to 
the lake. However, with time, the capacity of the soil to adsorb phosphorus is exceeded 
and any additional phosphorus will pass on into the lake, c~ntributing to eutrophication. 
The time it takes for phosphorus to break through to the lake depends on the type of soil, 
the distance to the lake, the amount of wastewater generated, and the concentration of 
phosphorus in that wastewater. To prevent phosphorus from reaching the lake, it is nec
essary to put the tile field far enough from the lake that the adsorption capacity of the soil 
is not exceeded. If this is not possible, it may be necessary to replace the septic tanks and 
tile fields with a sewer to collect the wastewater and transport it to a treatment facility. 

Agricultural Runoff. Because phosphorus is a plant nutrient, it is an important in
gredient in fertilizers. As rain water washes off fertilized fields, some of the phospho
rllsisGarri~dintostreams andthen into lakes. Most of the phosphorus not taken up by 
growing plants isb?undtdsoilparticles. Bound phosphorus is carried into streams and 
Ia~~sthroughsoiLerosion.Wasteminimization can be applied to the control of phos
pho~.~S:l?adi~gtol~k~§.f(oI11agriculturalfertilization by encouraging farmers to fertil
~ze'rnore'often;withsm~ner(tmounts· and to take effective action to stop soil erosion. 

Acidification of Lakes 
PureTainwater isslightly acid. As we discussed in Chapter 4, CO2dissolves in water 
~oforl11Qarbonicacid(H2C03).The equilibrium concentration of H2CO] results in a 
rainwater pH of approximately 5.6. Thus, acid rain is usually defined to be precipita
tion with a pH less than 5.6. The northeastern U.S. and Canada frequently record rain
water pH values between 4 and 5 (Figure 5-16). These low pH values have been 
attributed to emissions of sulfur and nitrogen oxides from the combustion of fossil 
fuels (see Chapter?). 

Fish, and in particular trout and Atlantic salmon, are very sensitive to low pH lev
els.Mostareseverely stressed ifthe pH drops below 5.5, and few are able to survive if 
the pH falls belowS.O. If the pHfalls below 4.0, cricket frogs and spring peepers ex
periencemortalitiesin excess of 85 percent. 

High aluminum concentrations are often the trigger which kills fish. Aluminum is 
abundant in soil but it is normally bound up in the soil minerals. At normal pH values 
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_ 2:5.3 
_ 5.2-5.3 
.. 5.1-5.2 
III 5.0--5.1 
~ 4.9-5.0 
CJ 4.8-4.9 
CJ 4.7-4.8 
D/4.6-4.7 
_ 4,5-4.6 
_4.4-4.5 
_ 43-4.4 
_<4.3 

National Almospheric Deposition Program/National Trends Network 
hnp:l/nadp,sws.uillc.cdu 

FIGURE5-16 
Hydrogen ion concentration as pH from measurements of rainwater. (Source: National Atmospheric 
Deposition Program (NRSP-3)/National Trends Network (2003). NADP Program Oftice, Illinois State 
Water Survey, 2204 Griffith Dr. Champaign, IL 61820. Data for 200 I now available. http://nadp.sws. 
uiuc,edu/isopleths/maps 1997/phfield.gif.) 

alUfl1inumrarelyoccurs in solution. Acidification of the water releases highly toxic 

Ae+t?tpe\y~ter. .....•.....•..... 
N1?st].akt~?r~lJuff?red bythe carbonate buffer system (see Chapter 4). To the ex-

i~'; t~r1Jtn~tthe·~l.li~trseP~~itxoftheJakt¢isn()texceeded,the.pH of the' lake will not be 
. ·affected~xacigJain.Ifthere isasource of carbonate to replace that coo

'~J~i?~thepuffering capacitycanpe quite large. Calcareous soils are 
'IIitlgil~gequantitie&of<:alciumcarbonate(CaC03)' As shown in Figure 4-14, 

~5 " J.cacid.releases bica~bonate into solution. H+ from acid rain will also release bi
f0"'lcarbonate''fl1us,lakes fonnedin calcareous soils tend to be resistant to acidification. 

.i'c;~> ···..·... ·.·.•.... Qth~r f~tt?r.sthataffectthesusceptibilityofaJake to acidification are the penne
·.;;~~bili~~fidLdeptQ.oftflesoilj'thebedrock,theslopeand size of the watershed, and the type 
. ,'. ofvegetation. Thin, impermeable soils provide little time for contact between the soil and 

the preC:ipitation. This reduces the potential for the soil to buffer the acid precipitation. 
Likewise, small watersheds with steep slopes reduce the time for buffering to occur. De
ciduous foliage tends to decrease acidity. Coniferous foliage tends to yield runoff that is 
moreacidthanthe precipitation itself. Granite bedrock offers little potential to buffer acid 
rain. galloway and Cowling (1978) used bedrock geology to predict areas where lakes 

·".;t'ia.f~P9t~11~iaUymostsensitive to acid rain (Figure5-17); You may note that the predicted 
(~}ar~asofsensitivity arealsothose subjected to very acid precipitation. 

The control of lake acidification is related to the control of atmospheric emissions 
of sulfur and nitrogen oxides. The role of air pollution in acid deposition is discussed 
in more detail in Chapter 

http:t~r1Jtn~tthe�~l.li~trseP~~itxoftheJakt�isn()texceeded,the.pH
http://nadp.sws
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FIGURE 5-17 
Regions in North America containing lakes sensitive to acidification 
by acid precipitation. The shaded areas have igneous or metamorphic 
bedrock geology; the unshaded areas have calcereous or sedimentary 
bedrock geology. Regions having low alkalinity lakes are concurrent with 
regions of igpeous and metamorphic bedrock geology. (Source: Galloway 
and Cowling, 1978.) 

WATER QUALITY MANAGEMENT IN ESTUARIES 
" :", 

Anest~~r.Yisformedalongthe coastline where freshwater from rivers and streams 
.fI?\V~.intotheocean.Itis.aplaceoftransition,where freshwater mixes with saltwater. 
Estuaries are infIuencedbytides. The Bay of Fundy, Boston Harbor, Chesapeake Bay, 
CorpusChristi Bay, Florida Bay, Hudson River estuary, Mobile Bay, Puget Sound, and 
SanFranciscoBayare examples .. of estuaries. 

Tl!~l;nix.of.saltwater and freshwater combined with the diurnal cycle of tidal 
wetting and drying and changes in salinity make the estuary ecosystem extremely 
complex. Numerous different habitats support an abundance of a wide variety of 
different animals. Each of these is sensitive to minor changes in the quality of the 
watec 

Likeothersurface waters, estuaries are subject to a plethora of pollutants. Al
though the technologies and policies that serve to manage the water quality of 
lakes and rivers also apply to estuaries, the management of the water quality is 
complicated by the number of political jurisdictions that touch on the estuary as 
well as thecompeting needs of organisms that live there. Competing with the en
vironmental value is the economic value of the estuary to commerce (Costanza and 
Voinov, 2000). 
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5-6 GROUNDWATER QUALITY MANAGEMENT 

Groundwater, by its very location, has a large measure of protection from contaminants 
that are found in surface waters. However, once groundwater becomes contaminated, 
its location and low rate of replacement with freshwater makes it difficult to return it 
to a pristine state. Two major source of contaminants are of concern: uncontrolled 
releases of biological and chemical contaminants and saltwater intrusion from over 
pumping of wells. 

Uncontrolled Releases 
Uncontrolled releases come from a variety of sources: 

• Discharge from improperly operated or located septic systems 

• Leaking underground storage tanks 

• Improper disposal of hazardous or other chemical wastes 

• Spills from pipelines or transportation accidents 

• Recharge of groundwater with contaminated surface water 

• Leaking landfills 

• Leaking retention ponds or lagoons 

The properties of the contaminant and the aquifer material govern their migration 
of the contaminants. Water-soluble chemicals are likely to move vertically down 
through the soil to the aquifer and migrate with the water as shown in Figure 5-18. 
Nitrate, methyl tertiary butyl ketone (a gasoline additive) and methamidophos (a pes
ticide)a[eex:aI11p~esofWater soluble chemicals. 

Gliemicalsthatareonlysparingly soluble migrate through the aquifer as a sepa
~\ ,eous ROase. These chemicals are know as nonaqueous phase liquids 

(N~l'~".,•. N""".,."", ..•. AP~saredivided int?two categorie,s based on their density. The light
<:~N.API..,sor·(LNAPLS}areless dense than water and will tend to "float" on the'water 

table as shown in Figure 5-19., Some of the chemical will dissolve into the ground
waterand some of the chemical may volatilize into the pore spaces of the unsaturated 
zohe; Examples of LNAPLs include .gasolineand aviation fuel. The dense NAPLs 
(DN~PLs)have a density greater than that of water; They will tend to "sink" in the 
aquifer until they reach an impervious barrier; The behavior of DNAPLs is shown in 
Figure 5-20. Trichloroethylene, tetrachloroethylene, and PCB-laden oils are examples 
ofDNAPLs. 

Management techniques for contaminant control in groundwater are discussed in 
Chapter 10. 

SaItwaterIntrusion 
Freshwatefaquifers near oceans or above saline aquifers may become contaminated 
with saltwater when water is pumped from wells that draw water that is too close to the 
freshwater-saltwater interface. 
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FIGURE 5-19 

Immiscible plume less dense than water. 
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FIGURE 5-20 

[mmiscibleplume denser than water. 


Becallse~~~'\Yater is.~eavierthan freshwater, it will form a saltwater wedge in 

~g~.iIe~~!tbatdrainjntotne~o?ean(Figure 5-21). Using.thenotation in Figure 5-21 and 


'a~s9mingthatJresh\Vatermoves!horizontallY to the ocean and that the interface is 
..~,#ab.F~gt~n~Jt~atito~cursattheshoreline,we can express. the freshwater pressure at any 
c}~. ··poiI1t()fJI1~/:.~I1t~rrac;~as" 

(h + z)Pr (5-49) 

wherep,r freshwater pressure, Pa 

h::::;~eightpf)vatertableapove'sea ·level, m 

z =distance oflnterrace below sea leveL m 


Pr = density of fresh water, kg/m3 

This pressure must be the same as the saltwater pressure on the other side of the inteIface; 

that is, Pj is also equal to ZPs' Equating the two expressions and solving for zgives 


Pf 
z h (5-50)

P,I' - Pf 

where Ps density of saltwater, g/mL 

Pr = density of freshwater, g/mL 


Taking the density of fresh water as 1.000 g/mL and that of seawater as 1.025 g/mL, 

we can LIse this expression to estimate that, for coastal waters, Z = 4011. Thus, for every 
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FIGURE 5-21 
Freshwater~saltwater interface in coastal aquifer draining into ocean. (Sollrce: Bouwer, 1978.) 

meter that the water table is above sea level, there will be 40 m of freshwater before 
saltwater is encountered. Actual conditions are not as simple as those assumed for 
Figure 5-21 and a much more complex expression must be used for accurate estimates 
of the position of the interface (Bouwer, 1978). 

When fresh groundwater is underlain by saline water, pumping a well in the fresh
water will cause the interface to rise below the well as shown in Figure 5-22. This 
upconing isin response to the pressure reduction on the interface that results from the 
drawdownof the water table around the well. If the well screen is close to the saline 
waterorthepumpingrateistoo high, saltwater may be drawn into the well. 

Water 

Freshwater 

Pf 

L 

fnterface 
- - - - - -- - - -.~-~::-=-::::-::-~-~--=-=--=-=--=-=-==-~--==--=-=-~--=""-

Saltwater 


Ps 


FIGURE 5-22 
Geometry and symbols for upconing of saltwater beneath a pumped weI! (dashed lines represent static 
positions of water table and interface). (Source: Bouwer, 1978.) 



WATER QUALITY MANAGEMENT 405 

The height of the upconing below the center of a well after an infinite pumping 
time at the freshwater well may be estimated by using the-Bear and Dagan (1968) 
equation as modified by Schmorak and Mercado (1969): 

pfQz 	=----- (5-51) 
00 21T(Ps - Pi )KL 

where Zeo = rise of the cone center at t co, m 
Q = well discharge, m3/d 
K hydraulic conductivity, mid 
L depth of freshwater-saltwater interface below well bottom prior to pump

mg,m 

A critical point in the relationship between the upconing and the drawdown is 
reached when the saltwater cone height reaches approximately OAL to 0.6L (see Figure 
5-22). When the cone height exceeds this critical height, the cone may 'jump" to the 
bottom of the well (Bouwer, 1978). Thus, when freshwater is underlain with saline 
water,prediction of theupconing .is important to prevent saltwater intrusion. 

5-7 CHAPTER REVIEW 

When you have completed studying this chapter; you should be able to do the follow
ing without the aid o.fyour text or notes: 

1. 	 Listthemajor pollutant categories (there are four) that are produced by each 
ofthefour principal sources of wastewater. 

difference between point sources and non-point sources of 

AFOs and CAFOs and detennine· whether 
isaCAFOon the basis of data you are 

primary concemwith respect to a receiving body 

5'f~~,?~ T~£L·.ajdexpI~in.• how.... it.is· calculated. 

Define biochemical oxygen demand (BOD). 

7. 	 Explain the procedure for determining BOD and specify the nominal values 
of temperature and time used in the test. 

8. 	List threereasons why the BOD rate constant may vary. 

9. 	 Sketch a graph showing the effect of varying rate constant on 5-day BOD if 
the ultim,lteBOD is the same, and the effect on ultimate BOD if the 5-day 
.BODisthe>same. 

10. Utilizing Equation 5-20 in your answer, explain what causes nitrogenous 
BOD. 
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11. 	Sketch a series of curves that show the deoXygenation, reaeration, and DO 
sag in a river. Show the effect of a change in the deoxygenation or reaeration 
rate on the location of the critical point and the magnitude of the DO deficit. 

12. 	List three reasons why ammonia nitrogen is detrimental to a receiving body 
of water and its inhabitants. 

13. 	Sketch and compare the epilimnion and hypolimnion with respect to the fol
lowing: location in a lake, temperature, and oxygen abundance (that is, DO). 

14. 	 Describe the process of stratification and turnover in lakes. 

15. 	 Explain what determines the euphotic zone of a lake and what significance 
this has for biological growth. 

16. 	Given a description of a lake that includes the productivity, clarity, and oxy
gen levels, classify it as oligotrophic, mesotrophic, eutrophic, or senescent. 

17. 	Explain the process of eutrophication. 

18. .State Liebig's law of the minimum. 

19. 	 Name the most common "limiting nutrient" in lakes and explain why it is a 
limiting nutrient. 

20. 	 List three sources of phosphorus that must be controlled to reduce cultural 
eutrophication of lakes. 

21. 	 Explain why the pH of pure rainwater is about 5.6. 

22. Define acid rain. 


23.. Explain why acid rain is of concern. 


24~ExplaiIl the role ofcalcareous soils in protecting lakes from acidification. 


25.0therjhanrainwaterpH, list six variables that determine the extent of lake 

adgification and explain how increasing or decreasing the value of each 
rnigl1tbeexpectedto change the extent of acidification. 

26. 	Identify the two components that define an estuary. 

27. 	Describe the process of saltwater intrusion into a freshwater well. 

With the aid of this text you should be able to do the follmving: 

1. 	Calculate the ThOD of a compound given the balanced oxidation reaction(s). 

2. 	 Calculate the BODs, given the sample size and oxygen consumption, or 

calculate the sample size, given the allowable oxygen consumption and 

estimated BODs. 


3. 	 Calculate the ultimate BOD (Lo)' given the BOD exerted (BOD,) in time t 
and rate constant k, or calculate the rate constant k, given L(l and BODs· 

4. 	 Calculate a new k for a temperature other than 20°C, given a value at T 0c. 
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5. 	 Calculate the BOD rate constant k and ultimate BOD (Lo) from experimental 
data of BOD versus time. 

6. 	 Calculate the oxygen deficit D in a length of stream (reach), given the 
required input data. 

7. 	 Calculate the critical oxygen deficit DO at the DO sag point (minimum). 

8. 	 Estimate the height of upconing from a calculation of drawdown (Chapter 3). 

5-8 	 PROBLEMS 

.5-1. 	 Glutamic acid (CSH904N) is used as one of the reagents for a standard to 
check the BOD test. Determine the theoretical oxygen demand of 63 mg/L 
of glutamic acid. Assume the following reactions apply: 

CSH904N + 4.502 ~ 5C02 + 3H20 + NH3 

NH3 + 202 ~ NO) + H+ + H20 

Answer: ThOD = 89.14 or 89 mg/L 

5.;2. 	 Bacterial cells have been represented by the chemical formula CSH7N02. 

Compute the theoretical oxygen demand of 30 mg/L of bacterial cells, 
assuming the following reactions apply: 

CSH7N02 + 502 .,,- 5C02 + 2H20 + NH) 

~H) + 202 ~ NO) + H'+ + H20 

in.the anaerobic decomposition of organic wastes produces acetic 
oxygen demand of 300 mg/L 

reaction applies: 

."_".'"~ .. '" .......'v.v mgfL and the ultimate BOD is 320.0 rng/L, 
10)? Assume the temperature is 20°C 

Answer:K= O.lOld·-:- 1 

Itthe/~2Dof~mlll'licig~l.wastewater at the end of7 days is 60.0 mg/L 
"and themltimateBOD is 85.0 mg/L, what is the rate constant (base 10)? 
Assume the temperature is 20°C. 

If the BOD6 of a municipal wastewater is 213 mg/L and the ultimate BOD 
is 3l8.4 mg/L, what is the rate constant (base e)? Assume the temperature 
is 20°C 

Convert the rate constant found in Problem 5-4 to base e. 

Answer: k =0.233 d I 

Convert the rate constant found in Problem 5-5 to base e. 

Convert the rate constant found in Problem 5-6 to base 10. 
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5-10. 	Assuming that the data in problem 5~4 were taken at 20°C, ~()mpute the 
rate constant at a temperature of 15°C. . 

Answer: K = 0.0536 d- I 

5-11. 	Assuming that the data in Problem 5-5 were taken at 25°C, compute the 
rate constant at 16°C. 

5-12. What is the BODs of a waste that yields an oxygen consumption of 2.00 
mgIL from a 1.00 percent sample? 

Answer: BODs = 200 mg/L 

5-13. 	What sample size (in percent) is required for a BODs of 350.0 mg/L if the 
oxygen consumed is to be limited to 4.00 mg/L? 

5·14. 	If the BODs of a waste is 327 mg/L, what sample size (in percent) should 
be selected to yield an oxygen consumption of 4.8 mg/L? 

5-15. If the ultimate BO0 of two wastes having K ~alues of 0.0800 d - [ and 
O.l20d- 1 1s280.0 mg/L, what would be the 5-dayBOD for each? 

Answer: For K 0.08 d- 1
, BODs 169 mgfL; for K = 0.12 d- 1

, 

BODs = 210 mg/L 

5-16. 	If the BODs of two wastes having K values of 0.0800 d-[ and 0.120 d- 1 is 
280.0 mg/L, what would be the ultimate BOD for each? 

5-17. 	Using a computer spreadsheet program you have written, plot the BOD 
curves that would result for the data given in Problem 5-15. At approxi
,mateiy what day (±5.0 d) does the ultimate BOD occur? Check your 
answer, usingEquation 5-5. 

548. 	UsIng a. computer spreadsheet program you have written, plot the BOD 
curyest?atwouldresultforthe data given in Problem 5-16. At approxi
I11(ltelyw~atday(±5.0d)wouldthe ultimate BOD occur for each waste? 
Ch~(*,youransWt;r, using Equation 5-5. 

5;19.Using'Thomas' graphical method and a computer spreadsheet program 
you have written, calculate the BOD rate constant in base e and the ulti
mate BODfrom the following data: 

5 102.4 

7 111.00 

8 114.0 

10 118.8 

Answers: k = 0.36 d- l
; Lo = 129.6901' 130 mg/L 

5-20. Using Thomas' graphical method and acomputer spreadsheet program you 
have written, calculate the BOD rate constant in base e from the following data: 
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Day BOD,mg/L 

2 119 

5 210 

10 262 

20 279 

35 279.98 

5·21. 	Using Thomas' graphical method and a computer spreadsheet program 
you have written, calculate the BOD rate constant in base e from the 
fonowing data: 

Day BOD,mg/L 
2 86 

5 169 

10 236 

20 273 

35 279.55 

5·22. Using the data from Problem 5-1, calculate the theoretical NBOD of 
glutamic acid. 

Answer: Theo. NBOD = 27.42 or 27 mg/L 

5·23.Usingthedata from'Problem 5-2, calculate the theoretical NBOD of bac
terial cells. 

3H20 + 2NH3 

NO) +H+ + H20 

5:-25. 	Derive an expressionJorthe final temperature Ts of the mixture of waste
warerflowQw at temperatureTw and river flow Qr at temperature Tr- As
~ulJlt;tl1at~M~p~cifi()h~ataf1d.densitydfthewastewater and the river are 
ihesame. ' ' 

5·26. 	A tannery with a wastewater flow of 0.011 m3/s and a BODs of 590 mglL 
discharges into the Cattaraugus Creek (Nemerow, 1974).The creek has a 10
year, 7-day low flow of 1.7 m3/s. Upstream ofthe tannery, the BODs of the 
creek is 0.6 mg/L. The BOD rate constants k are 0.115 d- [ for the tannery 
and 3.7 d - [ for the creek. The temperature of both the creek and the tannery 
wastewateris20°C.Calculate the initial ultimate BOD after mixing. 

Answers:LoTannery =1,349.2 mg/L, Locreek = 0.6 mg/L, La 9.27 
or'9 maILb 

5·27. The town of Pittsburgh discharges 0.126 m3/s of treated wastewater into 
Cherry Creek. The BODs of the wastewater is 34 mg/L. Cherry Creek has 
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a lO-year, 7-day low flow Qf 0.126 m3/s. Upstream of t~e wastewater out
fall from Pittsburgh, the BOD5 is 1.2 mglL. The -BOD rate constants k are 
0.222 d- I and 0.090 d- L for the wastewater and creek respectively. The 
temperature of both the creek and the municipal wastewater is 20°e. Cal
culate the initial ultimate BOD after mixing. 

5·28. ·A short distance downstream from the tannery in Problem 5-26, a glue fac
tory and a municipal wastewater treatment plant also discharge into Catta
raugus Creek. The wastewater flows and ultimate BODs for these discharges 
are listed below. Determine the initial ultimate BOD after mixing of the 
creek and the three wastewater discharges. 

Source Flow, m3Is Ultimate BOD, mg/L Temperature, °C 

Glue factory 0.13 255 20 

Municipal WWTP 0.02 75 	 20 

. 
5-29. 	Cherry Creek is joined by Peach Tree. Creek and Apple Creek to form the 

Ambrosia River. The flows and ultimate BODs for these creeks are listed be
low. Determine the initial ultimate BOD after mixing of the Ambrosia River. 

Source Flow, m3/s Ultimate BOD, mg/L Temperature, °C 

Cherry Creek 0.252 27 20 

Peach Tree Creek 0.13 8 20 

Apple Creek 0.02 16 20 

5·30. 	Computethedeoxygenationrate constant and reaeration rate constant 
(basee)Jorthefollowing wastewater and stream conditions. 

Temperature, °C H,m v, mls TJ 

20 

Stream 	 20 1.0 0.5 0.4 

5:3LAsaresultof snowmelt and spring flooding, the stream conditions in 
Problem 5-30 change as shown below. Determine the values of kd and kr 
for flood conditions. 

Temperature, °C H, m v, mls TJ 

Wastewater 0.126 0.20 20 

Stream 0.252 10 4.0 2.5 0.6 

5-32. 	The initial ultimate BOD after mixing of the Noir River is 50 mglL. The 
DO in the river after the wastewater and river have mixed is at saturation. 
The river temperature is 10°e. At 10°C, the deoxygenation rate constant kr 
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is 0.30 d -I and the reaeration rate constant kr is Q.30 d-I. Detertnine the 
critical point tc and the critical DO. 

5-33. 	Repeat Problem 5-32, assuming the river temperature rises to 15°C so that 
kd and kr change. 

5-34. 	Churchill, Elmore, a~d Buckingham (1962) developed the following reaer
ation equation based on studies of Tennessee Valley rivers: 

5.23v 
HI.67 

Compare this equation with the O'Connor and Dobbins equation (Equa
tion 5-44) using a computer spreadsheet program you have written. Plot 
the values of kr as a function of the speed of the stream flow for each of 
these equations, using four speeds (0.05, 0.10, 0.20, and DAD mls) and 
a depth of 1.0 m. Assume the stream temperature is 20°e. Discuss the 
possible reasons for the results you observe. 

5-35. 	The discharge from a sugar beet plant causes the DO at the critical point to fall 
to 4.0 mg/L. The stream has a negligible BOD and the initial deficit after the 
river and wastewater have mixed is zero. What DO will result if the concentra
tion of the waste (Lw) is reduced by 50 percent? Assume that the flows remain 
the same and that the saturation value of DO is 10.83 mgIL in both cases. 

5-36. 	The Big Bear town council has asked that you determine whether the dis
charge of the town's wastewater into the Salmon River will reduce the DO 
below the state standard of 5.00 mg/L at Alittlebit, 5.79 km downstream, 
or at any other point downstream. The pertinent data are as follows: 

Big Bear Salmon 
Parameter wastewater River 
",' .,", ,,'" . ,1, , . ",,;;fHpW,m'is 0.280 0.877 

, UitimateBODat28°C,mg/L 6A4 7.00 . 

DO,mg/L 1.00 6.00 
Kd at 28°C, d - I N/A 0.199 
Kat28°C d'-Ir,,",", ,., N/A 0.370 

Speed, mls N/A 0.650 

Temperature, °C 28°C 28°C 

AnSrvers: DO at Alittlebit = 4.75 mg/L 
Critical DO = 4.72 mg/L at ( = 0.3149 d 

5-37. 	If the Salmon Rivertemperature in Problem 5-36 decreases to 12°C, will 
the discharge from Big Bear reduce the DO in the river below 5.00 mg/L 
at a distance of 5.79 km downstream? Note: You must calculate a new 
temperature of the mixed river water and wastewater, then correct Kd and 
Kr of the river only. 
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5·38. 	Calculate the DO at a point 1.609 km downstream from, a waste discharge 
point for the following conditions. Report yoUr answer to two decimal 
places. Rate constants are already temperature-adjusted. 

Parameter Stream 

kd 1.911 d- 1 

kr 4.49 d-:: 1 

Flow 2.4 m3/s 

Speed O.loomls 

Da (after mixing) 0.00 

Temperature 17.0°C 

BODL (after mixing) 1,100.00 kg/d 

Answer: DO = 8.69 or 8.7 mg/L 

5-39. Calculate the DO at a point 2.880 km downstream 
, 

from a waste discharge 
point for the following conditions. Report your answer to two decimal 
places. Rate constants are already temperature adjusted. 

Parameters 	 Stream 

Kd 	 1.830 d- I 

Kr 	 2.030 d- 1 

Flow 0.30 m3/s 

Speed O.lOOmls 

Da (after mixing) 0.00 

Temperature 18.0°C 

. BODL(aftermixing) 	 1,125.00 kg/d 

Hint: Problems 5-40 through 5-50 require solution of a long series of 
sequential equations (similar to but not the same as those in Example 
5-12); Some oftheproblems require iterative solutions. Even when an 
iterativesoluti()n is not required, a computer spreadsheet solution that 
computes the results of each of the sequential equations is recommended. 
This will allow you to correct small mistakes in equations you might have 
made early in the sequence without time-consuming recomputation of the 
subsequentequations. Your time is valuable, make efficient use of it! 

5-40. 	The town of Avepitaeonmi has filed a complaint with the state Department 
of Natural Resources (DNR) that the City ofWatapitae is restricting its use 
of the Wash River because of the discharge of raw sewage. The DNR water 
quality criterion for the Wash River is 5.00 mg/L of DO. Avepitaeonmi is 
15.55 km downstream from Watapitae. What is the DO at Avepitaeonmi? 
What is the critical DO and where (at what distance) downstream does it 

http:1,125.00
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occur? Is the assimilative capacity of the river re~tricted? The following 
data pertain to the 7-year, 10-day low flow at Watapitae. 

Parameter Watapitae 
wastewater Wash River 

Flow, m3/s 0.1507 1.08 

BOD5 at 16°C, mglL 128.00 N/A 
BODu at 16°C, mglL N/A 11.40 

DO, mglL 1.00 7.95 

Temperature, °C 16.0 16.0 

k at 20°C d- 1 , 0.4375 N/A 
Speed, mls N/A 0.390 

Depth, m N/A 2.80 

Bed-activity coefficient N/A 0.200 

5-41. 	Under the provisions of the Clean Water Act, the U.S. Environmental Pro
tection Agency established a requirement that municipalities had to pro
vide secondary treatment of their waste. This was defined to be treatment 
that results in an effluent BODs that does not exceed 30 mglL. The dis
charge from Watapitae (Problem 5-40) is clearly in violation of this stan
dard. Given the data in Problem 5-40, rework the problem assuming that 
Watapitae provides treatment to lower the BOD5 to 30.00 mglL. 

5-42. 	The Blue Ox Tannery has asked you to assist them in preparations to file for a 
NPDES permit to discharge wastewater into the Zmellsbad River. The DNR 
water quality criterion for the Zmellsbad River is 5.00 mgIL of DO. They 
have asked you the following questions: What is the critical DO and where 
(51t what distance) downstream does it occur? They have provided you with 
the following data. They pertain to the 7-year, lO-day low flow at the tannery. 

Blue Ox Zmellsbad 
Parameter wastewater River 

Flow, m3/s 1.148 7.222 

BOD5 at 15°C, mglL 90.00 N/A 
BODu at 15°C, mg/L N/A 7.66 

DO, mglL 1.00 6.00 

Temperature, °C 15.0 15.0 
k at 20°C, d- [ 0.3685 N/A 
Speed, mls N/A 0.300 

Depth, m N/A 2.92 

Bed-activity coefficient N/A 0.100 
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5-43. 	Under the provisions of th~. Clean Water Act, the U.S. E~viro!1Jnental Pro
tection Agency established a requirement that municipalities had to pro
vide secondary treatment of their waste. This was defined to be treatment 
that results in an effluent BOD5 that does not exceed 30 mglL. The dis
charge from the Blue Ox Tannery (Problem 5-42) is clearly in violation of 
this standard. Given the data in Problem 5-42, rework the problem to de
'termine the amount of ultimate BOD (in kg/d) that the tannery may dis
charge to keep the DO above the DEQ water quality criteria of 5.00 mg/L 
at the critical point. 

Hint: This problem cannot be worked backward starting with DO = 5.00 
mglL because there are two unknowns in the equation: La and t. Two 
approaches may be used. One is to set up the equations on a computer 
spreadsheet and decrease Lw until the DOc becomes greater than 5.00 mg/L. 
An alternative is to set up the equations on a computer spreadsheet and use 
the "solver" tool in the spreadsheet. 

5-44. 	 If the popUlation and water use of Watapitae (Pmblems 5-40 and 5-41)· are 
growing at 5 percent per year with acorresponaing increase in wastewater 
flow, how many years' growth may be sustained before secondary treat
ment becomes inadequate? Assume that the treatment plant continues to 
maintain an effluent BODs of 30.00 mglL. 

5-45. 	 When ice covers a river, it severely limits the reaeration. There is some 
compensation for the reduced aeration because of the reduced water tem
perature. The lower temperature reduces the biological activity and, thus, 
the deoxygenation rate and, at the same time, the DO saturation level in
creases. Assuming a winter condition, reworkProblem 5-40 with the 
reaeration reduced to zero and the river water temperature at 2°C. 

Whatcombination of BOD reduction and/or wastewater DO increase is 
reqtilredsotheBlgBearwastewater in Problem 5-36 does not reduce the 
~Pbelow5.00~g/Lanywhere along the Salmon River? Assume that the 

·costofBODreductionisJ t05 times that of increasing the effluent DO. 
Since the cost oLadding extra DO is high, limit the excess above the min
imumamount suchthat the critical DO falls between 5.00 mglL and 5.25 
mglL. 

Answer: Raising the wastewater DO to 2.7 mg/L is the most cost
effective remedy. 

5-47. 	 What amount of ultimate BOD, in kg/d, may Watapitae (Problem 5-40) 
discharge and still allow Avepitaeonmi i.50 mglL of DO above the DNR 
water quality criteria for assimilation of its waste? 

5-48. 	 Assuming that the mixed oxygen deficit Da is zero and that the ultimate 
BOD Lt' of the Looking Glass River above the wastewater outfall from 
Carrollville is zero, calculate the amount of ultimate BOD, in kg/d, that 
can be discharged if the DO must be kept at 4.00 mglL at a point 8.05 km 
downstream. The stream deoxygenation rate Kd is 1.80 d-I at 12°C, and 
the reaeration rate Kr is 2.20 d- 1 at 12°C. The river temperature is 12°C. 
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The river flow is 5.95 m3/s with a speed of 0.300 m/s. The Carrollville 
wastewater flow is 0.0130 m3/s. 

Answer: Qv,Lw = 1.14 X 104 kg/d of ultimate BOD 

5·49. Assume that the Carrollville wastewater (Problem 5-48) also contains 3.0 
mg/L ofammonia nitrogen with a stream deoxygenation rate of 0.900 d- 1 

at l20e. What is the amount of ultimate carbonaceous BOD, in kg/d, that 
Carrollville can discharge and still meet the DO level of 4.00 mg/Lat a 
point 8.05 km downstream? Assume also that the theoretical amount of 
oxygen will ultimately be consumed in the nitrification process. 

5-50. 	As part of a TMDL evaluation, you have been asked to determine the ef
fect of the wastewater discharge from the /LBrew Bottling Company on the 
dissolved oxygen of the Big Head River for the winter and summer condi
tions shown below. Use a spreadsheet to plot the DO sag curve and calcu
late the DO at the critical point. 

-BigHead 
/LBrew River 

Parameter wastewater Winter Summer 

Flow, m3/s 0.200 0.483 0.241 

BODs,mg/L 100 N/A N/A 
k at 20°C, d- ' OJ685 N/A N/A 
BODu, mg/L N/A 7.66 7.66 

Temperature, °C 28 4 28 

PQ,mg/L 0.0 8.0 8.0 

Speed;m/s N/A 0.150 0.150 

Depth;m N/A 2.0 1.0 

3~~cIActivityCoefficient N/A OJ OJ 

5~51. For the case of salt water intrusion, we made the statement that for coastal 
waters t = 40h, where z is the elevation of freshwater above sea level. 
Show by calculation·that.this is true. 

5:;52. 	A freshwater well is located in a coastal aquifer with a hydraulic conduc
tivity of 4.63 X 10 ~5 mls. The well screen is located 30 m above the 
freshwater-saltwater interface. To prevent saltwater from entering the well, 
upconing should be less than 10m. What is the maximum permissible dis
charge of the well for an infinite pumping time? (After Bouwer, 1978.) 

5-9 DISCUSSION QUESTIONS 

5-1. 	 Students in a graduate-level environmental engineering laboratory took 
samples of the inf1uent (raw sewage) and effluent (treated sewage) of a mu
nicipal wastewater treatment plant. They used these samples to determine 
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the BOD rate constant (k).~ould you expect the rate constanJ~ to be the 
same or different? If different, which would be" higher and why? 

5-2. 	 If it were your job to set standards for a water body and you had a choice 
of either BODs or ultimate BOD, which would you choose and why? 

5-3. 	 A summer intern has turned in his log book for temperature measurements 
for a limnology survey. He was told to take the measurements in the air 1 m 
above the lake, 1 m deep in the lake, and at a depth of 10m. He turned in 
the following results but did not record which temperatures were taken 
where. If the measurements were made at noon in July in Missouri, what 
is your best guess as to the location of the measurements (i.e. air, 1 m deep, 
lO-m deep)? The recorded values were: 33°C, 18°C, and 21°C. 

5-4. 	 If the critical point in a DO sag curve is found to be 18 km downstream 
from the discharge point of untreated wastewater, would you expect the 
critical point to move upstream (toward the discharge point), downstream, 
or remain in the same place, if the wastewater is treated? 

5-5. 	 You have been assigned to conduct an environmental study of a remote 
lake in Canada. Aerial photos and a ground-level survey reveal no anthro
pogenic waste sources are contributing to the lake. When you investigate 
the lake, you find a highly turbid lake with abundant mats of floating algae 
and a hypolimnion DO of 1.0 mglL. What productivity class would you 
assign to this lake? Explain your reasoning. 

5-6. 	 The lakes in Illinois, Indiana, westem Kentucky, the lower peninSUla of 
Michigan, and Ohio do not appear to be subject to acidification even 
though the rainwater pH is 4.4. Based on your knowledge (or what you 
candiscover by research) of the topography, vegetation, and bedrock, ex
plain why the lakesin these areas are not acidic. 
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6-1 INTRODUCTION 

Wastewater has historically been considered a nuisance to be discarded in the cheap
est, least offensive manner possible. This meant the use of on-site disposal systems 
such as the pitprivy and direct discharge into our lakes and streams. Over the last cen
tury it has been recognized that this approach produces an undesirable impact on the 
environment. This led to a variety of treatment techniques that characterize the munic
ipal treatment systems today that are the focal point of this chapter. As we look for
ward,it becomes obvious that in the interest of sustainability as wellas fundamental 
economic efficiency, we must view the wastewater as a raw material to be conserved. 
p~~an\Vaterj~ascarcecommoditv; it should be treated as such and conserved and 
reu.sed.The contents.of wastewate; are often viewed as pollutants. The abundance of 

.. nutti~ntssllGhasI?hosphorus andn itrogen are, in some treatment schemes (as dis
c~~.~~(linSecti?n.6'7tl),.recovered for crop growth. This approach must become more 
pr~y~le~tto.ach.iey~asustainablefuture. The organic compounds in wastewater are a 
source ofenergy; Currently we utilize the processes described in Section 6-12 to re
coversome ofthisenergy. Future efforts will focus on improving the efficiency of en
ergy utilization in wastewater. 

" "" :,' , . 

6:2 CIIA:R.A.CTERISTICS OF DOMESTIC WASTEWATER 

Physical Characteristics of Domestic Wastewater 
Fresh, aerobic, domestic wastewater has been said to have the odor of kerosene or freshly 
tumedearth. Aged,septic sewage is considerably more offensive to the olfactory nerves. 
The characteristic rotten-egg odor of hydrogen sulfide and the mercaptans is indicative 
of septic sewage. Fresh sewage is typically gray in color. Septic sewage is black. 

Wastewater temperatures normally range between 10 and 20°C. In general, the 
temperature of the wastewater wilt be higher than that of the water supply, This is be
cause of the addition of wam1 water from households and heating within the plumbing 
system of the structure. 
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One cubic meter of wastewater weighs approximately 1,000,000 grams. It will 
contain about 500 grams of solids. One-half of the solids will be dissolved solids such '. 
as calcium, sodium, and soluble organic compounds. The remaining 250 grams will be 
insoluble. The insoluble fraction consists of about 125 grams of material that will set
tle out of the liquid fraction in 30 minutes under quiescent conditions. The remaining 
125 grams will remain in suspension for a very long time. The result is that wastewater 
is highly turbid. 

Chemical Characteristics of Domestic Wastewater 
Because the number of chemical compounds found in wastewater is almost limitless, 
we normally restrict our consideration to a few general classes of compounds. These 
classes often are better known by the name of the test used to measure them than by 
what is included in the class. The biochemical oxygen demand (BOD5) test, which we 
discussed in Chapter 5, isa case inpoinL Another closely related test is the chemical 
oxygen demand (COD) test. 

The COIJtest is usedtodetennine the oxygenequivalent of the organic matter that 
can be pxidized by a strong chemical oxidizing agent (potassium dichromate) in an 
acid medium. The COD of a waste, in general, will be greater than the BODs because 
more compounds can be oxidized chemically than can be oxidized biologically, and 
because BOD5 doesnotequal ultimate BOD. 

The COD test can be conducted in about 3 hours. If it can be correlated with 
BODs, it can be used to aid in the operation and control of the wastewater treatment 
plant (WWTP). 

.'. TotalKj~ld~hlnitrogen(TKN) is a measure of the total organic and ammonia nitro
genin thewastewater.*TKN gives a measure of the availability of nitrogen for building 


('~s cells,as\\fella~mtPotenti~nitrog~n()us oxygen demand that will have to be satisfied. 

~;':; :gh?sphogt!slJlay~ppe.ari:rtItl(lt1(fom1s inwastewater. Among the fOlms found are 


th~oft~2ph~s~h~tY~'PQJfPh()sph~tes,andprganicphosphate. For our purpose, we will 
/,:Y .. ·.··.lut11P~~£I?f;t~~~~tO&~t~y~u~germyheading''Total Phosphorus (as P)." 

};.~J. .i~~~~.y~y,pi~alc9IJ1Ppsitio~s9f~ltntre~tyddomestic.wastewater are summarized inJ. ''l'~Rl:e§f!~J~iexpJIforalJoftli~sew~steswi1Lbeinthe range of 6.5 to 8.5, with a ma
.~~'. j9sityb~ingslightly on the alkaline side.of 7.0. 

,~' 

Ch~I'~(;t~fisticsoflndustFialWastewater 


,ii,i l~ciu~t~iatRr~c~~~e~i~eherate~~ide/vat'iety of wastewater pollutants. The characteris
ticsanci1evels ofpollutants vary significantly from industry to industry. The Environ
mental Protection Agency (EPA) has grouped the pollutants into three categories: 
conventional pollutants, nonconventional pollutants, and priority pollutants. The con
ventionaland nonconventionalpollutants are listed in Table 6-2. The priority pollutants 
arelistedin Tablel-6. 

~~causeofthe widevarietyof industries and levels of pollutants, we can onIy pre
serit a snapshotview of theeharacteristics. A sampling of a few industries for two con
ventiQnalpoUutantsisshown in Table 6-3. 

*Pronounced "kelI dall" after J. Kjeldahl, who developed the test in 1883. 
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TABLE 6·1 

Typical composition of untreated domestic wastewater. 


Weak Medium Strong 
Constituent (all mg/L except settleable solids) 

Alkalinity.(as CaCo3)a 50 100 200 
BODs (as O2) 100 200 300 
ChlorideG 30 50 100 
COD (as O2) 250 500 1,000 
Suspended solids (SS) 100 200 350 
Settleable solids, mL/L 5 10 20 
Total dissolved solids (TDS) 200 500 1,000 
Total Kjeldahl nitrogen (TKN) (as N) 20 40 80 
Total organic carbon (TOC) (as C) 75 150 300 
Total phosphorus (as P) 5 10 20 

QTobeadded to amount in domestic water supply. Chloride is exclusive of confribution from water
softener backwash. 

TABLE 6-2 
EPA's conventional and nonconventional pollutant categories 

Conventional Nonconventional 
Biochemical oxygen demand (BODs) Ammonia (as N) 
Total suspended solids (TSS) Chromium VI (hexavalent) 
Oil and grease Chemical oxygen demand (COD) 

Oil (animal, vegetable) COOIB007 

Oil (mineral) Fluoride 
pH Manganese 

Nitrate (as N) 
Organic nitrogen (as N) 
Pesticide active ingredients (PAL) 
Phenols, total 
Phosphorus, total (as P) 
Total organic carbon (TOC) 

Source:.CFK2005a, 

TABLE 6·3 
Examples of industrial wastewater concentrations for BODs and 
suspended solids 

Industry BODs, mg/L Suspended solids, mg/L 

Ammunition 50-300 70-1,700 
Fermentation 4,500 10,000 
Slaughterhouse (cattle) 400-2,500 400-1,000 
Pulp and paper (kraft) 100-350 75-300 
Tannery 700-7,000 4,000-20,000 
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TABLE 6·4 
Examples of industrial wastewater concentrations for nonconventional pollutants 

[ndustry 	 Pollutant Concentration, mg/L 

Coke by-product (steel mill) 	 Ammonia (as N) 200 
Organic nitrogen (as N) 100 
Phenol 2,000 

MetaL plating 	 Chromium V[ 3-550 

Nylon polymer COD 23,000 
TOC 8,800 

Plywood-plant glue waste COD 2,000 
Phenol 200-2,000 
Phosphorus (as P04) 9-15 

A similar sampling ior.nonconventional pollutants is shown in Table 6-4. 

6-3 WASTEWATER TREATMENT STANDARDS 

In Public Law 92-500 (see Section 1-4, Chapter 1), the Congress required municipali
ties and industries to provide secondary treatment before discharging wastewater into 
naturalwater bodies. The U.S. Environmental Protection Agency (EPA) established a 
de§nition of secondary treatment based on three wastewater characteristics: BODs, 
suspended solids and hydrogen-ion concentration (pH). The definition is summarized 
irFTable6"5. 

Tt\~L~"6~5i 
(1~~I-T:~;Jtnyir()fllll~l1t~I.~rotectiollAgencyd~finitionof secondary treatment a, b 

Average 
monthly 

conceIitrationC 

Average 
weekly 

concentrationC 

SUsP¢n.de,d···solids 

Hyd~ogerl"foH 
.. Concentration 

mgfL 

mgfL· 

pH units Within the range 

45 

45 

6.0-9.0 at all timese 

CBOD! mgfL 25 40 

"Source: CPR, 2005b. 
hpresent standards allow stabilization ponds and trickling filters to have higher 30-day average concentrations 
(45 mgIL} and 7-day average concentrations (65 mglL) of BOD and suspended solids as long as the water 

.q~alit)'oftijereceiving body of water is not adversely affected. Other exceptions are also permitted. The CFR 
an.cliilieNPDES Permit Writers' Manual (U;S.EPA, 1996) should be consulted for details on the exceptions. 
'Not tobee)Cceeded; 
dAverageremoval shall not be less than 85 percent. 
'Onlyenforced if caused by industrial was.tewater or by in-plant inorganic chemical addition. 
fMa)' be substituted for BODs at the option of the permitting authority. 
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• •PL 92-500 also directed that the EPA establish a permit. system called the National 
Pollutant Discharge Elimination System (NPDES). UnQer the NPDES program, all 
facilities that discharge pollutants from any point source into waters of the United 
States are required to obtain a NPDES permit. Although some states elected to have 
EPA administer their permit system, most states administer their own program. Before 
a permit i~ granted the administering agency will model the response of the receiving 
body to the proposed discharge to determine if the receiving body is adversely affected 
(for an example of modeling, see Section 5-3). The permit may require lower concen
trations than those specified in Table 6-5 to maintain the quality of the receiving body 
of water. 

In addition, the states may impose additional conditions in the NPDES permit. For 
example, in Michigan, a limit of 1 mg/L of phosphorus is contained in permits for dis
charges to surface waters that do not have substantial problems with high levels of nu
trients.More stringent limits are required for discharges to surface waters that are very 
sensitive to nutrients. 

CBOD5 1imits are placed in the NPDES permits for all facilities that have the po
tentialtocoritribute significant quantities of oxygen-consuming substances. The ni
trogenous oxygen demand from ammonia nitrogen is typically the oxygen demand of 
concern from municipal discharges (see Section 5-3). It is computed separately from 
theCBOD5 and then combined to establish a discharge limit. Ammonia is also evalu
atedJor its potential toxicity to the stream's biota. 

Bacterial effluent limits may also be included in the NPDES permit. For example, 
municipal wastewater treatment plants in Michigan must comply with limits of 200 fe
cal coliform bacteria (FC) per 100 mL of water as a monthly average and 400 FC/lOO 
mL as a 7 -.day average. More stringent requirements are imposed to protect waters that 
are usedfor recreation.Total-body-contact recreation waters must meet limits of 130 
Esc~erichiacolip~rlOO.ml.;of water as a 30-day average and 300 E. coli per 100 mL 
at~nytiW'e.P~~illI~b9~y-contact recreation is permitted for water with less than 1,000 
E..·.coliperlQ()l1lL8f'Nater. 

F2ttr~rrp~.lcli§ch~rg(;ssuchascoolingwater, temperature limits may be included 
inthepe11l1it..NIip~iganrules state that the Great Lakes and connecting waters and in
land lakesshaUnot re(;eive a heat load that increases theterriperature of the receiving 
watermorethan.L7°Cabovethe existing natural water temperature after mixing. For 
rivers,streams,andimpoundments the temperature limits are 1°C for cold-water fish
~~ie8and·+.8~CJQrwarm-:-water fisheries. (See Section 2-4 for a discussion of energy 
balances and Problems 2-36, 2-37, and 2-40 for typical problems in thennal discharge 
analysis.) 

An example of NPDES limits is shown in Table 6-6.*Note that in addition to con
centration limits, mass discharge limits are also established. 

Pretreatment of Industrial Wastes 
Industrial wastewaters can pose serious hazards to municipal systems because the col
lection and treatment systems have not been designed to carry or treat them. The 

*This table outlines only the quantitative limits. The entire pemlit is 22 pages long. 
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TABLE 6-6 
NPDES Limits for the city of Hailey, Idahoa

, b 

Average Average Instantaneous 
monthly weekly maximum 

Parameter limit limit limit 

BOD5 30mg/L 45 mg!L N/A 

43 kg/d 64 kg/d 


Suspended solids 30mg/L 45 mg!L N/A 

43 kg/d 64 kg/d 


E. coli bacteria 126/100 mL N/A 406/100 mL 

Fecal coliform bacteria N/A 200 colonies/l 00 mL N/A 

Total'ammonia asN 1.9 mg/L 2.9 mg!L 3.3 mg!L 

4.1 kg/d 6.4 kg/d 	 7:1 kg/d 

... Totalpnosphorus 6.8kg/d 10.4 kg/d N/A 


Total Kjeldahlnitrogen 25 kg/d 35 kg/d N/A 


"Source: u.s, EPA, 2005. 
"Renewal announcement,? February 2001. 

wastes can damage sewers and interfere with the operation of treatment plants. They 
wastewater treatment plant (WWTP) untreated or they may COIl

JLU\"'~v.· rendering it a hazardous waste. 
EPAthe authority to establishand enforce pretreat

wastewaters into municipal treatment sys-

WWTPs that will interfere with 

of pollutants to WWTPs that will pass through the 
orotherwisebeincompatiblewith such works. 

9Pt)Onumnes torecycle and reclaim municipal and industrial waste-

EPA has established "prohibited discharge standards" (40 CFR 403.5) that apply 
to allnondomestic discharges to the WWTP and "categorical pretreatment standards" 
that are applicable to specific industries ( 40 CFR 405-471). Congress assigned the pri
maryresponsibilityforenforcing these standards to local WWTPs. 

I~the ~eneralPretreatmentRegulations, industrial users (IUs) are prohibited from 
.intrbdttcing theJollowing. into a WWTP: 

'-,-, 

1. 	Pollutants that create a fire or explosion hazard in the municipal WWTP, in
cluding, but not limited to, waste streams with a closed-cup flash point of less 
than or equal to 60°C, using the test methods specified in 40 CFR 261.21. 
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2. 	 Pollutants that will cause corrosive structuraf damage to the municipal WWTP 
(but in no case discharges with a pH lower than 5.0) unless the WWTP is 
specifically designed to accommodate such discharges. 

3. 	Solid or viscous pollutants in amounts that will cause obstruction to the flow 
in the WWTP resulting in interference. 

4. 	 Any pollutant, including oxygen-demanding PQllutants (such as BOD), re
leased in a discharge at a flow rate and/or concentration that will cause inter
ference with the WWTP. 

5. 	 Heat in amounts that will inhibit biological activity in the WWTP and result in 
interference, but in no case heat in such quantities that the temperature at the 
WWTP exceeds 40°C unless the approval authority, on request of the publicly 
owned treatment works (POTW), approves alternative temperature limits. 

6. 	Petroleum oil, non-biodegradable cutting oil, or.products of mineral oil origin 
in amounts that will cause interference or will pass through. 

7. 	 Pollutants that result in the presence Of toxic gases, vapors, or fumes within 
the POTW in a quantity that may cause acute worker health and safety prob
lems. 

8. 	 Any trucked or hauled pollutants, except at discharge points designated by the 
POTW. 

6-4 ON-SITE DISPOSAL SYSTEMS 

In less densely populated areas where lot sizes are large and houses are spaced widely 
apart,itis ()ftenmoreeconomical to treat human waste on site, rather than use a sewer 
systemtRcHne~tJhe waste and treat it at a centralized ·location. On-site systems are 
gener:llIysrn~ll.andimayserve individual homes, small housing developments (clus
ters),grisolat,edcolTImercialestablishments, such as small hotels or restaurants. In the 
United. States, about. 25 percent of the population is served by on-site wastewater sys
tems. In some states as much as 50 percent of the population utilize on-site systems 
withinrllniLandsuburban communities (U.S. EPA, 1997). As many people choose to 
m?~etol1lralandoutersuburbanareas, the number of decentralized systems is in
creasing. ltisestimated that as much as 40 percent of new housing construction is tak
ing place in areas that are not connected to municipal sewers. 

Alternative On-Site Treatment and Disposal Systems with Water 
Septic Tanks and Absorption Fields. About 85 to 90 percent of on-site wastewater 
disposal systems are conventional septic systems. A conventional septic system con
sists of three parts: the septic tank, a distribution box, and an absorption field (also 
called a leachordrain or tile field) (see Figure 6-1). The septic tank and tile field are a 
unit. Neither partwill function as intended without the other. 

The main function of the septic tank (Figure 6-2) is to remove large particles and 
grease that would otherwise clog the tile field. Heavy solids settle to the bottom, where 
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Risers to ground surface 
for easy access 

Distribution box 

FIGURE 6-1 

Schematic of a conventional septic system. (Source: Crites and Tchobanoglous, \998.) 


they undergo biological decomposition. Grease floats to the surface and is trapped. It 
is onlyslightly decomposed. 

The size ofthe tank depends on the expected wastewater flow. The tank should be 
la.rgeenoughthattheholding time for water in a septic tank is a least 24 hours. For 
individual h<Jrtlcsthefollowing guidelines can beused: 3m3 tank minimum; 4 m3 for 
athree-begrogmhouse; 5m3fora four-:bedroomhouse'and 6 m3for a five-bedroom house. 

~Emuent 

Definition sketch for the sludge, clear water, and scum zones that form in a septic tank. (Source: 
Crites and Tchobanoglous, 1998.) 
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Bacterial action in the tank helps .to degrade the organic matte~ in the wastewater. 
The BODs of the wastewater is also reduced by the separation of the solids from the 
liquid. For domestic systems, the BODs of the influent is typically 210 mg/L. The sep
tic tank effluent has a BODs of about 180 mg!L without an effluent filter and about 130 
mg!L if an effluent filter is used in the system. Usually the BODs limit to allow waste
water to be discharged to surface w~ters is 20 mg!L or less, so the BODs of a septic ef
fluent is too high to allow for surface water discharge. However, as further treatment 
occurs in the soil, absorption fields can be used to safely dispose of the partially treated 
septic tank effluent. A distribution box is used to distribute the septic tank effluent 
throughout the absorption field. The absorption field usually consists of a series of 
trenches that contain perforated PVC pipes that are about 10 cm diameter. The pipes 
placed over a 15-cm-deep layer of drainrock and then buried with an additional layer 
of drainrock. The drainrock is covered building fabric or building paper (which helps 
to prevent the migration of fines into the drainrock) and finally the trench is filled with 
native soil (Figure 6-3). The trenches should be separated by a distance of at least 
2 meters. 

When the system is operational, bacteria produce a sli[l1e layer at the bottom of the 
trench. This layer is commonly called the clogging mat. The clogging mat creates a 
barrier that slows the movement of water into the surrounding soil. This allows the 
flow· in the surrounding soil to remain unsaturated, which allows air to move through 
the soil. This maintains aerobic conditions, which are essential to obtain proper treat
ment of the effluent. 

The size of the absorption area depends upon the wastewater flow and the perme
ability of the surrounding soil. The permeability of the soil is determined by a percola
tion (or perc) test. The perc testis conducted by digging a hole of a prescribed size, 
filling it with water and measuring the rate at which the water percolates into the soiL 
An~lt~.rnati~~,aIldpreferred,methodfor determining the suitability ofthe soil is to dig 
a trench inthe area proposed for the tile field and visually inspect it. The inspector 
looksJorunsuitablesoil (clay,Jor example) and the presence of mottled (discolored) 
soiLM9ttleds?ilindicatesthatthegroundwater table has, at some point in time, risen 
t~aleyelwhichwouldinterferewiththeoperation of the tile field and, perhaps more 

Fabric or 
Native soil backfill building paper 

JS-cm minimum 

FIGURE 6-3 

Typical cross section through conventional absorption trench. (Source: Crites and Tchobanoglous, 

1998.) 
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TABLE 6-7 
Maximum acceptable application rates for tile fields 

Percolation rate Maximum acceptable 
application rate, 

Soil texture and structure mm/h min/mm. m3 of vol/m2 area 

Coarse and medium sand ~150 <0.40 0.04 
Fine and loamy sand 75-150 0.40-0.80 0.03 
Sandy loam 50--75 0.80--1.20 0.02 
Loam and sandy clay 35-50 1.20--1.71 0.01 
Loams <35 >1.71 Not permitted 
Clays, silts, muck, peat, marl «35 »1.71 Not permitted 

important, bring the groundwater into direct contact with sewage. The information in 
Table 6-7 is then used to determine the size of the tile field. 

Further limitations on the use of a septic-tank tile-field system usually include the 
following: ~ 

1. The tile field must be located more than 30 m from any well, surface water, 
footing drain, or storm drain. 

2. 	The tile field must be located at least 3 m from any property line. 

3. 	The minimum distance between the bottom of the absorption trench and the 
groundwater table or any impermeable layer must not be less than 1.25 m. 

4; 	 Theeatthcoverplaced over the absorption tile must not be less than OJ m nor 
rIl°rethaI1Q.6m·deep. 

',.'-,,"'-:- '-,' - - -,;

5.;f\.>cle~h?~g~f€~gat~gtadedbetween12 and 36 mm must be placed around the 
.·...•..·tile.pip~:Itl1111§tbeaiminimllqlof50mmabovethepipe and· 150 mm below 

.t' .. p~,witllatotalc.iepthof.t:lotlessthan300 mm. 
;~i·
;>}MtJstist~te:s·Hrriit~eptlctank!tilefieIdinstanation to facilities producing less than 
~~~.. 40m37dofw~stewater. This limits their use to single-family residences, small apart

meilts,freewayrest areas, parks, and isolated commercial establishments. 

····?Example·6-1.·Peteral1d Pam Piper are considering the purchase of a plot of land on 
which to build· a retirement home. According to their water bills for the past 5 years, 
their average daily water consumption is about 0.4 m3

• What size septic tank and tile 
field should they expect to put on the lot ifitperksat 1.00 min/mm? 

If the septic tank must provide a detention time of 24 h, then its volume 

V 0.4 m3/d X I d = 0.4m3 

H()wever, the minimum recommended volume is 4.0 m3
• Good septic tank design 

practice calls for length to width (l/w) ratios greater than 2to 1 and a minimum 
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liquid depth of about 1.2 m. For these criteria and a 4.0 m3 volum(;!. theJiquid surface 
area would be ' 

4.0m3 
?

As = = 3.33 m
1.2m 

If we choose a width of 1.15 m and a length of 3 m, we will have a well-sized tank 
of 4.14 m3 and a l/w ratio of 2.61 to 1. 

From Table 6-7 we find that a perk rate of 1.00 min/mm will allow an application 
rate of 0.02 m3/m2 of trench. The bottom area of trench should then be about 

OAm3 
2A = = 20.0 m

0.02 m3/m2 

One trench 1.0 m wide and 20.0 m long would meet the requirements; however, our 
preference is to use a 0.6-m 'trench width and three trenches about 12 m in length. 

Most septic systems will fail eventually. The normal lifetime of an absorption field 
is 20 to 30 years. After that time the soil around the field becomes clogged with organic 
matter and the system will not operate properly. Many factors can callse the system to 
fail prematurely. Roots can block pipes or the pipes may be crushed if a vehicle is dri
ven over the field. The system may also fail if the absorption field is hydraulically 
overloaded or if substances that are toxic to soil bacteria, such as solvents, paints, pes
ticides or softener salt are disposed of down the drain. However, the most common rea
son for premature failure is improper maintenance. Because the rate of biodegradation 
in septic ranks is slow, the solids that settle in the tank tend to accumulate over time. If 
these solids are not removed, the clear water zone between the sludge layer and the 
scumlayerhecomestoo smalL This leads to an increased carryover of solids to the 
absorptiOrt~eld.<Tftoomanysolids reach the absorption field, then it can become 
clogged..Tesultinginprernaturefailureof the field. To prevent the accumulation of too 

m.. c',-- -" ......d.....- ,"--/e.. and...•.•.•.s .. ........ ....J. s.. e.p.t.i.c..•.·ta ..... '
.......u... h.•...••.s....l.. u.......g......··. ..•. ... .....c u.m i..n .... nk they should be periodically removed. The rate
"' 

.of~cEul11ulatipnofsludgedependson the. usage of the system. It is suggested that the 
levelof sludge in thetankbe checked annually, though usually a domestic system will 
needtobc'pumped out only onceevery 2 or 3 years. 

SepticTal1kandi\bsorptionField Modifications. As mentioned above, often the 
reason for the failure of absorption fields in poorly drained soils is that the growth of 
the clogging mat is excessive. Reduction of the BOD of the wastewater can reduce the 
rate of growth of the mat. Two types of treatment systems that are commonly used to re
duce the wastewater BOD are aerobic treatment systems and sand filters. 

Aerobic Systems. A wide range of aerobic treatment systems are available. The 
cornmonfeatureof these units isthat they use some mechanism to inject or circulate 
airinsidethe treatmenttank. If sufficient air is introduced, then aerobic conditions can 
be achieved in the wastewater. As aerobic degradation is rapid, good removal of BOD 
can be achieved under these conditions. This reduces the rate of growth of the clogging 
mat and extends the life of the absorption field. 
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'K~-H- - ---- 6 m -----~'~130 em60 em
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J 	 1 /'t J"l> 

3-cm PVC manifold 
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PVC pipe !~ l~~:t:t=~~~=:t::l=~~1-.....,)100- TodrainfieldI 	 
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____~~~o:e 
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"==?i '--~~~~~----------,,\--{.~t+-~IJ-t-~ Air coil (optionalJ 
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(a) Plan view 

Flushing valve 
PVc lateral with ~ 

.)1-+"--:'4- Air coil (if used) 

To drainfield or 
pump vaul! 

p1811 view and (b) typical cross section. (Courtesy 

i~:;;;~~",g\~iJt~l\§.Yst~n1s.'Thesandfilterjs also an aerobic treatment system. The com
ponents ofa typical sand filter are illustrated in Figure 6-4. The filter consists of a bed 
ofgraIlUlar materiaJ(usually sand, but other materials such as anthracite can be used). 
The surface of the bed is intennittently dosed with wastewater that percolates through 
the sand to the bottom of the filter. The sand bed is dosed anywhere from 12 to 72 
tin)esperday.The size oftheaose should be such that the sand bed does not become 
sawrated.This allows the~astewater to flow as a thin film around the sand particles, 
so!goq~~o~tactbetween the wastewater and the air can be achieved. Sand filters may 

f~~ 	 beisingle.:pass ormultip(lss.cSingle-pass sand filters are commonly called intermittent 
sand filters (ISFs). In a single-pass system the wastewater is collected in the underdrain 
andpassed onto an absorpti()nfield or other disposal system. In a multipass system a 
portion of the treated wastewater is recycled back through the sand bed. Recirculation 
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dilutes the wastewater coming from the septic tank. By diluting. the -strength of 
effluent, higher application rates can be used. Recirculating sand filters take up 3 to 5 
times less area than single-pass sand filters. Also, better nitrogen removal is achieved 
in recirculating sand filters because of nitrification/denitrification (see Chapter 5). 

Dosing Systems. Another solution to the clogging problem can be to replace the 
conventional absorption trenches with a disposal system that is less prone to failure. In 
a conventional absorption field the effluent flows by gravity into the trenches. The 
gravity system may be replaced by a dosing system, similar to that used in a sand fil
ter. This helps to maintain unsaturated conditions in the soil surrounding the trench. 

Shallow Absorption Fields. In these systems the distribution piping is often covered 
with large half pipe rather than graveL The trenches are only about 0.25 m deep. Bet
ter treatment can be achieved, as the upper soil layers have a higher concentration of 
microbes. 

On-Site Treatment/Disposal Systems for Unfavorable Site Conditions 
Where site conditions are unfavorable for conventional septic systems, alternative 
treatment/disposal systems may be required. Among the limitations that might pre
clude the installation of a conventional system are: high groundwater tables, shallow 
limiting layers of bed rock, very slowly or rapidly permeable soils, close proximity to 
surface water, and small lot size. 

Mound Systems. Mounds were first developed at the North Dakota Agricultural 
College in the 1940s. They were known as NODAK systems. The components of a 
typical mound system are illustrated in Figure 6-5. Mounds are both treatment and dis
posalsystems,as the effluent from the mound percolates directly into the native soil. 
The<de?ignovercomescertainsite restrictions such as slowly permeable soils, shallow 
penneablesoilsoverporous bedrock, andpenneable soils with high water tables. A 
moundsysternis.apressure-dosedabsorption system that is. elevated above the natural 
soil surface. Effluent from the septic tank is pumped or siphoned to the elevated 

Barrier material 

Clean drain rock 

Tilled top soi I 

Permeable soil 

Wafer table or fractured bedrock 

FIGURE 6·5 
Typical cross section through mound eft1uentaisposal system. (Source: Crites and Tchobanoglous, 
1998.) 
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absorption area and distributed through a piping network'tocated in the coarse aggre
gate at the top of the mound. The effluent then passes through the aggregate arid infil
trates the sand filL Treatment occurs in the sand and in the fill below the sand bed. As 
the water percolates downward, it spreads out over a large area. The size of the mound 
must be such that area of native soil under the mound, called the basal area, is large 
enough that wastewater does not seep out of the base or sides of the mound. During 
construction of mound systems, special attention should be given to ensuring !hat the 
basal area of the system is properly scarified, and that compaction of the basal area by 
earthmoving equipment is minimaL Compaction of the top layer of the soil can greatly 
reduce the rate of infiltration into the soil. 

Barriered-Landscape Water-Renovation System (BLWRS). In the summer of 
1969, Dr. A. Earl Erickson demonstrated the efficacy of utilizing a BLWRS (pro
nounced "blowers," like "flowers") to denitrify water containing 100 mg/L of nitrate. 
Subsequently, he and his associates demonstrated that the BLWRS could be used to 
renovate both dairy cow and swine feedlot wastewater (Table 6-8) (Erickson et aI., 
1974). The system is, ofcourse, equally applicable todomestic wastewater. ,

The'BLWRS differs from the NODAK mound system in that the mound of soil is 
underlain by an impervious water barrier (Figure 6-6a and b). As the renovated water 
passes beyond tbe edge of the barrier, it may be collected in drains or be allowed to 
recharge the aquifer. The mound is constructed of a fine sand. The dimensions of 
the BL\VRS depend on the soil texture and expected wastewater application rates. 
A O.lS-m layer of topsoil is used to cover the sand. A water-hardy grass (quack grass 
orvolunteer weed cover) must be established on the surface and banks to maintain the 
soil'spefmeabilityand stability. 

Average effluent 
concehtration, concentration, Efficiency, 

mg/L mg/L % 

1,l31 8.9 98.3 
18 0.02 99.9 

Suspended solids 3,000 Nil ~ 100.0 
TKN 937 187.4 80.0 

Dairy wasteb 

BODs 1,637.0 18.9 98.8 
p 38.5 0.22 99.4 

~~:r Suspended solids 4.400.0 Nil ~100 

i~l~il TKN 917.0 27.5 97.0 

"Average application ratc·of [5 mm/d for 503 d. 
bAverage application rate of 8.8 mm/d for 450 d. 
Source: Erickson et at.. 1974. 
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FIGURE 6·6 
(a) Common dimensions ofbalTiered landscape water-renovation system (BLWRS); (b) water chemistry 

change in a BLWRS. 


The wastewater is spread on the top of the mound by a sprinkler. As the waste
water percolates down, the organic particles are filtered out and remain on the surface. 
Th~particlesareoxidized by soil microorganisms. The soluble organic compounds 
a~doth~rionsmoveintotheaerobic soil zone. Most of the soluble organic matter is 
()x;idize~,bybacteriainthehighlyactiveaerobicsoil. The phosphate ions are held on 
thef:layfractiorrpfthe soilandsand bed. (Iron slag and/or limestone can be used to en
hance the phosphorus adsorption capacity.) The ammonium ions are held on the soil 
untiL they are nitrified to nitrate. The downward movement of the nitrified water is 
stoppedbytheqarrier.The water then is forced to move laterally through the anoxic 

.lfiyef';Denitrificationoccurs as the waste passes out of the carbon source. 
The BLWRS must be operated in a cyclic fashion to allow the soil microorganisms 

time todegrade the waste and to maintain aerobic conditions in the soil. Application 
rates between 9 and 18 mm of wastewater per day may be used, provided that the 
BLWRS is "rested" for one-third of the time. The physical conditions of the soil gov
ern the application rates. Ponding on the surface indicates excessive application rates. 

Other On-Site Treatment/Disposal Options 
Constructed wetlands can be used for on-site wastewater treatment/disposal. The use 
of these systems is more common in warmer climates. In arid areas, evapotranspiration 
(ET) beds are an alternative to conventional absorption beds. In an evapotranspiration 
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system, water tolerant vegetation is planted in a shallow sand bed. The planfroots ~raw 
the water up through the sand and it is evaporated or transpired to the atmosphere. 

Treated domestic wastewater can be reused. However, because of the risks posed 
by pathogens in the water, the reuse of domestic wastewater in on-site systems is not 
common. Some alternatives for reuse are drip ilTigation and toilet flushing. 

Alternative On-Site Treatment/Disposal Systems without Water ' 
In areas away from popUlation centers, such as national or state parks, remote roadside 
rest areas or vacation, there may be no reliable water supply. The absence of a water 
supply or water scarcity may preclude the use of flush toilets. In this case, other sys
tems for the disposal of human waste need to be considered. Commonly used systems 
are the pit privy and vault, chemical and composting toilets. Vault, chemical, and com
posting toilets are cIoseii systems, so there is "zero" discharge from these systems on 
site. The waste produced is collected and disposed of elsewhere. For this reason, these 
systems may also be used in environmentally sensitive areas where the discharge of 
wastewalermaybeenvironmentaUy unacceptable. ' 

The Pit Privy. Although most modern environmental engineering and science texts 
would skip this subject, the mere existence of 10,000 of these or their modern equiva
lent in the United States is just too much for us to ignore. Furthermore, the facts of the 
matter are that junior engineers and environmental scientists are the most likely candi
datesTor designing, erecting, operating, dismantling, and closing the beasts. 

Figure6-7 provides most of the information you will ever want to know about the 
consfructionof an outhouse. The slab is usually poured over flat ground on top of roof
ingpaper'1I1eris~rholeis formedwith 12-gauge galvanized iron. Once the slab has 

~~) set,itj~liftedjQt?plageoverthepit.'fheconcreteis a 1:2:3 mix, that is, one part port
.. r:\~ land<;~rT1.~~t(t})'()\P~rtrsan?,~ndthr~~~artsgravelless than 25 mmin diameter. 

·<;1 ·sh~iB~ill.cjnle'Qfop~rati9nofthepitprivyistllat the liquid·materials percolate into 
.iii;~. t~~iS .~~~gl1)~he£rib,ping/~ndtlles.?lids"QrYQUL" A pitofthedimensions shown in 
·~.T Fi~~~~e... -~.\S~~lfId·la~!.a.f:iwily.·otf()ugaboutlO.years ..•·Rainwater is to be prevented 
.. ~j)frQ.~n~nterrngthe pit. A cup ofkerosene at weekly intervals discourages mosquito 
,~\)r~~clil)g,andodors can be reduced by the use of a cup of hydrated lime. Unfortu

n.,gety,tl1e;.lirnealso slowsthe decomposition ofpaper, so its use is not encouraged. 
;",.'..IDisinfec;tflntssh0111ii•.. never·be<used.., 

Tile Vault Toilet. This is the modern version of the pit privy. Its construction is the 
same as that of the pit privy with the exception that the pit is formed as a watertight 
vault. A special truck (fondlycalled a "honey wagon") is useii to pump out the vault 
atregular intervals. Because ofthe liquefying action of the bacteria and biological de
cOrnp',?sition i.nthe liquid (rather than in the soil as occurs with the pit privy), vault 

\>«t?iIytsare'nuchmore6difero~sthantheold pit privies. Many masking agents (per
~;7 '.. fUI11.~~)an?disinfectantsareavailableto mitigate the stench. Unfortunately, most of 

them~aveunpleasant odors themselves. If electricity is at hand, an ozone generator, 
set to vent into the gas space above the waste, will perform near-miracles in odor 
reduction. 
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Construction details of the pit privy: (0) cross section: (h) plan 0[" concrete slab; and (e) details of riser form. 
(Source: Ehlers. V. M.. and E. W. Steel. 1943.) 

The Chemical Toilet. The airplane toilet, the coach-bus toilet, and the self-contained 
toilets of recreation vehicles are all versions of the chemical toilet. The essence of the 
system is a strong disinfectant chemical used to carry the waste to a holding tank and 
rendetitinoffensive until itcan be pumped from the holding tank. While these vehic
ular systems are quite effective, the chemical must be selected with an eye toward its 
impact on the treatment system that ultimately must receive it. The chemical toilet has 
not found wide acceptance in permanent installations. This is because of the cost of the 
chemical and the impracticality of maintenance. 

http:1+-----1.25
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The Composting Toilet. A composting toilet consists ofalarge tank located directly 
below the toilet room. Wastes enter the tank through a large-diameter chute thal con
nects to the toilet. No water is used for the toilet, but a bulking agent (such as wood 
shavings) is added to improve liquid drainage and aeration. A small fan draws air 
through the tank and up the vent pipe to ensure adequate oxygen for decomposition 
and odorless operation. The liqvid in the waste is evaporated, leaving a compost. The 
finished compost can be removed from the lower end of the tank about once eac~ year. 
[t can be used as a fertilizer. Power requirements for the system are very low, so if 
power from an electrical grid is not available, the electrical requirements can be met 
from an independent generating system, such as a photovoltaic system. 

6-5 MUNICIPAL WASTEWATER TREATMENT SYSTEMS 

The alternatives for municipal wastewater treatment fall into three major categories 
(Figure 6-8): (1) primary treatment, (2) secondary treatment, and (3) advanced treat
ment. Itiscommonly assumed that each of the "degrees of treatment" noted in Figure 
6-8 includes the previous steps. For example, primary treatment is assumed to include 
the pretreatment processes: bar rack, grit chamber, and equalization basin. Likewise, 
secondary treatment is assumed to include all the processes of primary treatment: bar 
rack, grit chamber, equalization basin, and primary settling tank. 

The purpose of pretreatment is to provide protection to the wastewater treatment 
plant (WWTP) equipment that follows. [n some older municipal plants the equaliza
tionstep may nOt be included. 

The. major goal of primary treatment is to remove from wastewater those pollu
tantslhat\vill either settle or float. Primary treatment will typically remove about 
6,Oper~.tI~tsfthesuspendedsolids in raw sewage and 35 percent of the BODs. Soluble 
pnlllltant~;ar~in9trymoved;Atonetime,thiswas the only treatment used by many 

'c.itie§'iMth ......• > .• · .• Brlt11.aEytre~tment.alonejs·no .. I?nger acceptable, •. it is still· frequently 
;~ls~(j(ls.~hC}firsttre0trnentstepjnasecondarY-treatment system. The major goal of sec

/~~ .Onc.tar;¥l.re.>.t·j~t?rerni1.yeth~solubleBOD5tha[escapes .•. the. primary process and 
... ..to~pr?y.id¢·aqtl~d)rem()ya[ofsuspended solids. Secondary treatment is typically 

i!gl achievedbyusing biological processes. These provide the same biological reactions 
ri£i'f;;j itha~.wollldoccurjnthereccivirig water if it had adequate capacity to assimilate the 

wa~f5~~ter.}hesec?nd~1·ytreatmt;ntprocesses are designed to speed up these natural 
.";~fi iproc~ssesso;thattlIebreakdownof the. degradable organic pollutants can be achieved 

irirelatIve!yshorttime periods. Although secondary treatment may remove more than 
85 percentofthe BODs and suspended solids, it does not remove significant amounts 
of nitrogen, phosphorus, or heavy metals, nor does it completely remove pathogenic 
bacteria and viruses. 

In.caseswhere secondary Levels of treatment are not adequate, additional treatment 
proc~s;sesareapplied to the secondary effluent to provide advanced wastewater treat
mer1t(~WT).These processes may involve chemical treatment and filtration of the 
wastc'Yatyrmuch.likeaddinga typical water treatment plant to the tail end of a sec
ondat:y plant-:-ar they may involve applying the secondary effluent to the land in care
fully designed irrigation systems where the pollutants are removed by a soil-crop 
system. Some of these processes can remove as much as 99 percent of the BODs, 
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FIGURE 6-8 
Degrees of treatment. 

phosphorus, suspended solids and bacteria, and 95 percent of the nitrogen. They can 
produce a sparkling clean, colorless, odorless effluent indistinguishable in appearance 
from a high-quality drinking water. Although these processes and land treatment sys
tems are often applied to secondary effluent for advanced treatment, they have also 
been used in place of conventional. secondary treatment processes. 

Mostofthe impurities removed from the wastewater do not simply vanish. Some 
organic compounds are broken down into harmless carbon dioxide and water. Most of 
theimpurities are removed from the wastewater as a solid, that is, sludge. Because 
most ofthe impurities removed from the wastewater are present in the sludge, sludge 
handling and disposal must be carried out carefully to achieve satisfactory pollution 
control. 
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6-6 UNIT OPERATIONS OF PRETREATMENT 

Several devices and structures are placed upstream of the primary treatment operation 
to provide protection to the wastewater treatment plant (WWTP) equipment. These de
vices and structures are classified as pretreatment because they have little effect in re
ducing BOD5• In industrial WWTPs where only soluble compounds are present, bar 
racks and grit chambers may be absent. Equalization is frequently required in indus
trial WWTPs. 

Bar Racks 
Typically, the first device encountered by the wastewater entering the plant is a bar rack 
(Figure 6-9). The primary purpose of the rack is to remove large objects that would 
damage or foul pumps, valves, and other mechanical equipment. Rags, logs, and other 
objects that find their way into the sewer are removed from the wastewater on the 
racks. In modern WWTPs, the racks are cleaned mechanically. The solid material is 
stored ina hopper and removed to a sanitary landfill at regular intervals. 

Bai~racks (or bar screens) may be categorized as trash racks, manually c!eaned 
racks, and mechanically cleaned racks. Trash racks are those with large openings, 40 
to 150 mm, that are designed to prevent very large objects such as logs from enter
ing the plant. These are normally followed by racks with smaller openings. Manually 
cleaned racks have openings that range from 25 to 50 mm. Channel approach veloci
ties are designed to be in the range of 0.3 to 0.6 m/s. As mentioned above, manually 
cleaned racks are not frequently employed. They do find application in bypass channels 

FIGURE 6-9 

Bar rack. (Courtesy of Siemens Water Technologies.) 
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that are infrequently used. Mechanically cleaned racks have openil1gs ranging from 15 
to 75 mm. Maximum channel approach velocities range from 0.6 to 1.0 m/s. Minimum 
velocities of OJ to 0.5 mls are necessary to prevent grit accumulation. Regardless of 
the type of rack, two channels with racks are provided to allow one to be taken out of 
service for cleaning and repair. 

Grit Chambers 
Inert dense material, such as sand, broken glass, silt, and pebbles, is called grit. If these 
materials are not removed from the wastewater, they abrade pumps and other mechan
ical devices, causing undue wear. In addition, they have a tendency to settle in comers 
and bends, reducing flow capacity and, ultimately, clogging pipes and channels. 

There are three basic types of grit-removal devices: velocity controlled, aerated, 
and constant-level short-term sedimentation basins. We will discuss only the first two, 
since they are the most common. 

Velocity Controlled. This type ofgrit chamber, also known as a horizontal-flow grit 
chamber, can be analyzed by means of the classical laws of sedimentation for discrete, 
nonflocculating particles (Type I sedimentation). 

Stokes' law (See Section 4-5) may be used for the analysis and design of horizontal
flow grit chambers if the horizontal liquid velocity is maintained at about OJ m/s.Liq
uid velocity control is achieved by placing a specially designed weir at the end of the 
channeL A minimum of two channels must be employed so that one can be out of ser
vice without shutting down the treatment plant. Cleaning may be either by mechanical 
devices or by hand. Mechanical cleaning is favored for plants having average flows over 
0.04 m3/s: Theoretical detention times are set at about one minute for average flows. 
Washing facilities are normally provided to remove organic material from the grit. 

Ex:a:mple(j-2: Willa gritparticle with a radius of 0.10 mm and a specific gravity of 
2.65<beqolIectedinahorizontal grit chamber that is 13.5 m in length if the average 
grit-Ch4Il1Ber~0\VisO,ISmYs;lhe width of the chamber is 0.56 m, and the horizontal 
cvelocityis 0.25m/s7 The wastewater temperature is 22°C. 

Solution. Cc Before we can calculate the tenninal settling velocity of the particle, we 
Il1pst&cllther.someinf0rtnationfromTable A-I in Appendix A. At a wastewater tem
perature of22°C,we find the water density to be 997.774 kg/m3

. We will use 1,000 
kg/m) as a sufficiently close approximation. Since the particle radius is given to only 
two significant figures, this approximation is reasonable. From the same table, we 
find the viscosity to be 0.995 mPa . s. As noted in the footnote, we must multiply this 
by 10-3 to obtain the viscosity in units of Pa . s. Using a particle diameter of 0.20 X 
10 - 3 m, we can calculatethe terminal settling velocity using Equation 4-98. 

g(ps - p)d 2 


v = 

s 18ft 

9.80(2,650 - 1,000)(0.20 X 1O-:1)2(m/s2)(kg/m3)(m2) 
v = 

s 18(0.000995)(kg . m/m2 . S2)(S) 

vs = 3.61 X 10-2 mls or about 36 mm/s 

http:1,000)(0.20
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Note that the product of the specific gravity of the particle (2...65) and the density of 
water is the density of the particle (Ps). The Reynolds number for this settling veloCity 
(3.61 X 10-.2 mls) and particle size is 7.54. This is in the transition region and Stokes' 
law is not valid. This value of R (7.54) is used as a first approximation to iteratively 
solve Equations 4-97 and 4-94 for Us' From the iterative solution Us = 0.028 m/s. 

With a flow of 0.15 m3/s a~d a horizontal velocity of 0.25 mis, the cross
sectional area of flow may be estimated to be 

0.15 m3/s 2A = 0.60 m
c 0.25 mls 

The depth of flow is then estimated by dividing the cross-sectional area by the 
width of the channel. 

0.60 m2 

h = 1.07 m 
0.56 m 

If the gritparticle in question enters the grit chamber at the liquid surface, itjVill 
take hlvs seconds to reach the bottom, 

1.07m 
t = = 38.2 s 

0.028 mls 

Since the chamber is 13,5 m in length and the horizontal velocity is 0.25 mis, the 
liquid remains in the chamber. 

13.5 m 
t = 54 s 

0.025 mls 

Tn4~,t.l1e.B~~ticlewill.be captured in the gritchamber. 
'" ':'~') , ",.-' 

~~Wt~~~~~ii§~~~e~~..TiIe spiial{oIFoi the aeratedgrit chamber liquid "drives" 
···..·~'f;~····th . ····2thqRP!;(V\fnk~i~located.undertheairaiffuser assembly (Figure 6-10). 
;e .... ........o!1oftneairbubblesissupposedto strip the inert grit of much Of the 
·'~organi€!.material. that adheres·· to. its surface. 
;~~1·;~erateclgrit.cl1amberperformanceisa function of the roll velocity and detention time. 

.11I~(~11)X~lQcityj~coNS811edb)tadjustingtheairfeed rate.·.Nominal air flow values are in 
5'f~;1 ..tht}raI)g~ofQ,2t()0.5.cubicmetersperminuteofairper meter of tank length (m3/min . m), 

Liquid detention times are usually set to be about three minutes at maximum flow. Length
to-width ratios range from 3: 1to 5: 1with depths on the order of 2 to 5 m. 

Grit accumulation in the cnamber varies greatly, depending on wnether tne sewer 
systemis a combined type or a separate type, abdon the efficiency of the chamber. For 

390 m3 0f grit per million cubic meters of sewage (m31106 m ) is not 
3systems you might expect something less than 40 m31l06 m . 

gritis.buiiedin a sanitary landfilL 

Devices that are used to macerate wastewater solids (rags, paper, plastic, and other 
materials) by revolving cutting bars are called comminutors. Comminutors are most 
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FIGURE 6·10 

Aerated grit chamber. (Source: Metcalf & Eddy. 1979.) 


commonly used in small WWTPs with flows less than 0.2 m3/s. These devices are 
placed downstream of the grit chambers to protect the cutting bars from abrasion. 
They are used as a replacement for the downstream bar rack but must be installed with 
a hand-cleaned rack in parallel in case they fail. Comminutors may create a string of 
material such as rags that collect on downstream equipment. Because of this and a 
high maintenance cost, newer installations use a screen or a macerator (Figure 6-11). 

Macerators are slow,.speed grinders. One type consists of counterrotating blades. 
Th~rn~terialischoppedasitpasses between the blades. The chopping action reduces 
thepotentialJor producing ropes of rags or plastic. 

Flow equalization is not a treatment process in itself, but a technique that can be used 
to im.p..·.r...o.. vetheeffe...c.tiveness of both secondary and advanced wastewater treatment 
pro§essys(US.EPA,1979a). Wastewater does not flow into a municipal wastewater 
treatment plant at a constant rate (see Figure 1-4); the flow rate varies from hour to 
hour, reflecting the living habits of the area served. In most towns, the pattern of daily 
activities sets the pattern of sewage flow and strength. Above-average sewage flows 
and strength occur in mid-morning. The constantly changing amount and strength of 
wastewater to be treated makes efficient process operation difficult. Also, many treat
mentunits must be designed for the maximum flow conditions encountered, which ac
tually results in their being oversized for average conditions. The purpose of flow 
equalization is to dampen these variations so that the wastewater can be treated at a 
nearly constant flow rate. Flow equalization can significantly improve the performance 
of an existing plant and increase its useful capacity. In new plants, flow equalization 
can reduce the size and cost of the treatment units. 
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Flow equalization is usuaUyachieVed by constructing large basins that collect and 
storethewastewater tlow~ndfromwhich thewastewateris pumped to the treatment 
planfataoconsta~tS~fe.Thesr.~asinsaren?rmallylocated near the head end of the 

. {';i(?~{. 	 treatmentW()fKs,preferablydownstream of pretreatment facilities such as bar screens, 
comminutors, and grit chambers. Adequate aeration and mixing must be provided to 
prevent odors and solids deposition. The required volume of an equalization basin is 
estimated from a mass balance of the flow into the treatment plant with the average 
flow the plant is designed to treat. The theoretical basis is the same as that used to size 
reservoirs (seeSection 3-4). 

{:;)~~~mple6.3. Design an equalization basin for the following cyclic flow pattern. 
(~ii3 Provide a 25 percent excess capacity for equipment, unexpected flow variations,w 

and solids accumulation. Evaluate the impact of equalization on the mass loading of 
BODs



444 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

Time, h Flow, m3/s BODs, mg/t Time, h Flow, m3/s -'BODs, mg/L 

0000 0.0481 110 1200 0.0718 160 
0100 0.0359 81 1300 0.0744 150 
0200 0.0226 53 1400 0.0750 140 
0300 0.0187 35 1500 0.0781 135 
0400 0.0187 32 1600 0.0806 130 
0500 0.0198 40 1700 0.0843 120 
0600 0.0226 66 1800 0.0854 125 
0700 0.0359 92 1900 0.0806 150 
0800 0.0509 125 2000 0.0781 200 
0900 0.0631 140 2100 0.0670 215 
1000 0.0670 150 2200 0.0583 170 
1100 0.0682 155 2300 0.0526 130 

Solution. Because of the repetitive and tabular nature of the calculations, a computer 
spreadsheet is idea! for this problem. The spreadsheet soluTion is easy to verify if the 
calculations are set up with judicious selection of the initial value. If the initial value is 
the first flow rate greater than the average after the sequence of nighttime low flows, 
then the last row of the computation should result in a storage value of zero. 

The first step then is to calculate the average flow. In this case it is 0.05657 m3/s. 
Next, the flows are arranged in order beginning with the time and flow that first ex
ceeds the average. In this case it is at 0900 h with a flow of 0.0631 m3/s. The tabular 
arrangement is shown on. page 446. An explanation of thecalculations for each col
umnfollows. 

The third column converts the flows to volumes using the time interval between 
flow measurements: 

(0.063l m3/s)(1 h)(3600 s/h) = 227.16 m3 

T:heJourthcolumrlisthe<average volume that leaves the eq4alization basin. 

11 =(0.05657 m3/s)(l h)(3600 s/h) = 203.655 m3 

The fifth column is the difference between the inflow volume and the outflow volume. 
3 3 3. dS=;¥in 1Iout 227.16 m - 203.655 m = 23.505 m

The sixth column is the cumulative sum of the difference between the inflow and out
flow. For the second time interval, it is 

3 3 3Storage = LdS = 37.55 m + 23.51 m = 61.06 m 

Note that the last valueforthe cumulative storage is 0.12 m3
. It is not zero because of 

round-off truncation in the computations. At this point the equalization basin is 
empty and ready to.begin the next day's cycle. 

The required volume for the equal ization basin is the maximum cumulative st01"
age.With the requirement for 25 percent excess, the volume would then be 

Storage volume = (863.74 m3
)( 1.25) 1,079.68 or 1,080 m3 

http:1,079.68
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The mass of BODs into the equalization basin is the prQduct of the inflow (Q), 
the concentration of BODs (So), and the integration time (~t): . 

MBOD-in (Q)(So)(Llt) 

The mass of BOD5 out of the equalization basin is the product of the average out
flow (Qavg), the average concentration (Savg) in the basin, and the integration time (Ll t): 

MBOD-out = (Qavg)(Savg)(Llt) 

The average concentration is determined as 

(Vi)(So) + (¥s)(Sprev) 

Vi + Vs 

where Vi volume of inflow during time interval ~t, m3 

So average BODs concentration during time interval ~t, g/m3 

V~ = volume of wastewater in the basin at the end of the previous time inter
valm3 

, -
Sprev= concentration of BODs in the basin .at the end of the previous time in

terval 
(previous Savg), g/m3 

Noting that I mg/L = 1 g/m3, we find that the first row (the 0900 h time) compu
tations are 

MBOD-in (0.0631 m3/s)(l40 g!m3)(l h)(3,600 s/h)OO - 3kg/g) 

m3/s)(150 g/m3)(l h)(3,600 s/h)(l0-3 kg/g) 

= 36.2 kg 

(241.20 m3)(l50 g/m3) + (23.51 m3)(l40 g/m3) 

241.20 m3 + 23.51 m3 

- 149.11 mg/L 

MBQ])cout = (0.05657m3/s)(l49.11 g/m3)(l h)(3,600 8/h)(10 3 kg/g) 

30.37 

Note thatV:\. [s thevolume of wastewater in the basin at the end of the previous 
time interval. Therefore, it equals the accumulated dS. The concentration of BODs 

http:0.05657m3/s)(l49.11
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(Sprev) is the average concentration at the end of previous'iQterval (Savg) and not the 
influent concentration for the previous interval (So). 

For the third row (1100 h), the concentration of BODs is 

(245.52 m3)(155 g/m3 
) + (61.06 m3)(149.l1 g/m3

)
S = --------------:c----

avg 245.52 mJ + 61.06 m3 

= 153.83 mg/L 

6-7 PRIMARY TREATMENT 

With the screening completed and the grit removed, the wastewater still contains light 
organic suspended solids, some of which can be removed from the sewage by gravity 
in a sedimentation tank. These tanks can be round or rectangular. The mass of settled 
solids is called raw sludge. The sludge is removed from the sedimentation tank by me
chanicalscrapers a~dpumps (Figure 6-12). Floating materials, such as grease and oil, 
rise to the surface of the sedimentation tank, where they are collected by a surface 
skimming system and removed from the tank for further processing. 

Primary sedimentation basins (primary tanks) are characterized by Type II floccu
lantsettling.TheStokes equation cannot be used because the flocculating particles are 
continually changing insize, shape, and, when water is entrapped in the floc, specific 
gravity. There is no adequate mathematical relationship that can be used to describe 
Type II settling. Laboratory tests with settling columns are used to develop design data 
(see Chapter 4). 

tankswith common-wall construction are frequently chosen because 
for sites with space constraints. Typically, these tanks range 

t024 min width. Common length-to-width ratios for 
3:1 to 5: 1. Existing plants have length-to-width 

15: LThe width is often controlled by the availability of 

Adjustable 

- - - - -~" I --'JIo-
I , ___ " \ 'o-.~"J I Efnuem" .. 

Average ''\ 0.6 m (min.) : 
water .... 
deplh '-'-,.<1.'- --. . 

f h .'-v-----·,...·/· ~. 
:> ~ ... ~ ~ 0." w II _ t .. ~~. ~• . ~ .~-

Pi voting flight 

Sludge 

hopper 


FIGURE 6-12 
Primary settling tank. 
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sludge collection equipment. Side water depths range from 3 to,5 m._Typically the 
depth is about 4 m. 

Circular tanks have diameters from 3 to 60 m. Side water depths range from 3 to 
5 m. 

As in water treatment clarifier design, overflow rate is the controlling parameter 
for the design of primary settling tanks. At average flow, overflow rates typically range 
from 25 to' 60 m3/m2 

• d (or 25 to 60 mid). When waste-a,ctivated sludge is returned to 
the primary tank, a lower range of overflow rates is chosen (25 to 35 mid). Under peak 
flow conditions, overflow rates may be in the range of 80 to 120 mid. 

Hydraulic detention time in the sedimentation basin ranges from 1.5 to 2.5 hours 
under average flow conditions. A 2.0-hour detention time is typical. 

The Great Lakes-Upper Mississippi River Board of State Sanitary Engineers 
(GLUMRB) recommends that weir loading (hydraulic flow over the effluent weir) 
rates notexceed 120 m3/d of flow per, m of weir length (m3/d . m) for plants with aver
age flows less than 0.04 m3/s. For larger flows, the recommended rate is 190 m3/d . m 
(GLUMRB, 1978). If the side water depths exceed 3.5 m, the weir loading rates have 
little 'effect onperforrrtance. " ' 

Two different approaches have been used to place the weirs. Some designers be
lieve in the "long" approach and place the weirs to cover 33 to 50 percent of the length 
ofthe tank. Those of the "short school" (for example, see Metcalf & Eddy, Inc., 2003) 
assume the weir length is less important and place it across the width of the end of the 
tank as shown in Figure 6-12. The spacing may vary from 2.5 to 6 m between weirs. 

As mentioned previously, approximately 50 to 60 percent of the raw sewage sus
pended solids and as much as 30 to 35 percent of the raw sewage BODs may be re
moved in the primary tank. 

Ex~mple6,-4..E~aluatethefollowingprimary tank design with respect to detention 
time,overflbw. rate,and weir loading. 

D({signdata: 

FIO\V.~=O.150rn3/S , Effective Length Weir 
I'" »1Influent SS = 280mgIL 


Sludge concentration = 6.0% 

'-' 

Efficiency = 60% 1<1( »1 

Sludge OutletInletLength 40.0 m (effective) zonezonezone 

Width =10.0 m 


Liquid depth = 2.0 m 


Weir length =75.0 m 


The detention time is simply the volume of the tank divided by the flow: 

¥ 40.0 m X 10.0 m X 2.0 m 
0= =--

Q 0 ,[50 m3/s 

5333.33 s or 1.5 h 

This is a reasonable detention time. 
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The overflow rate is the flow divided by the surface a'rt~a: 

0.150 m3/s 
40.0 m X 10.0 m 

= 3.75 X 10-4 mls X 86,400 sid = 32 mid 

This is an acceptable overflow rate. 

The weir loading is calculated in the same fashion: 


0.150 m3/s
WL 

75.0m 

- 0.0020 m3/s . m X 86,400 sid = 172.8 or 173 m3/d . m 

This is an acceptable weir loading. 

6·8 UNIT PROCESSES OF SECONDARY TREATlVIENT 

Overview 
The major purpose of secondary treatment is to remove the soluble BOD that escapes 
primary treatment and to provide further removal of suspended solids. The basic in
gredients needed for conventional aerobic secondary biologic treatment are the avail
ability of many microorganisms, good contact between these organisms and the 
organic material, the availability of oxygen, and the maintenance of other favorable en
vironmentalconditions (for example, favorable temperature and sufficient time for the 
organisms towork). A variety of approaches have been used in the past to meet these 

if) basicn~7ds'Il1elll?stcornmon approachesare, (1) activated sludge, (2) tricklingfil
:ersan.d(3)pxidati0l1iponds(orlagoons).A processthatdoes not fit precisely into ei

::'~4' the~c;tl1ttris¥lingfiltqr: ort~~activatedsludgecategorybut does employ principles 
. i.~();~othj~.t,he~~tating bi~logicarcontactor.(RBC) . 

••....•• >;:>a;~s~'tn~st$QP~arrtr~a:tm~ntproc~sses. ar~. fundamentally· microbiological, we 
beginthis~iscussiori'withan introduction to wastewater microbiology. . 

~;~. ··.. ·~~st~'Y~.ter l\t1i~r.oQiology 
·;·RtJl~;ijfR4i~ro6~g~nis~ls.·The stabilization of organic matter is accomplished bio

logically using a variety of microorganisms. The microorganisms convert the colloidal 
and dissolved carbonaceous organic matter into various gases and into protoplasm. Be
cause protoplasm has a specific gravity slightly greater than that of water, it can be re
moved from the treated liquid by gravity settling. 

It is important to note that unless the protoplasm produced from the organic mat
f~;! terlsremovedfrom the solution, complete treatment will not be accomplished because 
:3) th~iprotoplasm'\\fhichitselfis organic, will be measured as BOD in the effluent. If the 

protoplasm is not removed, the only treatment that will be achieved is that associated 
with the bacterial conversion of a portion of the organic matter originally present to 
various gaseolls end products (Metcalf & Eddy, Inc., 1979.) 
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KINGDOMS __EXAMPLES 

Animals 
Multicellular, motile, Rotifers 

,---
exhibit tissue differentiation, Crustaceans 
heterotrophic 

Plants -

- Multicellular, nonmotile, Mosses 
Eucaryotes exhibit tissue differentiation, Ferns 

Cells contain membrane-bound 
-

most photosynthetic Some algae 
nucleus and membranous 
organelles 

- Fungi 
Most multicellular, nonmotile, Mushrooms 
heterotrophic, decomposers Yeasts 

Protista 
"-- Most unicellular, most'motile, Amoebas 

some heterotrophic, some Some algae 
photosynthetic 

Bacteria
Procaryotes 

Unicellular, some motile, some SalmonellaNo distinct nucleus and no -
nonmotile, some heterotrophic, Escherichiamembranous organelles 
decomposers, some photosynthetic 

FIGURE 6·13 
Classification-of microorganisms by kingdom. 

(jla§~ip~.atiort()fl\1kroorganismsby Kingdoms. Microorganisms are organized 
into~vebroadgroupsbasedon their structural and functional differences. The groups 
ar~?~U~B.ikblg~om;S'•.Thefivekingdoms are animals, plants, protista, fungi, and 
btlcteriai.~epresentative~xamplesand characteristics of differentiation are shown in 
Figure6-13. 

Clas~i~cati?nbyEnergyandCarbon Source. The relationship between the source 
9fcarpona.ndthesource ofenergy for the microorganism is important. Carbon is the 
basic building block for cell synthesis. A source of energy must be obtained from out
side the cell to enable synthesis to proceed. Our goal in wastewater treatment is to con
vert both the carbon and the energyin the wastewater into the cells of microorganisms, 
which we can remove fromthe water by settling. Therefore, we wish to encourage the 
growth of organisms that use organic material for both their carbon and energy source. 

If the microorganism uses organic material as a supply of carbon, it is called 
heterotrophic. AutOtrophsrequire only CO2 to supply their carbon needs. 

Organisms that rely only on the sun for energy are called phototrophs. 
Chemotrophs extract energy from organic or inorganic oxidation/reduction reactions. 
Organotrophs use organic materials, while lithotrophs oxidize inorganic compounds 
(Bailey and Ollis, 1977). 
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Classification by their Relationship to Oxygen. Bacteria. also are classified by their 
ability or inability to utilize oxygen as a terminal electron acceptor* in oxidation/ 
reduction reactions. Obligate aerobes are microorganisms that must have oxygen as 
the terminal electron acceptor. When wastewater contains oxygen and can support 
obligate aerobes, it is called aerobic. 

Obligate anaerobes are m~croorganisms that cannot survive in the presence of 
oxygen. They cannot use oxygen as a terminal electron acceptor. Wastewater that is de
void of oxygen is called anaerobic. Facultative anaerobes can use oxygen as the ter
minal electron acceptor and, under certain conditions, they can also grow in the 
absence of oxygen. 

Under anoxic conditions, a group of facultative anaerobes called denitrifiers uti
lizes nitrites (NO;) and nitrates (NO;-) as the terminal electron acceptor. Nitrate nitro
gen is converted to nitrogen gas in the absence of oxygen. This process is called anoxic 
denitrification. 

Classification by their Preferred Temperature Regime. Each species ofbacteria 
reprodnces best within alimited range of temperatures. Four temperature ranges are 
usedto classify bacteria. Those that grow best at temperatures below 20°C are~called 
psychrophiles. Mesophiles grow best at temperatures between 25 and 40°C, Between 
45aTld60~C,'thethermophilesgrow best.·Above 60°C, stenothermophiles grow best. 
The growth rangeofJacultative thermophiles extends from the thermophilic range into 
the mesophilic range. These ranges are qualitative and somewhat SUbjective. You will 
note the gaps between 20 and 25°C and between 40 and 45°C. Don't make the mistake 
ofsayingthat an organism that grows well at 20.5°C isa mesophile. The rules just 
aren'tthathardaqdfast.·Bacteriawill grow over a range of temperatures and will sur
viveata verylarge rangeoftemperatures. For example, Escherichia coli, classified as 
[11~s.0.BhHSs"Mfill~r?watteIIlP~raturesbetwee~·"?Q.and".50°C and will" reproduce, albeit 

<] ;.)erXN?Mfly,att~Illp~r~turt<sdow:ntoO°C.lffrozenrapidly,they and many other mi
';<') ···"cr()o~g:a;Di§!1l;s(jartlje§t9redforyears.withnosignificant death rate. 

"<, :;>:>/< --, /- ;, ' '.~' >;',. ,>I;:~;.,::";.;{":':·< 
......~;;;'.... . ... , 
'.~.~ ..'. stin1~Ml~~6b~SrlfIfiter~tinWastewat~tTreatment

~';:;;'< "< ,,' '. C", " ',_ _ -~_ ,- _ ,- _ , __ 

.. ~J ·BaHeti~.Thehighestpopulationofmicroorganisms ina wastewater treatment plant 
~jll[)elo~~tpthebacteria.Theyar~single-cened.organisms which use soluble food. 

(~cf, ~?~1diti~nsin:t,h~treat~~ptglar.tar~adju~ted ·so thatchemoheterotrophs predominate. 
,*/:1';' N0.partieilrarspeCiesisselect~das':the best." 

*An organic substrate is not directly oxidized to carbon dioxide and water in a single chemical step because there 
is no energy-conserving mechanism that could trap so much energy. Thus, biological oxidation occurs in small 
steps. Qxidation requires the transfer oian electron from the substance being oxidized to some acceptor molecule 
thatwill subsequently be reduced.In most biological systems. each step in the oxidation process involves the re

.Y~;J' rIl9v~[;oftwoele~trons and the simultaneous loss of two protons (H+). The combination of the two losses is equiv
to"~ ale?tlothemoleculeha\iing lost twohY!Ir()gen atoms. The reaction is often referred to as dehydrogenation. The 
":i;~ . . ' electrons andprotonsarenotreleased Into the ceil, but are transferred to an acceptor molecule. The acceptor mol

.eculewi Hnotaccepttheprotons until it has accepted the electrons and thus it is referred to as an electron accep
tor. Since the net result of accepting an electron and proton is the same as accepting a hydrogen atom, such 
acceptors are also called hydrogen acceptors. (Grady and Lim, 1980.) 

http:reduced.In
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Electron Sllbstrate Raw 
acceptor (waste) materials 

~/ Energy-_E~e.:.g.r -~ Carrier} _!~e.:.g.r_
i 

t Energy 
carner 

End prodllcts New cells FIGURE 6~14 
Catabolism Anabolism General scheme of bacterial metabolism. 

Fungi. Fungi are multicellular, nonphotosynthetic, heterotrophic organisms. Fungi are 
obligate aerobes that reproduce by a variety of methods including fission, budding, and 
spore formation. Their cells require only half as much nitrogen as bacteria so that in a 
nitrogen-deficient wastewater, they predominate over the bacteria (McKinney, 1%2). 

Algae. This group of microorganisms are photoautotrophs and may be either unicel
lular or multicellular. Because of th~ chlorophyll contained in most species, they pro
duce oxygen through photosynthesis. In the presence of sunlight, the photosynthetic 
production of oxygen is greater than the amount used in respiration. At night they use 
up oxygen in· respiration. If the daylight hours exceed the_ night hours by a reasonable 
amount, there is a net production of oxygen. 

Protozoa. Protozoa are single-celled organisms that can reproduce by binaty fission 
(dividing in two). Most are aerobic chemoheterotrophs, and they often consume bacte
ria. They are desirable in wastewater effluents because they act as polishers in con
suming the bacteria. 

Rotifers and Crustaceans. Both rotifers and crustaceans are animals-aerobic, multi
cellular ch~moheterotrophs. The rotifer derives its name from the apparent rotating motion 
of two sets of cilia on its head. The cilia provide mobility and a mechanism for catching 
fo()ci.Rotiferscons~mebacteria an~smaU particles of organic matter. 

Crusraceans,agroupthatincludes shrimp, lobsters, and barnacles, are characterized 
bytheirsh6lLstructure.Theyareasource of food for fish and are not found in waste
watertreatIT1entsyst~ms toany extentexcept in underloaded lagoons. Theil' presence is 
indicativeofahigh.levelofdissolvedoxygen and a very low level of organic matter. 

Bacterial·.·Biochemistry 
The generaltermthafdescribes all ofthe chemical activities performed by a cell is 
fnetabolislnThisintumisdividedinto two parts: catabolism and anabolism. Catabolism. 
includes all the biochemical processes by which a substrate is degraded to end products 
with the release of energy. * In wastewater treatment, the substrate is oxidized. The 
oxidation process releases energy that is transferred to an energy carrier which stores 
it for future use by the bacterium (Figure 6-14). Some chemical compounds released 
by catabolism are used by the bacterial cell for its life functions. 

Anabolism includes all the biochemical processes by which the bacterium synthe
sizes new chemicalcompounds needed by the cells to live and reproduce. The synthe
sis process is ·drivenby the energy that was stored in the energy carrier. 

*Substrate IS food. For our application, "foodv is the organic material from the human digestive tract and other 
biodegradable wastes. 
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Decomposition of Waste. The type of electron acceptorayailable for catabolism de
termines the type of decomposition (that is, aerobic, anoxic, or anaerobic) used by a 
mixed culture of microorganisms. Each type of decomposition has peculiar character
istics which affect its use in waste treatment. 

Aerobic Decomposition. From our discussion of bacterial metabolism you will re
call that molecular oxygen (02) must be present as the terminal electron acceptor for 
decomposition to proceed by aerobic oxidation. As in natural water bodies, the oxygen 
is measured as DO. When oxygen is present, it is the only terminal electron acceptor 
used. Hence, the chemical end products of decomposition are primarily carbon di
oxide, water, and new cell material (Table 6-9). Odiferous gaseous end products are 
kept to a minimum. In healthy natural water systems, aerobic decomposition is the 
principal means of self-purification. 

A wider spectrum of organic material can be oxidized aerobically than by any 
other type of decomposition. This fact, coupled with the fact that the final end_products 
are oxidized to a very low energy level, results in a more stable end product (that is, 
onetha.tcanbedisposedof without damage to the environment and without cr{(afing a 
nuisance condition) than can be achieved by the other oxidation systems. 

Because of the large amount of energy released in aerobic oxidation, most aerobic 
organisms are capable of high growth rates. Consequently, there is a relatively large 
production of new cells in comparison with the other oxidation systems. This means 

TABLE 6·9 
Representative end products . 

Anaerobic 
decomposition 

Ammonia A nitrites 
Amino acids 
Ammonia 

~nltrates*> 
Alcohols -1 CO2 + H20 

Hydrogen sulfide 
Methane 
Carbon dioxide 
Alcohols 
Organic acids 

Alcohols -1 CO2 + H20 
Fatty acids 

Carbon dioxide 
Fatty acids 
Methane 

Fats and related Fatty acids + glycerol 
Alcohols -1 CO2 + H20 
Lower fatty acids 

Fatty acids + glycerol 
Carbon dioxide 
Alcohols 
Lower fatty acids 
Methane 

*Under anoxic conditions the nitrates are converted to nitrogen gas. 
Source: After Pelczar, M. 1., and R. D. Reid, 1958. 
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that more biological sludge is generated in aerobic oxidation than.in the other oxida
tion systems. 

Aerobic decomposition is the method of choice for large quantities of dilute waste
water (BODs less than 500 mg/L) because decomposition is rapid, efficient, and has a 
low odor potential. For high-strength wastewater (BODs is greater than 1,000 mg/L), 
aerobic decomposition is not suitable because of the difficulty in supplying enough 
oxygen arid because of the large amount of biological sh.ldge produced. In small com
munities and in special industrial applications where aerated lagoons (see "Oxidation 
Ponds," below) are used, wastewaters with BODs up to 3,000 mg/L may be treated sat
isfactorily by aerobic decomposition. 

Anoxic Decomposition. Some microorganisms can use nitrate (NO;-) as the tenni
nal electron acceptor in the absence of molecular oxygen. Oxidation by this route is 
called denitrification. 

The end products from denitrification are nitrogen gas, carbon dioxide, water, 
and new cell material. The amount of energy made available to the cell during denitri
fication is about the same as that made available during aerobic decomposition. As 
a consequence, therate of production of new cells, although not as high as in aerobic 
decomposition, is relatively high. 

Denitrification is of importance in wastewater treatment where nitrogen must be 
removed to protect the receiving body. In this case, a special treatment step is added to 
the conventional process for removal of carbonaceous material. Denitrification will be 
discussed in detail later. 

One other important aspect of denitrification is in relation to final clarification of 
the treated wastewater. If the environment of the final clarifier becomes anoxic, the for
mation ofhitrogen gas will cause large globs of sludge to float to the surface and es
capefrolnthetre~tmentplant into the receiving water. Thus, it is necessary to ensure 
that anoxic conditions do notdevelop in the final clarifier. 

:- ~, ,'-.-', -" - - : 

~naer{)bitDec(Jlnposition.ln ordertoachieve anaerobic decomposition, molecular 
O~X~~~(lngnitrat~mustnotbepresent astenninal electron acceptors. Sulfate (SOJ-), 

·sar~oQc9iqX;id~,ao.d9Igal1iccompounds that can be reduced serve as tenninal electron 
acceptors. Thereductionof sulfate results in the production of hydrogen sulfide (HzS) 
andagroupofequally<odiferous organic sulfur compounds called mercaptans. 

Theanaefobicde~()111position(fennentation) of organic matter generally is consid
~red;t().;bell;thr~~-stepPfQsess.Inthe first step, waste components are hydrolysed. In the 
second step, complex organic compounds are fennented to low-molecular-weight fatty 
acids (volatile acids}. In the third step, the organic acids are converted to methane. Car
bon dioxide serves as the electron· acceptor. 

Anaerobic decomposition yields carbon dioxide, methane, and water as the major 
end products. Additional end products include ammonia, hydrogen sulfide, and mer
captans. As a consequence of these last three compounds, anaerobic decomposition is 
characterized by an unbelievably horrid stench! 

Because only small amounts of energy are released during anaerobic oxidation, the 
arnountofcellproductionis low. Thus, sludge production is low. We make use of this 
fact in wastewater treatment by using anaerobic decomposition to stabilize sludges 
produced during aerobic and anoxic decomposition. 

http:naer{)bitDec(Jlnposition.ln
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Direct anaerobic decomposition of wastewater generally is not feasible for dilute 
waste.* The optimum growth temperature for the anaerobic bacteria is at the upperend 
of the mesophilic range. Thus, to get reasonable biodegradation, we must elevate the 
temperature of the culture. For dilute wastewater, this is not practical. For concentrated 
wastes (BODs greater than 1,000 mgIL), anaerobic digestion is quite appropriate. 

Population Dynamics. In the discussion of the behavior of bacterial cultures which 
follows, there is the inherent assumption that all the requirements for growth are ini
tially present. Since these requirements are fairly extensive and stringent, it is worth 
taking a moment to recapitulate them. The following list summarizes the major re
quirements that must be satisfied: 

1. 	 A tenninal electron acceptor 

2. 	 Macronutrients 

a. 	Carbon to build cells 
b. Nitrogen to build cells 

-c. Phosphorus for ATP (energy carrier) and DNA 


3. 	 Micronutrients 

a. Trace metals 
b. 	Vitamins are required by some bacteria 

4. 	 Appropriate environment 


a.Moisture 

b. 	Temperature 
c. 	 pH 

". " 

AS~n illustrationofgrow:th in pure cultures,.let us examine a hypothetical situa
tiol1inwhichL.4DO bacteria. of a single species are introduced into a synthetic liquid 
Ille~ium.I~itiallynothingappearstohap~en. The bacteria must adjust to their new en
vlronment'a'tttibegintosynthesize neW protoplasm. On a plot of bacterial growth ver
SU& tiItfe{Rigure&:'15), this. phase ofgrowth is called the lag phase. 

-	 At the end of the lag phase ~he bacteria begin to divide. Since all of the organisms 
donol divide at the same time, there is a gradual increase in population. This phase is 

·1(lbeJedaccel~rqtedgrowthon.the,growthplot. 
- Attheendof the>a.cceletatedgrowthphase, the population of organisms is large 

enough and the differences in generation time are small enough that the cells appear to 
divide at a regular rate. Since reproduction is by binary fission (each cell divides pro
ducing two new cells), the increase in population follows in geometric progression: 
I -1 2 -1 4 -1 8 -1 16 -1 32, and so forth. The population of bacteria (P) after the nth 
generation is given by the following expression: 

(6-1) 

*Some researchers are exploring the use of anaerobic systems for treatment of dilute wastes, especially ground
water contaminated with hazardous waste. 
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where Po is the initial population at the end of the accelerated growth phase. If we take 
the log of both sides of Equation 6-1, we obtain the following: 

log P = log Po + n log 2 (6-2) 

This means that if we plot bacterial popUlation on a logarithmic scale, this phase of 
growth would plot as a straight line of slope n and intercept Po at to equal to the end of 
the accelerated growth phase. Thus, this phase of growth is called the log growth or 
exponentialgrowthphase. 

rheloggrowthphaset~I>ersoff as the substrate become~ exhausted or as toxic by
products build up. Thus, at some point the population becomes constant either as a re
sult ofcessation of fission or abalance in death and reproduction rates. This is depicted 
by the stationaryphase on the growth curve. 

Follm:vingthestationary phase, the bacteria begin to die faster than they repro
duce;.This.deathphaseisdue to a variety of causes that are basically an extension of 
those which lead to the stationary phase. 

In wastewater treatment, as in nature, pure cultures of microorganisms do not ex
ist. Rather, a mixture of species compete and survive within the limits set by the envi
ronment. Population dynamics is the term used to describe the time-varying success of 
the various species in competition. It is expressed quantitatively in terms of relative 
mass of microorganisms.* 

*If each individual organism of species A has. on the average. twice the mass at maturity as each individual or
ganism of species B, and both compete equaUy;we would expect that both would have the same total biomass, but 
that there would be twice as many of species Bas there would be of A. 
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FIGURE 6·16 

Population dynamics in a closed system. C'JOllrce: Curds, 1973.) 


The prime factor governing the dynamics ofthe various microbial populations is the 
competition for food. The second most important factor is the predator-prey relationship. 

The relative success of a pair of species competing for the same substrate is a func
tionof the ability of the species to metabolize the sub~trate. The more successful 
specieswiU gethe one that metabolizes the substrate more completely. In so doing, it 
willobtainmoreenergyfor synthesis and consequently will achieve a greater mass. 

a~~.auseof.theirr~la~ively smallersizeand, thus, largersurface areaper unit mass, 
;,.,Sl whichaJIg~vsfIT1P5er~piduptakeof substrate, bacteria will predominate over fungi. 

.•. F) •. FQrJb€?sal11er~~s~l1,~th~fltl1gipredominat~ over the .protozoa. 
..... r;;:~b~ltPBI~ofsQlubleorfanicsubstratebecomes exhausted, the bacterial pop

3; 	·:~~~~~tt~~~t~~~~~~~i;;:~~t~t~i~~~dt:lr~6~~:i;~~~~:~~6s~~~t:'~~:'~pa

(t¥i~/U:la.tions\villcycle as the bacteria give way to higher level organisms which in tum die 

. fotJackoff9odand are then· decomp?sed·.bya different set of bacteria (Figure 6-16). In 
··'aR8PrrrsX~mIl1,}ucg~sa)"~stewat~rtreatl11ent plant ora river, with a continuous in

.(~i;73flowofnewsubstrate;lhe(predominatlt populations will change through the length of 
the plant (Figure 6-J 7). This condition is known as dynamic equilibrium. It is a highly 
sensitive state, and changes in influent characteristics must be regulated closely to 
maintain the proper balance of the various populations. 

For the large numbers and mixed cultures of microorganisms found in waste treat
ment systems, it isconvenient to measure biomass rather than numbers of organisms.* 

lij 	 *FrequentIy,this isd6rteby measuringsuspended solids or volatile suspended solids (those that burn at 550 2: 

50°C). When the wastewater contains only soluble organic matter, the volatile suspended solids tcst is reason
ably representative. The presence of organic particles (which is often the case in municipal wastewater) confuses 
the issue completely. 
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FIGURE 6-17 
Population dynamics in an open system. (Source: Curds, 1973.) 

In the log-growth phase, the rate expression for biomass increase is 

dX 
}kX (6-3)

dt 

dX 
where . == growth rate of the biomass, mglL ' t 

dt ' 
}k == growth rate constant, t- 1 

X==concentration 6fbiomass, mglL 

Bec:auseofthedifficulty,of,direct measurement of }k in mixed cultures, Monod 
(19~9Ydevelopedamodelequationthat assumes that the rate of food utilization, and 
"theretoreth~rate pfbiom(lssproduction, is limited by the ra~e of enzyme reactions in
volving.thefoodcompound that is in shortest supply relative to its need. The Monod 
equation is, 

}km S 
(6-4) 

Ks + S 

where }km maximum growth rate constant, C I 

S == concentration of limiting food in solution, mglL 
Ks = half saturation constant, mglL 

concentration of limiting food when }k = 0.5 }km 

The growth rate of biomass follows a hyperbolic function as shown in Figure 6-18. 
Two limiting cases are of interest in the application of Equation 6-4 to wastewater 

treatnientsystems. In those cases where there is an excess of the limiting food, then 
S Ks and the growth rate constant }k is approximately equal to }km' Equation 6-3 
then becomes zero-order in substrate. At the other extreme, when S « Ks' the system 
is food-limited and the growth rate becomes first-order with respect to substrate. 
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FIGURE 6-18 
K, Monad growth rate constant as a function of 

Limiting food concentration S, mgIL limiting food concentration. 

Equation 6-4 assumes only growth of microorganisms and does not take into account 
natural die-off. It is generally assumed that the death or decay of the microbial mass is a 
first-order expression in biomass and hence Equations 6-3 and 6-4 are expanded to 

dX JLmSX 
(6-5)

dt K,I' + S 

where kd endogenous decay rate constant, t- I . 

If all of the food in the system were converted to biomass, the rate of food utiliza
tion (dSldt) would equal the rate of biomass production. Because of the inefficiency of 
the conversion process, the rate of food utilization will be greater than the rate of bio
mass u.tiIizatlon,So ' 

dS 1 dX 
(6-6)

dt Y dt 

whereY:::;::,decimal fraction offoodmass converted to biomass 

,,< ....... "..... • .". ". ..mg/tl:Jiomass

-:-'>Ylcld.coefficlentj -.-'-'.'-------'---

mg/L food utilized 

Combining Equations 6-3, 6A, and 6-6 

1 JLmSX 
(6-7)

dt Y K, + S 

Equations 6-5 and 6-7 are a fundamental part of the development of the design 
equations for wastewater treatment processes. 

Activated Sludge 
,Thea.ctIvatedsludge process is abiological wastewater treatment technique in which a 
mixture ofwastewater and biological sludge (microorganisms) is agitated and aerated. 
Because the microorganisms are suspended in the liquid wastewater, this process is 
known as a suspended growth process. The biological solids are subsequently sepa
rated from the treated wastewater and returned to the aeration process as needed. 
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FIGURE 6·19 
Conventional activated sludge plant. 

The activated sludge process derives its name from the biological mass formed 
when air is continuously injected in~o the wastewater. In this process, microorganisms 
are mixed thoroughly with the organic compounds under conditions that stimulate their 
growth through use of the organic compounds as food. As the microorganisms grow 
and are mixed by the agitatiohof the air, theindividuaJ organisms clump together 
(flocculate) to form an active mass of microbes (biologic floc) called activatedsludge. 

In practice. wastewater flows continuously into an aeration tank (Figure 6-19) 
where air is injected to mix the activated sludge with the wastewater and tosupplythe 
oxygen needed for the organisms to break down the organic compounds. The mixture of 

tank under air. (Source: E. Lansing WWTP. photo courtesy of Harley Seeley of the 
[nstructional Media Center. Michigan State University.) 
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activated sludge and wastewater in the aeration tank is caUeq mixed liquor. The mixed 
liquor flows from the aeration tank to a secondary clarifier where the activated sludge is 
settled out. Most of the settled sludge is returned to the aeration tank (and is 'called 
return sludge) to maintain the high population of microbes that permits rapid break
down of the organic compounds. Because more activated sludge is produced than is de
sirable in the process, some of .the return sludge is diverted or wasted to the sludge 
handling system for treatment and disposal. In conventional activated sludge systems, 
the wastewater is typically aerated for six to eight hours in long, rectangular aeration 
basins. About 8 m3 of air is provided for each m3 of wastewater treated. Sufficient air is 
provided to keep the sludge in suspension (Figure 6-20). The air is injected near the bot
tom of the aeration tank through a system of diffusers (Figure 6-21). The volume of 
sludge returned to the aeration basin is typically 20 to 30 percent of the wastewater flow. 

Hinged . ,. 
drop '.' •,~ 

g 

',.",•.. '.,','..'.".'" .•'." •• ••.• ,,',.•,,'•.•,.•.,','".'.'.,••...••,'••••,.•.•,s"...e.,•..•J.,.•',.V,,',••icinpipe,....,."••. 

. , 

Air' •... 

! O:3mmin. 

FIGURE 6-21 
(a) Diffuser system for activated sludge tank; (b) cross 
section through tank illustrating hinged drop pipe; 

Adjustable (c) close-up of a set of diffusers. (PllOro Source: 
header support E. Lansing WWTP, courtesy of Harley Seeley of the In

(b) structional Media'Center, Michigan State Universily.j 
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The activated sludge process is controlled by wasting a portion of the microorgan
isms each day in order to maintain the proper amount ofmicroorganisms to efficiently 
degrade the BODs. Wasting means that a portion of the microorganisms is discarded 
from the process. The discarded microorganisms are called waste activated sludge 
(WAS). A balance is then achieved between growth of new organisms and their re
moval by wasting. If too much sluqge is wasted, the concentration of microorganisms 
in the mixed liquor will become too low for effective treatment. If too little sludge is 
wasted, a large concentration of microorganisms will accumulate and, ultimately, over
flow the secondary tank and flow into the receiving stream. 

The mean cell residence time ()o also called solids retention time (SRT) or sludge 
age, is defined as the average amount of time that microorganisms are kept in the system. 

Many modifications of the conventional activated sludge process have been devel
oped to address specific treatment problems. A brief description of these is given 
in Table 6-10. We have selected the completely mixed and conventional plug-flow 
processes for further discussion. 

r 

Completely Mixed ACtivated Sludge Process. The design formulas for the com
pletelY mixed activated sludge process are a mass balance application of the equations 
used to describe the kinetics of microbial growth. A mass balance diagram for the 
completely mixed system (CSTR) is shown in Figure 6-22. The mass balance equa
tionsare written for the systemboundary shown by the dashed line. Two mass balances 
are required to define the design of the reactor: one for biomass and one for food 
(soluble BODs). 

Under steady-state conditions, the mass balance for biomass may be written as: 

Biomass in Net biomass Biomass in Biomass 
(6-8)int1uent + growth - effluent + wasted 

'fhebi~massinth~in~uentis the product of the concentration of microorganisms 
inth~i~fluen.t{X:o}andtheJ10wrateofwastewater (Q). The concentration of microor
g~~is.tnsinthejnfll1et:tt(..\'o}isITIeasuredas suspended solids (mglL). The biomass that 
grg\\isin.theaemtioritankistheproduct of the volume of the tank (¥) and the Monod 
expression for. growth of microbial mass (Equation 6-5) 

(¥{::':~ ~x) 
 (6-9) 

Secondary 

Aeration tank settling tank 


../------- r -f---: 
co + Qr) 
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TABLE 6-10 _ 
Description of activated sludge processes and process modificationsa 

Process or 
process modification 

Conventional plug-flow 

Complete-mix 

Tapered aeration 

Step-feed aeration 

Modified aeration 

Contact stabi:lization 

Extended aeration 

High-rate aeration 

Description 

Settled wastewater and recycled activated sludge enter the head end of 
the aeration tank and are mixed by diffused-air or mechanical aeration. 
Air application is generally unifonn throughout tank length. During the 
aeration period, adsorption, flocculation, and oxidation of organic matter 
occur. Activated sludge solids are separated in a secondary settling tank. 

Process is an application of the flow regime of a continuous-flow stirred-tank 
reactor. Settled wastewater and recycled activated sludge are introduced typi
cally at several points in the aeration tank. The organic load on the aeration 
tank and the oxygen demand are uniform throughout the tank length. 

Tapered aeration is a modification of the conventional plug-flow process. 
Varying aeration rates are applied over the tank length depending on the 
oxygen demand. Greater amounts of air are supplied to the head end of the 
aeration tank, and the amounts diminish as the mixed liquor approaches 
the effluent end. Tapered aeration is usually achieved by Llsing different 
spacing of the air diffusers over the tank length. 

Step feed is a modification of the conventional plug-flow process in which 
the settled wastewater is introduced at several points in the aeration tank to 
equalize the food-to-microorganism (F/M) ratio, thus lowering peak 

.. oxygen demand. Generally three or more parallel channels are used. 
Flexibility of operation is one of the important features of this process. 

Modified aeration is similar to the conventional plug-flow process except 
that shorter aeration times. and higher F/M ratios are used. BOD removal 
efficiency is lower than other activated sludge processes. 

Contact stabilization uses two separate tanks or compartments for the 
treatment of the wastewater and stabilization of the activated sludge. The 
stabilized activated sludge is mixed with the influent (either raw or settled) 
wastewater in a contact tank. The mixed liquor is settled in a secondary 
settling tank and return sludge is aerated separately in a reaeration basin to 
stabilize the organic matter. Aeration volume requirements are typically 50 
percent less than conventional plug flow. 

Extended aeration process is similar to the conventional plug-flow process 
except that it operates in the endogenous respiration phase of the growth 
curve, which requires a low organic loading and long aeration time. Process 
is used extensively for prefabricated package plants for small communities. 

High-rate aeration is a process modification in which high MLSS concen
trations are combined with high volumetric loadings. This combination 
allows high F/M ratios and long mean cell-residence times with relatively 
short hydraulic detention times. Adequate mixing is very important. 

(continued) 
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TABLE 6-10 
(continued) 

Process or 
process modification Description 

Kraus process Kraus process is a vari~tion of the step aeration process used to treat 
wastewater with low nitrogen levels. Digester supernatant is added as a 
nutrient source to a portion of the return sludge in a separate aeration tank 
designed to nitrify. The resulting mixed liquor is then added to the main 
plug-flow 'aeration system. 

High-purity oxygen High-purity oxygen is used instead of air in the activated sludge process. 
Oxygen is diffused into covered aeration tanks and is recirculated. A 
portion of the gas is wasted to reduce the concentration of carbon dioxide. 
pH adjustment may also be required. The amount of oxygen added is 
about four times greater than the amount that can be added by 
conventional aeration systems. 

Oxidation ditch The oxidation ditch consists of a ring- or oval-snaped channel and is equipped 
with mechanical aeration devices. Screened wastewater enters the ditch, is 
aerated, and circulates at about 0.25 to 0.35 m/s. Oxidation ditches typically 
operate in an extended aeration mode with long detention and solids retention 
times. Secondary sedimentation tanks are used for most applications. 

Sequencing.batch reactor The sequencing batch reactor is a fill-and-draw type reactor system 
involving a single complete-mix reactor in which all steps of the activated 

~ sludge process occur. Mixed liquor remains in the reactor during all cycles, 
thereby eliminating the need for separate secondary sedimentation tanks. 

Thedeepv~rtical-shaftreactor is afonn of the activated sludge process. 
A:verticalshaftabout120to J50m deep replaces the primary clarifiers 
and. aeration basin. The shaft is lined with a steel shell and fitted with a 
conce.ntri~pipe. tpJonnan annular reactor. Mixed liquor and air are forced 
doy.rntl1{tcenteroftheshaft and allowed to rise upward through the annulus. 

In single-stage nitrification, both BOD and ammonia reduction occur in a 
single biological stage. Reactor configurations can be either a series of 
complete:.mix reactors or plug flow. 

Sepa~atestagenitnfidti(m· ..... Inseparatestagenittification, a separate reactor is used for nitrification, 
operating on a feed waste from a preceding biological treatment unit. The 
advantage of this system is that operation can be optimized to conform to 
the nitrification needs. 

"Source: Metcalf & Eddy,199L 

The biomass in the effluent is the product of flow rate of treated wastewater leav
ing theJ)lant (Q - Qw) and the concentration of microorganisms that does not settle in 
thesecondary clarifier (Xe). The flow rate of wastewater leaving the plant does not 
equal the flow rate into the plant because some of the microorganisms must be wasted. 
The flow rate of wasting (Qw) is deducted from the flow exiting the plant. 
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The biomass that is wasted is the product of concentta!ion of microorganisms in 
the WAS flow (Xr) and the WAS flow rate (Qr)' The narrative mass balance equation 
may be rewritten as 

QXo + (¥)({:X kdX) (Q - Qw)X, + QwX, (6-10)s 
The variables are summarized as follows: 

Q = wastewater How rate into the aeration tank, m3/d 
Xo = microorganism concentration (volatile suspended solids or VSS)* enter

ing aeration tank, mg/L 
11 = volume of aeration tank, m3 

fLm = maximum growth rate constant, d - I 

S = soluble BOD5 in aeration tank and effluent, mg/L 
X = microorganism concentration (mixed-liquor volatile suspended solids or 

MLVSS)** in the aeration tank, mg/L 
Ks = half velocity constant 
, = soluble BODs concentration at one-half the maximum growth rate, mg/L 
kd decay rate of microorganisms, d- l 

Qw = flow rate of liquid containing microorganisms to be wasted, m3/d 
Xe microorganism concentration (VSS) in effluent from secondary settling 

tank, mg/L 
Xr = microorganism concentration (VSS) in sludge being wasted, mg/L 

Atsteady-state, the mass balance equation for food (soluble BOD5) may be written 

Food in Food Food in Food in - + (6-11 )influent consumed - effluent WAS 

Thefoodi(lth~innuentis the product of the concentration of soluble BODs in the 
irifll1ent(S~) and. the How rate. of wastewater (Q). The food that is consumed in the aer
a.tiQI1Hll1~is~the product of the v()lume of the tank (-\t}and the expression for rate of 
food utilization (Equation 6-7) 

f.LmSX ) (6-12)
(11) ( Y(Ks + S) 

.'flie fGodin theefflllent is the product offlow rate of treated wastewater leaving the 
plant(Q Qw) and the concentration of soluble BODs in the effluent (S). The concen
tration of soluble BODs in the eWuent (S) is the same as that in the aeration tank because 

*Suspended solids means that the material will be retained on a filter, unlike dissolved solids such as NaCI. The 
amoUllfOfthe suspended solids tha~ volatilizes at 500 :: 50°C is taken to be a measure of active biomass concen
tratiOlt.Thepresence of nonliving organic particles in the influent wastewater will cause some error (usually 
small)in the use of volatile suspended solids as a measure of biomass. 
**Mixed-liquor volatile suspended solids is a measure of the active biological mass in the aeration tank. The term 
"mixed liquor" implies a mixture of activated sludge and wastewater. The phrase "volatile suspended solids" has 
the same meaning as in the definition of X". 
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we have assumed that the aeration ta.nk, is completely mixed. Since the BQDs is soluble, 
the secondary settling tank will not change the concentration.-Thus, the effluent concen
tration from the secondary settling tank is the same as the influent concentration. 

The food in the waste activated sludge flow is the product of the concentration 
of soluble BODs in the influent (S) and the WAS flow rate (Qr)' The narrative 
mass bala~ce equation for steady-state conditions may be rewritten as 

(6-13) 

where Y = yield coefficient (see Equation 6-6). 

To develop working design equations we make the following assumptions: 

1. 	The influent and effluent biomass concentrations are negligible compared to 
that in the reactor. 

2. 	The influent food (So) is immediately diluted to the reactor concentration in 
accordance with the definition of a CSTR (see Chapter 2). 

3. 	 All reactions occur in the CSTR. 

From the first assumption we may eliminate the following terms from Equation 6-10: 
QXo> and (Q - QuJXe because XG' and Xe, are negligible compared to X. Equation 6-10 
may be simplified to 

fLmSX )(11) - k(/X = +QwXr 	 (6-14)( Ky 	+ S 

For convenience, we may rearrange Equation 6-14 in terms of the Monod equation 

(~n~Ss) ~ Q;{ + k" 	 (6-15) 

Eqmition6-13 may also be rearranged in terms of the Monod equation 

S) 	 (6-16) 

Noting that the left side of Equations 6-15 and 6-16 are the same, we set the right-hand 
side of these equations equal and rearrange to give: 

(6-17) 

Twoparts of this equation have physical significance in the design of a completely 
mixed activated sludge system. The inverse of Q/¥ is the hydraulic detention time (8) 
of the reactor: 

11 
=8 	 (6-18)

Q 
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The inverse of the left side of Equation 6-17 defines the mean cell-residence time (Oc): 

1IX 
(6-19) 

QI1eXr 

The mean cell-residence time expressed in Equation 6-19 must be modified if the 
effluent biomass concentration. is not negligible. Equation 6-20 accounts for effluent 
losses of biomass in calculating Oc. 

1IX 
(6-20)

QwX,. + (Q - Q.J(Xe) 

From Equation 6-15, it can be seen that once Oc is selected, the concentration of 
soluble BODs in the effluent (S) is fixed: 

Ks (1 + kdOJ
S=------ (6-21)

Oc (fLm - kd ) - 1 

Typical values of the microbial growth constants are given in Table 6-11. Note th§lt the 
concentration of soluble BODs leaving the system (S) is affected only by the mean cell
residence time and not by the amount of BODs entering the aeration tank or by the hy
draulic detention time; It is also imp011ant to reemphasize thatS is the soluble BODs and 
not the total BODs. Some fraction of the suspended solids that do not settle in the sec
ondary settling tank also contributes to the BODs load to the receiving body. To achieve a 
desired effluent quality both the soluble and insoluble fractions of BODs must be consid
ered. Thus, to use Equation 6-21 to achieve a desired effluent quality (S) by solving for °c' 

some estimate of the BODs of the suspended solids must be made first. This value is then 
subtracted from the total allowable BODs in the effluent to find the allowable S: 

S Total BODs allowed - BODs in suspended solids (6-22) 

FmmEquation 6-17, it is also evident that the concentration of microorganisms in 
thea~rationtahkisafunctionof the mean cell-residence time, hydraulic detention 
time, can(t~artterence between the influent and effluent concentrations: 

(6-23) 

TABLE 6·11 
Val~es of growth constants for domestic wastewatera 

Valueb 

Parameter Basis Range Typical 

K, 
kd 

mg/L BODs 
d- l 

25-100 
0-,-0.30 

60 
0.10 

fLIII d- l 1-8 3 
Y mg VSS/mg BODs 0.4-0.8 0.6 

"Sources: Metcalf & Eddy, 2003 and Shahriari et al.. 2006. 
"Values are for 20°e. 
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Plug Flow with Recycle. A plug-flow reactor is one in which theJluidparticles pass 
through the tank in sequence (see Section 2-3 for further discussion). Although it is dif
ficult to achieve true plug flow, many long, narrow aeration tanks may be better ap
proximated by plug flow than by completely mixed models. A kinetic model of a 
plug-flow system is difficult to develop from basic mass balance equations. With two 
simplifying assumptions, Lawrence and McCarty (1970) have developed a <useful 
equation. The assumptions are: 

1. 	The concentration of microorganisms in the influent to the aeration tank is ap
proximately the same as that in the effluent from the aeration tank. This as
sumption applies if 8J8 is greater than 5. 

2. 	The rate of soluble BOD5 utilization as the waste passes through the aeration 
tank is given by 

JLIIl SXavg . 
(6-24)

Ks 	+ S 

where Xavg is the average concentration of microorganisms in the aeration tank. The 
design equation is 

1 
(6-25)

5) 	+ (1 + a)Kv In(SJS) 

where a = recycle ratio, Q,./Q 
In = logarithm to base e 
Si :::; influent concentration to aeration tank after dilution with recycle flow, 

mg/L 

Example 6-5. The town of Gatesville has been directed to upgrade its primary 
MrWTPtoasecondaryplant that can meet an effluent standard of 30.0 rng/L BODs 
and 30.0 mg/L suspended solids (SS)' They have selected a completely mixed activated 
sludge system. 

Assuming that the BOD5 of the SS may be estimated as equal to 63 percent of the 
SS concentration, estimate the required volume of the aeration tank. The following 
dataare available from the existing primary plant 

Existing plant effluent characteristics 

Flow = 0.150 m3/s 

BODs = 84.0 mg/L 

Assume the following values for the growth constants: l(v = 100 mg/L BODs; 
JLm 2.5 d- I

; kd = 0.050 d- l
; Y 0.50 mg VSS/mg BODs removed. 
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Solution. Assuming that the secondary clarifier can produce an effluent with only 
30.0 mglL SS, we can estimate the allowable soluble BODs in the effluent using the 
63-percent assumption from above and Equation 6-22. 

S BODs allowed BODs in suspended solids 

S 30.0 - (0.630)(30.0) 11.1 mg/L 

The mean cell-residence time can be estimated with Equation 6-21 and the assumed 
values for the growth constants. 

100.0(1 	+ (0.050)8J
11.1 = ------ 

8e (2.5 - 0.050) 1 

Solving for 8c 

(11.1)(2.458c - 1) = 100.0 + 5.008£; 

27.208(: - 11.1 = 100.0 + 5.008(: 

111.1 
8(. = = 5.00 or 5.0 d 

. 22.2 

If we assume a value of 2,000 mg/L for the MLVSS, we can solve Equation 6-23 for 
the hydraulic detention time. 

2.000 = 	 _5._0C_)(0_.5_0_)(8_4_.0_1_1._1) 
. 	 8(1 + (0.050)(5.00)) 

2.50(72.9)
8 

2,000( 1.25) 

8 = 0.073 d or l.8 h 

'The volume of the. aeration tank is then estimated using Equation 6-18: 

11 
1.8 

0.150 X 	3,600 slh 

972 m3 or 970 m3 

Note,' Thisanswer results from rounding off the time. If the exact time is used, the 
3volume us 945.63 m . 

Another commonly used parameter in the activated sludge process is the food to 
microorganism ratio (FIM), which is defined as: 

(6-26) 

The units of the FIM ratio are 

mgBODs/d mg 

mg MLVSS mb 
a · d 

The FIM ratio is controlled by wasting part of the microbial mass, thereby reducing the 

MLVSS. A high rate of wasting causes a high FIM ratio. A high FIM yields organisms 


http:0.050)(5.00
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that are saturated with food. The result is that efficiency of treatmef!~ is pom. A low rate 
of wasting causes a low F/M ratio, which yields organisms that are starved. This results 
in more complete degradation of the waste. 

A long Be (low F/M) is not always used, however, because of certain trade-offs that 
must be considered. A long Be means a larger and more costly aeration tank. It also 
means a higher requirement for oxygen and, thus, higher power costs. Problems with 
poor sludge "settleability" in the final clarifier may be ~ncountered if Be is too long. 
However, because the waste is more completely degraded to final end products and less 
of the waste is converted into microbial cells when the microorganisms are starved at 
a low F/M, there is less sludge to handle. 

Because both the F/M ratio and the cell-detention time are controlled by wasting 
of organisms, they are interrelated. A high F/M corresponds to a short Be and a low 
F/M corresponds to a long Be- F/M values typically range from 0.1 to 1.0 mg/mg . d for 
the various modifications of the activated sludge process. 

Example 6-6. Two"fill and draw," batch-operated sludg~ tanks are operated as fol
lows: 

Tank A is settled once each day, and half the liquid is removed with care not to dis
turb the sludge that settles to the bottom. This liquid is replaced with fresh settled 
sewage. A plot of MLVSS concentration versus time takes the shape shown below. 

"Tank Bis notsettled. Rather, once each day, half the mixed liquor is removed while the 
tankis being violently agitated. The liquid is replaced with fresh settled sewage. A plot 
ofMLVSS.concentration versus time is shown·below. 

Time 

A comparison of the operating characteristics of the two systems is shown in the fol
lowing table. 
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Parameter TankA TankB 

F/M Low High 
Be Long Short 
Sludge None Much 
Oxygen required High. Low 
Power High Low 

The optimum choice is somewhere between these extremes. A balance must be struck 
between the cost of sludge disposal and the cost of power to provide oxygen (air). 

Example 6-7. Compute the F/M ratio for the new activated-sludge plant at Gatesville 
(Example6-5). 

Solution. Using the data from Example 6-5 and Equation 6-26: 

F (0.150 m3/s)(84.0 mg/L)(86,400 sid) 

M (970 m3)(2,000 mg/L) 
= 0.56 mg/mg' d 

This is well within the typical range of F/M ratios. 

Sludge Return. The purpose of sludge return is to maintain a sufficient concentra
tion ofactivated sludge in the 'reactor basin. One method used to control the rate of 
sludge return.t{)th~ re,!c~or basin. is based on the empirical measurement known as the 
sludgevolunie fndex(SVI)~ 

~VLIsdeteilllinedftom astandarci laboratory test (APHA,2005). The procedure in
yolveSl11ea$~ring theMLSSandsIu~gesettleability: A one-liter sample of mixed liquor 
iso~taine(;t'ftQlnthea~ration.tan~atthe discharge end. The sludge settleability is mea
sured9Yfil1inga standard one-liter graduated cylinder to the 1.0 liter mark, allowing 
undisturbed settling for 30 minutes, and then reading the volume occupied by the settled 
sludge:c''fhe MLSS is determined by filtering, drying, and weighing a second portion of 
the mixedliquQ[. TheSVI,whichis defined as the volume in milliliters occupied by 1g 
ofactivated'sltrdgeaftertheaerated liquor has settled 30 min, is calculated as follows: 

SV
SVI (6-27)MLSS X 1,000 mg/g 

where SVI sludge volume index, mL/g 
SV volume of settled solids in one-liter graduated cylinder after 30 min 

settling, mL/L
"" 

MLSS mixed liquor suspended solids, mg!L 

Conceptually, SVI can be related to the quantity and solids concentration in the 
secondary settling tank as we have depicted in Figure 6-23. In the following discussion 
and mathematical relationships, the secondary tank is assumed to respond identically 
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Q+Qrr 100OmLQ. Influent 
Aeration 

MLSS Q. Effluent 

Qr m 
~;: Settled sludge 

Return sludge /~,volume, \l,mL 

FIGURE 6-23 
Hypothetica[ relationship between settled sludge volume from SVI test and return 
sludge flow. (Source: Hammer, 1977.) 

to the graduated cylinder used in the SVI test. This assumption is extraordinary to say 
the least. In fact, Vesilind (1968) has shown that for MLSS concentrations of less than 
5,000 mg/L, the settling rates are 10 to 20 percent greater than might be expected in a 
final clarifier. Nonetheless, environmental engineers have developed a large body of 
empirical data based on it. 

The SVI can be used as an indication of the settling chq.racteristics of the sludge, 
thereby impacting on return rates '\nd MLSS. Typical v.alues of SVI for activated 
sludge plants operating with an MLSS concentration of 2,000 to 3,500 mg/L range 
from 80 to 150 mL/g. As the sludge concentration is increased to the 3,000 to 5,000 
mg/L range, there is a higher solids loading on the settling basin, and as a consequence, 
a lower SVI or larger settling basin is required to avoid the loss of solids caused by 
"washout" or hydraulic displacement. 

The SVI is a key factor in the system design. Indirectly, it limits the reactor basin 
MLSS concentration and, in tum, the MLVSS that can be achieved, because it controls 
the settling tank underflow concentration. Thus, for a given SVI and return sludge rate, 
the maximum MLSS and MLVSS are fixed within narrow limits.

, " 

Mostactfvatedsludgeplants are designed to permit variable sludge return from 10 
to109iBerc.yntof theraww(lstewaterJ[ow.This range of retum sludge flow gives the 
operatorreaspnableflexibilityto adjustthe MLSS to the desired concentration. In gen
~\al,th~returnsludgeratioshouldbeJimited to or below 100 percent. This is particu
l(lrl~<.tr~eif~heiSYlishigherthan 150 mL/g and there is no provision for additional 
floor area in the final clarification step. 

Without operating.data, the Joint Task Force (WEF, 1992) suggests that MLSS be 
limite~to5,OOOrnglI:- (lowerat temperatures of less than 200 e), even though the SVIs 
l11ay.beiVerylow:Designvalues over 5,000 mg/L generally will lead to inordinately 
low detention times that are more subject to washout unless surge control is planned. 
Design MLSS values should not be any higher than needed, since the final settling 
basin operations become critical at high MLSS levels. 

The mixed liquor concentration as a function of the SVI and the return sludge ra
tio (QrIQ) is shown in Figure 6-24. The return sludge pumping rate may be determined 
from a mass balance around the settling tank in Figure 6-22. Assuming that the amount 
of sludge in the secondary settling tank remains constant (steady-state conditions) and 
that the effluent suspended solids (Xe) are negligible, the mass balance is 

accumulation = inflow - outflow (6-28) 

(6-29) 
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6000 SVI == 50 

~ 5000 
w __•____•_______•___,_=-___,____.___ Suggested maximum 
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~(.) 2000 
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rI) 
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Reactor basin temperature = 20°C 

1 2 3 

Return sludge ratio, Qr/Q 

FIGURE 6-24 

Design MLSS versus SVI and return sludge ratio. (Source: WEF, 1992.) 


where Q == wastewater flow rate, m3/d 
Qr return sludge flow rate, m3/d 
X' mixed liquor suspended solids (MLSS), g/m3 
X;' = maximum return sludge concentration, glm3 

Qw sludge wasting flow rate, m3/d 

Solving for the return sludge flow rate: 

(6-30) 

Frequently, the assumption that the effluent suspended solids are negligible is not valid. If 
the efflueritsllsperidecisolids are significant; the mass balance may then be expressed as 

(6-31) 
/, ,'.. / 

Solving for the returrt sludge flow rate gives 

QX' 
(6-32)

X'r X' 

Note that X; and X' include both the volatile and inert fractions. Thus, they differ from 
Xr and Xby a constant factor. With the volume of the tank and the mean cell-residence 
time, the sludge wasting flow rate can be determined with Equation 6-19 if the maxi
mum return sludge concentration (X;) can be determined. The maximum return sludge 
concentration is related to the SVI as follows: 

106X' = 1,000 mg/g(1,OOO mLlL) 
mg/L (6-33) 

r SVI SVI 

Figure 6-24 has been constructed on the basis of rapid sludge removal and uses the 
concentration achieved in the 30-minute settling test as the settling basin undertlow 
concentration. Practice has shown this to be a relatively valid approach. 
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Suggested 
______________________ ------------- maximum MLSS 

I concentration 

Conditions: 

SVI at aerator temperature.

Not ambient temperature 


5 10 15 20 25 30 

Design reactor basin temperature. °C 

FIGURE 6-25 

Recommended maximum MLSS design versus temperature and SVI. (Source: 

WEF, 1992.) 


The maximum achievable underflow concentration is also a function of tempera
ture. Temperature affects zone settling velocity, as well as the SVI. In cold weather, the 
SVI increases because of poor settling. The Joint Task Force's recommended mixed
liquor design concentration as a function of the minimum design reactor-basin tem
perature for several SVI values is shown in Figure 6-25. (The SVI is taken at the 
temperatu~e of the reactor basin contents.) 

E;xarnple6-8~In the continuing saga of the Gatesville plant expansion, we now wish 
tocon§idt"!rthequestionoftheretum<sludge design. Based on the aeration tank design 
(Example6-:5Jandan informed,reliable source, we have the following data: 

[)¢~igndat~: 

Flow = 0.150m3/s 


MLVSS(X) = 2,000 mg/L 


MLSS(X') 1.43 (MLVSS) 

,,,,, 

Efflu.entsuspendecl solids 30 mg/L 


Wastewater temperature = I8.0oe 


Solution. We begin by computing the anticipated concentration of the MLSS. 

MLSS 1.43(2,000) 


MLSS = 2,860 mg/L 


We can'treallypredictSVI but Figure 6-25 gives us a reasonable range to assume 
a value. Alternatively, we could assume a return sludge concentration. Using Figure 
6-25, we select an SVI of 175 based on the calculated MLSS and the reactor basin 
temperature. 
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Now, using Equation 6-33, we can detennine the return_sludge concentration. 

106 

X;. 
175 

X: = 5,714.29 or 5,700 mg/L 

The return sludge flow rate may be computed using Equations 6-19 and 6-30. Solv
ing Equation 6-19 for the sludge wasting flow rate using the data from Example 6-5 
and noting that XI" X,:/l.43 3,986 mg/L: 

¥X (970 m3)(2,OOO mg/L) 3 
Ow = = = 97.3 m-/d 
~ . O(Xr (S d)(3,986 mg/L) 

Converting Q\l' to m3/s: 

(97.3 m3/d) 3 . ---- = 0.0011 m Is 
(86,400 sid) 

Nbtingrhatl mg/L == I g/rri\ if we ignore the effluent suspended solids, the esti::. 
mated return sludge flow rate is 

v 

(0.150 m 3/s)(2,860 g/m3
) - (0.0011 m3/s)(S) 14 g/m3 

) 

Qr = 1 1
S,714 g/m' - 2,860 g/m 

= 0.148 or O.IS m3/s 

fftheeft1uent suspended solids are not neglected, the estimated return sludge now rate is 

Qr 

- {0.150 - 0.0011 )(30 g/m3
) 

it appears high on first con-

Sl~dgePr?~uction. The activated sludge process removes substrate, which exerts an 
o0~~ell~~tn~~~gxcoryvertiIlgthtfood into new cell material and degrading this cell 

}('YY4t1)a~t}riabwlfjle.gt:neratingenergy. This cell material ultimately becomes sludge that 
mu.st.be disposed of. Despite the problems in doing so, researchers have attempted to 
develop enough basic information on sludge production to permit a reliable design ba
sis. Heukelekian and Sawyer both reported that a net yield of 0.5 kg MLVSS/kg BODs 
removed could be expected for a completefy soluble organic substrate (Heukelekian 
etaL,1951, andSa.wyer. 1956). Most researchers agree that, depending on the inert 
solidsjnthesysternandtheSRT, OAO to 0,60kg MLVSS/kg BODs removed will nor
Il1aU)ibeobserved; . 

.Theambuht ofsludge that mustbe wasted each day is the difference between the 
amounfofincreasein sludge mass and the suspended solids (SS) lost in the effluent: 

Mass to be wasted increase in MLSS - SS lost in effluent (6-34) 

http:mu.st.be
http:X,:/l.43
http:5,714.29
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The net activated sludge produced each day is determined by: 

Y
Y =--- (6-35)

obs 1 + ki'c 

and 

where P, = net waste activated sludge produced each day in tenns of VSS, kg/d 

Yobs observed yield, kg MLVSS/kg BODs removed 


Other terms are as defined previously. 
The increase in MLSS may be estimated by assuming that VSS is some fraction of 

MLSS. It is generally assumed that VSS is 60 to 80 percent of MLVSS. Thus, the in
crease in MLSS in Equation 6-36 may be estimated by dividing Px by a factor of 0.6 to 
0.8 (or multiplying by 1.25 to 1.667), The mass of suspended solids lost in the effluent 
is the product of the flow rate (Q - Qw) and the suspended solids concentration (Xe). 

Example 6-9. Estimate the mass of sludge to be wasted each day from the new ac
tivated sludge plant at Gatesville (Examples 6-5 and 6-8). 

Solution. Using the data from Example 6-5, calculate Yobs: 

0.50 kg VSS/kg BODs removed 
y = --------- 

obs 1 + [(0.050 d-1)(5d)] 

== 0.40 kg VSS/kg BODs removed 

The net waste activated sludge produced each day is 

Px =(0.40)(0.150 m3/s)(84.0 g/m3 1l.1 g/m3)(86,400 s/d)(lO - 3 kg/g) 
377.9kg/d ofVSS 

ThetotaLm(issproducedinc1udesinert materials. Using the relationship between 
> MLSSand.MLVSSiriExample 6-8, 

Increase in MLSS (1.43)(377.9 kg/d) 540.4 kg/d 

The mass. ofsolids (bothvolatile and inert) lost in the effluent is 

(0.150 m3/s - 0.001 m3/s)(30 g/m3)(86,400 s/d)(lO-3 kg/g) 

= 385.9 kg/d 

The mass to be wasted is then 

Mass to be wasted 540.4 - 385.9 = 154.5 kg/d 

Note that this mass is calculated as dry solids. Because the sludge is mostly water. 
the actuaImass will be considerably larger. This is discussed further in Section 6-12. 

Oxygen Demand. Oxygen is used in those reactions required to degrade the sub
strate to produce the high-energy compounds required for cell synthesis and for respi
ration. For long SRT systems. the oxygen needed for cell maintenance can be of the 
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same order of magnitude as substrate metabolism. A mil1.imum residual Df 0.5 to 2 
mg!L DO is usually maintained in the reactor basin to prevent oxygen defic~ehcies 
from limiting the rate of substrate removal. 

An estimate of the oxygen requirements may be made from the BODs of the waste 
and amount of activated sludge wasted each day. If we assume all of the BODs is con
verted to end products, the total. oxygen demand can be qomputed by converting BODs 
to BODL. Because a portion of waste is converted to new cells that are wasted, the 
BODL of the wasted cells must be subtracted from the total oxygen demand. An ap
proximation of the oxygen demand of the wasted cells may be made by assuming cell 
oxidation can be described by the following reaction: 

CSH7N02 + 502 ~ 5C02 + 2H20 + NH3 + energy (6-37) 
~ . 

cells 
The ratio of gram molecular weights is 

5(32) 
= 1.42 

113 

Thus the oxygen demand of the waste activated sludge may be estimated as 1.42 (PI)' 
The mass of oxygen required may be estimated as: 

Mo~ Q(So - S)(l0-3 kg/g) - 1.42(P ) (6-38)
f 

x 

whereQ = wastewater flow rate into the aeration tank, m3/d 
influent soluble BODs, mg!L 
effluent solilbleBODs, mg!L 
vvun.""""" factor for converting-BODs to ultimate BODL 

(see Equation 6-36) 

into account the percent of air that is 
dissolution ofoxygen into the wastewater. 

air to be supplied for the new.acti-
Gatesville. (Examples 6-5 and 6-9), Assume that BODs is 68 per

BODand thatthe oxygen transfer efficiency is 8 percent. 

!..JsingtnedatafromExamples6-5 and 6-9 gives 

(0.150 m3/s)(84.0 g/m) - 11.1. g/m3)(86,400 s/d)(lO 3 ka/ a )
bb 

M02 
0.68 


- 1.42(377.9 kg/d of VSS) 


= 1,389.4 536.6 = 852.8 kg/d of oxygen 

FromTableA-5 in Appendix A, air has a density of 1.185 kg/m3at standard con
ditions.By mass,air contains about 23.2 percent oxygen. At 100 percent transfer effi
ciency,the -volume of3ir required -is 

852.8 kg/d . 3 
'~---3-~--- = 3,101.99 or 3,100 m /d
0.185 kg/m )(0.232) 

http:3,101.99
http:ditions.By
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At 8 percent transfer efficiency the volume of air required is 

3,101.99 m3/d 
38,774.9 or 38,000 m3/d

0.08 

Process D~sign Considerations. The SRT (i.e., ec) selected for design is a function 
of the degree of treatment required. A high SRT (or older sludge age) results in a 
higher quantity of solids being carried in the system and a higher degree of treatment 
being obtained. A long SRT also results in the production of less waste sludge. 

SRT values for design of carbonaceous BODs removal as a function of the min
imum temperature at which the reactor basin will be operated are depicted in Figure 
6-26. The SRT values given are those for normal domestic wastewater. It is expected 
that the soluble BODs in the effluent from the aeration system will be 4 to 8 mg/L. 

If industrial wastes are discharged to the municipal system, several additional con
cerns must be addressed. Municipal wastewater generally contains sufficient nitrogen 
and phosphorus to support biological growth. The presence of large volumes of industrial 
wastewater that is deficient in either of these nutrients wilt result in poor removal effi
ciencies. Addition ofsupplemental nitrogen and phosphorus may be required. The ratio 
of nitrogen to BODs should be 1:32. The ratio of phosphorus to BODs should be 1: 150. 

Although toxic metals and organic compounds may be at low enough levels that 
they do not interfere with the operation of the plant, two other untoward effects may re
sult if they are not excluded in a pretreatment program. Volatile organic compounds 
may be stripped from solution into the atmosphere in the aeration tank. Thus, the 
WWTP may become a source of air pollution. The toxic metals may precipitate into 
the waste sludges. Thus, otherwise nonhazardous sludges may be rendered hazardous. 

Oil and grease that pass through the primary treatment system will form grease 
ballsonthesurfaceofthe.aeration>.tank.The microorganisms cannot degrade this 
materialbecauseitis not in the water where they can physically come in contact with 
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FIGliRE 6-26 
5 10 15 20 25 30 Design SRT for carbonaceous BODs removal. 

Design reactor basin temperature, 0 C (Source: WEF, 1992.) 

http:3,101.99
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FIGURE6-27 
Rendering. and cross-sectional diagram of secondary settling tank. (Courtesy of FMC Corporation.) 

itSpecialcoI1sidetationshould be given to the surface skimming equipment in the sec
ondary/cJarifi~rJo..handlethe grease. balls. 

~ -', -" '\'-: ',<,':'< ';,;;::;t?<: '" YY,''-:';'--/;,,-'.:-<\.''' ~-<-:, ,',,::- > .,:-;.> ,-' -~-:-< ',:'; 

ff;~l ~~q~~~~~ritl~~l~tl'bf~ignconSiderations. .' Although the secondary settling 
{~Bl tank " . ".§Sf]Jisantnt9gr~lp~rtofboth the trickling filter and the activated sludge 
i~~~ Pr~~~SS~\, ..".• ·fonl11ental~~~in~ersravefo~usedparticular attention on the secondary 
.cla,rJ~ef~seq·'lft~~·tti~·a(;tiv<lted·sludgeprocess. A secondary clarifier is important be

"G ca..use Qfthe high solids loading.andfluffy nature of the activated sludge biological 
fIoS.{\lso,itishighlydesirable" tharsludgerecycle. be well thickened. 

~eG()ndarys9ttliIl~t~n~s f?.f'lctivatedsludgeare generally characterized as having 
;'F;': Typ~>IIl~~t~lil1g;,Sol11eauthors.would argue that Types I and II also occur. 

Thefollowing guidance has been excerpted from the Joint Task Force of the Water 
Pollution Control Federation and the American Society of Civil Engineers (WEF, 1992). 
The design factors discussed here are the result of the experiences of investigators, plant 
superintendents, and equipment manufacturers. The criteria primarily apply to circular 
(or square) center-fed basins, which comprise the majority of activated sludge sec
ondary settling units designed in the last 40 years. 

. .. An<overtlowrate between 20 and 34m/d for the average flow in a conventional 
process. can be expected to result in good separation of liquid and SS. The design engi
neeralsomust check the peak hydraulic rates that will be imposed on the settling basin. 

Suggested secondary settling tank side water depths (SWO) and solids loading 
rates are shown in Table 6-12 and Figure 6-28, respectively. 
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TABLE 6·12 
Final settling basin side water depth 

Side water depth, m 

Tank diameter, m Minimum Recommended 

<12 3.0 3.4 

12 to 20 3.4 3.7 

20 to 30 3.7 4.0 

30 to 42 4.0 4.3 


>42 4.3 4.6 

Source: Adapted from WEF, 1992. 

The GLUMRB has setmaximum recommended weir loadings for secondary set
tling basins at 125 to 250 m3/d per mof weir length (m31d . m). This criterion is based 
on eft1uent quality of operating units. It appears that the settling basin design may have 
had much to do with this limitation. Also, mostof the observations apply to rectangu
lar settling basins. 

One of the continuing difficulties with the design of secondary settling tanks is the 
prediction of effluent suspended solids concentrations as a function of common design 
and operating parameters. Little theoretical work has been conducted, and empirical 
cOiTelations have been less than satisfactory (Rex Chainbelt, Inc., 1972). 

Example ~·11. The secondary clarifier for the Gatesville plant (Examples 6-5, and 
6-7-'-6-10) must be able to handle an MLSS load of 2,860 mg/L. The flow to the sec
ondary clarifier isOJOO m3Is, of which one-half is contributed by the return flow. De
tenninethe tank diameter, depth, and weir length. 

Zone of excessive 
solids loading 

, / Multipoint 
~ drawoff 

Single point
100 drawoff 

50 100 150 200 250 300 

Solids loading, kg/d • m2 

FIGURE 6·28 
Design solids loading versus SVr. (Note: Rapid sludge removal design assumes that there 
will be no inventory in the settling tank. Source: WEF, 1992.) 
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Solution. Utilizing an average overflow rate of 33 mid, W~ determine the 'diameter 
of the secondary tank as follows: 

First, compute the surface area required: 

0.150 m3/s X 86,400 sid
A =-------

s 33m/d 
2~ 392.73 m

Note that because only one-half of the flow leaves through the surface of the tank 
(the remainder leaves through the bottom as Qr), only one-half of the hydraulic load 
is used to compute the surface area. 

The diameter of the tank is then 

TrD2 
392.73 =

4 

D= (500.04)1/2 = 22.36 or 22 m 

Fr()mTable 6-12 we select an SWD of 4.0 m. 
Now we must check the solids loading. Using the equality 1mg!L 

2,860 g/m" X 0.300 m3/s
SL ')

Tr(22 m)

4 

858.00 g/s
---2 X 10 - 3 kglg X 86,400 sId 

380.13 m 
, ') 

= 195kg/d· m~ 

in Figure 6-28, we find that for an SVI of 
loading of 200 kg/d' m2. 

is 

.= 187.51 or 190 m3/d' m 

Thisi~l~sst~mthep~escribedJoadinggivenbyGLl!MRB and, therefore, is acceptable. 

Sludge problems. A bulking sludge is one that has poor settling characteristics and 
poorcompactability. There are two principal types of sludge bulking. The first is caused 
bythe growth of filamentous organisms, and the second is caused by water trapped in the 
b(lCteri~lnoc,th~sreducingthe density of the agglomerate and resulting in poor settling. 

Filamentous bacteria have been blamed for much of the bulking problem in activated 
sludge.iAlthoughfilamentous. organisms are effective in removing organic matter, they 
hax?poor~oc-formingandsettlingcharacteristics. Bulking may also be caused by a num
pef?fotherfactors, including long, slow-moving collection-system transport; low available 
ammonia nitrogen when the organic load is high; low pH, which could favor acid-favoring 
fungi; and the lack of macronutrients, which stimulates predomination of the filamentous 
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actinomycetes over the normal floc~forming bacteria:. The lack ofnitrogen also favors 
slime-producing bacteria, which have a low specific gravity, even though they are not fila
mentous. The multicellular fungi cannot compete with the bacteria normally, but can com
pete under specific environmental conditions, such as low pH, low nitrogen, low oxygen, 
and high carbohydrates. As the pH decreases below 6.0, the fungi are less affected than the 
bacteria and tend to predominate. As the nitrogen concentrations drop below a BOD5 : N 
ratio of 20: 1, the fungi, which have a lower protein level than the bacteria, are able to pro
duce normal protoplasm, while the bacteria produce nitrogen-deficient protoplasm. 

A sludge that floats to the surface after apparently good settling is called a rising 
sludge. Rising sludge results from denitrification, that is, reduction of nitrates and ni
trites to nitrogen gas in the sludge blanket (layer). Much of this gas remains trapped in 
the sludge blanket, causing globs of sludge to rise to the surface and float over the 
weirs into the receiving stream. 

Rising-sludge problems can be overcome by increasing the rate of return sludge 
flow (Qr), by increasing the speed of the sludge-collecting mechanism, by decreasing 
the mean cell residence time, and, if possible, by decreasing the flow from the aeration 
tankto the offending tank. 

Trickling Filters 
A typical process flow diagram for a trickling filter plant is shown in Figure 6-29. 
The trickling filter itself consists of a bed of coarse material, such as stones, slats, or plas
tic materials (media), over which wastewater is applied. Because the microorganisms that 
biodegrade the waste form a film on the media, this process is known as an attached 
growth process. Trickling filters have been a popular biologic treatment process. The most 
widely used design for many years was simply a bed of stones from 1to 3 m deep through 
which the wastewater passed. The wastewater is typically distributed over the surface of 
the rocksbya rotating arm (Figure6-30). Rock filter diameters may range up to 60 m. 

Rotary Distributor 

Inlet 

waste ---~~~~~~r 
Grit Underdrain system -r;::-"Rfln;;;,~c1chamber 

Secondary 
settling tank 

Disinfection 

Stream 

Digester 

Digester 

Recirculation 

FIGURE 6·29 

Trickling-fi Iter plant with enlargement of trickling filter. 




(a) 

(b) 

Trickling filters, rock media (a) and synthetic media (b). (Sources: (a) Wyoming, MI 
WWIP, photo by M. L. Davis and (b) Brentwood Industries.) 
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As the wastewater trickles throygh the bed, a microbial growth establishes 

on the surface of the stone or packing in a fixed film. The -wastewater passes over 

stationary microbial population, providing contact between the microorganisms 

the organic contaminants. 


Trickling filters are not primarily a filtering or straining process as the name im
plies. The rocks in a rock filter are 25 to 100 mm in diameter, and hence have openings 
too large to strain out solids. They' are a means of provi~ing large amounts of surface 
area where the microorganisms cling and grow in a slime on the rocks as they feed on 
the organic matter. 

Excess growths of microorganisms wash from the rock media and would cause un
desirably high levels of suspended solids in the plant effluent if not removed. Thus, the 
flow from the filter is passed through a sedimentation basin to allow these solids to set
tle out. As in the case of the activated sludge process this sedimentation basin is re
ferred to as a secondaryclarifier, o~finalclarifier. 

Although rock trickling filters have perforrnedwell for years, they have certain 
limitations. Under high organic loadings, the slime growths can be so prolific that they 
plug the void spaces between the rocks, causing floodi~g'and failure of the system. 
Also, the volume of void spaces is limited in a rock filter, which restricts the circula
tion of air and the amount of oxygen available for the microbes. This limitation, in 
tum, restricts the amount of wastewater that can be processed. 

To overcome these limitations, other materials have become popular fOr filling the 
trickling filter. These materials include modules of corrugated plastic sheets and plastic 
rings. These media offer larger surface areas for slime growths (typically 90 square meters 
of surface area per cubic meter of bulk volume, as comptl{ed (040 to 60 square meters per 
cubic meterfor75 mmrocks) and greatlyincrease voidratiosforincreasedair flow.The 
materials ;re also much . lighter than rock (by a factor ofabout 30), so that. the trickling fil
.ter.scapibemuchtal1~r'Nitholltfacing structural.problems.. While rock in filters is usually 

... not[1l0re.that13nlge~p, sy~th:ticmediadepths may reachJ2 m, .thus reducing the over
aUsp~()e requireIl1ents,fortn~trickling-filterportion of the treatment plant. 

.:Iric¥lir¥<fiItyrs?are:slassifi~daccordingto the· applied hydraulic and organic load. 
rlw~y:~r~llli?Joadmilxbe;expressed as cubic meters of wastewater applied per day per

3'square meter ofbulk filter surface area (m3/d . m ) or, preferably, as the depth of water 
appliedperunifoftime(rnrrtlsorm/d). Organic loading is expressed as kilograms of 
BOD5perdaypercll~iql1leterofqulkfiltervolume (kg/d' m\ Common hydraulic and 
orgapicl?ading~.f0rthethevariousfilterclassifications are summarized in Table 6,.13. 

Ail important element in· trickling filter design is the provision for return of a por
tion of the effluent to flow through the filter. This practice is called recirculation. The 
ratio of the returned flow to the incoming flow is called the recirculation ratio (r).Re
circulation is practiced in stone. filters for the following reasons: 

1. 	To increase contact efficiency by bringing the waste into contact more than 
once with active biological materiaL 

2. 	Todampenvariations inloadings over a 24-hour period. The strength of the 
recirculatedfl6w lags behind that of the incoming wastewater. Thus, recircu
lation dilutes strong influent and supplements weak int1uent. 

3. 	 To raise the DO of the influent. 
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TABLE 6·13 
Comparison of different types of trickling filtersa 

Trickling filter classification 

Design 	 Low or Intermediate High rate Super rate 
characteristics standardra~e rate (stone media) (plastic media) 

Hydraulic loading, 

mid 1to 4 4 to 10 10 to 40 15 to 90b 


Organic loading, 

kg BODsld . 01

3 0.08 to 0.32 0.24 to 0.48 0.32 to 1.0 0.32 to 1.0 


Recirculation ratio 0 oto 1 1to 3 oto 1 


Filter flies Many Varies Few Few 


Sloughing Intermittent Varies Continuous Continuous 


Depth, m 15to 3 1.5 to 2.5 1to 2 Up to 12 


.	BODs removal, % 80t085 50 to 70 40 to 80 65 to 85 


Effluent quality Well nitrified . Some nitrification Nitrites Limited 
, 

nitrification 


"Source: Adapted fromWEF,1992. 

;'Not including recirculation. 


4. 	 To improve distribution over the surface, thus reducing the tendency to clog 
and also reduce filter flies. 

Topreye~tthe biological slimes from drying ourand dyingduring nighttime 
periods when. flows may be too low to keep the filter wet continuously. 

~ecirclllatiot1ITtfltorlll.1yI10t.illlProve. treatment· efficiency. The more.dilute the in
;::~t\ C0)11itlSw~~t~\Vatef;.th~ile~slikel~it.isthat recirculation· will improve efficiency. 


.~~:; ·.~eCil·sulatig~.iSPf~sticedforplasticmediatoprovide the desired wetting rate to 
..•.~~..~eeg.th~~I~~morga,ni~m~~iiv~. CTe.~er~ny,.jncreasing the. hydraulic loading above the 

··· •.·.·ll1il}il~~iT1~;{fetti~gJ~te~.~2~"'9t;i~Rreas~,~Op5 remo"al; The minimum wetting. rate 
. I1()lmallyfalls iinthe'rangeof25to60·m/d. . 

Tw(),-~tag~ trickling filters (Figure 6-31) provide a means of improving the perfor
.~'J m·al1<.:eoffilt~rs:The seconrl,stageacts asapolishing step for the effluent from the 
. .. RIilll~l)'st~g~Rxproxi~inB.~~diti9nalco~tacttillle.between the waste and the microor
"!:: g~l1i~ms .. B()thstages may usetliesame media or each stage may have different media as 

.shownin Figure 6-3 LThe designer will select the types of media and their an-angement 
based on the desired treatment efficiencies and an economic analysis of the alternatives. 

Design Formulas. Numerous investigators have attempted to con-elate operating 
data with thebulkdesign parameters of trickling filters. Rather than attempt a compre
hensivereview of these formulations, we have selected the National Research Council 
(NR:C,L946} equations and Schulze's equation (Schulze, 1960) as illustrations. A 
thorough review ofseveral ofthe more important equations is given in the Water Envi
roI1me~tFederatiori'spublicationonwastewater treatment plant design (WEF, 1992). 

During World War II, the NRC made an extensive study of the operation of trick
ling filters serving military installations. From this study, empirical equations were 

Roughing 

60 to 180b 

Above 1.0 

1 to 4 

Few 

Continuous 

1 to 6 

40 to 85 

No nitrification 
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FIGURE 6-31 

Two-stage trickling-tilter plan!. (Courtesy of Dow Chemical Company.) 


developed to predict the efficiency of the filters based on the BOD load, the volume of 
the filter media, and the recirculation. For a single-stage filter or the first stage of a 
two-stage filter, the efficiency is 

(6-39)
C )0.5

I + 4.l2 (QV;n 
fraction of BODs removal for first stage at 20°C, including recirculation 
and sedimentation 

Q ::= wastewater flow rate, m3/s 
Cin = inflllentBODs, mg/L 
¥= vb[umeoffilter media. m3 

recirculation factor 

The recirculation factor is 

l+RF= . (6-40)
(l + 0.1 R)l 

where R = recirculation ratio = Q,/Q 
Qr = recirculation flow rate, m3/s 
Q= wastewater flow rate, O1'''/s 

The recirculation factor represents the average number of passes of the raw waste
water BOD through the filter. The factor 0.1 R is to account for the empirical observation 
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that the biodegradability of the organic matter decreases as the number of passes increases. 
For the second stage filter, the efficiency is 

£2=------- (6-41) 
1 + 4.12 (QCe )O.5 
~VF . 

where E2 = fraction of BODs removal for second stage filter at 20°C, including recir
culation and sedimentation 

EI - fraction of BOD5 removed in first stage 
Ce = effluent BOD5 from first stage, mg/L 

The effect of temperature on the efficiency may be estimated from the following 
equation: 

- E Ll(T-20) 
- 20U (6-42) 

where a value of 1.035 is used for e. 
Some care should be used in applying the NRC equations. Military wastewaterdur

ing this period (World War II) had a higher strength than domesticwastewater~today. 
The filter media was rock. Clarifiers associated with the trickling filters were shallower 
and can-ied higher hydraulic loads than current practice would permit. The second stage 
filter is assumed to be preceded by an intermediate settling tank (see Figure 6-31). 

Example. 6.. 12. Using the NRC equations, determine the BOD5 of the effluent from a 
single-stage, low-rate trickling filter that has a filter volume of 1,443 m3

, a hydraulic flow 
rateofl,900 m3/d, and a recirculation factor of 2.78. The influent BOD5 is 150 mg/L. 

use the NRC equation, the flow rate must first be converted to the cor-

Q ~. (1,900 m3/d)( . ..1 ). = 0.022 m3/s 
, . . 86,400 sid 

1 . )0 -= 0.8943(0.022)(150) .)
1 + 4.12 ((1,443)(2.78) 

The concentration of BOD5 in the effluent is then 

Ce (1 - 0.8943)(150) 15.8 mg/L 

Schulze (1960) proposed that the time of wastewater contact with the biological 
m~ssin the filter is directly proportional to the depth of the filter and inversely propor
tionalto the hydraulic loading rate: 

CD 
t (6-43)

(QIA)1l 

http:1,443)(2.78
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where t = contact time, d 
C mean active film per unit volume 
D = filter depth, m 
Q= hydraulic loading, m3/d 
A = filter area over which wastewater is applied, 012 

n =:= empirical constant based on filter media 

The mean active film per unit volume may be approximated by 

I
C=-- (6-44)

Dm 

where m is an empirical constant that is an indicator of biological slime distribution. It 
is normally assumed that the distribution is uniform and that m O. Thus, Cis 1.0. 

Schulze combined his relationsh~p with Velz's (1948) first-order equation for BOD 
removal 

Sf [KD (6-45)So = exp (Q/AYZ 

where K is an empirical rate constant with the units of 

(m/dt 
m 

The values of K and n determined by Shulze were 0.69 (m/dt/m and 0.67 at 20°e. 
The temperature correction fo:- K may be computed with Equation 6-42 if KT is substi
tuted for ET and K20 is substituted for £20' 

Ex,al1lple.6~13. of the effluent from a low-rate trickling filter that 
<hasadiameteFof35.0m ...... .. of 1.5 m if the flow rate is 1,900 m3/d and the in
fluentBOD5iSi 150.0mg/L.Assume the rate constant is 2.3 (m/dt/m and 11 =0.67. 

We begin by computing the area of the filter. 

1T(35.0?
A 

4 

= 962.11 m~ I 

This area is then uscd to compute the loading rate. 

Q 1,900 m3/d 
A 962.11 m 2 

2 
= 1.97 m3/d' m

Now we cancorllputc the ;·nt BOD using Equation 6-45 

_-(2.3)( 1.5) 1 
([)ujexp . . 067

(1.97) . 
6.8mg/L

v 

http:hasadiameteFof35.0m
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Oxidation Ponds 
Treatment ponds have been used to treat wastewater for many years, particularly as 
wastewater treatment systems for small communities (Benefield and Randall, 1980). 
Many terms have been used to describe the different types of systems employed in 
wastewater treatment. For example, in recent years, oxidation pond has been widely 
used as a collective term for all types of ponds. Originally, an oxidation pond was a 
pond that received partially treated wastewater, whereas a pond that received raw 
wastewater was known as a sewage lagoon. Waste stabilization pond has been used as 
an all-inclusive term that refers to a pond or lagoon used to treat organic waste by bio
logical and physical processes. These processes would commonly be referred to as 
self-purification if they took place in a stream. To avoid confusion, the classification to 
be employed in this discussion will be as follows (Caldwell et al., 1973): 

1. 	Aerobic ponds: Shallow ponds, less than 1 m in depth, where dissolved oxy
gen is maintained throughout the entire depth, mainly by the action of photo
synthesis. 

2. 	Facultative ponds: Ponds 1 to 2.5 m deep, which have an anaerobic·Jower 
zone, a facultative middle zone, and an aerobic upper zone maintained by pho
tosynthesis and surface reaeration. 

3. 	 Anaerobic ponds: Deep ponds that receive high organic loadings such that 
anaerobic conditions prevail throughout the entire pond depth. 

4. 	 Maturation or tertia!)) ponds: Ponds used for polishing effluents from other 
biological processes. Dissolved oxygen is furnished through photosynthesis 
and surface reaeration.This type of pond is also known as a polishing pond. 

S. 	 Aerated lagoons: Ponds oxygenated through the action of surface or diffused 
air aeration. 

Aerobic Poqds. The aerobic pond is a shallow pond in which light penetrates to the 
bottom, thereby maintaining active algal photosynthesis throughout the entire system. 
During the daylight hours, large amounts of oxygen are supplied by the photosynthe
sis process; during the hours of darkness, wind mixing of the shallow water mass gen
erally provides a high degree of surface reaeration. Stabilization of the organic 
material entering an aerobic pond is accomplished mainly through the action of aero
bic bacteria. 

Anaerobic Ponds. The magnitude of the organic loading and the availability of dis
solved oxygen determine whether the biological activity in a treatment pond will oc
cur under aerobic or anaerobic conditions. A pond may be maintained in an anaerobic 
condition by applying a BODs load that exceeds oxygen production from photosyn
thesis. Photosynthesis can be reduced by decreasing the surface area and increasing 
the depth. Anaerobic ponds become turbid from the presence of reduced metal sul
fides. This restricts light penetration to the point that algal growth becomes negligi
ble. Anaerobic treatment of complex wastes involves three stages. In the first stage 
organic matter is hydrolyzed. In the second stage (known as acid fermentation), com
plex organic materials are broken down mainly to short-chain acids and alcohols. In 
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the third stage (known as methane (ermentation), lhese materials ar~, converted to 
gases, primarily methane and carbon dioxide. The prop'er'design of anaerobic ponds 
must result in environmental conditions favorable to methane fermentation. 

Anaerobic ponds are used primarily as a pretreatment process and are particularly 
suited for the treatment of high-temperature, high-strength wastewaters. However, they 
have been ,used successfully to trea~ municipal wastewaters as well. 

Facultative Ponds. Of the five general classes of lagoons and ponds, facultative 
ponds are by far the most common type selected as wastewater treatment systems for 
small communities. Approximately 25 percent of the municipal wastewater treatment 
plants in the United States are ponds and about 90 percent of these ponds are located 
in communities of 5,000 people or fewer. Facultative ponds are popular for such treat
ment situations because long retention times facilitate the management of large fluctu
ations in wastewater flow and strength with no significant effect on effluent quality. 
Also capital, operating, andmaintenance costs are less than those of other biological 
systems that provide equivalent treatment. 

Aschematic representation of a facultative pond operation is given in Figure 6-32. 
Raw wastewater enters at the center of the poneL Suspended solids contained in the 
wastewater settle to the pond bottom, where an anaerobic layer develops. Microorgan
isms occupying this region do not require molecular oxygen as an electron acceptor in 
energy metabolism, but rather use some other chemical species. Both acid fermenta
tion and methane fermentation occur in .the bottom sludge deposits. 

The facultative zone exists just above the anaerobic zone. This means that molec
ular oxygen will not be available in the region at all times. Generally, the zone is aero
bic duringJhe daylight hours and anaerobic during the hours of darkness. 

Aerobic 
zone 

Anaerobic 
zone 

3 

Inlet 

FIGURE 6-32 

Schematic diagram of facultative pond relationships. 
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Above the facultative zone, there exists an aerobic zone that has molecuiar oxygen 
present at all times. The oxygen is supplied from two sources. A limited amount is 
supplied from diffusion across the pond surface. However, the majority is supplied 
through the action of algal photosynthesis. 

Two rules of thumb commonly used in Michigan in evaluating the design of fac
ultative lagoons are as follows: . 

L The BODs loading rate should not exceed 22 kg/ha . d on the smallest lagoon 
cell. 

2. 	 The detention time in the lagoon (considering the total volume of all cells 
but excluding the bottom 0.6 m in the volume calculation) should be six 
months. 

The first criterion is to prevent the pond from becoming anaerobic. The second cri
tedon is to provide enough storage to hold the wastewater'during winter months when 
the receiving stream may be frozen or during the summer when the flow in the stream 

be too low to absorbeven a small amount of BOD. 

Example 6-14. A lagoon having three cells, each 115,000 m2 in area, a minimum op
eratingdepthofO.6 m,and a maximum operating depth of 1.5 m, receives 1,900 m3/d 
of wastewater having an average BODs of 122 mg/L. What is the BODs loading and 
what is the detention time? 

Solution. To compute the BOD loading, we must first compute the mass of BODs 
entering each day. 

'. ... ... ,. . .231.8 kg/d
BOD5 loading = ........ = 20.2 kg/ha' d 


. 11.5ha 

rate is acceptable. 
The detention time is simply the working volume between the minimum and 

maximum operating levels divided by the average daily flow. 

(115,000 m2)(3 lagoons)( 1.5 - 0.6 m)
Detention time 

1,900 

= 163.4 days 

is less than the desired 180 days. 
We have ignored the slope of the lagoon walls in this calculation. For large la

goons, this is probably acceptable. In small lagoons, the slope should be considered. 
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Rotating Biological Contactots (RBCs) 
The RBC process consists of a series of closely spaced discs (3 to 3.5 m in diameter) 
mounted on a horizontal shaft and rotated, while about one-half of their surface area is 
immersed in wastewater (Figure 6-33). The discs are typically constructed of light
weight plastic. The speed of rotation of the discs is adjustable. 

When. the process is placed in :operation, the microbes in the wastewater begin to 
adhere to the rotating surfaces and grow there until the entire surface area of the 
discs is covered with a 1- to 3-mm layer of biological slime. As the discs rotate, they 
carry a film of wastewater into the air; this wastewater trickles down the surface of 
the discs, absorbing oxygen. As the discs complete their rotation, the film of water 
mixes with the reservoir of wastewater, adding to the oxygen in the reservoir and 
mixing the treated and partially treated wastewater. As the attached microbes pass 
through the reservoir, they absorb other organics for breakdown. The excess growth 
of microbes is sheared from the discs as they move through the reservoir. These 

Eftluent weir 

Emuent 

Scoop drive 

Primary RBC Contactors Secondary 
treatment ~ ~ ~ ~ clarification 

Raw--l~__ 

wastewater Effluent 

rt 
Solids 

disposal 

FIGURE 6·33 

Rotating Biological Contactor (RBC) and process arrangement. (Source: U.S. EPA. 1977.) 
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dislodged organisms are kept in suspension by the moviI!g discs. Thus; the discs 
serve several purposes: 

1. They provide media for the buildup of attached microbial growth. 

2. They bring the growth into contact with the wastewater. 

3. They aerate the wastewater and the suspended microbial growth in the reservoir. 

The attached growths are similar in concept to a trickling filter, except the mi
crobes are passed through the wastewater rather than the wastewater passing over the 
microbes. Some of the advantages of both the trickling filter and activated sludge 
processes are realized. 

As the treated wastewater flows from the reservoir below the discs, it carries the 
suspended growths out to a downstream settling basin for removaL The process can 
achieve secondary effluent quality or better. By placing several sets of discs in series, 
it is possible to achieve even higher degrees of treatment, including biological conver
sionOfammonia to nitrates. 

6~9 DISINFECTION 

The last treatment step in a secondary plant is the addition of a disinfectant to the 
treated wastewater. The addition of chlorine gas or some other fonn of chlorine is the 
prqcessmost commonly used for wastewater disinfection in the United States. Chlo
rine is injected into the wastewater by automated feeding systems. Wastewater then 
tlowsinto.abasin, where itisheld for about 15 minutes to allow the chlorine to react 
with the pathogens. . . , 

{,,~~.rm~teissg9cernthat\V~stewaterdisinfeGtion may do more hann than good. Early 
~J ~..~,EnYir~I1!'Uem~IRrotectiollAgencyrulescalling. fOf.disinfection to··achieve 200 fe

·c~lc.9Ii~()rtl1sHerl~QI11Lof>waste\Vaterhavebeenmodifiedto a requirement for disin
> ..~l1! r~~ti()l1J)UJ;dHrig~.th~~~urnT11erseas()n\yhen people may come into contact with 
'G} .c;O~ ..... ......;.atrr,·;]i1er~.\VeretR~~e.reasqIlsfotthis.Ghange.Thefirstwas that the use 
i~Of5hlqrineand,perhapS,()Zonecauses th.eJormationoforganic compounds that are' car

cinogenic:T~esecond was.the finding that thedisinfection process was more effective 
iIlkillingtn~predators tQcystsand viruses. than itwas in killing the pathogens them

i .~~>..~.~hen~t.r~~ult'(asth(ltthepath()genssUl)'ived longer in the natural environment 
<··Q~~anseitherewetefewerprectators. The third reason was that chlorine is toxic to fish. 

6·10 ADVANCED WASTEWATER TREATMENT 

Although secondary treatment processes, when coupled with disinfection, may remove 
over 85 percent of the BOD and suspended solids and nearly all pathogens, only minor 
r~mQ)lalofsoI11epoliutants, such as nitrogen, phosphorus, soluble COD, and heavy met
~l~,jsachieyed.Insomecircumstances, these pollutants may be of major concern. In 
th~secases, processes capableofremoving pollutants not adequately removed by sec
ondary treatment are used in what is called tertiary wastewater treatment, or advanced 
wastewater treatment (AWT). The following sections describe available AWT processes. 
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In addition to solving difficult pollution problems, these pr<)(;esses)mp:mve the effluentt) 
qualit~ t? the point that it is. adequate for manY.reuse purposes, and may convert what@ 
was ongmally a wastewater mto a valuable sustamable resource too good to throwaway. ::", 

~."J.J 

Filtration 
Secondary treatment processes, such as the activated-sludge process, are highly efficientc~ 
for removal of biodegradable colloidal and soluble organics. However, the typical efflu-'t 
ent contains a much higher BODs than one would expect from theory. The typical BODe 
is approximately 20 to 50 mg!L. This is principally because the secondary clarifiers are 
not perfectly efficient at settling out the microorganisms from the biological treatment 
processes. These organisms contribute both to the suspended solids and to the BODs 
because the process of biological decay of dead cells exerts an oxygen demand. 

Granular Filtration. By using afiltration process similar to that used in water 
treatment plants, it is possible to remove the residual suspended solids, including the 
unsettled microorganisms. Removing the microorganismS' also reduces the residual 
BODs. Conventional sand filters identical to those used in'water treatment can be used, 
but they often clog quickly, thus requiring frequent backwashing. To lengthen filter 
runs and reduce backwashing, it is desirable to have the larger filter grain sizes at 
the top of the filter. This arrangement allows some of the larger particles of biological 
floc to be trapped at the surface without plugging the filter. Multimedia filters accom
plish this by using low-density coal for the large grain sizes, medium-density sand for 
intermediate sizes, and high-density garnet for the smallest size filter grains. Thus, dur
ing backwashing, the greater density offsets the smaller diameter So that the coal re
mains on 'top, the sand remains· in the middle, and the garnet remains on the bottom. 

Typic~llyjplainfiltrationcan reduce activated sludge effluent suspended solids from 
25t()10mg/L.Plainfiltration is not as effectiveon trickling filter effluents because trick
lingfiltereffluentsl;ontain~m()redispersedgrowth.However, the use of coagulation and 
secli I11entatioIl follo\\iedby'filtrationcan yield suspended solids concentrations that are 
'1irtuallyzero'Typic~HY,filtration can achieve 80 percent suspended solids reduction for 
'a~tivatedsludgeeffluenrand 70 percent reduction for trickling filter effluent. 

Membrane Filtration. The alternative membrane processes have been discussed in 
Chapter4.Qfthe5processes, the one most commonly used in AWT is microfiltration 
(ME). It is usedas a replacement for granular filtration. MF processes have achieved 
BOD removals of 75-90 percent and total suspended solids removals of 95-98 percent. 
Performance is highly site-speciftc. Membrane fouling is of particular concern and on
site pilot testing is highly recommended (Metcalf & Eddy, 2003). 

Carbon Adsorption 
Even after secondary treatment, coagulation, sedimentation, and filtration, soluble or
ganic>materialsthatare resistant to biological breakdown will persist in the effluent. 
The persistentmaterialsare often referred to as refractory organics. Refractory organ
ics canoedetected in the effluent as soluble COD. Secondary effluent COD values are 
often 30 to 60 mg!L. 
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The most practical available method for removingtefractory organics is by 
adsorbing them on activated carbon (U.S. EPA, 1979a). Adsorption is the accumula
tion of materials at an intetface. The interface, in the case of wastewater and activated 
carbon, is the liquid/solid boundary layer. Organic materials accumulate at the inter
face because of physical binding of the molecules to the solid surface. Carbon is acti
vatedby heating in the absence of oxygen. The activation process results in the 
formation of many pores within each carbon particle. Since adsorption is a surface phe
nomenon, the greater the surface area of the carbon, the greater its capacity to hold or
ganic material. The vast areas of the walls within these pores account for most of the 
total surface area of the carbon, which makes it so effective in removing organics. 

After the adsorption capacity of the carbon has been exhausted, it can be restored 
by heating it in a furnace at a temperature sufficiently high to drive off the adsorbed or
ganics. Keeping oxygen at very low levels in the furnace prevents carbon from burn
ing. The organics are passed through an afterburner to prevent air pollution. In small 
plantswhere the cost of an on-site regeneration furnace cannot be justified, the spent 
carb,onisshipped to acentral regeneration facility for processing. 

All the polyphosphates (molecularly dehydrated phosphates) gradually hydrolyze in 
aqueous solution and revert to the ortho form (P01-) from which they were derived. 
Phosphorus is typicallyfound as mono-hydrogen phosphate (HP01-) in wastewater. 

The removal of phosphorus to prevent or reduce eutrophication is typically ac
by precipitation using one of three compounds. The precipitation 

are shown below. 

(6-46) 

(6-47) 

+3HPO~"-~ Ca5(P04)30H~ + 3H20 + 60H- (6-48) 

.... j"VX6ltsh()Uldndteth~tferricGhlori?e~~d.alumreduce the pH while lime increases it. 
~~.Jheeff~cttyer~9geofpl-IJqLalumandferricchloride is between 5.5 and 7.0. If there 
~id is not enough naturally occurring alkalinity to buffer the system to this range, then lime 

rriust be added to counteract the formation ofH+. 
The precipitation of phosphorus requires a reaction basin and a settling tank to re

move the precipitate. When ferric chloride and alum are used, the chemicals may be 
added directly to the aeration tank in the activated sludge system. Thus, the aeration 
tank serves as a reaction basin. The precipitate is then removed in the secondary c1ari
fier. Thisis notpossiblewithlime since the high pH required to form the precipitate is 
detritnentaltothe(ictivfltedsludge organisms.In·some wastewater treatment plants, the 
F~~IJ{oralum)is added before the wastewater enters the primary sedimentation tank. 
This improves the efficiency of the primary tank, but may deprive the biological 
processes of needed nutrients. 
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Example 6-15. If a wastewater has a soluble orthophosphate concentration of 4.00~!1 
mg/L as P, what theoretical amount of ferric chloride will be required to remove 
completely? 

Solution. From Equation 6-46, we see that one mole of ferric chloride is required 
for each mole of phosphorus to be removed. The pertinent gram molecular weights 
are as follows: 

FeCl3 = 162.2g 

P = 30.97g 

With a P04 - P of 4.00 mg/L, the theoretical amount of ferric chloride would be 

162.2 
4.00 X 30.97 = 20.95 or 21.0 mg/L 

Because of side reactions, solubility product limitations, and day-to-day variations, 
the actual amount of chemical to be added must be determined by jar tests on the 
wastewater. You can expecUhat the actual ferric chloride""dose will be 1.5 to 3 times 
the theoretically calculated amount. Likewise, the actual alum dose will be 1.25 to 
2.5 times the theoretical amount. 

Nitrogen Control 
Nitrogen in any soluble form (NH3, NH:, N02,and NO;, but not N2 gas) is a nutri
ent and may need to be removed from wastewater to help control algal growth in the 
receiving'body. In addition, nitrogen in the form of ammonia exerts an oxygen demand 

"and c~n be toxic to fish..Removal of nitrogen can be accomplished either biologically 
orchemically. The biological process is called nitrification/denitr~fication. The chem
icalprocessis called"ammonia stripping. 

NitrifjCrttionIDenitri~cation. The natural nitrification process can be forced to oc
.curinth~activated-'sludgesystem by maintaining a cell detention time (Be) of 15 days 
in moderate climates and over 20 days in cold climates. The nitrification step is ex
pressed in chemical terms as follows: 

NH: + 202 ~ NO} + H20 + 2H+ (6-49) 

Of course, bacteria must be present to cause the reaction to occur. This step satisfies the 

oxygen demand of the ammonium ion. If the nitrogen level is not of concern for the re

ceiving body, the wastewater can be discharged after settling. Ifnitrogen is of concern, 

the nitrification step must be followed by anoxic denitrification by bacteria: 


(6-50) 

As indicated by the chemical reaction, organic matter is required for denitrification. 

Organic matter serves as an energy source for the bacteria. The organic matter may be 

obtained from within or oufsidethe celL In multistage nitrogen-removal systems, be

cause the concentration of BODs in the flow to the denitrification process is usually 

quite low, a supplemental organic carbon source is required for rapid denitrification. 
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(BODs concentration is low because the wastewater prevlously has undergone car
bonaceous BOD removal and the nitrification process.) The organic matter may tie ei
ther raw, settled sewage or a synthetic material such as methanol (CH30H). Raw, 
settled sewage may adversely affect the effluent quality by increasing the BODs and 
ammonia content. 

Ammonia Stripping. Nitrogen in the form of ammonia can be removed chemically 
from water by raising the pH to convert the ammonium ion into ammonia, which can 
then be stripped from the water by passing large quantities of air through the water. The 
process has no effect on nitrate, so the activated sludge process must be operated at a 
short cell-detention time to prevent nitrification. The ammonia stripping reaction is 

NHt + OH- ~ NH3 + H20 (6-51) 

The hydroxide is usually supplied by adding lime. The lime also reacts with CO2 in 
the air and water to form a calcium carbonate scale, which must be removed period
ically;Low temperatures cause problems with icing and reduced stripping ability. 
Thefeducedstripping ability is caused by the increased solubility of ammonia in 
cold water. . , 

6-11 LAND TREATMENT FOR SUSTAINABILITY 

This discussion on land treatment follows two EPA publications: Environmental Con
trol Alternatives: Municipal Wastewater and Land Treatment ofMunicipal Wastewater 
Effluents, Design Factors [(Pound et al., 1976). . 

Analternativetotheprevrously discussed AWT processes for producing an ex
~]'?~ tremetxhi~p,;~~aIit~efflu~Dtis offered byanapproachcalled land t reatment.Land 
(c;,,\ trea.tl1}ent'i$tll.~a~BJi~a.tion?:f·efflllents,usua.l1yfollowing.secondary treatment, on the 
qJl lanci:~to~e.> .•.... r/~~ve(al·/a?ail~bl~conventio~~lirrigation methods. This approach 
t~~r}··· US~S~~?t~~~ter{~Bd?fte~~~~Q.~triertsjtcontains,as .• aresource rather than consider
.~. :jngj~;~S0tl\lil~p2sa.lp~29Iel1l.Jrea.tl1}~IJtisipr?:videdJJynatu(al .. processes· as·the effluent 
,.~,;~~ye~.t~rql1g~.th~n(ituralfilt~fproyide~bysoi1andplants.Part of the wastewater is 
~i) logbyevapotmnspiration, \Vhiletheremainder returns to the hydrologic cycle through 

o~erlancifloWor.thegroundwater system: Most of the groundwater eventually returns, 
directlyiorin4i~ectly,.to •• t~esurfac~\Vat~r system. 

L.a.n~tr~a.tIl1ent;o(was,tew.aterscan.provide.moisture.and nutrients necessary for 
crop growth.; In semiarid areas, insufficient moisture for peak crop growth and limited 
water sUpplies make this water especially valuable. The primary nutrients (nitrogen, 
phosphorus, and potassium) are reduced only slightly in conventional secondary treat
mentprocesses, so that most of these elements are still present in secondary effluent. 
Soil nutrients thatare consumed each year by crop removal and by losses through soil 
erosionmaybereplaced by the application of wastewater. 

La.ndapplicationis the oldest method used for treatment and disposal of wastes. 
Citieshay~usedJhismethodformore than 400 years. Several major cities, including 
Berlin,MelbOurne, and Paris, have used "sewage farms" for at least 60 years for waste 
treatment and disposal. Approximately 600 communities in the United States reuse 
municipal wastewater treatment plant effluent in surface irrigation. 

http:directlyiorin4i~ectly,.to
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Land treatment systems use one of the three basic approaches: 

1. Slow rate 

2. Overland flow 

3. Rapid infiltration 

Each method, shown schematically in Figure 6-34, can produce renovated water of 
different quality, can be adapted to different site conditions, and can satisfy different 
overall objectives. 

Spray or 
surface~ 


application ~ . 
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Spray application Evapotranspiration
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Grass and vegetative litter 

Runoff 
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Evaporation 
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FIGURE 6-34 

Methods of land application. (Source: Pound e[ a!., 1976.) 
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Slow Rate 
Irrigation, the predominant land application method in use today, involves the applica
tion of effluent to the land for treatment and for meeting the growth needs of plants. 
The applied effluent is treated by physical, chemical, and biological means as it seeps 
into the soil. Effluent can be applied to crops or vegetation (including forestland) either 
by sprinkling or by surface techniques, for purposes such as: 

l. 	Avoidance of surface discharge of nutrients 

2. 	 Economic return from use of water and nutrients to produce marketable crops 

3. 	 Water conservation by exchange when lawns, parks, or golf courses are 
irrigated 

4. 	 Preservation and enlargement of greenbelts and open space 

Where water for irrigation is valuable, crops can be irrigated at consumptive use 
ratesJ35 toJ Omm/d,depending on the crop), and the economic return from the sale 
of the crop can be balanced against the increased cost of the land and distributiqn sys
tem. On the other hand, where water for irrigation is of little value, hydraulic loadings 
can be maximized (provided that renovated water quality criteria are met), thereby 
minimizing system costs. Under high-rate irrigation (to to 15 mm/d), water-tolerant 
grasses with high nutrient uptake become the crop of choice. 

Overland Flow 
Overland flow is essentially a biological treatment process in which wastewater is ap
pliedpverthejupper reaches of sloped terraces and allowed to flow across the vegetated 

{,;;Stlrf(lg~tqw~qffc£11~9tion<ditqhes ..Renovationis accomplished by physical, chemical, 
, (J;l.l .. i()l~~ifNlne~nsa.sthywastewatert1owsina thin sheet down the relatively im

peryi()LJ~slo "'.~',' ,,' 
?\V!c~rib9used:asasecql1d(lrytreatmel1t process where discharge of a 

~~eft111~l1tl()\vXin.BPIJ;isaqceptllble.oras.,.,an",advanced wastewater treatment 
. sS.Thelatter objective will allow higher rates of application (18 mm/d or more), 

dept:m1ingonthe degree ofadvanced.wastewater treatment required. Where a surface 
disc~argeisprohibited, runoff can be recycled or appliedto the land in irrigation or 

.il}fiJ.tr(lti.qn.-pyrc?J~tionsystems. 

Rapid Infiltration 
In infiltration-percolation systems, effluent is applied to the soil at higher rates by 
spreading in basins or by sprinkling. Treatment occurs as the water passes through the 
soil matrix; System objectives can include: 

Gro,undwate.r recharge
'-

Naturaltreatmentfollowed by pumped withdrawal or the use of underdrains 
for recovery 

3. 	 Natural treatment where renovated water moves vertically and laterally in the 
soil and recharges a surface watercourse 
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Where groundwater quality is being degraded by salinity introsion, groundwater 
recharge can reverse the hydraulic gradient and protect the existing groundwater. Where 
existing groundwater quality is not compatible with expected renovated quality, or where 
existing water rights control the discharge location, a return of renovated water to surface 
water can be designed, using pumped withdrawal, underdrains, or natural drainage. At 
Phoenix, Arizona, for example, the native groundwater quality is poor, and the renovated 
water is to be withdrawn by pumping, with discharge~ into an irrigation canal. 

6-12 SLUDGE TREATMENT 

In the process of purifying the wastewater, another problem is created: sludge. The 
higher the degree of wastewater treatment, the larger the residue of sludge that must be 
handled. The exceptions to this rule are where land applications or polishing lagoons 
are used. Satisfactory treatment and disposal of the sludge can be the single most com
plex and costly operation in a municipal wastewater treatment system (U.S. EPA, 
1979b). The sludge is made of materials settled from the raw wastewater and of solids 
generated in the wastewater treatment processes. 

The quantities ofsludge involved are significant. 'For primary treatment, they may 
be 0.25 to 0.35 percent by volume of wastewater treated. When treatment is upgraded to 
activated sludge, the quantities increase to 1.5 to 2.0 percent of this volume of water 
treated. Use of chemicals for phosphorus removal can add another 1.0 percent. The 
sludges withdrawn from the treatment processes are still largely water, as much as 
97 percent. Sludge treatment processes, then, are concerned with separating the large 
amounts of water from the solid residues. The separated water is returned to the waste
waterplant for processing. 

The basic processes for sludge treatment are as follows: 

L 	Thickening: Separating as much water as possible by gravity or flotation. 

2. 	Stabilization: Converting the organic solids to more refractory (inert) fOnTIS so 
that theYi carrbe handled or used as soil conditioners without causing a nui
sanceiorhealthhazardthroughprocesses referred to as "digestion." (These are 
biochemicaloxidation processes.) 

3.Cmlditioning: Treating the sludge with chemicals or heat so that the water can 
be readily·separated. 

4. 	DeWClteiing: Separating water by subjecting the sludge to vacuum, pressure, 
or drying. 

S. 	 Reduction: Convertirig the solids to a stable form by wet oxidation or inciner
ation. (These are chemical oxidation processes; they decrease the volume of 
sludge, hence the term reduction.) 

Although a large number of alternative combinations of equipment and processes are 
used fort~eating sludges, the basic alternatives are fairly limited. The ultimate depository 
of the materials contained in the sludge must either be land, air, or water. Current policies 
discourage practices such as ocean dumping of sludge. Air pollution considerations ne
cessitate air pollution control facilities as part of the sludge incineration process. 



501 WASTEWATER TREATMENT 
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FIGURE 6-35 

Basicsludge handling alternatives. 


Thefollowingsections discuss the processes commonly used. The basic alt.erna
tive routes by which these processes may be employed are shown in Figure 6-35. 

Sources and Characteristics· of Various Sludges 
Before we begin the discussion of the various treatment processes, it is worthwhile to 
recapitulate the sources and nature of the sludges that must be treated. 

Grit Thesand,broken glass, nuts, bolts, and other dense material that is collected in 
thegritchaI1lberisnot true sludge in the sense that it is not fluid. However, it still re
quiresdisposaL~ecausegrit can be drained of water easily and is relatively stable in 
terl1}slJfbiO~IJ~ical~c\iYity(itisnot biodegradable), itis generally trucked directly to 
a·.landfillwithoutfurthertreatment 

<:~~~~ <-r.'-.-' :--;--~':-:-:::/-:~---:\::~_~~_--:-: 5~- __--_;<---:t,--_:;>::--- ,:',-::: '- _--;>:-.:-\-i\(::;:~ :\-::-"- -;-- --,' \u_--~- :-- -,,>:-.,::, 

"\:z~:~;ri~~ri.~{~'a'VShl?g7...§fucfgeJromth~.bottom.·of the primary clarifiers contains 
Tftli\;frlJ.lI1';£t~~p~rS~~~>s.?Ii?s<.{lgercentsolids·~.lgsoIids/100 mL sludge volume), 

',\ffii(}llisapproximately70percentorganic matter. This sludge rapidly becomes anaer
QPican.disllighly odiferous. 

·!S~con<J<~ty.SI~<I.g~.. J'hisslucIgeconsistsofmicroorganisms and inert materials that 
.have been wasted from the secondary treatment processes. Thus, the solids are about 
90 perCel1t organic matter. When the supply of air is removed, this sludge also becomes 
anaerobic, creating noxious conditions if not treated before disposal. The solids con
tent depends on the source. Wasted activated.sludge is typically 0.5 to 2 percent solids, 
while tricklingJilter sludge contains 2 to 5 percent solids. In some cases, secondary 
sludges.contain large quantities of chemical precipitates because the aeration tank is 
;usechasthereaction basin for the addition ofchemicals toremove phosphorus. 

'I'ertiarYSludges. Thecharacteristics of sludges from the tertiary treatment processes 
depend on thenature of the process. For example, phosphorus removal results in a chem
ical sludge that is difficult to handle and treat. When phosphorus removal occurs in the 
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activated sludge process, the chemlcgl sludge is combined with the biological sludge, 
making the latter more difficult to treat. Nitrogen removaL by denitrification results in a 
biological sludge with properties very similar to those of waste activated sludge. 

Solids Computations 
Volume-Mass Relationships. Because most WWTP sludges are primarily water, the 
volume of the sludge is primarily a function of the water ~ontent. Thus, if we know the 
percent solids and the specific gravity of the solids we can estimate the volume of 
the sludge. The solid matter in wastewater sludge is composed of fixed (mineral) solids 
and volatile (organic) solids. The volume of the total mass of solids may be expressed as 

Ms 
Vsolids =-S (6-52) 

sP 

where Ms mass of solids, kg 
S~ = specific gravity of solids 
P = density of water = 1,000 kg/m3 

Since the total mass is composed of fixed and volatile fractions, Equation 6-52 may be 
rewritten as: 

MI M( Mv
-=--+-- (6-53)'
SsP SiP SvP 

where Mf = mass of fixed solids, kg 
Mv = mass of volatile solids, kg 

S1,= specific gravity of fixed solids 
Sv = specific gravity of volatile solids 

The specific gravity ofthe solids may be expressed in terms of the specific gravities of 
the fixed and solid fractions by solving Equation 6-53 for Ss: 

Ss = i\l1.I'[M~s~f:vMsl (6-54)
1 v v f 

The specific gravity of sludge (Ssl) may be estimated by recognizing that, in a 
similar fashion to the fractions of solids, the sludge is composed of solids and water 
so that 

Msi MI, Mw 
-~-=-+- (6-55) 
SslP SIP SwP 

where lv1.~1 = mass of sludge, kg 
Mw mass of water, kg 
Ssl = specific gravity of sludge 
Sw = specific gravity of water 

It is customary to report solids concentrations as percent solids, where the fraction of 
solids (PJis computed as 

MsP~ = -----,-,- (6-56) 
, 1\;[,1' + Mw 
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and the fraction of water (Pw ) is computed as 

Mw 
(6-57) 

Thus, it is more convenient to solve Equation 6-52 in terms of percent solids. If we di
vide each term in Equation 6-5.5 by (Ms + Mw) and recognize that Msl = Ms + Mw , 

then Equation 6-55 may be expressed as 

1 Ps Pw-+ (6-58) 
SslP SsP SwP 

If the specific gravity of water is taken as 1.0000, as it can be without appreciable er
ror,then solving for Sst yields 

(6-59) 

Withthese expressions in' hand, or at least where you can find them, you can calculate 
the volume of sludge (VI,/) with the following equation: 

Ms
V,=---- (6-60) 

s (p)(Ss/)(Ps) 

Example 6·16. Using the following primary settling-tank data, determine the daily 
sludge production. 

Solution. We begin by calculating Ss. We can do this without calculating Ms' lvlj , 

and Mv directly by recognizing that they are proportional to the percent composition. 
With 

M. Mj+Mv
" 

= OAOO + 0.600 = 1.00 


Then Equation 6-54 gives the following: 


(2.65)(0.990) 

---.... --,,--- 

[(0.400)(0.990)] + [(0.600)(2.65)] 

= 1 lor 1.32 

http:0.600)(2.65
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The specific gravity of the sludg~ is calculated withEquation 6-59.:. 

1.321 
-.-.---.. 

0.05 + (1.321 X 0.950) 

= 1.0120r1.01 

The mass of the sludge is estimated from the incoming suspended solids concen
tration and the removal efficiency of the primary tank. _ 

Ms = 0.59 X 280.0 g/m3 
X 0.15 m3/s X 86,400 sid X 10 - 3 kg/g 

= 2.14 X 103 kg/d 

The sludge volume is then calculated with Equation 6-60: 

2.14 X 103 kg/d
11 

sf 
= 

1,000 kg/m3 X l.012 X 0.05 

= 42.29 or 42.3m3/d . 

Mass Balance. Barring black holes* and the like, we all understand that the physi
cal, chemical, and biological processes of wastewater treatment neither create nor de
stroy matter. This fact allows us to employ Equation 2-3 in a new context. 

dS 
-- = Min - Mout 	 (6-61)
dt 

where Min and M out refer to the mass of dissolved chemicals, solids, or gas entering 
and leaving a process or group of processes. If we assume steady-state conditions, then 

.dSldt = 0 and Equation 6-61 reduces to the following: 

(6-62) 

Several interrelated processes are examined together in the flowsheet shown in 
rigure6d6,Whenlabeled with mass flows, the flowsheet may be called a quantitative 

.	fi:B1f dia?rwn (QFI?).Thesolids mass balance can be an important aid to a designer in 
predi~tingt~~g-tennayeragesolids loadings on sludge treatment components. This allows 
the designer to establish such factors as operating costs and quantities of sludge for ulti
mate disposaL However, it does not establish the solids loading that each equipment item 
must be capableof processing.A particular component should be sized to handle the most 
BgmousI9adingconditionsitisexpected to encounter. This loading is usually not deter
mined by applying steady-state models because ofstorage and plant scheduling consider
ations.Thus, the rate of solids reaching any particular piece of equipment does not usually 
rise and fall in direct proportion to the rate of solids arriving at the plant headworks. 

The mass balance calculation is carried out in a step-by-step procedure: 

1. Draw the flowsheet (as in Figure 6-36). 

2. Identifyall streams. For example, Stream Acontains raw sewage solids plus 
chemical solids generated by dosing the sewage with chemicals. Let the mass 
flow rate of solids in Stream A be equal to A kg per day. 

*We are, of course, referring to the Einsteinian black hole and not the Black Hole of Calcutta. 

http:1.0120r1.01
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disposal Primary WWTP flowsheet. (Source: U.S. EPA, 1979b.) 

3. 	 For each processing unit, identify the relationship of entering and leaving 
streams to one another in terms of mass. For example, for the primary sedi
tTIentation.taIlk!;let the ratio of solids in the tank underflow (E) to entering 
solids(Af:M"}pc<equaltoYJE.'YJE actually an indicator of solids separation 
efficiency. The general forminwhich such relationships are expressed is: 

of.solidsinstream i 
(6-63)

Yli= mass of solids entering the unit 

For example, 

P J 
YIp = K + H; Ylj E 

The processing unit's performance is specified when a value is assigned to 'YJi' 

4. 	 Combine the mass balance relationships so as to reduce them to one 
equation describing a specific stream in terms of given or known quanti
ties, or ones which can be calculated from a knowledge of the process 
behavior. 

Example 6-17. Using Figure 6-36 and assuming that A, YlE' Ylj' YIN, YIp, and YlH are 
known or can be determined from aknowledge of water chemistry and an understanding 
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of the general solids separation/destruction efficiencies 'of the processing iuyolved, derive 
an expression for E, the mass flow out of the primary sediI'rH!ntationtank. 

Solution. The derivation is carried out as follows. 

a. Define·M by solids balances on 'streams around the primary sedimentation tank: 

E 
1jE = A + M (i) 

Therefore, 

M 
E
--A (ii) 
1jE 

b. 	 Define M by balances on recycle streams: 

M=N+P (iii) 

(iv) 

P = 1]p(H + K) (v) 

H = 1]H K (vi) 

Therefore, 

P = 1jp(l + 1jH)K (vii) 

K+J+N=E (viii) 

Therefore, 

(x) 

Therefore, 

M = E [1jN + 1jp(l - 1]j - 1]N)(l + 1]H)] (xi) 

c.Eql1ate equations (ii) and (xi) to eliminate M: 

E 
A E[1jN+ 1jp(l - 1]j - 1]N)(l + 1]H)] 

A 
E 

1 
-1jN -1jp(l -1]j -1]N)(l + 1]H) 

1jE 

E is expressed in terms of assumed or known influent solids loadings and solids 
separation/destruction efficiencies. 

Once the equation for E is derived, equations for other streams follow rapidly; in 
fact, most have already been derived. These are summarized in Table 6-14. 
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TABLE 6-14 
Mass balance equations for Figure 6-36 

A 
E=-

1 
- - YJN YJp(l - YJj - 1JN)(l + YJH} 

YJE 


E
M=- A 

YJE 

B (l YJE)(A + M) 

J == 	 YJJE 

N == YJNE 

K == EO - YJJ - YJN) 

H == YJHK 

P == YJp(l + YJH)K 

L K(l + YJH)(l - YJp) 

Source: u.s. EPA, 1979b. 

The example just worked was relatively simple. A more complex system is illus
trated in Figure 6-37. Mass balance equations for this system are summarized in Table 
6-15 on page 509. For this flow sheet the following information must be specified: 

A = 	Influent solids 

X= 	Effluent solids, that is, overall suspended solids re
moval must be specified 

assumptionsaboutthe degree of solids removal, ad
dition, ordestruction 

describesthenetsolidsdestruction reduction or the 
netsoliassynthesisin the biological system, and 
must be estimated from yield data. A positive YJD sig
nifies net solids destruction. A negative YJD signifies 
net solids growth. In this example, 8 percent of the 
solids entering the biological process are assumed 
destroyed, that is, converted to gas or liquified. 

Note that alternative processing schemes can be evaluated simply by manipulating 
appropriate variables. For example: 

Filtration can be eliminated by setting YJR to zero. 


Thickening can be eliminated by setting YJe to zero. 


Digestion can be eliminated by setting YJJ to zero. 


Dewatering can be eliminated by setting YJP to zero. 


Asystem without plimary sedimentation can be simulated by setting YJE equal to 

approximately zero, for example, 1 X 10-8

, YJE cannot be set equal to exactly 
zero, since division by YJE produces indeterminate solutions when computing E. 
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~1(JWsheet focacomplex WWTP. (Source: U.S. EPA, 1979b.) 


JAs~tofdifferentmassbalanceequations must be derived if flow paths between 
pf:oces~ingunitsare~ltered. For example; the equations of Table 6-15 do not describe 
operations in which the dilute stream from the thickener (Stream G) is returned to the 
secondary reactor instead of the primary sedimentation tank. 

fhlck~ning 
Thickening is usually accomplished in one of two ways: the solids are floated to the top 
of the liquid (flotation) or are allowed to settle to the bottom (gravity thickening). 

The goal is to remove as much water as possible before final dewatering or diges
tion. of the sludge. The processes involved offer a low-cost means of reducing sludge 
volumes by afactor of two or more. The costs of thickening are usually more than off
set by the resulting savings in the size and cost of downstream sludge processing 
equipment. 

Flotation~ In the flotation thickening process (Figure 6-38) air is injected into the 
sludge under pressure (275 to 550 kPa). Under this pressure, a large amount of air can 
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TABLE 6-15 
Mass balance equations for Figure 6-37 

A - CX1)Jr -1)R) 

E=-------

a - (3(y) 
11E 

Where a = 11p( 1 11J - 11N)(1 + 11r) + 11N 

(1 11E)(1 - 11D)
(3 

l1E 

Y = 11G + a(1 - 11G) 

(1 - 11£)E
B 

11E 

Xc = ---:-
1 11R 

D 11DB 

X
F=f3E --

I 

G = YfGF 

H (1 YfG)F 

(E + H) 

Source: u.s. EPA, 1979b. 

be dissolved in the sludge. The sludge then flows into an open tank where, at atmos
IJgeric pressure, muchofthe air comes out of solution as minute bubbles. The bubbles 
attach themselves to sludge solids particles and float them to the surface. The sludge 
forms a layer at the top of the tank; this layer is removed by a skimming mechanism 
for further processing. The process typically increases the solids content of activated 
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FIGURE 6-38 
Air flotation thickener. 

sludge from 05-1 percent to 3-6 percent. Flotation is esp~dally effective on activated 
sludge, which is difficult to thicken by gravity. 

GravityThickening. Gravity thickening is a simple and inexpensive process that has 
been used widely on primary sludges for many years. It is essentially a sedimentation 
process similar to that which occurs in all settling tanks. Sludge flows into a tank that 
is very similar in appearance to the circular clarifiers used in primary and secondary 
sedimentation (Figure 6-39); the solids are allowed to settle to the bottom where a 
heavy-duty mechanism scrapes them to a hopper from which they are withdrawn for 
further processing. The type of sludge being thickened has a major effect onperfor
rnance.Thebestresultsare obtained with purely.primary.sludges. As·the proportion of 
astivated<slud~eincreases;thethickness of settled sludge solids decreases. Purely pri
m~rysludgescanbethickenedfrom 1-3 percent to 10 percent solids.Thecurrent trend 
isto'Nar~usi~~gravity thickening for primarysludges and flotation thickening for ac
tivatedslugg@s,.andthenblending the thickened sludges for further processing. 

Bridge 

Concrete 
tank. 

~;tf::;!;;;:::::: Plow 
---... Sludge withdrawal 

'T-~Hopper 

FIGURE6~39 
Gravity thickener. 
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FIGURE 6-40 
Batch settling curve. 

Dick has described a graphical procedure for sizing gravity thickeners using a batch 
flux curve:l' (Yoshioka et al., 1957, and Dick, 1970). Flux is the term used to describe the 
rate of settling of solids. It is defined as the mass of solids which pass through a horizon
tal unit area per unit of time (kg/d' m2

). This may be expressed mathematically as follows: 

F.I' = (CJ(v) 

= (Cs)(zone settling velocity) 	 (6-64) 

where Fs = solids flux, kg/m2 
. d 

Cs = suspended solids concentration, kg/m3 

Cll = concentration of solids in underflow, that is, sludge withdrawal pipe, kg/m3 

v = underflow velocity, mid 

The sizing procedure begins with a batch settling curve such as that shown in 
Figure 6-40. Data from the batch settling curve are used to construct a batch flux curve 
(Figure 6-41). Knowing the desired underflow concentration, a line through the desired 
concentration and tangent to the batch flux curve is constructed. The extension of this 

*The original development of this method was by N. Yoshioka and others. " 
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line to the axis of ordinates yields the design flux. From this flux and the inflow solids 
concentration, the surface area may be determined. 

Exa~pl~.6.-18'1\gravity thickener is to be designed to thicken the sludge from the 
prim~rytankdescribedinExample 6-16. The thickened sludge should have an under
fl()>>lS8Iids~onc~ntrationoflO.Opercent.Assume that the sludge yields a batch set
t~ingcurve>suchasthatshown in Figure 6-40. 

Solution. First we must compute the solids flux for several arbitrarily selected sus
pended solids concentrations. 

SS,kg/m~.· v, nifd Fs, kg/d' m2 SS kalm3 v,nifd Fs' kg/d' m 2 
, 0 

100 0.125 12.5 20 5.30 106. 
80 0.175 14.0 10 34.0 340. 
60 0.30 18. 5 62.0 310. 
50 0.44 22. 4 68.0 272. 
40 0.78 31. 3 76.0 228. 
30 1.70 51. 2 83.0 166. 

Thedata in the first column were selected arbitrarily. The data in the second 
column were read from Figure 6-40 at the abscissa points noted in the first column. 
The data in the third column are the products of the first and second column, that is, 
100.0 X 0.125 = 12.5.80.0 X 0.175 = 14.0, etc. 
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The percent solids concentration is simply 0.10 times,the SS in kg/m3.-Convert
ing the first column to percent and plotting it versus the last'column yields the batch 
flux curve (Figure 6-41), ' 

The tangent line from 10.0 percent yields a solids flux of 43 kg/d' m2
. 

From Example 6-16, we find the solids mass loading to be 2.14 X 103kg/d. 
Therefore, the required surface area of the thickener is 

2.14 X 103kg/d 
As 2

43 kg/d· m 

= 49.77 or 50m2 

Typical gravity-thickener design criteria are summarized in Table 6-16. Wasting to 
the thickener mayor may not be continuous, depending upon the size of the WWTP. 
Frequently, smaller plants will waste intermittently because of work schedules and 

TABLE 6-16 
Typicar gravity-thickener design criteria 

Sludge Source 
Influent 
SS, % 

Expected 
underflow 

concentration, % 

Mass 
loading 

kg/h'm2 

Individual sludges 
PS 5-10 4-6 

3-6 1.5-2.0 
1.5-2.0 
0.5-1.5 

5-12 
2-6 

0.5-2.0 

4-7 1-3.5 
5-9 2-4 

2--6 5-8 2-3 
>2 4 1 

PS + LowCaO 5 7 4 
PS+ High CaO 7.5 12 5 
PS + (WAS + Fe) 1.5 3 1 
PS + (WAS + AI) 0.2-0.4 4.5-6.5 2-3.5 
(PS+Fe) + TF 0.4-0.6 6.5-8.5 3-4 

...·E~S-+-f~).+WAS 1.8 3.6 1 
WAS+]JF .5-2.5 2-4 0.5-1.5 

(Source.:U:S.EPA,1979b. ) 

Legend:PS = primary sedimentation: TF :::: trickling filter: RBC = rotating biological contactor: WAS = waste 

activated sludge; High CaO = high lime: Low CaO = low lime; Fe iron;':AI = alum; + = mixture of sludges 

from processes indicated: ( ) = chemical added to process is within parentheses. 
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TABLE 6-17 
Reported operation results for gravity thickeners 

Influent Mass Underflow Overflow 
SS, loading, concentration, SS, 

Location Sludge source % kg/h'm2 % mglL 
~ 

Port Huron, MI PS +WAS 0.6 1.7 4.7 2,500 
Sheboygan, WI PS +TF OJ 2.2 8.6 400 

PS + (TF + Al) 0.5 3.6 7.8 2,400 
Grand Rapids, MI WAS 1.2 2.1 5.6 140 
Lakewood, OH PS + (WAS + AI) OJ 2.9 5.6 1,400 

(Source: U.S. EPA, 1979b.) 

(Note: Values shown are average values only.) 


lower volumes of sludge. Some examples of thickener perfonnance are listed in Table 
6-17. You should note that the supernatant suspended solids Levels are quite high. Thus, 
the supernatant must be returned to the head end of the W-WTP. 

Example 6·19. One hundred cubic meters per day (100.0 m3/d) of mixed sludge at 
4.0 percent solids is to be thickened to 8.0 percent solids. What is the approximate vol
ume of the sludge after thickening? 

Solution. A"4.0 percent sludge" contains 4.0 percent by mass of solids and 96.0 
percent by mass of water. Assuming that the specific gravity is not appreciably differ
ent from that of water, we can approximate the relationship between volume and per
cent solids as follows: 

0.080 

-\12 0.040 

-\12 = 50.0 m3/d 

Thus, we can see a substantial reduction in the volume that must be handled by 

thickening the sludge from 4 to 8 percent solids. 


Stabilization 

Theprindpal purposes of sludge stabilization are to break down the organic solids bio

chemically so that they are more stable (less odorous and less putrescible) and more 

dewaterable, and to reduce the mass of sludge. If the sludge is to be dewatered and 

burned. stabilization is· not used. There are two basic stabilization processes in use. 

One is carried out in closed tanks devoid of oxygen and is called anaerobic digestion. 

The other approach injects air into the sludge to accomplish aerobic digestion. 
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Aerobic Digestion. The aerobic digestion of biological sludges is nothing more than 
a continuation of the activated sludge process. When a culture of aerobic heterotrophs 
is placed in an environment containing a source of organic material, the microorgan
isms remove and utilize most of this material. A fraction of the organic material 
removed will be used for the synthesis of new biomass. The remaining material will be 
channeled into energy metabolism and oxidized to carbon dioxide, water, and soluble 
inert material to provide energy for both synthesis and maintenance (life-support) func
tions. Once the external source of organic material is exhausted, however, the mi
croorganisms enter into endogenous respiration, where cellular material is oxidized to 
satisfy the energy of maintenance (that is, energy for life-support requirements). If this 
condition is continued over an extended period of time, the total quantity of biomass 
will be considerably reduced. Furthermore, that portion remaining will exist at such a 
low energy state that it can be considered biologically stable and suitable for disposal 
in the environment. This forms the basic principle of aerobic digestion. 

Aerobic digestion is accomplished byaerating the organic sludges in an open tank 
resembling an activated sludge aeration tank. Like the activated sludge aeration tank, 
the aerobic digestor must be followed byasettling tank unless the sludge is to be dis
posed of on land in liquid form. Unlike the activated sludge process, the effluent 
(supernatant) from the clarifier is recycled back to the head end of the plant. This is be
cause the supernatant is high in suspended solids (100 to 300 mg/L), BODs (to 500 
mg/L), TKN (to 200 mg/L), and total P (to 100 mgjL). 

Because the fraction of volatile matter is reduced, the specific gravity of the di
gested sludge solids will be higher than it was before digestion. Thus, the sludge set
tles to a morecompact mass, and the clarifier underflow concentration can be expected 
to reach 3 percent-Beyond this, its dewatering propelties are terrible. 

Anaerobicj)igestIoIl. The anaerobic treatment of complex wastesinvolves three dis
:~i0 tinctstages.JIJ;thefirsfst~ge,complexwaste components, including fats, proteins, and 

. ;~;), PQlysacshru;fdesi·arehydrolyzedtotheir component subunits. This is accomplished by a 
... K~ .. hetero~~{l~ql}sgrpllPof facultative ffi1danaerobicb~cteria. These bacteria then subject the 
;; ~grQductsJifhy6rQtYsts(trigJycerides,fattyacids, amino acids, and sugars) to fermentation 
.~.•.•andotheimetabolic processes leading to the formation of simple organic compounds and 

hydrogen ina process calfedacidogenesisoracetogenesis. The organic compounds are 
mainlyshort:-chain (volatile) acids and alcohols. The second stage is commonly referred 
toa~a€idfertnent~tiqn. Inthis~tage, organic material is simply converted to organic 
acids, alcohols,and'new bacterial cells, so that little stabilization of BOD or COD is real
ized; [n the third stage, the end products of the first stage are converted to gases (mainly 
methane and carbon dioxide) by several different species of strictly anaerobic bacteria. 
Thus, it is here that true stabilization of the organic material occurs. This stage is gener
ally refelTed to as methane Jennentation. The stages of anaerobic waste treatment are 
illustrated in Figures 6-42 and 6A3. Even though the anaerobic process is presented as 
being sequential in nature, all stages take place simultaneously and synergistically. The 
primary acid produced during acid fermentation is acetic acid. The significance of this 
acid as a precursor for methane formation is illustrated in Figure 6Al 

The bacteria responsible for acid fennentation are r,eiatively tolerant to changes in 
pHand temperature and have amuch higher rate of growth than the bacteria responsible 
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FIGURE 6-42 

Schematic diagram of the patterns of carbon flow in anaerobic digestion. 


for methane fermentation. As a result, methane fermentation is generally assumed to 
be the rate-controlling step in anaerobic waste treatment processes. 

Considering 35°C as the optimum temperature for anaerobic waste treatment, 
Lawrence proposes that, in the range of 20 to 35°C, the kinetics of methane fermenta
tion of lOllg- and short-chain fatty acids will adequately describe the overall kinetics of 
anaen)bic treatn1ent(Lawrence and Milnes, 1971). Thus, the kinetic equations we pre
serttegtodescribe the completely mixed activated sludge process are equallyapplica
btetbthe.anaerobic process; 

76% 
Stage I: 20% 4% 
Hydrolysis and 
fermentation 

Stage 2: 
Acetogenesis and 
dehydrogenation 

-- ---- --- -~--~--~ 

Stage 3: 
Methane 
fermentation 

FIGURE 6-43 

Steps in anaerobic digestion process with energy flow. 
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removal digester. 

There are essentially two types of anaerobic digestion processes used today: the 
standard-rate process and the high-rate process. 

The standard-rate process does not employ sludge mixing, but rather the digester 
contents are allowed to stratify into zones, as illustrated in Figure 6-44. Sludge feeding 
and withdrawal are intermittent rather than continuous. The digester is generally 
he~teclto.itlGrt;asetherateof fermentation and therefore decrease the required reten
ti()ntime.!l<.~teJ:l~i()ntimeTa~ges bet\Veer130and60 days for heated digesters. The or
&atIif1Jg~qing~~.t¢ror.~s~andard~rate.digester is between 0.48 and 1.6 kg total volatile 
··~oIi(js.•• lJ.erJg~.. ()f\digestervolumeperday. 

i~ •......• . Jcli~~q~~tIt~g(;Rfthes~~ndard;.rateprocess is the large tank volume re
iG..... g~Jr ... <..t;8fI?1}&r~tent(()Iltil1les,lgwtoading rates, andthick scum-layer forma

tion,. guly·'aliout one-third ofthe tank volume is utilized in the digestion process. The 
rnr~~~ipBtwg:thirdsof;thetank volumecontains the scum layer, stabilized solids, and 
th¢\sllgelll~tant.. ByGauseo~thisliIl1itatiQn, systems of this type are generally used only 
a~~ry.~t~~!l!il1l~m~.h:~xip.g.~~~paciJyofO.04 m3

js or less . 
. "Thehigh-ratesystemevolved as a result of continuing efforts to improve the 

standard-rate unit. In this process, two digesters operating in series separate the func
tions of fermentation and solids/liquid separation (see Figure 6-45). The contents of the 
first-stage, high-rate unitare thoroughly mixed and the sludge is heated to increase the 
rateof.ferment~tion.Because the contents are thoroughly mixed, temperature distrib
ution is more uniform throughout the tank volume. Sludge feeding and withdrawal are 
c«ptinllousornearlyso.Theretention time required for the first-stage unit is normally 
bet\NeenlO.and IS days.• Organic loading rates vary between 1.6 and 8.0 kg total 
volatile solids per m3 of digester per day, 

The primaryfunctions of the second-stage digester are solids/liquid separation and 
residual gas extraction. First-stage digesters may be equipped with fixed or floating 

http:a~~ry.~t~~!l!il1l~m~.h:~xip.g.~~~paciJyofO.04
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FIGURE 6-45 
Schematic of a high-rate anaerobic digester. 

covers. Second-stage digester covers are often of the floating type (Figure 6-46). 
Second-stage units are generally not heated. 

The first-stage digester of a high-rate system approximates a completely mixed re
actor without solids recycle. Hence, the biological solids retention time (SRT) and 
the hydraulic retention time are equal for this system. As with the aerobic digesters, the 
most important operating parameters affecting VSS reduction are solids retention time 
and digestion temperature. 

TheJ?OD remaining at the end of digestion is still quite high. Likewise, the 
suspended solids may be as high as 12,000 mg/L, while the TKN maybe on the order 
ofJ,pOOn;lg/L.Thus,thes~pematant from the secondary digester (in the high-rate 
proc\s?:risretum~dtQtheheadend of the WWTP. The settled sludge is conditioned 
anddewateredfordisposal . 

•• §1~~g~••·0()n([iti6ri!Ilg 
Cnemic~I1Comlitioning. Several methods of conditioning sludge to facilitate the sep
aratiorlof the liquid and solids are available. One of the most commonly used is the 
addition ofcoagulantssuch asJerricchloride, lime, or organic polymers. Ash from in
9iQ~ratedsludgehasalso found use as a conditioning agent. As happens when coagu
lants are added to turbid water, chemical coagulants act to clump the solids together so 
that they are more easily separated from the water. In recent years, organic polymers 
have become increasingly popular for sludge conditioning. Polymers are easy to handle, 
require little storage space, and are vetyeffective. The conditioning chemicals are in
jectedintothe sludge just before the dewatering process and are mixed with the sludge. 

HeatTreatment. Another conditioning approach is to heat the sludge at hightem
peratures(175 to 2300 e) and pressures (1,000 to 2,000 kPa). Under these conditions, 
much like those of a pressure cooker, water that is bound up in the solids is released, 
improving the dewatering characteristics of the sludge. Heat treatment has the advan
tage of producing a sludge that dewaters better than chemically conditioned sludge. 
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cross section of detail of floating cover. (Courtesy of Envirex.) 

The process has the disadvantages of relatively complex operation and maintenance 
and the creation of highly polluted cooking liquors that when recycled to the treatment 
plant impose a significant added treatment burden. 

SIll,ijgel)ewatering 
Sludge f)rying Beds. The.mast popular method of sludge dewatering in the past has 
been theuseof sludge drying beds.These beds are especially popular in small plants 
because oftheir simplicity of operation and maintenance. Seventy-seven percent of aU 
United States wastewater treatment plants utilized drying beds; one-half of all the 
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municipal sludge produced in the United States was dewatered by this_,method (U.S. 
EPA, 1981). Most of these plants are located in small- and.ITledium~sized communities, 
with an average flow rate of less than 0.10 m 3Js. Some larger cities, such as Albe
querque, Fort Worth, Texas, Phoenix, and Salt Lake City, use sand drying beds. Al
though the use of drying beds might be expected in the warmer, sunny regions, they are 
also used in several large facilities in northern climates. 

Operational procedures common to all types of dryiIlg beds involve the following 
steps: 

1. 	 Pump 0.20 to 0.30 m of stabilized liquid sludge onto the drying bed surface. 

2. 	 Add chemical conditioners continuously, if conditioners are used, by injection 
into the sludge as it is pumped onto the bed. 

3. 	When the bed is filled to the desired level, allow the sludge to dry to the desired 
[mal solids concentration. (This concentration can vary from 18 to 60 percent, de
pending on several factors, including type ofsludge, processing rate needed, and 
degree of dryness required for lifting. Nominal drying times vary from 10 to 15 d 
under favorable conditions, to 30 to 60d under barely acceptable conditions.) 

4. 	 Remove the dewatered sludge either mechanically or manually. 

5. 	Repeat the cycle. 

Sand drying beds are the oldest, most commonly used type of drying bed. Many 
design variations are possible, including the layout of drainage piping, thickness and 
type of gravel and sand layers, and construction materials. Sand drying beds for waste
water sludge are constructed in the same manner as water treatment plant sludge-
drying beds~<CurrentU.S.practice was discussed and illustrated in. Section 4-10 . 

•San~dryingbedscanbebuiltwith or without provision for mechanical sludge re
moval;and~ithor"ViWoutaToof. When the cost of labor is high, newly constructed 
bedsared~signedformechanicalsludge removal. 

'··'·Nacufin;l~FiJfrati~n.AvaCuU1n filter consists of a cylindrical.drum covered with a 
filtering material or fabric, which rotates partially submerged in a vat of conditioned 
sludge. Avacuumisapplied inside the drum to extract water, leaving the solids, or fil
tercake, onthe filter medium. As the drum completes its rotational cycle, a blade 
§crap~~t~~.fil~~rcakefr()mthefilter and the cycle begins again. In some systems, 
the filter fabric passes off the drum over small rollers to dislodge the cake. There is a 
wide variety of filter fabrics, ranging from Dacron to stainless-steel coils, each with its 
own advantages. The vacuum filter can be applied to digested sludge to produce a 
sludge cake dry enough (15 to 30 percent solids) to handle and dispose of by burial in 
a landfill or by application to the land as a relatively dry fertilizer. If the sludge is to be 
incinerated, it is not stabilized. In this case, the vacuum filter is applied to the raw 
sludge todewater it The sludge cake is then fed to the furnace to be incinerated. Vac
uurnfrltersare beirigreplaced by continuous belt filter presses. 

Continuous Belt Filter Presses (CBFP). The CBFP equipment used in treating waste
water sludges is the same as that used for water treatment plant sludges (Figure 6-47). 
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FIGURE 6-47 

Contil1uousbeltfilter press. (Courtesy of Komline-Sanderson Engineering Corporation.) 


TheCBFP is successful with many normal mixed sludges. Typical dewatering re
sultsfor digested mixed sludges with initial feed solids of 5 percent give a dewatered 
cake of 19 percent solids at a rate of 32.8 kg/h' m2

. In general, most of the results with 
these units closely parallel those achieved with rotary vacuum filters. An advantage of 
CBFPsis that they do not have the sludge pickup problem that sometimes occurs with 
rotary vacuum filters. Additionally, they have a lower energy consumption. 

Reduction 
ir;~~ij;cillet~.t!?I1•...}f$lu~geuseasasoilconditioner is not practical, or if asite is not 
f]l~ya.[la~IY.(()E>li:lrtdnllusingdewateredsludge, cities may tum to the alternative of 
;ii:jSl11cfg~·l'~clucti~.?'ilncinexa!ip~completelyevaporates the moisture inthe sludge and 

~Ol1'lbH~~~~J~e.sr~a~ic;solidsto~sterileash.Tomi~imize.theo-amount of fuel used, the 
.i,,~~.~§~~g~.;§¥~~i~reide,\¥(lte,[e~a~5qlTIp:l~telyasppssible before incineration. The exhaust 
~i ;g~sil'?l'l1amiqpiherat(lrmustbetreatedcarefully to avoid·-air pollution. 

62f'3SLtrUGE DISPOSAL 
:,-':,_./":<::'; ,,',":-:.:-:-:">--: -:--~-> '" ,,' " 

"if, "'P{tll1l~tenis~ijsal' 
TheWWTP process residuals (leftover sludges, either treated or untreated) are the 
bane of design and operating personnel. Of the five possible disposal sites for residu
als, two are feasible and only one is practical. Conceivably, one could ultimately dis
poseofresiduesintheJoliowing places: in the air, in the ocean, in "outer space," on 
thetaild, orin the marketplace. Disposal in the air by burning is in reality not ultimate 
disp~S~Fbur?I)lytemporarystorageuntil the residue falls to the ground. If you use air 

.	p~IIWion~omroldevices,thenthe residue from these devices must be disposed of. 
DisposaLofsewage sludge at sea by barging is now prohibited in the United States. 
"Outer space" is nora suitable disposal site. Thus, we are left with land disposal and 
utilization of the sludge to produce a product. 
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For ease of discussion, we have divided land dfsposal into thr.ee categories: land 
spreading, landfilling, and dedicated land disposal. We nave grouped all of the utiliza
tion ideas under one category. 

Land Spreading for Sustainability 
The practice of applying WWTP residuals for the purposes of recovering nutrients, wa
ter, or reclaiming despoiled land such as strip mine spoils is called land spreading. In 
contrast to the other land disposal techniques, land spreading is land-use intensive. Ap
plication rates are governed by the character of the soil and the ability of the crops or 
forests on which the sludge is spread to accommodate it. 

Landfilling 
Sludge landfill can be defined as the planned burial of wastewater solids, including 
processed sludge, screenings, grit, and ash, at a designated site. The solids are placed 
into a prepared site or excavated trench and covered with a layer of soiL The soil cover 
must be deeper than the depth of the plow zone (about 0.20 to 0.25 m), For the most 
part, landfilling of screenings, grit, and ash is accomplished with methods similar to 
those used for sludge landfilling. 

Dedicated Land Disposal (DLD) 
Dedicated land disposal means the application of heavy sludge loadings to some finite 
land area that has limited public access and has been set aside or dedicated for all 
time to the disposal of wastewater sludge. Dedicated land disposal does not mean in
place utillzation. No crops may be grown. Dedicated sites typically receive liquid 
sludges. While application of dewatered sludges is possible, it is not common. In addi
tion, disposal ofdewatered sludge in landfills is generally more cost-effective. 

Utilization 
\Va~tewatetsolids tnaysollletimes be used beneflCially in ways other than as a soil nu

. trient.Ofthese,veraLmethodsworthy of note, composting and co-firing with munici
palsoIid waste are two which have received increasing amounts of interest in the last 
few years. The.recovery of lime and the use of the sludge to form activated carbon have 
also been in practice to a lesser extent. 

Sludge Disposal Regulations 
On February 19, 1993, the EPA promulgated risk-based regulations that govern the use 
or disposal of sewage sludge. These regulations are codified as 40 CFR Part 503 and 
have become known as the "503 Regulations." The regulations apply to sewage sludge 
generated from the treatment of domestic sewage that is land-applied, placed on a sur
face disposal site, or incinerated in an incinerator that accepts only sewage sludge. The 
regulations do notapply to sludgegenerated from treatment of industrial process wastes 
atari industrialJacility, hazardous sewage sludge, sewage sludge with polychlorinated 
biphenyl (PCB) concentrations of 50 mgIL or greater, or drinking water sludge. 

Figure 6-48 summarizes the sludge quality requirements for use or disposal. The 
regulation establishes two levels of sewage sludge quality with respect to heavy-metal 



Polluhmt Limits
finall'sc or 

DisllOSlll 
Practice Pollution Concentration Ceiling Concentration _ 

Limits -Table 3 of§ 503.13 Limits-Table 1 of§503.13 

Pollutant Monthly Avg. 
mg/kg 

Pollutant Maximum 
mg/kg 

LAND APPLICATlON Arsenic 41 Arsenic 75 
Cadmium 39 Cadmium 85 

Bulk sewage 
sludge applied 

to: 

Class A 
Any of vector 
options 1-8 

Chromium 
Copper 
Lead 

1200 
1500 
300 

Chromium 
Copper~ 

Lead 

3000 
4300 

840 

- Lawn or home garden 
Mercury 
Molybdenum 

17 
18 

Mercury 
Molybdenum 

57 
75 

Nickel 420 Nickel 420 
Selenium 36 Selenium 100 
Zinc 2800 Zinc 7500 

Sell or give Ceiling concentration limits and annual pollutant loading
Any of vector away in bag or Class A I--+- rate OR ceiling concentration limits and pollutantf--+- 1-+ 
options 1-8other container concentration limits 

L , 

Bulksew:lge Ceiling concentration limits and cumulative pollutantAny of vector 
sludge applied I Class Aor B -+ ~ loading rate OR ceiling concentration limits and pollutantoptions 1-10 

concentration limits 

- Agricultural land. including pasture 
- Forest land 
- Public contact site Unit Boundary to Pollutant Concentrations'" 
-Reclamation site 

Property Line Arsenic Chromium Nickel 
Distance in Meters mg/kg mg/kg mg/kg 

oto < 25 30 30 30Anyof vector 
25 to< 50 34 34 34options 1--11 
50 to <75 39 39 39 

7510 < 100 46 46 46 
*,.Sill!.Sp~ciji~Um;t.v 100 to < 125 53 53 53

maybe approved by 
12510< 150 62 62 62.···tireperlnitlilig. 

authi)rt(~.ifreq¥.esledi 73 73 73 

,.------------------------~ 

No pollutant limits 

..... . .... 

Sewage sludge 1-+ None f--+- None f--+- Site-specific pollutant limits 
mcmerator 

• Demonstrate non-
None None No pollutant limits, but must: hazardous using TCLP 

• Perform paint filter test 

Sludge qual ity requirements for use or disposal practices. 

I 

523 
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TABLE 6-18 
Land application limits for heavy metalsa,b 

Cumulative Annual 
Ceiling pollutant Pollutant pollutant 

concentration loading concentration loading 
limits, rates, limits, rates, 

Pollutant mg/kg kg/ha mg/kg kg/ha' y 

Arsenic 75 41 41 2.0 
Cadmium 85 39 39 1.9 
Chromium 3,000 3,000 1,200 150 
Copper 4,300 1,500 1,500 75 
Lead 840 300 300 15 
Mercury 57 17 17 0.85 
Molybdenum 75 18 18 0.90 
Nickel 420 420 420 21 
Selenium 100 100 36 5.0 
Zinc 7,500 2,800 2,800 140 

"Source: 40 CFR Part 503.13 
/'Concentrations are on a dry-weight basis 

concentrations: ceiling concentration limits and pollution concentration limits. To be 
land-applied, bulk sewage sludge must meet the pollutant ceiling concentration limits 
and cumulative pollutant loading rates (CPLR) or the pollutant concentration limits 
(Table 6-18). Bulk sewage sludge applied to lawns and home gardens must meet the 
pollutantconcentration limits. Sewage sludge sold orgiven away in bags must meetthe 
pollutantconcentratiol1lirnits or the annual sewage sludge product application rates 
tllatar~Rase(lon the annualpollutant loading rates. 

Twolevels ()fqualityforpathogendensities (class A and class B) are defined 
inJ~.ec.re~ulatiop.AllclassApat9ogen reduction alternatives require that either fecal 
~Rlif~rm~.~r~itybele~sthan·l,OOOmost probable number (MPN) per gram of total 
solids, or Salmonella bacteria be less than 3 MPN per 4 grams of total solids. The 
class A treatment alternatives include treating the sludge for a specified time and tem
perature cOIl1bination, heat-enhanced alkaline stabilization, treatment in a process to 
t~Rtti~fTeciucyp~tll()gel1s(pF'Rp),anduseof processes that are proven to reduce virus 

.	plaque~forming units and helminth ova to less than 1 per 4 grams of sludge. PFRPs 
include composting, heat drying, heat treatment, thermophilic aerobic digestion, beta
and gamma-ray irradiation, and pasteurization. The class B pathogen standard is less 
than 2 million fecal coliforms per gram of sludge or treatment in a process to signifi
cantlyreduce pathogens (PSRP). The PSRPs include aerobic digestion, air drying, 
anaerobic digestion, composting, and lime stabilization. Sludges meeting the class A 
pathogen densities may be land-disposed immediately. Time restrictions are placed on 
harvesting crops, grazing of animals, and public access to sites on which class B 
sludgeisapplied. 

Vectors are insects (or other animals) that transmit disease. The organic nature 
of sludge often attracts vectors afterthe sludge is land-applied. The 503 regulations 
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provide 11 alternatives to reduce vector attraction. Some or the alternatives are: volatile 
solids reduction of38 percent of more, achieving a standard oxygen uptake rateof less 
than 1.5 mg O2 per hour per gram of dry solids at 200 e, aerobic treatment at greater 
than 40°C with an average temperature greater than 45°e for 14 days, alkaline stabi
lization, sludge drying, surface incorporation, and soil cover. 

The 503 regulations are "self-implementing" in that permits are not required to re
quire conformance. 

6·14 CHAPTER REVIEW 

When you have completed studying this chapter; you should be able to do the follow
ing without the aid ofyour text or notes: 

1. 	 ListBODs values for strong, medium, and weak domestic wastewater. 

2. 	List and describe five on-site alternatives for treating and/or disposing of 
domestic. sewage. 

3. 	Choose the correct on-site treatment/disposal system on the basis of popula
tion, landuse, and soil conditions. 

4. 	 Explain the difference between pretreatment, primary treatment, secondary 
treatment, and tertiary treatment, and show how they are related. 

5. 	 Sketch a graph showing the average variation of daily flow at a municipal 
wastewater treatment plant (WWTP). 

Defineanciexplain the purpose of equalization. 

anoxic, and anaerobic), list the 
and relative advantages and disad-

bacteria and explain why a bacterium needs 

§ketc~and label the baCterial growth curve for a pure culture. Define or 
explaineachphase labeled on the·curve. 

lo.iD~fihe(}c,SRt,aTldsludgeage, and exphiin their use in regulating the acti
vated sludge process. 

11. 	 Explain the purpose of the F[M ratio and define F and M in terms of BODs 
and mixed liquor volatile suspended solids. 

12. 	 Explain therelationship between F/M and Be 

Explain how cell production is regulated using F/M and/or Be

Cqmparetwo systems operating at two different F/M ratios. 

Define SVI and explain its use in the design and operation of an activated 
sludge plant. 
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16. 	Explain the difference betw'etm bulking sludge and rising: sludge and what 
circumstances cause each to occur. 

17. 	Sketch, label, and explain the function of the parts of an activated sludge 
plant and a trickling filter plant. 

18. 	List and explain the relationship of the five types of oxidation ponds to oxygen. 

19. 	 Explain what an RBC is and how it works. 

20. 	Compare the positive and negative effects of disinfection of wastewater effluents. 

21. 	 List the four common advanced wastewater treatment (AWT) processes and 
the pollutants they remove. 

22. 	 Explain why removal of residual suspended solids effectively removes resid
ual BOD5• 

23. 	 Describe refractory organic compounds and the method used to remove them. 

24. 	 List three chemicals used to remove phosphorusJrom wastewaters. 

25. 	 Explain biological nitrification and denitrification either in words or with an 
equation. 

26. 	 Explain ammonia stripping either in words or with an equation. 

27. 	 Describe the three basic approaches to land treatment of wastewater. 

28. 	 State the two major purposes of sludge stabilization. 

29. 	 Explain the purpose of each of the sludge treatment steps and describe the 
major processes used. 

pescrii;Jethe locationsfor ultimate disposal of sludges and the treatment 
steps needed prior to ultimate disposal. 

Withthedid.o!thistext,youshould be able to do thefollowing: 

1. 	 Determil1e the volume of a septic tank and the area of a tile field to treat 
wastewaterfrom afamily or institution, given the proper data. 

2. 	 Determine whether or not a grit particle of given diameter and density will 
be captured in a given velocity-controlled grit chamber, or determine the 
minimum diameter that will be captured under a given set of conditions. 

3. 	 Determine the required volume of an equalization basin to dampen a given 
periodic flow. 

4. 	 Determine the effect of equalization on mass loading of a pollutant. 

5. 	 Evaluate or size primary and secondary sedimentation tanks with respect to 
detention time, overflow rate, solids loading, and weir loading. 

6. 	 Calculate the bacterial population at a time t, given the initial population and 
the number of generations. 
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7. 	 Estimate the soluble BOD5 in the effluent from a completely mixed or 
plug-flow activated sludge plant; determine the mean cell residence time"or the 
hydraulic detention time to achieve a desired degree of treatment; determine the 
"wasting" flow rate to achieve a desired mean cell residence time or F/M ratio. 

8. 	Calculate the F/M ratio given an influent BOD5," flow, and detention time, or 
calculate the volume of-the aeration basin given F/M, BOD5, and flow. 

9. 	Calculate SVI and utilize it to determine return sludge concentration and/or 
flow rate. 

10. 	Calculate the required mass of sludge to be wasted from an activated sludge 
process given the appropriate data. 

11. 	Calculate the theoretical mass of oxygen required and the amount of air re
quired to supply it given the appropriate data. 

" 12. 	Use the appropriate trickling filter equation to determine one or more of the 
following, given the appropriate data: treatment efficiency, filter volume,
.fiiterdepth, hydraulic loading rate. 

13. 	 Perform a sludge mass balance, given the separation efficiencies and appro
priate mass flow rate. 

6-15 PROBLEMS 

6·1. Design a septic tank and tile field system for a highway rest area. Use the 
fa llowing.assumptions: 

= 6,000 vehicles/d 

GWT= average4.2 ill below grade 

g. Soilpercolationrate: 5 min/em 

:GirtgerSllapis:plannil1gtoexpandher Kookie Jar restaurant to a full-size 
restaurant to be called the Pretzel Bow LThe existing septic tank has a vol
ume of 4.0m3 and the existing tile field has a trench area of 100.0 m2

. If 
the anticipated wastewater production from the Pretzel Bowl is 4,000 L/d, 
will Ms. Snap have to expand either the septic tank or the tile field or 

both?Assumethe soil is a sandy loam. 


Ifapartic1ehavingaO.0170~cm radius and density of 1.95 g/cm3 is allowed 
tofal1i~toquiescentwaterhavinga temperature of 4°C, what will be the 
terminal settling velocity? Assume the density of water 1,000 kg/m3

. 

Assume Stoke'S law applies. 

Answer: 3.82 X lO--2 m/s 
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6-4. 

6-5. 

6-6. 


6-7. 


If the terminal settling velocity of a par"tide falling in quiescent water 
having a temperature of 15°C is 0.0950 cm/s, what is its diameter? 
Assume a particle density of 2.05 g/cm3and density of water equal to 
1,000 kg/m3. Assume Stoke's law applies. 

You have been asked to evaluate the ability of a horizontal-flow, gravity 
"grit chamber to remove a 0.020 cm diameter particle under winter and 

summer conditions. The particle density is L83 g/cm3. The winter waste
water temperature is 12°e. The summer wastewater temperature is 25°C. 
The depth of the grit chamber is 1.0 m. The detention time of the waste
water in the grit chamber is 60 s. Assume the density of the wastewater is 
1,000 kg/m3.Assume Stoke's law applies. 

A treatment plant being designed for Cynusoidal City requires an 
equalization basin to even out flow and BOD variations. The average 
daily flow is 0.400 m3/s. The following flows and BOD5 have been 
found to be typical of the average variation over a day. What size 
equalization basin, in cubic meters, is required to provide for a uniform 
outflow equal to the average daily flow? Assume the flows are hourly 
averages. 

Time Flow, m3/s BODs, mg/L Time Flow, m3/s BODs, mg/L 

0000 0.340 123 1200 0.508 268 

0100 0.254 118 1300 0.526 282 

0200 0.160 95 1400 0.530 280 

0300 0.132 80 1500 0.552 268 

0400 0.132 85 1600 0.570 250 

0500 0.140 95 1700 0.596 205 

0600 0.160 100 1800 0.604 168 

0700 0.254 118 1900 0.570 140 

0800 0,360 136 2000 0.552 130 

0900 0.446 170 2100 0.474 146 

1000 0.474 220 2200 0.412 158 

1100 0.482 250 2300 0,372 154 

Answer: ¥ = 6,105.6 plus 25% excess = 7,630 m3 

A treatment plant being designed for Metuchen requires an equalization 
basintoeven out flow and BOD variations. The following flows and 
BODs have been found to be typical of the average variation over a day. 
What size equalization basin, in cubic meters, is required to provide for a 
uniform outflow equal to the average daily now? Assume the flows are 
hourly averages. 



529 WASTEWATER TREATMENT 

Time Flow, m3/s BODs, mg/L Time Elow, m3/s BODs, mg/L 

0000 0.0875 110 1200 0.135 160 

0100 0.0700 81 l300 0.129 150 

0200 0.0525 53 1400 0.123 140 

0300 0.0414 35 1500· 0.111 135 

0400 0.0334 32 1600 0.103 130 

0500 0.0318 42 1700 0.104 120 

0600 0.0382 66 1800 0.105 125 

0700 0.0653 92 1900 0.116 150 

0800 0.113 125 2000 0.l27 200 

0900 0.l31 140 2100 0.128 215 

1000 0.135 150 2200 0.121 170 

0.137 155 2300 0.110 130 

6-8. 	 A treatment plant being designed for the village of Excel requires an 
equalization basin to even out flow and BOD variations. The following 
flows and BODs have been found to be typical of the average variation 
over a day. What size equalization basin, in cubic meters, is required to 
provide for a uniform outflow equal to the average daily flow? 

BODs, mg/L Time Flow, m3/s BODs, mg/L 

0.0012 50 1200 0.0041 290 

.0.001:1 34 l300 0.0041 290 

0;0009 30 1400 0.0042 275 

0.0009 30 1500 0.0038 225 
OJ)O()9 33 1600 0.0033 170 

0.0013 55 1700 0.0039 180 

0.0018 73 1800 0.0046 190 
0700···· 0 . .0026. no 1900 0.0.046 190 

0800 0.0033 150 2000 0.0044 190 

.0900 0.0039 195 2100 0.0034 160 

1000 0.0047 235 2200 0 . .0031 125 

HOO 0.0044 265 2300 0.0020 80 

Computeand plot theunequalized and the equalized hourly BOD mass 
loa.dings totheCynusoidal City WWTP (Problem 6-6). Using the plot and 
computations, determine the following ratios, for BOD mass loading: peak 
to average; minimum to average; peak to minimum. 
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Answers: 

Unequalized Equalized', 

PIA 1.97 1.47 


MIA 0.14 0.63 


.PIM 14.05 . 2.34 


6-10. 	Repeat Problem 6-9 using the data from Problem 6-7. 

6-11. 	Repeat Problem 6-9 using the data from Problem 6-8. 

6-12. 	The Ogolly Testing Company has delivered the graph of their results from 
a batch settling column test conducted for design of a primary settling tank 
(Figure P-6-12). Determine the detention time and overflow rate for a pri
mary settling tank that wiH reduce the influent suspended solids concentra
tion from 286 mg/L to 85 mg/L. 

0 

c,; Removal 

-..- 55% -- 60% 
E 

.::; ---A.- 65% 
a 2 
il,) 	 -H- 70%Q 

-lk- 75% 

3 -.- 80% 

90%-+

Time. min 

FIGURKP~6~12 

Batch set!lingcolumn data. 
,- " 

6-13~lJetefIl1inetheidetention time and overflow rate for a primary settling tank 
thatwillreducethe influent suspended solids concentration from 330 mg/L 
to 150mg/L. Thefollowing batch settling column data are available. The 
data giyen are percentremovals at the sample times and depths shown. 

Depths, m 

Time (mm) 0.5 1.5 2.5 3.5 4.5 

10 50 32 20 18 15 

20 75 45 35 30 25 

40 85 65 48 43 40 

55 90 75 60 50 46 

85 95 87 75 65 60 

95 95 88 80 70 63 
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6-14. The following test data were gathered to design a primary settlirig tank for 
a municipal wastewater treatment plant. The initial suspended solids" con
centration for the test was 200 mg/L. Determine the detention time and 
overflow rate that will yield 60 percent removal of suspended solids. The 
data given are suspended solids concentrations in mg/L. 

Time, min 

Depth, III 10 20 35 50 70 85 

0.5 140 100 70 62 50 40 

1.0 150 130 106 82 70 60 

1.5 154 142 120 100 78 70 

2.0 160 146 126 110 90 80 

2.5 170 150 130 114 100 88 

6-15. 	Using an overflow rate of 26.0 mid and a detention time of 2.0 h, size a 
primary sedimentation tank for the average flow at Cynusoidal City (Prob
lem 6-6). What would the overflow rate be for the unequalized maximum 
flow? Assume 15 sedimentation tanks with length-to-width ratio of 4.7. 

Answers: Tank dimensions = 15 tanks at 2.17 m deep by 4.34 m by 
20.4 m. Maximum overflow rate 39.3 mid 

6,.16. 	 Determine the surface area of a primary settling tank sized to handle a max
imurnhourlyflow of0,570m3/satan overflowrate of 60.0 mid. If the ef
fectivet~nkdepthis 3.0 m,whatistheeffective theoretical detention time? 

Answeis:·Surface area =820.8001'821 m2
; e= 1.2 h 

6~r7.·~t~(uleqmtlizationbasinisinstalled.aheadofthe.primary tank in Problem 
()-J6;thi3~yeragenowtothetank is reduced to 0.400 m3/s. What is the 
new overflow rate and detention time'? 

6..18."· Theinfluent BODs toa primary settling tank is 345 mg/L. The average flow 
rafeisg.0501113I~. IftheB0I)s removaL efficiency is 30 percent, how many 
kilograms ofBODs areremoved in the primary settling tank each day? 

6-19. 	The influent suspended solids concentration to a primary settling tank is 
435 mg/L. The average flow rate is 0.050 m3js. If the suspended solids re
moval efficiency is 60 percent, how many kilograms of suspended solids 
are removed in the primary settling tank each day? 

6-2.0' II the population ofmicroorganisms is 3.0 X lOs at time to and 36 hours 
"lateritis9.0 X 108 

, how many generations have occurred? 

Answer: n =1 L550r 12 generations 

6-21. The following data were gathered in a bacterial growth experiment. Plot a 
semi logarithm graph of the data, using a computer spreadsheet you have 
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written. At approximately,what time did log growth start andJenninate? 
How many generations occurred during log growth? .. 

Time, h Bacterial count 

0 	 X 103 

5 	 X 103 

10 1.5 X 103 

15 5.4 X 103 

20 2.0 X 104 

25 7.5 X 104 

30 2.85 X 105 


35 LOS X 105 


40 1.15 X 105 

45 1.15 X 105 

6-22. 	The following data were gathered by Kajima (1923) in an E. coli growth 
experiment. Plot a semilogarithm graph of the data using a computer 
spreadsheet you have written. Label the following phases on the graph: log 
growth, stationary, and death. Note that there is no lag phase or acclima
tion phase. Also note the change in pH with time as a result of the accumu
lation of by-products of metabolism. 

Time, h Bacterial count pH 

o 50. X 103 7.2 

6 	 175 X 106 6.9 


320 X 106 6.8 


538x106 7.2 

10624 609 X 7.6 


36 559 X 106 7.9 


106
48 493 X 8.2 


96 330 X 106 8.3 


106
192 53 X 	 8.5 

240 7.5 X 106 8.7 

6-23. 	Using the assumptions given in Example 6-5, the rule-of-thumb values for 
growth constants, and the further assumption that the influent BOD5 was 
reducedby32.0 percent in the primary tank, estimate the liquid volume of 
a completely mixed activated sludge aeration tank required to treat the 
wastewater in Problem 6-6. Assume an MLVSS of 2,000 mg/L 

An.Hver: Volume = 4,032 or 4,000 m3 
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6-24. 	Repeat Problem 6-23 using the wastewater in Problem 6-7. 

6-25. 	Repeat Problem 6-23 using the wastewater in Problem 6-8. 

6-26. 	The town of Camp Verde has been directed to upgrade its primary WWTP 
to a secondary plant that can meet an effluent standard of 25.0 mg/L 
BOD5 and 30 mg/L s~spended solids. They have selected a completely 
mixed activated sludge system for the upgrade. The existing primary treat
ment plant has a flow rate of 0.029 m3/s. The effluent from the primary 
tank has a BOD5 of 240 mg/L. Using the following assumptions, estimate 
the required volume of the aeration tank: 

L 	BOD5 of the effluent suspended solids is 70 percent of the allowable 
suspended solids concentration. 

2. 	 Growth constants values are estimated to be: Ks 100 mg/L BOD5; 

kd 0.025 d- I
; JLm = 10 d-'; Y = 0.8 mg \lSS/mg BOD5 removed. 

3. 	 The designMLVSS is 3,000 mg/L. 

6-27. 	Using a spreadsheet program you have written, rework Example 6-5 using 
thefollowingMLVSS concentrations instead of the 2,000 mg/L used in 
the example: 1,000mg/L; 1,500 mg/L; 2,500 mg/L; and 3,000 mg/L. 

6-28. 	Using a spreadsheet program you have written,deterrnine the effect of 
MLVSSconcentration on the effluent soluble BODs (S) using the data in 
Example 6-5. Assume the volume of the aeration tank remains constant at 
9701n3.Usethe same MLVSS values used in Problem 6-27. 

a0.4380 m3/s activated sludge plant is 0.200 mg/mg . d, the 
is 150 mg/L and the MLVSS is 2,200 

aeratl(m tank? 

1.29X 104 m3 

to find after settling the mixed 
minutes in alL graduated cylin

~~31~.~h~fMb?~Sal1dSVllllustbeachievedto reduce the return sludge flow 
. ·rateofExarnple6-8from0.150 m3/s to 0.0375 m3/s? (Note that there are 

several combinations that will be satisfactory.) 

6-32. 	Two activated sludge aeration tanks at Turkey Run, Indiana, are operated 
in series. Each tank has the following dimensions: 7.0 m wide by 30.0 m 
longhy4.3meffective liquid depth. The'plant operating parameters are as 
follows: 

Flow = O.0796n?/s 

SoiubleBODsafter primary settling 130 mg/L 

MLVSS == 1,500 mg/L 

MLSS = 1.40 (MLVSS) 
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Settled sludge vohitn~ after 30 min = 230.0 mL~ 

Aeration tank liquid temperature lSoC 

Determine the following: aeration period, F/M ratio, SVI, solids concen
tration in the return sludge.. 

Answers : Aerati~ period = 6.3 h; F/M = 0.33; SVI = 110 mig; 
X = 9,130 mg/L 

6-33. 	The SOO-bed Lotta Hart Hospital has a small activated sludge plant to treat 
its wastewater. The average daily hospital discharge is 1,SOO L per day per 
bed, and the average soluble BODs after primary settling is SOO mg/L. The 
aeration tank has effective liquid dimensions of lO.O m wide by 10.0 m 
long by 4.S mdeep. The plant operating parameters are as follows: 

MLVSS == 2,500 mg/L 

MLSS == 1.20 (MLVSS) 

Settled sludge volume after 30 min = 200 mL/L 

Determine the following: aeration period, F/M ratio, SVI, solids concen
tration in return sludge. 

6-34. 	The Jambalaya shrimp processing plant generates 0.012 m3/s of waste
water each day. The wastewater is treated in an activated sludge plant. 
The average BODs of the raw wastewater before primary settling is 
i ,400 mg/L. The aeration tank has effective liquid dimensions of 8.0 m 
wide by 8.0·m long by 5.0 m deep. The plant operating parameters are as 

~ follows: 

Soluble BODsafterprimary settling =966 mg/L 

MLVSS==.2,000 mg/L 

MLSS ::::: L25(MLVSS) 

Settledsludgevolumeafter 30 min = 225.0 mL/L 

Aeration tank liquid temperature = lSoC 

Determine the following: aeration period, F/M ratio, SVI, solids concen
trationin theretum sludge. 

6=35. 	 Using the following assumptions, determine the sludge age, cell wastage 
flow rate, and the return sludge flow rate for the Turkey Run WWTP 
(Problem 6-32). Assume: 

Suspended solids in the effluent are negligible 

Wastage is from the aeration tank 

Yield coefficient = 0.40 mg VSS/mg BODs removed 

Decay rate of microorganisms = 0.040 d- 1 

Effluent BODs == 5.0 mg/L (soluble) 

Answers: Be = 1L50"d; Qw = 0.00182 m3/s; Q,. = 0.0214 m3/s 
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6-36. 	Using the following assumptions, detennine tne_solids retention" time, the 
cell wastage flow rate, and the return sludge flow rate for the Lotta flart 
Hospital WWTP (Problem 6-33). Assume: 

Allowable BODs in effluent = 25.0 mg/L 


Suspended solids in effluent = 25.0 mg{L 


Wastage is from the return sludge line 

Yield coefficient = 0.60 mg VSS/mg BODs removed 

Decay rate of microorganisms 0.060 d-[ 

Inert fraction of suspended solids = 66.67% 

6-37. 	 Using the following assumptions, detennine the solids retention time, the 
cell wastage flow rate, and the return sludge flow rate for the Jambalaya 
shrimp processing piantWWTP (Problem 6'-34). Assume: 

Allowable BODs in effluent 25.0 mg/L 

Suspended solids in effluent 30.0 mg/L 

Wastage is from the return sludge line 

Yield coefficient 0.50 mg VSS/mg BODs removed 

Decay rate of microorganisms 0.075 d- 1 

Inert fraction of suspended solids = 30.0% 

6-38. .	The two secondary settling tanks at Turkey Run (Problem 6-32) are 16.0 m 
in diameter and 4.0 mdeep at the side wall. The effluent weir is a single 
launder set on the tank wall. Evaluate the overflow rate, depth, solids 
loading.and weir length of this tank for conformance to standard 

17:1m/d< 33 m/d;.OK 

SWQ<> 3.7n1 r~comn1endeddepth; OK 

SL~45.5Tkg/m2·d «250kg/m2. d; OK 

WL = 68.4 m3/d . m, which is acceptable 

6-39•. The single secondary settling tank at the Lotta Hart Hospital WWTP 
(BrQqlt(rn.6:-33)lsJO.Ornjndiameter and 3.4 m deep at the side walL The 
effluent weir is a single launder set on the tank wall. Evaluate the overf1ow 
rate, depth, solids loading, and weir length for conformance to standard 
practice. 

6-40. 	The single secondary settling tank at the Jambalaya shrimp processing 
WWTP (Problem 6-34) is 5.0 in in diameter and 2.5 m deep at the side 
walL The effluent weir is a single launder set on the tank wall. Evaluate 
t~e overflowrate,depth,solids loading, and weir length for conformance 
to standard practice. 

6-41. 	Envirotech Systems markets synthetic media for use in the construction of 
trickling filters. Envirotechuses the following formula to determine BOD 
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removal efficiency: 

~: = exp [- ~l 
where Le = BOD5 of effluent, mg!L 

Li BOD5 of influent, mg!L 
k = treatability factor, (m/d)O.5/m 
e= temperature correction factor 

= (1.035)T~20 

T = wastewater temperature, °C 
D = media depth, m 
Q = hydraulic loading rate, mId 
n = 0.5 

Using the following data for domestic wastewater, determine the treatabil
ity factor k. 

Wastewater temperature 13°C 

Hydraulic loading rate = 41. I mId 

% BOD remaining Media depth, m 

100.0 0.00 

80.3 1.00 

64.5 2.00 

41.6 4.00 

17.3 8.00 

Answer: k 1.79 (m/d)O.5/m at 20°C 

6"~2.UsingtheE:r1Vi~otechsystems·equation and the treatability factor from 
Problem 6:Al,estimate the depth of filter required to achieve 82.7 percent 
BOD5 removal if the wastewater temperature is 20°C and the hydraulic 
loading rate is 4L Lm/d. 

6.. 43. Koon, etal.(1976}, suggest that recirculation for a synthetic media filter 
may be considered by the following formula: 

exp [ - k~~l 
LI keD 

(l+r)-rexp[ Ql! 

wherer == recirculation ratio and all other terms are as described in Prob
lem 6-41. 

Use this equation to determine the efficiency of a 1.8-m-deep syn
thetic media filter loaded at a hydraulic loading rate of 5.00 mId with a 
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recirculation ratio of 2.00. The wastewater temperature is 16°C and the 
treatability factor is 1.79 (m/d)o.s/m at 20°C. 

6-44. 	Determine the concentration of the effluent BODs for the two-stage trick
ling filter described below. The wastewater temperature is 1rc. Assume 
the NRC equations apply. 

Design flow = 0.0509 m3/s 

Influent BODs (after primary treatment) = 260 mg/L 

Diameter of each filter 24.0 m 

Depth of each filter 1.83 m 

Recirculation flow rate for each filter 0.0594 m3/s 

6-45. 	Using a computer spreadsheet program you have written, plot a graph of the 
final effluent BODs of the two-stage filter described in Problem 6-44 as a 
function of the influent flow rate. Assume that the ratio of recirculation flow 
toinfluenrflowremains constant. Use flow rates of 0.02, 0.03, 0.04, 0.05, 
0.06, 0.07, 0.08, 0.09, and 0.10 m3/s for the influent. " 

6-46. 	Determine the diameter of a single-stage rock media filter to reduce an 
applied BODs of 125 mg/L to 25 mg/L. Use a flow rate of 0.14 m3/s, a 
recirculation ratio of 12.0, and a filter depth of 1.83 m. Assume the NRC 
equations apply and that the wastewater temperature is 20°C. 

6-47. Using a computer spreadsheet program you have written, plot a graph 
effluent BODs ofthe single-stage filter described in Problem 

function of the influent flow rate. Assume that the ratio of 
flow remains constant and that the filter 

loading rat~s of 10, 12, 14, 16, 18, 

area 0[90,000 m2 is loaded with a 
. 180kgofBODs. The operating depth 

0.8 to1.6m.Using the Michiganmles of thumb, determine 
whether this design is acceptable. 

Al1swers: 
." 

Loa:dingrate
- ~---

= 20.0kg/ha
-

. d 
~'-: '"",,\':' ,".- -'. u'-;"< "- "'" 

Detention time = 180 d 

This design is acceptable. 

6-49. 	Determine the required surface area and the loading rate for a facultative 
oxidation pond to treat a waste flow of 3,800 m3/d with a BODs of 100.0 
mg/L. 

6~5o. Rework Example 6-15 using alum [A1 2(S04h ·18 H20] to remove the 
phosphorus. 

Answer: 86.1 mg/L of alum 

6-51. 	Rework Example 6-15 using lime (CaO) to remove the phosphorus. 
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6-52. Prepare a monthly water'balance and estimate of the stprage..Yolume 
required (in m3

) for a spray irrigation system being designed for 
Wheatville, Iowa. 

The design population is 1,000 and the design wastewater generation 
rate is 280.0 Lpcd. Based on a nitrogen balance, the allowable application 
rate is 27.74 mm/mo. The area available is 40.0 ha. The percolation rate 
during the spray season is 150 mm/mo. Assume that the runoff is contained 
and reapplied. Assume "spray season" is when temperature is above O°e. 
In fact, spraying can continue to about -4°C but once spraying has 
stopped, it may not recommence until temperatures exceed +4°e. The 
following climatological data (from Kansas City) may be used. The water 
balance is a direct application of the hydrologic balance equation. The 
mass balance equation may be rewritten as: 

dS . 
- = p + WW - ET -c- G R 
dt 

where dS/dt change in storage, mm/mo 

P precipitation, mm/mo 


WW wastewater application rate, mm/mo 

ET = evapotranspiration, mm/mo 
G = groundwater infiltration, mm/mo 
R = runoff, mm/mo 

The storage volume required may be estimated from a mass balance of the 
form used for determining storage volume for reservoirs in Chapter 3. 

ClimatologicatdatafromKansas City, Missouri 

Evapotranspiration,a Precipitation, 
mm mm 

-0.2 23 36 

2.1 28 32 

Mar 6.3 43 63 

Apr 13.2 79 90 

May 18.7 112 112 

Jun 24.4 155 116 

Jul 27.5 203 81 

Aug 26.6 198 96 

Sep 21.8 152 83 

Oct 15.7 114 73 

Nov 7.0 64 46 
...,.Dec 2.1 .;.) 39 

°Estimated. 
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6·53. 	Prepare a monthly water balance and estimate .the storage volume re
quired for Flushing Meadows. The area available for spraying is 125 ha. 
The design popUlation for Flushing Meadows is 8,880. The average 
wastewater generation rate is 485.0 Lpcd. The percolation rate is 200 
mm/mo during the spray season. Assume that runoff is to be contained 
and reapplied. Assume also that the followiryg climatological data apply. 
Assume "spray season" is when temperature is above O°C. In fact, 
spraying can continue to about -4°C but once spraying has stopped, 
it may not recommence until temperatures exceed +4°C. See Problem 
6-52 for hints. 

Climatological data from Columbus, Ohio 

Average Evapotranspiration,a Precipitation, 
Month temperature, °C mm mm 

Jan 1.2 15 80 

Feb -OJ 20 59 

Mar 3.8 28 80 

Apr 10.4 58 59 

May 16.4 89 lO2 

Jun 21.9 117 106 

Jul 23..8 142 100 

22.9 	 130 73 

104 67 
76 . 54 

41 63 

15 59 . 

Prepare a n10nthly water balance for Weeping Water. The design popu
lation for Weeping Water is 10,080. The average wastewater generation 
rate is 385.0 Lpcd. The area available is 200.0 ha. The available lagoon 
volume is 300,000 m3

, The percolation rate is 150 mm/mo during the 
spray season. Assume that runoff is to be contained and reapplied. As
Sume also that the following climatological data apply. Assume "spray 
season" is when temperature is above 4°C. In fact, spraying can con
tinue to about~4°Cbut oncespraying has stopped, it may not recom
menceuntil temperatures exceed + 4°C. Is the lagoon volume sufficient? 
If not, how much additional volume is needed? See Problem 6-52 
for hints. 
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Climatological data' from Helena, Montanaa 

Average Evapofranspiration/ Precipitation, 
Month temperature, °C mm mm 

Jan -6.6 3 13 
Feb -3.1 5 10 
Mar 1.7 5 16 

Apr 6.7 35 23 

May 11.6 102 45 

Jun 16.2 178 46 

Jul 19.9 180 34 

Aug 19.3 163 32 

Sep 13.4 76 27 

Oct 8.4 '5 16 

Nov 4.3 5 12 

Dec 3.1 3 12 

a hUp!lcdo.ncdc.noaa.gov!ancsum!ACS. 
/J Estimated. 

6-55. Detennine the daily and annual primary sl udge production for a WWTP 
having the following operating characteristics: 

Flow = 0.0500 m3/s 

Irtfluentsuspended solids 155.0 mg/L 

Removal efficiency 53.0% 

Volatile solids =: 70.0% 

Specific gravity ofvolatile solids 0.970 

Fixed solids = 30.0% 

Specific gravityof fixed solids = 2.50 

Sludge concentration = 4.50% 

Answer: 1'$1 7.83 m 3/d 

6-56. Repeat Problem 6~55 using the following operating data: 

Flow 2.00 m3/s 

Influent suspended solids 179.0 mg/L 

Removal efficiency = 47.0% 

Specific gravity of fixed solids 2.50 

Specific gravity of volatile solids = 0.999 

Fixed solids =: 32.0% 
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Volatile solids = 68.0% 

Sludge concentration = 5.20% 

6-57. 	Using a computer spreadsheet you have written, and the data in Problem 
6-56, determine the daily and annual sludge production at the following 
removal efficiencies: 40,45,50,55,60, and 65 percent. Plot annual sludge 
production as a function of efficiency. 

6-58. 	Using Figure 6-36, Table 6-14, and the following data, determine If, E, J, 
K, and L in megagrams per day (Mg/d). 

A = 185.686 Mg/d 

7]E 	 0.900; 7]j = 0.250; 7]N:::: 0.00; 7]p = 0.150; TlH = 0.190 

Answers: 	B = 21.112 or 21.1 Mgld 


E = 190.011 or 190 Mg/d 


] 47.503 or 47.5 Mg/d 


K= 142.509 or 143 Mgld 


L = 144.147 or 144 Mg/d 


6-59. 	Rework Problem 6-58 assuming that the digestion solids are not dewatered 
prior to ultimate disposal; that is, K L. 

6-60. 	The value for TIE in Problem 6-58 is quite high. Rework the problem with 
a more realistic value of 7]E 0.50. 

6-61. The flowsheet for the Doubtful WWTP is shown in Figure P-6-61. 
Assuming that the appropriate values of 7] given in Figure 6-37 may be 

thatA= 7.250 Mg/d, X 1.288 Mg/d, and N :::: 
mass flow (in kg/d) ofsludge to be sent to ulti-

Ultimate disposal 

FIGUREP-6-61 
Flowsheeffor DoubtfulWWTP. 

6-62. 	 Using the following mass tlow data from the Doubtful W\VTP (Problem 
6-61) determine TIE, TID, 7]N, TlJ, 7]x· Mass flows for Doubtful \VWTP in 
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Mg/d: A = 7.280, B = 7.79~, D 0.390, E= 8.910, F = 6.940, 
J = 4.755, K 6.422, N = 9.428, X 0.468 '" - . 

6-63. The city of Doubtful (Problem 6-61) is considering the installation of 
thickening and dewatering facilities. The revised flow diagram for Doubt
ful to include thickening and dewatering with appropriate return lines is 
-shown in Figure P-6-63:Calculate a value for Lin Mg/d. Assume that the 
appropriate values of 1] given in Figure 6-37 maybe used when needed and 
that A 7.250 Mg/d, X 1.288 Mg/d. 

A Primary B Secondary ~ sedimentation reactor 

F 

G 
Thickening 

E 

H 

J 
Digestion 

K 

L 
Dewatering 

FIGURE P·6·63 

Revised flowsheetfor Doubtful WWTP. 


6-64. Dekrminethe surface area required for the gravity thickeners (assume that 
no thickener is greater than 30.0 m in diameter) to thicken the waste acti
vatedsludge(WAS) at Grand Rapids, Michigan, from 10,600 mg/L to 2.50 
percent solids. The waste activated sludge flow is 3,255 m3/d. Assume that 
the batchsettlingcurves of Figure 6-40 apply. Use a spreadsheet program 
you have written to plot the data and fit the tangent line. 

Answer: As =2,851.4 or 2,850 m 2 depending on graph reading. 
Thus, choose four thickeners at 30 m diameter. 

6-65. 	Determine the surface area required for the gravi ty thickeners of Problem 
6-64 if 710 m3/d of primary sludge is mixed with the WAS to form a sludge 
having 2.00 percent solids. The final sludge is to have a solids concentra
tion of 5.00 percent. The batch settling curve for mixed WAS and PS in 
Figure 6-40 is assumed to apply. Because of the additional sludge, assume 
five thickeners will be used. Use a spreadsheet program you have written 
to plot the data and fit the tangent line. 
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6-66. 	Settling test data from the Little Falls WWTP are shown below. Deter
mine the surface area for a gravity thickener for 733 m3/d of waste 
activated sludge. The final sludge concentration is to be 3.6 percent. 
Use a spreadsheet program you have written to plot the data and fit the 
tangent line. 

Suspended solids Initial settling 
concentration, giL velocity, mid 

4.0 	 58.5 

6.0 	 36.6 

8.0 	 24.1 

14.0 	 8.1 

29.0 	 2.2 

41.0 	 0.73 

6~67. ThePomdeterra wastewater treatment plant produces thickened sludge that 
has a suspended solids concentration of 3.8 percent. They are investigating 
a filter press that will yield a solids concentration of 24 percent. If they 
now produce 33 m3/d of sludge, what annual volume savings will they 
achieve if they install the press? 

6·68. Ottawa1sanaerobic 9igester produces 13 m3/d of sludge with a suspended 
solidscortcentration of 7.8 percent. What volume of sludge must they dis
pos~9fG~c:hyear iftheir sand drying beds yield a solids concentration of 

.. 3~gjrCen~?i .•• 
6-?9.:~eed.gat~h'sdig~stetproduces30m31mo of sludge with a suspended 

.... ..)';i/,~~s~lidsiP()I1C~mr~~ion of2.5percfnt.What soIi dsconcentration must their 
···.drying/fa'cilityachievetoreducethevolume to 3 m3/mo? . 

You are touring the research labs of the environmental engineers at your 
university. Two biological reactors are in a controlled temperature room 
that has a temperature of 35°C. Reactor A has a strong odor. Reactor B 
has virtually no odor. What electron acceptors are being used in each 
reactor? 

If the state regulatory agency requires tertiary treatment of a municipal 
wastewater, what,ifany, processes would you expect to find preceding the 
tertiary process? 

What is the purpose of recirculation in a trickling filter plant and how does 
it differ from return sludge in an activated sludge plant? 
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6-4. In which of the following cases is the cost of sludge disposaLhigher? 

a. Be = 3 days 

b. Be = 10 days 

6-5. Would an industrial wastewater containing only NH4 at a pH of 7.00 be 
'denitrified if pure oxygen was bubbled into it? Explain your reasoning. 
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There is an advantage to the unttppm that frequently makes itthe unit of choice. 
The advantage results from the fact that ppm is a volume-to-volume ratio. (Note that 
this is different than ppm in water and wastewater, which is a mass-to-mass ratio.) 
Changes in temperature and pressure do not change the ratio of the volume of pollutant 
gas to the volume of air that contains it. Thus, it is possible to compare ppm readings 
from Denver and Washington, DC, without further conversion. 

-
Converting JLg/m3 ppm. The conversion between p.,g/m3 and ppm is based on the 
fact that at standard conditions (O°C and 101.325 kPa), one mole of an ideal gas occu
pies 22.414 L. Thus, we may write an equation that converts the mass of the pollutant 
Mp in grams to its equivalent volume Vp in liters at standard temperature and pressure 
(STP): 

M 
Vp = p X 22.414 LlGM (7-4)

GMW 

where GMWis the gram molecular weight of the pollutant. For readings made at temper
atures and pressures other than standard conditions, the standard volume, 22.414 LlGM, 
must be corrected. We use the ideal gas law to make the correction: 

T 101.325 kPa2 
(7-5)22.414 LlGM X 273 K X P2 

where T2 and P2 are the absolute temperature and absolute pressure at which the read
ings were made. Since ppm is a volume ratio, we may write 

Vp 
ppm (7-6) 

a%!tw X 22.414 X X IOI.~; kPa 

(7-7)
ppm = Va X 1,000 Llm3 

where Mpis inp.,g. The factors converting p.,g to g and L to millions of L cancel one an
other. Unless otherwise stated, it is assumed that Va = 1.00 m3 

Example 7·1; A onec..cubic-meter sample of air was found to contain 80 p.,g/m3 of 
SOl' The temperature and pressure were 25°C and 103.193 kPa when the air sample 
was taken. What was the SOl concentration in ppm? 

Solution. First we must determine the GMW of SOl' From the chart inside the 
front cover, we find 

GMW of S02 = 32.07 + 2(16.00) = 64.07 

Next we must convert the temperature to absolute temperature. Thus, 

2YC + 273 K = 298 K 
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Now we may make use of Equation 7-7. 
80,ug 22414 298 101J2564.07 X . X m X 103193 

0.0300 ppm of S02ppm 
1.00 m3 X 1,000 Llm3 

Relativity. Before we launch into the esoterics of air pollution, let's take a 1l10ment 
to look at the relationship of a ppm and a JLm to something relevant to daily life. Four 
crystals of common table salt in one cup of granulated sugar is approximately equal to 
1ppm on a volume-to-volume basis. Figure 7-2 should help you visualize the size of a 
JLm. Note that a hair has an average diameter of approximately 80 JLm. 

Particle diameter, microns (,urn)(1 angstrom) (I mm) 
0.000 [ 0.00 I O.Ol 0.1 I 10 100 LOOO LO,OOO 

Solid: 1-'--'--+ Fume +--++ot---+-
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dispersoids 


Oil smokes 

. Tobacco smoke 

Red blood 

ceU diameter 


(adults): 7.5 ,urn 
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equipmem Mechanical » I 


separators
I I 
- - Electrostatic-precipitators - ~ 

O.OOl am 0.\ LO 100 1000 10.000 
(I mm) 

Characteristics of particles and particle dispersoids. (Source: Lapple. !951.) 
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7-3 AIR POLLUTION STANDARDS 

The 1970 Clean Air Act (CAA) required the U.S. Environmental Protection Agency 
(EPA) to investigate and describe the environmental effects of any air pollutant emit
ted by stationary or mobile sources that may adversely affect human health or the 
environm~nt. The EPA used these studies to establish the National Ambient Air Quality 

TABLE 7-1 
National Ambient Air Quality Standards (NAAQS) 

Concentration 
Criteria Standard Averaging period Allowable 
pollutant type /Lg/m-" ppm or method exceedancesa 

CO Primary 10,000 9 8-hour average Once per year 
Primary 40,000 35 I-hour average Once per year 

Lead Primary and 1.5 N/A Maximum arithmetic 
secondary mean measured over a 

calendar quarter "

NO::>. Primary and 100 0.053 Annual arithmetic mean 
secondary 

Ozone Primary and 235 0.12 Maximum hourly average" Once per year 
secondary 

Ozone Primary and 157 0.08 8-hour average c 

secondary 

Particulate Primary and 150 N/A 24-hour average One day per 
matter secondary year 
(PM y'.. 10 

50 N/A Annual arithmetic mean e 

65 N/A 24-hour average 

15 N/A Annual arithmetic mean f,g 

502 Primary 80 0.03 Annual arithmetic mean 
Primary 365 0.14 Maximum 24-hour Once per year 

concentration 

Secol1dary 1.300 0.5 Maximum 3-hour Once per year 
concentration 

a Allowable exceedances may actually be an average value over a multi-year period. 

I>The I-hour NAAQS will no longer apply to an area one year after the effective date of the designation of that area for the 8-hour ozone 

NAAQS. For most areas, the date of designation was June 15.2004. 

'l~verage fourthhighestconcentration over 3-year period. 

"Particulate matter standard applies to particles with an aerodynamic diameter s 10 p,m. 


• cThree,yearaverageof98thpercentile 24-hour concentration. 

fThree~year average ofweighted annual mean. 

'~EPAhas proposed to lower the the daily average PM2.5 to 35 p,g/m3 while leaving the existing annual average standard unchanged at 

15p,g/mJ. The Clean Air Scientitic Advisorv Board (CASAC) recommended that the annual average standard be set between 13 and 

14p,g/mJ and that the 24-hour standard be ;et between 30 and 35p,g/m3. Th~.final rule will be iss~ed by September 2006. 

(Source: 40 CFR 50.4-50.12 and 69 FR 23996.) 
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Standards (NAAQS). These standards are for the ambient air, that is, the outdoor air that 
normally surrounds us. EPA calls the pollutants listed in Table 7-1 criteria pollutants 
because they were developed on health-based criteria. The primary standard was estab
lished to protect human health with an "adequate margin of safety." The secondary stan
dards are intended to prevent environmental and property damage. In 1987, the EPA 
revised the NAAQS. The stand?rd for hydrocarbons waS dropped and the standard for 
Total Suspended Particulates (TSP) was replaced with a particulate standard based 
on the mass of particulate matter with an aerodynamic diameter less than or equal to 
10 p.m. This standard is referred to as the PMlO standard. It was replaced by a standard 
for particulate matter with an aerodynamic diameter less than or equal to 2.5 /Lm. 

States are divided into Air Quality Control Regions (AQRs). An AQR that has air 
quality equal to or better than the primary standard is called an attainment area. Those 
areas that do not meet the primary standard are called nonattainment areas. 

Underthe1970 CAA, the EPA was directed to establish regulations for hazardous 
air pollutants. (HAPs) using a risk-based approach. These were called NES HAPs
nationaLe01issionstandards for hazardous air pollutants. Because EPA had dif~culty 
defining"au ample margin of safety" as required by the law, only seven HAPs were 
regulated between 1970and 1990: asbestos, arsenic, benzene, beryllium, mercury, 
vinyl chloride, and radionuclides. The Clean Air Act Amendments of 1990 directed 
EPAtoeshiblishaHAP emissions control program based on technology for 189 chem
icals*(seeTablel~8for the list). EPA will establish emission allowances based on 
Maximum Achievable Control Technology (MACT) for 174 categories of industrial 
so~rcesthatpotentially emit 9.08 megagrams (Mg) per year of a single HAP or 22.7 Mg 
peryearofacombination of HAPs. A MACT can include process changes, material 
sl1bstitut!<Jns,orairjJ611ution<control equipment. 

GI} ···7.:.4EFFECTSmFAIRPOEEtJTANTS 

...• :i,~~~gi6i~~l'ii!ion. Five. mechanisms of deterioration have been attrib
.".~:ute,~iJ~;~fr(;B~11~tj8~;~gra~i?~, •.•depositionandretnoval,.direct·chemical attack, indirect 
~~iJ .c~elllicalattack, and electrochemical corrosion (Yocom and McCaldin, 1968). 
~f' .. , .. ~?li~p;articles ofJarg~ enoug~ size and traveling at high enough speed can cause 
.(C~:;g~t~por~ti()qgxa?I~sioI1.>}Vit~th~.e~cegtion()fsoilpartides in dust storms and lead 
;~,.. pan.igJ~~JrQWfl1.lt9J1l~ti.c»,~apqnsfire,most air pollutant particles either are too small 
(y6ttravelat.tooslowaspeed to be· abrasive. 

Small liquid and solid particles that settle on exposed surfaces do not cause more 
than aesthetic deterioration. For certain monuments and buildings, such as the White 
House, this form of deterioration is in itself quite unacceptable. For most surfaces, it is 
the cleaning process that causes the damage. Sandblasting of buildings is an obvious 
case inpoinr. Frequent washing of clothes weakens their fiber, while frequent washing 
ofpaiht~dsurfacesdullstheir·finish. 

Sol~bilization a~doxidationlreduc:tion reactions typify direct chemical attack. Fre
quently,water must be present as a medium for these reactions to take place. Sulfur 

*Subsequently modified. As of July 2005 there were 188 HAPs. 
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dioxide and S03 in the presence of water react with limestone (CaC03) to fonn cal
cium sulfate (CaS04) and gypsum (CaS04 . 2H20). Both ,CaS04 and CaS04 . 2H20 
are more soluble in water than CaC03, and both are leached away when it rains. The 
tarnishing of silver by H2S is a classic example of an oxidation/reduction reaction. 

Indirect chemical attack occurs when pollutants are absorbed and then react with 
some component of the absorbent: to fonn a destructive compound. The compound 
may be destructive because it forms an oxidant, reductant, or solvent. Further, a com
pound can be destructive by removing an active bond in some lattice structure. Leather 
becomes brittle after it absorbs S02, which reacts to form sulfuric acid because of the 
presence of minute quantities of iron. The iron acts as a catalyst for the fonnation of 
the acid. A similar result has been noted for paper. 

Oxidation/reduction reactions cause local chemical and physical differences on 
metal surfaces. These differences, in turn, result in the formation of microscopic an
odes and cathodes. Electrochemical corrosion results from the potential that develops 
in these microscopic batteries. 

Factors that Influence Deterioration. Moisture, temperature, sunlight, and position 
of the exposed material are among the more important factors that influence the rate of 
deterioration. 

Moisture, in the form of humidity, is essential for most of the mechanisms of deteri
oration to occur. Metal corrosion does not appear to occur even at relatively high S02 pol
lution levels until the relative humidity exceeds 60 percent. On the other hand, humidities 
above 70 to 90 percent will promote corrosion without air pollutants. Rain reduces the ef
fects of pollutant-induced COlTosion by dilution and washing away of the pollutant. 

High~r air temperatures generally result in higher reaction rates. However, when 
low air temperatures are accompanied by cooling of surfaces to the point where mois
ture condenses, then the rates may be accelerated. 

In addition to the oxidation effect of its ultraviolet wave lengths, sunlight stimu
lates air pollution damage by providing the energy for pollutant formation and cyclic 
reformation. The cracking of rubber and the fading of dyes have been attributed to 
ozone produced by these photochemical reactions. 
, The position of the exposed surface influences the ra"te of deterioration in two 
ways. First, whether the surface is vertical or horizontal or at some angle affects de
position and wash-off rates. Second, whether the surface is an upper or lower one may 
alter the rate of damage. When the humidity is sufficiently high, the lower side usually 
deteriorates faster because rain does not remove the pollutants as efficiently. 

Effects on Vegetation 
Cell and Leaf Anatomy. Because the leaf is the primary indicator of the effects of air 
pollution on plants, we shall define some terms and explain how the leaf functions. A 
typical plant cell (Figure 7-3) has three main components: the cell wall, the protoplast, 
and the inclusions. Much like human skin, the cell wall is thin in young plants and grad
ually thickens with age. Protoplast is the term used to describe the protoplasm of one 
cell. It consists primarily of water, but it also includes protein, fat and carbohydrates. 
The nucleus contains the hereditary material (DNA), which controls the operation of 
the cell. The protoplasm located OLltside the nucleus is called cytoplasm. Within the 
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FIGURE 7-3 

Typical plant celL (Source,' Fuller. 1960.) 


cytoplasmare tiny bodies or plastids. Examples include chloroplasts, leucoplasts, chro
moplasts,and.mitochondria. Chloroplasts contain the chlorophyll that manufactures the 
plant'sfoQdthrough Pllotosynthesisi Leucoplasts convert starch into starch grains. 
Ghto~oplastsat'eresponsible for the red, yellow, and orange colors of fruit and flowers. 

*gr?~~s~.~H~l1t~rpl.l~hatypicalmature ...·leaf (Figure 7-4) reveals three primary 
.{~)tissir~>syst~m~:Jre;~piderfl1is,Jhemesophyll;and the vascular bundle (veins). Chloro
.·!;;X pIa$ts~rell.s~al:Y'il}?~p(es~ntinepidermal.cells:Theopening in··the underside' of the 
'~j leffi~Jfl ··a,stefl1a.. ~Theglural?fstomaisstomata.)Themesophyll, which includes 
.R~th'lht~\part;nqrymq.<l9dthe.~PQflgyparenc~yma; contai ns chloroplasts. It is 

t~ef~()~;ip ........ ction·cynter. The vascuillf bundles carry water, minerals, and' food 
throllghouttheleafandtoand from the main stem of the plant. 
""'Fhe'guardcellsregl.llatethe passage ofgases and water vapor in and out of the 
le~f;~htpiti~ih9t,~p:~n)':~nd;windy,the ptocesses·of photosynthesis and respiration 
are increased; Tijeguard cells open, which allows increased removal of water vapor 
that otherwise would accumulate because of the increased transport of water and min
erals from the roots. 

Pollutant Damage. Ozone injures the palisade cells (Hindawi, 1970). The chloro
plastscondenseandultimately the cell walls collapse. This results in the formation of 
~~~-br?~nspots that turn white after a few days. The white spots are called fleck. Ozone 
jnJ~ry>~~pears to bethegreatest during midday on sunny days. The guard cells are more 
likelyJo~eQpenundertheseconditions and thus allow pollutants to enter the leaf. 

Plantgrbwth may be inhibited by continuous exposure to 0.5 ppm of N02. Levels 
of N02 in excess of 25 ppm for periods of four hours Of more are required to produce 
necrosis (surface spotting due to plasmolysis or loss of protoplasm). 
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Cross section of intact leaf. ( Source: Hindawi, 1970.) 


Sulfur dioxide injury is also typified by necrosis, but at much lower levels. A con
centration of OJ ppm for eight hours is sufficient (O'Gara, 1922). Lower levels for 
longerperiods of exposure will produce a diffuse chlolVsis (bleaching). 

The rietresultof air pollutant damage goes beyond the apparent superfIcial dam
age to theJ~ayes.Areductionin surface arearesul tsin less growth and small fruit. For 
cPIllmercialcropsthisresultsinadirect reduction in income for the farmer. For other 
plgntsthenetres~ltj~lik~lytQbe·an'·early death. 

'rlupri~eg~positi()popplantsnotonly causes themdamage but mayresult in a sec
ol1d~uptp}Y~f:~~ffectGr~zinganimalsmay accumulate an excess of fluoride that mot-
tlesth~ir:teethandultimatelycauses them to fall out. ' 

ProblemsofDi~gnosis. Yariousfactors make it difficult to diagnose actual air pol
lutipn~~Irulge.Dr()ughts,jIlsects, diseases, herbicide overdoses, and nutrient deticien
cie~a,1l9an9alJSejIljl!ry.thatresembles air pollution damage. Also, combinations of 
pollutants that alone cause no damage are known to produce acute effects when com
bined (Hindawi, 1970). This effect is known as synergism. 

Effects on Health 
Susceptible Population. It is difficult at best to assess the effects of air pollution on hu
man health; Personal pollution from smoking results in exposure to air pollutant concen
trationsfarhighe(thanthe low levels found in the ambient atmosphere. Occupational 
exposure may also result in pollution doses far above those found outdoors. Tests on 
rodents and othermammals are difficult to interpret and apply to human anatomy. Tests 
on human subjects are usually restricted to those who would be expected to survive. 
This leads us to a question of environmental ethics. If the allowable concentration levels 
(standards) are based on results from tests on rodents, they would be rather high. If the 
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allowable concentrationlevels must also protect those with 'existing cardiorespiratory ail
ments, they should be lower than those resulting from the observed effects on rodents. 

We noted earlier that the air quality standards were established to protect public 
health with an "adequate margin of safety." In the opinion of the Administrator of the 
EPA, the standards must protect the most sensitive responders. Thus, as you will note 
in thefollowingparagraphs, thestandards have been set qt the lowest level of observed 
effect. This decision has been attacked by some theorists. They say it would make bet
ter economic sense to build more hospitals (Connolly, 1972). However, one also might 
apply this kind of logic in establishing speed limits for highways, that is, raise the 
speed limit and build more hospitals, junk yards, and cemeteries! 

Anatomy of the Respiratory System. The respiratory system is the primary indica
tor ofair pollution effects in humans. The major organs of the respiratory system are 
the nose, pharynx, larynx,trachea, bronchi, and lungs (Figure 7-5). The nose, pharynx, 
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FIGURE 7-5 
The Respiratory System. (Sol/rcf!: NAS. 1961.) 
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larynx, and trachea together are ~alled the upper respiratory tract{URT). The primary 
effects of air pollution on the URT are aggravation ofthe sense of smell and inactiva
tion of the sweeping motion of cilia, which remove mucus and entrapped particles. The 
lower respiratory tract (LRT) consists of the branching structures known as bronchi 
and the lung itself, which is composed of grape-like clusters of sacs called qlveoli. The 
alveoli an~ approximately 300 J.Lm jn diameter. The walls of alveoli are lined with cap
illaries. Carbon dioxide diffuses through the capil~ary wall into the alveolus, while 
oxygen diffuses out of the alveolus into the blood cell. The difference in partial pres
sure of each of the gases causes it to move from the higher to lower partial pressure. 

Inhalation and Retention of Particles. The degree of penetration of particles into 
the LRT is primarily a function of the size of the particles and the rate of breathing. 
Particles greater than 5 to 10 J.Lm are screened out by the hairs in the nose. Sneezing 
also helps the screening process. Particles in the 1 to 2 f.Lm size range penetrate to the 
alveoli. These particles are small enough to bypass screening and deposition in the 
URT, however they are big enough that their terminal settling velocity allows them to 
deposit where they can do the most damage. Particl~s' that are 0.5 J.Lm in diameter do 
not have a large enough terminal settling velocity to be removed efficiently. Smaller 
particles diffuse to the alveolar walls. Refer to Figure 7-2 and note that the size of 
"Lung Damaging Dust" falls in the critical particle size range. 

Chronic Respiratory Disease. Several long-term diseases of the respiratory system 
are seriously aggravated by and perhaps may be caused by air pollution. Airway resistance 
is the narrowing of air passages because of the presence of irritating substances. The result 
is that breathing becomes difficult. Bronchial asthma is a foon of airway resistance that 
results from an allergy. An asthma "attack" is the result of the narrowing of the bronchi
oles.becauseofaswelling of the mucous membrane· and a thickening of the secretions. 
Thebronchiolesretumtonormalafter the attack. Chronic bronchitis is currently defined 
to bepresentin apersonwhen excess mucus in the bronchioles results in acough for three 
l11()nth.say~arfortwoconsecutive·years..Lung infections, tumors,· and heart disease must 
~~absent.1.Jl,llrnonaryemphysema is characterized by a breakdown of the alveoli. The 
srriaJlgrape-like clusters become a large nonresilient balloon-like structure. The amount 
of surface area for gas exchange is reduced drastically. Cancer ofthe bronchus (lung can
cer) is characterizedby abnormal, disorderly new cell growth originating in the bronchial 
mucous.membfane. The growth closes off the bronchioles. It is usually fatal. 

Carbon Monoxide (CO). This colorless, odorless gas is lethal to humans within a 
few minutes at concentrations exceeding 5,000 ppm. CO reacts with hemoglobin in the 
blood to form carboxyhemoglobin (COHb). Hemoglobin has a greater affinity for CO 
than it does for oxygen. Thus, the formation of COHb effectively deprives the body of 
oxygen. At COHb levels of 5 to 10 percent, visual perception, manual dexterity, and 
ability to learn are impaired. Aconcentration of 50 ppm of CO for eight hours will re
sult in a COHh level of about 7.5 percent. At COHb levels of 2.5 to 3 percent, people 
with heart disease are not able to perform certain exercises as well as they might in the 
absence of COHb. A concentration of 20 ppm of CO for eight hours will result in a 
COHb level of about 2.8 percent (Ferris, 1978). (We should note here that the average 
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concentration of CO inhaled in cigarette smoke is 200 to 400 ppm!) The sensitive pop
ulations are those with heart and circulatory ailments, chronic pulmonary disease, de
veloping fetuses, and those with conditions that cause increased oxygen demand, such 
as fever from an infections disease. 

Hazardous Air Pollutants (HAPs). Most of the information on the direct human 
health effects of hazardous air pollutants (also known as' air toxics) comes from stud
ies of industrial workers. Exposure to air toxies in the workplace is generally much 
higher than in the ambient air. We know relatively little about the specific effects of the 
HAPs at the low levels normally found in ambient air. 

The HAPs regulated under the NESHAP program were identified as causal agents for 
a variety of diseases. For example, asbestos, arsenic, benzene, coke oven emissions, and 
radionuclidesmay cause cancer. Beryllium primarily causes lung disease but also affects 
the liver,spleen,kidneys,·and lymph glands. 

Mercury has been especially targeted for regulation because it is released during the 
combustion of coal. Thus, it is one ofthe few HAPs that is widespread in the environment. 
OfparticUlarconcemare children who are exposed to methyl mercury prenatally. They 
are at increased risk of poor performance on neurobehaviorai tasks such as those measur
ing attention, fine motor function, language skills, visual-spatial abilities and verbal mem-
ory(U.S. EPA, 1997, and U.S. EPA, 2004). 

Lead (Pb). In contrast to the other criteria air pollutants, lead is a cumulative poison. 
Afurther difference is that it is ingested in food and water, as well as being inhaled. Of 
that portion taken by ingestion, approximately 5 to 10 percent is absorbed in the body. 
BetweeIl.20al1d 50 percent oftbe inspired portion is absorbed. Those portions that are 
notabsorge1aree~cretedinthe feces and urine. Lead is measured in the urine and 
blobdf?r(.li~gQ9stipievidel}ReofJeadp?isoning .• 

~.l··· ··~gea~1~J)1al}if~st~tio.n;pfacllteleadpoiso~ing is. a mild anemia (deficiency of 
/re1~gl.?~1~!fells)'ifati~~~,.i~itabiJity,mild.headache, .. and pallor indistinguishable 

~ii fr()m.i?~h:~r$~,usesgfa,l1elTI~aQc9~r\¥henth~blo?d level ?f ·leadincreases to 60 to 
• 129\~.~K199•.~·~t'~?qlt;~1?().4~!31oQdlevels.inexcess of80p;gll 00 g result in consti
:tj9patiBl}a~dabdominal cramps. When an acute exposure results in blood levels of lead 

gr~atetthafli>:20fLg/IOOg,acutebraindamage(encephalopathy) may result (Goyer 
arctChilsolnl, 1972):.Suchacuteexpos~reresults.inconvulsions, coma, cardiorespira

~:'l£y, ~QrY:ClQ'~$h~ngpe(l.th:Acut~exp()suresll1ayoccurover a period of one to three weeks. 
Chronieexposure to lead may result in brain damage characterized by seizures, 

mental incompetence, and highly active aggressive behavior. Weakness of extensor 
muscles of the hands and feet and eventual paralysis may also result. Canfield et a1. 
(2003) found a decline in intelligence quotient (IQ)of 7.4 points for a lifetime blood 
lead concentration of up tolOfLgper deciliter. For a lifetime average blood lead con
centration ranging from more than 10 jLg per deciliter to 30 fLg per deciliter, a more 
gr&duatdecrease of 2.5 IQ points was observed; 

~tITIosp~eric lead occursas.aparticlliate. The particle size range is between 0.16 
and 0.43;fLl11. Nonsmoking residents of suburban Philadelphia exposed to approxi
mately IfLg/m3 of lead in air have blood levels averaging 11 fLg/lOO g. Nonsmoking 
residents of downtown Philadelphia exposed to approximately 2.5 fLg/m3 of lead have 
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blood levels averaging 20 jLgtlOO g(U.S. PHS, 1965)~ In the early 19~Qs, 4.4 percent 
of U.S. children ages I to 5 had elevated lead levels. The percentage dropped to 1.6 
percent by 2002. The U.S. Centers for Disease Control and Prevention attributed this 
drop to the removal of lead from gasoline as well as other efforts to screen and treat 
children for lead exposure (U.S. CDC, 2005). 

Nitrogen'Dioxide (N02). Exposure to N02concentrations above 5 ppm for 15 min
utes results in cough and irritation of the respiratory tract. Continued exposure may 
produce an abnormal accumulation of fluid in the lung (pulmonary edema). The gas is 
reddish brown in concentrated form and gives a brownish yellow tint at lower concen
trations. At 5 ppm it has a pungent sweetish odor. The average N02 concentration 
in tobacco smoke is approximately 5 ppm. Slight increases in respiratory illness and 
decrease in pulmonary function have been associated with concentrations of about 
0.10 ppm (Ferris, 1978). You should note that these concentrations are very high with 
respect to the NAAQS in Table 7-1. 

Photochemical Oxidants. Although the photochemicJlC oxidants include peroxy
acetyl nitrate (PAN), acrolein, peroxybenzoyl nitrates (PBzN), aldehydes, and nitrogen 
oxides, the major oxidant is ozone (03), Ozone is commonly used as an indicator of the 
totalamount of oxidant present. Oxidant concentrations above 0.1 ppm result in eye ir
ritation. At a concentration of OJ ppm, cough and chest discomfort are increased. 
Those people who suffer from chronic respiratory disease are particularly susceptible. 

PMlO• As. noted earlier, large particles are not inhaled deeply into the lungs. This is 
whyEPAswitchedfrom an air quality standard based on total suspended matter to one 
based on particles with an aerodynamic diameter less than lOjLm(PMlO»Studiesin 
t9YJlJnitedStates,. Brazil, and Germany have related higher levels of particulates to 
inc5~~8edrJskofr~spiratory; cardiovascular, and cancer-relateddeaths, as well as pneu
lTIonia,ltingfuflCti()uloss,hospitaladmissions, and asthma (Reichhardt, 1995); 

>PaI1.icle84'~f'tr1jnaerodynamicdiameter have been identified as a majorcontrib.; 
.ut0c~t?ellBy~teg~eathratesinpolluted cities (Pope et aL, 1995). One hypothesized bi
ologicalmechanism is pollution~induced lung damage resulting in declines in lung 
fu~ctio~,in respiratory distress, and in cardiovascular disease potentially related to 
hypoxemia(Pope etaL, 1999). 

Sulfur Oxides (SOx) and Total Suspended Particulates (TSP). The sulfur oxides 
include sulfur dioxide (S02), sulfur trioxide (S03)' their acids, and the salts of their 
acids. Rather than try to separate the effects of S02 and S03, they are usually treated 
together. There is speculation that a definite synergism exists whereby fine particulates 
carryabsorbedS02 to the LRT. The S02 in the absence of particulates would be ab
sorbed in the mucous membranes of the URT. 

Patients suffering from chronic bronchitis have shown an increase in respiratory 
symptoms.whentheTSP levels exceeded 350 p.,gtm3 and the S02 level was above 
0.095 ppm. Studies made in Holland at an interval of three years showed that 
pulmonary function improved as S02 and TSP levels dropped from 0.10 ppm
·33and 230 p.,gtm- to 0.03 ppm and 80 p.,gtm , respectively. 
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TABLE 7-2 
Three major air pollution episodes 

Meuse Valley, 1930 Donora, 1948 London, 1952 
(Dec. 1) (Oct. 26-31) (Dec. 5-9) 

Population No data 12,300 8,000,000 

Weather Anticyclone, Anticyclone, Anticyclone, 
inversion, and fog inversion, and fog inversion, and fog 

Topography River valley River valley River plain 

Most probable Industry (including Industry Household 
source of steel and zinc (including coal-burning 
pollutants plants) steel and zinc 

plants) 

Nature of the Chemical irritation Chemical irritation Chemical· 
illnesses of exposed of exposed irritation of 

membranous membranous exposed 
surfaces surfaces membranous 

surfaces 

No. of deaths 63 17 4,000 

Time of deaths Began after second Began after second Began on first 
day of episode day of episode day of episode 

Suspected Sulfur oxides_ Sulfur oxides· Sulfur oxides 
pr?ximate with particulates with particulates with particulates 
cause of 
irritation 

tty (~()urce:WHO,J96J.J 
"ts~~~J c--'-" 

>·;f!~~~~Ttl.~~\~~~·tht::(fCtbt:t~!b~jN~~~~h~~ ~~~Tt:!~~: ~;s:h;o~~~

i~,~ legislati~eaction to require control-of air pollutants. The characteristics of the three 
t~major:episodesaresummarizedinTable7~2.Carefulstudyoftherable will reveal that 
c;.a.nBftlleep:i~oties/ha(lso.rnethi~gsl~cornmon.Comparison-of these situations and 

.~~,,; .Qt~e:rsiWhereno;episodeoccurred(thar is, where the number of dead and ill was con
siderably less}has revealed that four ingredients are essential for an episode. If one in
gredient is omitted, fewer people will get sick and only a few people can be expected 
to die. The crucial ingredients are: (1) a large number of pollution sources, (2) are..: 
stricted air volume, (3) failure ofofficials to recognize that anything is wrong, and (4) 
the presence of water droplets of the "right"--size(Goldsmith, 1968). 

~15hougha sufficient quantity of any pollutant is lethal by itself, it is generally 
I~::llgrye(ithlitsoIllemixisrequiredto achieve the results seen in these episodes. Atmos
.,' pl1eri~le\felsofindividliaLpol1utantsseldom rise to lethal levels without an explosion 

*In the nuclear power business, they would call it :1n "incident." 
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or transportation accident. However, the proper combination of two or more pollutants 
will yield untoward symptoms at much lower levels. The sulfur oxides and particulates 
were the most suspect in the three major episodes. 

The meteorology must be such that there is little air movement. Thus, the pollu
tants cannot be diluted. Although a valley is most conducive to a stagnation effect, the 
London episode proved that it isn't-necessary. The stagnant conditions must persist for 
several days. Three days appears to be the minimum. 

Tragically, each of these hazardous air pollution conditions became lethal because 
of the failure of city officials to notice anything strange. If they have no measurements 
of pollution levels or reports from hospitals and morgues, city authorities have no rea
son to alert the public, shut down factories, or restrict traffic. 

The last and, perhaps, most crucial element is fog. *The fog droplets must be of 
the "right" size, namely, in the 1 to 2 JLm diameter range or, perhaps, in the range be
low 0.5 JLm. As mentioned earlier, these particle sizes are most likely to penetrate into 
the LRT. Pollutants that dissolve into the fog droplet are thus carried deep into the lungs 
and deposited there. 

7M 5 ORIGIN AND FATE OF AIR POLLUTANTS 

Carbon Monoxide 
Incomplete oxidation of carbon results in the production of carbon monoxide. The nat
ural anaerobic decomposition carbonaceous material by microorganisms releases 
approximately 160 teragramst (Tg) of methane (CH4) to the atmosphere each year 
worldwide , (IPCC, 1995). The natural formation of CO results from an intermediate . 
step in the oxidation of the methane. The hydroxyl radical (OH') serves as the initial 
oxidizing agent. It combines with CH4 to form an alkyl radical (Wofsy, et al., 1972). 

(7-8) 

This reaction is followed by a complex series of 39 reactions, which we have over
sil1.1.plifiedtotheJollowing: 

CH3 ' + O2 + 2(hv) ---1> CO + H2 + OH· (7-9) 

This says that CH3' and O2 are each zapped by a photon of light energy (hv) , The 
symbolvstands for the frequency of the light. The h is Planck's constant = 6.626 X
to~34 .JlHz, 

Anthropogenic sources (those associated with the activities of human beings) in
clude motor vehicles, fossil fuel burning for electricity and heat, industrial processes, 
solid waste disposal, and miscellaneous burning of such things as leaves and brush. 
Approximately 600-1250 Tg ofCO are released by these sources (IPCC, 1995). Motor 
vehicles account for more than 60 percent of the emission. 

*The word "smog"is a term coined by Londoners before World War [ to describe the combination of smoke and 
that accounted for much of their weather. Los Angeles smog is a misnomer since little smoke and no fog is 

.present. in fa~L as we shall see later, Los Angeles smog cannot o~~ur without a lot of sunshine_ "Photochemical 
smog" is the correct term to describe the Los Angeles haze. 

'One tcragram I X lOll grams. 
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No significant change in the global atmospheric CO'ltwel has been observed over 
the past 20 years. Yet the worldwide anthropogenic contribution of combustionsources 
has doubled over the same time period. Because there is no apparent change in the at
mospheric concentration, a number of mechanisms (sinks) have been proposed to ac
count for the missing CO. The two most probable are 

1. Reaction with hydroxyl radicals to form carbon dioxide 

2. Removal by soil microorganisms 

It has been estimated that these two sinks annually consume an amount of CO that just 
equals the production (Seinfeld, 1975). 

Hazardous Air Pollutants (HAPs) 
The EPA hasidentified 166 categories of major sources and 8 categories of area 

. sourcesforthe HAPs listed in Table 1-8 (57 FR 31576). The source categories rfpre
sent a Widerangeof industrial groups: fuel combustion, metal processing, petroleum 
and natural gas production and refining, surface coating processes, waste treatment and 
disposal processes, agricultural chemicals production, and polymers and resins pro
duction.Therearealso a number of miscellaneous source categories, such as dry 
c leaning and electroplating. 

In addition to these direct emissions, air toxics can result from chemical formation 
reactiqns.inthe atmosphere. These reactions involve chemicals emitted to the atmos
pher!thatare not listed HAPs and may not be toxic themselves, but can undergo at
mospherictransformations to generate HAPs. For organic compounds present in the 
gaspha~ejth~rx:o~tirnportanttransformationprocesses involve photolysis and chemi
cCll;.r~astiprys;."Yit~~~8ne) hYdro~ylradic~ls(OH'), and nitrate. radicals (Kao, 1994). 

.........~ltRt~t.Y,~ij;i§th~cbTmic~lfragI11~nte~iQnorEearrangementof a chemical upon the ad
;~~7 ~omt.i?119fr~~i~ti?noftheappropriatewavel~ngth;Photolysis is only important dur
~~; i~R?li$g~~~tI11J~.fQ5W9~.~chenli8~lsthat(losorbstrongly .. within the solar radiation 

>.·spe~t~H.rx::f~Qt~~f?",istf'T~acti~n.with'qJ;:hor03 islikelyto .predominate. The HAPs 
•~j' mo~t(lftenJonned. are formaldehyde and acetaldehyde . 

... Therx:No~semovalI11echanisI11sappear to be OH abstraction or addition. The 
r~acti~?pr~d~Gtsle~dtotheforrn~~i~~ .0fCOand CO2, Eighty-nine of the 188 HAPs 

.<~~ /~a\le.;~.t.l11p:~I)ijeric..l.ifytil11~spflessJhan one day. 

Volcanic activity and airborne soil are the primary natural sources of atmospheric lead. 
Smelters and refining processes, as well as incineration of lead-containing wastes, are 
majorpointsources of lead. Approximately 70 to 80 percent of the lead that used to be 
adde~t?gasolinewasdischarged .tot~e atmosphere. 

SUlJtnicronlea4particles~which are formed by volatilization and subsequent con
dehsation,attach to largerparticles or they form nuclei before they are removed from 
the atmosphere. Once they have attained a size of several microns, they either settle out 
or are washed out by rain. 
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Nitrogen Dioxide 

Bacterial action in the soil releases nitrous oxide (N20) to,the atmosphere. In the up

per troposphere and stratosphere, atomic oxygen reacts with the nitrous oxide to form 

nitric oxide (NO). 


(7-10) 

The atomic oxygen results from the dissociation of ozone. The nitric oxide further re
acts with ozone to form nitrogen dioxide (N02). 

(7-11) 

The global formation of N02by this process is estimated to be 0.45 petagrams* (Pg) 
annually (Seinfeld, 1975). 

Combustion processes account for 96 percent of the anthropogenic sources of 
nitrogen oxides. Although nitrogen and oxygen coexist in our atmosphere without re
action, their relationship is much less indifferent at high temperatures and pressures. At 
temperatures in excess of 1,600 K, they react. 

.:l 

N2 O2 ~ 2NO (7-12) 

If the combustion gas is rapidly cooled after the reaction by exhausting it to the 
atmosphere, the reaction is quenched and NO is the byproduct. The NO in tum reacts 
with ozone or oxygen to form N02• The anthropogenic contribution to global emis
sion of NO" amounted to 32 Tg/y (as N) in 1995 OPCC, 1995). Between 40 and 
45 percent of the NOx emissions in the United States come from transportation, 30 
to35percerit from power plants, arid 20 percent from industrial sources (Seinfeld 
and Pandis, 1998). 

Ultimately, the N02 is converted to either NO;- or NO;- in particulate form. The 
partieulatesarec then washed out by precipitation. The dissolution of nitrate in a water 
dropletalIowS for the formation of nitric acid (HN03). This, in part, accounts for 

c"acid"fain founddownwind ofindustrialized areas. 

Unlike .the other pollutants, the photochemical oxidants result entirely from at
nlo~phericIeactions.~nd are not directly attributable to either people or nature. 
Thus, they are calledsecondary pollutants. They are formed through a series of re
actions that are initiated by the absorption of a photon by an atom, molecule, free 
radical, or ion. Ozone is the principal photochemical oxidant. Its formation is usu
ally attributed to the nitrogen dioxide photolytic cycle. Hydrocarbons modify this 
cycle by reacting with atomic oxygen to form free radicals (highly reactive organic 
species). The hydrocarbons, nitrogen oxides, and ozone react and interact to pro
duce more nitrogen dioxide and ozone. This cycle is represented in summary form 
in Figure 7,..6. The whole reaction sequence depends on an abundance of sunshine. 

10 15*One petagram = I x grams. 
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Interaction of hydrocarbons Witl). atmospheric nitrogen oxide pho
tolytic cycle,. (Source: NAPeA. 1970.) 

Aresult of these reactions is the photochemical "smog" for which Los Angeles is 
famous. 

SulfurOxides 
Sulfuroxidesmay be both primary and secondary pollutants. Power plants, indus

a.ndthe oceans emit SOb S03, and SO;- directly as primary pollu
decay processes and some industrial sources emit 

.ULL.bU,.,.'T'''l'''''Y'I the secondary pollutant S02' In terms of sulfur, ap
bynaturaLsources. Approximately 75 Tg 

sources each year (Seinfeld and 

to be one involving oione: 

(7-13) 

containing sulfur yields sulfur dioxide in direct propor
fuel: 

(7-14) 

This reaction implies that for every gram of sulfur in the fuel, two grams of S02 are 
emitted to the atmosphere. Because the combustion process is not 100 percent effi
cient, we generally assume that 5 percent of the sulfur in the fuel ends up in the ash, 
thatiS, 1.90g S02 per gram of sulfur in the fuel is emitted. 

(( 	 ~-------'-----'-------------------------
ExaIl1ple7~2~All Illinois coal is burned at a rate of 1.00 kg per second. If the analy
sis ofthe coal reveals a sulfur content of 3.00 percent, what is the annual rate of emis
sionof S02? 
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Soluti01l. Using the mass balance approach, we begin by drawing a m_ass-balance 
diagram: 

Sulfur in 
(Sin) 

The mass balance equation may be written as 

Sin = Sash + Sso" 

From the problem data, the mass of"sulfur in" is 
-

Sin = 1.00 kg/s X 0.030 = 0.030 kg/s 


In one year, 


Sin 0.030 kg/s X 86,400 sId X 365 dly 9.46 X 105 kg/y 


The sulfur in the ash is 5 percent of the input sulfur: 


Sash =.(0.05)(9.46·X 105 kg/y) = 4.73 X 104 kg/y 


The amount of sulfur available for conversion to S02: 


SS02.=Sin- Sash 9.46 X 105 
- 4.73 X 104 8.99 X 105 kg/y 

Theamountofsllifurdioxidefdrtned is determined from the proportional 
\veights oftheoxidationreaction (Equation 7-14): 

S+ 02--+S02 


GMW 32 32 64 


The amount of sulfur dioxide formed is then 64/32 of the sulfur available for con

verSlOn: 

64
-(8.99 X 105 kg/y) = 1.80 X 106 kg/y
32 

The ultimate fate of most of the S02 in the atmosphere is conversion to sulfate 
salts, which are removed by sedimentation or by washout with precipitation. The con
version 10 sulfate is by either of two routes: catalytic oxidation or photochemical oxi
dation. The first process is most effective if water droplets containing FeH

, Mn2+, or 
NH3 are present: 

catalyst 

2S02 + 2H20 + 02~2H2S04 (7-15) 
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At low relative humidities, the primary conversion process is photochemical oxidation. 
The first step is photoexcitation* of the S02' 

* S02 + hv -t S02 (7-16) 

The excited molecule then readily reacts with O2to form S03: 

(7-17) 
-

The trioxide is very hygroscopic and consequently is rapidly converted to sulfuric acid: 

(7-18) 

This reaction in large part accounts for acid rain (that is, precipitation with a pH value 
less than 5.6) found in industrialized areas. Normal precipitation has a pH of 5.6, due 
to the carbonate buffer system. 

Particulates 
Sea salt, ,soiLdust, volcanic particles, and smoke from forest fires account for 2.9 Pg of 
particulate emissionseach year. Anthropogenic emissions from fossil fuel burning and 
industrial processes account for emissions of 110 T g per year (Kiehl and Rodhe, 1995). 
Secondary sources of particulates include the conversion of H2S, S02' NOx, NH3, and 
hydrocarbons. H2S and S02 are converted to sulfates. NOx and NH3 are converted to ni
trates. Thchydrocarbons react to form products that condense to form particles at 
atmospherictemperatures. Natural sources of secondary pollutants yield about 240 Tg 
annually. Anthropogenic sources yield about 340 Tg annually (Kiehl and Rodhe, 1995). 

Dllstparticlesthatareentraified(picked up) by the wind and carried over long dis
tancestendtosorUhemselvesout to the sizes between 0.5 and 50 pm in diameter. Seasalt 

formed as a result ofphotochemical 
and fly ash particles cover 

mas's distributions in urban 
0.1 and 1/-Lm in diameter. The 

result of condensation. The 
rhlI1fer,;>npro.t,>r1 bymechanical abrasion. 

from theatmosphere by accretion to water droplets, 
untiLtheyarelarge enough to precipitate. Larger particles are re

lVIICRO AND MACRO AIR POLLUTION 

Air pollution problems may occur on three scales: micro, meso, and macro. Micro
scale problems range from thosecovering less than a centimeter to those the size of a 
hOllseorslightly la.rger.Meso-scale air pollution problems are those of a few hectares 
~~t8thesizeof acityor county. Macro-scale problems extend from counties to states, 
natiQl1s,andin thebroadestsense,the globe, Much of the remaining discussion in this 

*Photoexcitation is the displacement of an electron from one sheil to another, thereby storing energy in the mol
ecule, Photoexcitation is represented in reactions by an asterisk. 
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chapter is focused on the meso-scale problem. In this section we will address the gen
eral micro-scale and macro-scale problems recognized tOday. 

Indoor Air Pollution 
People who live in urban, cold cli~ates may spend more than 90 percent of their time 
indoors (Lewis, 2001). In the last three decades, researchers have identified sources, 
concentrations, and impacts of air pollutants that arise iH conventional domestic resi
dences. The startling results indicate that, in certain instances, indoor air may be sub
stantially more polluted than outdoor air. 

Carbon monoxide from improperly operating furnaces has long been aserious con
cern. In numerous instances, people have died from furnace malfunction. More recently, 
chronic low levels of CO pollution have been recognized. Gas ranges, ovens, pilot 
lights, gas and kerosene space heaters, and cigarette smoke all contribute (Table 7-3). 

Nitrogen oxide sources are also'shown in Table 7-3. N02 1eveis have been found 
to range from 70 p,gim3 in air-conditioned houses with electric ranges to 182 p,gim3 in 
non-air-conditioned houses withgas stoves (Hosein et a1."1985). The latter value is 
quite high in comparison to the national ambient air quality limits. S02 levels were 
found to be very low in all houses investigated. 

TABLE 7-3 
Tested combustion sources and their emission rates 

Range of emission rates,a mg/MJ 

NOx 

Source NO N02 (as N02) CO 

Range-topburnel 15-17 9-12 32-37 40-244 c 

Ral1geovend 14-29 7-13 34-53 12-19 

Pi16rlierhte 
b 4-17 8'--12 f 40'--67 

.' (]asspaCeheatersg 0-15 1-15 1-37 14-64 

Gasdryerh 8 8 20 69 

Kerosene space heaters l 1-13 3-10 5-31 35-64 11-12 

Cigarettesmoke j 2.78 0.73 f 88.43 

"The lowest and highest mean values of emission rates for combustion sources tested in mi!\igrams per mega
louIe (mg/MJ). Note: It takes 4.186 Joules to raise the temperature of 1.0 g of water from 14Se to Isse at 
100 percent efficiency. 
"Three ranges were evaluated. Reported results are for blue flame condition. 
cDash (-) means combustion source is not emitting the pollutant. 
dThree ranges were evaluated. Ovens were operated for several different settings (bake, broil, self-clean cycle, etc.). 
eOne range was evaluated with all three pilot lights, two top pilots, and a bottom pilot. 
fEmission rates not reported. 
gThreespace heaters including one convective, radiant, and catalytic were tested. 
"One gas dryer was evaluated. 
iTwo kerosene heaters including a convective and radiant type were tested. 
JOne type of cigarette. Reported emission rates are in mg/cigarette (800 mg tobaccolcigarette). 
(Soutee: D. 1. Moschandreas et aI., 1985.) . 
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Over 800 volatile organic compounds (VOCs) have·'heen identified in indoor air 
(Hines et al., 1993). Aldehydes, alkanes, alkenes, ethers, ketones, and polynudear aro
matic hydrocarbons (PAHs) are among them. Although they are not all present all the 
time, frequently there are several present at the same time. Typical sources of these 
compounds are listed in Table 7-4. 

Between 1979 and 1987, t~e EPA investigated personal exposures of the general 
public to VOCs. These studies, titled the Total Exposure Assessment Meth()dology 
(TEAM), revealed that personal exposures exceeded median outdoor air concentrations 
by a factor of 2 to 5 for nearly all of the 19 VOCs investigated. Traditional sources 
(automobiles, industry, petrochemical plants) contributed only 20 to 25 percent of the 
total exposure to most of the target VOCs (Wallace, 2001). 

TABLE 7-4 
Common volatile organic compounds and their sources a 

Volatile organic 

compounds Major indoor sources of exposure 


Acetaldehyde Paint (water-based), sidestream smoke 


Alcohols (ethanol, isopropanol) Spirits, cleansers 


Aromatic hydrocarbons Paints, adhesives, gasoline, combustion sources 

(ethylbenzene toluene, 

xyleI1es, trimethylbenzenes) 


Aliphatic hydrocarbons Paints, adhesives, gasoline, combustion sources 

u.v"u",v, undedme) 

Sidestream smoke 

Urethane-based carpet cushions 

Showering, washing clothes, washing dishes 

Room deodorizers,moth cakes 

Paints 

Sidestream smoke, pressed wood products, 
photocopier· 

Paintstripping, solvent use 

Vinyl flooring 
Styrene Smoking, photocopier 

Terpenes (l imonene, a-pinene) Scented deodorizers, polishes, fabric softeners 
Tetrachloroethylene Wearing/storing dry-cleaned clothes 
Tetnihydrofuran Sealer for vinyI flooring 

Photocopier, sidestream smoke, synthetic 
carper fiber 

l,1,l-Trichlorotheane Aerosol sprays, solvents 

flCompiled from Tucker. 2001, and Wallace, 2001 
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Formaldehyde (CH20) has been singled out as one of the more prevalent,as well 
as one of the more toxic, compounds(Hines et aI., 1993). Formaldehyae may not be 
generated directly by the activity of the homeowner. It is emitted by a variety of con
sumer products and construction materials including pressed wood products, insulation 
materials [urea-formaldehyde foam insulation (UFFI) in trailers has been particularly 
suspect], textiles, and combustion .sources. In a composite of several studies, CH20 
concentratIons ranged from 0.01 to' 5.52 ppm, with median concentration of approxi
mately 0.18 ppm (Godish, 1989). The highest values were-for manufactured homes and 
conventional houses in cold climates (examples included Minnesota and Indiana). For 
comparison, the American Society of Heating, Refrigeration and Air Conditioning 
Engineers (ASHRAE, 1981) set a guideline concentration of 0.1 ppm. 

Unlike the other air pollution sources that continue to emit as long as there is an
thropogenic activity (or in the case of radon, for geologic time), CH20 is not regener
ated unless new materials are brought into the residence. If the house is ventilated over 
a period of time, the concentration will drop. 

The primary source of heavy metals indoors is from infiltration of outdoor air and 
soil and dust that is tracked into the building. Arsenic, cadmium, chromium, mercury, 
lead, and nickel have been measured in indoor air. Lead anLi. mercury may be generated 
from indoor sources such as paint. Old lead paint is a source of particulate lead as it is 
abraded or during removal. Mercury vapor is emitted from latex-based paints that con
tain diphenyl mercury dodecenyl succinate to prevent fungus growth. 

Although little or no effort has been exerted to reduce or eliminate the danger 
from ranges, ovens, etc., the public has come to expect that the recreational habits 
of smokers .should not interfere with the quality of the air others breathe. The results 
of a general ban on cigarette smoking in one office are shown in Table 7-5. Smok
ers were allowed to smoke only in the designated lounge area. Period 1 was prior to ", 
the implementation of the new policy. It is obvious that the new policy had a posi
tive effect outside of the lounge. On the other hand, respirable particulate matter 
(RSP) was found to increase with one smoker and to rise dramatically with two 
(Figure 7-7). 

TABLE 7-5 
Mean respirable particulates (RSP), CO, and CO2 

levels measured on the test floor 

RSP CO CO2 


(fLg/m3
) (ppm) (ppm) 


Period 1 
Floor 26 1.67 624 
Lounge 5 I 1.98 642 

Period 2 
Floor 18 1.09 569 
Lounge 189 2.40 650 

(Source: Lee et al., Apri I 19R5.) 
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FIGURE 7-7 
Respirable suspended particulate levels 
as ,a function of smoking. (Source: 
HQsein et aI., 1985.) 

Indoor tobacco smoking is of particular concern because of the carcinogenic prop
erties of the smoke. While mainstream smoking (taking a puff) exposes the smoker 
to large quantities of toxic compounds, the smoldering cigarette in the ashtray 
(sidestream smoke) adds a considerable burden to the room environment. Table 7-6 
illustrates the emission rates of mainstream and sidestream smoke. 

In the early 1990s and in 2002, the U.S. Centers for Disease Control and 
Prevention (CQC) tested nonsmokers for levels of cotinine, a product of nicotine 

.m~tabQlism.TheZQ02 serum levels of cotinine were 75 percent less in adults and 
(,~) 68,percentJrssinchildten than lOyearspreviously.CDC attributed this dramatic 

cle~r~aset()r~s,~rictionstor~duceseco~d~handsmoke.Yet, more needs to be done. 
fJi) The;levelsiI1gtIilclr~llweremorethanJ\Vi~ethoseofnonsmoking.adults (U.S. 'CDC, 

..··(')200~):.>f«.·. ..........•.•....•.... .....••... ...... 
';~~;r' ,is\ti~trIS~s,Iul1ghrl1ites,~ndipollen·areCOllectivelyrefeQ"ed to as bioaerosols. 

• sr~ ••..'...... ir~i?1'J~servQ.irlforstorag~)ianamplifier(forreproduction), and a mea'ns of 
'i& di$p~rsatMostbacteria and viruses in. indoor air come from humans and pets. Other 
1:1~mi9r(Jorgani§'!l1sandpollen are. introduced from the ambient air through either natural 
t;:;uv~nti1~ti(morthr(mgh<th~.inta~es. of. building air handling systems. Humidifiers, air
. /S~~di1i~~i~gsystH'!l1s;andother places where wateraccumulates are potential reservoirs 

forbioaerosols. 
Radonis not regulated as an ambient air pollutant but has been found in dwellings 

at alarmingly high concentrations, We will address the radon issue in depth in Chap
ter 1L Suffice it to say at thisjuncturethatradon isa radioactive gas that emanates 
from natural geologic formations and, in some cases, from construction materials. It 
iso?tgenerated from the activities of the householder, unlike the pollutants discussed 

eli/above; 
;:',,;.(Itisdoubtfulthattherewillbeany regulatory effort to reduce the emissions of in

doorairpollutantsin the near future. Thus the house or apartment dweller has little re
course other than to replace gas appliances, remove or-cover formaldehyde sources, 
and put out the smokers. 
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TABLE 7-6 
Emission of chemicals from mainstream and sidestrea~~smoke 

Mainstream Sidestream 
Chemicals (p,g/cigarette) (J-tg/cigarette) 

Gas and Vapor Phase 
Carbon monoxide 1,000-20,000 25,000--50,000 
Carbon dioxide 20,000-60,000 160,000--480,000 
Acetaldehyde 18-1,400 40-3,100 
Hydrogen cyanide 430 110 
Methyl chloride 650 1,300 
Acetone 100-600 250-1,500 
Ammonia 10-150 980-150,000 
Pyridine 9-93 90-930 
Acrolein 25-140 55-l30 
Nitric oxide 10-570 2,300 
Nitrogen dioxide 0.5-30 625 
Formaldehyde 20-90 1,300 
Dimethylnitrosamine 10-65 520-3,300 
Nitrosopyrolidine lO-35 270-945 

Particulates 
Total suspended particles 36,200 25,800 
Nicotine 100-2,500 2,700-6,750 
Total phenols 228 603 
Pyrene' 50-200 180-420 
Benzo.(a) pyrene 20-40 68-136 
Naphthalene 2.8 4.0 
M:ythyInaphthalene 2.2 60 
Anilihe 0.36 16.8 
Nitrosonotnicotine 0.1-0.55 0.5-2.5 

(Source: Hineset al:. 1993.) 

ACidiRain 
Unpolluted rain is naturally acidic because CO2 from the atmosphere dissolves to a 
sufficient extent to form carbonic acid (see Section 4-1). The equilibrium pH for pure 
rainwater is about 5.6. Measurements taken over North America and Europe have 
revealed lower pH values. In some cases individual readings as low as 3.0 have been 
recorded. The average pH in rain weighted by the amount of precipitation over the 
United States and lower Canada in 1997 is shown in Figure 5-16. 

Chemical reactions in the atmosphere convert S02, NO);, and volatile organic 
compounds (VOCs) to acidic compounds and associated oxidants (Figure 7-8). The 
primary conversion of S02 in the eastern United States is through the aqueous 
phase reaction with hydrogen peroxide (H20 2) in clouds. Nitric acid is formed by 

http:0.1-0.55
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HZ0 (hydrogen peroxide) and 0 3 (ozone) (in clouds)2 
)0 

OH' + (in air) 
S02 ---------__lO__ 

Oxidants (wet surfaces) 

NO Sunlight '---10- OH' (in air) 

x ---------__lO__1O HN03(nitric acid) 


+ VOC Sunlight (in air) 

)0 03 (ozone) 


VOC Sunlight ---+ H02 (in air) 

10 H20 2 (hydrogen peroxide) 


I~~;FIGURE 7-8 
rain precursors and products, 

reaction ofN02 with OH radicals formed photochemically. Ozone is formed 
then protected by a series of reactions involving both NOx and VOCs. 

''-'0, As discussed in Chapter 5, the concern about acid rain relates to potential effects 
:~qfacidity on aquatic life, damage to crops and forests, and damage to building materi
'.iIs. LowerpH values may affect fish directly by interfering with reproductive cycles or 
:~yrelea8ingotherwiseinsoluble aluminum, which is toxic. Dramatic dieback of trees 
.m~e~traLEtlrope has stimulated· concern that similar results could occur in North 
(s~lnerica. .rtish)'pothesized that theacid rainleachesca1cium and magnesium from the 
(i~?il(s~S~igl!re4-J*).:rhisl()\Versthemolarratioofcalcium· to aluminum .which, in 
{W:.ll~n,fayof§ttie<tlptal<g(Jfl:lluminum.bythe.fineroots,that.u1 timatel y leads to their

",,·'"'t''' ..•••..•.••,.: •.•..".{.::.... < ..•.. ; ....:..•:.. :.. " 

.(0),e.e~1()r~Hep(· ••.•·.••·.•.•.·.·•.••. i .....•.... 
.... {~ ... InJ~~Q~:~~n~r~sscflUth8ri~eea;10:year8tudytoassess •. the·. causes and effects of 

i~~~i~~~9~ili~11~cIT'~iss~lldy.\.Va?titlei:i .. theNationaIAcid... Precipitation Assessment 
~~rg~r~m(~A~A~).lnSepternber1987, the NAPAP released an interim report that in
;~is~ted.t~at,a5idic:p~ecipitati~)l1appeared to have no measurable and consistent effect 
~Bncrops,t[ees~e,dlip:gs~ grhu~~nhe~lth, andthat a small percentage of lakes across 
f;~n~:,~~ite~.§t~t,~si~ere,ie~periencingpI-IvaluesJower.than.5.0 (Lefohn and Krupa, 
··~)99~8).()ntheother hand,oxidant damage was measurable. 

Approximately 70 percent of the S02 emissions in the United States are at
ti;~hbutable to electric utilities. In order to decrease the S02 emissions, the Congress 
~!~eveloped a two-phase control program under Title IV of the 1990 Clean Air Act 
~d~rnendments.PhaseJsets emission allowances for 110 of the largest emitters in the 
~3)aster~.halfoftheU.S. Phase II will include smaller utilities. The utilities may buy or 
i~~~II(111()wa~ces. Each allowance is equal to about 1Mg of S02 emissions. If a company 
(.~)geSnotexR:eI1~itsmaximul11alIowance, it may sell it to another company. This pro
i..Slamiscalledamarket-basedsystem. As a result of this program utility emissions have 
~~ecreased by 9 Tg.
~';::)J 

http:rg~r~m(~A~A~).ln
http:W:.ll~n,fayof�ttie<tlptal<g(Jfl:lluminum.bythe.fineroots,that.u1
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TABLE 7-7 
Estimateb 
acid-sens, 

Region 

New Engl 
Adironda' 
Northern 
Blue Ridf 
Upper Ml 

"Adapted fn 
"Survey date 

In 20 
the 1990 
the Nord 
1980s. TI 
waters is 
Ridge Pr 
decade. 
changed 
general ( 
eluded fr 
cline iIi 
addition 

In it: 

Ozone 
Without 
other ha 
the UpPf 
ation. Tt 
muchU 
ation, it 
tochemi 
(usually 

In! 
protecti 
ceived t 
fluoroc, 

90 

80 
2 or more 
smokers 

2 or more 
smokers 

-. 

70 

60 

'" 50S 
"

~ 40 

One 
smoker 

One 
smoker 

30 

20 

10 

Winter S]Jmmer Hosein et aL 

Indoor tobacco smoking is of particul~r concern because of the carc;o! 
erties of the smoke. While mainstream smoking (taking a puff) exposl§ t 
to large quantities of toxic compounds, the smoldering cigarette l!! t 
(sidestream smoke) adds a considerable burden to the room environm~¥l.t. 
illustrates the emission rates of mainstream and sidestream smoke. 

In the early 1990s and in 2002, the U.S. Centers for Diseastfi1t( 
Prevention (CDC) tested nonsmokers for levels of cotinine, a produCt: c 
metabolism. The 2002 serum levels of cotinine were 75 percent le~:~k'.:ZI 
68 percent less in children than 10 years previously. CDC attributed(21:'}i: 
decrease torestrictions to reduce second-hand smoke. Yet, more neeSSJ( 
The levels in children were more than twice those of nonsmoking adult~ll 
2005). . :.J 

Bacteria, viruses, fungi, mites, and pollen are collectively referred to 
Tbeyrequire a reservoir (for storage), an amplifier (for reproduction), 
dispersaL Most bacteria and viruses in indoor air come from humans 
microorganisms and pollen are introduced from the ambient air 
ventilation or through the intakes of building air handling systems. 
conditioning systems, and other places where water accumulates are poten.l 
for bioaerosols. 

Radon is not regulated as an ambient air pollutant but has been foun~ 
at alarmingly high concentrations. We will address the radon issue in 
ter 11. Suffice it to say at this juncture that radon is a radioactive gas 
from natural geologic formations and, in some cases, from constructioq.~( 
is not generated from the activities of the householder, unlike the pollutap,&? 
above. ';": 
. It is doubtful that there will be any regulatory effort to reduce the em[~i( 
door airpollutants in the near future. Thus the house or apartment dwelle~a 
course other than to replace gas appliances, remove or cover formaldeh~E 

'!j<'>~((",

and put out the smokers. ~£/;;jlP 
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0, + Ill! --4>- 0 +0 

(at v =::~i.20 To a
/Lm) 


parallel series 

of reactions 

( +M ~ O,+M\ 
OJ + hv --4>- O2 +0 


(v = 0.20-0.29 /Lm) 


FIGURE 7-9 
Photoreactions of ozone. 

. ' aerosol propellants and refrigerants, react with ozone (Figure 7-10). The frightening 
aspects of this series of reactions are that the chlorine atom removes ozone from the sys
tem,andrhat the chlorineatomis continually recycled to convert more ozone to oxygen. 
Ifha.s beenestimatedthata5 percent reduction inozone could result in nearly a HYper
centincrease in skin cancer (lCAS, 1975). Thus, CFCs that are rather inert compounds 
in the lower atmosphere become a serious air pollution problem at higher elevations. 

By 1987, the evidence that CFCs destroy ozone in the stratosphere above Antarc
ticaevery spring had becomeirrefutable; In 1987, the ozone hole was larger than ever. 
More than half of the total ozone column was wiped out and essentially all ozone dis
appeared from some regions of the stratosphere. 

Researchconfirmed that the_ozone layer,.on a worldwide basis, shrunk approxi
mateIy2.5pertent in the preceding decade (Zurer, 1988). Initially, it was believed that 
thisp~et10mel1Q~WaSpeculiar to the geography and climatology of Antarctica and that 
th~"Y'lfrp.ernorm~rn.hemtsphere'Nasstro~¥lyprotected.from .. the. processes that lead to 

\1~~~si\f~.9~9~~1()~.~es .. ~~l1die;~i()(ithsfioryhPolestratosphere in the winter of 1989 re
('j j. ve~\~dthai.this.is.n()tth~case~Zuf,er,1989)... ' ... 
iEi~. ·.<.I[}~; •...~srt.~~7,.We!v19~u-~~LPfQtpc()I .. on.S.ubstancesThat. Deplete the Ozone 

......~~~~rw~...•.•.Je;I()Pt9.Th~iProt€~01,~hichWas iIlitiallyratified by 36 countries and be
~j~} ·.···c~nre~ffeRtiveinJanuary 1989,proposedthat CFC production first be frozen and then 

re'~uG~<i59 p.e;~~ent by19;98.Yet,under theterms of the Protocol, the chlorine content 
;> 0Ethe~trilospherewouldco~tit;!u~t?growbecausethe fully halogenated CPCs have 

j;'~TJ····. tk~~s~ohn~~Yit~:~.ir9r;tit~hf:~~~·~~~~~:~~;~a~rs~eki~~~I~~~~i:et~~ ~~~i~:a~~ 


+ 0, 


FIGURE 7-10 
Ozone destruction by chlorol1uoromethane. 
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1989 to assess new information. The delegates gave their unanimolls as~ent to a five
point "Helsinki Declaration": 

1. 	All join the 1985 Vienna Convention for the Protection of the Ozone Layer 
and the follow-up Montreal ProtocoL 

2. 	Phase out production and consumption of ozone-depleting CFCs no later than 
2000. 

3. 	Phase out production and consumption as soon as feasible of halons and such 
chemicals as carbon tetrachloride and methyl chloroform that also contribute 
to ozone depletion. 

4. 	Commit themselves to accelerated development of environmentally accept
able alternative chemicals and technologies. 

5. 	 Make relevant scientific information, research results, and training available 
to developing countries (Sullivan, 1989). 

The Montreal Protocol was strengthened in 1990, 1992,J997, and 1999. The current 
terms of the treatyban production of CFCs, carbon tetrachloride, and methyl chloroform 
as ofJanuary 1996. Aban on halon production took effect in January 1995 (Zurer, 1994). 
As ofSeptember 2002,183 countries have ratified the Protocol (UNDP, 2005). 

A number of alternatives to the fully chlorinated and, hence, more destructive 
CFCs have been developed. The two groups of compounds that emerged as significant 
replacements for the CFCs are hydrofluorocarbons (HFCs) and hydrochlorofluorocar
bons (HCFCs). In contrast to the CFCs, HFCs and HCFCs contain one or more C-H 
honds. This makesthemsusceptible to attack by OHradicals in the loweratmosphere. 
Because.ty?Cs~onot cont~in chlorine, they do not havethe ozone depletion potential 
~s~~~ia~eq..\Vitht~echlo?ne cycle shown in Figure 7-10. Although HCFCs contain 
GhI()rin~}~hisch19fcinejsnot transported to the stratosphere because OHscavenging·in 
the •. troJ?gspher~is.~~I~tiyelyefficienL 
..W~~il11pl~l11en:atiop·?fthe Montreal Protocol appears to be working. The use of 

(SF<.3sJia§b~lerr·retiucedt00netenthof the 1990 levels (UN, 2005). Total tropospheric 
chlorlnefromtheJong-,and short-lived chlorocarbons was about 5 percent lower in 
2000 than that observed at its peak in 1992-1994. The rate of change in 2000 was 
about~2Z.Bartspeftrinionper year. Total chlorine from CFCs is no longer increasing, 
incontrast;totheslightincrease noted in 1998. Total tropospheric bromine from halons 
continues to increase at about 3 percent per year, which is about two-thirds of the 1996 
rate (UNEPIWHO, 2002). 

The issues of ozone depletion and change are interconnected. As the atmospheric 
abundance ofCFCs declines, their contribution to global warming will decline. On the 
other hand, the use ofHFCs and HCFCs ar.; substitutes for CFCs will contribute to increases 
in global warming. Because ozone depletion tends to cool the earth's climate system, re
covel), ofthe ozone layer will tend to warm the climate system (UNEP/WHO, 2002). 

GlobalWarming 
Scientific Basis. The case for global warming has grown very strong over the last 
two decades. As shown in Figure 7-1 I, the 5-year running average temperature in 2000 
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FIGURE 7-11 
Global average surface temperature. Temperature anomaly is departure above and below the 1951-1980 average 
temperature. shown by dashed line. (Source: Hansen and Sato. 2004.) 

1951-1980 average (Hansen and Sato, 2004). Mann and 
temperature data from sediments, ice cores, and 
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FIGURE 7-12 
Global average surface temperature reconstruction. Temperature anomaly is departure from 1961-1990 instru
mental reference period. for which the average is shown by dashed line (Source: Mann and Jones. 2003.) 



578 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

The hypothesis is that increasiri'gJevels of certain- gases (the so:-callcd greenhouse 
gases, GHGs) leads to global warming. Unlike ozone, the greenhouse gases are rela
tively transparent to short-wave ultraviolet light from the sun. They do, however, ab
sorb and emit long-wave radiation at wavelengths typical of the earth and atmosphere. 
The GHGs act much like the glass on a greenhouse (thus, the name greenhouse gases): 
they let in short-wave (ultraviolet) radiation from the sun that heats the ground surface, 
but restrict the loss of heat by radiation from the ground _surface. The more GHGs in 
the atmosphere, the more effective it is in restricting the outflow of long-wave (in
frared) radiation. CO2 has been identified as the major GHG because of its abundance 
and its strong absorption spectrum in the region where the Earth emits most of its in
frared radiation. 

Since the first systematic measurements were made at Mauna Loa in Hawaii in 
1958, CO2 levels have risen from 316 ppm to 370 ppm (Keeling and Whorf, 2005). 
From analysis of air trapped in ice cores in Greenland and Antarctica, we know that 
preindustrial levels of CO2 were about 280 ppm. The ice core records indicate that, 
over the last 160,000 years, no fluctuations of COz have been larger than 70 ppm 
(Hileman, 1989) and thatthe current concentrations are higher than any level attained 
in the past 650,000 years (Hileman, 2005). It is estimated that the atmospheric CO2 

concentration has increased 30 percent since 1750 and that the present concentration 
has not been exceeded during the past 420,000 years and likely not during the past 
20 million years (IPCC, 2001 a). Several gases have been recognized as contributing 
to the greenhoLlse effect. Methane (CH4), nitrous oxide (N20), and CFCs are similar 
to CO2 in their radiative behavior. Even though their concentrations are much lower 
than COz, these gases are now estimated to trap about 60 percent as much long-wave 
radiation as CO2, 

In 1995, the United Nations Intergovernmental Panel on Climate Change* (IPCC) 
d~cIared: 'The balance of evidence suggests a discernable human int1uence 00 global 
climate."About three-quarters of the anthropogenic emissions of CO2 that have been 
adged tg the atmosphere overthepast20years is attributed to the combustion of fossil 
fuel;(IECC,3001 ~). In the 1980s,.massive deforestation was identified as a possible 
~gntributi9n.Bbth the burning of timber and the release of carbon from bacterial 
degradatioocbntribute. Perhaps more important, deforestation removes a mechanism 
for removing CO2 from the atmosphere (commonly referred to as a sink). In normal 
respiratioll:,;green plants utilize COz much as a carbon source. This COz is fixed in the 
bi9m,assby·photosyhthetic processes. A rapidly growing rain forest can fix between I 
and 2 kg per year of carbon per square meter of ground surface. Cultivated fields, in 
contrast, fix only about 0.2 to 0.4 kg/m2~and this amount is recycled by bioconsump
tion and conversion to COz. 

Impacts. Attempts to understand the consequences of global warming are based on 
mathematical models of the global circulation of the atmosphere and oceans. The glob
ally averaged surface temperature is projected to increase by 1.4 to 5.8°C over the pe
riod1990to2100(IPCC, 2001b). To date these models have a "good news, bad news" 

*The TPee is composed of over 673 scientists and 420 expert reviewers from around the world 
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conclusion. On the the basis of the 1.4 to 5.8°C rise in global temperature, the follow
ing is predicted for North America (IPCC, 2001 b): 

1. 	 A decrease in heating costs (partly offset by increased air-conditioning cost). 

2. 	 Potential increased food production in areas of Canada and an increase in 
warm-temperature mixed forest production with modest wanning. With severe 
warming, crop production could possibly become a net loss. 

3. 	 Much easier navigation in the Arctic seas offset by reduced lake levels and 
navigational constraints for the Great Lakes and S1. Lawrence sea way. 

4. 	 Drier crop conditions in the Midwest and Great Plains, requiring more irrigation. 

5. 	 Widespread melting of permanently frozen ground with adverse effects on 
building technology in Alaska and northern Canada. 

6. 	 A rise in sea level up to 0.9m that would result in an increase in the severity 
offlooding, damageto coastal structures, destruction of wetlands, and salt~ater 
)ntrusion into drinking water supplies in coastal areas particularly in florida 
and much ofthe Atlantic coast. 

On a global scale, the effects on human health may be catastrophic. Aside from 
heat stress, whichinitself is no small thing, malaria and dengue-transmitted by mos
quitoes-will increase in areas of increased precipitation as well as increased temper
ature (Martens, 1999), The IPCC estimates between SO and 80 million additional cases 
of malaria alone will result from the forecast temperature change (IPCC, 2000). 

Kyoto Protocol. The framework convention for the Protocol was signed in 1992. In 
fr;) J99~thePt(}toF81settargetsforind~strializ~d countries to reduce their GHG emis
("'~ 	 /sionswas;f'ilili:lliz¢ci;'fQbecomt;.legallybindingtwoconditions had to be fulfilled: 

" ~, 'i, 

\" :""",/,,' ,':>,,:-:<>::; 

.. "3.R...;~~ifi.G~fibn:by.;5.5..•....c.·.ou.liltrie.s 
",_" .i>---;:>~" " -",'-': ',- ,- _.:.' 

·ttatifi9atiollDy·~l1atiOnsacc()tlntingforaf least 55percent of emissions from 38 
industrialized countries plus Belarus, Turkey, and Kazakhstan 

The firstconditio~ wasme~!n2002. Following the decision of the United States 
(i~Q~~~t~aJie<nottQJatifY,Russta'sposition became crucial to fulfill the second con
dition.OnI8 November 2004, Russia ratified the Kyoto Protocol. It came into force 
90 days later on 16 February 2005. At that time the targets for reducing emissions be
came binding on the countries that ratified the Protocol: The agreement set levels to re
duce emissions by 5 percent from the 1990 baseline level. As of December, 2005, 157 
nations had ratified the accordandtheU.S. remained unwilling to make any commit
ments to reduce greenhouse emissions (AP, 2005a). 

Russi::t'sratification ofthe treaty sounded a bell for a new international financial 
rnarket in whichcornpaniesbuyand sell what amounts to global-warming pollution 
permits. The Protocol mandates emission reductions only from industrialized coun
tries. However, it allows the industrialized countries to finance projects that reduce 
their emissions in developing countries and, thus, to generate credits toward their 
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quotas. The theory is that, since global warming is global, the atm9spheJe doesn't care 
where the emissions or the emission reductions occur. Since financing an emissions
reduction project in a developing country is cheaper than in an industrialized country, 
there is a great incentive to put together investment funds. 

Institutions including the World Bank, Japanese electric producers, the Chicago 
Climate Exchange (CCX), and French lender Caisse des Depots & Consignations are 
building funds. As of July 2005 more than $700 million had been gathered to acquire 
global-warming emission credits. By the time the Kyoto mandates become effective in 
2008, it is estimated that $10 billion in credits will have been purchased (Noticias, 
2004). It is noteworthy that the Protocol does not require Russia to decrease its emis
sions from the 1990 level at all, but its emission of GHGs has shrunk by nearly 40 per
cent because of the collapse of its economy after 1990. Russia will be able to make a 
lot of money selling credits when trading begins. 

Although the United States did not a ratify the Protocol, 136 U.S. mayors repre
senting more than 30 million people have signed an agreement to meet the goals 
spelled out in the treaty (AP, 2005b). On December 20,2005, seven northeastern states 
(Connecticut, Delaware,Maine, New Hampshire, New Jersey, New York, and Ver
mont) signedan agreement to establish carbon dioxide emissions caps for electric util
ities in their states (C&EN, 2006). In addition, the CCX has signed up more than 50 
organizations including American Electric Power (Columbus, Ohio) and TECO Energy 
(Tampa). Several states have also indicted they will work to implement an emission 
credit program. It is not clear that these credits (from either the CCX or the states) will 
count under any government mandate. 

A Ration~tle for Action. While there is still considerable disagreement about the po
tential for global warming, the consequences of ignoring these trends are sufficiently 
dramatic that intensive research mustcontinue in the decades to come. EVen without 
th~ri~ks?:fclil11atechange,improvements in energy efficiency toreduce··gn~enhouse 
gas/emisslonsareamplyjustitiedfrom two points of view: economics and sustainabil
itY'lIiglierel)ergyefficiency willyield economic benefit in reducing the costofeIec
tricity.an~tr~l1.~p?rtation .. I1igherefficiency . will contribute to sustainability by 
extencling.tneavailability of finite energy resources. The expectation of damages from 
climate change provides extra incentivefor pursuing these programs vigorously. 

AIR. POLLUTION. METEOROLOGY 

The Atmospheric Engine 
The atmosphere is somewhat like an engine. It is continually expanding and com
pressing gases, exchanging heat, and generally raising chaos. The driving energy for 
this unwieldy machine comes from the sun. The difference in heat input between the 
equator and the poles provides the initial overall circulation of the earth's atmosphere. 
The rotation of the earth coupled with the different heat conductivities of the oceans 
and land produce weather. 

Highs and Lows. Because air has mass, it also exerts pressure on things under it. 
Like water, which we intuitively understand to exert greater pressures at greater 
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High «1) aIJd low (b) pressure systems. 

depths, the atmosphere exerts more pressure at the surface than it does at higher 
elevations. The highs and lows depicted on weather maps are simply areas of 
greater and lesser pressure. The elliptical lines shown on more detailed weather 
maps are lines of constant pressure, or isobars. A two-dimensional plot of pressure 

through a high- or low-pressure system would appear as shown in 

from the higher pressure areas to the lower pressure areas. On 
to the isobars" (Figure 

called the Coriolis effect 
the "northern"hemisphere is as 

these systems are anticyclones 

(b) Anticyclone with Coriolis effect 

Wind flow due to pressure gradient 
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for highs and cyclones for lows. Anticyclones are associated with good weather. 
Cyclones are associated with foul weather. Tornadoes and hu-rricanes are-the foulest of 
~~~. . 

Wind speed is in part a function of the steepness of the pressure surface. When 
the isobars are close together, the pressure gradient (slope) is said to be steep and the 
wind speed relatively high. If the isobars are well spread out, the winds are light or 
nonexistent. 

Thrbulence 
Mechanical Thrbulence. In its simplest terms, we may consider turbulence to be 
the addition of random fluctuations of wind velocity (that is, speed and direction) to the 
overall average wind velocity. These fluctuations are caused, in part, by the fact that 
the atmosphere is being sheared. The shearing results from the fact that the wind 
speed is zero at the ground surface and rises with elevation to near the speed imposed 
by the pressure gradient. The shearing results in a tumbling, tearing motion as the 
mass just above the surface falls over the slower moving air' at the surface. The swirls 
thus formed are called eddies. These small eddies feed "larger ones. As you might 
expect, the greater the mean wind speed, the greater the mechanical turbulence. 
The more mechanical turbulence, the easier it is to disperse and spread atmospheric 
pollutants. 

Thermal Thrbulence. Like all other things in nature, the rather complex interaction 
that produces mechanical turbulence is confounded and further complicated by a third 
party. Heating of the ground surface causes turbulence in the same fashion that heating 
the bottom of a beaker full of water causes turbulence. At some point below boiling, 
you can see density currents rising off the bottom. Likewise, if the earth's surface is 
heated strongly and in turn heats the air above it, thermal turbulence will be generated. 
Indeed, the "thermals" sought by glider pilots and hot air balloonists are these thermal 
currents rising on what otherwise would be a calm day. 

The converse situation can arise during clear nights when the ground radiates its 
heat away to the cold night sky. The cold ground, in turn, cools the air above it, caus
ing a sinking density current. 

.:;-" 

Stability 
The tendency of the atmosphere to resist or enhance vertical motion is termed stability. 
It is related to both wind speed a.nd the change of air temperature with height (lapse 
rate). For our purpose, we may use the lapse rate alone as an indicator of the stability 
condition of the atmosphere. 

There are three stability categories. When the atmosphere is classified as unstable, 
mechanical turbulence is enhanced by the thermal structure. A neutral atmosphere is 
one in which the thermal structure neither enhances nor resists mechanical turbulence. 
When the thermal structure inhibits mechanical turbulence, the atmosphere is said to 
be stable. Cyclones are associated with unstable air. Anticyclones are associated with 
stable air. 
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Neutral Stability. The lapse rate for a neutral atmosphere is defined by-the rate of 
temperature increase (or decrease) experienced by a parcel of air that expands (or 
contracts) adiabatically (without the addition or loss of heat) as it is raised through 
the atmosphere. This rate of temperature decrease (dTldz) is called the dry adiabatic 
lapse rate. It is designated by the Greek letter gamma (r). It has a value of approxi
mately -l.OO°Cll 00 m. (Note ~hat this is not a slope if). the normal sense, that is, it 
is not dyldx.) In Figure 7-15a, the dry adiabatic lapse rate of a parcel of air is shown 
as a dashed line and the temperature of the atmosphere (ambient lapse rate) is shown 
as a solid line. Since the ambient lapse rate is the same as r, the atmosphere is said 
to have a neutral stability. 

Unstable Atmosphere. If the temperature of the atmosphere falls at a rate greater 
than r, the lapse rate is said to be superadiabatic, and the atmosphere is unstable. 
Using Figure 7 -15b, we can see that this is so. The actual lapse rate is shown by the 
solid line. Ifwe capture a balloon full of polluted air at elevation A and adiabati
callydisplace it 100m vertiCallyto elevation B, the temperature ofthe air insi.de the 
balloon 'will decrease from 21.15° to 20. 15°C. At a lapse-rate of 1.25°C1100 m, the 
temperature of the air outside the balloon will decrease from 21.15° to 19.90°C. The 
airinsidethe balloon will be warmer than the air outside; this temperature differ
encegives the balloon buoyancy. It will behave as a hot gas and continue to rise 
without any further mechanical effort. Thus, mechanical turbulence is enhanced and 
the atmosphere is unstable. If we adiabatically displace the balloon downward to 
eleva.tionC,the temperature inside the balloon would,rise at the rate of the dry 
adi~bat.Thus,itl movil1g 100 m, the temperature will increase from 21.15° to 22. 15°C. 
Thetenlperatureoutside the balloon will increase at the superadiabatiC lapse rate to 

C~;J 22AO?G:Theair.in·theballoonwill be cooler,than the ambient air and the balloon 
t~5).~ilIhavei?at~l1d~hcyto.sinl<.iAg~in, mechanical turbulence (displacement) is 

.~~r~ el1hanh¢d: ...... . , 
, </i':'::;," ;' '- :'\::~._?_;;.~_.,:._:'~'

··.••.5.:.· '.',
-_, _'-:'-",/,,'-:"-:0" ',',,'<.:>"e' 

: '§i~~~~~f~~'~Il~re. temperature of the atmosphere falls at a rate less than 
T'Jt:isc~Uedsubadiabatic,andtheatmosphere is stable. If we again capture a bal
lqOtl?f8011utedaira~ele:ation~-{Figure 7-15c) and adiabatically displace it verti

!(i~:;FNl:t$8xeI~V'.atiQ~1.B;the;lelUP~ratureofthepol1uted air will decrease at a rate equal 
to the dry adiabatic rate. Thus, in moving 100 m, the temperature will decrease from 
21.15°t() 20. 15°C as before. However, since the ambient lapse rate is -O.5°C/IOO m, 
the temperature of the air outside the balloon will have dropped to only 20.65°C. 
Because the air inside the balloon is cooler than the air outside the balloon, the bal
loonwiUhave a tendency to sink. Thus, the mechanical displacement (turbulence) 
is. inhibited. 
.<I~contrast,jfwedisplace the balloon adiabatically to elevation C, the temperature 

.. :r~;Il1sidethe h~Uoonwould increase to 22. 15°C, while the ambient temperature would in
'::J;j' creaseto 21.65°C. In this case, the air inside the balloon would be warmer than the am

bientairand the balloon would tend to lise. Again, the mechanical displacement would 
be inhibited. 
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FIGURE 7·15 
Lapse rate and displaced air volume. (Source: AEC, \968.) 



585 AIR POLLtmON 

There are two special cases of subadiabatic lapse rate. 'When there is no change of 
temperature with elevation, the lapse rate is called isothermal. When the tempeniture 
increases with elevation, the lapse rate is called an inversion. The inversion is the most 
severe form of a stable temperature profile. It is often associated with restricted air vol
umes that cause air pollution episodes. 

Example 7-3. Given the following temperature and elevation data, determine the 
stability of the atmosphere. 

Elevation, m Temperature, °C 

2.00 14.35 
324.00 11.13 

Solution. Begin by determining the existing lapse rate: 

(j.T 
-
Ll2 

T2 TI 

22 - 21 

11.13 - 14.35 -3.22 

324.00 - 2.00 322.00 

-0.0100°C/m = - 1.000e/100 m 

Now we compare this with r and find that they are equal. Thus, the atmospheric sta
bilityisneutra.l. 

~I'D1~?~rll~~.i!hesm8ketrailorplumefroma.talLstack located on flat terrain has 
',,'91 beellf()4ndJoe~hibitacha:racteristicshape thatisdependent on the stability of the 
~ ·~0.>;< he.,~i~Sla~si~~kI?ll.lll1esi~respow~ in~igur~7-16j .alongwith the corr
~)~sp()"'i,git .•.....•...•. f.~tll£eiproj:iIes.ln~?chqase,F is given as a broken line to allow com

. (~paris~~.\Viththeactuallapse rate, which is given as a solid line. In the bottom three 
~ases,p;artic::ula[~ttentionshouldbe given to the location of the inflection point with 
respect to the top of the stack, 

Heat Islands. A heat island results from a mass of material, either natural or anthro
pogenic, that absorbs and reradiates heat at a greater rate than the surrounding area. 
This causes moderate to strong vertical convection currents above the heat island. The 
effectis superimposed on the prevailing meteorological conditions. It is nullified by 
strotlwwinds; Largeirtdustrial complexes and small to large cities are examples of 
placesthat would have a heat· island. 

Because of the heat island effect, atmospheric stability will be less over a city than 
ifis over the surrounding countryside. Depending upon the location of the pollutant 
sources, this can be either good news or bad news. First, the good news: For ground 
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FIGURE 7-16 

Six types of plume behavior. (Source: Church, 1949.) 


level sources such as automobiles, the bowl of unstable air that forms will allow a 
greater air volume for dilution of the pollutants. Now the bad news: Under stable con
ditions, plumes from tall stacks would be carried out over the countryside without in
creasing ground level pollutant concentrations. Unfortunately, the instability caused by 
the heat island mixes these plumes t6 the ground level. 
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Land/Sea Breezes. C nder a stagnating anticyclone, a strong local circulation pat
temIllay develop across the shoreline oflarge water bodies. During the night, the 
land cools more rapidly than the water. The relatively cooler air over the land flows 
toward the water (a land breeze, Figure 7-17). During the morning the land heats 
faster than water. The air over the land becomes relatively warm and begins to rise. 
The is replaced by air from overthe water body (a sea or lake breeze, 

ofthe lake breeze on stability is to impose a surface-based inversion on 
theair ovesJromthe water over the warm ground, iUsl11

stack plumes originating near the shoreline, the stable 

Lake breeze during the day_ 
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FIGURE 7·19 

Effect of lake breeze on plume dispersion. 


lapse rate causes a fanning pI ume close to the stack (Figure 7-19). The lapse condition 
grows to the height of the stack as the air moves inland. At some point inland, a fumi
gation plume results. 

Valleys. When the general circulation imposes moderate to strong winds, valleys that 
are oriented at an acute angle to the wind direction channel the wind. The valley effec
tively peels off part of the wind and forces it to follow the direction of the valley floor 
(Figure 7-20). 

Under a stagnating anticyclone, the valley will set up its own circulation. Warming 
of the valley"walls will cause the valley air to be warmed. It will become more buoyant 
and flow tip the valley. At night the cooling process will cause the wind to flow down 
the valley: 

Valleys oriented in the north-south direction are more susceptible to inversions 
thahleveltyrrain,The valley walls protect the floor from radiative heating by the sun. 
Yetthewallsa~difloorarefree to radiate heat away to the cold night sky. Thus. under 
wc(}.k\Vinds,thegroundcannot heat the air rapidly enough during the day to dissipate 
~theinversionthatforrnedduring the night. 

FIGURE 7·20 
Idealized representation of the circulation 
that might be expected in a typical valley 
on a clear night. (Source: AEC, 1968.) 
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7-8 ATMOSPHERIC DISPERSION 

Factors Affecting Dispersion of Air Pollutants 
The factors that affect the transport, dilution, and dispersion of air pollutants can gen
erally be categorized in terms of the emission point characteristics, the nature of the 
pollutant material, meteorologic~l conditions, and effects',of terrain and anthropogenic 
structures. We have discussed all of these except the source conditions. Now we wish 
to integrate the first and third factors to describe the qualitative aspects of calculating 
pollutant concentrations. We shall follow this with a simple quantitative model for a 
point source. More complex models for point sources (in rough terrain, in industrial 
settings, or for long time periods), area sources, and mobile sources are left for more 
advanced texts. 

Source Characteristics. Most industrial effluents are discharged vertically into the 
open air through a stack or duct. As the contaminated gas stream leaves the discharge 
point~th~plume tendstoexpand andmix with the ambient air. Horizontal air moye
ll1ent will tend to bend the discharge plume toward the downwind direction. At some 
point between 300 and 3,000 mdownwind, the effluent plume will level off. While the 
effluent plume is rising, bending, and beginning to move in a horizontal direction, 
the gaseous effluents are being diluted by the ambient air surrounding the plume. As 
thecontaminatedgases are diluted by larger and larger volumes of ambient air, they are 
eventually dispersed toward the ground. 

The plume rise is affected by both the upward inertia of the dischargegas stream 
and ~yit8 buoyancy. The verticahnertia is related to the exit gas velocity and mass. 
Th~pl{lll1e's~uoyancyis related to the exit gas mass relative to the surrounding air 
mass:.I~creasingtl1~~xitvelocityor the exit gas temperature will generally increase 

1"the'·'pl}llIleri~~.}~t.r,lumerise,togtther with thephysical stack .height, is called' the 

\"')eff~c;tiY(!~Jac~~€i,g~t.>.< ... '.' . .... > .' . '• 

(:~0~"?''I'ij~adgH~~~al~ris~oft~e plumt.fbqvethe discharge point as the plume bends and 
·:~;Jty~l~.· ..'., ..\fa(;t8~Jl1t~7r~~Hltant4~wn\¥i?dgroundlevelconcentrations, The higher 

.)~\~8$:gl~~Y;ri~~s.~gitially,.th~gr~aterdistance.· there·.·is .for diluting the contaminated 
J~t~Jg~s~S;?S theye~pand and mix downward. 

',F'?ra~§p~cific.,dischargeheighrand a specific set of plume dilution conditions, the 
r;')%~()undl~veL.coI1R~Htrati2Ilisrpropbrtional.to"the"amount of contaminant materials dis
'~Fb~Fgedf?o;r~ltQ~stac~outIetJof,aspecific period of time. Thus, when all other condi
',"', tionsareconstant, an increase in the pollutant discharge rate will cause a proportional 

,,' increase il1 the downwind ground level concentrations. 

Downwind Distance. The greater the distance between the point of discharge and a 
groundleveIreceptor downwind, the greater will be the volume of air available for di

~.:)'} IUlingthecontaminantdi§charge beforeit reaches the receptor. 

Wil'ldSpeedandUirection. The wind direction determines the direction in which 
the contaminated gas stream will move across local terrain. Wind speed affects the 
plume rise and the rate of mixing or dilution of the contaminated gases as they leave 
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the discharge point. An increase in wind speed will decrease the pl~me rise by bending 48 
the plume over more rapidly_ The decrease in plume rise tends to increase the pollu
tant's ground level concentration. On the other hand, an increase in wind speed will in
crease the rate of dilution of the effluent plume, tending to lower the downwind 
concentrations. Under different conditions, one or the other of the two wind speed ef
fects becomes the predominant effect. These effects, in tum, affect the distance down
wind of the source at which the maximum ground level concentration will occur. 

Stability. The turbulence of the atmosphere follows no other factor in power of dilu
tion. The more unstable the atmosphere, the greater the diluting power. Inversions that 
are not ground based, but begin at some height above the stack exit, act as a lid to re
strict vertical dilution. 

Dispersion Modeling 
General Considerations and Use of Models. Adispersion model is a mathematical 
description ofthe meteorological transport and dispersion process that is quantified in 
terms of source and meteorologic parameters during a particular time. The resultant 
numerical calculations yield estimates of concentrations of the particular pollutant for 
specitic locations and times. 

To verify the numerical results of such a model, actual measured concentrations of 
the particular atmospheric pollutant must be obtained and compared with the calcu
lated values by means of statistical techniques. The meteorological parameters required 
for use of the models include wind direction, wind speed, and atmospheric stability. In 
some models, provisions may be made for including lapse rate and vertical mixing' 
height. Most models will require data about the physical stack height,thediarneter of 
the stack at the emissiondischarge point, the exit gas temperatureand velocity, and the 
mass fate ofemissionof polltitants. 

M?~ets.fre~suallydassified as either short-term or climatologicalmodels.Shortc. 
terrlTITlo~eIsaregeneranyusedunderthe following circumstances: (1) to estimate am
bi.eBtR()ny:entra,tionswhereitisimpractical to sample, such as over rivers or lakes, or 
,atgfe~~distances.abovetheground; (2) to estimate the required emergency source re
ductions associated with periods of air stagnations under air pollution episode alert 
conditions~fnd(3) to estimatethe most probable locations of high, short-tenn, ground
le\lel~o~Gentrationsaspartof a site selection evaluation for the location of air moni
t()fingequjpment 

Climatological models are used to estimate mean concentrations over a long pe
riodof time or to estimate mean concentrations that exist at particular times of the day 
for each season over a long period of time. Long-term models are used as an aid for de
veloping emissions standards. We will be concerned only with short-term models in 
their most simple application. 

Basic Point Source Gaussian Dispersion Model. The basic Gaussian diffusion 
equation assumes that atmospheric stability is uniform throughout the layer into which 
the contaminated gas stream is discharged. The model assumes that turbulent diffusion 
is a random activity and hence the dilution of the contaminated gas stream in both the 
horizontal and vertical direction can be described by the Gaussian or normal equation. 
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x 

(x, -y, z) 

(x, -y, 0) 

FIGURE7~21 
Plume dispersion coordinate system. (Source: Turner. 1967.) 

Themodel further assumes that the contaminated gas stream is released into the at
mosphere at a distance above ground level that is equal to the physical stack height 
plus the plume rise (~H). The model assumes that the degree of dilution of the effluent 
plume is inversely. proportional to the wind speed (u). The model also assumes that 
pollutant material thatreachesgtound level is totally reflected back into the atmos
pherelikeabearrloflight striking a mirror at an angle. Mathematically, this ground re

(~) flecti9nis~~c()unt~~forbyassuming a virtual or imaginary source located at a 
~';t;) dist~nceBf\\.-~~i.thr~sgec:tto.groundlevel,andemitting an imaginary plume with the 
:~~>s~llJe$B~r~Hc~tftI1g~h~~there~lsour~ybeing.r,nodeled.Thesame general idea can be 
~/~.1u~edtq~.s~(l~1~s~;Qfherbo~~darylayerconditions forthe equations, such as limiting 
.i~ honz· ..• af3~,£¥:erticaIItlixing. 

fr=,Ttt~i~&J~i;'w~h~v~sel~ct~d the model* equation in the form presented by D. B 
• Tl1~ne((1967)~Itgivesthegroull1Ievelconcentration(x) ofpollutant at a point (coor
i;;Ddiflatesxancly) ~9\Vn'Nind.frolTI.a~ack,with aneffective height (H) (Figure 7 -21). The 
t!!~§t> .cItl~xi(ltiQn.ofthypluine,jnthe'horizontalandverticaldirections is designated 

. bysvand sz,respectively. The standard deviations are functions of the downward dis
tance fromthe source and the stability of the atmosphere. The equation is as follows: 

(7-19) 

X(x,y,o.H) downwind concentration at ground level, g/m3 
E = emission rate of pollutant, gls 

'''Note: Tu mer provides guidelines on the accuracy of this model. It is an es.timating tool and not a detinitive mode! 
to be used indiscriminately. 
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Sy' Sz = plume standard deviations, m 
u wind speed, rOJs 

x, y, z, and H = distances, m 
exp = exponential e such that terms in brackets immediately follow

ing are powers of e, that is, eL1where e = 2.7182 

The value for the effective stack height is the sum of the physical stack height'(h) and 
the plume rise ~H: 

H = h + ~H (7-20) 

~H may be computed from Holland's formula as follows (Holland, 1953): 

I1H v~d [1.5+ 0.68 X 1O-2(P) C' ;, Ta ) d)1 (7-21) 
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Horizontal dispersion coefficient. (Source: Turner, 1967). 
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where Us = stack velocity, mJs 
d = stack diameter, m 
u = wind speed, mJs 
P pressure, kPa 
T~ = stack temperature, K 

Ta = air temperature, K , 


The values of Sy and s;; depend upon the turbulent structure or stability of the atmos
phere. Figures 7-22 and 7-23 provide graphical relationships between the downwind 
distance x in kilometers and values of Sy and Sz in meters. The curves on the two figures 
are labeled A through F. The label A refers to very unstable atmospheric conditions, B 
to unstable atmospheric conditions, C to slightly unstable conditions, D to neutral 
conditions, E to stable atmospheric conditions, and F to very stable atmospheric 
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TABLE 7·8 
Key to stability categories 

Surface wind 
speed (at 10 m) 

(mJs) 

Incoming solar radiation 

Strong Moderate Slight 
T
> 

hinly overcast or 
112 Low cloud < 3/8 Cloud 

<2 A A-B B 
2-3 
3-5 
5-6 
>6 

A-B 
B 
C 
C 

B 
B-C 
C-D 

D 

C 
C 
D 
D 

E 
D 
D 
D 

F 
E 
D 
D 

"The neutral class, D, should be assumed for overcast conditions during day or night. Note that "thinly overcast" 

is not equivalent to "overcast." 

Notes: Class Ais the most unstable and class F is the most stable class considered here. Night refers to the 

period from one hour before sunsetto one hour after sunrise. Note that the neutral class, D, can be assumed for 

overcast conditions during day or night, regardless of wind speed. 


"Strong" incoming solar radiation corresponds to a solar altitude greater than 60° with clear skies: "slight" 
insolation corresponds to a solar altitude from IS" to 35" with clear skies. Table 170, Solar Altitude and 
Azimuth, in the Smithsonian Meteorological Tables, can be used in determining solar radiation. Incoming 
radiation that would be strong with clear skies can be expected to be reduced to moderate with broken (5/8 to 
718 cloud cover) middle clouds and to slight with broken low clouds. 
(Source: Turner, 1967.) 

conditions. Each of these stability parameters represents an averaging time of approx
imately 3 to 15 min. 

Other averaging times may be approximated by mUltiplying by empirical con
stants, for example, O.36for 24 hours. Turner presented a table and discussion that al
lows an estimate of stability based on wind speed and the conditions of solar radiation.. 
Thisis given.inTable 7:-8. 

for computer solutions of the dispersion model, it is convenient to have an algo
rithmto express the stability class lines in Figures 7-22 and D. O. Martin (1976) 
has developed thefollowing equations that provide an approximate fit. 

axO.894Sy = (7-22) 

s: = cx d +f (7-23) 

where the constants a, c, d, and fare defined in Table 7-9. These equations were de
veloped to yield Sv and Sz. in meters for downwind distance x in kilometers. 

As noted above, the wind speed varies with height. Unless the wind speed at the 
effective height of the plume (H) is known, the wind speed must be corrected to ac
count for the change in speed with elevation. For elevations up to a few hundred me
ters, a power law expression of the following form may be used to estimate the wind 
speed at heights other than that of the measurement: 

(7-24) 
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TABLE 7-9 
Values ofa, c, d, and/for calculating Sy and Sz 

x< 1 km x> I km 
Stability
class a c d f c d f 

A 213 440.8 1.941 9.27 459.7 2.094 .-9.6 
B 156 100.6 1.149 3.3 108.2 1.098 2 
C 104 61 0.911 0 61 0.911 0 
0 68 33.2 0.725 1.7 44.5 0.516 13.0 
E 50.5 22.8 0.678 -1.3 55.4 0.305 -34.0 
F 34 14.35 0.74.0 -0.35 62.6 0.18 -48.6 

(Source: Martin, 1976.) 

TABLE 7-10 
c't8Expollentpvalues ·for rural and urban regimes 

Stability class Rural Urban 

A 0.07 . 0.15 
B 0.07 0.15 
C 0.10 0.20 
D 0.15 0.25 
E 0.35 0.30 

0.55 0:30 

22 and Ur is thewindspeed at elevation ZI' The 
and the stability. EPA's recommended 

Stack parameters: 

Height 120.0 m 

Diameter 1.20 m 

Exit velocity 10.0 mls 

Temperature = 315°C 

Atn10sphefic conditions: 

Pressure = 95.0 kPa 

Temperature 25.0°C 
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Solution. We begin by determining t_he effective stack height (H). 

tlH = (10.0)(1.20)[1.5 + (2.68 X 10-2(95.0)588 - 298 120)]
4.50 588 . 

tlH = 8.0 m 

H 120.0 + 8.0 = 128.0 m 

Next, we must determine the atmospheric stability class. The footnote to Table 7-8 
indicates that the D class should be used for overcast conditions. 

From Equations 7-22 and 7-23 we can determine that, at 3 km downwind with a 
D stability, the plume standard deviations are as follows: 

Sy 68(3)°·894 181.6m 

Sz = 44.5(3)°·516 + ( 13) = 65.4 m 

Thus, 

x = ~1,656.2,------ .{exp[_l(_O)2]} {~exp[_~(128.0)2]}
7T(18L6)(65.4)(4.50) . 2 181.5 - 2 65.4 

Inversion Aloft. When an inversion is present, the basic diffusion equation must be 
modified to take into account the fact that the plume cannot disperse vertically once it 
reaches the inversion layer. The plume will begin to mix downward when it reaches the 
base of th.einversion layer (Figure 7-24). The downward mixing will begin atadis
tance XL downwind from the stack. The XL distance is afunction ofthe stabilityinthe 
layyr bylowtheinversion. It has been determined empirically that the vertical standard 
deviationoftheplumecan be calculated with the following formula at the distance XL: 

Sz = 0.47(L H) (7-24) 

where4 ...... heigrttobottomof inversion layer, m 
H=effective stack height, m 

When the plume reaches twice the distance to initial contact with the inversion 
base,thepl1.l}ne is said to be completely mixed throughout the layer below the inversion. 

Vertical profile of 
pollutant . 

z -- --- -- --------~--- -- -- --- 
/ -__""-~-------"" .ISz=0.47(L H). 

/---- --------------~---------------

-~-_/-----

T 

FIGURE 7-24 

Effect of elevated inversion on dispersion. 


http:7T(18L6)(65.4)(4.50
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Beyond a distance equal to 2xL the centerline concentration_of pollutants may be esti
mated by using the following equation: 

E 
(7-25)x = (21T)1/2Sy (u)(L) 

Note that Sy is determined by the stability of the layer. below the inversion and the 
distance to the receptor. We call this the "inversion" or "short form" of the dispersion 
equation. 

Example 7-5. Determine the distance downwind from a stack at which we must 
switch to the "inversion form" of the dispersion model given the following meteoro
logic situation: 

Effective stack height: 50 m 

Inversion base: 350 m 

Wind speed: 7.3 mfs 

Cloud cover: none 

Time: 1130 h 

Season: summer 

Solution. Determine the stability class using Table 7-8. At > 6 mfs with strong 
radiation, the stability class is C. 

Ca1culatethe value of sz. 

Sz = 0.47(350 m - 50 m) = 141 m 

141, draw a horizontal line to stability class C. 
downwind." Find XL ~ 2Skm. 

5 km downwind (2xr), use the 

7-19 with szdetermined from the 
Thus, in no case do we use Sz com-

If we envision a house or room in a house or other enclosed space as a simple box 
(Figure 7-25), then we can construct a simple mass balance model to explore the be
havior of the indoor air quality as a function of infiltration of outdoor, indoor sources 
and sinks, and leakage tothe outdoor air. If we assume the contents of the box are well 
mixed, then 

Rate of Rate of Rate of 
Rate of

pollutant pollutant pollutant 
pollutant

entering + entering box leaving box (7-26)
Increase leaving box

box from from indoor by leakage
in box by decay

outdoors emissions to outdoors 
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Volume=V 

Concentration == C 


Q,C 

Emission Decay rate 

rate = E k 


Is1.1 r4u 
FIGURE 7-25 

Mass balance model for indoor air pollution, 


or 

dC 
-\1-- QCa + E QC - kClI 	 (7-27)

dt 

where 	 11= volume of box, m3 

C = 
" 

concentration of pollutant, g/m'
) 

Q~ rate of infiltration of air into and out of box, m3Is 
Ca = concentration of pollutant in outdoor air, g/m3 


E = emission rate of pollutant into box from indoor source, g/s 

k =pollutantdecay rate or reaction rate coefficient, s-] 


Reaction rate coefficients for a selected list of pollutants are given in Table 7-11. 
Emission factors for selected. indoor air pollution sources are listed in Table 7-12. 

TABLE 7·11 _," 

Reactionnitecoefficients for selected pollutants 


Pollutant 	 k" S 
~ I 

CO 	 0.0 
CH20 1.11 X 10-4 

NO 0.0 
NOx (as N) 4.17 X 10-5 

Particulates « 0.5 j.Lm) 1.33 X 10-4 

Radon 2.11 X 10-6 

S02 6.39 X 10-5 

(Source: Traynor et aI., 1982.) 
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TABLE 7-12 

Emission factors for selected indoor air pollution sources and pollutantsa 

. 


Pollutant I h 

Formaldehyde 15 
Styrene 50 
Toluene 300 
TVOC b 600 

Decane 200,000 
Nonane, 100,000 
Pentylcyc10hexane 10,000 
Undecane 100,000 
m,p Xylenes 50,000 
TVOC 3 X 106 

100 
20,000 
40 
50,000 

Medium density fiberboard 
Particleboard 
Pap~r products 
FilJ~rglass prodllcts 
CI()thing 

Emission factor, p,glh . m2
, 

at various times after being put into use 

I day I week 1 month 

Floor materials: carpet, synthetic fiber 

10 5 2 
20 6 3 
40 20 10 
80 20 10 

Paints and coatings: solvent-based paint 

2,000 0 
100 °3,000 0 
10,000 °5 °200,000 0 

°0 
0 
0 
0 

° 

Paints and coatings: water-based paints 

10 2 1 
20,000 15,000 4,000 
100 2 1 
40,000 20,000 200 

30,000 
7,000 
20,000 

Formaldehyde emission factors, p,g/d . m2 

17,600-55,000 
2,000-25,000 
260-280 
400--470 
35-570 

1 year 

1 
2 
1 
5 

,0 
- °0 

0 

°0 

0 
0 
0 
20 

aCompiled from Godish. 2001. and Tucker. 200 I. 
bTVOC total volatile organic compounds. 
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The general solution for Equation 7-27 is 

(7-28) 

The steady-state solution for Equation 7-27 may be found by setting dCldt = 0 and 
solving Tor C: 

QCa + E 
C (7-29)

Q + k¥ 

When the pollutant is conservative and does not decay with time or have a significant 
reactivity, k = O. In the special case \Yhen the pollutant is conservative and the ambient 
concentration is negligible and the initial indoor concentration is zero, Equation 7-27 
reduces to: 

(7-30) 

Example 7-6. An unvented kerosene heater is operated for one hour in an apartment 
having a volume of 200 m3

. The heater emits S02 at a rate of 50 J,Lg/s. The ambient air 
concentration (Ca) and the initial indoor air concentration (Co) of S02 are 100 f.Lg/m 3. 

If the.rate of ventilation is 50 LIs, and the apartment is assumed to be well mixed, what 
istheindoorair concenttationofS02at the end of one hour? 

§(Jllltio~~..Theconcentration may be determined using the general solutionform of 
t~eindoorairq~alitY.tn0d,el(Equation7 -28). The decay rate for S02 from Table 7-11 

5is6,39XlO.... s... 1 and SO LIs is equivalent to 0.050 m3/s .. 

SO/Lg/s .. ... ... 3 O,OSO m3/s 
-----=--- + 100 II.g/m(200 m:i) . f" .... 200 m3 

O.OSOrn%---'--- + 6.39 X 10-5 s 1 

200m3 


X [1 - ex{(o.~~ ::/S + 6.39 X 10-5S-}3600 S))1 

+(100 p,glm3
) exp[ -(o.~~~ ::Is + 6.39 X 10-5 

S-\) (3600 s) 1 
= 876.08(1 exp( -1.13» + 100 exp( -1.13) = 876.08(1 0.323) + 100(0.323) 

593.09 + 32.3 625.39 or 630 f.Lg/m3 
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In addition to the mass balance model, statistical and:'computational fluid dynam
ics (CFD) models have been developed. Sparks (2001) provides an overview ofthe 
different types, their advantages and disadvantages, and a list of complex computer 
models that are available. 

7-10 AIR POLLUTION CONTROL OF STATIONARY SOURCES 

Gaseous Pollutants 

Absorption. Control devices based on the principle of absorption attempt to trans

fer the pollutant from a gas phase to a liquid phase. This is a mass transfer process 

in which the gas dissol ves in the liquid (see Section 4-1). The dissolution mayor 

may not be accompanied by a reaction with an ingredient of the liquid. Mass trans

fer isa diffusion process wherein the pollutantgas moves from points of higher con

centration to points of lower concentration. The removal of the pollutant gas takes 

place inthreesteps: 


1. Diffusion of the pollutant gas to the surface of the liquid 

2. Transfer across the gas/liquid interface (dissolution) 

3. Diffusion of the dissolved gas away from the interface into the liquid 

Structures such as spray chambers (Figure 7-26) and towers or columns (Figure 
7:'27).aretwoclasses of devices.. employed to absorb pollutant gases. In scrubbers, 
Wllichare a type of spray chamber,. liquid droplets are used to absorb the gas. Intow
erS,athiftfilm ofliquid is used as the absorption medium. Regardless of the type of 

Air and 
F.'c--::---c----, ~........,..,.-=r- particles 


Spray chamber. 
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Gas out· 

Gas out 

t Liquid in -+-:::=:=> . Liquid 
distributor 

Shell 
t-."'-LlI:.;I<..;J'.l«-- Packing

Liquid in restrainer 

Downspout 
Shell 

Liquid 
1'c==:=7f'- redistributorFroth--+;.f--)o

lr{~i::;;--:~'~ 


~ Gas in 

Packing support 

Gas in--j 

Liquid out ........iiiiiiiiiiiii=-+-' Liquid out 


Plate tower Packed tower 

FIGURE 7·27 
Absorption systems. 

device, the solubility of the pollutant in the liquid must be relatively high. If water is 
the solute, this generally limits the application to a few inorganic gases such as NH), 
Clz, and S02' Scrubbers are relatively inefficient absorbers but have the advantage of 
being able to simultaneously remove particulates. Towers are much more efficient ab
sorbers but they become plugged by particulate matter. 

The amount of absorption that can take place for a nonreactive solutionis gov
ernedby the partial pressure of the pollutant. For dilute solutions, as we have in poIlu
tiorrcontroLsystems,therelationship between partial pressure and the concentration of 
the gas in solution is given byHemy's law: 

Pg KI·{Cequil (7-31 ) 

Pg =partialpressure of gas in equilibrium with liquid, kPa 
KH = Henry's law constant, kPa' m3/g 

Cequil concentration ofpollutant gas in the liquid phase, g/m3 

Equation7.-31 impliesthatthepartial pressure of the gas must increase as the liquid ac
cumulates more pollutant or else it will come out of solution. Since the liquid is re
moving pollutant from the gas phase, this means the partial pressure is decreasing as 
the gas is cleaned. This is just the reverse of what we want to happen. The easiest way 
to get around this problem is to run the gas and liquid in opposite directions. This is 
called countercurrentflmv. In this manner, the high concentration gas is absorbed into 
a liquid with a high pollutant concentration. The lower concentration gas is absorbed 
by liquid with no pollutants in it. 

A mass balance diagram of a countercurrent flow absorption column is shown in 
Figure 7-28. The mass balance equation is 

(7-32) 
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...
Lm. 2 

Ls 
(2)X2 

Xz 
T=const 

p= canst 


~Cross-sectional 

area, A 


dZ 

i 

I 
(1) 

Lm;1
~ 

Ls 
xl YI FIGCRE 7-28 
Xl r t Notation for a countercurrent tlow packed absorption tower. 

where Gm " Gm2 = total gas flow (air plus pollutant) into and out of the column re
spectively, kg . mole/h 

YI, Y2 mole fraction of pollutanfin the gas phase at inlet and outlet of 
column, respectively* 

=t()talJiquid Jlow{solventplusabsorbed pollutant)outof and into 
tpF columnr~spectiyely,kg· mole/h 

X{,x2==rnoIFfractionofpollutantintheJiquidphase out of and into the 
co.luI11n,respectively

;:;)~/,~-:------,:>~l;-i~t§F 

t il/ t~r~*;/¥~rlatil~:s()finttr~stilithedesignofapackedtower arethe gas flow rate, the liq
ui~flowrate,andtheheightofthe tower. As you might expect, the three are related. If 
vv.~9011sideradifferentialheight of the absorber, dZ, as shown in Figure 7-28, the total 
inteifacialareaopen to mass transfer is defined as 

---- --- - - -- - -- - ",

areafotmasstransfer (a)(A)(dZ) (7-33) 

where a = area per unit volume of packing 

A = cross sectional area of column 


p 
v= . P, 

partial pressure of gas 
PI total pressure of gas 

= (P*IP,l 
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As we did in Section 4-1, we may des~ribe the rate of mass transfer of a.gas, i,into so
lution (NJ by the following differential equation: 

de 
Ni = dt K/y - y*) (7-34) 

where Ky = overall mass transfer coefficient for gas 
y, y* = mole fraction of gaseous pollutant and equilibrium mole fraction, 

respectively 

The rate of transfer of species i then is 

rate of mass transfer = (Ni)(A)(a)(dZ) (7-35) 

This mass is equal to the mass loss from the gas phase as it passes through the differ
ential height dZ: 

mass loss = d(Cmy) (7-36) 

We may expand this expression by defining two new terms:,the mass flow rate per unit 
area C:n and the mole ratio: 

Yy=--- (7-37)
1 Y 

and noting that 

(7-38) 

where Cc~s the mass flow of the carrier gas without the pollutant. Equating the mass 
transfer (Equation 7-34) with the mass loss (Equation 7-36) and making substitutions 
fromEquations 7-35, 7-37, and 7-38 yields 

C'd
Kya(y - y*)dZ = m Y (7-39) 

. 1 - y 

(7-40) 

The (weralldriving force (y - Y*) at any location in the tower may be written in the form 

y y* = (l y*) - (1 y) (7-41) 

It is convenient then to define the log-mean value of (1 y*) and (1 - y): 

(i - y*) - (1 - y) 
(l - Y)LM (7-42)

1n[(1 y*)/(1 - y)] 

Multiplying the numerator and denominator of Equation 7-40 by (1 - y)LM, we obtain 

C;n ) ( (l - Y)u;fdy )dZ = ~- - (7-43)( Kya(\ - Y)UI'I (y - y*)(1 - y) 
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Although G~, K,a, and (1 - Y)LM vary along the absorption column, the first term of 
this equation is reasonably constant. This quantity is called the overall height of a 
transfer unit (Hog). As a first approximation to the height of the column, Equation 7 -43 
may be rewritten as 

fY1
H (1 - y)LMdy'z (7-44)(og) (y _ y*)(l y) 

Y2 

The integral is called the number of transfer units (Nog). The height of the tower is 
computed from the following equation: 

(7-45) 

For dilute solutions that obey Henry's law, the number of overall gas transfer units may 
be calculated as follows (Treybal, 1968): 

In [G: ::) (l - A) +A1 
Nog 1 A (7-46) 

where YI, Y2 = mole fraction of pollutant in the gas phase at inlet and outlet of tower, 
respectively 

m slope of equilibrium curve defined by Henry's law y*lx* in mole 
fraction units (m has no units) 

= mole fraction of pollutant in the liquid phase entering the tower 
A =mQglQ, . .. 
Q,= Jiquid flow rate, kg . mole/h . m2 

Qg gas flow rate, kg . mole/h· m2 

transfer unit (HTU) may also be expressed as the 

(7A7) 

fuuctionsoftheflow rate, surface area of the packing, 
and air, and the diffusivity of the pollutant gas. 

{f~*\!~Xa~ple7,-1. Deferminethe.heightofapacked tower that is to reduce NH3 in air 
fromaconcentration of 0.10 kg/m3 to a concentration of 0.0005 kg/m3 given the fol
lowing data: 

Column diameter = 3.00 m 

Operating temperature = 20.0°C 

Operating pressure = 101.325 kPa 

0.438 m 

H, 0,250m 

Qg = Q, 10.0 kg/s 

Incoming liquid is water free of NH3 
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Solution. We begin by convertinito mole fractions. NH3 has a GMW.of 17.03. 
For air we assume a GMW of 28.970 and a density of 1. 185kglml -at 25°C. Since the 
operating temperature is 200 e, we correct the density of the air: 

298
1.185 X - 1.205 kg/m3 

.. 293 

Now we compute the mole fractions at the inlet (YI) and outlet (Y2): 

0.10 kg/m3 

17.03 GMW NH3 0.005872 
v = - = - = 0.l4118 
.' ! 1.205 kg/m3 0.04159 

28.970 GMW air 

In a like manner, Y2 0.000706. Since the incoming liquid has no NH3, the mole 
fraction is zero, that is, X2 = 0.0. 

The Henry's law constant in mole fraction units must b'i determined from experi
mental data. From the Chemical Engineers' Handbook weJind the following data 
(Perry and Chilton, 1973): 

kg NH3 per 
100 kg Hz 

15.199 15 
9.319 10 
4.266 ' 5 
1.600 I 

IKweconvert.eachvalue to mole fractions and plot x* versus y* (the asterisk refers to 
thesready-sfateconditioTl),.theslopeofthe line will be m. An example calculation is 

·§howIlf()r.thetis§tv~Iueof.x'j:.andy*,The.total.pressure is taken to be 101.325 kPa. 
TheGMWofH20 is IS.0I5.For 15 kg NH3 per 100 kg H20: 

15 kg 

17.030GMWx* =: c--------'-------'----..
15 kab + 100 kg 

17.03 GMW NH3 18.015 GMW H20 

0.l369 

15.199 kPa 
v*=---
. 101.325 kPa 

y* = 0.1500 

The value of m is then found by a least squares linear regression fit of a line through 
the four pairs of and y" values. The slope of the line is m. 

In 1.068 
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The value of A is computed in mole units as follows: 

10.0 kg/s of air 
1.068 	 . 

28.97 GMW of alr
A = -------- 

10.0 kgls of H20 

. 18.015 GMW of H2O. 
0.6641 

The number of gas transfer units is then 

1 0.6641 

= 12.5545 


The height of an individual gas transfer unit is 


Hog = 0.438 0.6641(0.250) = 0.6040 

The height of the tower is then 

Z, (0.6040)(12.5545) = 7.5832 

Since thelimitingconcentration data were given to only one significant figure, the 
answer would be 

Z, 8 m 

Be.foreweleave this example, we should look back and see what we have wrought. 
Sinseth~abs()rptiolltowerneither creates nor destroys matter, the mass of NH3 en

(~ttf.rin&~n<fleaYi.~gtl}esolurrmmustp~thesame.·lfwe assume isothermal,.steady
~;.;~stfl~~fgn~i~t9(l.~(thatt~,g.asandJiquid'ratesjI1andoutare.equal), we can solve the 
l ~~Il1~ssbn.l(mc~~~9u~~io~€~q~(ltion7-32Ho(XI.Aftersome calculations we find XI = 
.~ 9'9~j~~.r~!~j~·99i3QOlng~ofNH3'Ihisis .• ~classic example. of a multimedia 
III PER~!eW·.~h.~?lVing(l~<airpol1utionprobl~111,we'·have.created·a serious water polIu-
N> 	 ti(}npr,bblern. Catch-22! .' . 

~!ttl;; 

{.:.:'~~s~~R~i.:llI...Tllis.isq.ma8"s~trghsft'rprocessjnwhich the gas is bonded to a solid. It 
--. ·-'is.asurface phenomenon.The gas (the adsorbate) penetrates into the pores of the solid 

(the adsorbent) but not into the lattice itself. The bond may be physical or chemicaL 
Electrostatic forces hold the pollutant gas when physical bonding is significant. Chem
ical bonding is by reaction with the surface. Pressure vessels having a fixed bed are 
used to hold the adsorbent (Figure 7-29). Active carbon (activated charcoal), molecu
larsieves, silica gel, and activated alumina are the most common adsorbents. Active 
ca.rb(j.t1is manufactured from nutshells (coconuts are great) or coal subjected to heat 

:2,) 	 tr¥~tI11entjnareducingatmosphere. Molecular sieves are dehydrated zeolites (alkali
metalsiIicates).Sodium silicate is reacted with sulfuric acid to make silica gel. Acti
vated alumina is a porous hydrated aluminum oxide. T11e common property of these 
ads?rbents is a large "active" surface-area per unit volume after treatment. They are 
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Pollutant-laden gas~ 

Adsorption cycle Desorption cycle 

FIGURE 7·29 
Adsorption system. 

very effective for hydrocarbon pollutants. In addition, they can capture H2S and S02' 
One special form of molecular sieve can also capture N02. With the exception of the 
active carbons, adsorbents have the drawback that they preferentially select water be
fore any of the pollutants. Thus, water must be removed from the gas before it is 
treated. All of the adsorbents are subject to destruction at moderately high temperatures 
(150°C for active carbon, 600°C for molecular sieves, 400°C for silica gel, and 500°C 
for activated alumina). They are very inefficient at these high temperatures. In fact, 
their activity is regenerated at these temperatures! 

The relation between the amount of pollutant adsorbed and the equilibrium 
pressureatconstanttemperatureis called an adsorption isotherm. The equation that 
best describes this relation for gases is the one derived by Langmuir (Buonicore and 
Theodore, 1975). 

aC;
W=--- (7-48)

1 + bC*g 

where W=iamount of gas per unit mass of adsorbent, kg/kg 
a,b= constants determined by experiment 
C~ equilibrium concentration of gaseous pollutant, g/m3 

In the analysis of experimental data, Equation 7-48 is rewritten as follows: 

C* 1 b 
g + - C* (7-49)

W a a g 

In this arrangement, a plot of (C:;IW) versus C; should yield a straight line with a slope 
of(b/a)and an intercept equal to (lIa) . 

. In contrast to absorption towers where the collected pollutant is continuously re
moved by flowing liquid, the collected pollutant remains in the adsorption bed. Thus, 
while the bed has sufficient capacity,no pollutants are emitted. At some point in time, 
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the bed will become saturated with pollutant. As saturation is approached, pollutant 
will begin to leak out of the bed. This is called breakthrough. When the bed capacity is 
exhausted, the influent and effluent concentration will be equal. A typical breakthrough 
curve is shown in Figure 7-30. In order to allow for continuous operation, two beds are 
provided (Figure 7-29). While one is collecting pollutant, the other is being regener~ 
ated. The concentrated gas re~eased during regeneration is usually returned to the 
process as recovered product. The critical factor in the operation of the bed is the 
length of time it can operate before breakthrough occurs. The time to breakthrough 
may be calculated from the following (Crawford, 1976): 

Zt - 0 
t8 =. (7-50) 

vf 

where Zt = height of bed, m 
o width of adsorption zone, m 
vf= velocity of adsorption zone as defined by Equation 7-52, m/s 

The height ofthe adsorption bed (Zt) can be determined in the same manner as it was 
for absorption towers, with a few exceptions. The value of Nag mustbe determrned by 

Inlet 
(a) (b) (c) (d) 

concentration Co Co Co Co 

~ Adsorption 
zone + + 

Adsorption 
zone ~ 

Volume of ert1uent 

Adsorption wave and breakthrough curve. (Source: TreybaJ, 1968.) 
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FIGURE 7·31 

Equilibrium and operating lines for ad
.05 .10 .15 .20 .25 XT sorption of benzene on silica gel. (Source: 

X = kg Benzenelkg silica gel Seinfeld, 1975.) 

integration of the following expression (Treybal, 1968): 

Ie dC
N = ._-- (7-51 ) 

og C - C* 
c~ g 

where C:~ the equilibrium partial pressure described by Equation 7-48 and C is de
scribed by the operating line (Figure 7-31). The Hog equation is modified by replacing 
HI with H.'i' The value of slope m in Equation 7-46 is determined from Equation 7-49. 

The width of the adsorption zone is shown in Figure 7-30. It is a function of the 
shape of the adsorption isotherm. 

The velocity of the adsorption zone may be calculated from the properties of the 
system: 

(7-52)
apsPgAc 

where Ps' Pg = density ofsolid and gas, kg/m3 (Note that Ps is the density of the 
absorbent "as packed.") 

Ac = cross-sectional area of bed, m2 

Example 7-8. Determine the breakthrough time for an adsorption bed that is 0.50 m 
thick and 10 m2 in cross section. The operating parameters for the bed are as follows: 

Gas tlow rate 1.3 kg/s of air 

Gas temperature = 25°C 

Gas pressure = 101.325 kPa 

Bed density as packed = 420 kg/m} 

Inlet pollutant concentration 0.0020 kg/m3 

Langmuir parameters: a 18; b = 124 

Width of adsorption zone = O.03m 
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Solution. Using Table A-5 in Appendix A, we find Pg 1.185 kg/m3
. Then the face 

velocity of the adsorption wave is 

(1.3 kg/s)[l + 124(0.0020 kg/m3)] 
2vI = (18)(420 kg/m3)(1.185 kg/m3)(lO m ) 

= 1.8 X 10- 5 mls 

The breakthrough time is calculated directly from Equation 7-50: 

0.50 m 0.03 m 

1.8 X 10-5 mls 

2.6 X 104 s or 7.2 h 

Combustion. When the contaminant in the gas stream is oxidizable to an inert gas, 
. combustion is a possible alternative method of controL Typically, CO and hydrocar

bOris fall intbthiscategory. Both direct flame combustion by afterburners (Figure '7-32) 
and catalytic combustion (Figure 7-33) have been used in commercial applications. 

Direct flame incineration is the method of choice if two criteria are satisfied. First, 
the gas stream must have a net heating value (NHV) greater than 3.7 MJ/m3

. At this 
NHV, the gas flame will be autogenous (self-supporting after ignition). Below this 
point, supplementary fuel is required. The second requirement is that none of the by
products of combustion be toxic. In some cases the combustion by-product may be 

original pollutant gas. For example, the combustion of trichloroeth
was used as a poison gas in World War 1. Direct flame 

applied to varnish-cooking, meat-smokehouse, and 

be carried out in gases that have an 
thecatalyst is placed in beds similar to 

or palladium compound. 
riA·:rrr.'tTI expense, a major drawback of 

Gas burner 

contaminated 
airstream 

FIGURE 7·32 
Direct flame incineration. 
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FIGURE 7-33 
Catalytic incinerator. 

the catalysts is their susceptibility to. poisoning by sulfur and lead compounds in trace 
amounts., Catalytic combustion has successfully been applied to printing-press, 
varnish-cooking, and asphalt-oxidation emissions. 

Thefundamental problem in the design of a catalytic reactor is to determine the 
v()Iu[l~anddimensi9ns.ofthecatalyst bed for a given conversion and flow rate. The 
~at.alystin~reasesthe:rateofreactionat lower temperatures than are required in direct 
flaI11~inciln~rati()n..Thereaction is assumed to be a first-order reaction (Equation 2-14). 
-W~iI~·th,er,e~~tionrateconstantkmaybe estimated from the Arrhenius equation for 
flame incineration (Beard et aL, 1980), the reaction rate constant for catalytic inciner
ationis highly dependent on the catalyst. Thus, manufacturers' data or pilot plant data 
mustbe usea.toestimatethcrequired retention time in the catalyst bed. Gas velocities 
intherangl{of6to12m/sare commonly used. Typical catalyst operating temperatures 
are in the <fange of 250-550°C (Noll, 1999). The actual residence time is estimated 
from the total gas flow rate (contaminated gas stream plus the combustion gases) at the 
operating temperature of the catalyst. The procedure for estimating the dimension and 
volume of the catalyst bed is shown in Example 7-9. 

Example 7-9. Determine the cross-sectional area and depth of catalyst to meet a 95 
percent destruction efficiency for methyl ethyl ketone (MEK). The exhaust gas flow 
rate entering the control equipment is 5.66 m3/s. Combustion air is supplied at a rate of 
0.60 m3/s. Both the exhaust gas and the combustion air flow rates are at 20°e. The 
manufacturers' specifications require that the catalyst be operated at 480°C and that the 
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bed gas velocity be limited to 6.0 mls. Assume that the MEK combustion reaction fol
lows first order kinetics and that the rate constant at 480°C is 100 s - I. . " 

Solution. 
1. 	 Calculate the volumetric gas flow rate at the catalyst operating temperature. 

. (480 273)'
(5.66 m

3
/s + 0.60 m

3
/s) 20 + 273 16.09 m

3
/s 

2. 	 The cross-sectional area is computed from the bed gas velocity and the gas 
flow rate: 

16.09 m3/s
Area = = 2.68 m2 

6.0 mls 

3. 	 Base on first order kinetics and 95 percent destruction efficiency, the desired 
retention time in the bed is calculated by using Equation 2-14: 

C, Co exp( - kt) 


with CtlCo 0.05 for 95 percent destruction 


0.05 = exp (-1Oat) 

Taking the natural logarithm of both sides of this equation and solving for 
t gives 

''-2.9957 =~ lOOt 

t 0.030 s 

means that the reagent is re
number and size of systems installed, nonregener-

Nonregenerative Systems. There are nine commercial nonregenerative systems 
(llanceand Kelly" 1991). AILhave reaction chemistries based on lime (CaO), caustic 
soda (NaOH), soda ash (Na2C03), or ammonia (NH3). 

'The.S02teITlovedina lime/limestone-based FGD system is converted to sulfite. 
Theov~rallreactionsaregenerallyrepresentedby (Karlsson and Rosenberg, 1980): 

S02 + CaCO) ~ CaSO) + CO2 (7-53) 

SOl + Ca(OHh ~ CaS03 + H;O (7-54) 
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when using limestone and lime, res·pectively. Part of the sulfite is. oxidized with the 
oxygen content in the flue gas to form sulfate: .' 

(7-55) 

Although the overall reactions are simple, the chemistry is quite complex and not well 
defined. The choice between lime and limestone, the type. of limestone, and method of 
calcining and slaking can influence the gas-liquid-solid reactions taking place in the 
absorber. 

The principal types of absorbers used in the wet scrubbing systems include venturi 
scrubber/absorbers, static packed scrubbers, moving-bed absorbers, tray towers, and 
spray towers (Black & Veatch, 1983). 

Spray dryer-based FGD systems consist of one or more spray dryers and a partic
ulate collector.* The reagent material is typically a slaked lime slurry or a slurry of 
lime and recycled material. Although lime is the most common reagent, soda ash has 
also been used. The reagent is injected in droplet form intg the flue gas in the spray 
dryer. The reagent droplets absorb S02 while simultaneously being dried. Ideally, the 
slurry or solution droplets are completely dried before they impact the wall of the dryer 
vessel. The flue gas stream becomes more humidified in the process of evaporation of 
the reagent droplets, but it does not become saturated with water vapor. This is the sin
gle most significant difference between spray dryer FGD and wet scrubber FGD. The 
humidified gas stream and a significant portion of the particulate matter (fly ash, FGD 
reaction products, and unreacted reagent) are carried by the flue gas to the particulate 
collector located downstream of the spray dryer vessel (Cannel and Meadows, 1985). 
Generally, larger units firing high-sulfur coals use wet FGD. Smaller units use spray 
dryers. 

ControlTechnologies for Nitrogen Oxides 
AIU1ostallnitrogenoxide (NO,r).airpoIlution results from combustion processes. They 
.~r:~p(odu,cedfrom the oxidation.of nitrogen bound in the fuel, from the reaction of 
inolecularoxygenand nitrogen in the combustion air at temperatures above 1,600 K 
(see Equation 7 -12), and from the reaction of nitrogen in the combustion air with 
hydrocarbon.~adicals. ControUechnologies for NOx are grouped into two categories: 
th~se;.thatpreventtheformation ofNOx during the combustion process and those that 
convertthe. NOxformed during combustion into nitrogen and oxygen (Prasad, 1995). 

Prevention. The processes in this category employ the fact that reduction of the peak 
flame temperature in the combustion zone reduces NOx formation. Nine alternatives 
have been developed to reduce flame temperature: (I) minimizing operating tempera
tures, (2) fuel switching, (3) low excess air, (4) flue gas recirculation, (5) lean com
bustion, (6) staged combustion, (7) low NO.\: burners, (8) secondary combustion, and 
(9) water/steaminjection. 

'~Historically. from a mass transfer point of view. spray drying refers to the evaporation of a solvent from an at
omized spray, Simultaneous diffusion of a gaseous species into the evaporating droplet is not true spray drying. 
Nonetheless, many authors have adopted the terin "spray drying" as synonymous with dry scrubbing. 

http:oxidation.of
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Routine burner tune-ups and operation with combusti6n.zone temperatures at mini
mum values reduce the fuel consumption and NOx fonnation. Converting to a fuel with a 
lower nitrogen content or one that burns at a lower temperature will reduce NOx fonna
tion. For example, petroleum coke has a lower nitrogen content and bums with a lower 
flame temperature than coal. On the other hand, natural gas has no nitrogen content but 
bums at a relatively high flame temperature and, thus, produces more NOx than coal. 

Low excess air and flue gas' recirculation work on the principle that reduced oxy
gen concentrations lower the peak flame temperatures. In contrast, in lean combustion, 
additional air is introduced to cool the flame. ' 

In staged combustion and low NO., burners, initial combustion takes place in a 
fuel-rich zone that is followed by the injection of air downstream of the primary com
bustion zone. The downstream combustion is completed under fuel-lean conditions at 
a lower temperature. 

Staged combustion consists of injecting part of the fuel and all of the combustion 
air into the primary combustion zone. Thermal NOx production is limitedby the low 
flame temperatures that result from high excess air levels. 

Water/steam injection reduces thermal NOx emissions by lowering the. flame 
temperature. 

Post-Combustion. Three processes may be used to convert NO" to nitrogen gas: 
selective catalytic reduction (SCR), selective noncatalytic reduction (SNCR), and 
nonselective catalytic reduction (NSCR). 

The SCR process uses a catalyst bed (usually vanadium-titanium, or platinum-
based and zeolite) and anhydrous ammonia (NH3). After the combustion process, am
moniaisinjectedupstream of the catalyst bed. The NOx reacts with the ammonia in the 
c;;ltalyscbedtofbrm N2 and water. 

.Ittth~.~~SR~rocessaITImonia or urea is injected into the flue gas at anappropri
atete~p~raturt«870t,(Jl,090°C}. The urea is converted to ammonia, which reacts to 

~;;;'; ••. '. r~d~c~tl1~~qft()~2~dw,ateri 
, N es~.threy,"~aycatflystsimilarto that used in automotive applications. In 

~t.co,Qtrol;hydrocarbons and carbon.monoxideare.converted to CO2 and 
•.....•.. r~ese!systeI11srequirea reducing agent similar to CO and hydrocarbons up

~~ streamofth~catalyst.Larger boilers that have post combustion NOx controls are gen
erallyequippedwithSCR. . 

..T~{pic~I:~du~tionc~pabilities·.Of the NO., techniques range from 30 to 60 percent 
'for:th~f'prevYntionHmetfiods, 30 t050 percent for SNCR, and 70 to 90 percent for the 
SC:Rsystems (Srivastava et aI., 2005). 

ParticulatePoUutants 
Cyclones. Fbcparticiesizes greater than about 101-1 m in diameter, the collector of 
choice is the cyclone (Figure 7-34). This is an inertial collector with no moving parts. 

···Theparticulate~laden gas is accelerated through a spiral motion, which imparts a cen
trifugalforcetotheparticles. Thepartic1es are hurled out of the spinning gas and im
pactOnthecylinderwall ofthe cyclone. They then slide to the bottom of the conc. 
Here they are removed through an airtight valving system. The standard singlc-barrel 
cyclone will have dimensions proportioned as shown in Figure 7-35. 

http:T~{pic~I:~du~tionc~pabilities�.Of
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Cleaned gas 

Dirty gas 

FIGURE 7-34 
Reverse flow cyclone. (Source: Grawford, 1976.) 

........ Dirty gas 

,\--.,-

,1 
I I I H ........ Dirty gas 
I I-J 
~~t;..:~ tLJ 

FIGURE 7-35 
Standard reverse flow cyclone proportions. 
Note: Standard cyclone proportions are as follows: 

Length of cylinder. LI = 2Dz 
Length of cone, 2Dz 
Diameter of exit. O.SD2 

Height of entrance, H 0.5D2 

Width of entrance, B O.2SD2 

Diameter of dust exit. Dd = O.25D2 

Length of exit duct. O.125Dz 
Dust (Source.' Crawford. 1976.) 
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Empirical cyclone collection efficiency. 
(Source: Lapple, 1951.) 

The efficiency of collection of various particle sizes (17) can be determined from 
anempirical expression and graph (Figure 7-36) developed by Lapple (1951):' 

9JLB2 H] 1I2 

do.5 [ 0-56)
ppQg e 

where do,s = cut diameter, the particle size for which the collection efficiency is 50 
percent 


JL = dynamic viscosity of gas, Pa . s 

B = width of entrance, m 

H = heightof entrance, m 

pp:=particle density, kg/~3s 

Qg= gas flow rate, m 3/s 

V':-:",,,",l:Jl.,,",'-'\,LV,,", 1'Illtnh,,,r oftums madein traversing the cyclone as defined in 

by the following: 

(7-57) 

~hef:eLlandcL2are the length of ~he cylinder and cone, respectively. 

'~~;.~E~~.nl).le'~i()~<l)eterrrtiIl8ttte;effiCiency ofa "standard" cyclone having the follow
ing characteristicsfor particles 10 fLm in diameter with a density of 800 kg/m3

: 

Cyclone barrel diameter 0.50 m 

Gas flow rate 4.0 m3/s 


Gastemperature'= 25°C 


Fromthe standard cyclone dimensions we can calculate the following: 

B 0.13 m 

H = (0.50)(0.50 m) 0.25 m 

L[ = L2 = (2.00)(0.50 m) = 1.0 rri 

http:2.00)(0.50
http:0.50)(0.50
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The number of turns i is then 

1T o -[2(1.0) + 1.0]
0.25 

37.7 

From the gas temperature and Table A-4 of Appendix A, we find the dynamic viscos
ity is 18.5 /LPa . s. The cut diameter is then 

9(18.5 X 10-6 Pa' s)(O.13 m)2(0.25 m) 112 
do.s (800 kg/m3)(4.0 m3/s)(37.7) 

2.41 X 1O-6 m 2.41 p,m 

The ratio of particle sizes is 

d 10/Lm
---=4.15 

do.s 2.41/Lm 

From Figure 7-36 we find that the collection efficiency is-about 95 percent. 

As the diameter of the cyclone is reduced, the efficiency of collection is increased. 
However, the pressure drop also increases. This increases the power requirements for 
moving the gas through the collector. Since an efficiency increase will result, even if 
the tangential velocity remains constant, the efficiency may be increased without in
creasing the' power consUmption by using multiple cydonesin parallel (multiclones). 

Fron{ the example, you can see that cyclones are quite efficientfor particles larger 
than 1.0)Lm.Converse1y, you should note that cyclones are not very efficient for parti
clesl/-Lillorlessindiameter. Thus, they are employed onlyfor coarse dusts. Some ap
plicationsinclude controllingemissions of wood dust, paper fibers, and buffing fIbers. 
Multiclonesarefrequentlyused' as precleaners for fly-ash control devices in power 

Filters. When high efficiency control of particles smaller than 5 /Lm is desired, a fil
termay be selected as the control method. Two types are in use: (I) the deep bed filter, 
an,d(~)the f!a~h()use(Figure 7-37). The deep bed filter resembles a furnace filter. A 
packingoffibers is used to intercept particles in the gas stream. For relatively clean 
gases and low volumes, such as air conditioning systems, these are quite effective. For 
dirty industrial gas with high volumes, the baghouse is preferable. 

The fundamental mechanisms of collection include screening or sieving (where the 
particles are larger than the openings between the fibers), interception by the fibers 
themselves, and electrostatic attraction (because of the difference in static charge on the 
particle and fiber). Once a dust cake begins to form on the fabric, sieving is probably the 
dominant mechanism. As particulate matter collects on the bag, the collection efficiency 
increases. Thebuildup of the dust cake also increases the resistance to gas flow. 

At some point the pressure drop across the filter bags reduces the gas flow rate to 
an unacceptable level and the filter bags must be cleaned. The three methods used to 
clean the bags are mechanical shaking, reverse air flow, and pulse-jet cleaning. 

http:m)2(0.25
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FIGURE 7-37 
Mecha,nically cleaned (shaker) baghouse (a) and pulse-jet-c1eaned baghouse (b). Pulse-jet baghouse shows nor
m~Loperation for threeleft-hand-side bags'and pu\se"jet cleaning for the bag on the right-hand side. (Source: 

Walsh. '1967.) 

fie8~~&ic~ny"Pl~aBed.~aghguseSQPeratei?ydirecting the dirty gas into the inside 
~f(th~~~~:Wll(?p~rtifulat~l1latter.iscon~cted.Qnthejpside of the bag much in the same 

~~~41·rn~l1r~J;}!~a;~$t~u~~;cl~a~erb~g.T~~bagsarehllng on, a frame· that oscillates. They are 
rf/j -..s~~~R·~~tA~ti~Hic5intervaISfr(l~gingfro11l30minutes to more than 2 hours. The bags 
.t,~~., are arraggedin groups in separate compartmentsthat are taken off line during cleaning. 

•.·•• InreV~r~e(lir,flow cleaning,acompartmentis.isolated and a large volume of gas 
flo~isiforsedc?unterc~rrentton~fl11alope~ati(m;The dust cake is removed by col

.tf1f0) laR~i~~?rQ~Jing-theibag,Th~rev~ts~Jlowcombined with the inward collapse of the 
bag causes the collected dust cake to fall into the hopper below. 

Pulse-jet baghouses are designed with frame structures, called cages, that support 
the bags. In contrast to the other two cleaning methods, the particulate matter is col
lected on the outside of the bag instead of the inside of the bag. The dust cake is re
moved by directing a pulsed jet of compressed air into the bag. This causes a sudden 
expansion of the bag. Dust, is removed primarily by inertial forces as the bag reaches 
n1~xinlllm expansion. The pulse of cleaning air is at such a high pressure drop and 
shott duration that cIe~ningjs norrnally accomplished with the baghouse on line. 
Cleaning occurs at 2- to IS-minute intervals. Extra bags, which are normally provided 
to compensate for the bags that are required in the otheLcleaning schemes, are not re
quired in pulse-jet baghouses (Noll, 1999). 
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TABLE 7-13 
Typical air-to-cloth ratiosa 

Baghouse 
cleaning method 

Air-to-cloth 
ratio, mls 

Shaking 	 0.010 to 0.017 
Reverse air 	 o.oio to 0.020 
Pulse jet 	 0.033 to 0.083 

"Compiled from Davis, 2000; Noll, 1999; Wark. Warner, 
and Davis, 1998. 

Bag diameters for shaker and reverse air flow baghouses range from 15 to 45 cm. 
The bags may be up to 12 min length. Pulse-jet baghouses use bags that are 10 to 15 
cm in diameter with lengths less than 5 m (Noll, 1999; Wark, Warner, and Davis, 
1998). The bags are made of either natural or synthetic fibers. Synthetic fibers are 
widely used as filtration fabrics because of their low cost, better temperature- and 
chemical-resistance characteristics, and small fiber diameter. Cotton fiber bags cannot 
be used for sustained temperatures above 90°C. Glass fiber bags, however, can be used 
at temperatures up to 260°C (McKenna et al., 2000). Because of the stress produced in 
cleaning, only woven.fibers are used when the bags are cleaned mechanically or by re
verse air flow. Felted fabrics are used in pulse-jet-cleaned baghouse (Noll, 1999). Bag 
life varies between 1 and 5 years. Two years is considered normal. 

The fundamental design parameter for baghouses is the ratio of the volumetric flow 
rate of the gas to be cleaned to the area of filter fabric. This ratio is tenned the air-to-cloth 
ratio. * It has units of m3/s . m2 or mls. Typical air-to-cloth ratios are shown in Table 7-13. 

EX~U1pl~7-11.Anaggregateplantat Lime Ridge has been found to beinviolation 
ofpartiGuJateWsch~rgestandards.Amechanical shaker baghouse has been selected·.for 
particuIatec(}ntr91.•Est~mat~thenumberof bags required for agas flow rate of20m3/s 
ife~c~~agjst§~mi~di~meter.and 12 min length. One-~ighth of the bags are taken 
bfflineJordeaning;Themanufacturer's recommended air-to-cloth ratio for aggregate 
plants is 0.010 m/s. 

1. 	Nbting that the air-to-cloth ratio units of mls are equivalent to m3/s . m2
, cal

culate the net cloth area required with one compartment off line for cleaning: 

Q . 20 m3/s ? 

A = -:-. = 3? = 2,000 m
y 0.010 m-/s . m

2. 	 The net number of bags is the total area divided by the area of one bag: 

2,000 m2 

----'----- = 353.67 or 354 bags
('17)(0.15 m)(12 m) 

*It may also be called the gas-to-cloth ratio. filtration I'elocity, or the face velocity. 

http:17)(0.15
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3. 	 With one-eighth of the bags off line, an additional?ne-eighth of the net 
number is required: 

354 bags 
44.25 or 44 bags

8 

4. 	 The total number of bags is 354 + 44 = 398. 

In order to have an equal number of bags in each compartment, the total number of 
bags will have to be slightly larger (398 bags/8 compartments = 49.75 bags per com
partment). With 50 bags per compartment, the total will be 400 bags. 

Baghouses have found a wide variety of applications. Examples include the carbon 
black and gypsum industries, cement crushing, feed and grain handling, limestone 
crushing, sanding machines, and coal-fired utility boilers. Of all of the particulate con
trol devices, filtration is the only technology that has the potential to include the addi
tiort ofadsorption media to facilitate concurrent removal of gas phase contaminal1ts. 

Liquid Scrubbing. When the particulate matter to be collected is wet, corrosive, or 
very hot, the fabric filter may not work. Liquid scrubbing might. Typical scrubbing ap
plications include control of emission of talc dust, phosphoric acid mist, foundry 
cupola dust, and open hearth steel furnace fumes. 

Liquid scrubbers vary in complexity. Simple spray chambers are used for relatively 
coarse particle sizes. For high efficiency removal of fine particles, the combination of a 
ven~tlriscrllbberJollowed by a cyclone would-be selected (Figure 7-38). The underly
ingprincipleofoperation ofthe liquidscrubbers is that a differential velocity between 
the~roplet~ofcollectingJiquid an~.theparticulatepol1utant.allows the·partic1e to im

f;~'l" gi~g~.9.l1tot~~d29pI.e5.Sinqeth~droplet-particle·combination··is·stm·suspended·in the 
'.~!Y g9B§tr~~IIl~~Bjne~J~I~o11~cti~nqe\ficejsplaced downstream to remove it. Because·the 

•·';~~l.<iroRletenhallce~th~siz~ofth~particIe,thecOl1ectionefficiency ofthe inertial device 
'~i~i~iJigh< . it\Vo~lcibefortheoriginalpatticle·witlJounhe.liquiddrop. 

Venturi scrubber. 
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The most popular collection efficiency equation is that proposed by Johnstone, 
Field, and Tassler (1954): 

(7-58) 

where 1] efficiency 
exp = exponential to base e 

K = correlation coefficient, m3 of gas/m3 of liquid 
R = liquid flow rate, m3im3 of gas 
1/1 = inertial impaction parameter defined by Equation 7-59 

The inertial impaction parameter (1/1) relates the particle and droplet sizes and relative 
velocities: 

Cppvg(dpf 
(7-59)

18dd /-L 

where C = Cunningham correction factor defined by Equation 7-60, unitless 
Pp = particle density, kg/m3 

vI? = speed of gas at throat, mls 
dp diameter of particle, m 
dd diameter of droplet, m 
/-L dynamic viscosity of gas, Pa· s 

The Cunningham correction factor accounts for the fact that very small particles do 
not obey Stokes' settling equation. They tend to "slip" between the gas molecules. 
Thus, the dmg coefficient ( CD) is reduced and the particles fall faster than otherwise 
would be expected. This is particularly true for particles less than 1 ,urn in diameter. 
The Cunningham factor may be approximated with the following equation (Hesketh, 
1977): 

6.21 X 1O-4(T)
C= 1 +---- (7-60)

dp 

whereT~abs()lutetemperature, K 
dp =diameter of particle, ,urn 

E~~lllple7-12..G:iven the scrubber described below, write an expression for collec
tion efficie'ncythat is a function of particle size. Assume the particles are fly ash with 
a density of 700kgim3 and a minimum size of 10 /-Lm diameter. 

Venturi characteristics: 

Throat area = 1.00 m2 

Gas flow rate 94.40 m3is 

Gas temperature = 150aC 

Liquid flow rate = 0.13 m3/s 

Coefficient K = 200 

Droplet diameter 100 ,urn 
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Solution. We begin by determining the value of the Cufmingham correction factor 
for the smallest particle to see if the dp term in the denominator must be retained.' 

6.21 X I0-4(423 K)
C = I + ------

10,um 

= I + 0.0263 

For this we can see that the term containing dp will be small for all particles greater 
than 10 ,urn and we can use the approximation: 

C=l 

Before we can proceed to calculate a value for 1/1, we must determine the gas velocity 
at the throat: 

where,At cross-sectional area of throat 

94.40 m3/s . 
vI( = 2 = 94.40 m/s 
, 1.00 m 

The dynamic viscosity ofthe gas is determined from Table A-4 of Appendix A and 
from the temperature of the gas (l50°C). It is 25.2 ,uPa . s. 

Now we can calculate in terms of dp in J..Lm. Note that C = Land that 18 is a 
constant. 

(1)(700 kg/m3)(94.40 m3/s)(l X 1O-12,um2/m2)(dp)2 

1/1 = . (18)(lQO X 10-6 m)(25.2 X 10-6 Pa' s) 

.····=={J.46)(dp)2 

RasO. 13/94.40, the expression for effi

1] = l-exp[-(200)(1.38 X 1O-- 3)(1.21)dpJ 

0.33(dpJ] 
'~ , ,- -- _. -, - - : --- - - , 

kie~t~~st'ticiPr~~i~it~tiO~(ESP). High efficiency, dry collection of particles from 
hot gas streams can be obtained by electrostatic precIpitation of the particles. The ESP 
is usually constructed of alternating plates and wires (Figure 7-39). A large direct cur
rent potential (30-75 kV) is established between the plates and wires. This results in 
the creation of anion field between the wire and plate (Figure 7-40a). As the particle
laden gas stream passes between the wire and the plate, ions attach to the particles, giv
.ingthemanetnegativecharge (Figure 7-40b). The particles then migrate toward the 
P?sitivelychargedplatewheretheysiickCFigure7-40c). The plates are rapped at fre
quentintervalsandtheagglomerated sheet of particles falls to a hopper. 

Unlike the baghouse, the gas flow between the plates is not stopped during clean
ing. The gas velocity through the ESP is kept low (less than 1.5 mls) to allow particle 

http:l-exp[-(200)(1.38
http:13/94.40
http:kg/m3)(94.40
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Discharge 
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FIGURE 7-39 

Electrostatic precipitator with (a) wire in tube, (b) wire and plate. (Source: 


EPA Training Manual.) 


migration. Thus, the terminal settling velocity of the sheet is sufficient to carry it to the 
hopper before it exits the precipitator. 

The cla.ssic ESP efficiency equation is the one proposed by Deutsch (1922). 

( AW)11 1 exp -~ (7-61)
Qg 

where A= collection area of plates, m2 

W migration velocity ofparticles, mls 
Qg= gasflowrate, m3Is 

Discharge 

electrode 
 - ++ 

(+) -+8+ 

Collecting 

electrode _ ..


-=-./... (-) '~IIiiII____11111111111111 

(a) (b) 

+ 

+ 

+8 + 


- -~-:: - ~ ", FIGURE 7·40 " Particle charging and collection in ESP. 
(e) (Source: EPA Training Manual.) 
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The migration velocity of the particles is a function of the electrostatic force. The 
migration velocity is described by the following equation: 

qEpC 
(7-62) 

where q = charge, coulombs (C) 
Ep = collection field intensity, voltslm 

r = particle radius, m 
J.L = dynamic viscosity of gas, Pa . s 

C = Cunningham correction factor 


Example 7~13. Determine the collection efficiency of the electrostatic precipitator de
scribed below for a particle 154 j.Lm in diameter having a drift velocity of 0.184 m/s. 
What is the effect of reducing the plate spacing to one-half of its current value and dou
bling the number of plates? 

ESP specifications: 

Height 7.32 m 


Length 6.10 m 


Number of passages = 5 


Plate spacing 0.28 m 


Gas flow rate = 19.73 m3/s 


Solution. First we calculate the area of the plates. For a single plate, 

A = 7.32 X 6.1 = 44.65 m 2 

Sinsetrlereare eight collectingsurfaces (two foreach plate, 4 plates form 5 passages): 

A = 44.65 X8~ 357.2 m2 
-,' -. >, ' . .:< :-;> :'( ".:';~ 

TheceftiGi~Il~yisthen calculated. in. a straightforward manner using Equation 7-61. 

1] 1 -.. ex [ (357.2)(0.184) 1p
. 19.73 

= 0.964 

Therefore the efficiency is 96.4 percent. Now what is the effect of reducing the plate 
spacing? The spacing enters into the efficiency equation through the calculation of the 
collection field intensity (Ep), Treating everything else in Equation 7-62 as a constant, 
we can write the following equation: 

w= KEp 

where Ep is measured in volts per meter. If the distance between the plates is reduced, 
the collection field intensity is proportionately increased: 

0.28 

w KEp 0.14 = 2KEp 
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Thus, w increases by a factor of twcf. In order to maintain the sam~,gas ydocity, the 
number of plates and, hence, the surface area (A) must double. The new efficiency 
would then be: ' 

TJ = 1 - ex [ (714.4)(0.368)]p
, 19.73 

= 1 0.0000016 

= 0.999998 or 1.00 

Thus, the efficiency would be increased to 100 percent. This plate spacing may not 

be feasible because of sparkover problems. 


One operational problem of ESPs is of particular note. Fly ash is a generic term 
used to describe the particulate matter carried in the effluent gases from furnaces burn
ing fossil fuels. ESPs often are used to collect fly ash. The strongest force holding fly 
ash to the. collection plate is electrostatic and is caused by the flow of current through 
the fly ash. The fly ash acts like a resistor and, hence, resists the flow of current. This 
resistance to current flow is called the resistivity of the fly ash. It is measured in units 
of ohm' cm. If the resistivity is too low (less than 104 ohm' cm), not enough charge 
will be retained to produce a strong force and the particles will not "stick" to the plate. 
Conversely, and often more importantly, if the resistivity is too high (greater than 
1010 ohm' em), there is an insulating effect. The layer of fly ash breaks down locally 
and a local discharge of current (back corona) from the normally passive collection 
electrode occurs. This discharge lowers the sparkover voltage and produces positive 
ions that decrease particle charging and, hence, collection efficiency. 

The presence of S02,in,"thegas,streamreducesthe.resistivity of the fly ash. This 
ma~esparti:17sonectionrelativelyeasy. However, the mandate to reduce S02emis

.,.sionshasJrequeI1t1ybeensatisfi,ed byswitching to low sulfur coaL The result has been 
Incr~asedparticulateemiSsions. Thisproblemcan be resolved by adding conditioners 
such(l~~p30rN~Jtore~uCetheresistivityor by building larger precipitators. 

Electrostatic precipitators have been used to control air pollution from electric 
powerplants,Portland cement kilns, blast furnace gas, kilns and roasters for metallur
gical processes, and mist from acid production facilities. 

GonirolTecfil1ologies for Mercury 
During combustion, the mercury in coal is volatilized and converted to Hgo vapor. As 
the flue gas cools, a series of complex reactions convert Hgo to Hg2+ and particulate Hg 
compounds (Hgp)' The presence of chlorine favors the formation of mercuric chloride. 
In general, the majority of gaseous mercury in bituminous coal-fired boilers is Hg2+. 
The majority of gaseous mercury in subbituminous- and lignite-fired boilers is Hgo. 

Existing boiler control equipment achieves some ancillary removal mercury com
pounds.Hg;is collected in particulate controlequipment. Soluble Hg2+ compounds 
are collected in FGD systems. Particulate control equipment has achieved a range of 
emission reductions from 0 to 90 percent. Of these units, fabric filters obtained the 
highest levels of control. Dry scrubbers achieve average total mercury (particulate plus 
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compounds) ranging from 0 to 98 percent. Wet FGD scrub~ber efficiencies'were simi
lar. Higher efficiencies were achieved at boilers using bituminous coal than at those us
ing subbituminous and lignite coal. EPA estimates that existing controls remove about 
36 percent of the 75 Mg of mercury input with coal in U.S. coal-fired boilers (Srivas
tava et aI., 2005). 

There are two broad approaches being developed to control mercury emissions: 
powdered activated carbon (pAC) injection and enhancement of existing control de
vices. The leading candidates for top efficiency (90 percent) are PAC with pulse-jet 
fabric filters and FGD (wet or dry) with fabric filters (U.S. EPA, 2003b). 

7-11 AIR POLLUTION CONTROL OF MOBILE SOURCES 

Engine Fundamentals 
Before we examine some cures for the pollution from the common gasoline auto 
engine,iLmay be useful to compare the three familiar types of engines: the gasoline 

the diesel engine, and the jet engine. 

The Gasoline Engine. Each of the four strokes of the engine is diagrammed in 
Figure 7 -41. In the typical automobile engine with no air pollution controls, a mixture 
of fuel and air is fed into a cylinder and is compressed and ignited by a spark from the 
spark plug. The explosive energy of the burning mixture moves the pistons. The pis
tons'motion is transmitted to the crankshaft that drives the car. The burnt, spent mix
ture passes out of the engine and out through the tail pipe; 

Ohekgofgasolinecan bum completely when mixed with about 15 kg of air. For 
maxirriumpower, however, the proportion of air to fuel must be less. Most driving 

..take§Fl~c~Mles~th~nthyI5-to-liair-toJuel. ratio.· Combustionis incomplete, and 
1:-;7 tal1tial(<l~?un~§ofn:at~rial.ot~erthan carbon dioxide and water are discharged 

I. • .....••• ~~th~tClitpip~,Oneres~lt9fhavinganinadequate supply ofair is the emission 
~l~ ·9~~£tr~f".\l(~91l();'{ig~il1st~~dofcarbol1?ioxide·9ther by-products are unburned gaso

.... ~.•·lin/,. . ......,..~..a!·boHS:'.ii; ... . 
··~~~.>J3e,causeofthehightemperaturesandpressures that exist in the cylinder, copious 
~~jJ. a~~~nts~fN?tareformed(see Equation 7-12) . 

•.;;~ J~~.~itStl.~l!gitl~';i~Sshownin.J::igllre7 -42, the diesel engine differs from the four
7'~!.. stroI<eengine in two respects. . 

First, the air supply is unthrottled; that is, its flow into the engine is unrestricted. 
Thus, a diesel normally operates at a higher air-to-fuel ratio than does a gasoline engine. 

Second, there is no spark ignition system. The air is heated by compression. That 
is, the airinthe engine cylinder is squeezed until it exerts a pressure high enough to 
raisethe air temperature to about 540°C, which is enough to ignite the fuel oil as it is 

!i,j) injected int9 the •. cylinder. 
(lfJ· ...Awell-d~signed,well:,maintained, and properly adjusted diesel engine will emit 

lessCOand'hydrocarbons than the four-stroke engine because of the diesel's high air
to~fLlerratio. However, the higher operating temperatUl:es lead to substantially higher 
NOx emissions. In addition, when the engine is overloaded during acceleration from a 
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Air 

Fuel-air mixture 

Cylinder 
(combustion 

chamber)o 
Piston t 

(I) Intake stroke (2) Compression stroke 

Burnt 
fuel 

mixture 

(3)-Fower stroke (4) Exhaust stroke 

FIGURE7~41 
COl11bustionin an automobile engine. On the intake stroke (f), the piston moves 
down and a mixture oUuel and air is drawn into the cylinder past the open in
take valve. With the compression stroke (2), the intake valve closes and the pis
ton moves and compresses the air-fuel mixture. On the power stroke (3). a spark 
from the spark plug ignites the heated. compressed mixture, which begins to 
burn, expands, and pushes the piston down. For the exhaust stroke (4). the ex
haust valve opens. the spent, burned mixtme exits with its pollutants. and the 
piston returns to the top of the cylinder. (Source: NTRDA, 1969.) 
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Fuel injec!Or nozzle 

Piston 

Connecting rod 

r _. -	 Crankshaft 

FIGURE 7·42 
Combustion in a two-stroke diesel engine. With the piston at the bottom of the 
cylinder (shown left). and exhaust valves and ports open, fresh air is forced into 
the cylinder by the blower. and the lIsed air-fuel mixture-along with any pollut
ing byproducts-Ieft from the previous stroke is forced out. On the second stroke 
(shown right), the exhaust valves close, the piston rises-shutting off the ports
and compresses the aiL When the piston reaches it position near the top of the 
tyHnder. fue/is injected into the now highly compressed, heated air. This heated 
airignitesthe fuel withouta spark, and the r~sulting combustion forces the piston 
down.witsfirst position. (Sollrce: NTRIJA. [969.) 

t;;3 st?P,CQ,VQC~,od()ts.andparticulate matter(smoke) maybe emitted in large quanti
(:J ties (CooperandAJley,20Q2); 

\;',1' ,,' ',. ~••"..»'< ,"
/;3~.T~~~~t~~~t~~.¥ar~~ ••soI111l1~rdClIaircraftthatutilize the thrust of compressed gases 
!.}~Z~.gt~P~Is~2~~fycg~t.ri~ll~~~igni~carta111ountsof parti~ulates and NOx to urban at
.~~ .!11o,sph~r~s.T~elrlargestemlsslonratels on takeoff andchmb-out. However, on an an

nuaLbasis,ernissionsfrom jetengines are small relative to those from highway vehicles. 
As~ho\VninFigure 7-43;airdrawn intothe front of the engine is compressed and 

.f;C~ 	 tP~B'\Rec~thd3~RHgt!Hgf~el~}he,expandinggaspasses .through turbine blades, which 
drivethecoIl1pressor. The gas then exits the engine through an exhaust nozzle. 

Effect of Design and Operating Variables on Emissions. The list of variables that 
affect internal combustion (automobile) emissions includes the following (Patterson 
and Henein, J972): 

4. Spark timing 
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Exhaust 
nozzle 

Compressor 

chamber Turbine 

Fuel 

FIGURE 7-43 
Combustion in a jet engine. Air enters through the front and goes to a compressor, 
where it is increasingly compressed and forced into combustion chambers that are 
arranged in circles around the engine. Fuel is sprayed into the front end of the com
bustion chamber in a steady stream so tilat it ignites and burns continuously. The 
burning air-fuel mixture expands and pushes toward the rear. (On the way, it hits tur
bine wheel blades and forces them to rotate. This rotation drives the compressor.) As 
the expanded mixture moves toward the tailpipe, the areaway narrows and the stream 
of burning air-fuel mixture is compressed into the exceedingly strong jet stream that 
shoots out of the rear of the plane. (Soufce: NTRDA, 1969.) 

5. Exhaust back pressure 

6. Val ve overlap 

7. Intake manifold pressure 

8. Combustion chamber deposit buildup 

9. Surface temperature 

Surface,.to-volumeratio 

Combustion chamber design 

StFO ke-to-bore rati0 

t3~Displacemenrper cylinder 

14. Compression ratio 

AdiscussiQg ofall ofthese items is beyond the scope of an introductory text such as 
this. Therefore, we shall restrict ourselves to a few of the variables that serve to illus
trate the kinds of problems encountered in trying to design pollution out of an internal 
combustion engine. 

The air-toluel ratio CAJF) is fairly easy to regulate. As we noted previously, it has 
adirecteffect on all three emissions. As shown in Figure 7-44a, the AIF of 14.6 is the 
stoichiometric mixture for complete combustion.* At lower ratios, both CO and HC 
emissions increase. At higher ratios, to about 15.5, NOr emissions increase. At very 
lean mixtures (high AIF ratios), the NOx emission begins to decrease. 

*Notethat stOichiometric (stoi-chio-met-ric) means "combined in exactly the proper proportions according to 
their molecular weight." 
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over the last three decades. 
hasanAIF ratio that is richer at the 

enginethe AfF ratio is as high as 25. The result 
a very lowemission of CO and VOCs. Coupled with a higher drive ratio, this engine 

also gives improved gasoline efficiency. As with all lean.,burn engine modifications, this 
one has the drawback of higher NO formation (Cooper and Alley, 2002). 

Retarding the timing of the spark relative to the stroke of the piston decreases the 
hyd(ocarbon emissions by reducing theamount of unburnedfuel. NOr emissions also 
gecfxasewithincreased retarding.Little or no change occurs in CO emissions. 

CorttrolofAlltomobile'Emi~sions 
Blowby. The flow of air past the moving vehicle is directed through the crankcase 
in order to rid it of any gas-air mixture that has blown past the pistons, any evaporated 
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lubricating oil, and any escaped exhaust products. The air is drawn in through a vent 
and emitted through a tube extending from the crankcase·at a rate that depends on the 
speed of the car. About 20 to 40 percent of the car's total hydrocarbon emissions are 
sent into the atmosphere from the crankcase. These emissions are called crankcase 
blowby. All vehicles manufactured after 1963 are required to have a positive crankcase 
ventilation (PCV) valve to eliminate blowby emissions. 

Fuel Tank Evaporation Losses. Evaporation of volatile hydrocarbons from the fuel 
tank is controlled by one of two systems. The simplest system is to place an activated 
charcoal adsorber in the tank vent line. Thus, as the gasoline expands during warm 
weather and forces vapor out of the vent, the HC is trapped on the activated carbon. 

An alternative system is to vent the tank to the crankcase. With this method, it is 
more difficult to achieve 100 percent control than with the activated charcoal system. 

Engine Exhaust. Because engine modifications alone are not sufficient to meet strin
gent emission standards, an external catalytic reactor (col1]monly referred to as the 
catalytic converter) is placed on the exhaust system. The function of the catalytic con
verter is to promote reactions that convert NOx to N2, CO to CO2, and hydrocarbons to 
CO2 and H20. A three-way catalyst (TWC) that simultaneously oxidizes the hydrocar
bons and CO and reduces the NOx is employed. The catalyst is a precious metal (for ex
ample platinUm/rhodium) on an alumina support structure. The catalyst must operate in 
a narrow band of NF ratios that is centered about the stoichiometric point (Figure 7-44). 
In addition, the gases entering the catalyst bed must have a specific composition and the 
catalyst temperature must be carefully controlled. Asophisticated computerized elec
tronic control system maintains the correct AfF and temperature (Figure 7 -45). 

The major problems with the catalysts are their susceptibility to "poisoning" by 
l~acl,phqsphorus,.andsulfur,and their poor Wear characteristics under thermal cycling. 
ThepoisQnii1gproblemis solved by removing the lead, phosphorus, and sulfur from 
the. fueL 

~notherapp[:oachbeingimplemented is fuel modification. The use of lead in fu
.elswa~>S()ll1plet~lyphasedoutbyJanuary 1996. In addition; diesel fuel refining is be
ing changed so that it will contain less sulfur and emit 20 percent less VOC's. 
Lowering the gasoline vapor pressure (called the Reid vapor pressure) reduces hydro
carbon emis~ions.OXyfi~elisyetanother alternative. Oxyfuel is one with more oxygen 

FIGURE 7-45 

Single-bed, three-way catalyst with electronic control systems. (Source: Bosch, [988.) 
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to allow the fuel to burn more efficiently. Other altemativesjnclude alcoh6ls, liquified 
petroleum gas, and natural gas. 

Inspection/Maintenance (I/M) Programs. The devices. installed by automobile 
manufacturers are extremely successful in minimizing the pollution from the exhaust 
and from evaporating fuel. Ho":,,ever, as with other aspects of running an automobile, 
these devices wear out and fail. Since their failure does not inhibit the operation of the 
automobile, they are not likely to be repaired by the owner. In those areas that have ex
ceeded the NAAQS (nonattainment areas), inspection/maintenance programs have 
been implemented to ensure that the control devices are in good working order. These 
programs require periodic checks of the exhaust and, in some instances, the evapora
tive controls. If the vehicle fails the inspection, the owner is required to provide the re
quired maintenance and have the vehicle reinspected. Failure to pass the inspection 
maybe cause todeny the issuance of license plates or tag~. 

7~12 WASTE MINIMIZATION FOR SUSTAINABILITY 

The best and first step in any air pollution control strategy should be to minimize the 
productionofpollutants in the first place. Since a large proportion of air pollutants re
sultsfrornthecombustion of fossil fuels, an obvious approach to waste minimization 
is to conserve energy. Modern technology has yielded more efficient furnaces that im
prove fuel use, but simple measures such as tuming off the lights in unoccupied rooms, 
turning down the heat at night and, in factories, during weekends and holidays, can 
haveadramatic impact. Because of the interrelationship between energy consumption 
and\vatersuppJy,water conservation also reduces air pollution. In a similar manner, 
buildings~an~r,ligpter automobilesreduces air pollution because less fuel is burned 

~~)toBr~B~!t~eI11.EEhe.intr8<iucti8nofthehybridautomobile is a major step in improving 
·(~~)f~tl;YP9n~fllY;~lt~~n~tixe§§lJchasfrlasstransit,\\'alkingrand .. bicycles can··.contribute 

/i:zvi si&~i~fal1tly!!t9.r~ducedfllel~o!~sufl1ption.Altematiyesources of energy such as·solar, 
.,j{tl;l\\,i~~~~~B~~~1~a~qIsQ>1:e~ug~airp~111Iti8.nell1issions.ENuclear. power, of course, has 
~··(tStr~~~~q(p~f~~Ji$npJ:QRl~.Illstpatfl1axoutwe,ighthe.benefits of reduced air pollution.) 

"~:i ·..T;~e"chlorofluorocarbondestruction of the ozone layer can only be resolved by 
'Ol~\V~ste.rn~?irni~.~ti9n. Preventingtheescape of CFCsfromrefrigeration systems, the use 

()f;.aIt{',(l1ati\fe.m9pellant~J8.rsB;ax-cans,an~similar measures are the only ones that 
. be~..., .• h·si9Ge,cqNr(}1<tevicesI11akerloserlse.Waste minimization is, in fact, 

.. t tho 0 control specified by the Montreal Protocol (see Section 7-6). In a simi
larfashion, the production of ozone in the lower atmosphere can only be reduced by 
minimizing the release of precursor hydrocarbons and the production of NOr' Reduced 
use of solvents and the substitution ofwater-based paints for solvent-based paints are 
example~ofmethods to. reduce hydrocarbon release. 

Ahe fundamental method for minimizing anthropogenic inputs to global warming 
the anthropogenic emissions of GRGs. As noted earlier, more efficient 

majormethodofreducing GRGs. In and of itself, efficient energy use 
sense. The facrthat efficient energy use will contribute immensely 

reduction of air pollution and GHGs while enhancing sustainability makes it an 
ideal candidate for waste minimization. 
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7·13 CHAPTER REVIEW·' 

When you have completed studying this chapter, you should be able to do the follow
ing without the aid ofyour textbook or notes: 

1. 	List the six criteria air pollutants for which the U.S. Environmental Protec
tion Agency has designated National Ambient Air Quality Standards . 
(NAAQS). 

2. 	 List and define three units of measure used to report air pollution data (that 
is, ppm, Mg/m2

, and Mm). 

3. 	 Explain the difference between ppm in air pollution and ppm in water 
pollution. 

4. 	Explain the effect of temperature and pressure on readings made in ppm. 

5. 	 Explain the influence of moisture, temperature,and sunlight on the severity 
of air pollution effects on materials. 

6. 	 Differentiate between acute and chronic health effects from air pollution. 

7. 	 State which particle sizes are more important with respect to alveolar deposi
tion and explain why. 

8. 	 Explain why it is difficult to define a causal relationship between air pollu
tion and health effects. 

9. 	 List three potential chronic health effects of air pollution. 

10. 	List four common features of air pollution episodes and identify the loca
tionsofthree "killer" episodes. 

11. Discuss thenatllraLand anthropogenic origin of the six criteria air pollutants 
andidentifythelikelymechanisms fortheir removal from the atmosphere. 

12~IBenti~yoneind60rairpollution source for each of the following pollutants: 
CHzO, CO,NOx, Rn, respirable particulates, and SOx' 

13. 	 Define the term "acid rain" and explain how it occurs. 

14. Dispussthe.photochemistry of ozone in the upper atmosphere using the 
pertinentchemical reactions. Discuss the hypothesized effect of chlorofluo
rocarbons on these reactions. 

15. 	Explain the term "greenhouse effect", its hypothesized cause, and why it is 
being debated, pro and con. 

16. 	 Determine the stability (ability to dissipate pollutants) of the atmosphere 
from vertical temperature readings. 

17. 	 Explain why valleys are more susceptible to inversions than is flat terrain. 

18. 	 Explain why lake breezes and land breezes occur. 

19. 	 Explain how a lake breeze adversely affects the dispersion of pollutants. 



AIR POLLUTION 635 

20. 	State the theoretical principle on which each of the-following air pollutiQn 
control devices operates: (a) absorption column (either a packed tower-or 
plate tower), (b) adsorption column, (c) either afterburner or catalytic com
bustor, (d) cyclone, (e) baghouse, (f) venturi scrubber, and (g) electrostatic 
precipitator. 

21. 	 Select the correct air pollution control device for a given pollutant and source. 

22. 	 Discuss the pros and cons of FGD and the problem of fly ash resistivity. 

23. 	 Explain the difference between prevention and post-combustion techniques 
for reduction of nitrogen oxide emissions and give one example of each. 

24. 	Graph the relationship between air-to-fuel ratio and emission of CO, HC, 
and NOt from automobiles. 

25. 	 Explain how evaporative emissions are commonly controlled. 

26. 	Explain how exhaust emissions are commonly controlled and the role o( 
.. computerized control systems in making them work. 

With the aid (~f this text, you should be able to do the following: 

1. 	 Solve gas law problems. 

2. 	 Convert parts per million (ppm) to micrograms per cubic meter (JLg/m3
) and 

vice versa. 

3. 	 Calculate the amount ofS02 that will· be released from burning coal or fuel 
Qil with a given sulfur content in percent. 

4'Sals~lat~thegIRundlevelconc~ntrationof air pollutants released from a 
stationary. elevated source or theemission rate (QE) for a given ground level 
cOflcenttatiort 

·~s./; .' :,ea~rp()llu~ioncontIolequatioI1stoanalyzethe ·performance and mod
········..•.•.••.•••·jfytht]designofabsorptionandadsorptioncontrol.oevices, cyclones, scrub

bers,al1dESPs. 

Whatisthe density of oxygen at a temperature of 273.0 Kand a pressure 
of98.0 kPa? 

1Answer: 1382 kg/m' 

7-2. Determine the density of carbon monoxide gas at a pressure of 102.0 kPa 
andatemperature of 298.0 K. 

Calculate the density ofmethane at a temperature of 273.0 K and at a pres
stlreoflO L325kPa? 

7-4. Show that I mole of any ideal gas will occupy ?2.414 L at standard tem
perature and pressure (STP). (STP is 273.16 Kand 101325 kPa.) 
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7-5. 	 What volume would 1 mole of an ideal gas occupy at 2QoC and 10 1.325 
kPa? 

7-6. 	 A sample of air contains 8.583 moles/m3 of oxygen and 15.93 moles/m3 of 
nitrogen at STP. Determine the partial pressures of oxygen and nitrogen in 
1.0 m3 of the air. 

Answer: 19.45 kPa; 36.18 kPa 

7-7. 	 A l.000 m3 volume tank contains a gas mixture of 8.32 moles of oxygen, 
16.40 moles of nitrogen, and 16.15 moles of carbon dioxide. What is the 
partial pressure of each component in the gas mixture at 25.0°C? 

7-8. 	 A 1.000 m3 volume tank contains a gas mixture of oxygen, nitrogen, and 
carbon dioxide. How many moles are there of each of these components of 
the gas mixture at 25.0°C ,if the partial pressures of each gas are as shown 
below? 

= 45.39 kPaP02 

40.63 kPAPNz 


= 15.24 kPa
Peo2 

7-9. 	 Calculate the volume occupied by 5.2 kg of carbon dioxide at 152.0 kPa 
and 315.0 K. 

Answer: 2,036 L 

7-10. Determine the mass of oxygen contained in a 5.0 m3 volume under a pres
, sure of 568.0 Pa and at a temperature of 263.0 K. 

7..11. 	 Calculatethevolumeoccupied by 235 /-Lg of 0 3 at STP. Ifthis volume is 
cQntainedinJ.00 Il1

30fair, what is the volumetric ratio (that is volume of 
01 per volume ofair)? 

A,gasll1i~ttlre<at.O°C andl08.26kPa contains 250 mglLof H2S gas, 'What 
isthepattiaLptessureexerted by this gas? 

Answer: 16.7 kPalL 

A18-Lvolume oLgas at 300.0 K contains 11 g of methane, 1,5 g of nitro
gen"and 16g of carbon dioxide. Determine the partial pressure exerted by 
each gas. 

7-14. 	 Given the gas mixture of Problem 7-13, how many moles of each gas are 
present in the 28-L volume? 

Answer: 0.688 moles of CH4; 0.054 moles ofN2; 0.364 moles of CO2 

7-15. 	 The partial pressures of the gases in a 22.414 L volume of air at STP are: 
oxygen, 21.224 kPa; nitrogen, 79.119 kPa; argon 0.946 kPa; and carbon 
dioxide, 0.036 kPa. Determine the gram-molecular weight of air. 

7-16. 	 Using the data in Problem 7-15, determine the gram-molecular weight of 
air at SOO°C and 101.325kPa. 
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7-17. Convert 80 j.Lg/m3 of S02 to ppm at 25°C and' W1.325 kPa pressur~. 

Answer: 0.031 ppm 

7-18. Convert 0.55 ppm of N02 to j.Lg/m3 at -17.7°C and 100.0 kPa pressure. 

7-19. Convert 370 ppm of,C02to j.Lg/m3 at 20°C and 101.325 kPa. 

7-20. Given the fonowing temperature profiles, determine whether the atmos
phere is unstable, neutral, or stable. Show all work and explain choices. 
a. Z, m T,oC 

2 -3.05 
318 -6.21 

b. Z,m T,oC 
10 6.00 

202 3.09 
c. Z,m T,oC 

18 14.03 
286 16.71 

Answers: (a) neutral; (b) unstable; (c) stable (inversion) 

7-21. Determine the atmospheric stability for each of the following temperature 
profiles. Show all work and explain choices. 
a. Z, m T,oC 

1.5 -4.49 
339 0.10' 

T/'C 
28.05 
W.67 

atrtiosphericstability for each of the following temperature 
Show aU work and explain choices. 

T,oC_ 
5:00, 
4.52 
T,oC 
5.00 
5.00 
Toec. Z, m , 

2,00 -21.01 
50.00 ,-25.17 

Given the following observations, use the key to stability categories (Table 
7'-8) to determine the stability. 
a. Clearwinter morning at 9:00 A.M.; wind speed of 5.5 mls 
b. Overcast summer afternoon at 1:30 PM.; wind speed of 2.8 mls 



638 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

7-24. 

7-25. 

7-26. 

7-29. 

7-30. 

c. Clear winter night at 1':QO AM.; wind speed of 2.8 mls 
d. Summer morning at 11 :30 AM.; wind speeq of 4.1 ffils 

Answers: (a) D; (b) D; (c) F; (d) B 

Determine the atmospheric stability category of the following observa
tions. 
a. Clear summer afternoon at 1:00 P.M.; wind _speed of 1.6 mls 
b. Overcast summer night at 1:30 AM.; wind speed of 2.1 mls 
c. Clear winter morning at 9:30 AM.; wind speed of 6.6 mls 
d. Thinly overcast winter night at 8:00 P.M.; wind speed of 2.4 mls 

Determine the atmospheric stability category of the following observa
tions. 
a. Clear summer afternoon at 1:00 P.M.; wind speed of 5.6 mls 
b. Clear summer night at I :30 AM.; wind speed of 2.1 mls 
c. Overcast winter afternoon at 2:30 P.M.; wind speed of 6.6 mls 
d. Summer afternoon at 1:00 P.M. with broken low clouds; wind speed of 

5.2 mis 

A power plant in a college town is burning coal on a cold, clear winter 
morning at 8:00 A.M. with a wind speed of 2.6 mls and an inversion layer 
with its base at a height of 697 m. The effective stack height is 30 m. Cal
culate the distance downwind XL at which the plume released will reach 
t~e inversion layer and begin to mix downward. 

Answer: 5.8 km 

A factoryreleases a plume into the atmosphere on an overcast summer 
afternoon.At what distance downwind will the plume begin mixing down
watdifaniriversionlayer'exists at a base height of 414 m and the wind 
speed is 1.8m/s?The effective stack height is 45 m. 

AtWhafdistance downwind will the plume from astack begin mixing 
downward ifan inversion layer exists at a base height of 265 m and the 
wind speedis 4.0 mls on an overcast summer afternoon? The effective 
stackheight is 85 m. 

Given the same power plant and conditions that were found in Example 
7-4, determine the concentration of S02 at a point 4 km downwind and 0.2 
km perpendicular to the plume centerline (y = 0.2 km) if there is an in
version with a base height of 328 m. 

Answer: 1.16 X 10-3 glm3 

On a clear summer afternoon with a wind speed of 3.20 mis, the particu
lqte concentration was found to be 1,520 p.,g/m3 at a point 2 km downwind 
and 0.5 km perpendicular to the plume centerline from a coal-fired power 
plant. Given the following parameters and conditions, determine the par
ticulate emission rate of the power plant: 
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Stack parameters: 
Height 75.0 m 

Diameter = 1.50 m 

Exit velocity 12.0 m/s 

Temperature 322°C 


Atmospheric conditions: 
Pressure = 100.0 kPa 
Temperature 28.0°C 

7-31. 	 Calculate the downwind concentration at 30 km (y = 0) in g/m3 resulting 
from an emission of 1,976 gls of SOz into a 2.5 m/s wind at 1:00 A.M. 
on a clear winter night. Assume an effective stack height of 85 m and 
an inversion layer at 185 m. Identify the stability class and show all 
work. 

7-32. Using a computer spreadsheet program you have written determine the 
maximum concentration ofSOz(in ppm) and the distance downwind of a 
power plant stack thatthe maximum concentration of S02 occurs for the 
following conditions: 

Power.plant data: 

Coalspecijications 
Bituminous (Saginaw No.1, Belmont, OH) 
Sulfur: 2.80 percent 
Ash: 9.8 percent 

Burningrate:28.82 megagrams per hour 
conditions: 

Windspeed:J.8 mls 
.Io.versionpase:17Q.(Jl11aboveground surface 

cC Ambienttemperature:-"-lIoC 
d. Ambient pressure: 103.285 kPa 
e. Thinly overcast winter night (midnight to 4:00 A.M.) 

Your solution should include the microcomputer spreadsheet and a graph 
of the ground level concentration of S02 in g/m3 versus distance from the 
stack. Provide a table of values for distances from 0.1 km to 100 km in the 
following steps: 

From 0.1 to LOkm in O.l-km steps 


From 1.0 to 1O.0km in l.O-km steps 


From 10.0 to 100.0 km in lO.O-km steps 


http:Burningrate:28.82
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7-33. 

7-34. 

7-35. 

HINTS: Some of the initial and final values may be very small and may be 
ignored in the plot. Plot enough values to identify the maxim-urn point and 
to show the effect of the elevated inversion. A log-log graph will be re
quired to include enough points on a reasonable scale. You will have to 
determine the distance downwind where the short form of the dispersion 
equation is to be used (i.e., 2 XL) and switch equations at that point in your 
'spreadsheet calculations. 

Anna Lytical purchased a mobile home last year. She has been suffering 
severe allergic symptoms and has detected a strong odor of formalde
hyde. An analysis of the mobile home air has revealed that the 
formaldehyde concentration is 0.28 ppm. Anna's friend, Sybil Injuneer, 
has measured the air flow in the ventilation system and found that the 
ventilation rate is 0.56 air changes per hour (ach). She has recom
mended increasing the ventilation rate to reduce the formaldehyde con
centration below the threshold odor level of0.05 ppm (Lee et aI., 2001). 
Assuming the moDe home volume is 148 m3 al1d that the outdoor air 
concentration is 0.0 ppm, estimate the ach required to achieve the 
threshold odor level. 

A manufacturer of carbon monoxide detector/alarms has asked you to 
perform an analysis of the time to achieve various levels of CO in a stan
dard house so it can set the detection level of the monitor. The standard 
house has a volume of 540 m3 and a ventilation rate of 100 m 31h. The 
manufacturer llses an assumption of a furnace flue malfunction that results 
in an emission of 3.0 mg/s of CO into the house. They use the following 
World Health Organization guidelines to prevent excess levels ofCOHb 
(WHO, 1987): 10mg/m3 for 8 h, 30 mg/m) for 1 h, 60 mg/m3 for 30min, 
andIOe mg/rre for 15 min. Using a computer spreadsheet program you 
havewrittefi, estimatethetime it will.take to achieve each of theseconcen
trations.Whatsafety factors (time to. achieve a given level divided by the 

. ~llowabletimt;)wiILbeachievedif the alarm is s~t at each of these levels. 
Assume that the outdoor and indoor air concentration equals the 8-hour 
NAAQS for CO and the starting concentration is 1.0 mg/m3

. 

Determine the slope of the equilibrium curve defined by Henry's law for 
HClgas at 20°C from the following data: 

kgHCl per 
PHCh kPa 100 kgHzO 

0.6533 38.9 

0.087l 31.6 

0.02733 25.0 

Answer: Henry's I;;lW is not followed well. By linear regression, 
m = 0.120. ,. 
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7·36. 	 Find the slope of the equilibrium curve defined·'by Henry's law fDr S02 
gas at 30°C from the following data: 

Kg S02 per 

PS02' kPa 100 kg H2O 


10.532 1.0 

6.933 0.7 

4.800 0.5 

2.626 0.3 

7-37. 	 Determine the height of a packed tower that is to reduce the concentration 
in air of H2S from O. 100 kg/m3 to 0.005 kg/m3 given the following data: 

Incoming liquid is water free of H2S 

Operating temperature = 25.0°C 

Operating pressure = 101.325 kPa 

Henry's law constant, m = 5.522 mole fraction units 

Hg 0.444 m 


HI =0.325 m 


Liquid flow rate 20.0 kg/s 


Gas flow rate 5.0 kg/s 


Answer: 7 m 

complaining about odor from the facility that produces the 
Usingthedatain Problem 7-37, determine the 

concentration in air of H2S 
of0.0002 mg/L of 

be reducedfrom 10.0 mg/m3 
~"~'''.'''-~'' 	 '-' 

packed tower that should be 
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0.840 	 0.082 

1.667 	 0.1065 

2.666 	 0.118 

3.333 	 0.122 

Answer: a = 20; b = 135 

7-41. 	 Determine the Langmuir constants a and b for the adsorption of benzene 
on activated carbon, given the following isotherm data. 

0.027 	 0.129 

0.067 	 0.170 

0.133 	 0.204 

0.266 	 0.240 

7-42. When the isotherm data are nonlinear, the Freundlich model may be used 
to fit the data: 

= Kp fl qe 

where qe mgof pollutantfg of adsorbent 

K, n = curve fitting constants 


P = pollutantpartial pressure 


The followingadsoption. data were obtained using beaded activated carbon 
to removetetrach1oroethylene (Noll et al., 1992)., 

qeLmglgof carbon Ce' ppm 

5'20 	 70 

550 170 


640 700 


690 1,750 


740 4,000 


780 7,000 


Use a computer spreads_heet to plot the data and fit a curve. Use the com
puter spreadsheet "trendline" to determine the Freundlich curve-fitting 
constants. 
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7-43. 	 Determine the breakthrough time for toluene on an adsorption bed of acti
vated carbon that is 0.75 m thick and 5.0 m2 in cross section. The operat
ing parameters for the bed are as follows: 

Gas flow rate 1.185 kg/s 

Gas temperature 25°C 

Bed density 450 kg/m3 

Inlet pollutant concentration 0.00350 kg/m3 

Langmuir parameters: a 465; b = 3,000 

Width of adsorption zone = 0.045 m 

Answer: 17.8 h 

7-44. What thickness of molecular sieve adsorption bed is required for the follow
ing system to ensure an S02 breakthrough time (tB) of not less than 8.00 h? 

Gas flow rate 2.36 m3/s ofair 

Gas temperature 25.0°C 

Gas pressure 105.0 kPa 

Bed density as packed 390 kg/m3 

Inlet pollutant concentration 3,000 ppm 

Langmuir parameters: a 400; b = 900 

Width of adsorption zone 0.028 m 

Bed diameter . 3.00 m 

7-45. Determillethecross-sectional area and depth of catalyst to reduce an inlet 
concentr~tionoft()ltlen~Jrom L87.g/m3 

to 0.00187 g/m3.The exhaust gas 
flowrate~riteringthe cOlltrol equipment [s16,33 m3/s. Combustion air is 

.suppIiedatatate of 1.8Q m3/s.Both the exhaustgas and.the combustion 
··:altf1~wr~tesareat20°C.The manufacturer's specifications require that 

theeatalystbeoperatedat5100C andthatthe bed gas velocity be limited 
to 7.5 mfs. Assume that the toluene combustion reaction follows first-order 
kinetics and that the rate constant at 510°C is 120 s I 

.

Answers: area = 6.5 m2
, depth 0.43 m 

7-46. 	 Hexane (C6HI4) is emitted from a baking oven at a rate of454 g/min. The ex
haust gas flow rate is 7. r m3/s at a temperature of 315°e. Determine the cross
sectional area and depth of catalyst to produce an exhaust concentration of lOO 
ppm at STP Combustion air is supplied at 0.70 m3/s at 20°e. The manufactur
er'sspecifications require that the catalyst be operated at 550°C and that the 
bed gas velocity be limited to 9.5 mfs. Assume that the hexane combustion re
action follows first order kinetics and that the rate constant at 550°C is 55 s I. 

7·47. 	 Calculate the efficiency of removal of a 2.50-p,m-diameter particle having 
a density of 1,250 kg/m3 for a cyclone barrel diameter of LO m. The 
flow rate is 2.80 m3/s and the gas temperature is 25°e. 

Answer: 1] = 14% 
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7-48. 

7-49. 

7-50. 

7-51. 

7-53. 


Because the efficiency of the large-barrel.:diameter cyclone if! Problem 
7-47 is low for fine particles, a multiclone consisting o(iO barrels has 
been proposed as an alternative. Each barrel is to be 0.10 m in diameter. 
Calculate the efficiency of the multiclone using the particle and gas data 
given Problem 7-47. 

' Determine the efficiency of the cyclone in Example 7-10 for particles hav
ing a density of 1,000 kg/m3 and radii of LOO, 5.00, 10.00, and 25.00 /Lm. 
Using a computer spreadsheet, plot the efficiency as a function of particle 
diameter for the specified cyclone and gas conditions. 

Aconsultant has proposed that a pulse-jet baghouse with bags that are 15 cm 
in diameter and 5 m in length be used instead of the mechanical shaker 
bag system proposed in Example 7-11. Estimate the net number of bags 
required if the manufacturer's recommended air-to-cloth ratio for aggre
gate plants is 0.050 mis. 

A green coffee bean screening and handling operation emits 0.75 g/m3 
of fine particulate matter. A reverse-air baghouse is being proposed for con
trolling the particulate emissions. The gas handling system has an exhaust 
flow rate of 3.3 m3/s. A manufacturer has supplied the following data: 

Bag diameter = 20 cm 

Bag length = 12 m 

Air-to-cloth ratio = 0.010 

Bag cleaning = 0.5 

Estimate the number of bags required and the mass of particulate matter col
lectedeachday ifthe efficiency is 99 percent. Assume 24-hour operation. 

Calculate.theoverallmass efficiency (Yf) of the venturi described in Exam
ple 7 -12forthe fo Howing particle size distribution 

Average diameter,/Lm % of total mass 

2.5 25 

7.5 20 

15.0 15 

25.0 15 

35.0 10 

50.0 15 

Answer: overall Yf = 87.73 or 88 percent 

Calculate the venturi throat area required to achieve 99,0 percent removal 
of a 1.25-/Lm-radius particle having a density of 1,400 kglm3 for the fol
lowing gas stream and venturi characteristics. 
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Gas flow rate 10.0 m3/s 

Gas temperature = 180aC 

Droplet diameter = 100 /-Lm 

Liquid flow rate 0.100 m3/s 
Coefficient K =:: 200 

7-54. 	 Using a spreadsheet progrm you have written, calculate the overall mass 
efficiency (1]) of the venturi described in Problem 7-53 for a throat veloc
ity of 26.3 mls and the following fly ash particle size distribution (after 
Noll, 1999). 

Average diameter, /-LID % of total mass 

0.05 0.01 

OJ 0.21 

0.8 	 0.78 

3.0 	 13.0 

8.0 	 16.0 

13.0 	 12.0 

18.0 	 8.0 

80.0 	 50.0 

Detern:in~the collection efficiency of an electrostatic precipitator (ESP) 
t~B~,tharis!Q.~0,Omindiameterand2.00.m in· length for particles that are 
1;.p0itn1.i9,diaweter.The,flowrateisO.150·.,m3fs,. the collection field in

:)~~nsityis )99,OQQV!m~ the particle charge is 0;300' femtocoulombs (fC), 
> .... ·····~l"i4,the,gastemperatureis25°(;. 

..'.••:,-:'........•.•...•..•.........•.•.....•.••..•. ';<........,',.•..........."< .'.)

..... 'An~Wer:92.4percent 

Rework Problem 7-55 with the gas flow rate reduced to 0.075 m3/s. 

DISCUSSION QUESTIONS 

7-1. 	 A gas sample is collected in a special gas sampling bag that does not react 
with the. pollutants collected but is free to expand and contract. When the 
sample was collected, the atmospheric pressure was 103.0 kPa. At the time 
thesample was analyzed the atmospheric pressure was 100.0 kPa. The bag 
wasfoundto containO.020ppm 0[S02' Would the original concentration 
ofS02bemore, less, or the same? Explain. . 

7-2. 	 Under which of the following conditions would you expect the strongest 
inversion (largest positive lapse rate) to form? .' 



646 INTRODUCTION TO ENVIRONMENTAL ENGINEERING 

a. Foggy day in the fall after the leaves have fallen 
b. Clear winter night with fresh snow on the ground 
c. Clear summer morning just before sunrise 


Explain why. 


7 -3. . Cement dust is characterized by very fine particulates. The exhaust gas 
temperatures from a cement kiln are very hot..Which of the following air 
pollution control devices would appear to be appropriate? Explain the rea
soning for your selection. 
a. Venturi scrubber 
b. Baghouse 
c. Electrostatic precipitator 

7-4. 	 Photochemicaloxidants are not directly attributable to either people or 
natural sources. Why, then, are automobiles singled out as the major cause 
of the formation of ozone? . 

7-5. 	 Explain why the PM2.5 standard is more appropriate than a "Total Sus
pended Particulate" for protection of human health. 
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8-1 INTRODUCTION 

Noise, commonly defined as unwanted sound, is an environmental phenomenon 
to which we are exposed before birth and throughout life. Noise is an environmental 
pollutant, a waste product generated in conjunction with various anthropogenic 
activities. Under the latter definition, noise is any sound-independent of loudness
that can produce an undesired physiological or psychological effect in an individ
ual, and that may interfere with the social ends of an individual or group.~These 
social ends include all of our activities-communication, work, rest, recreation, 
and sleep. 

As waste products of our way of life, we produce two general types of pollu
tants. The general public has become well aware of the first type-the mass residuals 
associated with air and water pollution-that remain in the environment for extended 
periods oftime. However, only recently has attention been focused on the second 
general type 6fpollution,the energy residuals such as the waste heat from manufac
turing processes that creates thermal pollution of our streams. Energy in the·form of 
souhdwavescgnstitutesyet another kind of energy residual, but, fortunately, one, that 
doesnonemain in the environment for extended periods of time. The total amount 
of energy dissipated as sound throughout the earth is not large when compared with 
other forms ofelJergy;it is only the extraordinary sensitivity of the ear that permits 
such a relatively small amount of energy to adversely affect us and other biological 
specles. 

It has long been known that noise of sufficient intensity and duration can induce 
teIIlPprary or permanent hearing loss, ranging from slight impairment to nearly total 
de::1fness.. lngeneral,apattern of exposure to any source af sound thatproduces high 
~nough]eyelscanresult in temporary hearing loss. If the exposure persists over a pe

~.~~ riodqftime~'... W,isf~~.l~adtope~manenthearingimpairment. It has beenestimated .that 
1.+milliQ~':'Yor~~:siintheU~ited~t~tes.?et\\,e~n50and·59 years of·age.have·enough ..... r~!~ hea~ingI·?§~t()b~,a'G~rcl~dcqrnpe~sation'Thepotential.costto.U.S .. industrycould be 

.;C~J in.e~5~ss;gf ~.fiillion*;(8lis~i~shii~lld.Harford,1975).·Short'-term,·.but frequently se
.........~••.•riol1~; ..~ffeE .. I1S1~~~interf~renB$j\Yi..thspeechc~rnmunication·,and.the perception of 
li~tff~F.~ll~it()~y~.~igI)~ls,gtstur~a.pce,ofsleepand.(elaxation, annoyance, interference 
~~~. wifha~indiyidual'sabilityto perform complicated tasks, and general diminution of the 

.....~~. qlI~HtyqfH~r; 
' .. B:fipning'Git~t¥ete.~~nologic;alrxgansioQof the Industrial Revolution and con

f" ti~pipf.tJjJoug~; ap(}s~~W()rIdWarU acceleration,environmental noise in· the United 
• States and other industrialized nations has been gradually and steadily increasing, with 

more geographic areas becoming exposed to significant levels of noise. Where once 
noise levels sufficient to induce some degree of hearing loss were confined to factories 
and occupational situations, noise levels approaching such intensity and duration are 
today.being recorded on city streets and, in some cases, in and around the home. 

valid reasons why widespread recognition of noise as a significant 
pollutant and potential hazard or, as a minimum, a detractor from the 
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quality of life, has been slow in coming. In the first place~ noise, if defined as unwanted 
sound, is a subjective experience. What is considered noise by one lIstener may be 
considered desirable by another. . 

Secondly, noise has a short decay time and thus does not remain in the environ
ment for extended periods, as do air and water pollution. By the time the average indi
vidual is spurred to action to abate, control, or, at least, complain about sporadic 
environmental noise, the noise may no longer exist. 

Thirdly, the physiological and psychological effects of noise on us are often sub
tle and insidious, appearing so gradually that it becomes difficult to associate cause 
with effect. Indeed, to those persons whose hearing may already have been affected by 
noise, it may not be considered a problem at all. 

. Further, the typical citizen is proud of this nation's technological progress and is 
generally happy with the things that technology delivers, such as rapid transportation, 
labor-saving devices, and new recreational devices. Unfortunately, many technological 
advances have been associated with increased environmental noise, and large segments 
of the population have tended to accept the additional noise as part of the price of 
progress. 

In the last three decades, the public has begun to demand that the price of 
progress not fall to them. They have demanded that the environmental impact of 
noise be mitigated. The cost of mitigation is not trivial. The average cost of sound
proofing each of 600 suburban houses around the Chicago 0'Hare airport was about 
$27,500 in 1997 (Sylvan, 2000). Through 2001, the Boston Logan airport had spent 
about $99 million and the Los Angeles International airport had allocated about 
$119 million for soundproofing and land acquisition. At the end of 2001, the total 
amount spent in the United States for noise mitigation exceeded $5.2 billion (de 
Neufville and Odoni, 2003). The cost to retrofit and replace airplanes to reduce 
n9iseprobablyexceeds$J.6 billion* (Achitoff, 1973). Trafficnoise reduction pro
grams have been in place since the first noise barrier was built in 1963. As of 200 l, 
departmentsoftrans~ortationin44 states and the Commonwealth of Puerto Rico 
~a~?0I1~truSteqln9~ethan2,?OOlinear kilometers of noise barriers at a cost of 
moret~aR$~.8billion~(FHWA, 2005}. . 

The.engineeringandscientific· community has already accumulated considerable 
knowledge. concerning noise, its effects, and its abatement and control. In that regard, 
noise differsfro m most other environmental pollutants. Generally, the technology ex
i~tstocontr.~lmostindo0r.and outdoor noise. As a matter of fact, this is one instance 
in which knowledge ofcontrol techniques exceeds the knowledge of biological and 
physical effects of the pollutant. 

Properties of Sound Waves 
Sound waves result from the vibration of solid objects or the separation of fluids as 
they pass over, around, or through holes in solid objects. The vibration and/or separa
tion causes the surrounding air to undergo alternating compression and rarefaction, 
much in the .same manner as a piston vibrating in a tube (Figure 8-1). The compression 

*In 2005 dollars. 



655 NOISE POLLUTION 

Mean 
position A 

FIGURE 8·1 
f+-.l\--J Alternating compression and rarefaction 'of air 

Wavelength molecules resulting from a vibrating piston. 

of the air molecules causes a local increase in air density and pressure. Conversely, the 
rarefaction causes a local decrease in density and pressure. These alternating pressure 
changes arethe'sound detected by the human ear. 

Let us assume that you could" stand at Point A in Figure 8-1. Also letusassume 
'~,7) tna~~~~ha~eaniI1str~mentthat will measure the air pressure every 0.000010 seconds 

... ilE~.aI1dplotit~e;veIH~?I1a~raph.Jfthepiston·vi?ratesata constant rate, the condensations 
{;;1 ~nqE~rrf~?tions~iII;:111Bved9\~Ilthetube ataconstant speed. That speed is the speed 
"~K4 "or~gtm~(~).:r.~y,~is~!~el1~fan<dfpr~ssureet.pointAwillfoHow a cyclic or wave pat
~~;fYrnp· ."." ..~ied";gf.ti!11e((ti~ure8-2)::'Thewavepattem is called sinusoidal. The 

c!'~i til11~·.!i!~~nst1fsy.~siv~.peaks~rbetwe~nsuccessive troughs. of the oscillation is 
.~~ "(;~lIr~theperioa(PfTheinverse of this, that is, the number of times a peak arriyes in 

on.·esec..•..ondof.<o.scillations, is called thejrequency (f). Period and frequency are then re· 
~i·~ laiedasfoI1ows: 

/"':}~'>1'<- l 
,<~"r p (8-1)

j 

Since the pressure wave moves down the tube at a constant speed, you would find 
that the distance between equal pressure readings would remain constant. The distance 
between adjacentcrests. or troughs of pressure is called the wavelength (A). Wavelength 
and frequency are then related as follows: 

c
A= (8-2)

j 

The amplitude (AJ of the wave is the height of the peak or depth of the trough mea
sured from the zero pressure line (Figure 8-2). From Figure 8-2, we can also note that 
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(+) ~P--l 

~ 
::l 
V) 0 r--c-+--t-----'I----r-+- Time'"<U 

c..'"' 	 FIGURES-2 
Sinusoidal wave that results from alternating compression and 
rarefaction of air molecules. The amplitude is shown as A and 

(-) the period is P. 

the average pressure could be zero if an averaging time was selected that corresponded 
to the period of the wave. This would result regardless of the amplitude! This, of 
course, is not an acceptable state of affairs. The root mean square (rms) sound pressure 
(Prms) is used to overcome this difficulty. * The rms sound pressure is obtained by 
squaring the value of the amplitude,at each instant in time; summing the squared val
ues; dividing the total by the averaging time; and taking the square root of the totaL 
The equation for rms is 

112 [1 (T lin 
Prm5 ( p2 ) = TJ P\t)dt (8-3) 

o 

where the overbar refers to the time-weighted average and T is the time period of the 
measurement. 

Sound PQwer and I~ltensity 
Workis defined as the product of the magnitude of the displacement of a body and the 
component of force in the direction of the displacement. Thus, traveling waves of 
soundpressuretranslTli~enetgy in the direction of propagation of the wave. The rate at 
whicht~is\Vmkisdol1~isd~finedas the sound power (W). 
,Sou~~irt~ensity(l{js<definedas the time-weighted average sound power per unit 

ar~an<:)rlTlaltothedirectionof propagation of the sound wave, Intensity and power are 
related as follows:. 

W
1=-	 (8-4)

A 

.	wh~rei\.isalinit area perpendicular to the direction of wave motion. Intensity, and 
hence, sound power, is related to sound pressure in the following manner: 

I = (Prms)2 (8-5) 
pc 

where 1== intensity,W/m2 

Pm1S = root mean square sound pressure, Pa 
p == density of medium, kg/m3 
c .::::=. speed of sound in medium, mfs 

*Sound pressure = (total atmospheric pressure)-'- (barometric pressure). 
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Both the density of air and speed of sound are a functionnf temperature: Given the 
temperature and pressure, the density of air (1.185 kg/m3 at 101.325 kPa and 298 K) 
may be determined using the gas laws. The speed of sound in air at 101.325 kPa may 
be determined from the following equation: 

c 20.05VI' (8-6) 

where T is the absolute temperature in kelvins (K) and c is in mfs. 

Levels and the Decibel 
The sound pressure of the faintest sound that a normal healthy individual can hear is 
about 0.00002 pascal. The sound pressure produced by a Saturn rocket at liftoff is 
greater than 200 pascal. Even in scientific notation this is an "astronomical" range of 
numbers. 

In order to cope with this problem, ascale based on the logarithm of the ratios of 
the measured quantities is used. Measurements on this scale are called levels. The unit 
for these types of measurement scales is the bel, which was named after Alexander 
Graham Bell: 

L' = log 
Q 

Qo 
(8-7) 

where L' level, bels 
Q = measured quantity 

Qo = reference quantity 
log = logarithm in basel~O 

arather large unit, so for convenience it is divided into 10 subunits 
dRarecomputedas follows: 

(8-8) 

(Qo) is specified, then the dB takes on 
the reference power level has been es

watts. Thus, sound power level may be expressed as 

W 
10 log 10- 12 

(8-9) 

SoundpowerIevels computed with Equation 8-9 are reported as dB re: 10- 12 W. 

('1) SO:JjndlntensityLevel. . For noise measurements, the reference sound intensity 
:v (Equation 8-4} is 1O-12W/m2

. Thus, the sound intensity level is given as 

I 
L[ = 10 log 10- 12 (8-10) 
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Sound Pressure Level. Because' sound-measuring instruments measure the root 
mean square pressure, the sound pressure level is computed as follows:--

Lp = 10 log (Prms): (8-11) 
(Prms)~ 

which, after extraction of the squaring term, is given as 

Lp = 20 log Prms (8-12)
(Prms)o 

The reference pressure has been established as 20 micropascals (,uPa). A scale show
ing some common sound pressure levels is shown in Figure 8-3. 

Combining Sound Pressure Levels. Because of their logarithmic heritage, decibels 
don't add and subtract the way app'les and oranges do. Remember: adding the loga
rithms of numbers is the same as multiplying them. If you take a 60-decibel noise 
(re: 20,uPa) and add another60-decibel noise (re: 20 ,uPay to it, you get a 63-decibel 
noise (re: 20,uPa). If you're strictly an apple-arid-orange mathematician, you may take 
this on faith. For skeptics, this can be demonstrated by converting the dB to sound power 

Sound Pressure Sound Pressure Level 

" 

Jet engine_ /-LPa 140dB Threshold of m distance) IOO.O()O,OOO 
] pam

130 
--Jet take-off 

120 (100 mdistance) Sound can he felt 

10,000,000 
Rockmosic ---+ 110 

] Threshold of 
discomfort 

Conversation difficult 
100 +-- Pneumatic chipper 

] Ear protection requircdPower lawmnower 
for sustained expnwre 

street traffic 
-Intolerahle for80 

phone use100.000 
70 -Loud. noisy: voice must 
--Business office be raised to he understood 

Conversational.,-~ 60 - Normal conversation 
speech 10.000 

50 

Library ---+ 
40 -«-- Living room - Noticeably quiet 

1.000 	 (No TV or radio. etc,) 
30 

Bedroom ---+ 
20 

100 
10 

20 0 Threshold of hearing 

FIGURE 8-3 

Relative scale of sound pressure levels, 
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Graph for solving decibel addition problems. 


level, addifigthem, and converting back todB. Figure 8-4 provides a graphical s<?lution 
for this type of problem. For noise pollution work, results should be reported to the 
nearest whole number. When there are several levels to be combined, they should be 
combined two at a time, starting with lower-valued levels and continuing two at a time 
with each successive pair until one number remains. Henceforth, in this chapter we will 
assume levels are all "re: 20 JLPa" unless stated otherwise. 

ExalllpleS.l.What sound po~er level resuits from combining the following three 
levels: 68 dB, 79 dB,and 75 dB? 

by converting the readings to sound power 
to dB. 

rO.loo'2:1O(68!LO}+IO(75!10) + 10(79/10) 
.. 0 

lOJog (117,365,173) 

= 80.7 dB 
'--','-,' 

ROllndi?go~tothenearestwholenumber yields an answer of 81 dB re: 20 JLPa. 
>:...>f\.Il~lt.~~gltive~oluti()ntechniqueusingFigure 8-4 begins by selecting the two 1

bwestlevels:68 dB and 75 dB. The difference between the values is 75 68 7.00. 
Using Figure 8-4, draw a vertical line from 7.00 on the abscissa to intersect the curve. 
A horizontal line from the intersection to the ordinate yields about 0.8 dB. Adding this 
valueto the highest value, the combination of 68 dB and 75 dB results in a level of 
75.8 dB. This, and the remainder of the computation, is shown diagrammatically below. 

80.7 dB 
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Characterization of Noise 
Weighting Networks. Because our reasons for measuring noise usually involve peo
ple, we are ultimately more interested in the human reaction to sound than in sound as 
a physical phenomenon. Sound pressure level, for instance, can't be taken at face value 
as an indication of loudness because the frequency (or pitch) of a sound has quite a bit 
to do with how loud it sounds. Forthis and other reasons, it often helps to know some
thing about the frequency of the noise you're measuring. Weighting networks are used 
to account for the frequency of a sound. They are electronic filtering circuits built into 
the meter to attenuate certain frequencies. They permit the sound level meter to respond 
more to some frequencies than to others with a prejudice something like that of the hu
man ear. Writers of the acoustical standards have established three weighting character
istics: A, B, and C. The chief difference among them is that very low frequencies are 
filtered quite severely by the A network, moderately by the B network, and hardly at all 
by the C network. Therefore, if the measured sound level of a noise is much higher on 
C weighting than on A weighting, much of the noise is probably of low frequency. 
If you really want to know the frequency distribution of a no!se (and most serious noise 
measun~rsdo),it is necessary to use a sound analyzer. But if you are unable to justify 
the expense of an analyzer, you can still find out something about the frequency of a 
noise by shrewd use of the weighting networks of a sound level meter. 

Figure 8-5 shows the response characteristics of the three basic networks as pre
scribed by the American National Standards Institute (ANSI) specification number 
S1.4-1971. When a weighting network is used, the sound level meter electronically 
subtracts or adds the number of dB shown at each frequency shown in Table 8-1 
from or to the actual sound pressure level at that frequency. It then sums all the re
sultant numbers by logarithmic addition to give a single reading. Readings taken 
when a network is in use are said to be "sound levels" rather than "sound pressure 
ley~ls."Thereadingstakenaredesignatedin decibels in one of the following forms: 
dB(A);dBa;dBA;dB(B); dBb; dBB; and so on. Tabular notations may refer toLA,-

LsrEe· 

oj [5
or; 

~ -20 /--'---+---fr--
"' '"~ - 25 I-~----i-~,L-+ 
>

-fJ - 30 f.-------,f-.----I--~~--.----~----~--__+_.------l.-__I 
"0 
~ -35f.----F-~-~-~-~--~---~--4---4_-~ 

20 100 soo 2000 10.000 

Frequency, Hz 

FIGURES-S 
Response characteristics of the three basic weighting networks. 
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TABLES-! 

Sound level meter network weighting values 


Frequency (Hz) 

10 
12.5 

16 

20 

25 

31.5 

40 

50 

63 

80 


100 

125 

160 

200 

250 

315 

400 

500 

630 

800 


Curve A (dB) 

-70.4 
-63.4 
-56'.7 
-50.5 
-44.7 
-39.4 
-34.6 
-30.2 
-26.2 
-22.5 
-19.1 
-16.l 
-13.4 . 
-10.9 

8.6 
-6.6 
-4.8 

3.2 
-1.9 
-0.8 
o 
0.6 
l.0 
1:2 
L3 

Curve B (dB) 

-38.2 
33.2 

-28.5 . 
24.2 

-20.4 
17.1 

-14.2 
-11.6 
-9.3 
-7.4 
-5.6 
-4.2 
-3.0 
-2.0 

1.3 
-0.8 

0.5 
-0.3 
-0.1 
o 
o 
o 
o 

-0.1 
'-"0.2 
-0.4 

0;7 
-1.2 
-1.9 
-2.9 
-4.3 

6. I 
-8.4 

-ILl 

Curve C (dB) 

-14J 
-11.2 
-8.5 
-6.r 
-4.4 
-3.0 
-2.0 
-IJ 
-0.8 
-0.5 
-OJ 
-0.2 
-0.1 
o ' 
o 
o 
o 
o 
o 
o 
o 
o 

-0.1 
-0.2 
-OJ 

0.5 
-0.8 

1J 
-2.0 
-3.0 
-4.4 
-6.2 

8.5 
11.2 

EX3:"11ple8-2. A new Type. 2 sound level meter is to be tested with two pure tone 
s~Pf<;esthatemit90dB.Thepuretonesareat 1,000 Hz and 100 Hz. Estimate the ex

fpectedreadingsonthe A, B,and~ weighting networks. 
",,, 

Solution. From Table 8-1 at 1,000 Hz, we note that theJelative response (correction 
factor) for each of the weighting networks is zero. Thus for-the pure tone at 1,000 Hz 
we would expect the readings on theA, B, and C networks to be 90 dB. 
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From Table 8-1 at 100 Hz, the relative response for each weighting network dif
fers. For the A network, the meter win subtract 19.1 dB from the actual-reading, for 
the B network, the meter will subtract 5.6 dB from the actual reading, and for the C 
network, the meter will subtract OJ dB. Thus, the anticipated readings would be: 

A network: 90 - 19.1 = 70.90r71 dB(A) 

B network: 90 5.6 = 84.4 or 84 dB(B) 

C network: 90 0.3 = 89.7 or 90 dB(C) 

Example 8-3. The following sound levels were measured on theA, B, and C weight
ing networks: 

Source I: 94 dB(A), 95 dB(B), and 96 dB(C) 

Source 2: 74 dB(A), 83 dB(B), and 90 dB(C) 

Characterize the sources as "low frequency" or "mid/high frequency." 

Solution. From Figure 8-5, we can see that readings on 'the A, B, and C networks 
will be close together if the source emits noise in the frequency range above about 
500 Hz. This range may be classified "mid/high frequency" since we cannot distin
guish between "mid" and "high" frequency using a Type 2 sound level meter. like
wise, we can see that below 200 Hz (low frequency), readings on the A, B, and C 
scale will be substantially different. The readings from the A network will be lower 
than the readings from the B network, and readings from both the A and B networks 
will be IQwer than those from the C network. 

Source 1: Note that the sound levels on each of the weighting networks differ by I 
dB. From Figure 8-5, it/appears that the sound level will be in the mid/high frequency 
range. 

Source 2: Note that the sound levels on each of the weighting networks differ by 
several dB and that the reading from the A network is lower than that from the B net
work andbothatebelowthat from the C network. From Figure 8-5, it appears that 
the sound level will be in the low frequency range. 

Octave Banos. To completely characterize a noise, it is necessary to break it down 
into its frequency components or spectra. Nonnal practice is to consider 8 to 11 octave 
bands.* The standard octave bands and their geometric mean frequencies (center band 
frequencies) are given in Table 8-2. Octave analysis is performed with a combination 
precision sound level meter and an octave filter set. 

While octave band analysis is frequently satisfactory for community noise control 
(thatis, identifying violators), more refined analysis is required for corrective action 
and design. One-third octave band analysis provides a slightly more refined picture of 
the noise source than the full octave band analysis (Figure 8-6a). This improved 

. "'An octave is the frequency interval between a given frequency and twice that frequency. For example. 
frequency 22 Hz. the octave band is from 22 to 44 Hz. Asecond octave band would then be from 44 to 88 Hz. 
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TABLE 8·2 
Octave bands 

Octave frequency 
range (Hz) 

22-44 
44-88 
88-175 

175-350 
350-700 
700-1,400 

1,400-2,800 
2,800~5,600 

5,600-1J,2oo 
11,200-22,400 
22,400-44,800 

Geometric mean 
frequency (Hz) 

31.5 
63 

125 
250 
500 

1,000 
2,000 
4,000 
8,000 

16,000 
31,500 

50~----~----~------~------~----~----~ 

400 500 600 

300 400 600 

Frequency, 117. 

(a) One-third octave band analysis of a small electric motor. (b) Narrowband analysis of a small 
electric motor, 
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resolution is usually sufficient for determining corrective action for cOf!lmunity noise 
problems. Narrow band analysis is highly refined and may imply band widths down to 
2 Hz (Figure 8-6b). This degree of refinement is only justified in product design and 
testing or in troubleshooting industrial machine noise and vibration. 

Averaging Sound Pressure Levels. Because of the logarithmic nature of the .dB, the 
average v'alue of a collection of sound pressure level measurements cannot be com
puted in the normal fashion. Instead, the following equation must be used: 

1 N 
Lp = 20 log - 2: 10(L/20) (8-13)

Nj I 

where Lp = average sound pressure level, dB re: 20 p,Pa 
N = number of measurements 
Lj = the jth sound pressure level, dB re: 20 p,Pa 
j = 1,2,3 ... , N 

This equation is equally applicable to sound levels in dBA. It may also be used to com
pute average sound power levels if the factors of 20 are replaced with lOs. 

Example 8-4. Compute the mean sound level from the following four readings (all 
dBA): 38,51,68, and 78. 

Solution. First we compute the sum: 
4L 10(38120) + 10(51120) + 10(68/20) + 10(78120) 

j=1 

= 1.09 X 104 

Straight arithmetic averagingwould yield 58.7 or 59 dB. 

Types of Sounds. Patterns of noise may be qualitatively described by one of the fol
lowing tenns: steady-state or continuous; intermittent; and impulse or impact. Contin
uous noise is an uninterrupted sound level that varies less than 5 dB during the period 
of observation. An exampleis the noise from a household fan. Intermittent noise is a 
continuous noise that persists for more than one second that is interrupted for more 
than one second. Adentist's drilling would be an example of an intermittent noise. Im
pulse noise is characterized by a change of sound pressure of 40 dB or more within 0.5 
second withaduration of less than one second.* The noise from firing a weapon would 
bean example of an impulsive noise. 

*The Occupational Safety and Health Administration (OSHA) classifies repetitive events, including impulses, as 
steady noise if the interval between events is less than 0.5 seconds. 
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FIGURE 8-7 
Duration Type A impulse noise. 
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FIGURES-S 
Type B impulse noise. 

Two types ofimpulse noise generally are recognized. The type A impulse is char
acterized by a rapid rise to a peak sound pressure level followed by a small negative 
pressurewave or by decay to the background level (Figure 8-7). The type B impulse is 
cha.ra.ct~rizedbya damped(oscillatory) deca.y(Figure 8-8). Where the duration of the 
type Aimpulse is simplythe duration of the initial peak, the duration of the type B im

the envelope to decay to 20 dB below the peak. Because 
HIJUh.lv. aspecial sound-level meter must be employed to 

the peak sound pressure level is different 
time-averaging used in the latter. 

classified the effects of noise on people into 

effects and psychological/sociological effects. 

loss andspeech interference. Psychological! 


annoyance, sleep interference, effects on performance, and 


The Hearing.Mechanism 
Before we can discuss hearing loss, it is important to outline the general structure of 
tijeeaFanHho\v it works. 

i\natoillically,theearisseparated into three sections: the outer ear, the middle ear, 
andtheinner ear (Figure 8-9). The outer and middle car serve to convert sound pres
Sure to Vibrations. In addition, they perform the protective role of keeping debris and 
objects from reaching

'-' 
the inner ear. The Eustachian tube extends from the middle ear 

space to the upper part of the throat behind the so ft palate. The tube is normally closed. 

http:HIJUh.lv


666 INTRODUCfION TO ENVIRONMENTAL ENGINEERING 

Outer ear 	 Middle ear 
I 

Semicircular 
canals 

Inner 
ear 

Cochlea 

Eustachian tube 

IMalleus Incus Stapes 
I . 

Auditory ossicles 

FIGURE8·9 

Anatoniicaldivisiotlsofthe ear. (Source: Seeley et ai., 2003.) 


>','., 

5()~tra5tiBnofthepalateltlUsclesduringyawning, chewing, or swallowing opens the 
t!lp~s.~hi.~.al19wsW~middleear to ventilate and equalize pressure. If external air pres
sure changes rapidly, for example,. by a sudden change in elevation, the tube is opened 
by invol~ntaryswallowingoryawning to equalize the pressure. 

!~e sou~dt~an.~ducerrnechanism is housed in the middle ear.* It consists of the 
l)ItnPfMic,11lem.praI7e{eardrum)and three ossicles (bones) (Figure 8-10). The ossic1es 

.	are supported by ligaments and may be moved by two muscles or by deflection of the 
tympanic membrane. The muscle movement is involuntary. Loud sounds cause these 
muscles to contract. This stiffens and diminishes the movement of the ossicular chain 
(Borg and Counter, 1989). The discussion on the middle ear that follows is excerpted 
frolll Clemis( 1975). 

The primary function of the middle ear in the hearing process is to transfer sound energy from 
the outer to the inner ear. As the eardrum vibrates, it transfers its motion to the malleus. Since 

"A transducer is a device that transmits powerfrom one system to another. In th is case, sound power is converted 
to mechanical displacement. which is later measured and interpreted by the brain. 
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Oval window ---------"\ 

Stapes ----1:i-#I"*'.-7-.........~_£ 
Scala vestibuli 

Malleus ---'::--::-iio1...-:.i 
Scala tympani 

(ncus ~-- Scala media 

Tympanic 
membrane Vestibular }

membrane 
Cochlear duct 

Basilar 
'-...._ membrane 

Round -·----=.~....ric.v:. 
window 

1. Sound waves strike the tympanic membrane and cause it to vibrate. membrane near the oval window. and longer waves (low pitch) cause 
displacement of the basilar membrane some distance from the oval

2.Vibrntion of the tympanic membrane causes the three bones of the middle 
window. Movement of the basilar membrane is detected in the hair 

ear (0 vibrate. 
cells of the spiral organ, which are attached to the basilar membrane. 

3. The foot. plate of the stapes vibrates in the oval window. 
6. Vibrations of the perilymph in the scala vestibuli and of the endolymph 

4. Vibration of the fOOl plate causes the perilymph in the scala vcstibuli in the cochlear duct are transferred to the peri lymph of the scala 
{() vibrate. tympani. 

5. Vibration of the perilymph causes displacement of the basilar 7. Vibrations in the perilymph of the scala tympani are transferred to the 
membrane. Shott waves (high pitch) cause displacement of the basilar rollnd window, where they are dampened. 

FIGURE 8·10 
Thesoundtransdllcer mechanism housed in the middle ear. (Source: Seeley et aI., 2003.) 

the bones of the ossicular chain are connected to one another. the movements of the malleus 
the stapes, which is imbedded in the oval window. 
in a rocking motion, it passes the vibrations into the 

motion oftheeardrumis effectively 
inner ear. 

by two main mechanisms. Fir~t, the 
small surface area of the base of the stapes 

The bones of the ossicular chain are arranged in such a way that they act as a series of 
levers. The long arms are nearest the eardrum, and the shorter arms are toward the oval win
dow. The fulcrums are located where the individual bones meet. A small pressure on the long 
arm of the lever produces a much stronger pressure on the shorter arm. Since the longer arm is 
attached to the eardrum and the shorter arm is attached to the oval window, the ossicular chain 
actsasanamplifier of sound pressure. The magnification effect of the entire sound-conducting 
mechanism is about22-to- J. 

Jheinnerearhouses both the balance receptors and the auditory receptors. The 
auditory receptors are in the cochlea. It is a bone shaped like a snail coiled two and 
one-half times around its own axis (Figure 8-9). A cross section through the cochlea 
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membrane 
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. , .... 

FIGURE 8-11 
Cross section through the cochlea. 

(Figure 8-11) reveals three compartments: the scala vestibuli; the scala media; and 
the scala tympani. The scala vestibuli and the scala tympani are connected at the 
apex of the ·cochlea. They are filled 'with a fluid called perilymph, in which the scala 
media floats. The hearing organ, the organ of Corti, is housed in the scala media. 
The scala media contains a different fluid, endolymph, which bathes theorganof 
Corti. 

The~calall1edia is triangularin shape and is about 34 mm in .length. As shown in 
Figure 8-11; thete are cells growing up from the basilar membrane. They have a tuft of 
h~irat ?~eend and are attachedto the hearing nerve at the other end. A gelatinous 
In.elllbr~ge(tectorialmembrane) extends over the hair cells and is attached to the 
limbus spiralis. The hair cells are embedded in the tectorial membrane. 

Vibration of the oval window by the stapes causes the fluids of the three scalae to 
dev~lopawave-likemotion.The movement of the basilar membrane and the tectorial 
membrane in opposite directions causes a shearing motion on the hair cells. The drag
ging of the hair cells sets up electrical impulses in the auditory nerves, which are trans
mitted to the brain. 

The nerve endings near the oval and round windows are sensitive to high frequen
cies. Those near the apex of the cochlea are sensitive to low frequencies. 

Normal Hearing 
Frequency Range and Sensitivity. The ear of the young, audiometrically healthy, 
adult male responds to sound waves in the frequency range of 20 to 16,000 Hz. Young 
children and women often have the-capacity to respond to frequencies up to 20,000 Hz. 
The speech zone lies in the frequency range of 500 to 2.000 Hz. The ear is most sensitive 
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FIGURES-12 
Fletcher-Munson equal loudness contours. (Source: Magrab, 1975). 

in the frequency range from 2,000 to 5,000 Hz. The smallest perceptible sound pres
sure in this frequency range is 20 fLPa. 

A sound.pressure of 20 fLPa at 1,000 Hz in air corresponds to a 1.0 nm displace
ment.ofthe air molecules. The thermal motion of the air molecules corresponds to a 
sound pressure ofabout 1 fLPa. If the ear were much more sensitive, you would hear 
the air molecules crashing against your ear like waves on the beach! 

Loudness. In general, two pure tones having different frequencies but the same 
sounderessureleveLwillbeheardas different loudness levels. Loudness level is a psy
ch~p.c()u~ti~... ·tit~.\» ...•.••...• 

. ';~;j·~letQhet.~nsO'fl~1935)q{)nduct~daseriesof experiments to determine the 
cif;Y~f~eqg~gcyand.lo~clness.Are.fe~encyton~and a test tone were 

;~it at4:I~~9m2·Systsubj~cts.<Theywereaskedto adjust the sound level of 
•• litsow~~~(laslo~cias therefe~ence:Theresults were plotted as sound 
~, .. e;ey~.lilJdBversusthetesttonefrequency (Figure8-12). The curves are called 
tr~,.~~9h~t-.iY1Wls{)nor equal-lOlldness cOllto~rs.Therefererce frequency is 1,000 Hz. 

.···t~~? T~~}s~rx~s(lr~;I~b~1~.~.igghOl~s'.~~5h~r~theS0l1ndwessurelevels of the 1,000 Hz 
;:~iPllr~t<?~.«< .. 11fl51?wesJicontourCdashed line)represents the "threshold of hear
"~ 	 ing."Th~actual threshold may vary by as much as + 10 dB between individuals with 

nonnal hearing. 

Audiometry_ Hearing tests are conducted with adevlce known as an audiometer. Ba
sically,it consists ora source of pure tones with variable sound pressure level output 

<, int?~pair.oL~arph9nes; If the instrument also automatically prepares a graph of the 
/< festTe~plts(anaudiogr~m), then itwill include a weighting network called the hearing 
""1 thresh?lr1;l~v.~I(HTI.)$~ale, 
~g~ TheHTLscaleis one III which the loudness of each pure tone is adjusted by 

frequency such that "0" dB is the level just audible for the average normal young ear. 
Two reference standards are in use: ASA-l95l and ANSI-1969. The ANSI reference 
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FIGURE 8-13 
The ANSI reference values for hearing threshold leveL 

values are shown in Figure 8-13, Note the similarity to the Fletcher-Munson contours. 
The initial audiogram prepared for an individual may be referred to as the baseline 
HTL or simply as the HTL. 

The audiogram shown in Figure 8-14 reflects excellent hearing response. The av
erage normal response may vary::!::: 10 dB from the "0" dB value. As noted on the au
diogram, this test was conducted with the ANSI-1969 weighting network. 
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FIGURE 8·14 

An audiogram illustrating excellent hearing resp'onse. 


f36r; i'H 33 

8 t W I e(J"() 

RIGHT dB 

idoon !6000laooo 1000 


1- 10 

o 
"11/\

I T 
10 

20 

30 

40 

50 

60 

70 

80 

90 



NOISE POLLUTION 671 

ASA 51 N = 328 ANSI 69 
-10 0 

0 10 

10 
1KHz 

20 

co 
"0 

20 2KHz 30 ~ 

of 30 
> 
I!) 3KHz 40 <ii 

>.:: 
-;040 
C 

50 t>Jl 
C.;:: 

~ 
I!)

::c 
50 

6KHz 
60 :\l 

!l.l::c 
60 70 

70 80 

80 90 

90 

10 20 30 40 50 60 70 80 

Age in years 
FIGURE 8-15 
Hearing loss as a result of presbycusis. (Source: Olishifski and Harford. 1975.) 

You may have noted that we keep stressing young in our references to normal 
hearing. This is because there is hearing loss due to the aging process. This type of loss 
is called presbycusis. The average amount of loss as a function of age is shown in 
Figure8.'-lS. 

, t~'-:?1 '_,' ''', 
.;';' lVleclianiSIIi.·W.ith...r.the8xcYetit;~•.••. Q.t~.ar~~tln1 Juptur.•. .. e from int.ense explosive noise, 
~'~~!.~ '~ddl"" 1 . d ':' db' M I h . 1 .11..~e~rI~r~yarean1gge,.. ynolse. .' ore common y, eanng ass 1S 

i~; ...d~n1~?einv~lv:ingi~jl1l)"t:,thehai r celts (Figure 8-16). Two theories 
!i;~. ill"@~f ••..;qie~plarn.noisY;-inducedinjury,Thefirst is that excessive shearing forces 
.•··~~·m,ec~anically damage the hair cells. The second is that intense noise stimulation forces 
~.. the·g~ireellsinto highmetaboliCactivity; which overdrives them to the point of meta
...8~li~.f~.~Il.IreantlconseqlleQtcelldeatltOnce·destroyed. hair cells are not capable of 

.:\;.iregeneration. . . . 
:d,'/ -, -, "", 

Measurement. Since direct observation of the organ of Corti in persons having po
tential hearing loss is impossible, injury is inferred from losses in their HTL. The in
creased sound pressure level required to achieve a new HTL is called threshold sh~ft. 
Obviously, anyrneasurement of thresholdshifhs dependent upon having a baseline au
diogram taken beforethenoise exposure. 

~~;J.\~eari~g}ossesn1ay beeithertemporaryorpermanent. Noise-induced losses must 
"bes~p~ratydfrOll1 othercausesQf hearing loss· such as age (presbycusis), drugs, dis
ease; and blows on the head, Temporary threshold sh{ft (ITS) is distinguished fi"Om 
pebnCllzent lhresholdsh~ft (PTS) by the fact that in TIS removal of the noise over
stimulation will result in a gradual return to baseline hearing thresholds. v ~ 
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FIGURE 8-16 
Various degrees of injury to the hair cells. 

Factors;Aff~ctilJg Threshold Shift. . Important variables in the development of tem
poraryanclp~rmanenthearingthreshold changes include the following (NIOSH, 1972). 

l.Soufld level:Solind levels must exceed 60 to 80 dBA before the typical person 
will experience TIS. 

Frequency distribution of sound: Sounds having most of their energy in the 
speech frequencies are more potent in causing a threshold shift than are 
sounds having most of their energy below the speech frequencies. 

3. 	 Duration of sound: The longer the sound lasts, the greater the amount of 
threshold shift. 

4. 	 Temporal distribution of sound exposure: The number and length of quiet pe
riods between periods ofsound influences the potentiality of threshold shift. 

5. 	 Individual differences in tolerance of sound may vary greatly among individuals. 

6. 	 Type of sound-steady-state, intermittent, impulse, or impact: The tolerance 
to peak sound pressure is.. greatly reduced by increasing the duration of the 
sound. 
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FIGURE 8·17 

An audiogram illustrating hearing loss at the high frequency notch. 


Temporary Threshold Shift (TTS). TTS is often accompanied by a ringing in the 
ear, muffling of sound, or discomfort of the ears. Most of the TTS occurs during 
the firsttwohoursof exposure. Recovery to the baseline HTL after TTS begins within 
the <first hour or two after exposure. Most of the recovery that is going to be attained 
occ;urswithin16·to24110urs after exposure. 

-'''' 

~,','i£~~~~.~~Ilttij~~S~~ldShift:(I:JTS)*:.The~eappearsto.be.a .. direct ·.relationship be-
5;.tw~ertnS-'ln?V:S.N'?is~le~~lsthatd?notproduceTTS after two to eight hours of 
~. Y~ii}<» ... ~... m.Ot;mo~~ge~tSifcot1tinuedl1eyondthistime.The shape of the TTS au

.•• (jf~~~anr~iJ;liresemble\theshapeofthePTS audiogram. 
rft;i;J\I9i~e~indMcedhearinglossgenerally is first characterized by a sharply localized 
~{~cl~p,i~ilh~HILcurveat~hefre(lUenciesbetween3,OOOand 6,QOO Hz. This dip com
,~) . urs£Jt4, I-l.r(Fi&llreJf..17).Thisjs thehighfrequency notch. The progress 

"'!&"":.~. :/,,'I'S>cpntinuednoiseexposure follows a fairly regular pattern. First, 
/tl1ehj~hfrequency notch broadens and spreads in both directions. While substantial 

lossesmay occur above 3,000 Hz, the individual will not notice any change in hearing. 
Infact,·theindividual will not notice any hearing loss until the speech frequencies be
tween 500 and 2,000 Hz average more than a25dB increase in HTL on the ANSI
1969 scale, The onset and progress of noise~induced permanent hearing loss is slow 
ardihsidi9us~The exposed individual is unlikely to notice it. Total hearing loss from 
noiseexIJosure has not been observed. 

~CQ.~sticTraliina. The outer and middle ear rarely are damaged by intense noise. 
However, explosive sounds canrupture the tympanic mgmbrane or dislocate the ossic
ular chain. The pelmanent hearing loss that results from very brief exposure to a very 

http:I-l.r(Fi&llreJf..17
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FIGURE 8-18 
An example audiogram illustrating acoustic trauma. (Source: Ward and Glorig. 
1961.) 

16tidnois~istermedacoustictraumd (Davis, 1958). Damage to the outer and middle 
earmayorn1ay,notaccompany acoustic trauma. Figure 8-18 is an example of an au

···diogram thatillustratesacoustic·trauma. 

Protective Mechanisms. Although the extent and mechanisms are not clear, it ap
pears that the structures of the middleear offer some protection to the delicate sensory 
9.r~fnsqf;heinnetear(Borgand Counter, 1989). One mechanism of protection is a 
change in the mode of vibration of the stapes. As noted earlier, there is evidence that 
the muscles 9f the middle ear contract reflexively in response to loud noise. This con
traction results in a reduction in the amplification that this series of levers normally 
produces. Changes in transmission may be on the order of 20 dB. However, the reac
tion time oCthe musclelbone structure is on the order of 100-200 milliseconds. Thus, 
this protection is not effective ag~inst steep acoustic wave fronts that are characteristic 
of impact or impulsive noise. 

Damage-Risk Criteria 
A damage-risk criterion specifies-the maximum allowable exposure to which a per
son may be exposed if risk of hearing impairment is to be avoided. The American 
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Line A 
Formula: T = 16/Z(L - 80)/5 
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FIGURE 8-19 

NIOSH occupational noise exposure limits for continuous or intermittent 

noise exposure. 


Acad~lIlyofQPrtha:nlaI()gyand Otalaryngology has defined hearing impairment as 
(:, .. ~nay~ra~.e}-ITbi~~t~~s.~.Qf25dB(ANSI-1969)at 500, 1,000, and 2,000 Hz. This 

is'caHed>tne ·ence.'I'?taliITIpairrnentissaidto occur when the average HTL ex
@ ceMs· s~XfM~i~risiBgl~dedin~etting the?5dBANSI low fence. Two cri
.;.teria~rt§~t~KQpr();id~conditi()nsunderwhichnearly all warkers may be 

'r~pea fyexposed· withaut adverse effect on their ability ta hear and understand 
riormalspeech. 

(]gPti~~RH~to5Intermitte:?tExposure. The Natianal Institute far Occupational
,J 	 Safety and Health (NIOSH) has recammended that occupational naise exposure be 

controlled so that na warker is exposed in excess of the limits defined by line B in 
Figure 8-19. In addition, NIOSH recommends that .new installatians be designed 
to hold noise expasure belaw the limits defined by line A in Figure 8-19. The Walsh
Healey Act, whkhwas enacted by Congress in 1969 to protect warkers, used a 
damage-risk criteri()n equivalent ta the line Acriterian. 

Speech Interferen.ce 
As We aU know, naisecan interfere witli .our ability ta communicate. Many naises that 
are not intense enaughta cause hearing impairment carr interfere with speech cammu
nication. The interference, .or masking, effect is a camplic'ated functian .of the distance 

http:Interferen.ce
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FIGURES-20 
Quality of speech communication as a function of sound level and distance. 

(Source: Miller, 1971.) 


between the speaker and listener and the frequency components of the spoken words. 
The Speech Interference Level (SIL) was developed as a measure of the difficulty 
in communication that could be expected with different background noise levels 
(Beranek, 1954). It is now more convenient to talk in terms of A-weighted background 
noise levels and the quality of speech communication (Figure 8-20). 

Example 8·5. Considetthe problem of a speaker in aquiet zone who wishes to speak 
to a listener operating a 4.5 Mg (megagram) truck 6.0 m away. The sound level in the 
truck cab is about 73 dBA. 

S()lltti~n.1JsingF,igur~8-20,wecanseethat she is going to have to shout very 
19~dlX.to/behea~q.However,if she moved to within about 1.0 m, she would be able 
touse~~r"~~pec:ted"vqicyle~el, thatis,theunconscious slight rise in voice level 

'tfiatQnewouldnonnrulyusein .. anoisysituation, 
Itcanbeseenthat at distances not uncommon in living rooms or classrooms (4.5 

to 6.0.m), theA-weighted background level must be below about 50 dB for normal 

Annoyance 
Annoyance by noise is a response to auditory experience. Annoyance has its base in the 
unpleasant nature of some sounds, in the activities that are disturbed or disrupted by 
noise, in the physiological reactions to noise, and in the responses to the meaning of 
"messages" carried by the noise (Miller, 1971). For example, a sound heard at night 
may be more annoying than one heard by day, just as one that fluctuates may be more 
annoying than one thatdoes not. A sound that resembles another sound that we already 
dislike and that perhaps threatens us may be especially annoying. A sound that we 
know is mindlessly inflicted and wHluot be removed soon may be more annoying than 
one that is temporarily and regretfulliinflicted. A sound, the source of which is visible, 
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may be more annoying than one with an invisible source. Asound that is new may be 
less annoying. A sound that is locally a political issue may have a particularly high or 
low annoyance (May, 1978). 

The degree of annoyance and whether that annoyance leads to complaints, product 
rejection, oraction against an existing or anticipated noise source depend upon many 
factors. Some of these factors have been identified, and their relative importance has 
been assessed. Responses to aircraft noise have received the greatest attention. There 
is less information available concerning responses to other noises, such as those of sur
face transportation and industry, and those from recreational activities (Miller, 1971). 
Many of the noise rating or forecasting systems that are now in existence were devel
oped in an effort to predict annoyance reactions. 

SonicBooms. One noise of special interest with respect to annoyance is called sonic 
boom or, more correctly as we shall see, sonic booms. 

The flow of air around an aircraft or other object whose speed exceeds the speed of sound 
(supersonic}isc:naracterized b{the existence of discontinuities ill theair known ~s 'shock 

wave. These discontinuities result from the sudden encounter of an impenetrable body with air. 
At subsonic speeds, the air seems to be forewarned: thus, it begins its outward flow before the 
arrivaroftheleading edge. At supersonic speeds, however, the air in front of the aircraft is 
undisturbed, and the sudden impulse at the leading edge creates a region of overpressure 
(Figure 8-2l) where the pressure is higher than atmospheric pressure. This overpressure region 
travels outward with the speed of sound, creating a conically shaped shock wave called the 
bow wave that changes the direction of airflow. A second shock wave, the tail wave, is pro
dllcedbythetail of the aircraft and is associated with a region where the pressure is lower than 

discontinuity causes the air behind the aircraft to move sideways. 

Sonic boom 
Atmospheric. pressure heard here 

\'--'-----+
Sonic boom 

heard here 


Sonic booms resulting from bow wave and tail wave set in motion by su
personic flight. 
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Major pressure changes are-experienced at the ear as the bow_and tail shock waves reach 
an observer. Each of these pressure deviations produces the sensation of an explosive sound 
(Minnix, 1978). 

You should note that the pressure wave and, hence, the sonic boom exist whenever 
the aircraf~ is at supersonic speed and not "just when it breaks the sound barrier." 

Both the loudness of the noise and the startling effect of the impulse (it makes us 
"jump") are found to be very annoying. Apparently we can never get used to this kind 
of noise. Supersonic flight by commercial aircraft is forbidden in the airspace above 
the United States. Supersonic flight by military aircraft is restricted to sparsely inhab
ited areas. 

Sleep Interference 
Sleep interference is a special category of annoyance that has received a great deal of 
attention and study. Almost all of us have been wakened or kept from falling asleep by 
loud, strange, frightening, orannoying sounds. It is commonplace to be wakened by an 
alarm clock or clock radio. But it also appears that- one can get used to sounds and 
sleep through them. Possibly, environmental sounds only disturb sleep when they are 
unfamiliar. If so, disturbance of sleep would depend only on the frequency of unusual 
or novel sounds. Everyday experience also suggests that sound can help to induce sleep 
and, perhaps, to maintain it. The soothing lullaby, the steady hum of a fan, or the rhyth
mic sound of the surf can serve to induce relaxation. Certain steady sounds can serve 
as an acoustical shade and mask disturbing transient sounds. 

Common anecdotes about sleep disturbance suggest an even greater complex!ty. A 
rural person may have difficulty sleeping in a noisy urban area. An urban person may 
be disturbed by thequiet when sleeping in a rural area. And how is it that a parent may 
wake to a slight stirring ofhis or her child, yet sleep through a thunderstorm? These 
observations.allsuggesfthat the relations between exposure to sound and the quality of 
a.njgqt:ssleep·are complicated. 

Theeffestsofrelativelybrief noises (about three minutes or less) on a person 
sIeepirrg>ina quiet environment have been studied the most thoroughly. Typically, 
presentations of the sounds are widely spaced throughout a sleep period of 5 to 7 
hours. A >summary of some of these observations is presented in Figure 8-22. The 
dashed Jines are hypothetical curves that represent the percent of awakenings under 
conditions in whichthesubjectis a normally rested young adult male who has been 
adapted for several nights to the procedures of a quiet sleep laboratory. He has been in
structed to press an easily reached button to indicate that he has awakened, and had 
been moderately motivated to awake and respond to the noise. 

While in light sleep, subjects can awake to sounds that are about 30-40 decibels 
above the level at which they can be detected when subjects are conscious, alert, and 
attentive. While in deep sleep, the stimulus may have to be 50-80 decibels above the 
level at which they can be detected by conscious, alert, attentive subjects before they 
win awaken-the sleeping subject. 

The solid lines in Figure 8-22 are data from questionnaire studies of persons who 
live near airports. The percentage of respondents who claim that tlyovers wake them or 
keep them from falling asleep is plotted against the A-weighted sOllnd level of a single 
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f1yover. These curves are for the case of approximately 30 flyovers spaced over the 
normal sleep period of six to eight hours. The filled circles represent the percentage of 
sleepers that awake to a three-minute sound at each A-weighted sound level (dBA) or 
lower. This curve is based on data from 350 persons, each tested in his or her own bed
room. These measures were made between 2;.00 and 7:00 A.M. It is reasonable to as

_sliiIiethafmostofthe subjects }vere roused from a light sleep. 

Effects on Performance 
~hel1;~;tas~Te~uit'estQei~§e_ofauditory signals, speech-or nonspeech, then noise at 

;~~~ a?Xi?t~~sitttl~yeLsl.lffi~i~nt tgmaskorinterfere with the perception of these signals 
~i;~iltinterf~rejzyi:~.-.t~5P:erforrnance.iofXhe --task. 

>i. -- -_---.-.-.- .:.i.tp.~p~a.liq~w~t()r~asksidonotinvolveauditorysignals, the effects of-noise 
.-~~ 0tt~heirg~rf0l1Jlance haveqeen difficult to assess. Human behavior is complicated, and 
,,,"'f\ itli~~.B~en('lift}cult to discover exactly how different kinds of noises might influence 

'.,1 di~~ren~¥illds9fpeopledoingdiffereqtkinds of tasks. Nonetheless, the following 
gener~l~ol1ql"l.l~i()ns:haxeelllerged.Steadynoises without special meaning do not seem 
tointerfere with human performance unless the A-weighted noise leV'el exceeds abolIt 
90 deCibels. Irregularbursts of noise (intrusive noise) are more disruptive than steady 
noises. Even when the A-weighted sound levels of irregular bursts are below 90 deci
bels, they may sometimes interfere with performance of a task. High-frequency com
ponentsof noise, above about 1,000-2,000 hertz, may produce more interference with 
performance than low-frequency components of noise. Noise does not seem to influ

~;)encetheoveraUrateof work;but high levels of noise may increase the variability of 
'c'.' thcrateofwork.There maybe "noise pauses" followed by compensating increases in 

workrate. Noise is more likely to reduce the accuracy of work than to reduce the total 
quantity of work. Complex tasks are more likely to be .adversely int1uenced by noise 
than are simple tasks. 
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Acoustic Privacy 
Without opportunity for privacy, either everyone must conform strictly to an elaborate 
social code or everyone must adopt highly permissive attitudes. Opportunity for pri
vacy avoids the necessity for either extreme. In particular, without opportunity for 
acoustical privacy, one may experience all of the effects of noise previously described 
and, in addition, one is constrained because one's own activities may disturb'others. 
Without acoustical privacy, sound, like a faulty telephone exchange, reaches the 
"wrong number." The result disturbs both the sender and the receiver. 

8-3 RATING SYSTEMS 

Goals of a Noise-Rating System 
An ideal noise~rating system is one that allows measurements by sound level meters or 
analyzers to be summarized succinctly and yet represent noise exposure in a meaning
ful way. In our previous discussions on loudness and annoyance, we noted that our re
sponsetosoundisstrongly dependent em the frequency of. the sound. Furthermore, we 
noted that the type of noise (continuous, intermittent, or impulsive) and the time of day 
that it occurred (night being worse than day) were significant factors in annoyance. 

Thus, the ideal system must take frequency into account. It should differentiate be
tween daytime and nighttime noise. And, finally, it must be capable of describing the 
cumulative noise exposure. A statistical system can satisfy these requirements. 

Thepractical difficulty with a statistical rating system is that it would yield a large 
set of parameters for each measuring location. A much larger array of numbers would 
be required to characterize a neighborhood. It is literally impossible for such an array 
of numbers to be used effectively in enforcement. Thus, there has been a considerable 
effortt~definea single number measure of noise exposure. The following paragraphs 
describetwQ of the systems-now beillgused. 
-.:-,'--,\-'-"--- .'-.-,-,--. - .-\ 

Tll4!i!LNConcept 
'mhepararhet~htNisastatistical measure that indicates how frequently a particular 
soundlevel is exceeded, If, for example, we write L30 67 dBA, then we know that 
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Sound level. dBA Cumulative distribution curve_ 
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67dB(A)was exceeded for 30 percent of the measuring time. A plot of LN agaipst N 
where N = 1 percent, 2percent, 3 percent, and so forth, would look like the cumula
tive distribution curve shown in Figure 8-23. 

Allied to the cumulative distribution curve is the probability distribution curve. A 
pl()t of this will show how often the noise levels fall into certain class intervals. In 
Figure 8-24 we can see that 35 percent of the time the measured noise levels ranged be
tween65 and 67 dBA; for 15 percent of the time they ranged between 67 and 69 dBA; 
and so on. The relationship between this picture and the one for LN is really quite sim

percentages given in successive class intervals from right to left, we 
whereN is the sum of the percentages and L is the 

left:-most class interval added, thus, L30 

L = 10 Iocr 1J< t lOL(£)1I 0 dt (8-14)eq b t 
o 

where t = the time over which Leq is determined 
L(t) = the time~varying noise level in dBA 

Generally speaking, there is no well-defined relationship between L(t) and 
tIme, sO a series ofdiscrete samples of L(t) have to be taken. This modifies the ex
pression to: 

i=n 

Leq 10 log 2: (lOLJW)(tJ (8-15) 
i t 
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where n = the total number of samples taken 
Li = the noise level in dBA of the ith sample 
ti = fraction of total sample time 

Example 8-6. Consider the case where a noise level of 90 dBA exists for 10 minutes 
and is followed by a reduced noise level of 70 dBA for 30 minutes. What is the equiv
alent continuous equal energy level for the 40-minute period? Assume a five-minute 
sampling interval. 

Solution. If the sampling interval is five minutes, then the total number of samples 
(n) is 8, and the fraction of total sample time (fi) for each sample is 118 0.125. With 
these preliminary calculations, we may now compute the sum: 

L
2 

= (1090110)(0.250) + (1070/10)(0.750) 
1= I 

= (2.50 X 108
) + (7.50 X 106

) = 2.58 X 108 

And finally, we take the log to find 

Leq 10 log(2.58 X 108
) 84.11, or 84, dBA 

The example calculation is depicted graphically in Figure 8-25. From this you may 
note that great emphasis is put on occasional high noise levels. 

The equivalent noise level was introduced in 1965 in Germany as a rating specifi
cally to evaluate the impact of aircraft noise upon the neighbors of airports (Burck et aI., 
1965). It wasalmost immediately recognizedin Austria as appropriate for evaluating 
theirnpactofstreettraffic noise in dwellings and schoolrooms. It has been embodied 
intheNationalTestStandardsof Germany for rating the subjective effects of fluctuat
ingnoisesofaIlkihds, such as from street and.road traffic, rail traffic, canal and river 
ship traffic, aircraft, industrial operations (including the noise from individual ma
ehines),sportsstadiums, playgrounds, and the like. . 
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The Ldn Concept 
The Ldn is the Leq computed over a 24-hour period with a "penalty" of 10 dBA ~for a 
designated nighttime period. Thus, it is a day-night average and the subscript "dn" is 
assigned instead of "eq."In applications to airport noise, the Ldn may be referred to as 
DNL The nighttime period is from 10 PM. to 7 AM. The Ldn equation is derived from 
the Leq equation with the time i!1crement specified as 1 second. Because the time over 
which the Ldn is computed is a day, the total time period is 86,400 seconds. Eguation 
8-15 is then written as 

L = 10 log [ I "" 1OU/1O f. + '" lO(LJ + 10)/10 r] (8-16)
dn 86,400 L.; L,;I I 

Because lO(log 86,400) =49.4, the day-night average sound level may be written as 

L,o = 10 log [2: 1OUIi 0Ii + 2: IO(L; +10)/10li]- 49.4 (8-17) 

8-4 -COMMUNITY NOISE SOURCES AND CRITERIA 

It is not our intent to. provide a detailed discussion of the noise characteristics of all 
community noise sources. Likewise, we have not attempted to provide a comprehen
sivelist of noise criteria. Rather, we have selected a few examples to provide you with 
a feeling for the magnitude and range of the numbers. 

rrransportation Noise 
Aircraf~Nois~..Thenoise spectra of a wide body fanjet(forexample, the Boeing 
!47)ir~ve~IJljatsBg~~dpressureJevelsar~higherontakeoffthan.during·theapproach to 
Ictn~./Ihisis;tyeisaL.of~n(lircrafLWith .thenotable.exception of the turbojets, smaller 

.... ' .."1 (lir9raftina~~i10~~rso¥n?pr~ssu[e.levels. 

.¥Zj. ·''fl1e~~p)'anf~crit~ri~f?rajrcrctftoperationsare based on extensive field mea
ent~{a~dpriNen§Ht'Yeys.{Pheres~ltsQf annoy~mcesurveys at nine airports in the 

~atesancIGreat Britain are summarized in Figure 8-26. 

~igb}\'~y~ehicleNoi~f' FormQstautomobiles, exhaust noise constitutes the pre
??~~i~.~m.~R~f§~.to,r9~r~~Jopera:io~ belo,«about 55 kmlh (Figure 8-27). Although 
tire..noiseis/mucnlessofa problem in automobiles than in trucks, it is the dominant 
noise source atspeeds above 80 km/h. \Vhile not as noisy as trucks, the total contribu
tion of automobiles to the noise environment is significant because of the very large 
number in operation. 

. pieseltrucks are8to 10dB noisier than gasoline-powered ones. At speeds above 
80~l11!h,tirenoiseoften becomes the dominant noise source on the truck. The 
"crossbar~?,tread is the noisiest. 

~o,torcyclenoiseishighly dependent on the speed of the vehicle. The primary 
source ofnoise isthe exhaust. The noise spectra of two-cycle and four-cycle engines 
arc of somewhat different character. The two-cycle engines exhibit more high fre
quency spectra energy content. 
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Relationship between exposure to aircraft noise and annoyance, (Source: Kryter, et aL, 197 L) 
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FIGURE 8~28 
Annoyanceasafunction oftheTraftic Noise Index (TNf). (Source: Alexandre et aI., 1975.) 

In 1968, Griffiths and Langdon (1968) reported on the results of an extensive atti
tude. survey on traffic noise. They correlated their results with the Traffic Noise Index 
rating system (Figure 8-28). The U.S. Federal Highway Administration has developed 
the standards shown in Table 8-3. The levels are above those that would be expected to 
yield no problems but are below those of many existing highways. 

(·}t)the;I~te;~~f~onlQ!l.~ti()n·, Engin~s" 
{/~ ·Qftij7ir.ubcfquitolI~natureandtheg~neralinterest they stimulate, the com
·'lfrt't·.> .•....~sljstyd'inTable·8-4~reincludedatthis· point. "In general, these de

·.\f:ic~s!.ar~Lll0tsignificant.·contributorstoaverage residential noise levels in urban 
e areas.J-Iowever~ the relative annoyance of most of the equipment tends to be high" 
tY~f.J (u.s. EPi\, 1971);The eight-hour exposure level is in reference to the equipment 
• operator. 

Construction Noise 
The range of sound levels found for 19 common types of construction equipment is 
shown in Figure 8-29 on page 687. Although the sample was limited, the data appear 
to be reasonabl yaccurate. The noise produced by the interaction of the machine and 
the material on which it acts often contributes greatly to the sound level. 

is difflcult,at best, to quantify the annoyance that results from construction 
fbl1owinggeneralizati?nsappear to hold: 

Single hOllse. construction in suburban communities will generate sporadic 
complaints if the boundary line eight-hour Leq ex~eeds 70 dBA. 
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TABLES-3 
FHA noise standards for new constructiona 

Exterior design 
noise level dBAb 

Land use 	 Description of land 
category 	 use category 

-
A 57 60 	 Tracts of lands in which serenity and quiet are of extraordinary 

significance and serve an important public need, and where the 
preservation of those qualities is essential if the area is to 
continue to serve its intended purpose. For example, such 
areas could include amphitheaters, particular parks or portions 
of parks, or open spaces, which are dedicated or recognized by 
appropriate local officials for activities requiring special 
qualities of serenity and quiet.. 

B 67 70 	 Residences, motels, hotels, publiS; meeting rooms, schools, 
churches, libraries, hospitals, picnic areas, recreation areas, 
playgrounds, active sports areas, and parks. 

C 72 75 Developed lands, properties, or activities not included in 
categories A and B above. 

D Unlimited Unlimited Undeveloped lands. 

E 52 55 Public meeting rooms, schools, churches, libraries, 
(Interior) (I l1 terior) .hospitals, and other such public buildings. 

tlFHWA.. 1973. 
IIEitherL~'1 or LIO maybe used, but not both. The levels are to be based on a I-hour sample. 

cSuwlll~t~(jfl1oisf!charflcteristics .. ofinternalcombustion engines 

TypicaL!\.-weighted 8'-hr exposure Typical 
noise level level [db(A)}b exposure 

Source 
noise energy 
(kw' h/d)Cl 

at 15.2 m 
[dB(A)J Average Maximum 

time 
(h) 

t~\\Innl?WerS 63 74 74 82 1.5 
.Gardenctractors 63. 78 N/A N/A N/A 
Chains~ws 40 82 85 95 1 
Snow blowers 40 84 61 75 1 
Lawn edgers 16 78 67 75 0.5 
Model aircraft 12 78 70c 79c 0.25 
Leafblowers 3.2 76 67 75 0.25 

0.8 71 
0.4 70 72 80 

~Basedonestlmates()f the total number of units in operation per day. 

bEquivalentievel for evaluation of reliltive hearing damage risk. 

cDuring engine trimming operation. 

(Source: U.S. EPA. \971.) 
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Noise level, dBA at 15 m'" 

60 70 80 90 100 110 

Compacters (rollers) 
r---+

Front loaders 


Backhoes 


Tractors 


Scrapers, graders 

f-----j----'

Pavers 

Trucks 


Concrete mixers 


Concrete pumps 

I----+-

Cranes (movable) 
I----+-

Cranes (derrick) 


Pumps 


Generators 


Compressors i 

Pneumatic wrenches 


Jackhammers and rock drills 


Impact piledrivers (peaks) 


Vibrator 


Saws 


FIGURE 8·29 

Ra~ge()f.sound levels from· various types of construction equipment (based on lim

itedavailable data samples). (Source: U.S. EPA, 1972.) 


in a normaL suburban community will 
boundary line eight-hour Leq exceeds 85 

Development (HUD) set out guideline 
new construction (Table 8-5). The 

(FAA) specifies the Ldo for various types of land 
use compatibility (Table 8·6). These guidelines, and those given on page 686 for 
traffic noise (Table 8-3), if followed in zoning and siting, will minimize annoyance 
and complaints. 

L~velst()PrQtectHealtb and Welfare 
IrlaCCO~~al1cewithth~directive from Congress, the U.S. Environmental Protection 
Agency published noise criteriaieveIs that it deemed necessary to protect the health 
and welfare of U.S. citizens Cfable 8-7) (U.S. EPA, 197~). The EPA maintained that a 
quiet residential environment is necessary in both urban and rural areas to prevent 
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TABLE 8·5 
HUn noise assessment criteria for new residential construction 

General external exposures 

Exceeds 89 dBA 60 minutes per 24 hours 
Exceeds 75 dBA 8 hours per 24 hours 

Exceeds 65 dBA 8 hours per 24 hours 
Loud repetitive sounds on site 

Does not exceed 65 dBA more than 8 hours 
per 24 hours 

Does not exceed 45 dBA more than 
30 minutes per 24 hours 

TABLE 8·6 
FAA land use compatabilitya 

Exterior 
Land use Ldm dBA 
category yearly average 

Residential <65 
Public . <65 

Public 65-70 

Commercial 65-70 

Commercial 80-85 

MaI1ufaCturing and 
Production 60-75 

Manufacturing and 
Production 70-75 

Manufacturing and 
Production 80-85 

Manufacturing and 
Production >85 

Recreational <65 

Recreational 65-70 

Recreational 65-70 

Recreational 70-75 

Recreational· >85 

(JAdapted from FAA Advisory Circular AC15015020-L 

Assessment 

Unacceptable 

Discretionary: 
normally 

unacceptable 

Discretionary: 
normally 

acceptable 

Acceptable 

Description of land use category 

Dwellings schools 

Hospitals, nursing homes, churches 
and auditoriumsb 

Government service{ 

Offices, retail trade, communicationC 

Wholesale and retail equipment, utilities 

Photographic and opticalC 

Livestock farming and breeding 

General manufacturing 

Agriculture, forestry, mining, and fishing 

Outdoor amphitheaters 

Nature exhibits and zoos 

Golf course, riding stable{ 

Outdoor sports arena 

Amusement parks and camps 

bLdn of 65-70 if 25 dB [eduction indoors is provided; 70-75 if 30 dB reduction is provided. 
'Ldn of 70-75 if 25 dB reduction indoors is provided; 75-80 if 30 dB reduction is provided. 
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activity interference and annoyance"a!1d to permit the heaJing mechanism an opportu
nity to recuperate if it is exposed to high levels during the day. Thc'Ldn of 45 provides 
a fair margin of safety. 

8-5 TRANSMISSION OF SOUND OUTDOORS 

Inverse Square Law 
If a sphere of radius Gvibrates with a uniform radial expansion and contraction, sound 
waves radiate uniformly from its surface. If the sphere is placed such that no sound 
waves are reflected back in the direction of the source, and if the product KG, where K 
is the wave number, is much less than 1, then the sound intensity at any radial distance 
I' from the sphere is inversely proportional to the square of distance, that is*: 

W
1=- (8-18)

47Tr2 

where 1= sound intensity, watts/m2 

W = sound power of source, watts 

This is the inverse square law. It explains that portion of the reduction of sound inten
sity with distance that is due to wave divergence (Figure 8-30). For a line source such 
as a roadway or a railroad, the reduction of sound intensity is inversely proportional to 
r rather than r2. If we measure sound power level (Lw, re: 10- 12 W) rather ,than sound 
power (W), we can rewrite Equation 8-18 in terms of sound pressure levelT: 

Lp =: Lw - 20 log r 11 (8-19) 

where Lp = sound pressure level, dB re: 20 p,Pa 
Lw .• =soundpowerlevet dB.re: 10- 12 W 

I' distance between source and receiver, m 
2010gr.~deCibeltransform = 10 log 1'2 

lL::::<iecibeltrallsform=: [10 log (47T) = 1O.99J 

indicating "approximately," results from the assumptions used above. Lw 
should be computedfor all frequency bands of interest. 

From a practical point of view it is difficult, if not impossible, to measure the 
sou~dpow~rofthesource. In such instances we measure the sound pressure level at 
some known distance from the source and then use the inverse square law or radial de
pendence relationships to estimate the sound pressure level at some other distance. For 

FIGURES-30X~==~~D~=====t~ 
20 Illustration of inverse square law. 

*K 27T/A, where A= wavelength, K has units of reciproca!length. m-I. 

tThis can be proved by using Equations 8-4. 8-5'; 8-9. 8-10. and 8-1!. and the assumption that pc == 400 kg/m2 . s. 
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example, using the inverse square law, the sound pressure level Lp2 at a distance r2 
from the source may be determined if the sound pressure level Lpl at some closer point 
rl is known: 

r2)2
Lp2 = LPL - lOlog( ~ (8-20) 

For a line source, the sound pressure level Lp2 at a distance r2 from the source may 
be determined at some closer point fl by a similar equation: 

(r,)L1JL - lOlog ~ (8-21) 
v rl 

Radiation Fields of a Sound Source 
The character ofthe wave radiation from a noise source will vary with distance from the 
source (Figure 8-31). At locations close to the source, the nearfield, the particle velocity 
isnotinphasewith the sound pressure. Inthis area, Lp fluctuates with distance ands:loes 
not folloW the inverse square law. When the particle velocity and sound pressure are in 
phase, the location of the sound measurement is said to be in the far field. If the sound 
source is. in free spqce, that is, there are no retlecting surfaces, then measurements in 
the far field are also free field measurements. If the sOllnd source is in a highly reflective 
space, for example, a room with steel walls, ceiling, and floor, then measurements in the 
far field are also reverberant field measurements. The shaded area in the far field of 
Figure8'-3l shows that Lp does not follow the inverse square law in the reverberant field. 

uniformly in all directions. If you were to mea
. at a fixed distance from a real 

data 
pattern of 

of the directivity of a sound source. 
called the directivity index. For a spherical 

(8-22) 

Reverberant 

------- field 


FIGURE 8-31 

Variation of sound-pressure level in an enclosure 

along radius !- from a noise source_ (Source: 

Beranek. 1971.) 
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where Lpo = sound pressure level measured at distance ;, and angle OOJrom a direc
tive source radiating power Winto an echo-free (anechoic) space, dB 

Lps sound pressure level measured at distance r' from a nondirective source 
radiating power W into anechoic space,* dB 

For a source located on or near a hard, flat surface, the directivity index takes the 
following" form: 

(8-23) 

The 3 dB addition is made because the measurement is made over a hemisphere in
stead of a sphere. That is, the intensity at a radius, r, is twice as large if a source radi
ates into a hemisphere rather than the ideal sphere we have used up to this point. Each 
directivity index is applicable only to the angle at which Lp8 was measured and only for 
the frequency at which it was measured. 

We assume thatthe directivity pattern does not change its shape regardless of the 
distance from the source. This allows us to apply the inverse square law to directive 
sources simply by adding the directivity index: 

-
Lpo ....c. Lw + DIe - 20 logr - 11 	 (8-24) 

You should note that it is not possible to reduce the equation by using the equality 
given in Equation 8-22. The values of Lpo are at a distance r, which is different than the 
r' in Equation 8-22. 

Favorable propagation conditions are those shown in Figure 8-32a. They are envi
ronmentally relevant. These conditions are also stable in the sense that they are suitable 
forreproducible measUl;ements. It has become standard practice to restrict prediction 
of airborne transmission of noise to conditions favorable for propagation. These are 
specified as (ISO, 1989, 1990): 

LThe\Vlncfdirection.is within an. angle of 4SO of the direction connecting the 
cen.terof.lpe sound source and the center of the specified area, with the wind 
blo\Vihg from the source to the receiver. 

Thewirictspeedis between approximately I and 5 mls measured at a height of 
3-11 m. 

3. 	 Propagation in any near horizontal direction is under a well developed ground
based inversion. 

Airborne Transmission 

Effects of Atmospheric Conditions. Sound energy is absorbed in quiet isotropic 

air by molecular excitation and relaxation of oxygen molecules and, at very low tem

peratures, by heat conduction and viscosity in the air. Molecular excitation is a com

plexfunction of the frequency of noise, humidity,and temperature. In general, 

we may say that as the humidity decreases, sound absorption increases. As the 


*This is the same source as the directive source, but acting in the ideal fa"hion that we assumed in developing the 
inverse square law. 

http:LThe\Vlncfdirection.is
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Source .... ---- --- __ _ 
~ ~---- - -
-@/~~~ 

(a) 

FIGURE 8-32 
Refraction of sound (a) when the propagation is downwind or 
under conditions of a temperature inversion and (b) when the 
propagation is upwind or under temperature lapse conditions. 

(b) (Source: Piercy and Daigle, 1991.) 

temperature increases to about 10 to 20°C (depending upon the noise frequency), ab
sorption increases. Above 25°C, absorption decreases. Sound absorption is higher at 
higher . frequencies. 

Jh~ v~rticalJemperatureprofilegreatly. alters the propagation paths of sound. If a 
superadiabatic lapse rate exists, sound rays bend upward and noise shadow zones are 
formed (Figure 8-32b). If an inversion exists, sOllnd rays are bent back toward the 
grollnd(Figure 8-32a). This results in an increase in the sound level. These effects are 
negligiblefor shortdistances but may exceed 20 dB at distances over 800 m. 

In a similar fashion, wind speed gradients alter the way noise propagates. Sound 
traveling with the wind is bent down, while sound traveling against the wind is bent 
upward. When sound waves are bent down, there is little or no increase in sound lev
els. But whensound waves are bent upward~ there can be a noticeable reduction in 
sound levels. 

. Apointsourceis one for which KD « 1and for which 
to Magrab(1975), 

be classified as simple point sources. However, the 
itwere a point source if the follow-

is small compared to the ratio of the distance from the 
RecalLthatrl8 » 1from the first condition. A value of 

The basic point source equation is 

Lp Lit' 20 log r 11 Ae (8-25) 

where Lp = the desired SPL (re: (20 fLPa) at angle eand distance r from source, dB 
Lw the measured sound power level (re: 10-12 W) at angle e, dB 
Ae=attenllation for the distance r,dB 

With the exception ofthe last term (A,,). it is the inverse square law (Equations 8- t8 
and 8-19). The Ae term is the excess attenuation beyond wave divergence. It is caused 
by environmental conditions and has units of dB. 
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The Ae term may be further divided into five tenns as follows:. 

Ael = attenuation by absorption in the air, dB 

Ae2 = attenuation by the ground, dB 

Ae3 = attenuation by barriers, dB 

Ae4 = attenuation by foliage, dB 

Ae5 attenuation by houses, dB 

Because of the introductory nature of this text, we have chosen to limit the fol
lowing discussion to the first two terms, Aci and A e2. In addition, we will consider only 
the case of ground attenuation ranges greater than 100 m. For detailed examination of 
the the other cases we recommend that you consult Piercy and Daigle (1991). 

TABLES-S 
Air attenuation coefficient, dB/km, for an ambient p!essure of 101.3 kPa (one 
standard sea-level atmosphere) for sound propagation in open air 

Frequency, Hz 

Temperature Relative humidity, % 125 250 500 1,000 2,000 4,000 

30°C 10 
20 
30 
50 
70 
90 

0.96 
0.73 
0.54 
0.35 
0.26 
0.20 

1.8 
1.9 
1.7 
1.3 
0.96 
0.78 

3.4 
3.4 
3.7 
3.6 
3.1 
2.7 

8.7 
6.0 
6.2 
7.0 
7.4 
7.3 

29 
15 
12 
12 
13 
14 

96 
47 
33 
25 
23 
24 

20°C 10 
20 
30 
50 
70 
90 

0.78 
0.71 
0.62 
0.45 
0.34 
0.27 

1.6 
1.4 
1.4 
1.3 
1.1 
0.97 

4.3 
2.6 
2.5 
2.7 
2.8 
2.7 

14 
6.5 
5.0 
4.7 
5.0 
5.3 

45 
22 
14 
9.9 
9.0 
9.1 

109 
74 
49 
29 
23 
20 

woe 10 
20 
30 
50 
70 
90 

0.79 
0.58 
0.55 
0.49 
0.41 
0.35 

2.3 
1.2 
1.1 
1.1 
1.0 
1.0 

7.5 
3.3 
2.3 
1.9 
1.9 
2.0 

22 
11 
6.8 
4.3 
3.7 
3.5 

42 
36 
24 
13 
9.7 
8.1 

57 
92 
77 
47 
33 
26 

ooe 10 
20 
30 
50 
70 
90 

1.3 
0.61 
0.47 
0.41 
0.39 
0.38 

4.0 
1.9 
1.2 
0.82 
0.76 
0.76 

9.3 
6.2 
3.7 

1 
1.6 
1.5 

14 
18 
13 
6.8 
4.6 
3.7 

17 
35 
36 
24 
16 
12 

19 
47 
69 
71 
56 
43 

(Source: [so. 1990.) 
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FIGURES·33 

Paths for propagation from source S to receiver R. The direct 

p 	 ray is r" and the ray reflected from plane P (which effectively 
comes from image source I) is rr' (Source: Piercy and 
Daigle, 1991.) 

The attenuation of sound by air absorption is given as (Piercy and Daigle,~1991): 

ad
A 	 ----  (8-26) 

e I 	 - 1000 mfkm 

where ex air attenuation coefficient, dBlkm 

d = distance, m 


The air attenuation coefficient a as a function of temperature and humidity is listed in 
Table8,-8 on page 694. 

The sound above a reflecting ground surface arrives at a receiver R from a source 
S by two paths (Figure 8-33). The path rd is a direct ray. The path r,. is the ret1ection of 
the sound from the ground. The attenuation Ae2 is a result of interference between the 
reflected ray and the direct ray. It strongly depends on the type of ground surface, the 
grazing angleI/!, the path length difference (r,. - td)' and the frequency of the sound. 
The ground surface may be classified as follows: 

• 	Hard: asphalt or concrete pavement, water, and all surfaces with low porosity. 

• 	Soft: ground covered by grass or other' vegetation and all surfaces suitable for 
growth ofvegetation. 

t~J. Mixed:surfacethatihc1udesboth hard and soft conditions. 

~f:J vi.... ..... .".. . .... .... ....... . 

0f.r1 	 V~ry·soft~ro~~.q~uehassn2~~~veris not considered inthefollowing analysis. 
~~.".'.".p~sE~~~<:l;ap&ye,fo:lol1~ralJgepropagation (>100 m) .the ground attenuation 

.......... (1\.e~),isc~IC~I~tyd.f9F~t.ll1o.spheriq.conditionsfavorable·to··propagation. At distances 
tf~·.·l~ssthanIOOmthe results obtained by the following method will differ slightly·from 

t~eshqrtTangetechnique(Piercy and Daigle, 1991). 
Figure8~34is~sedtodefi~e .iliezonesand terms used in calculating Ae2. Each 

~()nei~..~ssigIl~clwgrountifact()tac(;ordinglo the· following rules: 
(~r," 

1. 	The source zone (A,) extends from the source S toward the receiver R a dis
tance of 30hs' with a maximum of I: 

Three zones between a source S and receiver R separated by distance I; used in determining the 
ground attenuation Aground at long ranges. (Source: Piercy and Daigle, 1991.) . 
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TABLES-9 
Expressions to be used in calculating the octave-band ground attenuation 
(Aground) in decibels at long range 

Octave-band frequency, Hz As or An dB 	 Am' dB 

63 -1.5 -3e 
115 (a' G) - 1.5 -3e(l - G) 
250 (b· G) 1.5 -3e(1 G) 
500 (c· G) - 1.5 -3e(l - G) 

1,000 (d'G) 1.5 -3e(1 G) 
2,000 (1 G) - 1.5 -3e(1 - G) 
4,000 (1 - G) - 1.5 3e(1 - G) 
8,000 (1 - G) - 1.5 - 3e(1 G) 

Source or receiver height, m 

Distance, m 0.5 1.5 3.0 
, 

6.0 >10.0 

Factor a 

50 
100 
200 
500 

> 1,000 

1.7 
1.9 
2.3 
4.6 
7.0 

2.0 
2.2 
2.7 
4.5 
6.6 

2.7 
3.2 
3.6 
4.6 
5.7 

3.2 
3.8 
4.1 
4.3 
4.4 

1.6 
1.6 
1.6 
1.6 
1.7 

Factorb 

6.8 
8.8 
9.8 

5.9 
7.6 
8.4 

3.9 
4.8 
5.3 

1.7 
1.8 
1.8 

1.5 
1.5 
1.5 

Fa.ctor c 

9.4 
12.3 
13.8 

4.6 
5.8 
6.5 

1.6 
1.7 
1.7 

1.5 
1.5 
1.5 

1.5 
1.5 
1.5 

Factord 

50 
>100 

4.0 
5.0 

1.9 
2.1 

1.5 
1.5 

1.5 
1.5 

1.5 
1.5 

(Source: ISO, 1989.) 

2. 	 The receiver zone (Ar) extends from the receiver R toward the source Sa dis
tanee of 30hr with a maximum of r. 

3. 	The middle zone (Am) lies.between the source and receiver zones. If r < 30(hs 
+ hr), then the source and receiver zones overlap and there is no middle zone. 
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The ground factor G for each zone is based on the surface characteristics: 

• 	Hard ground: G = 0 

• 	Soft ground: G :::: 1 

• 	Mixed ground: G equals the fraction of the ground that is soft [for example if 25 
percent of the ground is soft, then G (0.25)( I) = 0.25] 

The ground attenuation for an octave band is calculated for each zone by using the 
equations and data in Table 8-9 on page 696. The value for e for the middle zone cal
culation in the table is determined from the following equation: 

e = I [ 
30(hsr+ hr} 1 (8-27) 

The total ground attenuation is then 

Ae2 As + Ar + Am (3-28) 
~ , 

For a complete analysis, the attenuation must computed for each relevant octave band. 

ExampleS-7. The sound power level (re: 10- 12 W) of a compressor is 124.5 dB at 
1,000 Hz. Determine the SPL 200 m downwind on a clear summer afternoon if the 
wind speed is 5 mis, the temperature is 20°C, the relative humidity is 50 percent, and 
the barometric pressure is 101.325 kPa. The heights of the compressor and the receiver 
are 1 m. The ground surface characteristics are shown in the sketch below. 

Asphalt 

24m 12 m 

Solution. The attenuation by air absorption (A el ) is calculated directly from Table 
8-8 with the distance being 200 m. 

Ael (4.7dB/km) ( 200 m ) = 0.94 dB 
1,000 mlkm 

The source zone attenuation extends a distance 

30hs = (30)(1.2 m) = 36 m 
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From the sketch we note that-the source zone is 100 percent hard and that 
G O. From Table 8-9, the equation for the source zone at 1,000 Hz is 

As [(d)(G)] - 1.5 

From Table 8-9, for distances> 100 m and a source height of 1.5 m, select d 
=: 2.1. The ground attenuation is then 

As = [(2.1)(0)] - 1.5 = -1 S dB 

(Note that we did not interpolate for the height because the product would 
obviously be zero.) 

2. 	 The receiver zone extends a distance 

30hr = (30)( 1.2 m) = 36 m 

From the sketch we note that 12 m is hard and 36 - 12 = 24 m is soft. The 
fraction that is soft is then 12/36 0.33. The G value for "soft" is l.0. From 
Table 8-9, the equation forreceiver attenuation at 1,000 Hz is 

Ar = [(d)(G)] 1.5 

The d value is the same as that for the source zone. The Gvalue must be multi
plied by the fraction of receiver zone that is soft. The receiver zone attenuation is 

AI' [(2.97)(0.33)(1.0)] - 1.5 = 0.98 1.5 = -0.52 dB 

(Note that in this. case we did interpolate the receiver height to obtain 2.97 
for the factor d.) 

3. 	 The middle zone is 90 percent covered in grass, so G = (0.90)( 1.0) = 0.90. 
From Table 8-9, the equation for the middle zone attenuation is 

Am = 3eO - G) 


Thevalue for e is calculated by using Equation 8-27: 


e = 1 - 30(1.2 	+ 1.2) 1 0.36 = 0.64 
200 


The attenuation in the middle zone is: 


Am -3(0.64)0 - 0.90) = -0.19 dB 


4. 	 The total ground attenuation is 


Ae2 -1.5 - 0.52 - 0.19 = -2.21 dB 


Note that the attenuation is negative. Thus, the ground surface reflection ac
tually increases the SPL. 

Using the basic point source model (Equation 8-25) gives the SPL at the receiver as 

t /, = 124.5 - 20 log (200)_ - 11 0.94 - (-2_21) 

124.5 - 46 - 11 0.94 + 2.21 68.77 or 69 dB at 1,000 Hz 
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8-6 TRAFFIC NOISE PREDICTION 

National Cooperative Highway Research Program 174 
The National Cooperative Highway Research Program has developed a series of doc
uments (NCHRP 117, NCHRP 144, and NCHRP 174) that provide design guidance 
for the prediction and control of highway noise (Kugler et aL, 1976). These documents 
have been used widely because' of their simplicity and relatively high success in mak
ing accurate noise predictions. The NCHRP 174 procedure is the last revision in the 
series. It contains a four-step procedure for the prediction and control of highway 
noise. We have limited ourselves to the first prediction step, that is, the "short 
method." The Federal Highway Administration (FHWA) has developed sophisticated 
computer models to replace the NCHRP 174 manual technique used in this text for 
illustration purposes. The FHWA released Version 2.5 of the Traffic Noise Model
TNM in 2004.* 

The objective of the "short method" is to obtain a quick and gross (always over
predicting) prediction of the expected noise levels. This is necessary because the pre
didionoftrue highway noise levelsis a rathercomplicated subject. In many instances 
it is desirable to first obtain a rough idea of the potential problem areas before full 
knowledge of the horizontal and vertical roadway design parameters has been gained. 
Such is the case, for example, of a location study where a number of alignments must 
be considered. Also, this first step helps to eliminate areas that do not represent a prob
lem in terms of noise levels, thus simplifying further evaluation. 

The "short method" prediction can be performed quickly through use of two 
nomograph.)' and knowledge of ~few traffic and roadway parameters. t By its design, 
the "short method" requires m~ny assumptions and approximations and should not be 
used as a final tool. 

The second step (the "complete method") utilizes a microcomputer program to 
'. refine the predictions made in the first step. The third step is the selection of a noise 
control design. The fourthstepisto redo the second step and check the design so

..•.•. @. .lUtf0.~;llr.~b~f()llowingparagraphs we have reproduced the short method as it ap
;~ ... p:e~.·..r~lnNeHRP 17;4, with the addition of clarifying comments and modificat,ion to 
..,~;SIunits. .' . 

Me~ltodol~gr The flow diagram that illustrates the methodology of the short 
method is shown in Figure 8-35. The method assumes that the roadway can be ap
proximated by one infinite element with constant traffic parameters and roadway 
characteristics. 

The initial step in using the short method consists of defining an infinite straight
line approximation to the real highway configuration. On-ramps, off-ramps, and inter
change ramps are omitted from the short method analysis. 

*TNM2S 

TA nomograph is a graph that provides the solutionto an equation or series.of equations containing three or more 
variables (see R·39l. 

http:series.of
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Roadway -
approximation 

t ~ 
Traffic parameter Propagation parameter Road-shielding parameter 

Volume and average speed: Roadway observer US distance, US 


Automobiles Distance, Dc Barrier position, P 

Medium trucks Barrier break, B 

Heavy trucks Angle subtended, e 


t 
LIO nomograph Barrier nomograph 
Unshielded Ll(} levels Shielding adjustment 
at observer (by vehicle type) 
(by vehicle type) 

, 

-

LIO at observer Design noise level, Lc 
Total L IO level at FHPM 7-7-3 
observer Design guide criteria 
(all vehicle types) 

I 

'. .. 

~ , 
Complete NO\L1O> Lc I ILIO< Lcmethod problem 

FIGURE 8-35 

Ffo\V.<iiagramofmethodologyJor applying NCHRP 174 method for estimating LIO from traffic. 

(5,ource:Kugler et at, 1976.) 


, ",'-' 

0llcetheapproximateroadwayhas been chosen, the following parameters must be 
corriputedor estimated: (a) the traffic parameters, which include the speed and volume 
ofeach class ofvehicles;{b ) the propagation characteristics, which describe the loca
t~onofth~rece,iverreliltivetothe roadway; and (c) the roadway-shielding parameters, 
wijichqescribethe<shieldingprovided by the roadway, if any. [Only barriers located 
within the right-of-way (ROW) may be considered.] 

These parameters are used in two operations. First, the traffic and propagation pa
rameters are combined in the LIO nomograph to detelmine, for each type of source, the 
unshielded L\O level at the observer. 

Thefinal result is then compared to the criteria level, Le, at the observer (see, for 
example, Table 8-3) to define a "no problem" or "potential problem" condition. If a po
tentialproblem is identified, the observer location in question should be evaluated us
ing thecomp)ete method. 

Procedure. The step-by-step pro_cedures necessary to calculate noise levels by the 
short method are presented in the following numbered paragraphs. In addition to the 
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~ Roadside 
~ barrier 

r;:::::::;::::::::;t~;-;::::::: 4.6 m high 

Residential development 
elev. +Om 

(a) 	Route map showing observer location and observer 
roadway centerline distance, Dc 

+ 
N Assumed roadway 

/' 

F.~~~~:" Observer 

Residential developYnent 
elev~ +Om 

Observer identification: On a route map of convenient scale, identify all ob
server locations at which'analysis is desired. 

Roadway approximation: Approximate the roadway alignment by a straight, 
iQfinite line. The procedure is as follows: Determine and measure the nearest 
perpendicular distance, DC' between the roadway centerline and observer, as 
~hOWll in Figure 8-36a. Enter on line 4 on the noise prediction worksheet 
(Fig;ure8-37).Notethatthe infinite roadway approximation automatically as
sumesa line perpendicuhr to the centerline distance, Dc. There is no need to 
draw this line on the route map for computation reasons. An illustration of this 
assumption is shown in Figure 8-36b. Note that for each observer location, a 
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different roadway approximation might result. NDte also that the nois~. pre
diction worksheet (NPWS) allows for computations for six different observer 
locations by entering an observer location identification at the head of each 
column. Similarly, the NPWS can be used to calculate six different traffic con
ditions for the same observer location. 

3. 	Traffic parameters: Determine the vehicle operating conditions by using the 
traffic parameters at the roadway point nearest the observer (if these parame
ters vary along the roadway). The procedure is as follows: 

a. 	 Determine the automobile volume (vph) and average speed (kmlh) and en
ter them on lines I and 2 under automobiles (A). 

b. 	 Determine the medium truck volume (vph) and average speed (krnlh) and 
enter them on lines 1and 2 under medium trucks (TM). 

c. 	 Determine the heavy truck volume (vph) and average speed (kmJh) and en
ter them on lines 1and 2 under heavy trucks (TH). 

d. 	 If the automobile and medium truck speeds are the same, multiply the 
mediUm truck volUme by 10 and add to the automobile volume: Enter 
combined volume Vc on line 3 of the NPWS. If the automobile and 
medium truck volumes are combined, in subsequent operations consider 

.the twO vehicle classes as one source. If the speed of the medium trucks 
differs from that of the automobiles, the volumes are not combined but the 
medium truck volume is still multiplied by 10 for the determination of the 
L I 0 value for the reason noted in the footnote below. * 

Roadway-shielding parameters: If the roadway'cross section anhe nearest 
point isnotatgrade (either elevated or depressed), or ifa roadside barrier 
'(Oflther?aq~ayright-of-.way) is ·prese~tl.determinetheroadway-shielding 
perafl1eters.dftheelevation,depression,. orroadside barrieris less than 1.5 m 

.•• hi,gh(cgt119ar~?<to thesurrouI1dingterrain),disregard it The procedure is as 
i/>f9ll~vvs:.[)yterrt1iI1etheb~rrierparametersandenter on· lines 5 through 8 of 

.·············>·;&~~(:~R~S.UseFig~{e~-3&~()rdefi?i~iopsqf.parameters. The parameters 
tfiat~ustbem~asured.are:(a)lihe;.of-sight distance, LIS, (b) break iIi line 
of sight, (c)barrierposition distance, and (d) angle subtended, () (degree). 
T'lJeangle subtendedismeasured. from the ends of the barrier with respect to 
thep?.s~ti()~o~meobseI'\fer.Fora~ observerplaced. equidistant from the 
enqsofJhe barrier,theangIemay be determined from simple trigonometric 
principles. Graphical methods may be more appropriate for other configura
tions. Note that as the Darrier length increases, the angle approaches 180 
degrees. . 

5. 	 UnshieldedL IO level at observer location: Determine the unshielded LIO level 
at the observer location for all three traffic sources (automobiles, medium 
trucks,andheavy trucks) using theL IO nomograph (Figure 8-39 on page 70S). 

*The Inediu!l1 truck volume is multiplied by 10 because this traffic noise-source behaves similarly to automobile 
noise, but the overall level is 10 dBA higher than for automobiles, " 
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Heavy 
trucks 

(a) Barrier parameters for simple (b) Barrier parameters for depressed 
barrier, section view raodway, section view 

Heavy 

trucks at 2.44 m 
. e,'\ Break in 

:\\ 

'O~ barri" Roadway edge 

~ Length of barrier 

\:. 	 ' /~ Barrier 
, 	 I 

" 	 I , I 
, I 

" ", e I 
I"J:t<- Angle subtended 

~ Observer 

(d)Barrier parameters, plan view 

Note-that if the.automobile. and medium truck speeds are equal, these two 
son.tces may be evaluated together using the combined volume, Ve, and aver
age speed, SA or SM on lines 3 and 2 of NPWS. The procedure is as follows: 

a. 	 Automobiles (and medium trucks): Using the vehicle volume, VA (this cor
responds to Vel the combined auto and medium truck volumes, when the 
speeds of these two populations are equal), and the average speed, SA (or 
SM), enter the LIO nomograph and determine the unshielded LIO noise level 
at the observer. Enteron line 9 of the NPWS. 

b. 	 Medium trucks: Using the vehicle volume, VJ1;f, mUltiplied by ten, and the 
i:~verage speed, SM, enter the LIO nomograph and determine the unshielded 
LIO noise level at the observer. Enter on line 9 of the NPWS. If automo
biles and medium trucks were combined in step a, this step should be 
omitted. 
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Heavy 
trucks 

(2.44 m) 
....... ....... 


--=t=" 	 + + 
+ 	 + + +.....;-,....1

+ + ....... 70 80 90 100 110 

10 J!l Je- 4«50 60 

Pivot .............. 
Speed: kmlh 

+ 	 + + + + 

Automobiles and 
medium trucks 

(O.Om) 

-'V 
VEHIRRB

A 15000 

10000 
100 

7000
A2 

5000 
"

"-	 3000 
"

2000"
1500"

" 	 B2 1000Bl 
700 

60 70 500 
400"
300"

50 ~OO 
200"

15,0 15040 "- 100Predicted 
200noise 70 

level 
50 

300 40 
30 

400 
20 

500 Vehicle 
volume 

700 

1000 
Distance 

to 
observer 

Heavy trucks: Using the vehicle volume, Vr,and the average speed, Sr, en
terth~LlOn~m()graph~anddet~rminetheunshie]ded LlO noise level at the 
ohserveEEn teron >line9 ofthe NPWS. 

6. 	 Shielding adjustment: Determine the noise reduction afforded by the roadway 
geometry using the barrier nomograph (Figure 8-40) and the roadway para
meters listed in the NPWS. This procedure must be performed twice: once for 
the Om source elevation (automobiles and medium trucks) and once for the 
2.44 m elevation (heavy trucks). 

Lowsources (0 m): Using the line-of-sight distance, US, barrier posi
tion distance. P, break in US distance,B (for sources at ground level), 
and the angle subtended, e, enter the barrier nomograph and calculate 
the shielding adjustment. Enter on line 10 of the NPWS under automo
bile and medium trucks .. 
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b. 	 High sources (2.44 m): Using the line-of-sight_distance, LIS, barrier posi
tion distance, P, break in US distance, B (for 2.44 m sources), and the an
gle subtended, fJ, enter the barrier nomograph and calculate the shielding 
adjustment. Enter on line 10 of the NPWS under heavy trucks. 

7. 	 LlOat observer, by vehicle type: Calculate the LIO noise level at the observer 
for each individual source by subtracting the shielding adjustment (line 10) 
from the unshielded LlO level at the observer (line 9), and enter the result in 
line 11. Note that the shielding adjustment is always negative and can be sub
tracted algebraically from line 9. 

S. 	 Total LIO level at observer: Determine the total LIO noise level at the observer 
and enter on line 12. This is done by logarithmically adding (decibel addition) 
the contributions from automobiles, medium trucks, and heavy trucks computed 
in line 11. TakingtwoLlOlevelsat a time, find the difference between them and 
enter the addition scale provided ·in Figure 8-4 to find the "adjustment." The 
"adjustment" should be added to the higher ofthe two LIO levels. The operation 
isthert tepeated,two levels at a time, until only one level remains. The ldwest 

, levels should be added first for maximum accuracy. 	 ' 

ExampleS-S. The county road commissioner has requested a noise evaluation of a 
proposed highway near Bristol. The proposed highway is to be routed such that the 
centerlineof the roadway will be 60 m from a schooL Using the following data, deter
mine whether ornot the FHA criterion will be met: 

Average vehicle speed =~0.5 kmlh for all vehicles 

1. 	 Draw a straight line froni the left pivot point through the 80.5 kmIh point on 
the automobile speed scale. Extend the straight line to turn line A. The inter
section is marked AI. 

Draw a secondstraightline from the intersection point Al to the 3,000 vph 
point on the volume scale on the far right of the figure. The intersection of 
this straight line with tum line His marked B1. 

DraWathirdstraightline from pointB Ito the point on the Dc scale (60 m). 
Theihtersectionofthis third line with the LIO scale gives the predicted A
weighted LIO level at the observer. For this example, the predicted LIO level 
is 66 dBA. This value is entered on line 9 of the NPWS (Figure 8-37). 
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Now repeat the procedure for the heavy trucks. It is shown by the dashed line in 
Figure 8-39. The predicted L10 for heavy trucks is 68 dBA. - ".. 

The combined level of the automobiles and trucks is found by "decibel addition" 
(Example 8-1) to be 70 dBA. This just meets the FHA design level for land use cate
gory B (Table 8-3). Let us see what effect a barrier will have. We have arbitrarily se
lected the following characteristics for the barrier: 

Height = S.O m, which yields a "Break in Barrier" of 4.6 m for automobiles and 
2.6 m for heavy trucks 


Position IS.2 m from centerline of roadway 


Subtended angle 1700 

Note: The "Break in Barrier" is determined by constructing a scale drawing of the 
roadway and receiver as shown in Figure 8-38. Because the automobile noise is as
sumed to originate at an elevation of 0.0 m, the "Break in Barrier" is greater than for 
the heavy trucks, where the noise is asssumed to originate at an elevation of 2.44 m. 

Using the barrier nomograph shown in Figure 8-40, proceed as follows: 

1. 	 Starting from the vertical LIS scale on the left: From the 60-m point on the 
LIS scale, draw a straight line going through the 4.6-m point on the "Break 
in barrier" to the "Turn line". Note that the scale is logarithmic. From the in
tersection, called AI, draw a straight horizontal line. 

2. 	 Starting from the horizontal LIS scale on the bottom: Draw a straight line 
through the 60-m point on the LIS scal.e, and the lS.2-m point on the 
"Barrier position" scale to the "Turn line". From the intersection, called A2, 

draw a straight vertical line until it intersects (at B) with the horizontal 
drawn fromA t • 

3. 	FroniB,moveto the right upward following the nearest curve to turn line C. 
(IfBisononeofthecurves, simply follow it; if B is between curves, follow 
paralleltothe nearest curve upward to the right until it intersects with the 

. turnJ ine.) 

4. From C, draw a straight line to the line-of-sight (LIS) distance (60 m) point 
on the vertical LIS scale. It will intersect with the pivot line at D. 

FromD,drawa horizontal line to the right until it intersects the curve corre
sponding to the subtelldedangle (170°) at E. 

6. 	 Finally, draw a vertical line from E upward until it intersects the barrier at
tenuation scale. The attenuation can now be read, that is, 13 dBA for auto
mobiles and medium trucks. 

The same procedure is followed for heavy trucks using 2.6 m for the "Break in Bar
rier" because of the higher noise emission elevation from the heavy trucks. Note from 
Figure 8-38 that this distance is perpendicular to LIS and not perpendicular to the 
horizontal. The attenuation is about 10 dBA 

The revised overall combined LtO would then be 60 dBA. This is very acceptable 
fOLClass B land use category. All of the tabulations are summarized in Figure 8-37. 
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Leq Prediction 
At about the same time that the NCHRP 174 report was being finalized, the Ontario 
Ministry of Transportation and Communications completed development of a predic
tive equation based on the Leq concept (Hajek, 1977). The empirical equation they de
veloped is as follows: 

Leq 42.3 + lO:2log(Vc + 6Vt ) 13.9 log D + 0.13S (8-29) 

where Leq = energy equivalent sound level during one hour, dBA 

Vc = volume of automobiles (four tires only), veh/h 

V[ = volume of trucks (six or more tires), veh/h 

D distance from edge of pavement to receiver, m 

S average speed of traffic flow during one hour, kmlh 

The simplicity of the equation is an obvious advantage over the NCHRP method. It 
does. have the restriction that it does not account for barriers. A nomograph technique 
similar to the NCHRP method is available to take barriers into account. . 

Ldn Prediction 
As a direct extension of the Leq methodology, tbe Ontario method was extended to en
able the calculation of LdO' The modified mode! has the following form: 

Ldn 31.0 + IO.210g [AADT + (T% AADT!20)] - 13.9 log D + 0.13 S (8-30) 

where Ldn equivalent A-weighted sound level during 24-hour time period with 
10 dBA weighti!1g applied to 2200-0700 h, dBA 

AADT annual averag~ daily traffic, veh/d 
%T.==average percentage of trucks during a typical day, % 

Eq!1atign8.~3QJlasth~~ameadvantages anddisadvantages· as Equation 8-29. 
~(?t:) 

'" ,-/,' 

SE€ONTROL 
..: •....•. :•.......................... ·.·.·.:·i3.i
S~~~~~-R~th:Receiyef·CdncePt 

.,,,,. Ify.9~~a.y~a.lloise problemandwanttosolve it, you have to find out something about 
, 'NlIatttienoiseisdoing,where it ~omesfrom,. how it travels, and what can be done 

~'·/~89:~~·jl.(!\S~~~i~htf~~wa1:4~pptQachistoexamine the problem in terms of its three ba
'LV . sic'elements:that is, sound arises from a source, travels over a path, and affects a re

ceiver or listener. * 
The source may be one or any number of mechanical devices that radiate noise or 

vibratory energy. Such a situation occurs when several appliances or machines are in 
operation at a given time in a home or office. 

The most obvious transmission path by which noise travels is simply a direct line
of-sightair path between the source and the listener. For example, aircraft flyover noise 

*This discussion in large part was taken from Berendt, Corliss and Ojalvo, 1976. 
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reaches an observer on the ground bYJhe direct line-of-sight air Pc4th. Noise also trav
els along structural paths. Noise can travel from one point to another via anyone path 
or a combination of several paths. Noise from a washing machine operating in one 
apartment may be transmitted to another apartment along air passages such as open 
windows, doorways, corridors, or duct work. Direct physical contact of tpe washing 
machine with the floor or walls sets these building components into vibration. This vi
bration is transmitted structurally throughout the building, causing walls in other areas 
to vibrate and to radiate noise. 

The receiver may be, for example, a single person, a classroom of students, or a 
suburban communi ty. 

Solution of a given noise problem might require alteration or modification of any 
or all of these three basic elements: 

1. 	Modifying the source to reduce its noise output 

2. 	 Altering or controlling the transmission path and the environment to reduce 
the noise level reaching the listener 

3. 	Providing the receiver with personal protective equipment 

Control of Noise Source by Design 
Reduce Impact Forces. Many machines and items of equipment are designed with 
parts that strike forcefully against other parts, producing noise. Often, this striking action 
or impact is essential to the machine's function. A familiar example is the typewriter
its keys must strike the ribbon and paper in order to leave an inked impression. But the 
force of the key also produces noise as the impact falls on the ribbon, paper, and platen. 

Se\f~ralstepscan be taken to reduce noise from impactforces. The particularremedy 
tobeaRpliedwill be determined by the nature of the machine in question. Not alLof the 
stepsJisteRbelowarepracticalfor every machine and for every impact-produced noise. 

. But~pp-licationpfevenonesuggestedmeasure can often reduce the noise appreciably. 
SOt1leofthemoteobviollsdesign modifications are as follows: 

1.: 	 Redllce the weight, size, or height of fall of the impacting mass. 

2. 	Cushion the impact by inserting a layer of shock-absorbing material between 
theilnp~5tingsurfaces .. (For example, insert several sheets of paper in the 
··typewriterbehind the top sheet to absorb some of the noise-producing impact 
of the keys.) In some situations, you could insert a layer of shock-absorbing 
mate-rial behind each of the impacting heads or objects to reduce the trans
mission of impact energy to other parts of the machine. 

3. 	 Whenever practical, one of the impact heads or surfaces should be made of 
nonmetallic material to reduce resonance (ringing) of the heads. 

4. 	Substitute the application of a small impact force over a long time period for 
a large force over a short period to achieve the same result. 

5. 	 Smooth out acceleration of moving parts by applying accelerating forces grad
ually. Avoid high, jerky acceleration or jerky motion. 
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6. 	Minimize overshoot, backlash, and loose play in :cams, followers, gears, link
ages, and other parts. This can be achieved by reducing the operational speed 
of the machine, better adjustment, or by using spring-loaded restraints or 
guides. Machines that are well made, with parts machined to close tolerances, 
generally produce a minimum of such impact noise. 

Reduce Speeds and Pressures. Reducing the speed of rotating and moving parts in 
machines and mechanical systems results in smoother operation and lower noise out
put. Likewise, reducing pressure and flow velocities in air, gas, and liquid circulation 
systems lessens turbulence, resulting in decreased noise radiation. Some specific sug
gestions that may be incorporated in design are the following: 

1. 	Fans, impellers, rotors, turbines, and blowers should be operated at the lowest 
bladetip speeds that will still meet job needs. Use large-diameter, low-speed 
fans rather than small-diameter, high-speed units for quiet operation. In short, 
maximize diameter and minimize tip speed. " 

2. All other factors being equal, centrifugal squirrel-cage type fans are less noisy 
than vane axial or propeller type fans. 

3. III air ventilation systems, a 50 percent reduction in the speed of the air t10w 
may lower the noise output by 10 to 20 dB, or roughly one-quarter to one-half 
of the original loudness. Air speeds less than 3 mis measured at a supply or re
turn grille produce a level of noise that usually is unnoticeable in residential 
oroffice areas. In a given system, reduction of air speed can be achieved by 
vt-',.-c"....ur-,UL1'lIVV\.-1 mot?r or blower speeds, installing a greater number of ven

or increasing the cross-sectional area of the existing grilles. 

friction between rotating, sliding, orrnov
.resultS in smoother operation and lower 

in fluid distribution systems results in 

should be checked to reduce frictional re-

ofallrotating, moving, or contacting parts re
axial and directional alignment in pulley sys

tems, gear trains, shaft c~uplings, power transmission systems, and bearing 
and axle alignment are fundamental requirements for low noise output. 

2. 	 Polish: Highly polished and smooth surfaces between sliding, meshing, or 
c;ontacting>partsare required for quiet operation, particularly where bearings, 
gears, cams, rails, and guides are concerned. 

Balance: Static and dynamic balancing of rotating parts reduces frictional re
sist::inceandvibration, resulting in lower noise output. 

4. 	Eccentricity (out-of-roundness): Off-centering. of rotating parts such as pul
leys, gears, rotors, and shaft/bearing alignment -causes vibration and noise. 
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Likewise, out-of-roundness·'of wheels, rollers; and gears causeS_tlneven wear, 
resulting in flat spots that generate vibration and .noise. 

The key to effective noise control in fluid systems is streamline flow. This holds 
true regardless of whether one is concerned with air flow in ducts or vacuum cleaners, 
or with water flow in plumbing systems. Streamline flow is simply smooth, nonturbu
lent, low-friction flow. 

The two most important factors that determine whetfier flow will be streamline or 
turbulent are the speed of the fluid and the cross-sectional area of the flow path, that is, 
the pipe or duct diameter. The rule of thumb for quiet operation is to use a low-speed, 
large-diameter system to meet a specified flow capacity requirement. However, even 
such a system can inadvertently generate noise if certain aerodynamic design features 
are overlooked or ignored. A system designed for quiet operation will employ the fol
lowing features: 

1. 	 Low fluid speed: Low fluid speeds avoid turbulence, which is one of the main 
causes of noise. 

. 
2. 	 Smooth boundary surfaces: Duct or pipe systems with smooth interior walls, 

edges, and joints generate less turbulence and noise than systems with rough 
orjagged walls or joints. 

3. 	 Simple layout: A well-designed duct or pipe system with a minimum of 
branches, turns, fittings, and connectors is substantially less noisy than a com
plicated layout. 

4. 	 L.ong-radius turns: Changes in flow direction should be made gradually and 
smoothly. It has been suggested that turns should be made with a curve radius 
equal to about five times the pipe diameter or major cross-sectional dimension 
ofthe duct 

Flaredsections:FIatingofintake and exhaust openings, particularly in a duct 
system,tends toreduce flow speeds at these locations, often with substantial 
reductions 'in rioiseoutpuL . 

Streamline transition in flow path: Changes in flow path dimensions or cross
sectional areas should be made gradually and smoothly with tapered or flared 
tran~itions~ctionst()avoid turbulence. A good rule of thumb is to keep the 
cross-sectional area of the flow path as large and as uniform as possible 
throughout the system. 

7. 	 Remove unnecessary obstacles: The greater the number of obstacles in the 
flow path, the more tortuous, turbu lent. and hence noisier, the flow. All other 
required and functional devices in the path, such as structural supports, de
flectors, and control dampers, should be made as small and as streamlined as 
possible to smooth out the flow patterns. 

Reduce Radiating Area. Generally speaking, the larger the vibrating part or surface. 
the greater the noise output. The rule of thumb for quiet machine design is to minimize 
the effective radiating surface areas of the parts without impairing their operation or 
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structural strength. This can be done by making parts smaller, removing excess mater
ial, or by cutting openings, slots, or perforations in the parts. For example, replacing a 
large, vibrating sheet-metal safety guard on a machine with a guard made of wire' mesh 
or metal webbing might result in a substantial reduction in noise because of the drastic 
reduction in surface area of the part. 

Reduce Noise Leakage. In many cases, machine cabinets can be made into rather ef
fective soundproof enclosures through simple design changes and the application of 
some sound-absorbing treatment. Substantial reductions in noise output may be 
achieved by adopting some of the following recommendations: 

1. 	 All unnecessary holes or cracks, particularly at joints, should be caulked. 

2. 	 All electrical or plumbing penetrations of the housing or cabinet should be 
sealed with rubber gaskets or a suitable nonsetting caulk. 

3. 	 If practical, all other functional or required openings or ports that radiate noise 
should becpvered with lids or shields edged with soft rubber gaskets to effect 
an airtight seal. 

4. 	 Other openings required for exhaust, cooling, or ventilation purposes should 
be equipped with mufflers or acoustically lined ducts. 

5. 	 Openings should be directed away from the operator and other people. 

Isolate and Dampen Vibrating~lements. In all but the simplest machines, the vi
brational energy from a specifi~ moving part {s transmitted through the machine struc
ture, forcing other component parts and surfaces to vibrate and radiate sound-often 
with greater intensity than that generated by the originating source itself. 

Generally, vibrationproble~s can be consideredin two parts. First, we must pre
~ip ·.ventenergytransmissionbetweentheso~rce{andsurfaces' that radiate the energy. Sec
~.'" o~d?:wemu~tdissipate or attenuate the energy somewhere in the structure. The first 

parcgftheprCiplemissolved by isolation, The second part is solved by damping., 
. Tbemosteffectlve method ofvibration isolation involves the resilient mounting of 

thevibr~tingcomponent on the most massive and structurally rigid part of the ma
chine. All attachments or connections to the vibrating part, in the form of pipes, con

.dg~ts,;~ncl.§haft.c0uplers~. m~stbe made with flexible or resilient connectors or 
.·.·~~~tol1plers,For example, pipe connections to a pump that is resiliently mounted on the 

structural frame of a machine sh9uld be made of resilient tubing and be mounted as 
close to the pump as possible, Resilient pipe supports or hangers may also be required 
to avoid bypassing the isolated system (Figure 8-41). 

Damping material or structures are those that have some viscous properties. They 
tend to bend or distort slightly, thus consuming part of the noise energy in molecular 
motion~ l'he·use. of spring mounts on motors and laminated galvanized steel and plas
tic in air..conditioning ducts.are two examples. 

When the vibrating noise source is not amenable to isolation, as, for example, in 
ventilation ducts, .cabinet panels, and covers, then damping materials can be used to 
reduce the noise. 
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Machine 
chassis 

8 

23 

FIGURE 8·41 

Examples of vibration isolation. 


Code: 
1. Motors, pumps, and fans installed on most massive part of the machine 
2. Resilient mounts or vibration isolators used for the installation 
3. 	Belt-drive or roller-drive systems used in place of gear trains 
4. Flexible hoses and wiring used instead of rigid piping and stiff wiring 
5. 	 Vibration-damping materials applied to surfaces undergoing most vibration 
6. 	 Acoustical lining installed to reduce noise buildup inside machine 
7. 	Mechanical contact minimized between the cabinet and the machine chassis 
8. Openings at the base and other parts of the cabinet scaled to prevent noise leakage 

(Source: Berendt et al., \976.) 

Thetypeofmaterialbest suited for a particular vibration problem depends on fac
torssuchassize,mass,yibrationalfrequency, and operational function of the vibrating 
str~cture,Generallyspeaking, thefollowing guidelines should be observed in the se
le.ctionanduseofsuchmaterialstomaximize vibration damping efficiency: 

1. 	 Damping materials should be applied to those sections of a vibrating surface 
where~themostflexing, bending, or motion occurs. These usually are the 
thinnest sections. 

For a single layer of damping material, the stiffness and mass of the material 
should be comparable to that of the vibrating surface to which it is applied. 
This means that single-layer damping materials should be about two or three 
times as thick as the vibrating surface to which they are applied. 

3. 	 Sandwich materials (laminates) made up of metal sheets bonded to mastic 
(sheet metal viscoelastic composites) are much more effective vibration 
dampers than single-layer materials; the thickness of the sheet-metal con
straining layer and the viscoelastic layer should each be about one-third the 
thickness of the vibrating s~rface to which they are applied. Ducts and panels 
can be purchased already fabricated as laminates. 
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Provide Mufflers/silencers. There is no real distinction between mufflers and si
lencers. They are often used interchangeably. They are, in effect, acoustical filters~and 
are used when fluid flow noise is to be reduced. The devices can be classified into two 
fundamental groups: absOIptive mufflers and reactive mufflers. An absorptive muffler 
is one whose noise reduction is determined mainly by the presence of fibrous or porous 
ma.terials, which absorb the sound. A reactive muffler is one whose noise reduction is 
determined mainly by geometry~ It is shaped to reflect or expand the sound waves with 
resultant self-destruction. 

Although there are several terms used to describe the performance of mufflers, the 
most frequently used appears to be insertion loss (IL). Insertion loss is the difference 
between two sound pressure levels that are measured at the same point in space before 
and after a muffler has been inserted. Since each muffler's IL is highly dependent on 
the manufacturer's selection of materials and configuration, we will not present gen
erallL prediction equations. 

Noise Control in the Transmission Path 
After you have tried all possible ways ofcontrolling the noise at the source, your next 
line of defense is to set up devices in the transmission path to block or reduce the flow 
of sound energy before itreaches your ears. This can be done in several ways: (a) ab
sorb the sound along the path, (b) deflect the sound in some other direction by placing 
a reflecting barrier in its path, or (c) contain the sound by placing the source inside a 
sound-insulating; box or enclosure. 

Selection ofthemost effective technique will depend upon various factors, such as 
the size and type ofsource, intensity andfrequency range of the noise, and the nature 
and·typeofenvironment. 

"':' "";;",',' "-<- ?
-.-'. _.<._ .,", _.,__ "--- -.:. :,_':-',:-)' _' -';,_'_,','>. _-c_'.,'." 

Se~~~~ti~~.. \JVecanmakeuseofthe·absorptive •. capacity.Ofthe atmosphere, as well 
··~~~~§i~Y~l'g~Fe,'lsia·$irt1plei'\~~(}~9Illicalmethodofreducing the noise level. Air absorbs 

Y'G 'i~ign .~e;nB~,so~nds01or~\:!ffecti¥elythanitabsorbs low-frequency sounds. How
~t~ever'ilenough distance isayailable, even low-frequency sounds will be absorbed ap

pre.ciaqly.> . 
'2 ; ..,.If~g~can~~~bl~y~~r~ist~~~efrol11a point source, you will have succeeded in 

i 

?'" 	 Iq"Ye,r~p~.t~~/s.ol.lndpr\:!sslireilevelby6dRlttakesabouta 10 dB drop to halve the 
.• i 	 loudness. Iryou have to contendwith a line source such as a railroad train, the noise 

Ieveldrops by only 3 dB for eaclLdoubling of distance from the source. The main rea
son for this lower rate of attenuation is that line sources radiate sound waves that are 
cylindrical in shape. The surface area of such waves only increases two-fold for each 
doublingof distance from the source. However, when the distance from the train be
c0rt1~scoITlparable toitsJength, the noise level will begin to drop at a rate of 6 dB for 
eash.Hubsequent doubling.ofdistance. 

I~?Aor~;thenoiseJeyelgenerally drops only from 3 to5 dB for each doubling of 
distanceinthenear vicinityof the source. However, further from the source, reductions 
of onIy 1 or 2 dB oceur for each doubling of distance due to the retlections of sound 
off hard walls and ceiling surfaces. 
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Absorbing Materials. Noise, likeJight, will bou-nce from on~ ,harcLsurface to an
other. In noise control work, this is called reverberation. if a soft, spongy material is 
placed on the walls, floors, and ceiling, the reflected sound will be diffused and soaked 
up (absorbed). Sound-absorbing materials are rated either by their Sabin absorption 
coefficients (aSAB) at 125,500, 1,000,2,000, and 4,000 Hz or by a single number rat
ing called the noise reduction coefficient (NRC). If a unit area of open window is as
sumed to' transmit all and reflect none of the acoustical energy that reaches it, it is 
assumed to be 100 percent absorbent. This unit area of totally absorbent surface is 
called a "sabin" (Sabin, 1942). The absorptive properties of acoustical materials are 
then compared with this standard. The performance is expressed as a fraction or per
centage of the sabin (aSAS)' The NRC is the average of the aSABs at 250, 500, 1,000, 
and 2,000 Hz rounded to the nearest multiple of 0.05. The NRC has no physical mean
ing. It is a useful means of comparing similar materials. 

Sound-absorbing materials such as acoustical tile, carpets, and drapes placed on 
ceiling, floor, or wall surfaces can reduce the noise l~vel in most rooms by about 5 to 10 
dB for high-frequency sounds, but only by 2 or 3 dB for low-frequency sounds. Un
fortunately, such treatment provides no protection to an <?perator of a noisy machine 
who is in the midst of the direct noise field. For greatest effectiveness, sound-absorbing 
materials should be installed as close to the noise source as possible. 

If you have a small or limited amount of sound-absorbing material and wish to 
make the most effective use of it in a noisy room, the best place to put it is in the upper 
trihedral corners of the room, formed by the ceiling and two walls. Due to the process 
of reflection, the concentration of sound is greatest in the trihedral corners of a room. 
Additionally, the upper corner locations also protect the lightweight fragile materials 
from damage. 

Because of their light weight and porous nature, acoustical materials areineffec
tual in preventing the transmission ofeitherairborne or structure-borne sound from one 
roomtoanother.In otherwords,if ~oucan hearpeopIe walking ortalking intheroom 
or'lpart'm~nt::1bove,instaningacousticaltile on· your ceiling.will notreduce the noise 
transmission, 

AcollsticalLining. Noise transmitted through ducts, pipe chases, or electrical chan
nelscanbereducedeffectively by lining the inside surfaces of such passageways with 
sound-ahs?r~irtglU~terials.ln typicalductinstallations, noise reductions on the order 
of.L9.dj3lnlforan·acousticallining 2.5 cm thick are well within reason for high
frequency noise. A comparable degree of noise reduction for the lower frequency 
sounds is considerably more difficult to achieve because it usually requires at least a 
doubling of the thickness and/or length of acoustical treatment. 

Barriers and Panels. Placing barriers, screens, or deflectors in the noise path can be 
an effective way ofreducing noise transmission, provided that the barriers are large 
enough in size; and depending upon whether the noise is high frequency or low fre
quency.High.cfrequency noiseis reduced more effectively than low-frequency noise. 

The effectiveness of a barrier depends on its location, its height, and its length. Re
fening to Figure 8-:42, we can see that·the noise can follow five different paths. 

http:sound-ahs?r~irtglU~terials.ln
http:roomtoanother.In
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FIGURE 8-42 
Noise paths from a source to a receiver. (Source: Kugler et aI., 1976.) 

First, the noise follows a direct path to receivers who can see the source \VeIl over 
thetop of the barrier. The barrier does not block their line of sight (LIS) and therefore 
pro\fidesnO attenuation. Nomatterhow absofptive the barrier is, it cannot put! the 
sound downward and absorb it. ~ 

Second, the noise follows a diffracted path to receivers in the shadow zone of the 
barrier. The noise that passes just over the top edge of the barrier is diffracted (bent) 
down into the apparent shadow shown in the figure. The larger the angle of diffraction, 
the more the barrierattenuates the noise in this shadow zone. In other words, less en
ergyisdiffracted through large angles than through smaller angles. 

+'~ird,jntheshadow zone, the noise transmitted directly through the barrier may 
be?ignificantin sornccases. For example, withextremely large angles of diffraction, 
thedi~~fEt~~?()issma~.be less than the tranSmitted noise. In this case, the transmitted 
n(Ji$eG0n1pr()mises:~h~ge~formanceofthebarrier.Jt can be reduced by constructing a 

t~)h~~~ier8~1}i~r'5~ealI0)Yableall1ountoftransIllittednoise depends on the total barrier 
<:i$~· attt.mu~~i{)n.desite:d:Moreiscsaidabout this transmitted noise· later. 
.~~t.'i.~.~etthg~tl:Sh?'vVn illFigure 8-42 isthe reflected path. After reflection, the 
..n~isHciyc •.9gnS.~(?C(!rylytoar~c~lverpntheopP8sitesideof.the source. For thi.s rea
;~~ ·sQn;acousticaLabsorptionun the face of thebarrier may sometimes be considered to 

.~i~ red42~thisref1e~tednoise;however,thistreatn1entwillnot benefit any receivers in the 
sqadow zone; Ibshould benoted tbatinmostp(actical cases the reflected noise does 

'.:,.: . ·.>.itr1I1~tt~fltmlein9arrierdesign'Ifthesource ofnoise is represented by a 
noise, another short-circuit path is possible. Part of the source may be un

shielded by the barrier. For example, thereceiver might see the source beyond the ends 
ofthe.barrier if the barrier is not long enough. This noise from around the ends may 
compromise, or short-circuit, barrier attenuation. The required barrier length depends 
onth.etotall1~tattenuation.desired. When 10 to .15 dB attenuation is desired, barriers 
must, in gene(al, be very long. Therefore, to be effect~ve, barriers must not only break 
tl'Ielin~ofsightto the nearest section of the source, but also to the source far up and 
downthe line .. 

. .......>Ofth~sefour paths,the noisediffiacted over the barrier into the shadow zone repre
sentsthe most important parameter from the barrier design point of view. Generally, the 
determination of barrier attenuation or barrier noise reduction involves only calculation 

http:n(Ji$eG0n1pr()mises:~h~ge~formanceofthebarrier.Jt
http:thedi~~fEt~~?()issma~.be
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TABLES-lO 
Relation between sound level reduction, energy, and lotidnessfor 
line sources 

To reduce A-level Remove portion Divide loudness 
by dB of energy (%) by 

3 50 1.2 
6 75 1.5 

10 90 2 
20 90 4 
30 99.9 8 
40 99.99 16 

(Source: Kugler et al.. 1976.) 

of the amount of energy diffracted into the shadow zone. The Erocedures presented in the 
barrier nomograph used to predict highway noise are based,pn this concept. 

Another general principle of barder noise reduction that is worth reviewing at this 
point is the relation between noise attenuation expressed in (1) decibels, (2) energy' 
terms, and (3) subjective loudness. Table 8-10 gives these relationships for line 
sources. As indicated in the loudness column, a barrier attenuation of 3 dB will be 
barely discerned by the receiver. However, to attain this reduction, 50 percent of the 
acoustical energy must be removed. To cut the loudness of the source in half, a reduc
tionof 10 dB. is necessary. That is equivalent to eliminating 90 percent of the energy 
initially directed toward the receiver. As indicated previously, this drastic reduction in 
energy requires very long and high barriers. In summary, when designing barriers, you 
canexpectthecomplexityofthe design to be about as follows: 

Complexity 

Simple 
Attainable 
Very difficult 
Nearly impossible 

Roadside barriers can be designed using the barrier nomograph in reverse order. A 
set of typical solutions is summarized in Table 8-11. The noise reduction at 152 m is 
less than that at 30 m because the barrier does not cast as large a shadow at a distance. 
The effectiveness of the barrier is reduced for trucks because of the elevated nature of 
the source. 

Transmission Loss. When the position of the noise source is very close to the bar
rier, the diffraCted noise is less important than the transmitted noise. If the barrier is in 
fact a wall panel that is sealed at the edges, the transmitted noise is the only one of 
concern. 
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TABLE 8-11 
Noise reductions for various highway configurations 

Height 
orHighway configurationa 

Sketch Description 
depth 
(m) 

Roadside barriers 6.1 
7.6 mfrom edge 
of shoulders; 
ROW == 78 m wide 

Depressed roadway 
wl2: 1slopes; 
ROW = 102m 

6.1 

Fill elevated 6.1 
roadway wl2: 1 
slopes; 
ROW = 102m 

Elevated 7.3 
structure;
ROW:;: 78 m 

Truck 
mIX 
(%) 

0 
5 

10 
20 

0 
5 
10 
20 

0 
5 

10 
20 

0 
5 

10 
20 

Noise 
reductionb at 
distance from 
ROW (dBA). 

30m 152 m 

13.9 13.3 
13.0 12.1 
12.6 11.7 
12.3 11.3 

9.9 11.4 
8.8 10.3 
8.4 9.8 
8.1 9.4 

9.0 6.3 
7.6 2.7 

1 1.8 
6.7 1.1 

9.8 6.0 
9.6 2.4 
9.3 1.5 
8.8 0.8 

Sometimes it is much more practical and economical to enclose a 
noisy machine in a separate room or box than to quiet it by altering its design, op
eration, or component parts; The walls of the enclosure should be massive and air
tightto contain the sound. Absorbent lining on the interior surfaces of the enclosure 
wilrreducethe reverberant buildup of noise within it. Structural contact between 
the noise source and the enclosure must be avoided, so that the source vibration is 
not transmitted lothe enclosure' walls, thus short -circuiting the isolation. For max
irriullleffective noise control, all of the techniques illustrated in Figure 8-43 must be 
employed. 
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Install double wall for 
optimum sound isolation 

Solid wall construction 

c 
Avoid structural Install lined ducts if 
contact between t Fan . t:' ventilation or cooling

walls is needed 

t ~:t 
"I'~. Airtight seal needed

Isolate source -----1'iHIO J ./to preserve isolationfrom enclosure 
---JL-----~--~r-----~---

Spring 
mount 

FIGURE 8·43 
Enclosures for controlling noise. (Soufce: Berendt et aI., 1916.) 

Control of Noise Source by Redress 
The best way to solve noise problems is to design them out of the source. However, we 
are frequently faced with an existing source that, either because of age, abuse, or poor 
design, is a noise problem. The result is that we must redress, or correct, the problem 
as it currently exists. Th~ following sections identify some measures that might apply 
if you are 5l11owed to tinker with the source. 

lJal~n5el{(Jt~tillg'parts... One of the main sources of machinerynoise isstructural vi
Qr(1tio~c~usy~bytherotation ofpoorly balanced parts, suchas fans, flywheels, pulleys, 
c~l11~,shaft&\andso on.Measuresu~ooto correct this condition involve the addition of 
count~r\yei~~tstotherotatingunitortheremovalof some weight from the unit. You are 
prob~blxfarniliari\Vithnoise caused byimbalance in. the high-speed spin cycle of wash
iUKlllachinys;.Theimbalance results from clothes not being distributed evenly in the tub. 
Byredistributing the clothes, balance is achieved and the noise ceases. This same princi
pie ofbalance can be applied to furnace. fans and other common sources of such noise. 

~~ducegriCti6naIResistance. Awell-designed machine that has been poorly main
tained can become a serious source of noise. General cleaning and lubrication of all ro
tating, sliding-, or meshing parts at contact points should go a long way toward fixing 
the problem. 

Apply Damping Materials. Since a vibrating body or surface radiates noise, the ap
plication of any material that reduces or restrains the vibrational motion of that body 
will decrease its noise output. Three basic types of redress vibration damping materi
als are available: 

1. 	 Liquid mastics, which are applied with a spray gun and harden into relatively 
solid materials, the most common being automobile "undercoating" 
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2. 	 Pads of rubber, felt, plastic foam, leaded vinyls', jldhesive tapes', or fibrous 
blankets, which are glued to the vibrating surface 

3. 	Sheet metal viscoelastic laminates or composites, which are bonded to the vi
brating surface 

Seal Noise Leaks. Small holes in an otherwise noise-tight structure can reduce the 
effectiveness of the noise control measures. As you can see in Figure 8-44, if the de
signed transmission loss of an acoustical enclosure is 40 dB, an opening that com
prises only 0.1 percent of the surface area will reduce the effectiveness of the 
enclosure by 10 dB. 

Perform Routine Maintenance. We all recognize the noise of a worn muffler. Like
wise, studies of automobile tire noise in relation to pavement roughness show that 
maintenance of the pavement surface is essential to keep noise at minimum levels. 
Normalroadwe.ar can yield noise increases on the order of 6 dBA. 

40 50 60 

Potential dB transmission loss, STC 

potential versus transmission toss realized for various opening sizes 
a percent of total wall area.. STC ::: sound transmission coeffIcient (Source: Adapted 

from Warnock and Quirt. 1991.) 

http:Normalroadwe.ar
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Protect the Receiver 
When All Else Fails. When exposure to intense noise fields is required and none of 
the measures discussed so far is practical, as, for example, for the operator of a chain 
saw or pavement breaker, then measures must be taken to protect the receiver. The fol
lowing two techniques are commonly employed. 

Alter Work Schedule. Limit the amount of continuous exposure to high noise lev
els. In terms of hearing protection, it is preferable to schedule an intensely noisy oper
ation for a short interval of time each day over a period of several days rather than a 
continuous eight-hour run for a day or two. 

In industrial or construction operations, an intermittent work schedule would ben
efit not only the operator of the noisy equipment, but also other workers in the vicinity. 
If an intermittent schedule is not possible, then workers should be given relief time 
during the day. They should take their relief time at a low-noise-levellocation, and 
should be discouraged from trading relief time for dollars, paid vacation, or an "early 
out" at the end of the day! _ 

Inherently noisy operations, such as streeLrepair, municipal trash collection, fac
tory operation, and aircraft traffic, should be curtailed at night and early morning to 
avoid disturbing the sleep of the community. Remember: operations between 10 P.M. 

and 7 A.M. are effectively 10 dBA higher than the measured value. 

Ear Protection. Molded and pliable earplugs, cup-type protectors, and helmets are 
commercially available as hearing protectors. Such devices may provide noise reduc
tions ranging from 15 to.35 dB (Figure 8-45). Earplugs are effective only if they are 
properly fitted by medical personneL As shown in Figure 8-45, maximum protection 

Wax-impregnated stopples, 
properly-fitted plastic inserts 

c 
.~ 

C<l 

~ Muffs + Inserts ........- Over-the-ear-muffs 

~ 

< 40 ~ 

50 4-----.------.--~----~-----r----. 

100 200 500 1000 2000 5000 10,000 

Frequency, Hz 

FIGURE 8-45 
Attenuation of ear protectors at various frequencies. (Source: Berendt et aL 1976.) 
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can be obtained when both plugs and muffs are employed. 
·' 

Only muffs that 
, 

have a cer
tification stipulating the attenuation should be used. 

These devices should be used only as a last resort, after all other methods have 
failed to lower the noise level to acceptable limits. Ear protection devices should be used 
while operating lawn mowers, mulchers, and chippers, and while firing weapons at tar
get ranges. It should be noted that protective ear devices do interfere with speech com
munication and can be a hazard in some situations where warning calls may be a,routine 
part of the operation (for example, TIMBERRRR!). Amodem ear-destructive device is 
a portable digital music player that uses earphones. In this "reverse" muff, high noise 
levels are directed at the ear without attenuation. If you can hear someone else's music 
player, that person is subjecting him or herself to noise levels in excess of 90-95 dBA! 

8-8 CHAPTER REVIEW 

When :vou have completed studying this chaptel; you should be able to do the follow
ing without the aid ofyour textbook or notes: 

1. 	 Define frequency, based on a sketch of a harmonic wave you have drawn, 
and state its units of measure (namely, hertz, Hz). 

2. 	 State the basic unit of measure used in measuring sound energy (namely, the 
decibel) and explain why it is used. 

3. 	 Define sound pressure level in mathematical terms, that is, 

Prms . SPL = 20 log 
(Prms)O 

4. 	 Explain why a weighting network is used in a sound level meter. 

5. 	List the three common weighting networks and sketch their relative 
frequency response curves. (Label frequencies, that is, 20, 1,000, and 
10,000 Hz; and relative response, that is, 0, -5, -20, and -45 dB, as in 
Figure 8-5.) 

6. 	 Differentiate between a midlhigh-frequency noise source and a low-frequency 
noise source on the basis of A, B, and C scale readings. 

7. 	 Explain the purpose of octave band analysis. 

8. 	 Differentiate between continuous, intermittent, and impUlsive noise. 

9. 	 Sketch the curves and label the axes of the two typical types of impulsive noise. 

10. 	 Sketch a Fletcher-Munson curve, label the axes, and explain what the curve 
depicts. 

11. 	 Define "phon." 

12. 	 Explain the mechanism by which hearing dam~ge occurs. 

13. 	 Explain what hearing threshold level (HTL) is. 
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14. 	 Define presbycusis and explain why it occurs. 

15. 	 Distinguish between temporary threshold shift (ITS), permanent threshold 
snift (PTS), and acoustic trauma with respect to cause of hearing loss, dura
tion of exposure, and potential for recovery. 

16. 	 E~plain why impulsive noise is more dangerous than steady state noise. 

17. 	 Explain the relationship between the allowable duration of noise exposure 
and the allowable level for hearing protection, that is, damage-risk criteria. 

18. 	 List five effects of noise other than hearing damage. 

19. 	 List the three basic elements that might require alteration or modification to 
solve a noise problem. 

20. 	 Describe two techniques to protect the receiver when design and/or redress 
are not practical, that is, when all else fails. 

With the aid of this text, you should be able to do the following: 

1. 	 Calculate the resultant sound pressure level from a combination of two or 
more sound pressure levels. 

2. 	Determine the A-, B-, and C-weighted sound levels from octave band readings. 

3. 	Compute the mean sound level from a series of sound level readings. 

4. 	 Compute the following noise statistics if you are provided the appropriate 
data: LN and/or Leq; Ldw 

5. 	 Determine whether or not a noise level will be acceptable given a series of 
measurements and the .criteria listed in Tables 8-3, 8-5, 8-6, 8-7, and/or 
Figures 8-26 and 8-28. 

6. 	 Calculate.thesoundleveLat a receptor site after transmission through the at
mosphere. 

7. 	 Estimate the noise level LIO that might be expected for a given roadway con
figuration and traffic pattern. 

8-1. 	 A building located near a road is 6.92 m high. How high is the building in 
terms of wavelengths of a 50.0-Hz sound? Assume that the speed of sound 
is 346.12 mls. 

Answer: One wavelength 

8-2. Repeat Problem 8-1 for a 500-Hz sound if the temperature is 25.0°C. 

8-3. Determine the sum of the following sound levels (all in dB): 68, 82, 76, 
68, 74, and 81. 


Answer: 85.5 or 86 dB 
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8-4. 	 A motorcyclist is warming up his racing cycle ata racetrack approxi- _ 
mately 200 m from a sound level meter. The meter reading is 56 dBA. 
What meter reading would you expect if 15 of the motorcyclist's friends 
join him with motorcycles having exactly the same sound emission charac
teristics? You may assume that the sources may be treated as ideal point 
sources located at the same point. 

S-S. 	 A sound power level reading of 127 dB was taken near a construction site 
where chippers were being used. When all but one of the chippers stopped 
working, the sound power level reading was 120 dB. Estimate the number 
of chippers in operation when the reading of 127 was obtained. You may 
assume that the sources may be treated as ideal point sources located at the 
same point. 

8-6. 	 A law enforcement officer has taken the following readings with her sound 
level meter. Is the noise source a predominantly low- or middle-frequency 
emitter? Readings: 80 dBA, 84 dBB, and 90 dBC. 

Answer: Predominantly low frequency 

8-7. 	 The following readings have been made outside the open stage door of the 
opera house: 109 dBA, 110 dBB, and III dBC. Is the singer a bass or a 
soprano? Explain how you arrived at your answer. 

8-S. 	 Convert the following octave band measurements to an equivalent 
A-weighted sound level. 

Band center Band level 

frequency (Hz) (dB) 


31.5 78 

63 76 


125 78 


250 82 


500 - 81 


1,000 80 


2,000 80 


4,000 	 73 

8,000 	 65 

Answer: 85.5 or 86 dBA 

8-9. 	 The following noise spectrum was obtained from a jet aircraft flying over
head at an altitude of 250 m. Compute the equivalent A-weighted sound 
level using·sound power level addition in a spreadsheet program you have 
written. 
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Band center Band level 

frequency (Hz) (dB) 


125 85 


250 88 


500 96 


1.000 	 100 

2.000 lO4 


4,000 lOI 


8-10. 	 Using the typical noise spectrum for automobiles traveling at 50 to 60 
km/ h, determine the equivalent A-weighted level using sound power level 
addition in a spreadsheet program you have written. The following band 
levels were estimated from Figure 8-27. 

Band center Band level 

frequency (Hz) (dB) 


63 67 


l25 64 


250 58 


500 59 


1,000 59 


2,000 55 


4,000 51 


45 


8-11. 	YOl:thave been asked to evaluate theA-weighted sound level of a new 
mOdellawnmower and make a recommendation on an acceptable noise 
spectrum to achieve 74 dBA. Three approaches are being considered by 
the manufacturer: (I) an improved muffler that will reduce the sound level 
3 dB in each frequency band, (2) a reduction in the speed of the mower 
which will reduce the sound levelS dB in each frequency band, and (3) an 
engine redesign that will reduce the sound level 15 dB in the five highest 
frequency bands. Using a computer spreadsheet program you have written, 
compute the A-weighted sound level for the sound spectrum shown on the 
fo.1lowingpageand develop a recommended noise spectrum based on the 
manufacturer's alternatives that results in a sound level of less than 74 dBA. 
Assume that each of the alternative reductions may be added together (by 
decibel addition) in each frequency band in which it is applicable. 
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Band center Band level 
frequency (Hz) (dB) 

63 78 

125 76 

250 76 

500 77 

1,000 79 

2,000 80 

4,000 78 

8,000 70 

8·12. 	Compute the average sound pressure level of the following readings by 
simple arithmetic averaging and by logarithmic averaging (Equation 8-l3) 
(all readings in dB): 42, 50, 65, 71, and 47. Does arithmetic averaging un
derestimate or overestimate the sound pressurelevel? "< 

Answers: x 55.00 or 55 dB Lp 61.57 or 62 dB 

8-13. 	Repeat Problem 8-12 for the following data (all in dB): 76, 59, 35, 69, 
and 72. 

8-14. 	The following noise record was obtained in the front yard of a home. Is 
this a relatively quiet or a relatively noisy neighborhood? Determine the 
equivalent continuol:ls equal energy level. 

Soundlevel (dBA) 

·9000--0600 42 
.'0609___ 0800 45 
·0800-0900 50 

0900;;..1500 47 
1500c..1700 50 

1700-'1800 47 
1800-0000 45 

Answers: It is a quiet neighborhood. Leg = 46.2 or 46 dBA 

8-15. 	A developer has proposed putting a small shopping mall next to a 
very quiet residential area in Nontroppo, Michigan. Based on the 
measurements given on the following page, which were taken at a simi
lar size mall in a similar setting, should the .developer expect complaints 
or legal action? Calculate Leq. 
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Time (h) 

0000-0600 
0600-0800 
0800-1000 
1000-2000 
2000-2200 
2200-0000 
1800-0000 

Sound. level (dBA) 

42 
55 
65 
70 
68 
57 
45 

8~16. The U.S. EPA (1974) estimated that the following was a typical noise ex
posure pattern for a factory worker living in an urban area. Estimate the 
Ldn for the exposure shown. 

Time (h) 

0000-0500 
0500-0700 
0700-1130 
1130-1200 
1200-1530 
1530-1800 
1800-2200 
2200-'-0000 

Sound level (dBA) 

52 
78 
90 
70 
90 
52 
60 
52 

8.~17. TheUoS. EPA (1914) estimated that the following was a typical noise 
ex.poslltepatternfora middle school student living in an urban area. 
Estimate theLdnfor the exposure shown. 

Time (h) Sound level (dBA) 

0000","0700 
0700-0900 

, 

0900-1200 
1200-1300 
1300-1500 
1500-1700 
1700-1800 
18'00-2100 

2100-0000 

52 
82 
60 
65 
60 
75 
90 
60 
52 
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8·18. 	Two oil-fired boilers for a 600 megawatt (MWJ power plant produce a 
sound power level of 139 dB (re: 10- 12 W) at 4,000 Hz, from the induced 
draft fans. Determine the sound pressure level 408.0 mdownwind on a 
clear winter night when the wind speed is 4.50 mfs, the temperature is 
O.O°C, the relative humidity is 30.0 percent, and the barometric pressure is 
101.3 kPa. The heigQt of the boiler is 12 m. The height of the receiver is 
1.5 m. The ground surface characteristics are shown in Figure P-S-lS. 

I-< 
~ 

o 
co 

~o\·'~ 	 ~ 

/ " 	 Grass '0I \ 	 U 

! Concrete \ ~ 
~ //////1////////////;///////////1///////////

FIGURE P~8·18 


Ground surface characteristics for Problem 8-18. 


Answer: SPL at 40S.0 m 50.50 or 50 dB at 4,000 Hz 

8-19. The125-Hz sound power level (re: 10- 12 W) from a jet engine test cell 
is 149 dB. What is.fhe l25-Hz sound pressure level 1,200 m downwind 
qn.a clear suml1ler morning during an inversion when·the wind speed is 
1.50mlsft~elelJ1peratureis25:0°C, the relative humidity is 70.0 per
ce?t, angthrParometric pressure. is101.3 kPa? The height of the engine 
andthef~?~iv~rarel.5 m.The.ground surface characteristics are shown 

,\'ifiFioureP-8719.'/...0,> ....... /. 


T 	 1.5 m
1.501' 

lOOm 300 m 50m 300m 4001 400m [Om 
~~~------------+~~~----------~~~------------~ I~ 

FIGUREP·8·19 

Ground surface characteristics for Problem 8-19. 


8-20. 	 Using a computer spreadsheet you have written, calculate the A-weighted 
sound level produced by a: jet airplane that is 2,000 m from the receiver. 
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The sound power level In_each octave band for Jhe jet(at the source) 
is tabulated below. The meteorological conditions are as follows: clear 
summer morning during an inversion when the wind speed is 2.50 mis, 
the temperature is 20.0°C, the relative humidity is 70.0 percent, and the 
barometric pressure is 101.3 kPa. The source and the receiver heights are 

,1.5 m. The ground surface characteristics are shown in Figure P-8·20. 

Band center 
frequency (Hz) 

Band level, 
re: 10-12 W 

125 144 

250 148 

500 155 

1,000 

2,000 

4,000 

< 160 

165 

168 

1,9JOm 	 45 III 

2000m 

< 	 < 

Groundstirfacecharacteristics for Problem 8-20. 

8~21.< Consider an ideal single lane of road that carries 1,200 vehicles per hour 
uniformly spaced along the road and determine the following: 
a. The average center-to-center spacing of the vehicles for an average traf

.J1cspeedof 40.0 <kmlh. 
b.Thenumber of vehicles in a I km length of the lane when the average 

speed is 40.0 km/h. 
c. 	The sound level (dBA) 60.0 mfrom a 1 km length of this roadway with 

automobiles emitting 71 dBA at the edge of an 8.0 m-wide roadway. 
Assume that the autos travel at a speed of 40.0 kmlh, that the sound 
radiates ideally from a hemisphere, and that contributions of less than 
0.3 dBA may be ignored. 

Answers: 
a. 	 Average center-to-center spacing 33.3 111 

b. Number of vehicles in a 1 km length:;:: 30 vehicleslkm 
c~ Lp = 47.47 or 48 dBA 
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8-22. 	Repeat Problem 8-21 if the vehicle speed is increased to 80.0 kmfh and the 
spacing is decreased or increased appropriately to maintain 1,200 vehicles 
per hour. 

8-23. 	Determine the LIO noise level for the following highway traffic situation: 

Autos 1,500 per hour 	 Speed 60 kmlh 

Medium trucks := 150 per hour Speed 60 kmlh 

Heavy trucks 0 


Observer-roadway distance = 40.0 m 


Line-of-sight distance 40.0 m 


Barrier position = 3.0 m 


Break in line-of-sight distance 6.0 m 


Angle subtended 1700 

Answer:L IO = 51 dBA 

8-24. 	Determine the LIO noise level for the following highway traffic situation: 

Autos = 2,000 per hour Speed = 70 kmlh 

Medium trucks = 200 per hour Speed 70 kmlh 

Heavy trucks = 0 

Observer-roadway distance 60.0 m 

Line-of-sight distance = 60.0 m 
Barrier positio.n = 5.0 m 

distance = 1.0 m 

a proposed interstate bypass at Non
the County Road Commission has re
ofthe potential for violation of FHA 

the interstate. The city engineer has supplied 
sketch maps(~ee. Figure P-8-25b) anddata summary for your use. 

Dataforl-481 at Pianissimo Avenue 
E~til11ate(ftraffic:· . 

Automobiles: 7,800 per hour at 88.5 kmlh 
Medium trucks: 520 per hour at 80,5 kmlh 
Heavy trucks: 650 per hour at 80.5 kmlh 

Roadwayconfiguration: Depressed 

Section length: 857.25 m east and 857 m west of center line of 
Pianissimo Avenue 

Assurnethatthe.receiver is located on the center line of Pianissimo 
Avenue 75.00 ill from the center line of 1-481. 

Answer: LIO at observer 68.6 or 69 elBA 
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8 Lane roadwayOn-ramp (6.1 m median) 
(3.7 m shoulder) 

1-481 ====~I 

--7 
Right-of-way 

Typical 

residential 

block (R) 


Forest 

'._'r 

Typical 

commercial 
 ~DD0D 

block (C) 

000~~ 
Grant Ave. 

[-481 

Il 

I 

Receiver .1 

1.50 m 

Scale: 1----1 '" 5 m 

FermataBarrier 1.50 m School 
3.50 m 1 Receiver 

I.. 
30.00 m 

Scales: Horiz.: f---j 10 m 

(cl Vert.: I '" 5 m 

FIGURE P-8-2S 

Sketch ri1aps for proposed bypass. (a) plan view, (b) cross section along Pianis,imo Avenue, (c) cross section at 

Fermata School. (See Problems 8-25 and 8-26.) 
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8·26. 	Determine the potential for violation of FHA fiQise standards arthenorth 
side of Fermata School. The city engineer has supplied sketch maps (see 
Figure P-8-25c) and data for your use. 

Data for 1-481 at Fermata School 

Estimated traftic: Same as at Pianissimo Avenue 

Roadway configuration: At grade 

Barrier length: 199.80 meast and 199.80 m west of Fermata School 

Assume that the receiver is located just outside of the north side of 
the school, 12117 m from the center line of 1-481, and is 1.5 m 
above the ground. 

8-27. 	 Using the datafrom Problem 8-25, compute the unattenuated Leq, at the 
receiver for autos only, Assume the edge of the roadway is at the "toe" of 
the road cut. < 

Ansvver: Leq = 70 dBA 

8-28. 	 Rework Problem 8-27 using the data from Problem 8-26. Assume the edge 
of the roadway is at the barrier. 

8·10 DISCUSSION QUESTIONS 

8-1. 	 Classi fy each of the following noise sources by "type," that is, continuous, 
intermittent or impUlse. (Not all sources fit these three classifications.) 
(a) electric saw 

occurs when an aircraft breaks the sound barrier." 

1sthefollowing statementtrueor false? If it is false, correct it in a nontriv
ialhlanner. 

"E~Eessive continuous noise causes hearing damage by breaking the 
stapes." 

8-4. 	 As the safety officer of your company, you have been asked to determine 
the feasibility of reducing exposure time as a method of reducing hearing 
damage for the following situation: 

Theworker is operating a high speed grinder on steel girders for a 
high risebuil~ing. The effective noise level at the operator's ear is 
100 dBA. She cannot wear protective ear devices because she must 
communicate with others. 

What amount of exposure time would you set as the limit? 
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8-5. 	 In Figure 8-43, identify where the following noise-control techniques are 
applied: isolation and/or damping, reduction innoise leakage," use of ab
sorbing materials, use of acoustical lining, enclosure. 
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9-1 PERSPECTIVE 

Solid waste is a generic tenn used to describe the things we throwaway. It includes' things 
we commonly describe as garbage, refuse, and trash. The U.S. Environmental Protection 
Agency's (EPA) regulatory definition is broader in scope. It includes any discarded item; 
things destined for reuse, recycle, or reclamation; sludges; and hazardous wastes. The reg
ulatory definition specifically excludes radioactive wastes and in situ mining wastes. 

We have limited the discussion in this chapter to solid wastes generated from residen
tial and commercial sources. Sludges were discussed in Chapters 4 and 6. Hazardous waste 
will be discussed in Chapter la, and radioactive waste will be discussed in Chapter 11. 

Magnitude of the Problem 
Solid waste disposal creates a problem primarily in highly popUlated areas. The more 
concentrated the population, the greater the problem becomes. Various estimates have 
been made of the quantity of solid waste generated and collected per person per day. In 
2003, the EPA estimated that the national average rate of solid waste generated was 
2.04 kg/capita' day (U.S. EPA, 2003). On this basis, in 2003, the U.S. produced 214 
teragrams (Tg) of solid waste.'" This is a 56 percent increase over the 1980 estimate of 
137.8 Tg and a nearly 170 percent increase over the 1960 estimate of 80.1 Tg. The EPA 
estimates that 60 percent of the waste stream comes from residential sources, and the 
remainder is from commercial sources. Individual cities may vary greatly from these 
estimates. For example, Los Angeles, California, generates about 3.18 kg/capita' day 
while the rural community of Wilson, Wisconsin, generates about 1.0 kg/capita· day. 

Figure 9-1 shows solid waste. production .rates. Averages are subject to adjustment 
depending on many local factqrs. Studies show there are wide differences in amounts 
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164.25 3150 450 

146.00, 2800 400 

..l4'-< ' >,
ctl 127.75' 0 2450 350 
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0 0 0..0.. 0.. 
rfJ rfJ91.25 1750 

rfJ 
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C3 54.75 0 1050 :2 150 Possible:2 
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0 0 0 
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Population (thousands) 

,FIGURE 9-1 
Solid waste produced: varying per capita figures. 

*In keeping with correct SI notation. we usc teragrams (l X 10 12 grams), One Tg is equivalent to I X 109 kilo
grams (kg) or I X 106 megagrams (Mg LThe megagram is often referred to ~ the "metric ton." 
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collected by municipalities because"of differences in climate, living standards, time of 
year, education, location, and collection and disposal practices. 

Characteristics of Solid Waste 
The terms refuse and solid waste are used more or less synonymously, although the lat
ter term is prefened. The common materials of solid waste can be classified in several 
different ways. The point of origin is important in some cases, so classification as do
mestic, institutional, commercial, industrial, street, demolition, or construction may be 
usefuL The nature of the material may be important, so classification can be made on 
the basis of organic, inorganic, combustible, noncombustible, putrescible, and nonpu
trescible fractions. One of the most useful classifications is based on the kinds of ma
terials as shown in Table 9-1. Another classification system that is similar to this is the 
one used by the Incinerator Institute of America (Table 9-2). This is based primarily on 
the heat content of the waste. 

Garbage is the animal and vegetable waste resulting from the handling, prepara
tion, cooking, and serving of food. It is composed largely-of putrescible organic mat
ter and moisture; it includes a minimum of free liquids. The term does not include food 
processing wastes from canneries, slaughterhouses, packing plants, and similar facili
ties, or large quantities of condemned food products. Garbage originates primarily in 
home kitchens, stores, markets, restaurants, and other places where food is stored, pre
pared, or served. Garbage decomposes rapidly, particularly in warm weather, and may 
quickly produce disagreeable odors. There is some commercial value in garbage as 
animal food and as a base for commercial feeds. However, this use may be precluded 
by health considerations. 

Rubbish consists ofa variety of both combustible and noncombustible solid wastes 
from!lOmes{stores;ahdinstitutions, but does not include garbage. Trash is synony
mous",tithI1l.pbishitls9mep<trtsofthecountry, but trash is technically a subcompo
n~ntofrubbish.Colnbustiblerubbish (the "trash" component of rubbish) consists of 
pap(!~'.fags,carton~~boxes,~ood, furniture,tree branches, yard trimmings, and so on. 

.§ome.citi~shave se~aratedesignations for yard wastes. Combustible rubbish is not pu
trescible and maybe stored for long periods of time. Noncombustible rubbish is mate
rial that cannot be burned atordinary incinerator temperatures of 700 to 1,1 00°e. It is 
the inorganic {)Brtion ofrefuse,stlch as tin cans, heavy metals, glass, ashes, and so on. 

;r~~~veragemllnicipal solid waste composition in the United States in 2003 is 
shownin Fi'gure 9-2 on page 741. 

The density of loose combustible refuse is approximately 115 kg/m], while the 
density of collected solid waste is 235 to 300 kg/m3

. 

Solid Waste Management Overview 
The first objective of solid waste management is to remove discarded materials from 
inhabited plages in a timely manner to prevent the spread of disease, to minimize the 
likelihood offires, and to reduce aesthetic insults arising from putrifying organic mat
ter. The second objective, which is,equally important, is to dispose of the discarded 
materials in a manner that is environmentally responsible. 
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TABLE9~1 

Refuse materials by kind, composition, and sources 

Kind 

Garbage 

Rubbish 

Ashes 

Street refuse 

Dead 
animals 

Abandoned 
vehicles 

Industrial 

Sewage 
treatment 
residue 

Composition 

Wastes from preparation, cooking, arid serving of food; 
market wastes; wastes from handling, storage, and 
sale of produce 

Combustible: paper, cartons, boxes, barrels, wood, 
excelsior, tree branches, yard trimmings, wood 
furniture, bedding, dunnage 

Noncombustible: metals, tin cans, metal furniture, dirt, 
glass, crockery, minerals 

Residue from fires used for cooking and heating and 
from on-site incineration 

Sweepings, dirt, leaves, catch basin dirt, contents of 
litter receptacles 

Cats, dogs, squirrels, deer 

Unwanted cars and trucks left on public property 

Food,..processing wastes, boiler house cinders, lumber 
-metal scraps, shavings 

pipe, other construction materials 

and liquids; explosives, 

'~,... "~~' wastes, radioactive materials 


Solids from coarse screening and from grit 
chambers; septic tank sludge 

Sources 

Households, restaurants, 
institutions, stores, 
markets 

Streets, sidewalks, 
alleys, vacant lots 

Factories, power plants 

Demolition sites to be 
used for new buildings, 
renewal projects, 
expressways 

New construction, 
remodeling 

Households, hotels, 
hospitals, institutions, 
stores, industry 

Sewage treatment 
plants, septic tanks 
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• Paper 

II Yard Trimmings 

II Food Scraps 

~ Plastics 

~ Metals 
Metals, 

ill Rubber, Leather and Textilesis.O% 
o Glass 

• Wood 

• Other 

Food Scrap$. 
11.7C;f 

FIGURE 9-2 
Materials generated in municipal solid waste (percent by mass), 2003, (Source: U.S. 

EPA,2001) 


P()licy~aking. Solid waste system policy making is primarily a function of t~epub
lic sector ratherthan the private sector. The goal of a private firm is to minimize a well
defined cost function or to maximize profits. These are generally not the only, or even 
the primary, constraints of the public sector. The public objective function is more 
vague and difficult to express formally. 

Constraints on the public sector, especially those of a political or a social nature, 
are difficult to measure, and criteria of effectiveness may not exist in units that can be 
quantified. Criteria of effectiveness against which public efficiency might be measured 
indudesuchthings as the frequency ofcollection, types of waste collected, location 

p~ fromwhichwa~te ". collected, method?~disposal,location of disposal site, environ
~~~ rn~nta,I~c;C~l?t~b!lity?~disposabsystem,andtrelevel •.of satisfaction.of the customers. 

····f~~l. R~~liic.~~cepti~i!~.:?f~solidwastelllf£lagem~.ntsy&t~~llalso.depends· on even less quan
:~;~~t~fi(l~lep(lrarn~ter~,.whichW~igrollpundertheterminstitutional factors. Institutional 

...... ~ .~~~tji.1r~< .'.. ~eI1Wings.~si~()li.ticalfeasibility.ofthe·system,.legislative constraints, 

'":~~,~~~~t~(1:&,[l~~!i~ilJ~ deciiion making in the public sector are environmental 
~4} ~a:~~~.~~... ~9~resourceconservation.. EnvironI1lental factors .are most important in the ar

e~sof"'v\'~stfstor~gta~d~isp~salbecause these.fu~ctions represent prolonged exposure 
~r~ ···9~t~~;~¢~.~{)tqy~nyirQI1.I1lent.Resou£~e conservation. is considered seriously by local 
;~> govemmentsas we become increasingly conscious of the limits of our natural resources. 

Decisions in solid waste management policy formulation must be made in four 
basic areas: collection, transport, processing, and disposal. The flowchart in Figure 
9-3 illustrates the decisions. that must be made from the point of generation to the ulti
mate disposal of residential solid waste. 

In designing a solid waste collection system, one of the first decisions to be made 
~S:·. jSVl/hetethe waste w ill be pickedup: the curb or the backyard. This is an important de
;?£ki~cisi()n;.because.it affects many other collection variables, including choice of storage 

cbntainers, crew size, and thesetection of collection trucks. Backyard service, once 
the pred()minant method ofpickup, is still used by some communities. It is generally 
more costly, but it eliminates the need for scheduled pickups. 

http:ki~cisi()n;.because.it
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Materials 
recovery 

FIGURE 9-3 

Solid waste management decision alternatives. (Source: U.S. EPA, 1974.) 


Another key decision is frequency of collection. Both point of collection and fre
quency of collection should be evaluated in terms of their impact on collection costs. 
Sincecollection costs generally account for 70 to 85 percent of tota! solid waste man
agement costs, and labor represents 60 to 75 percent of collection costs, increases in 
the productivity of collection personnel can dramatically reduce overall costs. Most 
communities offer collection once or twice a week, with once per week being the most 
common schedule (U.S. EPA, 1995)... 
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Systems with once-a-week curbside collection help maximize labor productivity and 
result in significantly lower costs than systems with more frequent collection .-and/or 
backyard pickup. The main reason many communities retain twice-a-week backyard ser
vice is that the citizens demand this convenience and are willing to pay for it. In warmer 
regions of the country, twice;..a-week service may be deemed essential to prevent gross 
odors and to break the fly-breeding cycle. The egg-Iarvae.,-adult cycle is about 4-5 days. 

The choice of solid waste storage containers must be evaluated in terms of both en
vironmental effects and costs. From the environmental standpoint, some storage con
tainers can present health and safety problems to the collectors, as well as to the 
general public. Therefore, the decision facing a community is which storage system is 
both environmentally sound and most economical, given the collection system charac
teristics. For example, paper and plastic bags are superior to many other containers 
from a health and esthetic standpoint and can increase productivity when used in con
junction with curbside collection. However, with backyard collection systems, bags 
have little effect on productivity. 

Th(l type ofcontainerused may also be dictated bythe type of collection. ICsolid 
wasteis collected manually, then plastic bags orcans can be used. Some communities 
have recently begun tosell special plastic bags or stickers to put on plastic bags that in
clude the costofthebag as well as the disposal fee. If the system is automated or semi
automated, then the container must be specifically designed to fit the truck-mounted 
loading system. Thecontainers typically hold from 1 to 20 cubic meters of waste. 

Another factor to be considered in examining storage alternatives is home separa
tiooofvariousmaterials for recovery. The collection of materials for recovery/recycle 
is agro\Ningpracticethatmany cities are implementing. The technique of greatestin~ 
terestto'l11unicipaLdecision makers is home separation and collection by either the reg

. fj:" ul'Wc8J1ygtiontrp~k~qu~ppedwith~pecialbinsor by separatetrucks. 
<Jt9~~~~·t~~nrirnaryfactQrs toconsiderinimplementing a separatecollection sys
(~) .• tel)li~\Vn~therthebenefitso~rec?veryoutweighthe costs involved.'The economic vi
~;:).a,biili.fY tecollect~ondependsprilTla:ilyon·the.local· market price. for the 
~v.~lqte!~i .....•.•...•.......................••....•. ~greeofRarti~ipa!ionbythe .. citizens.If·these·.factors.are positive, it 
{f::rIla)}5epossipletoiiTIBlern;entairecoverysystemwith no increase, and possibly a sav
~~~ings,incollection operating costs; often no additional capital expenditure is required. 
1{~iAnoJh~rKaqt?:rto be considered is the expectation of the community that the munici
': galitYgeacti~elyinvoly:e~illre.cyclil1g.Mostpeopleperceive recycling as an environ
A, rrrellt~lly{riendlyjpractice andsoexpectmurricipalities·to provide the opportunity. 

. Thedistance between the disposal site and the center of the city will determine the 
advisability of including a transfer station in the transport system.* In addition to dis
tance traveled to the disposal site, the time required for the transport is a key factor, es
peciallY'in traffic-congested large cities. 

The.tradeoffs involvedirrtransfer station operations are the capital and operating 
c?stsof the transferstation as compared to the cost (mostly labor) of having route col
lecti?HvehiCIestravel excessive distances to thedisposa[ site. These tradeoffs can be 
c9t11putedtofind.thepointatwhich transfer becomes economically advantageous. 

*A transfer station is a place where trucks dump their loads into a largel: vehicle where it is compacted. By com
bining loads. the cost per \:fg . krn for transport t~ the landfill is reduced. ." 

http:a,biili.fY
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The sheer quantities of solid waste to be disposed of daily makes the problem of 
what to do with the waste, once it has been collected, among the most difficult prob
lems confronting community officials. A crisis situation can develop very quickly, for 
example, in the case of an incinerator or land disposal site forced to shut down because 
of failure to meet newly passed environmental regulations. Alternatively, a crisis can 
build grad.ually over a period of time if needed new facilities are not properly planned 
for and put into service. 

There are three basic alternatives for disposal. Some have subalternatives. The ma
jor alternatives are: (1) direct disposal of unprocessed waste in a municipal solid waste 
landfill, (2) processing of waste followed by land disposal, and (3) processing of waste 
to recover resources (materials and/or energy) with subsequent disposal of the residues. 
Most municipal solid waste is landfilled, but the amount landfilled declined from 
73 percent in 1988 to 56 percent in 2003. Fourteen percent of the waste was inciner
atedin2003 and 30 percent was recycled or composted. EPA projects the increase in 
waste incineration and recycling to continue. 

Direct haul to a sanitary landfill (with or without transfer and long haul) is usually 
the cheapest disposal alternative in terms of both operating and capital costs. In 1988, 
it was estimated that about 8,000 landfills were in operation, but by 2002 the number 
had decreased to about 1800. Many were closed as a result of regulatory restrictions. 
Municipalities own 75 percent of the sites (Wolpin, 1994). With rising tipping fees (the 
cost to dump solid waste at a disposal facility), a surplus of disposal capacity has re
placed the late 1980s predictions of lack of landfill space. 

With the second alternative, processing prior to land disposal, the primary objective 
is to reduce the volume of wastes. Such volume reduction has definite advantages since 
it reduces hauling costs and ultimate disposal cost, both of which are, to some extent, a 
function of waste volume.. However, the capital and operating cost to achievethis vol
umer~ductionaresignificantandmustbe balanced against the savings achieved. 

i\.Wa,dditionalconsiderationisthe environmental benefit that might be derived 
frornJhe'l~lull1ereductionprocess.Insome cases, shredding and baling may reduce 
th~sha~c~~f()rwaterpol1utionfromleachate. This alternative is more conserving of 
Il,lugtgansal1itarylandfillingofunprocessed wastes, but by itself provides no opportu
nity for material or energy recovery. 

Thethird category of disposal alternatives includes those processes that recover 
energy. or materials fromcsolidwaste and leave only a residue for ultimate land dis
P9sa.!.~'£Qet~aresignificantcapital and operating costs associated with all these energy 
arid/or materials recovery systems. However, if markets are available, both energy and 
materials can-be sold to reduce the net costs of recovery. 

While resource recovery techniques may be more costly than other disposal alter
natives, they do achieve the goal of resource conservation while enhancing sustain
ability and the residuals of the processes require much less space for land disposal than 
unprocessed wastes. 

Affecting all four major functions are basic decisions regarding how the solid 
waste system. will be managed and operated. This includes how the system will be fi
nanced, which level of government will administer it, and whether a public agency or 
private firm will operate the collection, transport, processing, and disposal functions. 
The criteria most relevant for making these decisions are the institutional factors of 
political feasibility and legislative cpnstraints. 
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Integrated Solid Waste Management (ISWM). The sel~ction of a combination of 
techniques, technologies, and management programs to achieve waste management 
objectives is called integrated solid waste management (ISWM). This approach has 
made major strides in recent years. The EPA proposed a hierarchy of actions to imple
ment ISWM: source reduction (including reuse and waste reduction), recycling and 
composting, and disposal in combustion facilities and landfills (U.S. EPA, 1995). The 
most obvious effect of the integrated approach is to reduce the size of the incineration 
facility. This reduces the capital cost of the incineration facility. Although the energy 
output is also reduced, the waste that remains has a higher energy content so that the 
reduction in energy output is less than the reduction in plant size. Recycling also re
duces waste elements that can damage the boilers and removes those components that 
slag in the furnace and foul it (Shortsleeve and Roche, 1990). 

9-2 COLLECTION 

The solidwaste collectionpolicies of a city begin with decisions made by elected repre
sentatives abolltwhether collection is to be made by: (1) city employees (municipal col
lection), (2) private firms that contract with city government (contract collection), or (3) 
private firms thatcontractwith private residents (private collection). Many communities 
have moved awayfrom exclusive municipal collection and toward a combined system. 
More and more communities are moving toward mandatory recycling of materials such 
as paper, plastic, and glass. In these situations, separation ofwaste is required. 

Elected officials mayalso determine what type of solid wastes are to be collected 
andfrRlTI~horn.JnsomemuniCipalitiesbroad classes of solid wastes (such as rub
bish) are not accepted for collection. In others, certain materials (such as tires, grass 
tfilTIIl1i~gs,;~~~itllr~,~Q0~e~d ~nimals)may be excluded..Hazardous wastes aregen

.er'!ll~}~xf!~cledfr~nlr~~~larcollyctipnsbycauseof .disposal and collection dangers. 
The,patllr~(9f.~.py{~~ry.itelTI~jV.l1egovernedby IilTIitatiorrs of disposal. facil ities or by 

)~~. t~~Qjnionofthelegi~I~t~ve;po~y:astovyhats,ervice should be performed. A city may 
>~col.Y/9111Y:9:~itlTIt.l¥coll~cte~erythingbutgarbage.Almost all municipal 

,'" .sy .................................... ctresidentialwa.ste,blltonlyaboutone-third collect industrial waste. 
~ts$ l'nefinaldecisioneoncemingcollection, which is made by the elected officials, is 

tbefr.equency.o~ collestio?'.. Ih~proper frequency for the mostsatisfactory and eco
~.oITIif;~ryis~i~~9\f.eI1l7~bythe-amountofsolidwaste that must be collected and by 
cll.l11?te;cost,> antl.publicrequests. For·· the collection of solid waste that contains 
garbage,rhe maximum period should not be greater than 

1. 	The normal time for the accumulation of the amount that can be placed in con
tainers of reasonable size. 

·2.thetimeittakes for fresh garbage to putrefy and emit foul odors under aver
age storage conditions. . 

3.Thelengthofthefly-br~eding cycle, which, dmi.ng the hot summer months, is 
less than seven days. 

In the last three decades the prevailing frequency of collection has changed from twice 
a week pickup to once a week. The increased use of once per week service is due to 
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two factors. First, unit costs are reduc~d when frequency is cut frorr.t twife to once per 
week. Second, the increased percentage of paper and decreased percentage of garbage 
in the solid waste permit longer periods of acceptable storage. 

Once policy has been set, the actual method of collection is detennined by engi
neers or managers. Major considerations include how the solid waste will be collected, 
how the crews will be managed, how the trucks will be routed, and the type of equip
ment to be used. 

Collection Methods 
The first decision to be made is how the solid waste container will get from the 
residence to the collection vehicle. The three basic methods are: (1) curbside or alley 
pickup, (2) set-out, set-back collection, and (3) backyard pickup, or the tote barrel 
method. Most urban and suburban areas utilize curbside pickup, but a few communities 
still use backyard pickUp. In some less populated areas, municipal waste collection is 
sometimes accomplished by requiring residents to transport waste to a specified point. 
This point may be a transfer station or the disposal site. This is the least expensive 
method for arnunicipality, butitisthe least convenient method for the homeowner. 

The quickest and most economical point of collection is from curbs or alleys using 
standard containers. It is the most common type of collection used. It costs only about 
one~halfas much as backyard collection. Usually the city designates what type of con
tainers are to be used. The crews simply empty the containers into the collection vehi
cles. Whenever possible the crews collect from both sides of the street at the same 
time. Municipal ordinances or administrative regulations usually specify when the con
tainers must be placed at the curb or in the alley for pickup and also how long they may 
remain after pickup. Common limits are out by 7 A.M. and back by 7 P.M. When solid 
wastesareloadedfromcurbsor alleys, work progresses rapidly. Atypical crew con
sist~()fadriverandtw~e?llec~ors.Some crews stilLhave three or evenfourcollectors, 
butthetrendistowatdfewercollectors. Recent studies indicate that small crews are 
Il16r~efficjehfthatrhtrgerd~es,/sincelaborcosts are a major e1ementofthe total cost. 
.~sig~:f~()IIlth~cq~t.~dY~m~ge.ofthismethod, it also eliminates the need· for the col
·1e:storsiJoe~1terwivateP5?p~rty,andtheamount of service given each homeowner is 
relatively uniform. However, many citizens dislike having to set their solid wastes out 
at certain.timesand objecttotheunsightly appearance on the streets. Some surveys 
haveshownthatmany hOIneownerswould prefer to pay more in order to receive back-
y(lr~i$¥£vict- ... 

. When curbside removalis chosen, automatic and semiautomatic collection vehicles 
can be utilized. In an automated system, residents are provided with large specialized 
containers (approximately 90 gallons), which they roll to the curb. These containers 
are then lifted by powerful hydraulic anus that empty the contents of the container into 
the truck's hopper. The crew, or often just the driver, perfonus the operation from inside 
the cab of the collectionvehicle. A typical side-loading vehicle with a hydraulic am1 is 
shown in Figure 9-4. A fully automated system can be the most economical for a corn
munit)',particularlyifthecommunity also uses this single truck to collect recyclables. 
The city of Los Angeles converted to such a system and in 2000 collected 712 Gg of 
refuse, recyclables, and yard waste with automated sideloading trucks. The waste is then 
transported to a waste processing facility where the materials are separated. 
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Sid~~loading refuse'coUectioHvehiclewithhydraulic lift arm. In this model, the tractor-trailer configuration allows 
for additional maneuverability. (Source: Rei! Environmental, 2006.) 

H:(}wev~r,>manycommunities cannot accommodate these large vehicles in their ex
istingresidential neighborhoods. They therefore use some combination of automatic 
andsemiautomatic vehicles. In.a semiautomatic system, the crew wheels the cart to the 
collect~onyehicle,Iinesthe cart up with the lifting device and activates the lifter. A hy
drauliccieviceHfts·thecart and tips the car, allowing the contents to fall into the hop
. per£ftheguck.; ... ,......... ..... .... . 


)Ji(existencr.?fcu1 desags,alleys,andnarrowstreets as wellas low-hanging util
ity .•.....••...'. .'. .di~tatetlIetYpeofvehicleselected.Forexample, the city of Houston uses 
three.4iffeirnttypesofvehiclesjnitsfleetof200 vehicles. The city uses automated 
s~deloaH.ersto.pick up curbside trash as well as recyclables, semiautomatic rear load
ers to pickup yard waste,and a 'combination of rear loaders and a one-operator heavy
dutY\fehicleequipped with a ~tapple to. pick up heavy trash to deposit in the rear 
19;1dt;r(}3~IJi~G2QOt 'and~tlkenatldBush, 2002). 
. ", The set-out. set-back method eliminates most of the disadvantages of the curb 
method, but it does require the collector to enter private property. This method consists 
of the following operations: (1) the set-out crew carries the full containers from the res
idential storage location to the curb or alley before the collection vehicle arrives, (2) 
the collection crew loads the refuse in the same manner as the curb method, and (3) the 
set~back crew returns the empty cans. Any of the crew may be required to do more than 
one step or thehomeownermay be required to do one of the steps. This method has not 
been shown.to be more economical or advantageous than the backyard method, and it 
is mbrecostly and time-consuming than curbside pickup. 

Backyard pickup' is usually accomplished by the use of tote barrels. In this method, 
the collector enters the resident's property, dumps the container into a tote barrel, 

http:shown.to
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Typical rear-loading refuse collection vehicle, (Source: Heil Environmental, 2006.) 

v<->_-.-'--;-' 

c~rries"itJOlhetruck,anddumps it The collector may collect refuse from more than 
oneP9use<~ef~reJeturningto the truck to dump. The primary advantage of this system 
iScjllthec~Ily~ni~TlcetotheroU1eowner.Themajor disadvantage is the high cost. Many 

c·.·IJoIl1¢(')\¥grrsQbject to having the collectors enter their private property. With this col
lection method, a rear-loading vehicle, such as the one shown in Figure 9-5, is used. 

Costanalyses have revealed that70 to 85 percent of the cost of solid waste col
lectionand disposai can be.attributed to the collection phase. For this reason, it would 
s~eIl1thatlt~reatdeal ofmunicipal effort should be directed to studying collection al
ternatives to determine the most efficient system. However, many analyses begin their 
studies assuming that waste loads are already collected and waiting for disposaL. 
There are two major reasons why the collection system is not studied more often. 
First, the collection system is a complex and expensive system to analyze. The pri
mary reasons for this are that it involves people, equipment, and levels of service, plus 
the possibility of numerous variations in secondary factors such as collection method
ology;quantity,nature, and the method of storage of refuse; location of pickup point; 
equipmellttypeand characteristics of operation; road factors; service density; route 
topography; climatic factors; and human factors. Human factors would include morale, 
incentive, fatigue, and other variables that influence the time required to complete a 
given task. Secondly, most cities are already collecting refuse in some manner, and the 
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cliche "leave well enough alone" often prevails. It is generally on the disposal system 
that the public is placing pressure for improvement, rather than the collection system. 

Most changes in collection systems will require a great deal of investigation and 
testing. Even if the change is an obvious one, often "proof' of some sort is needed to 
convince the elected officials. The most important thing to realize about the solid waste 
collection system is that it is to? big, complex, and vital to allow actual experimenta
tion except on a very small scale. Coupled with this are all the other problems peculiar 
to studying large-scale public systems. A relevant data base is probably nonexistent. 
The political implications of control of the system and cost distribution may override 
an otherwise practical solution. A large investment will have already been made in the 
existing system and the designer is not allowed the luxury of starting at the beginning, 
but must start with a system that may be founded on a pyramid of errors. 

EPA suggests a method that can be used to estimate the time requirements of a 
waste collection system in order to evaluate and subsequently optimize the system 
(U. S. EPA, 1995). The steps included in a time study are shown in Table 9-3.~ 

Waste Collection System Design Calculations 
Often. it is desirable to calculate "quick and dirty" estimates of such things as crew size, 
desiredtrLlck capacity, and labor and capital costs. Simple formulas have been developed 
that enable such calculations. The formulas are based on crude averages regarding col
lectiontimes, and they make broad assumptions. An example of a not-always-justifiable 
assumption is that if one collector can collect a house in one minute, then two can do it 
in one-half minute. Several such equations follow. 

Capacity. 'Given that you are able to estimate a large number of 
allow you to estimate the volume of solid waste a 

(9-1) 

6fsblidwast~ carried per trip by truck at a mean density, DT, m3 

=v.olumeof solid waste per pickup location or stop, m}Istop 

r=cornpactionratio ..... .. .. . .. . .. . 
tP='.Il1Y~.l1.tin.1~percoll~c~iOtlstop plus the mean time to reach the next stop, h 

. H=lengthof working day,*h 
Nd = number of trips to th~ disposal site per day 

x one-way distance to disposal site, km 
s average haul speed to and from disposal site, km/h 

td = one-way delaytime,h/trip 
tu = unloading time at disposal site, h/trip 
B=offroutetimeper day, h 

*'We should note that it isstandard practice to allow two fiftecn~minute breaks during the day. Since the crew is 
paid for this, the number of hours in the workday (H) are unchanged. However, some allowance must be made for 
it. Hence the off roUle time (B) is included in the equation. 



750 JNTRODUCTJON TO ENVIRONMENTAL ENGINEERING 

TABLE 9-3 
Steps for conducting a time study 

1. 	 Select crew(s) representative of average level and skill level. 

2. 	 Determine the best method (series of movements) for conducting the work. 

3. 	 Set up a data sheet that can be used to record the following information: date, name of crew 
members and time recorder, type of collection method and equipment (including loading 
mechanism), specific area of municipality, and distance between collection points. 

4. 	 Divide loading activity into elements that are appropriate for the type of collection service. For 
example, the following elements might be appropriate for a study of residential collection 
loading times: 

• Time to travel from last loading point to next one 
• Time to get out of vehicle and carry container to the loading area 
• Time to load vehicle 
• Time to return containeno the collection point and return to the vehicle. 

S. 	 Using a stop watch, record the time required to complete each element for a representative 
number of repetitions.Time may be measured using one of the following two methods: 

• Snapback method: The time recorder records the time after each element and then resets 
watch to zero for measurement of the next element. 

• Continuous method: The time recorder records the time after eacb element but does not reset 
the watch so that it moves continuously until the last elements is completed. 

Because the continuous method requires the time recorder to perform fewer movements and no 
time is lost for watch resetting, the continuous method is usually recommended. 

The number of repetitions that will be representative depends on the time required to complete 
the overall activity (cycle). The following numbers of repetitions have been suggested as 
sufficient: 

Numberof Mihutes Per Number of Minutes Per 
Cycle Repetitions Cycle 

0.50 20 2.0 
0.75 15 5.0 
LOO 10 10.5 

6. 	 Determine the average time recorded (To) and adjust it for "normal" conditions. 

In the case of waste collection, adjustments should be made for delays and for crew fatigue. 
Theselldj~stmentsaretypically in terms of the percent of time spent in a workday. The delay 
allowam;e(D) should include time for traffic conditions, equipment failures and other 
uncontroll~ble delays. Crew fatigue allowance (F) should include adequate rest time for 
recovery from heavy lifting, extreme hot and cold weather conditions, and other 
circumstances encountered in waste collection. The allowance factors (D and F) along with 
the average observed time (To)' can be used to estimate the "normal" time (Tn): 

This "nonnal" timeis the loading time required for the particular area, and collection system. 

For other activities, adjustments are also made for personal time (bathroom breaks). In this 
case,adjustment for personal time is made when calculating the number of loads/crew/day. 

(Source: U.S. EPA, 1995.) 
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FIGURE 9·6 

Effect of haul distance on average haul speed, (Adapted from U. Calif. 1952.) 


The factor of two in Equation 9-1 accounts for travel both to and from the disposal site. 

The average haul speed is a function of the total round trip distance to the disposal site 

(Figure 9-6).As noted in the definitions, the volume carried presumes a mean density, 

Dr. This isthe density that results after the waste has been compacted in the truck. 

The (r) is the ratio of the aensi ty after compaction to that before 


"as discarded"are given for several solid waste compo

was compacted to a density of 163.4 


.·trli"'·f''':0-{.P''I1VU,~.LHJIl'·.1U.UV ,,_.,..~__n"'Tnlntoone.Compactor trucks can achieve den

(U. Calif., 1952; Stone, 1969). 
form: 

tb + b(PRH) (9-2)
[1 

£;, •.. = mean·time percollection stop plus mean time to reach next stop, min/stop 
tbr, .....• lTI)alltime~~t\Xee~~ollection;.stops".minJstop 

a,b:':'Coefficientsof regression fittbcthta points 
Cn - mean number of containers at each pickup location 

PRH = rear of house pickup locations, % 

To convert t~ to tfl' we must divide by 60 min/h. 
The number of pickup locations thatcan be handled by a given crew is simply the 

available time after. haul divided by the mean pickup time: 

H 2r 
·.·•• . =.Nj - s
Np , (9-3) 

where tVp = number of pickup locations per load 

http:trli"'�f''':0-{.P''I1VU,~.LHJIl'�.1U
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TABLE 9-4 
Typical properties of uncompacteasolid waste as discarded 
in Davis, California 

Mass Density Volume 
Component (kg) (kg/m3) (m3) 

Food wastes 4.3 288 0.0149 

Paper 19.6 81.7 0.240 

CardboardQ 2.95 99.3 0.0297 

Plastics 0.82 64 0.013 

Textiles 0.091 64 0.0014 

Rubber 128 

Leather 0.68 160 0.0043 

Garden trimmings 6.5 104 0.063 

Wood 1.59 240 0.00663 
-

Glass 3A 194 0.018 

Tin cans 2.36 88.1 0.0268 

Nonferrous metals 0.68 160 0.0043 

Ferrous metals 1.95 320 0.00609 

Dirt, ashes, brick 0.50 480 0.0010 

Total 45A 00429 

"Cardboard partially compressed by hand before being placed in container. 

(Source.: Tchobanoglous et aL. 1977,) 


Exal1lple9..1.Thesolidwastecollectionvehic1e of Watapitae, Michigan is about to 
expir~f.andcityofftci~lsareinneedofadviceon the size Of truck they should pur

e 6hase;Thecompactor trucks available from a local supplier are rated to achieve aden
sity(DT) of 400 kg/m3 and a dump time of 6.0 minutes. In order to ensure once-a-week 
pickupJhe truck mustservice 250 locations perday. The disposal site is 6A km away 
fromthecollectionroute>Frompast experience, a delay time of 13 minutes can be 
expected. Thedatagiven in Table 9-4 have been found to be typical for the entire city. 
Each stop typically has three cans containing 4 kg each. About 10 percent of the stops 
are backyard pickups. Assume that two trips per day will be made to the disposal site. 
Also assume that the crew size will be two and that the empirical equation of 
Tchobanoglous, Theisen, and Eliassen for a two-person crew applies (1977). That 
equation is given as follows: 

t~ =0.72 + O.l8(Cn) + 0.014(PRH) 

t~ = 0.72 + 0.54 + 0.14 = 1.40 min!stop 

lAO min 
t = ------. = 0.0233 h 
p 60 minlh . 
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Solution. Using Table 9-4 we determine the mean density of the uncompacted 
solid waste to be 

Total Mass 45.4 kg
Du=----- ---3 = 105.83 or 106 kg/m3

Total Volume 0.429 m 

The volume per pickup is then. 

(3 cans)(4 kg/can) 3 
11" = 3 = 0.11 m 

106 kg/m 

The compaction ratio is determined from the densities: 

DT 400 kg/m3 
r = = 3.77 

Du 106 kg/m3 

The average haul speed is determined from Figure 9-6. Since the graph is for total 
haul distance, we enter with (2)(6.4) = 12.8 km and determine that s = 27 kmlh. All 
of theothertequireddata were given; thus, we can now use Equation 9-1. The factor 
of 60 isto convert minutes to hours. For two IS-minute breaks, B =0.50. .. 

0.11 (2)(6.4) 2 13 ~in 6 min 0.50[8 
(3.77)(0.0233) 2 27 60 mm/h 60 min/h 2 

3(1.25)(2.74) = 3.43 m

The number of stops that can be handled is given by Equation 9-3: 

2.74 
-0.-02-3-3 = 117.60 or 118 pickups perload 

ThesmaUestcompaetortruckavailabfe is one that will hold 4.0 m3
. Obviously, this 

wiIllJ~.s~#sfactory.Ho~eyer,the orewwill not be able ta reach the required 250 
stdps· . Thus; some other alternative must be considered. One would be to 

. / rkda,)'bY30minutes.
" ',: '-< ,; " \< ' 

EstimatingCosts~ Most of the decisions involved in the collection of solid waste are 
based on.~~onoinicconsiderations ratherthan technical ones. The costs are considered 
on the basis of a unit mass of solid waste to facilitate comparison between different 
size vehicles, crews, and the like: Furthermore, truck costs are considered separately 
from labor costs. 

Truck costs include depreciation of the initial capital investment plus the operating 
and maintenance (0 & M) cost8.* 

,. Government~operated collection systems; by the nature of their operation. do not actually depreciate purchases. 
First of ali, they get no tax credit for doing so and, secondly, they do not save or put aside money in a bank and 
therefore cannot draw inter~st. In of all this, good engineering economics demands that costs be de
preciated in order to allow valid comparisons between alternatives. 

http:1.25)(2.74
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The following equation may be used to estimate the annual cost per ~g (U.Calif., 
1952): 

_ 1,000(F)[ i(Y+ I)] 1,000(Xt)(OM)
AT - 1+ + .---- (9-4)

VTDTNTY 2 VTDT 

where AT := annual truck cost, $lMg 
F initial (first) cost of truck, $ 


DT = mean density of solid waste in truck, kg/m3 

NT = number of trips per year 


Y= useful life of truck, y 

i = interest rate on capital 


Xl distance per trip, pickup plus haul, km 

OM = operating and maintenance cost, $/km 


The factor of 1,000 is to convert kg to Mg. 
Labor costs consist of direct wages plus some overhead costs for such things as 

supervision, secretarial support, phone, utilities, insurance, and fringe benefits. Equa
tion 9-5 can be used to estimate the annual labor cost per Mg: 

AL = I,OOO(CS)(W)(H) 1 + (OH)] (9-5)
VTDTNd 

where At = annual labor cost, $lMg 
CS average crew size 
W =. average hOl}rly wage rate, $/h 

OH, overhead as a fraction of wages 

Again, the factor of 1,000 is to convert kg to Mg. 

Example 9-2. Estimate the customer service charge for the situation of Example 9- I. 
Thyipttialtruckcost ofa4.0 3 compactor truck is $104,000, a.nd the average 0 & M cost 

111 ,. overthefive--yearlifeofthe truckis expected to be $5.50/km. The interest rate is 8.25 per
cent. The average route length is 6.3 km. The average hourly wage rate is $13.50 per hour 
with time and a halffor overtime. The overhead rate is 125 percent of the hourly wage rate. 

Solation.. Assuming a five-day work week and ignoring holidays, the number of 
trips per yea~ would be 

Nt = Nd(5)(52) = 2(5)(52) = 520 

Since the average route length is 6.3 km and the average haul distance from Example 
9-1 is 2(6.4) = 12.8km,then 

Xl = 6.3 + 12.8 19.1 km 

For the extended workday proposed at the end of Example 9-1, the volume of solid 
waste per trip would be 

.. 

3VT = (1.25)(2:14 + 112(0.5)) = 3.74 m
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" -
The factor of one-half times the extra half hour was selected because we assumed the 
time to be equally divided between each of the two trips. Note that we do notuse the 
actual volume of the truck, which is somewhat larger than VT. (The truck size is the 
nearest standard size.) Now we may compute the annualized truck cost. 

1,000(104,000) [ 0.0825(5 + 1) 1 1,000(19.1)(5.50) 
AT = (3.74)(400)(520)(5) 1 + 2 + (3.74)(400) 

= 	 (26.74)(1.25) + 70.22 = $103.65/Mg 

Since we have planned for an extra half hour of work each workday, we must adjust the 
hourly wage rate accordingly before we can use Equation 9-5. The adjustment is sim
ply a determination of the weighted average rate. 

(reg. shift hours)(wage) + (overtime hours)(OT rate)(wage) 
W=----------------------------------------- 

total hours ' 

8(13.50) + 0.5(1.5)(13.50) 
= 	 = $13.90/h

8.5 

Now we may apply Equation 9-5 directly. 

A = (1,000)(2)(13.90)(8.5) [1 + 1.25] = S177.70/Ma 
L (3.74)(400)(2) b 

The total annual cost is then 

Alot = $103.65 + $177-.70 = $281.35/Mg 
" 

From Example 9-1, we know that each service stop averages three cans per week at 4 kg 

per can. Thus, each service stop contributes 3(4)(52) = 624 kg or 0.624 Mg per year. 

The annual cost per service stop should be ($281.35IMg)(0.624 Mg) = $175.56. For 52 

pickups per year, this is an average cost of about $3.38 pei- week (that is, $175.56/52). 


Truck Routing . 

The routing of trucks may follow one of four methods. The first possibility is the daily 

route method. In this method the crew has a definite route that must be finished before 

going home. When the route is finished the crew can leave, but if necessary, they must 

work overtime to finish the route. This is the simplest method and the most common. 

The advantages of this method a~e as follows: 


1. 	 The homeowner knows when the refuse will be picked up. 

2. 	 The route sizes can be adjusted for the load to maximize crew and truck 
utilization. 

3. 	 The crew likes the method because it provides an incentive to get done early. 

The disadvantages include: 

1. 	 If the route i's not finished, the crew will work overtime, which will increase 
the expense. 

http:0.5(1.5)(13.50
http:26.74)(1.25
http:1,000(19.1)(5.50
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2. 	The crew may have a tendency to become careless ~s they try toJinish the job 
sooner. 

3. 	 frequently the result is underutilization of the crew and equipment due to the 
increased incentive of the crew. 

4. 	 A. breakdown seriously affects operations. 

5. 	 It is hard to plan routes if the load is variable, because of the disposal of yard 
wastes and the like. 

The next method is the large route method. In this scheme the crew has enough 
work to last the entire week. The route must be completed in one week. The crew is left 
on its own to decide when to pick up the route. Usually some time off at the end of the 
week is the goal of the crew. This method is only good for backyard pickup since the 
residents don'tknow when pickup will be. The same advantages and disadvantages ap
ply to this method as to the daily route method. 

In the single load method, the routes are planned to get afull truck load. Each crew 
is assigned as many loads as it can collect per day. The. biggest advantage of this 
method is that it can minimize travel time. The method must consider size of crew, ca
pacity of truck, length of travel, refuse generated, and similar variables. Other advan
tages include: 

v 

L A full day's work can be provided for maximum util ization of the crew and 
equipment. 

2. 	 It can be used for any type of pickup. 

The major disadvantage is that it is hard to predict the number of homes that can be 
sei'vicedbeforelhetrllck·isfilled. 

1'h~lastln~tho?:isthedefinite working day method. As its name implies, the crew' 
~or~sfoFits~~sigI1edmlmberofhoursand quits. This method predominates in areas 
\Vher~.~11i811sarestrong.Withthis method, the crew and the equipment get maximum 
utili~~tiqn.iI}egularityis· sacrificed with this method, and residents have little idea 
whenpickup.will occur. 

HaviI1gdeterPlinedtl1emethod bywhich the trucks will be managed. it is still nec
essarytofirg-theastual route the truck will follow through the city. The purpose of 
n:mtiQ&?poqistdc.tingisto subdivide the community into units that will permit collec
tiollcrews to work efficiently. No matter what the size of the community, it can be di
vided into districts, with each district constituting one day's work for the crew. The 
route is the detailed path of travel for the collection vehicle. The size of each route 
depends upon various factors as discussed earlier. The Office of Solid Waste Manage
mentPrograms of the US. Environmental Protection Agency has developed a simple, 
noncomputerized "heuristic" (rule-of-thumb) approach to routing based on logical 
principles. The goal is to minimize deadheading, delay, and left turns. This method 
reliesondevcloping, recognizing, and using certain pattems that repeat themselves in 
every muniCipality. Routing skills can be quickly acquired by applying the rules 
and developing experience. The following rules are taken from an EPA publication 
(Shuster and Schur, 1974). 
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." 	 . 
1. 	 Routes should not be fragmented or overlapped. Each route should be ~om-

pact, consisting of street segments clustered in the same geographical area. 

2. 	 Total collection plus haul times should be reasonably constant for each route 
in the community (equalized workloads). 

3. 	The collection route should be started as close to the garage or motor pool as 
possible, taking into account heavily traveled and one-way streets. (See rules 
4 and 5.) 

4. 	Heavily traveled streets should not be collected during rush hours. 

5. 	 In the case of one-way streets, it is best to start the route near the upper end of 
the street, working down it through the looping process. 

6. 	 Services on dead end streets can be considered as services on the street seg
ment that they intersect, since they can only be collected by passing down that 
street segment. To keep left turns at a minimum, collect the dead erid streets 
When they aretolhe right of the truck. They must be collected by walking 

.down, backing down, or making a U-turn. 

7. 	 Whenpractical, service stops on steep hills should be collected on both sides 
ofthe street while the vehicle is moving downhill for safety. ease, speed of 
collection. wear on vehicle. and conservation of gas and oil. 

Higher elevations should be at the start of the route. 
v 

from one side of the street at a time, it is generally best to route 
clockwise~turns arollnd blocks. (Authors' note: Heuristic rules 8 

the development of a series of clockwise loops in order to 
generally are more difficult and time-consuming 
for.right-hand-drive vehicles. right turns are safer.) 

~id~s.ofthestreetat the same time, it is generally 
straightpathsacross the gridbefore looping clock-

an example of the heuristic routing procedure. 

Crew Integration 
Anotherarea of consideration is the integration of several crews. There are four ways of 
managil1gcrews;usually some combination of the four is employed by any given city. 
..:Jl1e.~~ingcrewmethod utilizes an extra crew as standby for heavy pickups, 

'p~eak9own,or iH~ess.Many times this crew wilInot report until noon to begin its day. 
r,2±1) .. ,Crew.§izesmaybe varied because of heavy loads, rain, different route sizes, and 

otherfacto[s. This is referred to ~lS the variable crew method. 
With the interroute relay method, when a crew member finishes one job, he or 

she is put on another route that needs additional help. This method requires more 
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Start 

FIGURE 9·7 
Arrows show 11euristic routing pattern developed for 
a north-south, one-way street combined with east
west, two-way streets. If both sides of the one-way 
street cannot be collected in one pass, it is necessary 
to loop back to the upper end and make a straight 
pass down the other side. (Source: Shuster and 
Schur, 1974.) 

administrationtooperate, but results in better utilization of personnel and helps en
s~r~that.allEouteswillbe completed during the day. Some form of this method has 
Joundo/ideacceptancewith good results. Management most be sure that the work 
load is being balanced fairly and that a faster worker doesn't have to carry the load 
for others .... 

The last pGssibility isthe reservoir route method. In this method, the crews work 
aroun4.ac~ntral core. When they have finished the route, the crews go to the core and 
begin picking up there. The core is usually an every day pickup, such as a park or a 
downtown ama. 

9-3 INTERROUTE TRANSFER 

It is not always economical, or even possible, to haul the solid waste directly to the dis
posal site in .the collection vehicle. In these cases, the solid waste is transferred from 
several collec;tion vehicles to a larger vehicle, which then carries it to the disposal site. 
The larger vehicle (transfer vehicle) may be a tractor-trailer, railroad car, or barge. A 
special facility, called a transfer station, must be constructed to permit this exchange 
in a rapid and sanitary fashion. 
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Among the more important considerations in planni"og and designing a transfer 
station are location, type of station, sanitation, access, and accessories such as "weigh
ing scales and fences. The use of a transfer station may also provide for present or fu
ture resource recovery facilities. 

Maximum Haul Time 
As in estimating collection times, it is possible to use average values to evaluate trade
offs in transfer station effectiveness. One such method is to compute the travel time 
available to the crew to travel to the disposal site and still collect the appointed route. 
This can be done by rearranging Equation 9-3: 

B 
t - 
U N

" d 
(9-6) 

where TH = maximum available haul time, h. 

If the maximum available haul time is less than the round trip distance divided by 
the average route speed (2x/s), then you have a problem. Up to a pOInt, changes in t{b 

ttl, B, and/or Hmay alleviate the situation. 

Economical Haul Time 
The travel time in and of itself is not usually the prime consideration. Cost is 
usually the prime consideration. Costs are saved when a transfer operation is used 
because 

L The nonproductive time of collectors is reduced, since they no longer ride to 
"" and f[omthe disposal site. It may be possible to reduce the number of collec
tioncreWs needed because of increased productive collection time. 

2. 	AnyredliCtion in mileage traveled by the collection trucks results in a savings 
in'opefating.costs. 

3~ The maintenance requirements for collection trucks can be reduced when 
thesevehic1es are no longer required to drive into the landfill site. Much of the 
daInageto suspensions, dr:.ive trains, and tires occurs at landfills. 

4: Ttle'capitaicost of collection equipment may be reduced; since the trucks will 
be traveling only on improved roads, lighter duty, less expensive models can 
be used (U.S. EPA, 1995). 

In order to compare "direct haul" with "transfer" costs, the costs are computed on 
the basis of $lMg· km or. preferably, $lMg . min. The time-based comparison is pre
ferred because the average hau1speed of the collection vehicle will often be greater 
thanthafof the transfer vehicle. Since it is time, not distance, that costs money, this 
gives aJairer comparison. Inaddition to the travel cost of operating the transfer vehi
cie,thereare fixed costs for the :construction and operation of the transfer station and 
for maneuvering and" unloading the transfer vehicle. Figure 9-8 may be used to esti
mate the cost of the transfer station. 
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80r-----------~----~------~------------~ 

OL-----------~------------~------------~ o 50 100 150 

Capacity, Mg/d 

FIGURE 9·8 

Transfer station equivalent annual cost as a function of capacity. Costs adjusted to 2006. 

(Source: Zuena, 1987.) 


Example 9·3. The disposal site for Watapitae will be closed in two years because 
of the lack of capacity. An alternative disposal site will be available when the pre
sent site is closed. It will be a county-wide regional system that will be 32.5 km 
from the collection route. Using the data from Examples 9-1 and 9-2 and the fol
lowing assumptions, determine the maximum haul time for the collection vehicle 
and the cost for collection vehicle and transfer vehicle haul: Nd = 1, B 0.50 h, 
and the amortized capital cost and operating cost for the transfer station is approx
imately$37/Mg. 

SOlution. Firstwemustdetermine whether or not the collection vehicle has the 
rimetogettb the disposalsite while'still making all of its pickups. 

8.S . . 13 6 0.5 
~·1-c(0.0233)(250) - 2 60 

60 1 

= 1.64 h or 98.5 min 

Wenownote thattheJouI1dtripdistance is two times the distance from the collection 
rg~te. r,heaveragehau,lspeedcan be determined from Figure 9-6. The average haul 
speed is 64 kJ:n!h. Thus, we find the round trip travel time to the regional facility to be 

2(32.5 km) = 1.02 h or 61 min 
64 km/h 

The collection vehicle can make it to the disposal site. However, since we have re
duced the number of trips to the disposal site, we must either provide an additional 
vehicleofthe same size or replace the existing one with one that is twice as large. 
Sincetheex!sting crew size can handle the 250 pickups per day, the more logical 
choice would seem to be to choose the larger vehicle. (This is especially true since 
the existing one is about to expire.) Let us assume the new vehicle will have a 
capacity of 10.0 m3

. 
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.' . 
Now let us examine the comparative haul costs. First we will look at the collec

tion vehicle. We will take the annual cost for a new vehicle exclusive of 0 & M to be 
$29,851. Assuming eight hours of operation per day for five days a week for 52 
weeks per year, the annual cost per minute of operation is 

$29,851 
. = $0.2392/min

(8 h/d)(60 min/h)(5 d/w)(52 wk/y) 

With the effective wage rate of $13.90 per hour from Example 9-2, the cost of wages 
and 125 percent overhead is 

($13.90 X 2.25)
----- = $0.5213/min

60 min/h 

per worker or $1.0425/min for the crew. The operating cost will be about $5.50 per 
kilometer. For travel to the disposal site, the cost per minute would be 

($5.50/km)(32.5 km)(2) 
. . = $5.8607/min

61 min 

The factor of two is for the round trip to the disposal site. The total haul cost per trip 
would be 

61[($0.2392) + ($1.0425) + ($5.8607)] = $435.69 

The mass of solid waste hauled per trip is 

.. (VT)(DT) = mass 

(7.48 m3J(400 kg/m3) = 2,992 kg or 3.0 Mg 

Note that the volume is twice that of a single trip (Example 9-2), but is consider
ably less than the capacity of the new vehicle. The unit cost of the haul would 
then be 

$435.69 
--- = 145.23 or $145fMg
3.0Mg 

Now let us look at the transfer vehicle. Assume that a tractor-trailer rig having a ca
pacity of 46 m3 has an annual cosLexclusive of 0 & M of $37,601. The cost per 
minute is then 

$37,601 . 
- = $OJ013/mll1

(8 h/d)(60 minlh)(5 d/wk)(52 wk/y) . 

Since the tractor-trailer rig requires an operator with higher skill, the wage rate will 
be higher. Using a rate of $19.85 per hour and an overhead rate of 125 percent of 
wages, the cost per minute is 

($19.85 X 2.25) . 
----- = $0.7444/m1l1

60' min/h 

In contrast to the correction vehicle, the crew is comprised of only the operator. Thus, 
the crew cost is $0.7444/min. 
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The operating cost will be about $6.50 per kilometer. The tim~ for the rig to 
travel to the disposal site will be about 25 percent more than the collection vehicle. 
The travel cost would then be 

($6.50)(32.5)(2) 
= $5.541/min

61 X 1.25 

The total haul cost per trip would be 

0.25)(61)[($0.3013) + ($0.7444) + ($5.541») = $502.23 

Since the capacity of the rig is four times that of the collection vehicle, the mass 
hauled per trip is 

4(3.0) = 12 Mg 

The unit cost of the haul, including the cost of building and operating the transfer 
station (approximately $37IMg), would be 

$502.23' 
--- + $37 = 78.83 or $79JMg

12 

Obviously, consideration should be given to the construction and operation of a 
transfer station as an alternative to direct haul. 

9-4 DISPOSAL BY MUNICIPAL SOLID WASTE LANDFILL 

A municipal solid waste (MSW) landtill is defined as a land disposal site employing an 
engineered method of disposing of solid wastes on land in a manner that minimizes en
vironInentalhazards by spreading the solid wastes to the smallest practical volume, 
add applying and compacting cover material at the end of each day. 

Site location is perhaps the most difficult obstacle to overcome in the development of 
a MSWlandfilL Opposition by local citizens eliminates many potential sites. In choos
ing a locationior alandfill, consideration should be given to the following variables: 

1. Public opposition 

2. Proximity of major roadways 

3. Speed limits 

4. Load limits on roadways 

5. Bridge capacities 

6. Und,erpass limitations 

7. Traffic patterns and congestion 

8. Haul distance (in time) 
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9. Detours 

10. 	 Hydrology 

11. 	 Availability of cover material 

12. 	 Climate (for example, floods, mud slides, snow) 

13. 	Zoning requirements 

14. 	 Buffer areas around the site (for example, high trees on the site perimeter) 

15. 	 Historic buildings, endangered species, wetlands, and similar environmental 
factors. 

In October of 1991, under Subtitle D of the Resource Conservation and Recovery Act 
(RCRA), the EPA promulgated new federal regulations for landfills. These regulations 
are known asthe Criteria for Municipaf Solid Waste Landfills (MSWLF Criteria). EPA 
alsopublishe~a companion document to assist owners and municipalities comply with 
these criteria (U;S.EPA, 1998), These.included siting criteria that specify restrictions 
on distances from airports, flood plains, and fault areas, as well as limitations bn con
struction in wetlands, seismic impact areas, and other areas of unstable geology such 
as landslide areas and those susceptible to sink holes. Other restrictions may apply. For 
example, alandfillshould be more than: 

30 mfrom streams, 

L60 m fromdrinking water wells, 

65 mfrom houses, school?, and parks, and 

MSWland~llsh()uldreqllire that certain steps 
begin/fhesesteps include grading the site area, 

and installing signs, utilities, and operating 

be of aH-:weather construction and wide enough to 
. 	 v 

should notexceed equipment limitations. 
. most uphill grades should be less than 7 percent, and downhill 

grades should be less than 10 percent. 
All MSW landfill sites should have electric, water, and sanitary services. Remote 

sites may have to use acceptable substitutes, for example, portable chemical toilets, 
trucked-in drinking water, and electric generators. Water should be available for drink
ing,fire-fighting,dustcontrol,and sanitation. Telephone or radio communications are 

•desirable. 
,':"---- f\sff1alIM~"YiJandfillopef:ation will usually require only a small building for --~- -\<~-;~1 

storing hand tools and equipment parts and a shelter with sanitary facilities. A sin
glehuilding may serve both purposes. Buildings may be temporary and preferably 
movable. 
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Equipment 
The size, type, and amount of equipment required at an MSW landfill depends on the 
size and method of operation, quantities and time of solid waste deliveries, and, to a 
degree, the experience and preference of the designer and equipment operators. An
other factor to be considered is the availability and dependability of service from the 
equipment.. 

The most common equipment used on MSW landfills is the crawler or rubber
tired tractor (Figure 9-9). The tractor can be used with a dozer blade, trash blade, or a 
front-end loader. A tractor is versatile and can perform a variety of operations: spread
ing, compacting, covering, trenching, and even hauling the cover material. The deci
sion on whether to select a rubber-tired or a crawler-type tractor, and a dozer blade, 
trash blade, or front-end loader must be based on the conditions at each individual site 
(see Table 9-5). 

The crawler dozer is excellent fOr grading and can be economically used for doz
ing solid waste or soil over distances up to 100 m. The lar:ger trash or landfill blade can 
be used in lieu of a straight d.ozer blade, thereby increasing the volume of solid waste 

Rubber-tired front end Crawler tractor Front-end loader-tracked 
loader with bullclam 

Earth mover ( scraper) 

Drag !ine Steel-wheeled compactor 

FIGURE 9·9 
Municipal solid waste landfill equipment. 
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that can be dozed. The crawler loader has the capabilily to lift materials 2ff theground 
for carrying. It is an excellent excavator, well suited for trench operations. 

Rubber-tired machines are generally faster than crawler machines. Because their 
loads are concentrated more, rubber-tired machines have less flotation and traction 
than crawler machines. Rubber-tired machines can be economically operated at dis
tances of up to 200 m. 

Steel-wheeled compactors are finding increased application at MSW landfills. In 
basic design, compactors are similar to rubber-tired tractors. The unique feature of com
pactors is the design of their wheels, which are steel and equipped with teeth or lugs of 
varying shape and configuration. This design is employed to impart greater crushing 
and demolition forces to the solid waste. Use of compactors should be restricted to solid 
waste, because their design does not lend them to application of a smooth layer of com
pacted cover material. Thus, compactors are best used in conjunction with tracked or 
rubber-tired machines that can be used for cover material application. 

Other equipment used at MSW landfills are scrapers, water wagons, drag-lines, 
dump trucks, and graders. This type of equipment is normally found only at large solid 
wastelandfills where specialized equipment increases the overall efficiency. 

Equipment size depends on the size of the operation. Small landfills for commu
nities of 15,000 or less, or landfills handling 50 Mg of solid wastes per day or less, can 
operate successfully with one tractor in the 20 to 30 Mg range. Heavier equipment in 
the 30 to 45 Mg range, or larger, can handle more waste and achieve better compaction. 
Heavy equipment is recommended for MSW landfill sites serving more than 15,000 
people or handling more than 50 Mg per day. MSW landfills serving 50,000 people or 
less or handling no more than about 150 Mg of solid waste per day normally can man
age well ~ith one piece of heavy equipment (30 to 45 Mg range). 

Operation 
AlthOllgl1various:titlesareusedto describe the operating methods employed at MSW 
la~dfiIls,onlytwobasictechniques are involved. They are termed the area method 
~Rig.~lr~g~JO}andthetrellchmethod(Figure 9-11). At many sites, both methods are 
used;.eithersimu 1 taneously <or sequentially. 

Portable fence to 

lyearthcovcr(l5CIll) FIGURE 9-10 
The area method. 
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...... ......... '.:::-.... "" . I 
/I/fllllill .......""'" I 

"/////11// I/;~~) 
" I/; / / ..... 'I, ....... /
.............. Earth cover obtained 

I by excavation in trench 
1/ 

.FIGURE 9·11 
The trerich method. 

In the an~amethod, the solid waste isdeposited on the surrace, compacted, then cov
ered withalayerofcompacted soil at the end of the working day. Use of the area method 
is seldom restricted by topography; flat or rolling terrain, canyons, and other types of de
pressions are all acceptable. The cover material may come from on or off site. 

The trench method is used on level or gently sloping land where the water table is 
Iow~JnthisDleth()da trench is exeavated; the solid waste is placed in it and compacted; 
apd.thesQilthatwastaken from the trench.is then laid on the waste and compacted. 
Th~~dvantag::(}~the.tr£~chlnetho9>is~hatcovermaterial.·is readily available as· a re-

e) .suttBftr~.QBh/t;1qay~t,iQn,Sto~kpil~scanbegeatedbyexcavating long trenches, or the 
.·()~(!t.efial.Batli~e,qy~gPllailY:1'h~d~pthdepencisonthelocationofthe groundwater 
':;~i .anu/orthechuracterofthesoil. Trenches shouldbeatleasttwice as wide as the com
.~j;g~~~i~~"~<i~iB:~e,~t.SQt~a.tthett,eads.orWheelscan·compact.··all the material on the 
tlF. ·\V;QI¥iQ~.~rea.;.:·c·.>.< ...•...•. ........ ...•..•••.• .... •. ... . 
~~~ .ftM;SW landfill does. not need to be operated by using only the area or trench 
~.~l}1eth6d.r.ol11birlations .. pfthe· twoare possible. The methods used can be varied ac

cor~il1gt~th~sonstrain~sgfthe<partic.ularsiteo . 
.........c<.f\g[ofi.I~.yiew()f.alypicaLIandfiUjs.showninFigure 9-12. The waste and the 

dailycover placed in a landfiH during one operational period form a cell. The oper
ational period is usually one day:The waste is dumped by the collection and transfer 

, vehicles onto the workingfClce. It is spread in 0.4 to 0.6 m layers and compacted by 
driving acrawler tractor or other compaction equipment over it. At the end of each day 
cover material is placed over the celL The cover material may be native soil or other 
approvedm~terials. Its purpose is to prevent fires, odors, blowing litter, and scaveng
ing.Thefederal regulations also permitthe state regulatory authority to allow the use 
ofalterflative daily covers JADC)if the owner of the landfill can demonstrate that the 
alternatiVe material functions aswell as the earthen cover without presenting a threat 
tohumanhealthor the environment. Some landfills have successfully demonstrated 
that diverted wastes such as chipped tires, yard waste,' shredded wood waste, and 

http:trench.is
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Final 
cover system 

~ 
Bench (terrace) 

as required 

II Final cover 
on slope face 

3: I Typical slope 

Cell ! 15 cm Intermediate 
cover 

Compacted solid 
waste 

Cell-width 
~- variable ------l>-j 

15 em intermediate 
system,

cover 

FIGURE 9-12 
Sectional view through a MSW landfill. (Soufee: Tchobanoglous et aI., 1993.), 

petroleum-contaminated soils can be used effectively as ADCs. Using these waste 
products as ADCs presents a cost savings for the landfill and also increases the land
fill's available space. The use of manufactured ADCs such as colored tarps is also be
ing accepted in some localities. Recommended depths of cover for various exposure 
periods are given in Table 9-6. The dimensions of a cell are determined by the amount 
of waste and the operational period. 

A lift may refer to the placement of a layer of waste or the completion of the hori
zontal active area of the landfilL In Figure 9-12 a lift is shown as the completion of the 
active areaofthelandfill. An extra layer ofintermediate cover maybe provided ifthe lift 
isexposedfor1ongpe~ods.Theactive area may be up to 300 min length and width. The 
sideslppestypically rangefrom 1.5:1 to 2: 1. Trenches vary in length from 30 to 300 m 
withwidthsof 5 to 15m. Thetrench depth may be 3 to 9 m (Tchobanoglous et aL, 1993). 

B~nchesar~usedwheretheheight ofthe landfill exceeds 15 to 20 m. They are 
tlsedtomaintaintheslope stability of the landfill,for the piacement of surface water 
drainage channels, and for the location of landfill gas collection piping. 

Final coveris applied to the entire landfill site after alliandfilling operations are 
complete. A modem final cover will contain several different layers of material to 
pertofmdifferenf functions. These are discussed more fully in the landfill design sec
tion of this chapter. 

TABLE 9-6 
Recommended depths of cover 

Minimum Exposure 
Type of cover depth (m) time (d) 

Daily 0;15 <7 
Intermediate 0.30 7 to 365 
Final 0.60 > 365 
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Additional considerations in the operation of the landfill are those required by the 
1991 Subtitle D regulations promulgated by EPA. These require exclusion of haz
ardous waste, use of cover materials, disease vector control, explosive gas control, air 
quality measurements, access control, runoff and run-on controls, surface water and 
liquids restrictions, and groundwater monitoring, as well as record keeping (40 CFR 
257 and 258; FR 9 OCT 1991): 

Environmental Considerations 
Vectors (carriers of disease) and water and air pollution should not be a problem in a 
properly operated and maintained landfill. Good compaction of the waste, daily cover
ing of the solid waste with good compaction of the cover, and good housekeeping are 
musts for control of flies, rodents, and fires. 

Burning, which may cause air pollution, is never permitted at a MSW landfill. If 
accidental fires should occur, they should be extinguished immediately using soil, wa
ter, or chemicals. Odors can be controlled by covering the wastes quickly and carefully, 
and by sealing any cracks that may develop in the cover. 

Landfill Gases. The principal gaseous products emitted from a landfill (methane and 
carbon dioxide) are the result of microbial decomposition. Typical concentrations of 
landfill gases and their characteristics are summarized in Table 9-7. During the early 
life of the landfill, the predominant gas is carbon dioxide. As the landfill matures, the 
gas is composed almost equally of carbon dioxide and methane. Because the methane 
is explosive; its movement must be controlled. The heat content of this landfill gas 
mixture (16,000 to 20,000 kJ/m\ although not as substantial as methane alone 

TABLE 9-7 
TYHic~FconstitueQts.found in MSWlandfill.gas 

Percent (dry volume basis) 

45-60 
40-60 

Nitrogen 2-5 
Oxygen 0.1-1.0 
Sulfides, disulfides, mertaptans,elc. 0-1.0 
AmI110nia 0.1-1.0 
Hydrogen 0-0.2 
Carbon monoxide 0-0.2 
Trace constituents 0.01-0.06 

Characteristic Value 

Temperature, °C 35-50 
Specific gravity 1.02-1.05 
Moisture content Saturated 
High heating val ue, kJ/m3 16.000-20.000 

(Source: G. Tchobanoglous et al., 1993.) 
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(37,000 kJ/m3), has sufficient ecori"ornic value that many landfills, hav..e been tapped 
with wells to collect it. At the end of 2004, there were 3781andfill gas (LFG) recovery 
projects in the United States. This is a four-fold increase over the 86 LFG projects op
erating in 1990. 

Because of their toxicity, trace gas emissions from landfills are of concern. More 
than 150 compounds have been measured at various landfills. Many of these may be 
classified as volatile organic compounds (VOCs). The occurrence of significant VOC 
concentrations is often associated with older landfills that previously accepted industrial 
and commercial wastes containing these compounds. The concentrations of 10 com
pounds measured in landfill gases from several California sites are shown in Table 9-8. 

Leachate 
Liquid that passes through the landfill and that has extracted dissolved and suspended 
matter from it is called leachate. The liquid enters the landfill from external sources 
such as rainfall, surface drainage, groundwater, and the liquid in and produced from the 
decOlnposition of the waste. 

Leachate Quantity. The amount of leachate generated from a landfill site may be es
timatedusing a hydrologic mass balance for the landfill. Those portions of the global 
hydrologic cycle (see Chapter 3) that typically apply to a landfill site include precipi
tation, surface runoff, evaporation, transpiration (when the landfill cover is completed), 
infiltration, and storage. Precipitation may be estimated in the conventional fashion 
from climatological records. Surface runoff or run-on may be estimated using the ra
tional formuh (Equation-'3-15). Evaporation and transpiration are often lumped to'
getheras evapotranspiration. It may be estimated from regional data such as that 
providedby the US. GeologicService Water Atlas. Infiltration (and exfiltration) may 
be t:;stilTINedusing Darcy's law (Equation 3-22). Until, the landfill becomes saturated, 
S, omeofthe.waterinfiltrationwilLbestored in both the cover material and the waste. 
Thequ~utit)fpf'Naterthafcanbehefdagainst the pullof gravity is referred toasjield 
C:~~4qity(Fj~ure.9"i130n page772).Theoretically, when the landfill reaches its field 
papagitY,.lea<;hatewillbegintobeproduced. Then, the potential quantity of leachate is 
theamollntofmoisture within the landfill in excess of the field capacity. In reality, 
leachate will begin tobeproducedalmost immediately because of channeling in the 
waste. The foIrmving equation maybe used to estimate the field capacity of the waste 
(Tchobanoglous et aL; 1993): . 

2.205W ) (9-7)FC = 0.6 - 0.55 ( -10,000 +2.205 W 

where FC field capacity (fraction of water in the waste based on dry weight of the 
waste) 

W overburden mass of waste calculated at midheight of the lift in ques
tion, kg 

the EPA and the Waterways Experiment Station of the U.S. Army Corps of 
Engineers developed a microcomputer model of the hydrologic balance called the 
Hydrologic Evaluation of Landfill Performance (HELP) (Schroeder et aI., 1984). The 
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Saturation point 

______ L__ _ 

Drains by 
gravity 

~ Field capacity 

. Vegetation 
Moisture 

Permanent 
wilting percentage FIGURE 9-13 

Moisture relationships in soil. (Source: 
Time Pfeffer, 1992.) 

program contains extensive data on the characteristics of various soil types, precipita
tion patterns, and evapotranspiration-temperature relationships as well as the algorithms 
to perform a routing of the moisture flow through the landfill. 

Leachate Composition. Solid wastes placed in a sanitary landfill may undergo a num
ber of biological, chemical, and physical changes. Aerobic and anaerobic decomposition 
of the organic matter results in both gaseous and liquid end products. Some materials are 
chemically oxidized. Some solids are dissolved in water percolating through the fill. A 
range of leachate composItions is listed in Table 9-9. The VOCs in the landfill gas often 
contribute 'to contamination of groundwater because they dissolve in the leachate as it 
passesthrough the landfilLHenry's law (see Chapter 4) may be used to estimate the VOC 
col1centrations that might occur in the leachate. Because of the differential heads (slope 
oft~(;piezometricsurface),the water containing dissolved substances moves into the 
groundwater system. The result is gross pollution of the groundwater. 

BioreactorLaridfllls 
Theimplementation of RCRA Subtitle Dresulted in more stringent protection of the en
vironment, particularly the groundwater resources. The future trend in landfill design ap
pe(ll"sto be the development of engineered systems that optimize waste degradation and so 
minimize the amount of land needed for waste disposal. One technology that shows a lot 
of promise is bioreactor landfills. EPA has initiated a number of studies and partnerships 
with waste management companies to fully investigate the potential of this technology. 

In traditional municipal solid waste landfills, organic waste eventually decom
poses and stabilizes. These processes are controlled by microorganisms. In bioreactor 
landfills, biological decomposition is accelerated by enhancing the conditions neces
saryfor these microorganisms to flourish. This is accomplished by the controlled ad- . 
ditionoLsupplemental air and water. The degradation and stabilization of organic 
waste istherf accelerated. 

. EPA defines a bioreactor landfill,as "any pennitted Subtitle 0 landfill (under RCRA) 
or landfill cell where liquid or air is injected in acontrolled fashion into the waste mass in 
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TABLE 9·9 
Typical data of the composition of leachate from new and mature landfills. 

Value, mg/L 

New landfill (less than 2 years) Mature landfill 
(greater than 

Constituent Range Typical 10 years) 

BODs (5-day biochemical 
oxygen demand) 2,000-30,000 10,000 100-200 

TOC (total organic carbon) 1,500-20,000 6,000 80-160 
COD (chemical oxygen demand) 3,000-60,000 18,000 100-500 
Total suspended solids 200-2,000 500 100-400 
Organic nitrogen 10-800 200 80-120 
Ammonia nitrogen 10-800 200 20-40 
Nitrate 5-40 25 5-10 
Total phosphorus 5-100 30 5-10 
Orrho phosphorus 4-80 20 4~8 

Alkalinity as CaC03 1,000-10,000 3,000 200-1,000 
pH (no units) 4.5-7.5 6 6.6-7.5 
Total hardness as CaC03 300-10,000 3,500 200-500 
Calcium 200-3,000 1,000 100-400 
Magnesium 50-1,500 250 50-200 
PotaSSIum 200-1,000 300 50-400 
Sodium 200~2,500 500 100-200 
Chloride 200-3,000 500 100-400 
Sulfate 50-J,000 300 20-50 

50-1,200 60 20-200 

order to accelerate or enhance biostabilization of the waste" (40 CFR 257 and 258, FR, 
9·9C1 199 L) In these landfills additional moisture is introduced to the was te, typically 
bYrecitculatirig:theleachate and adding additional moisture such as stormwater, waste

'~w~te(;andw~stewate[ treatmentplant sludge. The goal is to provide enough moisture 
to the waste to maintain the optimal moisture content for microbial decomposition, 
typically 35 to 65 percent moisture. 

One of the benefits of this system is that the decomposition rate is increased, so 
complete decomposition can occur in years instead of decades. The waste density is in
creased, so over the life of the landfill, 15 to. 30 percent additional space is available. 
Also, the cost of the leachate disposal is reduced, since it is recirculated. And there is 
a significant increase in the landfill gas that is generated. If this is captured on site, then 
it canoe used to produce energy. 

These systems have a higher initial cost to build and operate, since extensive re
circulation and monitoring is required. Bioreactor landlills can be designed to use aer
obic, anaerobic, or facultative microorganisms.

'-' 
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Phases of Bioreaction. Five more or less sequential phases of bj()reaction are 
thought to occur in a landfill. In the initial adjustment phas~,-the org'anic biodegradable 
components in the MSW undergo aerobic biodegradation because some air is trapped 
when the waste is placed in the landfill. In a conventional landfill, the principle source 
of microorganisms is the soil material that is used as daily and final cover. Digested 
wastewater treatment plant sludge as well as recycled leachate are also sources ,of mi
croorganisms. In a bioreactor landfill, the latter sources provide a means of accelerat
ing the decomposition process. 

The second phase is called the transitional phase. Oxygen is depleted and 
anoxic and anaerobic conditions begin to develop. As the landfill becomes anaero
bic, nitrate and sulfate serve as electron acceptors. Nitrogen, hydrogen, and hydro
gen sulfide are products of the decomposition process. As the conversion process 
proceeds, the microbial community responsible for conversion or organic material to 
methane and carbon dioxide begin the three-step process described in Chapter 6 
(Figure 6-43), ' 

In the acid phase, the anaerobic microbial activity initiated in the second phase 
accelerates. Significant amounts of organic acids are produced and the production of 
hydrogen decreases. Carbon dioxide is the principle gas produced in this phase. The 
pH of the leachate will often drop to 5 or lower (Tchobanoglous et al., 1993). 

The fourth phase is called the methane fermentation phase. Methanogens convert 
the acetic acid and hydrogen gas produced by the acid formers into methane (CH4) and 
CO2, The pH of the leachate rises to more neutral values in the range 6 to 8. 

The maturation phase begins after the readily available biodegradable organic 
matter has been converted to CH4 and CO2, The rate of landfill gas generation de
creases dr~matically. 

VolutneofGas Produced. Cossu et a1. (1996) present the following reaction repre
sentiI1gtheov~falrmethane fermentation process: 

CaHbOcNd+nH20~x CH4 + YCO2 + W NH3 =: Z C\,H70 2N + energy (9-8) 

whereCaH1P~Ndis.theerripiricalformula for the biodegradable organic matter and 
CsH702Nisthe empirical chemical formula of bacterial cells. 

Themaximum.theoreticallandfill gas yield (neglecting bacterial cell conversion) 
maybe estimated as (Tchobanoglous et at, 1993): 

C H' 0 N +'(±~- b - 2c + 3d)H 0 -+ (4([ + b__ ~__~~~) CH 
a b _c d 4 2 8 4 

+ ( 4<l ~ b~ 2c + 3d) CO
2 

+ dNH3 (9-9) 

For the purpose of analysis, the MSW may be divided into two classes: rapidly 
biodegradable and slowly biodegradable. Food waste, newspaper, office paper, 
cardboard, leaves, and leafy yard trimmings fall into the first category. Textiles, rub
ber,leather, tree branches, and wood fall into the second category. 

, Tchobanoglous et al. (1993) d~veloped empirical chemical formulas for typical 
U.S. MSW as collected in 1990 for each of these categories: 
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• Rapidly decomposable = C68HI IIOsoN 

• Slowly decomposable = C2oH2909N 

These formulas may be used to estimate the maximum theoretical gas production. Ac
tual quantities of gas will be lower because (I) all of the biodegradable organic matter 
is not available for decomposition, (2) the biodegradability is less for organic wastes 
with high lignin content, and (3) moisture may be limiting. The construction and oper
ation of a bioreactor landfill is designed to minimize these limitations. Actual gas pro
duction rates from typical MSW landfills ranges from 40 to 400 m3/Mg of MSW. 

The rate of decomposition that is reflected in gas production of MSW is highly 
variable. Most models use first-order equations in two stages to describe the gas pro
duction as it rises to some peak value and then falls (Cossu et aI., 1996). 

Landfill Design 
The design ofthe landfill has many components including site preparation, buildings, 
monitoring wells, size, liners, leachate collection system, final cover, and gas collec
tion system. Figure 9-14 shows a schematic of a typical municipal solid waste'.landfill 
with all of these components shown. In the following discussion we will limit 
ourselves to introductory consideration of the design of the size of the landfill, the 

Methane 

Schematic of a typical municipal solid waste lanclt111. (Source: U.S. EPA, 1995.) 
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selection of a liner system, the design Qf a leachate c011eciion systelT!, and a discussion 
of the final cover system. 

Volume Required. To estimate the volume required for a landfill, it is necessary to know 
the amount of refuse being produced and the density of the in-place, compacted refuse. The 
volume ofrefuse differs markedly from one city to another because oflocal conditions. 

Salvafo recommends a formula of the following form for estimating the annual 
volume required (Salvato, 1972). 

(9-10) 

where ¥Lf' = volume of landfill, m3 

P = population 
E = ratio of cover (soil) to .compacted fill 

-Vsw + Vc 
=---

Vsw 

¥,nv volume of solid waste, m) 
-Ve volume of cover, m3 

C average mass of solid waste collected per capita per year, kg/person 
Dc = density of compacted fill, kg/m3 

The density of the compacted fill is somewhat dependent on the equipment used at the 
landfill site and the moisture content of the waste. Compacted solid waste densities 

Co .. ':\ 

vary from 300 to 700 kg/m' .Nominal values are generally in the range of 475 to 600 
kg/m3.The compactionratios given in Table 9-10 may be used for estimatingthe den

compagtedfilL 

Normal' 
compaction Well-compacted 

2.0 2.8 3.0 
2.5 5.0 6.7 
2.5 4.0 5.8 

Plastics 5.0 6.7 10.0 
Textiles 2,5 5.8 6.7 
Rubber, leather, wood 2.5 3.3 3.3 
Garden·. trimmings 2.0 4.0 5.0 
Grass 1.1 1.7 2.5 
Nonferrous metal 3.3 5.6 6.7 
Ferrous metal 1.7 2.9 3.3 
Ashes, masonry 1.0 1.2 1.3 

a The ratio of the density after compaction to lIiat as discarded. that is, before pickup by collection vehicle. 
(Sol/ree: Tchobanoglous et aL 1977) 
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0';,:':r 
"'b;;.!' 

!:t~J 

Example 9-4. How much landfill space does Watapitae require for 20 years ofopera
tion? Assume that the village will use a cell height of 2.4 mand that it will follow normal 
practice and use 0.15 mof soil for daily cover; OJ m to complete the cell; and a final 
cover of 0.6 m for every stack of three cells. Assume that compaction will be "normaL" 

Solution. Although we do not know the population or per capita waste generation 
rate, we can estimate the mass generated per year from other data. From Example 9-1 
we know that 1,250 service stops must be collected each week. From Example 9-2 
we know that each service stop contributes an average of 0.624 Mg per year. Then 
the annual mass generation rate is 

Mass (1,250 stops) X (0.624 Mg/y stop) 780 Mg/y 

This isequivalenttothe product (P)(C) in Equation 9-1O. 
In Example 9-1 we determined that the mean density of the uncompacted solid waste 

was 106 kglm3.Using the fractional mass composition of the waste as given in Table 9-4 
and the ~'normaF'compactionTatios inTable 9-10, we can determine the weighted com
paction'ratio by multiplying the fractional mass by the compaction ratio (Table 9-11). 

With a compaction ratio of 4. I8, the density of the compacted fill is estimated to be 

Dc == (106 kg/m3) X (4.18) = 443 kg/m3 or 0.443 Mg/m3 

Note that this implies that waste dumped at the face of the fill in a 1.25-m layer 
would have to be compressed to a depth of OJ m. that is, 

"' (',-1 ) 0.25 m) 
, 4.18 

Weighted 
compaction ratio 

0.27 
0.4317 2.16 
0.065(} 0.26 

"orOIS1 	 0.12 
0.0020 0.01 

Leather 	 0.0150 0.05 
Garden trimmings 0.1432 	 0.57 
Wood 	 0.0350 0.12 

0.0749 0.12 
TiIlcaris 0.0520 0.29 
NOI'lferrousmetals 0.0150 0.08 
F'errousmetals 0.0430 0.12 
Dirt, ashes, brick 0.0110 0.01 
Total 	 1.0006 4.18 
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Before we can estimate E, we must :determine the dafly voltlme ofsolid-waste and the 
area over which it will be spread. For a five-day week, the daily volume is deter
mined as follows: 

11 = 780 Mg/y X X 1 = 6.77 m3/d 
0.443 Mg/m3 52 wk/y 5 d/wk 

If this is spread in a 0.3-m layer, then the area would be 
36.77 m ? 

~.-.- = 22.57 m-/d
OJ m 

This is equivalent to a square 4.75 m on each side. This seems reasonable for a small 
community. 

If 0.15 m of soil is used as cover each day, then 0.45 m will be placed each day 
and it will take 

2.4 m 0.15 m 
5.00 days

0.45 m/day 

to complete the cell. (The 0.15 111 is the addition to daily cover to complete the cell 
with OJ mof cover.) At this rate we will complete a stack of three cells every three 
weeks (15 working days). 

The soil volume separating a stack of three cells will be about 
3OJ m thick X 2.4 m high X 4.75 m long X 3 cells = 10.26 m

To account fortwo sides of the cell, this number needs to be multiplied by two. 
3 310.26 m X 2 = 20.52 m

If weignore this volume, E can be calculated as 

E = 0.3 + [0.15 + 0.03 + 0.02] = 1.67 

OJ 


Thetehn.sillthebrackets account for the daily cover of 0.15m; the cell cover of an 
additional 0.15 meach five days or 0.03 m per day; and the final stack cover of an 
additional 0.3_m tothe three-cell cover each 15 days or 0.02 m per day. 

Ifwedonotig~orethe soil separating the cells, then the soil volume per stack of 
three cellS as shown in Figure 9-15 is calculated as follows: 

-(3 cells/stack)(5 lifts/cell)(22.57 m2)(0.15 m) 50.78 m3 

plus the 0.t5 m of additional soil to bring the weekly cell cover to 0.30 m is 

(3 cells/stack)(22.57 m2)(0.15 m) 10.16 m3 

plus the additional OJ m to bring the final cover to 0.6 m, 

(22.57 m2)(OJ m) 6.77 m3 

The total soil volume, including the 20.52 m3 for the sides of the stack, is 
350.78 + 10.16 + 6.77 + 20.52 = 88.23 m

http:m2)(0.15
http:cells/stack)(22.57
http:m2)(0.15
http:lifts/cell)(22.57
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7.5m,.,.,.--~= I 0.60 m Final cover 

4.801 f----,--~= 

2.40 m Weekly cell 

0.30 m Weekly cover 

0.30 m Daily solid waste
0.0 m -~--'--

FIGURE 9-15 
Schematic diagram of MSW landfill stack of three cells (Example 9-4). 

The\fallH.~ for V.nl(WQuid then be 

V:I)j,=:(6J}.m3/d)(15 d/stack) = 101.55 m3/stack 

10 1.55 + 88.23 _ 8
E 101.55 - L 7 

ThtIs, for this landfill, the separation wall will increase the volume by about 12 per
cent.Thisis·noElllsignificant! 

The estimated volume requirement for 20 years would be 
-

(780 Mg/y)(1.87) . 4 3 
----3- X 20 Y = 6.59 X 10 m 

0.443 Mg/m 

Since the average landfill depth will be three 2.4 m cells plus an additional OJ m 
final cover, the area will be 

6.59 X 104 8 2A . = = 8.7 X 103 m
LF (3)(2.4) + 0.3 

An area approximately 100 mon a side would do very ni<,:ely. 

http:Mg/y)(1.87
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FIGURE 9·16 

A composite liner and leachate collection system. 


Liner Selection. In order to prevent groundwater contamination, strict leachate con
trol measures are required. Under the 1991 Subtitle Drules promulgated by EPA, new 
landfills must be lined in a specific manner or meet maximum contaminant levels for 
the groundwater at the landfill boundary. The specified liner system includes a syn
thetic membrane (geornembrane) at least 30 mils (0.76 mm) thick supported by a 
compacted soil liner at least 0.6 m thick. The soil liner must have a hydraulic con
ductivity of no more than I X 10-7 cm/s. Flexible membrane liners consisting of 
high-density polyethylene (HDPE) must be at least 60 mils thick (40 CFR 257 and 
258, and FR 9 OCT 1991). A schematic of the EPA specified liner system is shown in 
Figure 9-16:" 

Several geomembrane materials are available. Some examples include polyvinyl 
chloride (PVC),high-densitypolyethylene (HOPE), chlorinated polyethylene (CPE), and 
ethyleneprQp,ylene dienemonomer (EPOM). Oesignersshow a strong preference for 
RV<=andesp~GiaU)fJor HDPE. Althoughthe geomembranes are highly impermeable 
(hy~raulicEQnductivities are often less thanlX 10- 12 cm/s),they can be easilydamaged 
~rjnlproperltinst~Hed;Damage may OcCurduring construction by construction equip

. m~ntibyJailureduetotensilestress generated by the overburden, tearing as a result of 
differential settling of the supporting soil, puncture from sharp objects in the overburden, 
puncture from coarse aggregate in the supporting soil, and tearing by landfill equipment 
duriI1~oeeration.lnstallationerrors primarily OCCLlr during seaming when two pieces of 
geQmembranemustbeattached or when piping must pass through the liner. A liner 
placed with adequate quality control should have less than 3 to 5 defects per hectare. 

The soil layer under the geomembrane acts as a foundation for the geomembrane 
and as a backup for control of leachate flow to the groundwater. Compacted clay gen
erally meets the requirement for a hydraulic conductivity of less than I X 10'-7 cm/s. 
Inadditiontohaving a low permeability, it should be: free of sharp objects greater than 
I cmin diameter, graded evenly without pockets or hillocks, compacted to prevent dif
ferential settlement, and free 0 f cracks. 

Leachate Collection. Under the 1991 Subtitle 0 rules promulgated by EPA, the 
le'achate collection system must be designed so that the depth of leachate above the 
liner does not exceed 0.3 m. The leachate collection system is designed by sloping the 
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Intlow, r 

Phreatic surface 

FIGURE 9-17 
Drain Geometry and symbols for calculating Yl1lax' 

(Source: McEnroe, 1993.) 

floor of the landfill to a grid of underdrain pipes* that are placed above the geomem
brane. A OJ-m-deep layer of granular material (for example, sand) with a high 
hydraulic conductivity (EPA recommends greater than 1 ·x 10-2 cmls) is placed over 
the geomembrane to conduct the leachate to the underdrains. In addition to carrying 
the leachate, this layer also protects the geomembrane from mechanical damage from 
equipment and solid waste. In some instances a geonet (a synthetic matrix that resem
bles a miniature chain link fence), with a geofabric (an open-weave cloth) protective 
layer to keep out the sand, is placed under the sand and above the geomembrane to 
increase the tlow of leachate to the pipe system. 

Several different methods for estimating the steady-state maximum leachate depth 
have been proposed. EPA has proposed the following formula (refer to Figure 9-17 for 
an explanation of the notation) (1I.S. EPA, 19~9): 

_ (p )0.5 [KS2 K5 (2 r)0.5]
Y ,-L- --+1--5+- (9-11 )

max 2K r r K 

where Ymax = maximum saturated depth, m 
L = drainage distance, measured horizontal, m 
f;==. vertical flow rate per unit horizontal area, m3/s . m2 

K == hydra!llic conductivity of drainage layer, mls 
5 = slope of liner (= tan a) 

This formula may overestimate the value of Ymax where the underdrain system has free 
drainage, that is, it is not undersized-or clogged'. Since this is commonly the case, McEn
roe has proposed the following e9uations as a better approximation. (McEnroe, 1993): 

(1 - A - 2R)(l + A - 2R5) ]0.5.12 2 
Ymax = (R - R5 + R S )O.5 [ (1 + A _ 2R)(l _ A _ 2R5) (9-12) 

for R < 114; 

R(1 - 2R5) 2R(S - 1) ]
Y = exp (9-13)max I - 2R (1 - 2R5)(1 - 2R) 

for R = 114', 


"Underdrain pipes are perforated pipes designed (0 collect the leachate. 
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and 

? ? 05 . [1 -1 (2RS - 1) . 1 ,(2R - 1)]Ymax = (R - RS + R-S-) . exp B tan -·-B- - B tan B (9-14) 

for R > 1/4; 

where Ym;x = Ymax/(L tan a) 
R = rI(K sin2 a) 
S = slope of liner(= tan a) 
A = (1 - 4R)0.s 
B = (4R - 1)0.5 

The collected leachate must be treated because of the high concentration of pollutants 
it contains. In some instances on-site treatment is provided. This frequently is a bio
logical treatment system. In other cases, the leachate may be pumped to a municipal 
treatment plant. In some recent designs, the leachate is recirculated through the land
filled waste. This provides moisture for the microbial population and accelerates the 
stabilization process. It also promotes the production of methane and provides some 
treatment for the biodegradable fraction of the constituents in the leachate. 

FinalCover. The major Junction of the final cover is to prevent moisture from en
tering the finished landfill. If no moisture enters, then at some point in time the 
leachate production will reach minimal proportions and the chance of groundwater 
contamination will be minimized. 

Modern.final cover design consists of a surface layer, biotic barrier, drainage layer, 
hydraulic barrier. foundation layer, and gas controL The surface layer is to provide suit
able soil for plants to grow. This minimizes erosion. A soil depth of about OJ III is ap
prqpriate for grass~ The biotic barrier is to prevent the roots of the plants from 
penetnlti~g,the>hydraulicbarrier.Atthis time, there does not seem to be a suitable ma
terialfor.thisbarrier.Thedrainage layer serves the same function here as in the leachate 
cpl1t!cfio~§ysterll •.... thatisr it provides .an easy flow path to a grid of perforated pipes. 
Thi,si'fo~Iecti()npipingsystemissubjectto differential settling and may fail because of 
.	this settling. Some designers do not recommend installing it as they prefer to use the 
funds todevelop athicker hydraulic barrier. The hydraulic barrier serves the same func
tionasthelii1e.finthat itpreventsmovement of water into the landfilL The EPA recom
rllen~s~cPlIlP()site)iner consisting of a geomembrane and a low hydraulic conductivity 
soil that also serves as the foundation for the geomembrane. This soil also protects the 
geomembrane from the rough aggregate in the gas control layer. The gas control layer 
is constructed of coarse gravel that acts as a vent to carry the gases to the surface. If the 
gas is to be collected for its energy value, a series of gas recovery wells is installed. 
A negative pressure is placed on these wells to draw the gas into the system. 

CompletedMSW Landfills 
Completed landfills generally require maintenance because of uneven settling. Mainte
nance consists·primm·ily of regrading the surface to maintain good drainage and filling 
in small depressions to prevent ponding and possible subsequent groundwater pollution. 
The final soil cover should be about.G.6 III deep. 
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Completed landfills have been used for recreational purposes such as parks, play
grounds, or golf courses. Parking and storage areas or botanical gardens are other final 
uses. Because of the characteristic uneven settling and gas evolution from landfills, 
construction of buildings on completed landfills should be avoided. 

On occasion, one-story buildings and runways for light aircraft might be con
structed. In such cases, it is important to avoid concentrated foundation loading, 
which can result in uneven settling and cracking of the structure. The designer 
must provide the means for the gas to dissipate into the atmosphere and not into 
the structure. 

9-5 WASTE TO ENERGY 

Utilization ofthe organic fraction of solid waste for fuel, while simultaneously reduc
ing the volume, may be an important part of an integrated waste management plan. 
Specially designed power plants known as waste-to-energy facilities can produce en
ergythroughthecombustionofmunicipalsolidwaste. In these facilities, trash volume 
is reduced by 90 percent and its weight by 75 percent. The remaining residue~is dis
posed of in a MSW landfill. According to a 2004 Integrated Waste Services Associa
tion publication, 89 waste-to-energy facilities were in operation as of that time, 
disposing of 86 Gg of waste each day (IWSA, 2004). This waste was converted to ap
proximately 2,500 megawatts of electric power. 

lI~;;tting yalqeof Waste 

The>heatingyalu~of waste. is measured in kilojoules per kilogram (kJ/kg), and is de


(JGi t?rI11~~?~dex:p(;f:if£leNallyusingabomSealorilTIeter. Adry sample is placed in a cham
(iff) herand.:'Fh~9~atreleasea.ataconstanttemperature of 25°C is calculated 

•••. ~Ia~c~·~B~2auseth~combustionchamberis maintained at 25°C, com
t1\v.at~~prod~ce~intheo~~datio.l)reacti?nJernains in the liquid state. This con
. ·~9.e~tli~'I11~~imumhe~trelease~~disdefinedas the higher heating ~alue 

e'·]nactualeombustionproce~ses,the temperature of the combustion gas remains 
0i~) alJ()ye)lOO?~untilthegas •• isdischargedintotheatInosphere. Consequently, the water 
.i{7;)t~§1l1.~Rm~1:~()IllF:;~stio~rro~es.§es]sal'f~ysihthevapor ·state. The heating value for 
;:~~~actl1alcpmlJustionis termedthelower heating value (tHV), The following equation 

gives the relationship between HHV and tHY: 

tHV = HHV - [(ilHv)(9 H)] (9-15) 

where ilHv = heat of vaporization of water 
=2A20kJ/kg 

H hydrogen content of combusted material 

results because ,one gram mole of hydrogen will produce 9 gram 
(that is, 1812). Note that this water is only that resulting from the 

reaction. If thewa'ste is wet, the free watecmust also be evaporated. The 
energy required to evaporate this water may be substantiaL This results in a very 
inefficient combustion process from the point of view of energy recovery, The ash 
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content also reduces the energy yit~ld because it reduces the proportion of dry or
ganic matter per kilogram of fuel and because it retains some heat when it is re
moved from the furnace. 

Fundamentals of Combustion 
Combustion is a chemical reaction where the elements in the fuel are oxidized. In 
waste-to-energy (WTE) plants, the fuel is, of course, the solid waste. The major oxi
dizable elements in the fuel are carbon and hydrogen. To a lesser extent sulfur and ni
trogen are also present. With complete oxidation, carbon is oxidized to carbon dioxide, 
hydrogen to water, and sulfur to sulfur dioxide. Some fraction of the nitrogen may be 
oxidized to nitrogen oxides. 

The combustion reactions are a function of oxygen, time, temperature, and turbu
lence (0, T, T, T). There must be a sufficient excess of oxygen to drive the reaction to 
completion in a short period of time. The oxygen is most frequently supplied by forc
ing air into the combustion chamber. Over 100percent excess air may be provided to 
ensure a slIfficient excess. Sufficient time must be provided for the combustion reac
tions to proceed. The amount of timeis a function of the combustion temperature and 
the turbulence in the combustion chamber. Some minimum temperature must be ex
ceeded to initiate the combustion reaction (that is, to ignite the waste). Higher temper
atures also yield higher quantities of nitrogen oxide emissions, so there is a tradeoff in 
destroying the solid waste and forming air pollutants. Mixing of the combustion air and 
the combustion gases is essential for completion of the reaction. 

As the solid waste enters the combustion chamber and its temperature increases, 
volatile materials are driven off as gases. Rising temperatures cause the organic com
ponentstO'thermally "crack" and form gases. When the volatile compounds are driven 
off, fixed carbon. remains. When the temperature reaches the ignition temperature 
ofcarb()n(700~<::;),it is ignited. To achieve destruction of all the combustible material 
(kUr~ollt),jLis<necessary to achieve 7000 e throughout the bed of waste and ash 
(Pfeffer,. 19?2). .. 

Jht?~'1nlezgneisthatareawhere the hot volatilized gases mix with oxygen. This 
reactionisveryrapiddt goes to completion within 1or 2 seconds if there is sufficient 
excess air and turbulence. 

Theevolution.ofsolidwaste combustion has led to higher temperatures both to de
stroytoxiccoIfiPopndsarrd to increase the opportunity to utilize the waste as an energy 
<squrcebYBroducingsteam. 

Conventional Incineration 
The basic arrangement of the conventional incinerator is shown in Figure 9-18. Al
though the. solid waste may have some heat value, it is normally quite wet and is not 
autogenous (self-sustaining in combustion) until it is dried. Conventionally, auxiliary 
fuel is provided for the initial drying stages. Because of the large amount of particulate 
matter generated in the combustion process, some form of air pollution control device 
is required. Normally, electrostatic precipitators or scrubbers are chosen. Bulk volume 
reduction in incinerators is about 90 percent. Thus, about 10 percent of the material 
still must be carried to a landfill. 
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Schematic of a conventional traveling grate incinerator. 

Recovering Energy from Waste 
In order to utilize the heat value of solid waste, most modern combustion devices are 
designed toreeover the energy... The concept is more than 100 years old. The first 
refuse:-to-electricitysystemwas built in Hamburg, Germany, in 1896. In 1903, the first 
ofseveralsolidw~ste-fired electricity generating plants in the United States was 

iI1~talI~qL~·~i~ewX?:kCit¥. 
.. ...J8rreare~e\vIllany~plantsOperatingintheUnited States. They burn solid waste 
(.;:l j~asp~c:ially>g~sig~ediI19ine~!ltqrfurrlacejacketed with water~filled tubes to recover the 
~fjft/ . heatas .' .......••....•. ~re,~~~aIIlI11ay~e~§~~dir~9tlyf()rheatingor toproduce electricity. 

s~~~~s/reg~ir~.pu~liqutilitie~tobuytfteelectricity produced at these plants. 
/ ......• <.cientheat'recovery~ndelectric generators, WTE plants can produce about 
600 kWh per mg of waste. 

,>,',,", ,,' :, 'J', >:';-, 

i(,j~~fli~~~Beriye~F~el~~~).>I\efuse-derived fuel is the combustible portion of solid 
r;;·w~stethat::hasbe~nseparatedfromtftenoncombustible portion through processes such 

asshredding,screening, and air classifying (Vence and Powers, 1980). By processing 
municipal solid waste (MSW), refuse-derived fuel containing 12 to 16 MJlkg can be 
produced from between 55 and 85 percent of the refuse received. This system is also 
called a supplemental fuel system because the combustible fraction is typically mar
keteda.s a fueltooutsideusers(utilities or industries) as a supplement to coal or other 
soliciJuelsin their existing boilers. 

Inatypicalsystem,MS\Visfedintoa trommel or rotating screen to remove glass 
arutdin, andtheremainingrraction is conveyedto a shredder for size reduction. Shred
dedwastes may then passthr6ugh an air classifier to separate the "light fraction" 
(plastics, paper, wood,textiles, food wastes, and smaller amounts oflight metals) from 
the "heavy fraction" (metals, aluminum, and small amounts of glass and ceramics). 
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FIGURE 9-19 

SOlitheastemVirginiaPublic ServiceAuthority's refuse-derived fuel (RDF) plant. 


Theliglitfraction~after~~ingroutedtlirougli a magnetic system to remove ferrous 
mefals,ismaclY;forfuei>llse; Tlie.lieavyfraction is conveyed to anotlier magnetic 
removal system for recovery of ferrous metals. Aluminum may also be recovered. Tlie 
remaining glass, ceramics, and otlier nonmagnetic materials from the heavy fraction 
are then sentto-,the landfill. 

The [rrstJt111-scaIe plant to prepare RDF has been in operation in Ames, Iowa, 
since 1975:Subsequently, other plants using similar technology have been designed 
andcbnstructed. Figure 9-19 shows the process flow diagram for the Southeastern Vir
ginia Public Service Authority's RDF plant. 

Although there area number of RDF production systems operating or starting up, 
they are stilldevelopmental in terms of process, equipment, and application. Data still 
are being gatliered for prediction of performance and maintenance requirements. 

Modular Incinerators. These units are available in various sizes. Their modularity 
enablesthem'tobe coupled with similar units to process available tonnage. 

. Mosunodular incinerators that produce energy incorporate a controlled air princi
ple, use unprocessed MSW, and require a small amount of auxiliary fuel for startup. 
The waste is fed into a primary chamber where it is burned in the absence of sufficient 
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oxygen for complete combustion. The resulting combustible gas passes through il sec
ond chamber, where excess air is injected, completing combustion. Auxiliary fuel may 
alsohe required in minimal quantities to maintain proper combustion temperatures. 

After most of the particulate matter burns off, the hot effluent passes through a 
waste heat boiler to produce steam. The ash is water-quenched'and disposed of at a 
landfill. The steam can be used directly or can be converted to electricity with the ad
dition ora turbine generator. 

The newer waste-to-energy plants are not without their problems. Serious concern 
has been raised about emissions of dioxins that result from the combustion process. 
Two approaches are used to reduce the dioxin emission. Because the dioxin is formed 
as a combustion by-product from chlorinated plastics, it can be minimized by reducing 
the plastic in the feed stream. The second approach is to utilize sophisticated air pollu
tion control equipment. 

'A second problem is associated wi th the ash from the combustion process. There 
are two categories of ash generated: fly ash from the air pollution control equipment 
an<ibottom,ash, from the furnace.FI y ash is of greater concern because the metals are 
adsorbed on particulates andare easily leached with water. When fly ash is mixed with 
bottom ash, the leachability of the metals is reduced. In 1994, the Supreme Court ruled 
that ash" from, municipal incinerators is not excluded from being considered as a haz
ardous waste(Chicago vs. EDF, 1994). It must be tested before it can be landfilled and 
must betreatedifit fails the tests. 

9.. 6 RESOURCE CONSERVATION AND RECOVERY.. 

FORSUSTAINAB1LITY 
~" 

l.lfl.ckglZ(Juf!«!andP~rspective 
·.~··}<,•• ,.:TIi~;;~~ttB~~~irn~~ineFal(depo~its~arel~mited. As higp-quality,. ores. are depleted, 

"lqW.e,rC;gr3.de~reSll1uslbe·•• used.Eo\V~r-gr(1c1e,ores.require proportionately greater 
'&iI>' I.fwoU~rgy;~~9.(;apit~linv~stIUe!1ttoextract In a broad.economic, context, we 
'.G';i~.Qi&f ........,.. ;.~!~9COPS~IUth~I0I1g;te(IUrea~onableness ofa.market-accounting system 

t~~t~PI?li~soIlly currentdevelopmentcosts to our use of depletable, nonrenewable nat
'~r~I~~s~p~cessuchasaluminum,copper, iron, and petroleum. High rates of solid 
\V~s~~pro~ufti()nimRlY'high;rat~sof>yirginraw material extraction. In the United 

<;'i'JStat~~1blat~Rt>rnispri£ing-in~luding the"d~pletion allowance" on minerals and un
reasortably 10wTaii rate fares on ores in contrast to scrap-is in no small way respon
sible for this state of affairs. Furthermore, our high-waste, low-recycle lifestyle is 
inherently wasteful of a bountiful endowment of natural resources. 

Our renewable resources, primarily timber, are also under siege. Our pre-packaged 
society,incombination with a wantonlack.of care in our forests, has strained nature's 
capaSityforgrowth and replenishment. Europe, India, and Japan have long been faced 

D'o/itha\Vantbftimbef;We inthe United States should learn from their predicaments. 
Tht!prevention of waste generation (resource conservation) and the productive 

'"~f useOfwasteI113.terial(resoUfcerecovery) represent means of alleviating some of the 
problems of solid waste management. At one time in gur history, resource recovery 
played an important role in our industrial production. Until the mid-twentieth century, 
salvage (recovery and recycling) from household wastes was an important source of 

http:wantonlack.of
http:furnace.FI
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TABLE 9-12 
Generation, materials recovery, composting, and discards of municipal solid 
waste, 1960-2003a

, b 

1960 ·1970 1980 1990 2000 2003 

Generation 80.1 110.1 137.8 186.6 212.8 214.8 
Recovery for recycling 5.1 7.3 13.2 26.4 47.6 50.4 
Recovery for compostint 3.8 15.0 15.4 
Total Materials Recovery 5.1 7.3 13.2 30.2 62.6 65.7 
Discards after recovery 75.0 102.7 124.7 156.4 150.1 149.0 

"Source: U.S. EPA, 2005. 

bIn teragrams (Tg). 

"Composting of yard trimmings, food scraps, and other MSW organic material. Does not include backyard 

composting. Details may not add because of rou,nding. 


materials. In the five years preceding 1939, recycled copper, lead, aluminum, and 
paper supplied 44, 39,28, and 30 percent, respectively, of the total raw materials ship
ments to fabricators in the United States (NCRR, 1974). Ultimately, it became more 
economical to process virgin materials than to use recovered materials. 

In principle, processable municipal solid waste could provide 95 percent and 
73 percent of our nation's needs in glass and paper, respectively. EPA estimates that 
overall, 30 percent of municipal solid waste was recovered in 2003. This represents an 
increasing trend. Table 9-12 shows the trt:nd in recycling and reuse from 1960 to 2003 
in millions of tons of waste. In 2003,65.7 Tg million tons of waste were diverted from 
landfills by recycling and composting. 

Table 9,13 shows a breakdown of recovered waste by 1 I product in 2003. EPA 
estirnates:thatduring 2003,I1early 39 percent of containers and packaging were recy
cled.Abopt44p~rcentofaJurninum beverage cans were recycled, as well as 48 percent 
ofpaperal1~J)aper?oard, 22 percent ofglass containers, and 8 percent of plastic pack
.agingands?nt~iners.N~:vspapers,them?stTecycled product, were recycled at a rate of 
a[)out82:perc~nt,.whileusedtelephone books were recycled at a rate of only 16 percent. 

. Recyclin.g of municipal solid waste for profit or for energy recovery is rarely cost
effective. However, many communities have initiated recycling programs as a means 
ofprotecting the environment Citizens have become increasingly aware of their role 
inp(otectiIlgthe.natural environment, and so demand that communities offer recycling 
serviCes. EPA has also set national goals to encourage active resource conservation and 
recovery programs. 

Most states and the District of Columbia have enacted laws on recycling ranging 
from purchasing preferences to comprehensive recycling goals. Over 8,000 curbside 
recycling programs, 3,000 composting programs, and 200 municipal recycling facili
ties are in operation (Wolpin, 1994, and U.S. EPA, 2003). The recyclable market con
tinuestofluctuate dramatically. For example, the price of old newsprint fell from 
$50IMgiriI,988 to less than $lOlMg in 1993 (Rogoff and Williams, 1995). It rose to 
over $1001Mg in 1995 (Paul, 1995). 

Theremainder of our discussion will be devoted to the technical details of several 
of the more promising resource conservation and recovery (RC & R) techniques. We 
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TABLE 9-13 
Generation and recovery of products in MSW by materia12003a

,b 

Mass Mass Recovery as 
generatedC recoveredc a percent of 

generation 

Durable goods 
Steel 10.16 3.06 30.2 
Aluminum 0.96 Neg.! Neg. 
Other nonferrous metalsd 1.44 0.96 66.7 

Total metals 12.52 4.02 32.1 
Glass 1.61 Neg. Neg. 
Plastics 7.61 0.30 3.9 
Rubber and leather 5.36 1.00 18.6 
Wood 4.78 Neg. Neg. 
Textiles 2.75 0.29 10.6 
Other materials 1.18 0.89 75.4 , 

Total durable goods 35.83 6.50 18.1 
Nondurable goods 

Paper and paperboard 40.19 16.42 40.8 
Plastics 5.76 Neg. Neg. 
Rubber and leather 0.80 Neg. Neg. 
Textiles 6.69 1.09 16.3 
Other materials 2.96 Neg. Neg. 

Total nondurable goods 56.34 17.51 31.0 
Containers and packaging 

Steel 2.58 1.56 60.6 
Aluminum 1.76 0.63 35.6 

Total metals 4.34 2.19 50.4 
Glass 9.71 2.13 22.0 
Paper and paperhoard 35.20 19.87 56.4 
Plastics 10.80 0.96 8.9 
Wood 7.58 1.16 15.3 
Other materials 0.20 Neg. Neg. 

Total containers and packaging 67.86 26.31 38.8 
Other wastes 

Food, otherC 25.04 0.68 2.7 
Yard trimmings 25.95 14.61 56.3 
Miscellaneous inorganic wastes 3.28 Neg. Neg. 

Total other wastes 54.25 15.33 28.2 
Total.MSW 214.28 65.59 30.6 

aSOllrce: u.s. EPA, 2003. 
iJlncludes waste from residential. commercial. and institutional sources. 
'In teragrams (Tg). 
dlncludes lead from lead-acid batteries. 
"Includes recovery of other MSW organic materi'!l for composting. 
fNi eg. = I' 'bneg Igl Ie. 
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have divided these into three broad c~tegories entitled low technologYdnedium tech
nology, and high technology. These categories refer to inQreasing degrees of sophisti
cation in terms of implementation, equipment, and capital investment. No municipal 
government should be enticed into anyone of these schemes with the hope of making 
money. The best that can be hoped for is defraying the additional costs over conven
tionallandfilling and extending the life of the landfill by some modest amount. In some 
cases, even these modest goals may not be achieved. 

Low Technology RC & R 
Returnable Beverage Containers. The substitution of reusable products for single
use "disposable" products is a workable means of conserving natural resources. Legisla
tion requiring mandatory refunds and/or deposit,;; on both returnable and nonreturnable 
beverage containers has been and will,continue to be hotly contested by the beverage and 
beverage container industries. States that have enacted mandatory refund and/or deposit 
legislation include California, Connecticut, Delaware, Hawaii, Maine, Massachusetts, 
Michigan, New York, Oregon, and Vermont as of 2002. The programs are successful in 
encouraging recycling of containers. Between 90 and 95 percent of the bottles are re
turned and between 80 and 85 percent of the cans are returned. In Oregon, a reduction 
in total roadside litter of 39 percent by item count and 47 percent by volume was re
ported after the second year of implementation of its law. Furthermore, for glass con
tainers there is a significant energy savings in that a glass bottle reused 10 times 
consumes less than one-third of the energy of a single-use container. Average reuse cycles 
vary from 1Qto 20 times.per container. 

Recycling. The reprocessing of wastes to recover an original raw material was for
rnerl~c,~lled salvageandisnow called recycling. At its lowest and most appropriate 
tec?~OIogicallevel,the materials are separated at the source by the consumer(source
se~aratio~);Thisisthemost appropriate· level because it requires the minimum ex
pengitllte8fenergy.Withstringentgoals for recycling, municipalities are looking at 
det<!ih;dF~qyclin~?pti?ns,. , 

Generally;therecyclingoptions available to a municipality for residential use in
clude: 

Curbside Gollection 

Drop:-off centers 

Material processing facility 

Material transfer stations 

Leaf/yard waste compost 

Bulky waste collection and processing 

Tire recovery 

The primary method of recycling in the United States today is curbside collection. 
Thishas the advantage of being easier on the resident than having to drive to a recy
cling center. There are two basic types of curbside collection for recycling. In the first, 
the homeowner is given a number of bins or bags. The homeowner separates the refuse 
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-- . 
as it is used, placing it in the appropriate bin. On collectionilay the container is pJaced 
on the curb. The primary disadvantage of supplying home storage contai.ners is 
the cost, which can represent a significant investment. Asecond method of curbside re
cycling is to provide the homeowner with only one bin, into which is placed all the 
recyclable materials. Curbside personn~l then separate material as it is being picked up, 
placing each type of material into a separate compartment in the vehicle. 

Asecond alternative is a drop-off center. Because recycling is a community-:specific 
operation, adrop-off system must be designed around and in consideration of conditions 
particular to the area of involvement. To evaluate and select the most appropriate drop
off system, we must consider critical factors such as location, materials handled, popu
lation, number of centers, operation, and public information. When drop-offs are used 
to supplement curbside programs, fewer and smaller drop-off sites may be required. 
When drop-off sites are the only, or primary, recycling system in a community, the sys
tem must provide for increased capacity. Careful planning to accommodate traffic flow, 
as well as storage and collection of materials, must be part of the siting activity. 

Iheconveflience ofa drop-off center will directly affect tl)eamQunt of citize~ par
ticipation. Strategically locating adrop-'off center in an area of high traffic flow~ where 
the center is highly visible, will encourage a greater level of participation. Even rural 
areas with widely scattered popUlations provide good locations·for drop-offs. Rural 
homeowners have certain common travel patterns that bring them to a few locations at 
regular intervals-····to a grocery store, church, or post office, to name a few. Figure 9-20 
shows an example of a drive-through material recycling center. 

A third major type of recycling is a materials recovery facility. In this case the re
cyclable material is taken by the municipality.to a central facility where the material is 
separated via rnechanical· and ·labor-intensive means. Figure 9-21 shows an example 
layoutofasep~~ati?nfacilityand Figure 9-22 shows a mass balance of what can be ex· 
pectedat...·suchafacility. 

cans 

-------io'-)o Drive-Thru --------io'-)o 

FIGURE 9·20 

Enclosed drive-through drop-off center. 
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Input 19% 
mixed glass, Magnetic 

Glass sorting Residue 3% metal & separator 

plastics 


Aluminum 3% 

Plastics .3 % ~~::} '11% 
Bimetal} 0/ '---- Amber' 2/0Tm '----- Flint 

Input 81 Newspaper 33% 
total Office, computer 18% 


paper 
 Corrugated 24 % 

FIGURE 9-22 

Material recovery facility process mass flow. 


Medium Technology RC & R 
Product Design. Simple changes in product configuration or packaging can result in 
conservation of resources, Three examples will suffice to illustrate the concept. In the 
mid-1970s several newspapers (for example, Los Angeles Times, Washington Post, and 
New YorkTimes) switched from a traditional eight-column format to a new six-column 
format for news and nine-column format for advertising. This shift resulted in a 5 per
centreductionin the amount of newsprint consumed. A large retail grocery store found 
thatitCQtildelirnlnatethecustomofdouble bagging groceries by using a slightly 
heav;ier~lNeighr.p~g\Withareinforcedbottom. this resulted in a 30 percent savings in 
the(fIl1()~.ntof~Betc()nsumed.Manyfast food snackS eliminated styrofoam containers 
fortheir§~ndwichesandnow use paper wrapping, which is more readily biodegraded. 

. TheseKin?sofc~~ngesare genyrallygeyond the scope onhe environmental engi
neer, However, tl1eirusecan be encouraged, and purchases can be made that Stipport 
those who useenvironmentalIy,conservative packages and products. 

SbreddingandSeparation. As-a.first stepinamedium technology system or as an 
add,:onto<alandfillvolumeenhancement program, some materials may be reclaimed 
at a central processing point. The most likely candidates for recycling are paper, non
ferrous metals (for example, aluminum), and felTous metals. Paper generally is re
moved by hand as the MSW passes along on a conveyor belt.*After passing through a 
shredder, ferrous metals can be removed using a magnetic separator. In large commu
nities, where more than 1,000 Mgfwk of MSW is collected, some consideration may 

*Depending upon the economy, hand sorting may be a losing proposition. An average worker can pick about 
2,0 Mg of newspaper in an eight-hour day. Atawage of 55.50/h, a day's wages amount to $44,00, exclusive of 
overhead and fringe benefit,S. Using an overhead rate of 100 percent. the cost of is S44.001I\1g. If the price 
for No.6 newsprint (a grade of paper) is $22/Mg as it was in 1994. this'is 11 Joss of S22/Mg before transportation 
costs are deducted. Of course, in 1995, when the' price was S1161lvlg. it was a winning proposition, 
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be given to the separation and"sQredding of auto and truck tires. Asphaltic concrete 
plants may be able to use the shredded tires in their raw material feedstock. Since tires 
are troublesome at landfills (because no matter how deep they are buried, they often 
pop up to the surface), their recovery as a resource is doubly beneficial. 

Composting. Compost is a humus-like material that results from the aerobic biolog
ical stabilization of the organic materials in solid waste. The most effective compost
ing occurs when the waste stream is free of inorganic materials. Frequently, this makes 
source-separated yard waste ideaL For the biological process to be effective, the fol
lowing conditions must be met (Tchobanoglous et al., 1993). 

1. 	 Particle size must be small « 5 cm). 

2. 	 Aerobic conditions must be maintained by turning the compost pile or forcing 
air through it. 

3. 	 Adequate, but not excessive, moisture must be present (50 to 60 percent). 

4. 	 An adequate popUlation of acclimated micro9rganisms must be present 

5. 	 The carbon-to-nitrogen ratio must be in the range of 20-25 to 1. 

The biodegradation process is exothermic and a well-operating compost will have 
a temperature between 55 and 60°C during the period of active degradation. These 
temperatures are effective in destroying pathogens. The processing cycle for compost
ing is about 20 to 25 days with active degradation taking place over a 10- to i5-day pe
riod. One of the major drawbacks of composting is odors. Maintenance of aerobic 
conditions'and a proper cure time minimize odor problems. 

Compost is useful as asoil conditioner. In this role compost will: (1) improve soil 
structure, (2) increase moisture~holding capacity, (3) reduce leaching of soluble nitro
gen,~lld(~Jil1creasethebuffercapacity of the soil. It should be emphasized that com
posti~notavalu(lblefertilizer. Itcontains only I percent or less of the major nutrients, 
such••• asnitr~gen,phQsphorus, .a~dpotash. 

Compostingis oneofthefastest-growing aspects of ISWM. The driving force is 
legislation enacted to extend the life of landfills by removing yard waste from the 
waste stream. According to the EPA, recovery by composting was negligible in 1988. 
By 1990, EPN-estimated that 2 percent of the nation's solid waste was being com
pgsted.'fhe2000estimate was that? percent of the solid waste was being composted. 
In 1994, over 3,000 composting facilities were operating in the United States. Sludge 
composting facilities numbered over 180, and municipal solid waste composting was 
being practiced by 21 cities (Monk, 1994). 

Methane Recovery. Methane is produced in sanitary landtills as a result of anaerobic 
decomposition of the organic fraction of the waste. In addition to gas extraction wells and 
a collection system, some gas processing equipment is employed. The minimum pro
cessing consists of dehydration, gas cooling, and, perhaps, removal of heavy hydrocar
bons. The gas produced is a low-Joule gas having heating value of 18.6 MJ/m3

. In 
high-Joule processing systems, carbon dioxide and some hydrocarbons are removed to 
yield essentially pure methane. The res'lilting gas is of pipeline quality and has a heating 



SOLID WASTE MANAGEMENT 795 

value of approximately 37J MJtm3
• The anticipated quantity·of landfill gas (LFG) varies 

between 0.6 and 8.7 liters per kilogram of solid waste present per year (Llkg . y)~The av
erage production rate is 5 Llkg . y. 

Although landfill sites as small as 11 ha have yielded substantial quantities of re
coverable methane,the capital investment and complexity of the gas processing equip
ment will limit this technique to the larger sites (>65 ha). Otherwise, the technology is 
readily available and can make use of a resource that otherwise would dissipat~ into the 
atmosphere. According to EPA data, in 1999,360 LFG-recovery projects nationwide 
produced the equivalent of 1,200 MW of power (Skinner, 1999). 

High Technology RC & R 
In the mid-1970s, under the auspices of the U.S. Environmental Protection Agency and 
with federal financing, several innovative high technologies for resource recovery were 
examined. At the end of the decade, a few workable systems and a large number of un
workable systems were identified. 

Since the successful high technology systems depend, to a large measure, on the re
covery of energy for their success, we will consider the worth of solid waste as a. fueL As 
illustrated in Table 9-14, MSW is not a very good fuel. On the other hand, its cost of 
$O.OOlMg may seem quite attractive. This is especially so when the price of anthracite coal 
maybe $50tMg and the price of No.2 fuel oil is $250IMg. Unfortunately, solid waste, as 

TABLE 9·14 
Net heating value of various materials 

Material Net heating value (MJtkg) 

Charcoal 26.3 
, ,-_: " ;' , 

.•• Coal,ru:tlira9ite .... 25.8 

CQal,pituilliI10us\hivolatile B) 28;5 

Fu~};gilic~O~ 2(homeheatjng) . 45;5 


..•.. ·~.glletoil~n9;6 (5unkerC)' 42.5 
(JariJage' ' ... 4.2 
Gasoliqe(regular, 84 octane) 48.1 
Methanell 55.5 
Muo.icipaJsolidwaste (MSW) 10.5 

.NattIralgasa 53.0 
Newsprint 18.6 
Refuse derived fuel (RDF) 18.3 
Rubber 25.6 
Sewqge gasa 21J to 26.6 
Sewage sludge (dry solids) 23.3 
Trash 19.8 
Wood,oak 13.3 to 19.3 
Wood, pine 14.9 to 22.3 

"Densities taken as follows (all in kg/nr\ CH4 0.680; natural gas"" '0.756: sewage 

gas 1.05. 


.. ' 
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a fuel, has a hidden cost. Unless the physical characteristics are upgraded_by removing 
metals and glass and by reducing the particle size, MSW cannot be burned in conventional 
coal-fired power plants. The alternative is the construction of a special power plant that 
can handle the MSW as it is received. In either case, some cost is imposed. 

It appears that if a high technology resource recovery facility is to be successful, it 
must meet ,the following criteria (Serper, 1980): 

1. 	High technology resource recovery can only be economical in large metropolitan 
areas where landfill sites are unavailable or are very expensive, above $25IMg, or 
in geographic locations where the water table makes safe landfilling impossible, 
as, for example, the city of New Orleans and its surrounding suburbs. 

2. 	There must be an adequate refuse supply committed to the facility (a minimum 
of 1.8 Gg/d is needed). In general, this implies a population of 250,000 or more. 

3. 	 A customer must be obtained for the steam or. the power generated by the 
plant and must be located close by. Firm contracts must be obtained for both 
the refuse supply and the sale of energy. 

4. 	 If the customer is totally dependent on the energy supplied by the facility, the 
combustion facility must be designed with the capacity to burn fossil fuel 
when refuse is unavailable or when the plant cannot process the raw refuse 
due to malfunctions of the processing equipment. 

5. 	 The logistics of delivering refuse to the resource recovery facility should be 
plan~ed long in advance. It may be necessary to establish transfer stations and 
st9rage locations that will operate in conjunction with the resource recovery 
plant. 

6.Systemsthatcim dispose of both municipal refuse and sewage sludge will have 
econoJUicadvantagesovetsystems that dispose of refuse only. With the ban of 
oceandumpingnow in effect, local· sewage districts are being forced to spend 
astr9~ol11icalal1JoOntsofmcmeytoincinerate sludge. Aco-disposal plant should 
reduceboththetefuseand sludge disposal costs. In order to be economically 
competitive, sewage sludge must be dewatered to the maximum practical extent. 
Anumber ofco-:-disposal plants are now in operation in Europe. Except for large 
installations,there will not be sufficient excess energy to warrant exporting it. 

Many of the high technology systems have, as a common starting point, the 
medium technology materials recovery systems as their first process steps. These were 
discussed in a previous section. 

9·7 CHAPTER REVIEW 

When you have completed studying this chapter you should be able to do the following 
without the aid ofyour textbooks or notes: 

1. 	 State the average mass of solid waste produced per capita per day in the 
United States in 2003. 
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2. 	 Differentiate between garbage, rubbish, refuse, and trash, based on their 

composition and source. 


3. 	 Compare the advantages and disadvantages of public and private solid waste 
collection systems. 

4. 	 List the three pickup methods (backyard, set-out/set-back, and curbside) and 
explain the advantages and disadvantages of each. 

5. 	 List the components of a time study for a waste collection system. 

6. 	 Compare the advantages and disadvantages of the four methods of collection 
truck routing. 

7. 	 Explain the four methods of integrating several crews. 

8. 	Explain what a transfer station is and what purpose it serves. 

9. 	 List and discuss the factors pertinent to the selection of a landfill site. 

10. 	 Describe the two methods of constructing a MSW landfill. 

11. 	Explain the purpose of daily cover in a MSW landfill and state the minimum 
desirable depth of daily cover. 

12. 	 Define leachate and explain why it occurs. 

13. 	Sketch a MSW landfill that includes proper cover and a leachate collection 
system. 

14. 	 Define or explain the "following terms: WTE, autogenous, HHV, LHV, RDF, 
source-separation. 

~5.E~plainthe relationship between oxygen, time, temperature, and turbulence 
.. )n,establishingefficientcombustion reactions. 

~ <". "', ,;"~,' «,« ,-- ' , 

16~E~:pla.in theeffect ofsource-separation on the heating value of solid waste 
.. andonthe potential for hazardous air pollution emissions. 

List t'.\'o highly feasible methods ofresource conservation and/or recovery in 
low technology and meditlm technology RC & R. 

Describe and explaiI1, .in a basic manner, each of the two methods listed in 
number 17 above such t~at the average citizen could understand the method. 

With the aid (~f this text you should be able to do the following: 

1. 	Determine the volume and mass of solid waste from various establishments. 

2. 	 Determine the required volume capacity of a solid waste collection truck, or 
conversely,. determine the number of stops possible for a given truck volume, 
or the allowable mean time per collection. 

3. 	 Estimate the annual truck and labor cost for solid waste collection and the 

cost per service stop. 


http:16~E~:pla.in
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4. 	 Layout a truck route using 'the heuristic roUtlng technique" 

5. 	Determine the necessity and/or advisability of constructing a transfer station. 

6. 	Estimate the volume and area requirements for a landfill. 

7. 	Compute the LHV given the HHV and the chemical formula for a compound 
to,be burned. . 

9-8 PROBLEMS 

9-1. 	 The student population of Metuchen High School is 881. The school has 
30 standard classrooms. Assuming a 5-day school week with solid waste 
pickups on Wednesday and Friday before school starts in the morning, de
termine the size of storage container (dumpster) required. Assume waste is 
generated at a rate of 0.11 'kg/cap . d plus 3.6 kg per room and that the 
density of uncompacted solid waste is 120.0 kg/m3

, Standard container 
sizesareas follows (all in m3

): 1.5,2.3,3.0, and 4;6. 

Answer: Select one L5-m3 and one 4.6-m3 container. 

9-2. 	 The Bailey Stone Works employs six people. Assuming that the density of un
compacted waste is 480 kg/m3

, determine the annual volume of solid waste 
produced by the stone works assuming a waste generation rate of 1 kg/cap' d. 

9-3. 	 As the supply of high-grade ores is used up, lower grade ores are used to 
produce mineraJs. Assuming that you are producing 100 kg of metal, use 
!hemass balance method to calculate the kilograms of waste rock per kilo
gram of metal for ore containing 50, 25, 10,5, and 2.5 percent metal. 

9-4. 	 Professor Green has made measurements of her household solid waste, 
shownin.the table below. If the container volume is 0.0757 m3

, what is the 
averagedeI1sity of the solid waste produced in her household? Assume that 
the.massofeachemptycontainer is 3.63 kg. 

Can no. Gross massa (kg) 

Mareh18 1 7,26 

2 7.72 

March.25 10.89 

2 7.26 

3 8.17 

April 8 6.35 
') 8.17 

3 8.62 

"Container plus solid waste. 

Answer: Average density = 58.4 kg/m3 
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9-5. 	 The collection vehicle compacts the household solid waste in Problem 9-4 
to 37 percent of its original volume. Estimate the density of the compacted 
waste in kg/m3. 

9-6. 	 The typical composition of solid waste from Davis, California, is shown in 
Table 9-4. Calculate the density of this waste in kg/m3 if the paper, card
board, plastic, glass; and t~n cans are removed. 

9-7. 	 Early Collection Systems is considering bidding on a solid waste manage
ment contract to collect all of the residential solid waste generated by Mid
den (population 44,000). The average solid waste generation rate is 1.17 
kg/cap . d and the average uncompacted density is 144.7 kg/m3. The re
quest for bids specifies that each residence must have a minimum of two 
pickups per week (maximum of 4 days between pickups) and that there 
will be no rear-of-house pickups. Using the following assumptions, deter
mine how many trucks of what size Early Collection Systems should plan 
on using. Assumptions for Midden: 

Average residential occupancy 4/residence 

Average number of cans per stop = 3/wk at 0.0757 m3/can 

Side loader compactor truck with a crew of one 

Truck compactor density rating = 475 kg/m3 

Truck dump time 7.50 min 

Delay time 20.0 min 

Distance to disposal site 24.0 km 

Number of trips to disposal site = 2/d 

Til11e between pickupstops = 18.00 s 

Dumptime(regression coefficient a) 12.60 s/can 

Standardside-:Ioading compactor truck capacities (all in m3
): 9.0, 

12.(J~15.0;1 KO;19~0,21,and 27 

Answer: Should have 12 trucks of 9.0 m3capacity. 

9-:8. 	 The City of Forty Two {population 361,564) has requested your assistance
in evaluating its solid waste collection system. Determine the mean time 
per collection stop plus the mean time to reach the next stop, the number 
of pickup locations per load, and the minimum number of trucks the city 
must own. Forty Two collection data: 

Average truck capacity = 18.0 m3 

Aver-age observed compaction ratio 3.97 

Crew size = 2 

Number of pickups = 1/wk (no rear-of-house service) 

Average number of cans per stop 2.,53/wk at 0.1136 nr'/can 

Average number of i'esidents per stop '4 
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9-9. 

9~10. 

9-11. 

9-12. 

Average uncompacted density = 100:76 kg/m3 

Average transport time to disposal site including delays and dumping 
= 1.00 hltrip 

Average number of trips to disposal site = 2/d 

Rest breaks = 2 at 15.0 min 

Average maintenance downtime = 24.0 111in/d 

Average work day = 8.00 h 

Average percent of trucks out of service for major repairs 15.0% 

The City of Bon Chance (population 161,565) has requested your assis
tance in evaluating its solid waste collection system. Determine the mean 
time per collection stop plus the mean time to reach the next stop, the 
number of pickup locations per load, and the minimum number of trucks 
the city must own. Bon Chance collection data: 

Average truck capacity = 18.0 m3 

Average observed compaction ratio 3.28 

Crew size = 2 

Number of pickups l/wk (no rear-of-house service) 

Average number of cans per stop = 2.95/wk at 0.0911 m3/can 

Average number of residents per stop 2.5 

Average uncompacted density = 122.0 kg/m3 

Average transport time to disposal site including delays and dumping 
= 1.50h/trip 

Averageriumber of trips to disposal site 2/d 

Restliteaks 2 at 15.0 min 

AVeragemaint~nancedowntime = 36.0 min/d 

A~eragework day = 8.00 h 

Average percent of trucks out of service for major repairs 15.0% 

Rework.Exa.mple9.-3assuming no rear-of-yard pickup and only one trip 
per day to the disposal site. 

Rework Problem 9-8 Llsing a time between pickup stops of 28.20 s 
and a dump time (regression coefficient a) of 12.80 s/can for a side
loading truck and a crew of one. Assume that the truck size remains 
the same but the number of trips to the disposal site is reduced to one 
per day. 

Mr. Midas, owner and manager of Early Collection Systems, would like 
to make a 20 percent profit (before taxes) on the Midden collection system 
\vork (Problem 9-7). Using the data provided by Mr. Midas, shown in 
the table below, determine the annual cost per megagram (Mg) and the 
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average weekly charge to each household in order for Mr. Midas to make a 
20 percent profit before taxes. 

Labor costs for Midden 

Employee title Number Wage rate, $/h 

Route supervisof 

Secretarylbookkeeper{/ 

Mechanico 1 

29.60 

16.20 

20.61 

Driver!collector 

Generallaborer{/ 

12 

2 

17.74 

7.40 

"paid by overhead. 
bMechanic is included in 0 & Mcost. 

Average work week 40.0 h/wk, 5 d/wk 

Overhead rate = 101.38% of total driver!collector wages 

Truckdata: 
Size = 9.0 m3 

Capital cost = $117,000 
O&M cost = $6.46/km 
Anticipated life of truck 5 y 
Interest rate 8.75% 
Average annual distance for each truck 16,412 km 

costper megagram and the average weekly charge 
a crew of tW9 andfor a system using a 

(population 361,564). Nos1eep collec

=1 Iwk(no rear-of-houseservice) 

Average number ofcans per stop 2.53/wk at 0.1136 m3/can 

A\i,erage nUlnber of residents per stop = 4 

Mealltimepercollectiorl'stopplus mean time to reach next stop: 

For crew of Ol}e = 0.01180 h 
For crew of two = 0.00883 h 

Average uncompacted density = 100.76 kg/m3 

Average observed compaction ratio - 3.97 

Average transport time to disposal site including delays and dumping 
= [.OOh/trip 

Average number of trips to disposal site = lid 

Rest breaks == 2 at 15.0 min 

Average maintenance'downtime = 24.0min/d 
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Average work day =..8.00 h 


Average percent of trucks out of service for major repairs lS.0% 


Labor costs for Nosleep 

Employee title Number Wage rate, $/h 

DirectorCl 
~ 48.95 


SecretaryCl 1 13.44 

BookkeeperCl 23.02 


Route supervisors 4 33.S0 


Senior mechanicb I 37.68 


Mechanicb 3 25.11 


Crew of two: 

Driver ( l/truck) c 15.2S 

Collector (lltruck) c f4.70 


Crew of one: 

Driver/collector c 16.00 

General laborers{l 4 7.40 


"Paid by overhead. 

"Included in 0 & M cost. 

'Dependent on number and type of trucks required. 


Average work week 40 h/wk, S d/wk 

Overhead rate = 7S.04% of total crew wages 

Truck data: 
Capital cost ofIS.0-m3 truck =$122,000 
O&M forIS.O-m3 truck = $5.7Slkm 
Capital costof 2I.O-m3 truck $141,000 
O&Mcost for21.0.:m3 truck == $6.5Slkm 
Truck compactor density rating == 400 kg/m] 
Anticipated life == S Y 
Interest rate =6.7S% 
Average annual distance for each truck = 11,797 km 

9-14. 	The city manager of Bon Chance (population 161,S65) has requested your 
services in analyzing three alternative city-managed schemes for collec
tion of the city's solid waste. The three schemes are: (1) a system with 
crew-of-one trucks, (2) a system with crew-of-two trucks, and (3) a system 
with crew-of-three trucks. Using a spreadsheet program you have written, 
prepare an estimate of the annual cost per megagram (Mg) of each of these 
sy?tetns for the city manager. Bon Chance collection data: 

Average observed c:ompaction ratio = 3.28 


Number of pickups == ·l/wk (no rear-of-house service) 
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Average number of cans per stop = 2.95/wk at 0.0911 m31can 

Average number of people per stop = 2.5 

Average uncompacted density 122.0 kg/m3 

Mean time per colection stop plus mean time to reach next stop: 

For crew of one = 0.88 min 
For crew of two 0.57 min 
For crew ofthree = 0.37 min 

Average transport time to disposal site including delays and dumping 
= 1.50 h/trip 

Average number of trips to disposal site = lid 

Rest breaks = 2 at 15.0 min 

Average maintenance downtime = 36.0 min/d 

Average work day = 8.00 h 

Average percent of trucks out of service for major repairs = 15,0% 

Bon Chance labor costs 

Employee title Number Wage rate, $/h 

DirectorG 1 48.95 
Secretary(/ 1. 13.44 

Bookkeepef 23.02 

4 33.50 

1 37.68 

3 25.11 

c 16.00 

Ciewoftwo: 

Driver(l/trusc~) c. 15.25 
Collect()r(l/t(llck) c 14.70 

Crew of three: 

Driver (lltruck) c 15.25 
Collector (2/truck) c 14.70 
GenerallaborersCl 4 7.40 

(lPaid by overhead. 

"InCludedinO&M cost 

cDependent on number and lypeof trucks required. 


Average work week = 40 h/wk, 5 d/wk 


Overhead rate 75.04% of total crew wages for crew of one. 
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Truck data: 

Capital cost of 15.0 m3truck = $122,000 
0& M for 15.0 m3truck = $5.75/km 
Capital cost of 18.0 m3 truck = $131,500 
0& Mcost for 18.0 m3truck = $6.55/km 
Capital cost of 21.0 m3truck = $141,000 
0& M cost for 21.0 m3 truck = $7.60/km 
Truck compactor density rating 400 kg/m3 
Anticipated life = 5 y 
Interest rate 6.75% 
Average annual distance for each truck 15,260 km 

9-15. 	Using the rules for heuristic routing, plan a collection route for the section 
of Redbud shown in Figur~P-9-15. Assume that all streets are two-way 
and that the pattern is bounded by two-way streets on all four sides. Also 
assume that collection is on one side of the street at a time. 

Answer: The solution has no dead distance 
, 

and two left turns. Both 
left turns occur at the intersection of Simons and Garson. 

Simons 

~ Garage


• 
Start-

Stevenson 

FIGURE P·9·15 

Sketch map no. 1, Redbud. 


9-16. 	Rework Problem 9-15 for the section of Mundy shown in Figure P-9-16. 
All of the streets are two-way and the pattern is bounded by two-way 
streets on all four sides. Collection is from one side of the street at a 
time. 

9-17. 	Rework Problem 9-16 but assuming that \Vest Zacks is one-way going north 
and that East Zacks is one-way going south. 

e Answer: The solution has three dead distances and 14 left turns. The 
dead distances are in the middle block of North and South Avenues. 
The left turns occur at the trafflc signals. 
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North Avenue 

o 

o 0 

FIGURE P-9-16 
Sketch map no. 2, Mundy. The numbers 

South Avenue refer to the number of stops in a block. 
• Garage The circles denote trartie signals. 

9-18. 	Usingthe rules for heuristic routing, plan a collection route for the section 
of Travail shqwnin Figure P-9-18; Assume collection is on one side of the 
street at atimeandthatallstreetsare two-way. 

I 
l 

FIGURE P-9-18 

Sketch map no, 3, Travail. 


9~19. 	Divide the collection area shown in Figure P-9-19 into two approximately 
equal collection routes with starting points at A( I) and A(2). The differ
ence in the number of stops for each route should not exceed 25. Layout 
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the collection route that begins atA(l). The collection route cQnstraints are 
that there are to be no U turns in streets and that collection is to be made 
from each side of the street with one driver/collector using a right-hand
drive collection vehicles. Thepreferred solution is one that minimizes 
overlaps. 

A(I) 

A (2) 

FIGURE P-9-19· 
.sketch map of Troublesome Creek collection area. 2.6. 12 

number of residences along each block. (Source: Tchobanoglow. 

et al.. 1993) 


9-20. Divide the Olson collection area shown in Figure P-9-20 into two approxi
n1atelyeqpalcol1ec~ionroutes with starting points at A( 1) and A(2). The 
difference in the mimberofstopsforeach route should not exceed 25. As
suming that both sides ofthe street can be collected in one pass, layout 
the~oHectionroutethatbeginsatA(2). HINTS: Np = 500, Huntington Rd. 
divides the tworoutes. 

9-21. 	Repeat Problem 9-20 for the Masters collection area shown in Figure P-9-21 
forthe collection route that begins at A(1). HINT: Np = 488, The route is 
roughly bounded by Highland Ave. and Concord Ave. 

The following equations may be used to determine the speed as a func
tion of the haul distance x for Problems 9-22, 9-23, and 9-24: 

From 7.5 t022km: s =-17.76 + In2x 


From 22 to 40 km: s = 10.36 + 0.86(Lt) 


From 40 to 80 km: s = 4.75 + 0.92S(2\') 


Beyond 80 km: s ~ 80 




807 SOLID WASTE MANAGEMENT 

Sherwood 
11',Y.\';;;:1:z; 

Ludlow 

Victoria 

1°11 
Wales 

1~';9' 
Morton 

2 
54 

1
',.;2 

FIGUREP~9·20 
Sketch maplib.\.4, Olson. The numbers refer to the number of stops in a block. 

9-22. 	Write an equation for the relationship between the cost per megagram for 
hauling solid waste to a disposal site at a distance x, and the round trip 
time Ht it takes to travel to the disposal site for a crew of one in a 9.0-m3 
compactor truck (see Problems 9-7 and 9-12 for data). The haul speed is 
determined from the equations noted above. 

Answer: Te = 13.29 + 1.51x + 4.18Ht 

9-23. 	Repeat Problem 9-22 using a crew of one with 18-m3compactor trucks. 
(See Problem 9-14 data.) 

9-24. 	Repeat Problem 9-2i using a crew of two with 18-m3 compactor trucks. 
(See Probfems 9-9 and 9-14 for data.) 
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Sketch map no. 5, Masters. The numbers refer to the number of stops in aplock. 
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9·25. 	The town of Trooper (population 8,SOO) is clos'iQg its open dump and will 
transport its solid waste (9.S3 Mg/wk) to the regional landfill at Tuppance 
Junction. If the one-way distance to the disposal site is 64.0 km and the 
crew size is one, should Trooper consider using a transfer station? As
sume that the capital cost of the transfer station is $2S,000 amortized at 
6.0 percent over S years, and that the annual cost of owning and operating 
the transfer vehicle imd station is $20,000. Note: AlP (6.0%, Sy) = 

0.2374 and 

VT 11.321 - 3.827 (~) 
2x

H=
t S 

Answer: No. 

9·2~.Calamity (population3S,000) generates 48,800 m3 of solid wasterat a 
density of 42S.0 kg/m3 each year. Four crews of three each are now 
averaging 1.08 hid in haul time to the disposal site. Using the data 
given below, and the crew-of-three cost curves determine whether or 
nota transfer station should be considered based on an economical 
analysis. 

Transfer station ,data: 

Capital cost $1,200,000 at 6.00% over 8 years 
vehicle amortization = $5S,000/y 

overhead) = $64,960/y 

site 46.7 km 

Ie = 13.22+'O.6319(x) + 3.869(Hz) 


Sayings frolll trarrsferstation: 

NllIrtbeloicol1ectlon crews will be reduced to two 
Average daily.round trip haul time to transfer station for each 
vehicle 20 min 

9-27. 	Estimate the area arid volume of landfill to handle the solid waste from 
Midden (Problem 9-7) for 20 years. The Science Club at Ylidden High 
Schoolhasfurnished the following data based on a 12-month survey. (One 
samplehaving amass. of 1.000 Mg was taken at the existing landfill during 
normal off-loading operations 1 day each month.) Assume a cell height of 
2.40m and that the recommended depths of cover will be used and that 
compaction will be normal. 
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Characterization of Midden solid waste 

Component Mass fraction' 

Food waste 0.0926 

Paper 0.4954 

'Plastics, rubber, leather 0.0438 

Textiles 0.0379 

Metals 0.0741 

Glass 0.1668 

Miscellaneous 0.0894 

Total 1.0000 

9-28. 	Rework Problem 9-27 assuming that 50 percent of the paper is recycled. 

9-29. 	AMSW landfill is being designed to handle soli<;i waste generated by 
Binford at a rate of 50 Mg/d. It is expected that the waste will be delivered 
by compactor truck on a 5 d/week basis. The density as spread is 122 kg/m:>. 
It will be spread in 0.50 m layers and compacted to 0.25 m. Assuming three 
such lifts per day and a daily cover of 0.15 m, determine the following: 
(a) annual volume of landfill consumed in m3

, and (b) daily horizontal area 
covered by the solid waste. [gnore the soil volume between stacks. 

9-30. 	Estimate the theoretical production of landfill gas (CH4 only) from the 
tlegradation of 20.3 kg of rapidly decomposable MSW. Assume the density 
ofmethane is O.7l77 kg/m3

. 

9-31.Esti~atethetheoretical production of landfill gas (CH4 plus CO2) from the 
degradation of 3.3 kg of slowly decomposable MSW. Assume the density of 
m~thaneisO.716Jkg/m3and that of carbon dioxide is 1.9768 kg/m3 at STP. 

9·32.Tli~sityofNosleep(Problem 9-13) is considering'instituting a recycling 
programin which the residents presort the solid waste into four compo
nents: (1) mixed waste, (2) paper, (3) glass, and (4) metallics. From a re
search.studyreport, we find thatthe mean time per collection stop plus the 
~eantimetoreach the next stop (t ) can be estimated from the followingp

equation (Tichenor, 1980): 

tl) = 22.6 + 3.80R + 5.50S 

where t = mean collection time, s 
R = number of units of mixed waste per stop 
S = sum of the number of units of separated paper, glass, and 

metallics per stop 

Assuming that S = 3.00 and R = 1.53, rework Problem 9-13 to determine 
whatsavings in disposal cost is needed to offset the additional cost of col
lection f-or a crew of one. 
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9-33. Rework Example 9-4 assuming that 50 percent'of the paper and ·80 percent 
of the glass and metal are separated at the source and recycled. 

9-34. 	Using the EPA method, estimate the maximum drainage distance L for a 
solid waste landfill with a rainfall of 4.0 em/mo. Assume the hydraulic 
conductivity of the drainage layer is 2 X 10-2 cm/s and the slope ofthe 
liner is 1.0 percent. . 

9-35. 	Using a spreadsheet program you have written, rework Problem 9-34 with 
slopes of 0.5, 1.0, 2.0, and 3.0 percent. Estimate the maximum depth of 
leachate for wet season rainfall of 40.0 cm/mo for the case of the 1.0 per
cent slope. 

9-36. 	The higher heating value for cellulose (C6HIOOS) is 32,600 kJ/kg. Com
pute the lower heating value. 

9-37. 	The higher heating value for methane (Cf4) is 888,500 kJlkg.. Compute 
the lower heating value. 

9-38. 	Typical residential food waste has a higher heating value of 4,500 kJ/kg 
on a dry mass basis. Compute the lower heating value if 6.0 percent of the 
waste by mass is hydrogen. 

9-9 DISCUSSION QUESTIONS 

Whatis the effect of crew size on the mean time per collection stop (t~)? 
doesthe container location affecrthe mean time per collection 

consideration of a transfer 

3. tlay(K = I X £0-9 cm/s) 

4. Clay (K I X 106 cm/s) 

5. Sand (K = 0.1 cm/s) 

6. Sand(K =0.001 em/s) 

AWTE plant is being Pfoposedas part of an ISWM plan. The proponents 
oftheW'f~argue that.recyc1ing isnot necessary and will have no effect 
on the performance of the plant Do you agree or disagree? Explain. 

Although the market value of compost is negligible, many communities 
have implemented yard waste composting systems. Explain why. 
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10-1 THE HAZARD 

A hazardous waste, in short, is any waste or combination of wastes that poses a sub
stantialdanger, now or in the future, to human, plant, or animal life, and which there
fore cannot be handled or disposed of without special precautions. The following 
examples illustrate the potential problems that may arise when special precautions are 
not taken in the disposal of hazardous waste. 

1. 	Judy Piatt hired Russell Bliss to spray oil around her stables at Moscow Mills, 
Missouri, to control the dust. A few days later, hundreds of birds fell to the 
ground and died. Within the next three-and-a-half years, 20 of her cats went 
bald and died. Sixty-two of her horses died. Bliss's oil was waste from a de
funct hexachlorophene plant that had paid him to dispose of it. That same 
waste oil was used to settle the dust in the streets of Times Beach, Missouri. It 
contained dioxin as a contaminant. It was 1971 and virtually no one knew that 
this waste oil was a hazardous waste. 

2. 	The lagoon Was once a licensed disposal site for toxic wastes. The ownef was 
'Berlin & Farro Liquid Incineration, Inc. At the bottom of the mysterious blue 
liquid in the lagoon were some barrels. They were thought to contain hy
drochloric acid. The blue liquid in the lagoon was a cyanide waste. The com
bination of the two chemicals would result in a lethal cloud of cyanide gas. 
The citizens of nearby Swartz Creek, Michigan, were evacuated while the 
State Department of Natural Resources oversaw the cleanup. 

These .actual case histories epitomize our concern with hazardous wastes. That 
which is<commonpractice today may be the seed of disaster for tomorrow. What is 

f~IJc?I1Sidered~()B~~ispo§alpr~ctice maybecomea nightmare if the operators are not re
sPQ~sibl~cmclI9rareeot'g09d ~noughbusinesspeople to make money within the rules, 
a.l1d;art}ther~for~tt;I11Ptedtostray beyond them, 

~c-:>-::-- -.''''::__:.,-- ,',:::,':':',--:u:.,',':,',':-",'" 

·············~d;~G~s·· 

~~<W~?'~()Uldiiil<~~(){~lab~fat~ontWoparticularhazardous wastes that have achieved na
tioria1p(OIninence:dioxirtsandPCBs.Because of their newsworthiness, we provide 

i\,,;J 	 Xou;vithabri~fs~I11~aryofwhatthesecompoundsare, where they come from, and 
thy}r envi£ol1mental;impact...... 

Dioxins are found as over twenty different isomers of a basic chlorodioxin struc
ture (Figure 10-1). The most common form, 2,3,7 ,8-tetrachlorodibenzo-p-dioxin 
(TCDD), has become recognized as probably the most poisonous of all synthetic 
chemicals. Dioxins are a contaminant by-product that may be thermally generated 
during the manufacture or burningofchlorophenols; pesticides such as 2,4,5-T; Agent 
Orange, a defoliant made of a 50/50 mix of 2,4-D and 2,4,5-T; algae-controlling 
herbicides; insecticides; and preservatives. Dioxins are not manufactured for any 
cOlllmercialpurpose.TheyoccuroI1ly asa contaminant by-product. To date no 
dioxin has been found to be fonned naturally in the environment. Widespread TCDD 
contamination has been reported in particulate matter from commercial and domes
tic combustion processes. Additional background dioxin contamination (0.1 to 10 parts 
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per miIlionrPpm) may persist and bioaccumulate following the field application of 
herbicides. 

TCDDisacrystalline solidat room temperature. It is only slightly soluble in water 
(0.2 top.6p~ipeI'bil1ion,pp?). TCDn is considered to be a highly stable compound. 
ItisthermaUydegraded at temperatures over 700°C. It is photochemically degraded 
under ultraviolet light in the presence of a hydrogen-donating solvent such as a solu
tion of olive 011 in cyclohexanone. 

TCDO contamination was found at ppm levels in 2,4,5-T and 2,4-D used for weed 
control in the United States and as a defoliant in Vietnam; in wastes at the Love Canal 
disposalsites; in orthochlorophenol crude spill residues in the Sturgeon, Missouri, train 
derailment; and in fallout from an explosion at a chlorophenol manufacturing plant 
spillinSeveso, It~ly. It is at this last site that engineers and scientists were challenged 
to develop environmentally safe control strategies. 

The environmental health effects of dioxin in people are not well documented. 
However, alleged birth defects in newborns in South Vietnam caused researchers to 
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begin animal toxicological investigations. TCDD is known to cause severe ski~ dis
orders, such as chloracne. In test animals it is a carcinogen, teratogen, mutagen, and 
embryo-toxin, and is known to affect immune responses in mammals. It is consid
ered persistent, and it bioaccumulates in aquatic organisms and people (U.S. EPA, 
2005a). At this date (2005) no deaths have been directly correlated with low-level 
TeDD exposure. Nor have epi.demiological findings shown any increased incidence 
of carcinogenesis, teratogenesis, mutagenesis or newborn defects, miscarri(iges, or 
similar adverse health effects in people. In 1994, the U.S. Environmental Protection 
Agency (EPA) released a report compiled by more than 100 scientists, including 
many not affiliated with EPA, that presents evidence that dioxin, even in trace 
amounts, may cause adverse human health effects (Hileman, 1994). EPA believes 
that dioxins are carcinogens and may cause a wide range of other effects including 
disruption ofregulatory hormones, reproductive and immune system disorders, and 
abnormaUetaldevelopment (U.S. EPA, 2001 and 2005a). Levels of dioxins in the 
environment were negligible until about 1930, peaked about 1970, and have been 
declining since then. Concentrations of dioxins in human lipid tissue have declined 
since 1980. ' 

Th~ term PCB (polychlorinated biphenyls) refets to a class of organic ch~micals 
produced by the. chlorination ofa biphenyl molecule. It is composed of ten possible 
forms and, theoretically, more than 200 isomers. These forms arise from a specified 
number of chlorine substitutions on the biphenyl molecule and correspond to the 
chemical nomenclatures monochlorobiphenyl, dichlorobiphenyl, trichlorobiphenyl, 
andsoon.SeveraLisomers for each PCB molecule are possible, the number depending 
on~v~ilable substit~tio~ sites on· each biphenyl portion (2-6, 2'-6') of the molecule. 
ijowever,notallpossible isomers are likely to be formed during the manufacturing 

1;;"" 	 professes.• lnge~er~I.<~ostcOinmonones are those that have either an equal num
~~:' 	 berofcm~~Reat~rn/ ~~b()t~Tingsoradiff~rence ofonly one chlorine atom between 

.. ·.~1 s'.§9~t~~3(lmples~r~S4()~~in.F'ig~re••'.•. 19~2. 
~. ". ·".,~omfIler~l~F~~,~rnixt.~rr~;were.Illanufactllr~dunder a variety oftrade names. The 
'~ 	 ....l.o~~R~prg(j~ctvarir(jfror1118to79percent, depending on the extent 
•.,... .,......,..... ,.,.......,... ".P~(jll~~&,th~.ll}anufa~tllril1gprocessoron,the··amount·.of isomeric mixing 

i;~~ 	 e~figfge(liti?yindividualproducers.EachcompanYhad a specific system for identify

~H~thR(;~~prp,ycontentofitsproduct: For example,Aroclor1248} 1254, and 1260 in
dicate4~perc~W,~$peftent'(l~d?O<perceI1tchlorine} respectively; Clophen A60, 
g~~RPs~I~rcIJr;~t~ndI<ane,91()r~OOdesigqatethat these products contain mixtures of 
hexachlbrobiphenyls. . 

Thecmlyimportant U.S. producer of PCBs was Monsanto Industrial Chemicals 
Co., which had plants at Anniston, Alabama, where production of PCBs ended in 1970; 
and Sauget, Illinois, where production ceased in 1977. Sold under Monsanto's re~ 

gisteredtrademark ofAroclors, mixtures of PCBs had been used originally as a 
.coolant/dielectric.for transformers and capacitors, as heat transfer tluids, and as pro

...... 	 tectiv~.coatingsforwoodswhen low flammability was essential or desirable. Produc
~rsan~usersalike,appa~entlyunaware of any potential hazards from exposure to 
P~Bs,iIlitiaUyoperatedinaccQ~dance with earlier results of toxicity tests that indi
cated no effects {Penning, 1930). The expansion of open-ended applications between 
1930 and 1960, incorporating PCBs into such commodities as paints, inks, dedusting 

http:P~(jll~~&,th~.ll}anufa~tllril1gprocessoron,the��amount�.of
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FIGURE 10-2 
Molecular structure and names of a few selected polychlorinated 
biphenyls, 

agents, and.pesticides, l,ed to the widespread dissemination of which we are now 
aware. By, 1937, toxic effects were noted in occupationally-exposed workers, and 
threshold limit values were imposed at manufacturing sites. 

ThegeneraLpatternofrelease of PCBs to the environment changed significantly 
duringthe eady 1970s.Untilthen,essentially no restrictions were imposedeither on 
thellse or onthe disposal 6fPCBs. After evidence became available in 1969 and 
1970t~atch:onicexp.osurec?uld result in hazards to human health and the environ
Jllent,~()ns~nto~olunt~rilybannedsales of PCBs, and th~ release rate from indus
trial use was reduced through stringent control measures. However, significant 
reservoirs of mobile PCBs (those available for transport among environmental me
dia and biotatstillexistalongwith even larger, currently immobile reservoirs. The 
latt7r~pclud7those materials cOI1taining PCBs that are still in service and those de
posited in;landfills and dumps. The major factor affecting future release of PCBs 
from these S9urces will be government regulations controlling storage and disposal 
of the chemical. 

10-2 RISK 

The concepts of risk and hazard are inextricably intertwined. Hazard implies a proba
bilityofadv~rseeffects in a particular situation. Risk is a measure of the probability. In 
some instances the measure is subjective, or perceived risk. Scientists and engineers 
lise models to calculate an estimated risk. In some instances actual data may be used to 
estimate the risk: Today this process is called quantitative risk assessment, or more 
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simply risk assessment. The use of the results of a risk assessment to make policy de
cisions is called risk management. 

Risk Perception 
There is an old political saying: "Perception is reality." This is no less true for envi
ronmental concerns than it is for politics. People respond to the hazards they perceive. 
If their perceptions are faulty, risk management efforts to improve environmental pro
tection may be misdirected. 

Some risks are well quantified. For example, the frequency and severity of auto
mobile accidents are well documented. In contrast, other hazardous activities such as 
the use of alcohol and tobacco are more difficult to document. Their assessment re
quires complex epidemiological studies (Slovic et al., 1979). 

When lay people (arid some experts for that matter) are asked to evaluate risk, they 
seldom have ready access to the statistics. In most cases, they rely on inferences based 
ontheirexperience; People are likely to judge an event as likely or frequent if instances 
ofit are'easy to imagine or recall. Also, it is evident that acceptable risk is inveFsely re
lated to the number of people participating in the activity. In addition, recent events 
suchas a disaster can seriously distort risk judgments. 

Table 10-1 and Figure 10-3 illustrate different perceptions of risk. Four different 
groups were asked to rate thirty activities and technologies according to the present 
risk of death from each. Three of the groups were from Eugene. Oregon. They included 
30collegestudents, 40 members of the League of Women Voters (LOWV), and 25 
business and professional members of the "Active Club." The fourth group was com
posed of15 people selected from across the United States because of their professional 

.(~~:) 	 inY21ye,l11entir~Mk.~~s~~srrIentTablel0- Lshows how the various groups ranked the 
F( ris~9f:the:aqtivitit?sisrt~q~noIogies.Thesamegroups were asked to estimate the mean 
'Y'fat,~l!:tf~rthe~~rrIemouB9f.activities and technologies given the fact that the annual 
=~: d~.~t~tgll'~f:;0rrImQtory,~~iC:le.a~cidentsinthe U.S:.was 50,000. The results are plotted 

f 	~~~X~~s~t~i~;~~~~~t~~~6~~,~~;~~JI~~I;t~~~:::j~~~ ~f\~:~~:~~rl:~: 

• 	 eXp'erts'riskjudgmentsshO\vsth~nhey are more closely associated with the actual an

riualfatalityirates than those· of the lay groups. 
p;uttin~~is~J?~r~~ptioIljnperspective,wecan calculate the risk of death from some 

'·~.familiarcauses.Tobegin, werecognize thatwe will all die at some time. So, as a trivial 
example, the lifetime risk of death from all causes is 100 percent, or 1.0. In 2001, there 
were about 3.9 million deaths per year. Of these, about 541,532 were cancer related. 
Without considering age factors, the risk of dying from cancer in a lifetime was about 

541,532 
0.14 

3.9 x 106 

Tfie~nnuahrisk (assuming a 70-yearlife expectancy and again neglecting age factors) 
is about 

0.14 
0.002 

70 
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TABLE 10-1 
Ordering of perceived risk for 30 activities and technologiesa 

Group 1: 
LOWV 

Group 2: 
College Students 

Group 3: 
Active Club Members 

Group 4: 
Experts 

Nuclear power 1 1 8 20 
Motor vehicles 2 5 3 I 
Handguns 3 2 I 4 
Smoking 4 3 4 2 
Motorcycles 5 6 2 6 

Alcoholic beverages 6 7 5 3 
General (private) aviation 7 15 II 12 
Police work 8 8 7 17 
Pesticides 9 4· 15 8 
Surgery 10 11 9 5 

Firefighting 11 10 6 18 
Large construction 12 14 -13 13 
Hunting 13 18 10 23 
Spray cans 14 13 ')"~-) 26 
Mountain climbing

v 15 22 12 29 

Bicycles 16 24 14 15 
Commercial aviation 17 16 18 16 
Electric power 18 19. 19 9 
SwinllTIing. 19 30 17 10 
Contraceptives 20 9 22 11 

25 16 30 
17 24 7 
26 21 27 
23 20 19 
12 28 14 

20 30 21 
28 25 28 
21 26 24 
27 27 22 
29 29 25 

"The ordering is based on the geometric mean risk ratings within each group. Rank I represents the most risky activity or technology. 
(Source: Slovic et al.. 1979.) 

For comparison, Table 10-2 summarizes the risk of dying from variolls causes of death. 
In developing standards for environmental protection, the EPA often selects a life

time riskintpe range of 10-7 to 10-4 as acceptable. Table 10-3 shows a comparison 
of other activities that, based on statistical evidence, yield a risk of 1 O~6 . 

. . Of course, if the risk of dying in one year is increased. the risk of dying from 
another cause in a later year is decreased. Since accidents often occur early in life, a 
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Percei ved risk 
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!''''';'' ",,' 	 Ihd~Tel1{s;bf,p~rceivedriskfbt experts '(top}'aildlaypeople '(bottom)' plotted 
against the best technical estimates of annual fatalities for 25 technologies and 
activities. Each point represents the average responses of the participants. The 
dashed lines are the straight lines that best fit the points. The experts' risk judg
ments are seen to be more closely associated with annual fatality rates than are 
the layjudgments. (Source: SIovic et aJ., 1979.) 

typicafaccident may shorten life by 30 ,years. In contrast, diseases, such as cancer, 
pauseqe~t~late[jnlife,andlifeisshortened by about 15 years. Therefore, a risk of 
10-6shortenslife on the average of 30 X 10-6 years, or 15 minutes for an accident. 
Thesame riskfor a fatal illness shortens life by about 8 minutes. It has been noted that 
smoking a cigarette takes 10 minutes and shortens life by 5 minutes (Wilson, 1979). 
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TABLE 10-2 
Annual risk ofdeath from selected common human activities 

Number of deaths in 
Cause of death representative year Individual risk/year 

Black lung disease (coal mining) 1,135 8XIO-3 orl1125 
Heart attack 724,859 ~2.7 X 10-3 or 11370 
Cancer 541,532 2.0 X 10-3 or 11500 
Coal mining accident 180 1.3 X 10-3 or 11770 
Firefighting 3 X 10-4 or 111,250 
Motorcycle driving 3,714 6.9 X 10-4 or 111,450 
Motor vehicle 42,884 1.8 X 10-4 or 1/5,500 
Truck driving 761 10-4 or 1110,000 
Falls 16,257 5.6 X 10-5 or 1118,000 
Football (averaged over participants) 4 X 10-5 or 1125,000 
Home accidents 25,000 1.2 X 10-5 or 1/83,000 
Bicycling (assuming one person per bicycle) 500 , 2 X 10-6 or 11500,000 
Air travel: one transcontinental trip/year 2 X 10-6 or 1/500,000 

(Sources: CDC, 2004; NHTSA, 2005; Hutt. 1978, and Rodricks and Taylor. 1983.) 

Risk Assessment 
In 1989, the EPA adopted a formal process for conducting a baseline risk assessment 
(U.S. EPA, 1989a). This process includes data collection and evaluation, toxicity as
sessment, exposure assessment, and risk characterization. Risk assessment is consid
eredtobe site-specific. Each step is described briefly below. 

I>a-!a<':()I1e~ti()n,~mdEvaluation... Data collection and evaluation includes gathering 
(lIJdll;n~lyziBgsite-speGificdataTelevant to human health concerns for the purpose of 
identifying substances of major interest. This step includes gathering background and 
site information as well as the preliminary identification of potential human exposure 
throughsampling,anddeveJopment of a sample collection strategy. 

. Whenc()llectingbackgroundinformation, it is important to identify the following: 

1. 	Possible contaminants on the site 

2. 	 Concentrations of the contaminants in key sources and media of interest, char
acteristics of sources, and information related to the chemical's release potential 

3. 	 Characteristics of the environmental setting that could affect the fate, trans
port, and persistence of the contaminants 

Thereviewofthe available site information determines basic site characteristics 
such as groundwater movement or soil characteristics. With these data, it is possible to 
initially identify potential exposure pathways and exposure points important for as
sessing exposure. Aconceptual model of pathways and exposure points can be formed 
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TABLE 10-3 
Risks that increase chance of death by. O.OOOOOla

~. 

Smoking 1.4 cigarettes 

Drinking 112 liter of wine 

Spending 1hour in a coal mine 

Spending 3 hours in a coal mine 

Living 2 days in New York or Boston 

Travelling 6 minutes by canoe 

Travelling 10 miles by bicycle 

Travelling300 miles by car 

Flying1,000 miles by jet 

Flying 6,000 miles by jet 

Living 2 months in Denver on vacation 
fromN'ewYdrk 

Living 2 months in average stone or 
brick building 

Onechest X-ray taken in a good hospital 

Living two months with a cigarette smoker 

Eating 40 tablespoons of peanut butter 

prinking Miami drinking water for a year 

Living5yearsatasite boundary of a 
the open 

ora nuclear reactor for 50 years 

Cancer, heart disease 

Cirrhosis of the liver 

Black lung disease 

Accident 

Air pollution 

Accident 

Accident 

Accident 

Accident 

Cancer caused by cosmic radiation 

Cancer caused by cosmic radiat}on 

Cancer caused by natural radioactivity 

Cancer caused by radiation 

Cancer, heart disease 
> 

Liver cancer caused by ~t1atoxin B 

Cancer caused by chloroform 

Cancer caused by radiation 

Cancer from acrylonitrile monomer 

Cancer caused by vinyl chloride 
(1976 standard) 

Cancer caused by radiation 

Cancer from benzopyrene 

Cancer caused by radiation 

fr9:rnthebackground data and site information. This conceptual model can then be 
llsedto,lielp refine ~ data needs. 

, ,"" '/ --> -~-

ToxiCitYAssessment. Toxicity assessment is the process of determining the rela
tionship between the exposure to a contaminant and the increased likelihood of the 
occurrence or severity of adverse effects to people. This procedure includes hazard 
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identification and dose~response evaluadtm. Hazard identification determines whether 
exposure to a contaminant causes increased adverse effects towards humans and to 
what level of severity. Dose-response evaluation uses quantitative information on the 
dose of the contaminant and relates it to the incidence of adverse health in an exposed 
population. Toxicity values can be determined from this quantitative relationship and 
used in the risk characterization step to estimate different occurrences of adverse health 
effects based on various exposure levels. 

The single factor that determines the degree of harmfulness of a compound is the 
dose of that compound (Loomis, 1978). Dose is defined as the mass of chemical received 
by the animal or exposed individual. Dose is usually exp..ressed in units of milligrams per 
kilogram of body mass (mglkg). Some authors use parts per million (ppm) instead of 
mglkg. Where the dose is administered over time, the units may be mglkg . d. It should 
be noted that dose differs from the concentration of the compound in the medium (air, 
water, or soil) to which the animal or individual is exposed. 

For toxicologists to establish the "degree of harmfulness" of a compound, they 
mustbe able to observe a quantitative effect. The ultimate effect manifested is death of 
the organism; Much more subtle effects may also be observed. Effects on body weight, 
blood chemistry, and enzyme inhibition or induction are examples of graded responses. 

.	Mortality and tumor formation are examples of quantal (all-or-nothing) responses. If a 
dose is sufficient to alter a biological mechanism, a harmful consequence will result. 
The experimental determination of the range of changes in a biologic mechanism to a 
range of doses is the basis of the dose-response relationship. 

The statistical variability of organismresponse to dose is commonly expressed as 
a cumulative-frequency distribution known as a dose-response curve. Figure 10-4 
illustrates the method by which a common toxicological measure,namely the LDso, or 
leth,aLdose for50 percent of the animals, is obtained. The assumption inherent in the 
plotofthedose-response curve isthatthe test population variability follows a Gauss
ian distribution and,hence,that the dose-response curve has the statistical properties of 
a Gaussian. cumulative-frequency curve. 

50 
v 
;. 
.~ 

'3 
E 
::I u NOAEL 

FIGURE 10-4 
0 

LDso 
(A) 

LD50 
(8) 

16 
Hypothetical dose-response curves for two 
chemical agents (A and B) administered to a 
uniform population. NOAEL = no observed ad
verse effect level. (Source: Davis and Masten, 

Dose, mg/kg 2004.) 
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Toxicity is a relative term. That is, there isno absolute scale for estahlishing toxi- . 
city; one may only specify that one chemical is more or less toxic than another. Com~ 
parison of different chemicals is uninformative unless the organism or biologic 
mechanism is the same and the quantitative effect used for comparison is the same. 
Figure 10-4 serves to illustrate how a toxicity scale might be developed. Of the two 
Curves in the figure, the LDso for compound B is greater than that for compound A. 
Thus, for the test animal represented by the graph, compound A is more tpxic than 
compound B as measured by lethality. There are many difficulties in establishing tox
icity relationships. Species respond differently to toxicants so that the LD50 for a 
mouse may be very different than that for a human. The shape (slop~) of the dose
response curve may differ for different compounds so that a high LDso may be associ
ated with a low "no observed adverse effect level" (NOAEL) and vice versa. 

The nature of a statistically obtained value, such as the LDso, te!1ds to obscure a 
fundamental concept of toxicology: thatthere is no fixed dose that can be relied on to 
produce a given biologic effect in every member of a popUlation. In Figure 10-4, the 
mean value for each test group is plotted. If, in addition, the extremes of the data are 
plotted asiI1FigurelO-5~ it is apparent that the response of individual members of the 
popUlation may vary widely from the mean. This implies not only that single point 
comparisons, such as the LDso, may be misleading, but that even knowing the slope of 
the average dose-response curve may not be sufficient if one wishes to protect hyper
sensitive individuals. 

Organ toxicity is frequently classified as an acute or subacute effect. ~arcinogen
esis, teratogenesis, reproductive toxicity, and mutagenesis have been classified as 
chronic effects.* It is self-evident that an organ may exhibit acute, subacute, and 
chronic:effeets andthat this system of classification is not well bounded. 

a11 of the data used in hazard identi.fication and, in particular, hazard 
<UUJUIUI ".'~~H~"" Aside from the difficulty ofextrapolat

of animals to estimate low-dose response 
problem. 

FIGURE 10-5 
Hypothetical dose-response relationships for a 

100 chemical agent administered Wa uniform pop
ulation. (Source: Davis and Masten, 2004.) 

*A glossary of these toxicology terms is given in Table 10-4. 
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TABLE 10-4 
Glossary of toxicological terms 

Acute toxicity 

Cancer 

Carcinogen 

Carcinomas 

Chronic toxicity 

Genotoxic 

Initiator 

Leukemias 

Lymphomas 

Metastasis 

Sarcoma 

Subacute toxicity 

Teratogenesis 

An adverse effect that ha.s a rapid onset, short course, 

and pronounced symptoms. 


An abnormal growth process in which cells begin a 

phase of uncontrolled growth_and spread. 


A cancer-producing substance. 


Cancers of epithelial tissues. Lung cancer and skin 

cancer are examples of carcinomas. 


An adverse effect that frequently takes a long time to 

run its course and initial onset of symptoms may go 

undetected .. 


Toxic to the genetic materiat(DNA). 


A chemical that starts the change in a cell that 

irreversibly converts the cell into a cancerous or 

precancerous state. Needs to have a promoter to 

develop cancer. 


Cancers of white blood cells and the tissue from which 

they are derived. 


Cancers of the lymphatic system. An example is 

Hodgkin's disease. 


Process of spreading/migration of cancer cells 

throughout the body. 


Mutagens cause changes in the genetic materal of cells. 

The mutations may occur either in somatic (body) cells 

Or germ (reproductive) cells. 


A new growth,. Usually an abnormally fast-growing 

tissue. 


Causing cancers to form. 


A chemical that increases the incidence to a previous 

carcInogen exposure. 


Decreases in fertility, increases in miscalTiages, and 

fetal or embryonic toxicity as manifested in reduced 

birth weight or size. 


Cancer of mesodermal tissue such as fat and muscle. 


Subacute toxicity is measured using daily dosing 

during the first·} 0 percent 'of the organism's normal life 

expectancy and checking for effects throughout the 

normal lifetime. 


Production of a birth defect in the offspring after 

maternal or paternal exposure. 
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Example 1O~1. An experiment was developed to ascertain whether a compound has < 

a 5 percent probability of causing a tumor. The same dose of the compound was ad
ministered to 10 groups of 100 test animals. A control group of 100 animals was, with 
the exception of the test compound, exposed to the same environmental conditions for 
the same period of time. The following results were obtained: 

Group No. of Tumors 

A 6 
B 4 
C 10 
D I 
E 2 
F 9 
G 5 
H 1 
I 4 
J 7 

No tumors were detected in the controls (not likely in reality). 

Solution. The average number of excess tumors is 4.9 percent. These results tend to 
confirm that the probability of causing a tumor is 5 percent. ' 

If, instead of using 1,000 animals (10 groups X 100 animals), onlf100 animals 
were used, it is fairly evident from the data that, statistically speaking, some very 
anomalous results might be achieved. That is, we might find a risk from 1percent to 
1Qpercent~" 

Nofeth~t a 5 percent risk (probability of 0.05) is very high in comparison to the 
;E1PA1 Sobjective o{q.chieving anenvironmental contaminant risk of 10-7 to 10-4

. 

;A111fI131s~oie8are only capable ofdetecting ri skson the order of 1percent.·To ex
trapoIate the data taken from animals exposed to high doses to humans who will be ex
posed to doses several orders ofmagnitude lower, toxicologists employ mathematical 
rnodels. 
_<Qne Qf.thernostcontr(}versiala~pects of toxicological assessment is the method 

chosentoextrapolate the carcinogenic dose-response curve from the high doses actu
ally administered to test animals to the low doses that humans actually experience in 
the environment. The conservative worst-case assessment is that one event capable of 
altering DNA will lead to tumor formation. Thisis called the one-hit hypothesis. From 
this hypothesis, itis.assumed that there is no threshold dose below which the risk is 
zero, so that for carcinogens, there is no NOAEL and the dose-response curve passes 
'through the origin. 

Many models have been proposed for extrapolation to low doses. The selection of 
an appropriate model is more a policy decision than a scientific one since there are no 
data to confirm or refute any model. The one-hit model is frequently used: 

(10-1) 
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where P(d) = lifetime ri.sk (probability) of cancer 
d = dose 

qo and ql = parameter to fit data 

This model corresponds to the simplest mechanistic model of carcinogenesis, namely 
that a single chemical hit will induce a tumor. 

The background rate of cancer incidence, P(O), may be represented by expanding 
the exponential as 

x 2 xn 
exp(x) = I + x + -- + .. ; + - (10-2)

2! n! 

For small values of x, this expansion is approximately 

exp(x) = I + x (l0-32 

Assuming the background rate for cancer is small, then 

P(O) = I exp( qo) = I -.[1 + (-qe)] qo (10-4) 

This implies that qo corresponds to the background cancer incidence. For small dose 
rates, the one-hit model can then be expressed as 

(l 0-5) 

For low doses, the additional cancer risk above the background level may be esti
mated as 

A(d) = P(d) P(O) = (P(O) + Cf1d) - P(O) (J 0-6) 

or 

00-7) 

This IIlode1,therefore, assumes that the excess lifetime probability of cancer is linearly 
rielatedtodose. 

;.someiauthorspreTer a model that is based on an assumption that tumors are 
formed as a result of a sequence of biological events. This model is called the 
multistage model: 

.P(d}.=i l-:exp[-(qo + q1d + q2d2 + ... + qnd")] (10-8) 

where qivalues are selected to fit the data. The one-hit model is a special case of the 
multistage model. 

EPA has selected a modification of the multistage model for toxicological assess
ment. It is called the linearized multistage model. This model assumes that we can ex
trapolate from high doses to low doses with a straight line. At low doses, the slope of 
the dose-response curve is represented by a slope factor (SF). It has units of risk per 
unit dose or risk (kg ·d/mg). 

The EPA maintains a toxicological data base called IRIS (Integrated Risk Infor
mation System) that provides background information on potential carcinogens. IRIS 
includes suggested values for the slope factor. A list of slope factors for several com
pounds is shown in Table 10-5. 
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TABLE 10-5 
Slope factors for potential carcinogensa 

CPSo, RfC CPS i , 

Chemical kg· d1mg per Jig/mJ kg'd/mg 

Arsenic 1.5 4.3 X 10~~3 15.1 
Benzene 0.015 2.2 X 10-6 0.029 
Benzo(a)pyrene 
Cadmium 

7.3 
N/A 

Not available 
1.8 X 10-3 6.3 

Carbon tetrachloride 0.13 1.5 X 10-5 0.0525 
Chloroform 0.0061 2.3 X 10-5 0.08 
Chromium VI N/A 1.2 X 10-2 42.0 
DDT 0.34 9.7 x 10-5 0.34 
1,1-Dich10roethylene 0.6 2 X 10- 1 0.175 
Dieldrin 16.0 4.6 X 10-3 16.l 
Heptachlor 4.5 1.3 X 10-3 4.55, 
Hexachloroethane 0.014 4.0 X 10-6 0.014 
Methylene chloride 0.0075 4.7 X 10--7 0.00164 
Pentachlorophenol 0.02 Not available 
Polychlorinated biphenyls 0.04 1 X 10-4 

2,3,7,8~TCDDb 1.5 X 105 1.16 X 105 

Tetrachloroethyleneb 0.052 .0.002 
TrichloroethyleneC 0.006 
"inyl· chlorideb 0.072 4.4 X 10-6 

CPSo =cancer potency slope. oral; RfC reference air concentration unit risk: CPS, =cancer potency slope. 

i~haI~Von~ci.~fiV:dJrolllRfC. 
"Values ar~frequel1tlyupdated. Refer to IRIS for currentdata. 
bEr(j~)HealtnF;tf~~tSf'~ses~menrSummarYTables·{HEAST) .....J994. 

·(1;~;7c~~?j11. EPA;r.rS~;\Regio'paI.Support-pr()visional.value, http://www.epa.gov/ncea. 
.(S:()Jl1Sf;¢:.(;epliqn~nqtedabove:US, Enyironmentalprotection Agency. IRIS database. September 2005.) 

·{':~I«~~~~ii~6;111~c~~iri~i~ns,i~is assllm~dthat for noncarcinogens there i; a dose 
beI8w.w~ichthere isnoadverseeffect;that is, there is an NOAEL. The EPA has esti
tnat~d~hea~ceptabledailyintake!orreferencedose (RID), that is likely to be without ap
p:~ec~~~1~9~~:~?~R:-~I?iso9t~inedlJydividingthe NOAEL by safety factors to account 

·'''·'f()l"th¢tralisferfromanimaIstoliumans, sensitivity, and other uncertainties in develop
ingthedata.A list of several compounds and their RID values is given in Table 10-6. 

Limitati(}ns ofAnimal Studies. No species provides an exact duplicate of human re
sponse.Certain effects that occur in commonlab animals generally occur in people. 
~~pyeffectsprodtic;ed il1 people can, in retrospect, be produced in some species. 
NfJt~llle~1(~eptionsare toxicities dependent on immunogenic mechanisms. Most sen
~it!~.~ti()11I'eactions aredifficult if not impossible to induce in lab animals. The proce
dureintransferring animal data to people is then to find the "proper" species and study 
itincQntext. Observed differences are then often quantitative rather than qualitative. 

Carcinogenicity as a result of application or administration to lab animals is often 
assumed to be transposable to people because of the seriousness of the consequence of 

http://www.epa.gov/ncea
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TABLE 10-6 
RfDs for chronic noncarcinogenic effects for 
selected chemicalsG 

Chemical Oral RfD, mg/kg . d 

Acetone 0.9 
Barium 0.2 
Cadmium 0.0005 
Chloroform 0.01 
Cyanide 0.02 
1, I-Dichloroethylene 0.05 
Hydrogen cyanide 0.02 
Methylene chloride 0.06 
Pentachlorophenol 0.03 
Phenol OJ 
PCB 

Aroc1or 1016 7.0 X 10-5 

Aroc1or 1254 2.0 X 10-5 

Silver 0.005 
Tetrachloroethylene 0.01 
Toluene 0.2 
1,2,4-Trichlorobenzene 0.01 
Xylenes 0.2 .. 

aValues are frequently updated. Refer to IRIS for current data. 
(Source: U.S. Environmental Protection Agency IRIS database, 2005.) 

However, slowly induced, subtle toxicity-because of the ef
age, etc.)-is difficult at best to transfer. This 

the incidence of toxicity is restricted to a small hy

Limit~tionsofEpidemiological Studies. There are four difficulties in epidemio
18~i(.'~}(studi~softoxicityinhumanpopulations. The first is that large populations are 
{tHp:iredtodetectalowJrequency of occurrence of a toxicological effect. The second 
difficulty is that there may be a long or highly variable latency period between the ex
posure to the toxicant and a measurable effect. Competing causes of the observed tox
icological response make it difficult to attribute a direct cause and effect. For example, 
cigarette smoking, the use of alcohol or drugs, and personal characteristics such as sex, 
race;age,andpriordisease states tend to mask environmental exposures. The fourth 
difficulty is that epidemiological studies are often based on data collected in specific 
political boundaries that do not necessarily coincide with environmental boundaries 
such as those defined by an aquiferorthe prevailing wind patterns. 

ExposureAssessment. The objective of this step is to estimate the magnitude of ex
posure to chemicals of potential concern. The magnitude of exposure is based on 
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TABLE 10·7 
Potential contaminated media and corresponding routes of exposure 

Media 	 Routes of potential exposure 

Groundwater Ingestion, dermal contact, inhalation during showering 
Surface water Ingestion, dermal contact, inhalation during showering 
Sediment Ingestion, dermal contact 
Air Inhalation of airborne (vapor phase) chemicals (indoor and outdoor) 

Inhalation of particulates (indoor and outdoor) 
Soil/dust Incidental ingestion, dermal contact 
Food Ingestion 

chemical intake and pathways of exposure. The most important route-(or pathway) of 
exposure may not always be clearly established. Arbitrarily eliminatillgone or more 
rOlltesofexposure is not scientifically sound. The more reasonable approach is to con
sider anindrviduarspotentialcontact with all contaminated media through all, possible 
routes ofentry. These are summarized in Table 10-7. 

Theevaluation of all majorsources of exposure is known as total exposure assess
ment(Buderetal., 1993). After reviewing the available data, it may be possible to de
crease or increase the level of concern for a particular route of entry to the body. 
Elimination ofa pathway of entry can be justified if: 

h 	The exposure from a particular pathway is less than that of exposure through 
allotherpathway involving the same media at the same exposure point. 

2. 	Themaghitude ofexposure from the pathway is low. 

'3."1'I1~(~ibbabilitYofe~p6sureisjOwand incidental risk is not high. 
:"'>< ____ :-::---:<,» ,<': '''5- ,;:, ',<'.": >-'__ ', -.-:<.,', __ -',: _ 

... ·"aretW()m~tlio(ls()lqtlan!ifying.exposure: .point estimate. methods .and prob-
I,. ................... ..... 
.~~·{5he.~PA..tltMizes ..t4~.>poil1testimateprocedure by estimating the 

••• f;'(J~~gIJa,~.~·~i11lulrteXposure(RME).Becausethis.method results in very conserva
;tiveestiIIla!es,some scientists believe probabilistic methods are more realistic (Finley 
.andP~us$~n~~ch,1994). 

,<R~~i~de~:~~east~~.hig?~stexp?surefh~tjsreaSonably expected to occur and is 
iIl~~~d.edt~vbea.'coI1servativeestimateofexposure withintherange of possible expo
sures~Two steps are involved in estimating RME: first, exposure concentrations are 
predicted using a transport model such as the Gaussian plume model for atmospheric 
dispersion(Section 7-8),then pathway-specific intakes are calculated using these ex
posure concentration estimates. The followingequation is a generic intake equation"': 

(CR)(EDF)]( 1 ) CDI == C -	 (10-9)[ BWAT 

*Thenotationin Equation 10-9 and subsequent equations follows that used in EPA guidance documents. The 
abbreviation COl does not imply multiplication of three variables C, D, and 1. COl, CR, EFD, BW, and so on are 
the notation for the variables. They do not refer to product of tenns. 
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where CDI = chronic daily intake, (mg/kg body weight· day) 
C = chemical concentration, contacted over the exposllre period (e.g.. mg/L 

WM~ _ 
CR = contact rate, the amount of contaminated medium contacted per unit 

time or event (e.g., Llday) 
EFD = exposure frequency and duration, describes how long and how often 

exposure occurs. Often calculated using two-terms (EF and ED): 
EF = exposure frequency (days/year) 
ED = exposure duration (years) 

BW = body weight, the average body weight over the exposure period (kg) 
AT = averaging time, pehod over which exposure is averaged (days) 

For each different media and corresponding rout~ of exposure, it is important to 

note that additional variables are used to estimate intake. For example, when calcu
lating intake for the inhalation of airborne chemicals, an inhalation rate and expo
sure time are required. Specific equations for media andyoutes of exposure are 
givenin Table 1O-K Standard values for use in the intake equations are shown in 
Table 10-9. 

Example 10-2. Estimate the lifetime average chronic daily intake of benzene 
from exposure to a city water supply that contains a benzene concentration equal to 
the drinking water standard. Assume the exposed individual is an adult male who 
consumes water at the adult rate for 63 years, that he is an avid swimmer and swims 
in aloca1 pool (supplied with city water) 3 days a week for 30 minutes and has been 
doing so since he was 30 years old. He has taken a long shower every day for 63 
years. Assumethatthe averageairconcentration of benzene during the shower is 
5 p,gli11JCMcKOfle, 1987); Eromthe literature, ilis estimated that the dermal uptake 
frOlIlW(iterisO.0020m3/m2 ·h(This is PC in Table 10-8. PC also has units of m/h 
9rc:m/b.)andthatdirectdermalabsorptionduring showering is no more than 1 per
centof>theavailablebenzene because most of the water does not stay in contact 
with skinlongcnough (Byard, 1989). 

S(}lllti911'i,FromT~~lel0-8.wenote that .five routes of exposure are possible from 
the drinking water medium: (1) ingestion, dermal contact while (2) showering and (3) 
swimming, (4) inhalation of vapor while showering, and (5) ingestion while swim
ming. The allowable drinking water concentration is determined to be 0.005 mg/L 
from Chapter4, Table 4-7. 

We begin by calculating the CDI for ingestion (Equation 10-10); 

(0.005 mg/L)(2.3 Lld)(365 dly)(63 y)
CDI = -----~--~---

(78 kg)(75 y)(365 d1y) 

= 1.24 X 10-4 mg/kg . d 

The ingestion rate (IR) and body weight (BW) were selected from Table 10-9. 
Although the actual ingestion is over 63 y, the lifetime average (Table 10.9) is over 75 y 
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TABLE 10-8 
Residential exposure equations for various pathwaysa 

Ingestion in drinking water 

(CW)(lR)(EF)(ED)
COJ = -----..... --

(BW)(AT) 

Ingestion while swimming 

(CW)(CR)(ET)(EF)(ED)
CDr 

(BW)(AT) 

Dermal contact with water 

(CW)(SA)(PC)(ET)(EF)(ED)(CF) 
AD 

(BW)(AT) 

Ingestion of chemicals in soil 

COJ = .. _(C_S_)(_IR_)(_C~F)_(F_I)_(E,-F_)(E_D_) 
(BW)(AT) 

Dermal contact with soil 

(CS)(CF)(SA)(AF)(ABS)(EF)(ED)
AD 

(BW)(AT) 

Inhalation of airborn (vapor phase) chemicals 

(CA)(IR)(ET)(EF)(ED)
COJ 

mW)(AT) 

Ingestion ofcontaminated fruits, vegetables, fish and shellfish 

'''"llJaIIl, unitless 

I L1I,OOO em} 

chemical concentration in soil, mgfkg 
CW = chemical concentration in water, mgIL 
ED := exposure duration, y 
EF = exposure frequency, dly or events/y 
ET = exposure time, hid or h/event 
FI = fraction ingested, llnitIess 
IR· ingestionrate, LId or mgsoilld or kglmeal 

=. inhalation rate, m% 
PCcheilliCal:specific dermal permeability constant, cmih 
SA == skin surface area available for contact, cm2 

(aSource: U.S. EPA, 1989a.) 

(10-10) 

(10-11) 

(10-12) 

- (l0-13) 

(10-14) 

(10-15) 
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TABLE 10-9 
EPA recommended values for estimating intakea 

, b 

Parameter Standard value 

Body weight, adult female 65.4 kg 
Body weight, adult male 78 ka

b 

Body weight child 
6-11 months 9 kg 

1-5 y 16 kg 

6-12 y 33 ka
_ b 

Amount of water ingested daily, adul{ 2.3 L 
Amount of water ingested daily, childc L5 L 
Amount of air breathed daily, adult female 11.3 m3 

Amount of air breathed daily, adult male 15.2 m3 

Amount of air breathed daily, child (3-5 y) 8.3 m3 

Amount of fish consumed daily, adult 6 g/d_ 
Water swallowing rate, swimming 50 mLih 
Skin surface available, adult female 1.69 m2 

Skin surface available, adult male 1.94 m2 

Skin surface available, child 
3-6 y (avg for male and female) 0.720 m2 

6-9 y (avg for male and female) 0.925 m2 

9-12 y (avg for male and female) 1.16 m2 

12-15 y (avg for male and female) 1.49 m2 

15-18 y (female) 1.60 m 2 

15'-18 y (male) 1.75 m2 

SoiLirigestion rate, children I to 6 y 100 mg/d 
Soilingestion rate, persons > 6 Y 50 mg/d 
Skill agherence factor, .gardeners 0.07 mg/cm2 

{SkiIl~dherencefactor,wetsoil 0.2 mg/cm-? 

Expo$ure.•·.duration 
Lifetime 75 v 

" At one.residence, 90th percentile 30 y 
National median 5y 

Avetagirigtime (ED)(365 d/y) 
Exposure frequency (EF) 

Swimming 7 d/y 

Eating fish and shell fish 48 d/y 


Exposure time (ET) 
Bath or shower, 90th percentile 30 min 
Bath or shower, 50th percentile ]5 min 

eSources: u;s. EPA,1989a; u.s. EPA, 1997; U.S. EPA, 2004b.) 

bAverage value unless otherwise noted. 

C90th percentile. 
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Equation 10-12 may be used to estimate absorbed dose while showering: 

(0.005 mg/L)( 1.94 m2)(0.OO20 mlh)(O.5 h/event)AD= . ...........
(78 kg)(75 y) 

(1 eventld)(365 d/y)(63 y)(l03 Llm3) 
X--------------~-------

(365 d/y) 

= 1.04 X 10-4 mg/kg . d 

But only about I percent of this amount is available for adsorption in a shower because 
of the limited contact time, so the actual adsorbed dose by dermal contact is 

AD = (0.01)(1.04 X 10-4 mg/kg' d) = 1.04 X 10-6 mg/kg .. d 

The surface area (SA) and exposure time were obtained from Table 10-9. The perme
ability constaTlt was given in the problem statement. The exposure time is estimated 
by converting a long shower of 30 minutes to hours (30/60 0.5). 

The adsorbed dose for swimming isca1culated in the same fashion: 

AD = (0.005 mg/L)(L94 m2)(0.0020 mlh)(0.5 h/event) 

(78 kg)(75 y) 

(3 events/w)(52w/y)(45 y)(103 Llm3
) 

X------------~~~------

(365 d/y) 

= 3.19 X 10-5 mg/kg' d 

ITlthis case, since there is virtually total body immersion fonhe entire contact period 
and since there is virtually an unlimited supply of water for contact, there is no reduc
tionforavailability. The value of ET is computed from the swimming time (30 minutes 
~8.5li1ev~I1t):'Iheexposurefrequency iSCOIll~~tedJrom tne number of swimming 
ey~~t§PCcr'0~e~andthf.~ulTIberofweeksjnayear. The exposure duration (ED) is cal
'cllIClt~dfromthelifetiine.and.begin~ingtim~ofswimming" 75 y - 30 Y 45 y . 
.?t;;~h~!klhaJatiBnTat~fro~shOJVe~i~gjSestimated from Equation 10-15: 

eDI}==:(5·i~gln1~)(lU-3Jl1g/~g)(O'833m3/h)(0.5.h/event)(1 eventfd)(365 d/y)(63 y) 

(78kg)(75 y)(365d1y) 

2.24XlO-?mgfkg·d 

l'h~in~ft1~ti()I1r(l\e(IRjist<lkenfromTa61~10..9and converted to an hourly basis. 
. , .'. •. For ingestion while swimming, we apply Equation 10-11: 

(0.005 mg/L)(50mL/h)(10-3 LlmL)(O.5 h/event)(3 events/w)(52 w/y)(45 y) 
CDI~------------------------~------------------

(78 kg)(75 y)(365 d/y) 

4.11 X ]0-7 mg/kg . d 

Thec811tactrate(CR) was determined from Table 10-9. Other values were obtained 
iI1the.samt;fashion as thoseJor dermal contact while swimming. 


The.total exposure would be estimated as: 


1.04 X 10-4 + 1.04 X 10-6 + 3.19 X 10-5 + 2.24 X 10-5 + 4.11 X 10-7 

1.60 X 10-4 mg/kg . d 

http:0.01)(1.04
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From these calculations, it becomes readily apparent tbat, in this case; drinking the 
water dominates the intake of benzene. 

Risk Characterization. In the risk characterization step, all data collected from ex
posure and toxicity assessments are reviewed to corroborate qualitative and quantita
tive conclusions about risk. The' risk for each media source and route of entry is 
calculated. This includes the evaluation of compounding effects due to the presence of 
more than one chemical contaminant and the combination of risk across all routes of 
entry. 

For low-dose cancer risk (risk below 0.01), the quantitative risk assessment for a 
single compound by a single route is calculated as: 

Risk (Intake)(Slope Factor) (10-17) 

where intake is calculated from one of the equations .in Table 10-8 or a similar rela
tionship. The slope factor is obtained from IRIS (see, for example, Table 10-5). For 
high carcinogenic fisk levels(risk above 0.01), the one-hit equation is used: 

Risk = 1 - exp[-(Intake)(Slope Factor)] (10-18) 

The measure used to desc'ribe the potential for noncarcinogenic toxicity to occur 
in an individual is not expressed as a probability; Instead, EPA uses the noncancer haz
ard quotient, or hazard index (HI): 

.Intake 
HI=- (10-19)

RID 

Theseratios are not to be interpreted as statistical probabilities. A ratio 0[0.001 does 
not.il1eanthatthere isa one.inolle thousand chance of an effect occurring. If the HI ex
ceeds.unit)',theremaybeconcernJ?rpOlential noncancereffects. As a rule. the greater 
the ... valueaboveunity; .thegreater.the.level of concern. 

1'()accountJormultiplesubstancesin one pathway, EPA sums the risks for each 
coflstituent:·. 

RiskT = 2: Riski (10-20) 

£.; Risk··Total Exposure Risk ~ IJ (10-21) 

where i = the compounds and j = pathways. 
In a like manner, the hazard index for mUltiple substances and pathways is esti

mated as 

Hazard IndexT = 2: HIij 00-22) 

In EPA's'guidance documents, they recommend segregation of the hazard index into 
chrohic,subchrol1ic, and short -term exposure. 

Example 10-3. Using the results from Example 10-2, estimate the risk from expo
sure to drinking water containing the MCL for benzene. 
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Solution. Equation 10-21 in the form 

Total Exposure Risk L Riski 

may be used to estimate the risk. Since the problem is only to consider one com
pound, namely benzene, i 1and others do not need to be considered. Since the to
tal exposure from Example 10-2 included each of the routes of concern for drinking 
water, that is all j's, the final sum may be used to compute risk. The slope factor is 
obtained from Table 10-5. The risk is 

Risk = (1.60 X 10-4 mg/kg . d)(1.5 X 10-2 (mg/kg' d)-I) 

2.40 X 10-6 

This is the total lifetime risk (70 years) for benzene in drinking water at the MCL. 
Another wayof viewing this is to estimate the number of people that might develop 
cancer. For example, in a population of 2 million, ' 

(2X 106)(2.40 X 10 6) = 5 people might develop cancer. 

This risk falls within theEPA guidelines of 10-4 to 10-'.7 risk. It, of course, does not 
account for all sources of benzene by all routes. None the less, the Iisk, compared to 
some otherrisksindaily life, appears to be quite small. 

Risk Management 
Though some might wish it, it is clear that 'establishme'nt of zero risk cannot be 
achieved: There are risks in all societal decisions from driving a car to drinking water 
\\fithRenze~eartheMCLconcentration.Even banning the production of chemicals, as 
)Yasiq()~Hf2t~9~s,f2re{(aIIlpk,d2esnotremove those that already permeate our en

('c' '.vi~pI1111~ry.t;:~js~'IIl~n~g~IIlemjsperform~dtO,decide .the magnitude of risk that is tol
\'JerCllJ]ei~speqificcireurn?:t~nc~s(N~Qi1983). This is a policy decision that weighs the 

r~~ ........$~1~~9~t!.~¥J~~~~ssmfntag~ins~so~tsandbenefitsaswell as the public accep
.:;tCl?C~'IIt~,~r~§~·:lIlan~~~rre~.R~ni2:~SJh~tif:averYhigh' certainty in avoiding risk (that 
/~~. is,a,' ,·lb.',Vrisk,forJexal11ple,lO-C7)isrequired, the costs in achieving low concen
~ ..•. . trationsof?~~coWaminantarelikely to be~igh. 
'7

0
., , •• Unfo£t~~ately, .. ~~ereisverylittleguidance that can be provided to the risk man

';~iJ ~~~g·"'~il<I1()~~~t;~~{)Pl~.at~)Vil~ingtoaccept a higher risk for things that they expose 
"tnemselves]o.voluntarilYthanforinvoluntary exposures, and, hence, insist on lower 

levels of tisk, regardless of cost, for involuntary exposure. We also know that people 
are willing to accept risk if it approaches that for disease, that is, a fatality rate of 10-6 

people per person-hour of exposure (Starr, 1969). 

DE~INITI()N AND CLASSIFICATION OF 
HAZARDQUSWASTE 

There aretwo ways a waste material is found to be hazardous (40 CFR 260): (I) by its 
presence on the EPA-developed lists, or (2) by evidence that the waste exhibits ig
nitable, corrosive, reactive, or toxic characteristics. 

http:106)(2.40
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EPA's Hazardous Waste.Designafion System 
The list of hazardous wastes includes spent halogenated and nonhalogenated solvents: 
electroplating baths; wastewater treatment sludges fro,m many individual production 
processes; and heavy ends, light ends, bottom tars, and side-cuts from various distilla
tion processes. 

Some commercial chemical products are also listed as being hazardous wastes when 
discarded, These include "acutely hazardous" wastes such as arsenic acid, cyanides, and 
many pesticides, as well as "toxic" wastes such as benzene, toluene, and phenols. 

EPA has designated five hazardous waste categories. Each hazardous waste is 
given an EPA Hazardous Waste Number. This is often referred to as the Hazardous 
Waste Code. Each of the five categories may be identified by the prefix letter assigned 
by EPA. The five categories may be described as follows: 

1. 	 Specific types of wastes from nonspecific sources; examples include halo
genated solvents, nonhalogenated solvents, electroplating sludges, and cyanide 
solutions from plating batches. (There are 28 listings-in this category. See 40 
CFR 261.31.) These wastes have a waste code prefix letter F. 

2. 	Specific types of wast~s from specific sources; examples include oven residue 
from the production of chrome oxide green pigments and brine purification 
muds from the mercury cell process in chlorine production where separated, 
prepurified brine is not used. (There are 1 I 1 lis!ings in this category. See 40 
CFR 261.32.) These wastes have.~ waste code. prefix letter K. 

3. 	 Any commercial chemical product or intermediate, off-specification product, 
or residue that has been identified as an acute hazardous waste. Examples in
cludepotassiumsilver cyanide, toxaphene, and arsenic oxide. (There are ap
proximately 203 Iistings in this category. See 40 CPR 261.33.) These wastes 
havt;awaste codeprefixJetter P 

A2ycomIller5iafchemicalproductor intermediate, off-specification product, or 
residuethathas.beenidentified as hazardous waste. Examples include xylene, 
DDT, and carbon tetrachloride. (There are approximately 450 listings in this cat
egory. See 40 CFR 261.33.) These wastes have a waste code prefix letter U. 

5. 	Characteristic wastes (40CFR 261.21 through 40 CFR 261.27), which are 
Wastes not specifically' identified elsewhere, that exhibit properties of ig
nitability, corrosivity, reactivity, or toxicity. These wastes have a waste code 
prefix letter D. 

The wastes that appear on one of the lists specified in items one through four are 
called listed wastes. The current list may be found at www.gpoaccess.gov/cfs.* Those 
wastes that are declared hazardous because of their general properties are called 
characteristic wastes. The characteristics of ignitability, corrosivity, and reactivity may 
be referred to as ICR. The toxicity characteristic may be referred to as Te. 

*In 2005, the gpoaccess search engine would locate only 40 CFR 26 J. To find a subparagraph such as 40 CFR 
261.31, first search for 40 CFR 261, then scroll to the subparagraph of interest. 

www.gpoaccess.gov/cfs
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Ignitability 
A solid waste is said to exhibit the characteristic of ignitability if a representative sam
ple of the waste has any of the following properties: 

1. 	 It is a liquid, other than an aqueous solution containing less than 24 percent al
cohol by volume, and has a flash point less than 60°C*. 

2. 	 It is not a liquid and is capable, under standard temperature and pressure, of 
causing fire through friction, absorption of moisture, or spontaneous chemical 
changes; and, when ignited, bums so vigorously and persistently that it creates 
a hazard. 

3. 	 It is an ignitable, compressed gas. 

4. 	 It is an oxidizer. 

A solid waste that exhibits the characteristic of ignitability is given an EPA Haz
ardousWaste Number of DOO 1. 

Corrosivity 
A solid waste is said to exhibit the characteristic of corrosivity if a representative sam
ple of the waste has either of the following properties: 

1. 	It is aqueous and has a pH less than or equal to 2 or greater than or equal 
to 12.5. 

2. 	 It is a liquid that corrodes steel at a rate greater than 6.35 111m per year at a test 
. temperature of 55°C. 

Asolidwastethatexhibits the characteristic of corrosivity is given an EPA Haz
. ardousWasteNlll11ber ofD002. 

,A solid waste is said to exhibit the characteristic of reactivity if a representative sam
pJe ofthe waste has any of the following properties: 

1. ltis'nortnallyunstable and readily undergoes violent change without detonating. 

2. 	It reacts violently with water. 

3. 	 It forms potentially explosive mixtures with water. 

4. 	When mixed with water, it generates toxic gases, vapors, or fumes in a quan
tity sufficient to present a danger to human health or the environment. 

*Although it would seem to be a contradiction in terms, that is, calling a solid waste a liquid, Congress has done 
what was once only the province of the gods. In Section 1004 (27) of the Resource Conservation and Recovery 
Act of 1976, they saw fit to violate the laws of physics and make all of the physical states (liquids. gases. and 
solids) one and the same, that is, solid waste. By their definition, almost any discarded material is solid waste. 
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5. 	It is a cyanide or sulfide-bearing waste that, when exposed to pH between 2 
and 12.5, can generate toxic gases, vapors, or fumes in aquantity sufficient to 
present a danger to human health or the environment. 

6. 	 It is capable of detonation or explosive reaction if it is subjected to a strong 
initiating source or if heated under confinement. 

7. 	 It is readily capable of detonation or explosive decomposition or reaction at 
standard temperature and pressure. 

S. 	 It is a forbidden explosive, as defined in Department of Transportation regula
tions (49 CFR 173.51, 173.53, and 173.88). 

A solid waste that exhibits the characteristic of reactivity is given an EPA Haz
ardous Waste Number of D003. 

Toxicity 
A solidwaste is said to exhibit the characteristicof extraction procedure (EP) toxicity 
if, using the test methods described in Appendix II of the Federal Register (55 FR 
11863 and 55FR26986), the extract from a representative sample of the waste con
tains any of the contaminants listed in Table 10-10 at a concentration equal to or 
greater than the respective value given in the table. 

Figure 10-6 shows a generalized flow scheme for determining if a waste is haz
ardous according to EPA definitions. Of particular importance in the scheme are those 
things that are not included in the RCRA regulations. For example, domestic sewage, 
certain nuclear material, household wastes, including toxic and hazardous materials, 
andsmaU quantities (less than100kg/mo) areexdudedfrom the RCRAregulations. 
Thisd?esn?tmeanthatthese wastes are not regulated at alL In factthey are regulated 
underothe~st~tut~s>and,thus, do not need to be regulated under RCRA. 

EO,urjll}Portantb~tcontroversjal parts of the definition of a hazardous waste are 
the.mixt~rerul~,i'containedin"policy, "derived from" rule,_' and waste-code carry 

····through>principle; 
The mixture rule prevents dilution of waste for the purpose of escaping RCRA 

SubtitIeC regulation. Under 40 CPR 261.3(a)(2), mixtures of a listed hazardous 
»,asteangQtpersolidwastesbecome hazardous wastes. In certain instances for char-
ac~eristiewastesandjnthose cases where the listed waste is not to be land disposed, 
dilution ispermitted. The dilution rules are summarized in 56 FR 3875, 31 JAN 
1991. When the dilution rules apply, the mixture of a hazardous waste with the dilu
ent does not cause the diluent to become hazardous and may render the hazardous 
waste nonhazardous. 

A corollary to the mixture rule is the" contained in" policy. Under this policy, me
dia such as soil and water are treated as hazardous wastes if they "contain" listed haz
ardous wastes. 

Any solid waste generated from the treatment, storage, or disposal of a hazardous 
waste, including any sludge, spill residue, ash, emission-control dust, or leachate (but 
not precipitation run-off) is a hazardous waste (40 CFR 261.3(c)). This is known as the 
" derived from" rule. 
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TABLE 10-10 
Toxicity characteristic constituents and regulatory levels 

EPA HWNo.a 

D004 
D005 
DOI8 
D006 
DOl9 
D020 
D021 
D022 
D007 
D023 
D024 
D025 
0026 . 

DOT6 
D027 
D028 
D029 
D030 
DOl2 

D040 

D041 

D042 

D017 

0043
2 

"'"""/,'1':-,' ····<r#~douswaste·.·~ulllner. 
-''';_~_'o4_~_-:-_-

Constituent 

Arsenic .............................. . 

Barium .............................. . 

Benzene ............................. . 

Cadmium ............... , ............ . 

Carbon tetrachloride .................... . 

Chlordane ............................ . 

Chlorobenzene ........................ . 

Chloroform ........................... . 

Chromium ............................. . 

o-Cresol ............................. . 

m-Cresol ........................... . 

p-Cresol ............................ . 

Cresol. .. . . . . . . . . . .. . ............... . 

2,4-D ................................ . 

1,4-Dichlorobenzene ................... . 

1,2-Dichloroethane ... ; ................. . 

l,l-Dichloroethylene ................... . 

2,4-Dinitrotoluene ..................... . 

Endrin ............................... . 

Heptachlor (and its epoxide) .......... '... . 

Hexachlorobenzene .,..... . ........... . 

Hexachloro-l ,3-butadiene ............... . 

Hexachloroethane ...................... . 

Lead·,:.... . ....................... . 

Lindane ... : .......................... . 

~ercu,KJI............. . ... , ............... . 


·.Met~~xyc~l()r...:.... . : .' ... . 

'rvretijyl~tl1ytketone 


~Niirol:JeI1Zehe. .... . . . ................. . 

~entachl()rophenol ..................... . 

Pytjdine;, ..... ; ............... " .... . 

Sele~ijI11. '.. 


[Silver•.... 

Tetrachloroethylene .................... . 

Toxaphene ............................ . 

Trichloroethylene ...................... . 

2,4,5-Trichlorophenol ................... . 

2,4,6~Trichlorophenol ................... . 

2,4,5-TP (Silvex) ...................... . 

Yinyl chloride· .. " ., .................... . 


Regulatory 
ievel (mg/L) 

5.0 
100.0 

0.5 
1.0 
0.5 
0.03 

100.0 
6.0 
5.0 

200.0b 
200.0b 
200.017 

200.0'} 

10.0 
7.5 
0.5 
0.7 
0.I3£' 

/ 0.02 
0.008 
0.13" 
0.5 
3.0 
5.0 
0.4 
0.2 

10.0 
200.0 

2.0 
100.0 

5.0" 
1.0 
5.0 
0.7 
0.5 
0.5 

400.0 
2.0 
1.0 
0.2 

.~If:0z,~-,andp-creSOIC()ncentrati()nscannotbedifferentiated, the total cresol (D026) concentration is used. 

The.regulatorylevel for totalcresol is 200 mg/L. 

C Quantitation limit is greater than the calculated regulatory level. The quantitation limit therefore becomes the 

regulatory leveL 




rWhat Is a Waste? IIndustry Wastewater Treatment Plant 

Everything except your Everyihing coming out of 

product is a waste. the plant is a,waste. 

-+ The waste is not a "RCRA" solid waste if it is: 

Domestic sewage (261.4 Subpart a) 

Clean Water Act. point source discharge 

Irrigation return now 
AEC source, nuclear 

In -situ mining waste 

Pulping liquors from recovery furnace 

Spent sulfuric acid used to produce virgin sulfuric acid 
Reclaimed secondary materials 

Reclaimed spent wood preserving solutions and reclaimed w~tewaters from this process 
EPA hazardous waste nos. K060, K087, Kl4L K143, KI44, K145, K147, K148, and any wastes 

from coke by-products process that are hazardous only because they exhibit the characteristic of 

toxicity, when, following generation, these materials are recycled. (Nole: This waste is only 

excluded when there is no land disposal from the point of generation to the point of recycling,) 

Nonwastewater splash-condenser dross residue from treatment of K061 i~ high-temperature metals 
recovery units, provided it is shipped in drums (if shipped), and not land disposed before rccovery 

T 
All other wastes are "RCRA" solid wastes (solid, liquid, or gas) 

'---.-1I' ---~-1.---------===1 What Is a Hazardous Waste? 

The waste is not an "RCRA": hazardous solid waste if it is: 

Household waste 

Agricultural waste returned to the soil as fertilizer 
Miningoverburdenrcturned to the mine site 

Flyash,scrubber sludge 

WastcassoCiatedwiththe production of crude oil. gas, or geothermal energy 
Wastesthatfailthetest for toxicity characteristic because trivalent chromium (Crl+) is found 

Or\v3slesthatarelisted in Subpart D due to the presence of chromium 

.WasteJrom extractioil,benefication, and processing of ores and minerals 
Cement kiln dust waste 

Arsenic-treated wood 

Petroleum-contaminated media and debris 
lnjected groundwatenhar is hazardous due to the toxicity characteristic 

.<Used chlorofluorocarbon refrigerants 

Nonterne-plated used oil filters 

Used oil re-refining distillation bottoms (that are used as feedstock to manufacture asphalt products) 

The waste is not an "RCRA" hazardous solid waste unless 

It is listed in Part 261, Subpart D of "RCRA" 


It is a mixture including a listed (above) substance 


It exhibits any of the four specific hazardous waste characteristics 


The waste is nOlan "RCRA" hazardous solid waste if: 


rt has been excluded from the lists in Subpart D by petition (delisted) 


All other wastes are "RCRA" hazardous solid wastes 

~ 
FIGURE 10·6 
Flow scheme for determining if waste is hazardous. 
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,--________----., What Wastes Are Subject to Regulation? 

The "RCRA" hazardous solid waste is currently not subject to Subtitle C regulations if: 


The total combined "RCRA" hazardous waste generated at the site is less than 100 kg/month 


It is intended to be legitimately reclaimed or reused, (261.6). However it is subject to RCRA reporting 


requirements regarding storage and transportion if it is a sludge or contains a Part 261 l~sted substance. 


The "RCRA" hazardous solid waste is temporarily exempt from certain regulations if: 


It is a hazardous waste that is generated in a product or raw material storage tank, a product or raw 


material transport vehicle or vessel, a product or raw material pipeline. or in a manufacturing process 


unit or an associated nonwaste-treatment-manufacturing unit. 


All other "RCRA" hazardous solid wastes are subject to Subtitle C of RCRA regulation with respect to 

disposal, transport, and storage. 

Requirements forRecyc1able Materials 

Hazardous wastes that are not subject to requirements for generator. transporters. and storage facilities: 

Regulated under Subparts C through H (261.6): 


Recyclable materials used in a manner constituting disposal 


Hazardous wastes burned for energy recovery in boilers and industrial furnaces 


Recyclable materials from which precious metals are reclaimed 


Spent lead-acid batteries that are being reclaimed 


Not subject to regulation or to the notification requirements of RCRA: 


Industrial ethyl alcohol that is reclaimed 


Used batteries returned to a battery manufacturer for regeneration 


Scrap metal 


petroleum refining. production, and 

solelybecauseitexhibits a hazardous characteristi-: 

chapter. but is regulated under Part 279 of 

the derived from and mixture rules is the "waste-code Carll' 

through" principle. The principle states that a solid waste derived from a hazardous 
waste or a mixture of hazardous and nonhazardous waste contains all of the same 
waste codes as the original waste (53 FR31138, 31148), 

Because ofa]egalsuit and Court order regarding the mixture rule, contained in 
poliet,~~rive?fromrule,andwaste-code carry through principle, EPA developed and 
propose~the Hazardous \Vaste Identification Rule (HWIR) (60 FR 66344, 12 DEC 
19?51:ThepfQPosedHWIRestablishes exit levels for low-risk solid wastes that are 
designated> as hazardous because they are listed, or have been mixed with, derived 
from,or contain a listed hazardous waste. If the constituents of the waste are below the 
exit levels, the waste may be disposed of as a Subtitle D waste. 
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The Universal Waste Regulations (4D CFR 273) were developed by EPA to stream
line hazardous waste management standards for federal universal wastes (batteries, 
pesticides, thermostats, and lamps) that are widely gen~rated. Batteries such as nickel
cadmium and small sealed lead-acid types, unused or banned pesticides, thermostats 
that contain mercury, and lamps such as fluorescent lights, neon, and mercury vapor 
that contain mercury or lead are considered universal ~vastes. The streamlining in
cludes, for example. provisions to extend the amount of time that businesses can accu
mulate wastes, to increase the amount of waste that can be accumulated, and to 
eliminate the need for a manifest. 

RCRA provides a petition mechanism (40 CFR 260.20 and 260.22) for excluding 
a waste from nonspecific sources and at a particular generating facility. Those wastes 
that successfully pass the petition process are delisted. the list of delisted wastes ap
pears in Appendix IX of 40 CFR 261. 

Some waste streams do not come'under the purview of RCRA but are, nonethe
less, considered hazardous. These special wastes include, for example, polychlorinated 
biphenyls (PCBs)and asbestos. PCBs and asbestos are regulated under the Toxic Sub
stances Control Act (abbreviated TSCA and pronounced "ta~-kah"). 

10-4 RCRA AND HSWA 

Congressional Actions on Hazardous Waste 
In 1976 Congress passed the Resource Conservation and Recovery Act (abbrevi
ated RCRA and pronounced "rick-rah") directing the U.S. Environmental Protec
tion Agency to establish hazardous waste regulations. RCRA was amended in 1984 by 
the Hazardous and Solid Waste Amendments (abbreviated HS\VA and pronounced 
"hiss-wah").:RCRAandHSWAwere enacted to regulate the generation and disposal 
tJ:rhazar~?uswastes. These acts did not address abandoned or closed waste disposal 
sites>oLspills.TheComprehensive Environmental Response, Compensation, and Lia
bili.WAct((ibbreyiatedby CERCLA and pronounced "sir-klah"), commonly referred to 
as·:'Superfllnd;",.:yas.enactedin198o.toaddress these problems. SARA, the Superfund 
Amendments and Reauthorization Act of 1986, extended the provisions of CERCLA. 
In the following sections, we shall attempt to tell you about the who, what, where, and 
howofRCRA,HSWA,CERCLA, and SARA. 

Cradle-to-Grave Concept 
The EPA's cradle-to-grave hazardous waste management system is an attempt to track 
hazardous waste from its generation point (the "cradle") to its ultimate disposal point 
(the "grave"). The system requires generators to attach a manifest (itemized list de
scribing the contents) form to their hazardous waste shipments. This procedure is de
signed to ensure that wastes are directed to, and actually reach, a permitted disposal site. 

GeneratorRequirements 
Generators of hazardous waste are the first link in the cradIe-to-grave chain of hazardous 
waste management established under RCRA. Generators of more than 100 kilograms of 
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.' 
hazardous waste or 1 kilogram of acutely hazarc,ious wasteoper month must (witb a few~: 
exceptions) comply with all of the generator regulations. 

The regulatory requirements for hazardous waste generators inclu<je(U.S. EPA, 
1986): 

1. 	Obtaining an EPA ID number 

2. 	 Handling of hazardous waste before transport 

3. 	Manifesting of hazardous waste 

4. 	Recordkeeping and reporting 

EPA assigns each generator a unique identification number. Without this number the 
generator is barred from treating, storing, disposing of, transporting,. or offering for 
transportation any hazardous waste. Furthermore, the generator is forbidden from of
feringthe hazardous waste to any transporter, or treatment, storage, or disposal (TSD) 
facilitythat does notalso have an EPA ID number. 

Pretransportregulations are designed to ensure safe transportation Q(a haz
ardous waste from origin to ultimate disposaL In developing these regulations, EPA 
adopted those used by the Department of Transportation (DOT) for transporting 
hazardous wastes(49 CFR Parts 172, 173, 178, and 179). These DOT regulations 
reqUIre: 

1. 	Proper packaging to prevent leakage of hazardous waste during both normal 
transport conditions and in potentially dangerous situations, such as when a 
drum fallsoutofa truck. 

2•. IdentifiFationofthecharacteristics and dangers associated with the wastes be
.' ·.i¥~tral1§p().rt~.9through Jabeling, marking, and placarding of the packaged 

waste. 
~~~{~< 

'i~l* sp()~r~g?lati?l1sonly'applylogeneratorsshipping waste off site. 
'.•. 'i»\}.to~doptil1grtheIJ()T(egulationsoutlined above, EPA also developed 

\~~~ . pretral1sportn::gulationsthat coverthe accumulation of waste prior to transport.A gen
'trat~rm~yaccumulatehazardous waste on site for 90 days or less as long as the fol
lowing requirements ·are·· met 

·J.~r8;&/ji()rJke:'fheWasteisproperly stored in containers or tanks marked 
with the words "Hazardous Waste" and the date on which accumulation 
began. 

2. 	 Emergency plan: There is a contingency plan and emergency procedures for 
use man emergency. 

3.]?ersonneltraining: Facility personnel are trained in the proper handling of 
hazardous. waste. 

The90-dayperiod allows a generator to collect enough waste to make transportation 
more cost effective, that is, instead of paying to haul several small shipments of waste, 
the generator can accumulate waste until there is enough for one big shipment. 
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If the generator accumuI.ates hazardous waste on siteformore"than -gO days, it is 
considered an operator of a storage facility and must comply with requirements for 
such facilities. Under temporary, unforeseen, and uncontrollable circumstances, the 90
day period may be extended for up to 30 days by the'EPA Regional Administrator on 
a case-by-case basis. 

There is an exception to this.90-day accumulation period that applies to generators 
of between 100 and 1,000 kg/mo of hazardous waste who ship their waste off site. Peo
ple who fall in this category are called small quantity generators (SQG). HSWA re
quired, and the EPA developed, regulations that allow such generators to accumulate 
waste for 180 days (or 270 days if the waste must be shipped over 320 km) before they 
are considered the operator of a storage facility. 

The Uniform Hazardous Waste Manifest (the man~fest) is the key to cradle-to
grave waste management (see Figure 10-7). ThrougH the use of a manifest, generators 
can track thernovement of hazardous waste from the point of generation to the point 
of ultimate treatment, storage, or disposal. 

HSWA requires thateach manifest certify that the generator has in place a program 
to reduce the volume and toxicity of the waste to the degree-that is economically prac
ticable, as determined by the generator, and that the treatment, storage, or disposal 
method chosen by the. generator is the best practicable method currently available that 
minimizes the risk to human health and the environment. 

It is especially important for the generators to prepare the manifest properly 
since they are responsible for the hazardous waste they 'produce and its ultimate dis
position. 

The manifest is part of a controlled tracking system. Each time the waste is 
transferred, that is, from a transporter to the designated facility or from a transporter 
to~nothertransporter, the manifest must be signed to acknowledge receipt of the 
Wastfj./\copyofthemanifestds retained by each link in the transportation chain. 
Qncetpe',VasteisdeliyeredtothedesignatedJacility, the owner or operator of the fa
ci1itYrn~&tsendacopyofthemanifestback to the generator. This system ensures 
thatW~g~I1er~torhas<docuII1entationthat the hazardous waste has made it to its ul
tit1:lafe,desfination.· . . 

If3Sdayspassftomthedate on which the waste was accepted by the initial trans
porterandthegenerator has not received a copy of the manifest from the designated fa
cili!y,t~~.ge~~rCltor.m.usrcontactthe transporter and/or the designated facility to 
<d~tfjrminethe',Vhereabouts ofthe waste. If 45 days pass and the manifest still has not 
been received, the generator must submit an exception report. 

The recordkeeping and reporting requirements for generators provide EPA and 
states with a method for tracking thequantities of waste generated and the movement 
of hazardous wastes. 

'.' Trallsporter Regulations 
Transporters of hazardous waste are the critical link between the generator and 
the ultimate off~site treatment, storage, or disposal of hazardous waste. The trans
porter regulations were developed jointly by EPA and the DOT to avoid contra
dictory requirements coming from the two agencies (U.S. EPA, 1986). Although 
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the regulations are integrat.ed, they are not contained under thesamc'act. A trans
porter must comply with the,regulations under 49 CFR 17] -179 (The Hazardous 
Materials Transportation Act) as well as those under 40 CFR Part 263 (Subtitle C 
of RCRA). . 

Even if generators and transporters of hazardous waste comply with all appro
priate regulations, transporting hazardous waste can still be dangerous. There is al
ways the possibility that an accident will occur. To deal with this possibility, the 
regulations require transporters to take immediate action to protect health and the en
vironment if a release occurs by notifying local authorities and/or diking off the dis
charge area. 

The regulations also give officials special authority to deaJ with transportation ac
cidents. Specifically, if a federal, state, or local official, with appropriate authority, de
termines that the immediate removal of the waste is-necessary to protect human health 
or the environment, the official can authorize waste removal by a transporter who lacks 
an EPA ID and without the use of a manifest. 

Treatment, Storage, and Disposal Requirements 
Treatment, storage, and disposal facilities (TSDs) are the last link in the cradle
to~grave hazardous waste management system. All TSDs handling hazardous waste 
must obtain an operating permit and abide by the treatment, storage, and disposal 
regulations. The TSD regulations estaplish perfo~mance standards that owners 
and operators must apply to minimize the release of hazardous waste into the 
environment. 

A TSD facility may perform one or more of the following functions (U.S. EPA, 
1986): 

Treatment: Anymetnod,Jechnique, or process, including neutralization, de
sig?:edtochang,ethephysicaI, chemical, or biological character or compo
sitic)ll of.anyhazar4ouswaste so as to neutralize it or render it 
nonhazardousorless hazardous; to recover it; make it safer to transport, 
store,or dispose of; or make it amenable for recovery, storage, or volume 
reduction. 

2. 	Storage:< The holding of hazardous waste for a temporary period, at the 
end of whicn the hazardous waste is treated, disposed, or stored else
wnere. 

3. 	 Disposal: The discharge, deposit, injection, dumping, spilling, leaking, or 
placing of any solid waste or hazardous waste into or on any land or water so 
that any constituent tnereof may enter tne environment or be emitted into the 
air or discharged into any waters, including groundwaters. 

The act establishes standards that consist of administrative-nontechnical requirements 
and technical requirements. 

The purpose of the administrative/nontecnnical requirements is to ensure tnat own
ers and operators of TSDs establish the necessary procedures and plans to operate a 

http:integrat.ed
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facility properly and to handle any emergencies or accidents. They cover the subject 
areas shown below: . . 

Subpart Subject 

A Who is subject to the regulations' 
B General facility standards 


Waste analysis, security, inspections, training 

Ignitable, reactive, or incompatible wastes 

Location standards (permitted facilities) 


C Preparedness and prevention 

D Contingency plans and emergency procedures 

E Manifest system, recordkeeping, and reporting 


The objective oftheinterimstatus technical requirements is to minimize-the po
tential for threats resulting from hazardous waste treatment, storage, and disposal at ex
isting facilities waiting to receive an operating permit. There are two groups of interim 
statusrequirements:general standards that apply to several types of facilities and spe
cific.standards that apply to a waste management method. 

Thegeneral standards cover three areas: 

·l.Groundwater monitoring requirements 

2. Closure,•postclosure requirements 

3•. Financialrequirements 
> i, ,.-_., '-''':, -; ,', '_' .: - .,' _ ~:<:,;- >,' / 

.(Jroq6d~~tir~~rlit~n~giSOnIyreqUjredofowrters Ofoperators of a surface impoundment. 
13I1gp:U;I~~·treatIne~~.f?cility,orsomewastepiles used to manage hazardous waste. The 
g~Ill~~:~f~t9~sr;~~llir~men~~st()assess.the.impactof a.facility. on the groundwater be
n~(1tI1i~i~onit~rin~i1'l1ustb.eFopductedfortlie life ofthe facility except at land disposal fa
cili,~es,·whkhrnustcontinue monitoringfor up to 30 years after the facility has closed. 

'J?egrpundwater monitoring program outlined in the regulations requires a monitor
i~gsy~t~.m~ffour.,.eHstobejnstalI~d: oneupgradient from the waste management unit 

,t;,;~\ '.• ·3I1g~.;~P~~g!?~i~qt;.m.pedowngradientwel1smust be placed so as to intercept any 
w£lstemigratingfromtheunit, should such a release occur. The upgradient wells must pro
videdataon groundwater that is not influenced by waste coming from the waste manage
mentunit (called background data). If the wells are properly located, comparison of data 
fromupgradient and downgradient wells should indicate if contamination is occuning. 

()ncethewells have been installed, the owner or operator monitors them for one 
yearto establish background concentrations for selected chemicals. These data form 
tHe;basisforallfuturedata comparisons. There are three sets of parameters for which 
/bac~~(9und.C9ncentrations are established: drinking water parameters, groundwater 
quality parameters, and groundwater contamination parameters. 

Closure is the period when wastes are no longer accepted, during which owners or 
operators ofTSD facilities complete treatment, storage, and disposal operations, apply 
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final covers to or cap landfills, <md dispose of or decontaminate~equipment. structures, 
and soil. Postc1osure, which applies only to disposal facilities, is the30-year period after 
closure during which owners or operators of disposal facilities conduct monitoring and 
maintenance activities to preserve and look after the integnty of the disposal system. 

Financial r~quirements were established to ensure that funds are available to pay for 
closing a facility, for rendering posh·closure care at disposal facilities, and to compensate 
third parties for bodily injury and property damage caused by sudden and non-sudden ac
cidents related to the facility's operation (states and federal governments are exempted from 
abiding by these requirements). There are two kinds of financial requirements: financial as
surance for closure/postc1osure and liability coverage for injury and property damage. 

Land Ban. The Hazardous and Solid Waste Amendments (HSWA) of 1984 signifi
cantly expanded the scope of the Resource Conservation and Recovery Act (RCRA). 
HSWAwas created, in large part, in response to strongly voiced citizen concerns that 
existing methods of hazardous waste disposal, particularly la,nd disposal, were not safe. 
Section 3004 of the act sets restrictions on land disposal of specific wastes. This is com
monly called the "landban," orland disposal restrictions (LOR). As specifically re
quired by Section 3004(m), the agency established levels or methods of treatment, if 
any, which substantially reduce the likelihood of migration of hazardous consti tuents 
from waste so that short-term and long-term threats to human health and the environ
ment are minimized. Congress established a stringent timetable for development of 
treatment standards. After the effective date of the promulgated standards, listed and 
characteristic wastes must be treated to meet the standards before the wastes can be 
placed in any form of land disposal facility. The only exception is where a special vari
ance is approved based on a showing of no migration of hazardous constituents from the 
land disposal site for as long as the waste remains hazardous. The last set ofCongres
s[onallYlllandatedstandardswas promulgated in accordance with the timetcible on May 
~jJ99().EJ>'Nhas,§ubseqllent1~published revisions to clarify and streamline the stal1
dardsi.1'he:~rdvers(lITreatmentStandar~s (UTS) are of particular note in this respect 
>;'~Si~~.to.199t,/treatlllentfacilities managing hazardous waste often had to meet 
Wp~t~e:atm¢l1t<stal1ciards established for many different listed and characteristic 
wastes. In some cases, a constituent regulated to a given concentration level for one 
wastejV(lsalsoregulated in another waste ata different concentration level. On 18 SEP 
1994,EJ>A.publishedtheUTStoeliminate these differences (59 FR 47980, 18 SEP 
19Q~kantl(j()FB2A:2~<3.JJ\N· 1995c). 

Underground Storage Tanks (UST) 
A "UST system"* includes an underground storage tank, connected piping. under
ground ancillary equipment, and containment system, if any. On September 23, 1988. 
the EPApromulgatedJhefinal rules for underground storage tanks. 

Thereareanumber of exclusions to the new regulations, including: 

Hazardous waste UST systems 

Regulated wastewater treatment facilities 

* You can imagine the chagrin of regulators and others when the acronym for Leaking Underground Storage Tanks 
appears on meeting agendas and technical symposia! 
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Any equipment or machinery that contains reguhl't(}d substances for operational. 
purposes such as hydraulic lift tanks a'nd electrical equipment tanks' . 

Any UST system of less than 415 liters 

Any UST system containing a de minimis (negligi ble) concentration of regu
lated substances 

Any emergency spill or overflow containment system that is expeditiously emp
tied after use 

All UST systems must have corrosion protection. There are three ways to obtain cor
rosion protection for tanks: (I) construction of fiberglass-reinforced plastic, (2) steel- and 
fiberglass-reinforced plastic composite, or (3) acoated steel tank with cathoqic protection. 
Cathodic protection systems must be regularly tested and inspected. All owners and oper
ators must also provide spill and overfill prevention equipment and a certificate of instal
lation t() ensure that the methods of installationWere incompliance with the regulations. 

Release (leak) detection must be instituted for all UST systems. Several different 
methods areallQwedJorpetroleum UST systems. However, some systems have spe
cificn:~quirements, for instance, a pressurized delivery system must be equipped with 
an automatic line leak detector and have an annual line tightness test. All new or up
graded USTsystems storing hazardous substances must have secondary containment 
with interstitial monitoring. 

When release is confirmed, owners and operators mllst begin corrective action. Im
mediateconective action measures include mitigation of safety and fire hazards, removal 
ofsatlIrated soils and floating free product, and an assessment of fUIiher cerrective action 
n~~cle.cl.A;s\\fith any remediation situation, a conective action plan may be required for 
longTtermdeanups of contaminated soil and groundwater. 

~i, 	 \ :"~,,,,,,,,,,,,,, "" 

.. EYi~}· 'lO~5 Ctt~tAAN.DSARA 
»:;":",:'-,:::'~'~:.::: :'; ":, ':':,,:,"'2<,'" ",,'-" ", 

'. ····tfilridEaw 
:'., ~":'G~W':";) ,;",' '. - i," ,<', 'c- ,,';,; ',>',', ':-- ''':'--'',i 	 ", 

"'i .~~~~·~;....../::~Si~~J3fiyitonmeI1tal.·R~sponse,<CCimpensation, and Liability Act (CER
.•,.eIJfJ;igFl?80,betterkilo\Vn as "Superfund," became law "to provide for liability, com
.~ p~~~Cltig~,clea~upand~IlJ.e~gency response for.hazardous substances released into the 
,.envirqQl11{mt~ncith~GIG~nupo~i~activehazardous.waste disposal sites." CERCLA was 
~~; , 11~~~t~l1q~~.togiY~13P1tauthorityandfunds to clean up abandoned waste sites'-';i;?2,:"",', 

an torespondto emergencies related to hazardous waste. The law provides for both re
sponseafidenforcement mechanisms. The four major provisions of the law establish: 

1. 	 A fund (the "superfund") to pay for investigations and remedies at sites where 
the responsible. people cannot be found or will not voluntarily pay; 

2. 	 Apriority list of abandoned or inactive hazardous waste sites for'cleanup (the 
Natidnal·PriorityList); 

3. 	Tl1eniechal1ism for action at abandoned or inactive sites (the National Con
tingencyPlan); 

4. 	Liability for those responsible for cleaning up. 
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Initially the trust fund wa~. supported by taxes on produceTs andjmporters of pe
troleum and 42 basic chemicals. In its first five-year period, Superfund collected about 
1.6 billion dollars, with 86 percent of that money coming from industry and the re
mainder from federal government appropriations. In 1986 the Superfund Amendments 
and Reauthorization Act (SARA) greatly expanded the money available to remediate 
Superfund sites. The fund was raised to $8.6 billion for a five-year period by taxing pe
troleum products ($2.75 billion), business income ($2.5 binion), and chemical feed
stocks ($1.4 billion). The remainder is from general revenues. 

The National Priority List (NPL) 
The NPL serves as a tool for the EPA to use in identifying sites that appear to present 
a significant risk to public health or the environment and that may merit use of Super
fund money. First published in 1982, it is updated three times a year. In September 
2005 the list contained 1,239 sites (U.S. EPA, 2005b). The first NPL was formulated 
from notification procedures and existing information sources. Subsequently, a nu
meric ranking system known as the Hazard Ranking SystenL(HRS) was developed. 
Sites with high HRS scores may be added to the list. Sites on the NPL are eligible for 
Superfund money. Those with lower scores are not likely to be eligible. 

The Hazard Ranking System (HRS) 
The HRS is a procedure for ranking uncontrolled hazardous waste sites in terms of the 
potential threat based upon containment of the hazardous substances, route of release, char
acteristics and amount of the substances, and-likely targets"(40 CFR 300, Appendix A). The 
methodology of .the HRS provides a quantitative estimate that represents the relative 
hazards posed by a site and takes into account the potential for human and environmen
tal exposure to hazardous substances. The HRS score is based on the probability of con
tamination from four pathways-·groundwater, smface water, soil, and air-on the site in 
question. The groundwater and air migration pathways are evaluated for ingestion and 
inhalation respectively~ The surface water migration and soil exposure pathways are 
~valuatedfor l11ultiple intake routes. Surface water is evaluated for (1) drinking water, 
(2Yhuman food chain, and (3) environmental (contact) exposures. These exposures are 
evaluated for two separate migration components-overland/flood migration and ground
water to surface water Illigration. Soil is evaluated for potential exposure to the (1) resi
dent population and (2) nearby population. 

. Use of the HRSrequiresconsiderable infonnation about the site and its surround
ings, the hazardous substances present, and the geology of the aquifers and the inter
vening strata. The factors that most affect an HRS site score are the proximity to a 
densely populated area or source of drinking water, the quantity of hazardous sub
stances present, and the toxicity of those hazardous substances. The HRS methodology 
has been criticized for the following reasons: 

1. 	There is a strong bias toward human health effects, with only a slight chance 
of a site in question receiving a high score if it represents only a threat or haz
ard to the environment. 

2. 	Because of the human health bias, there is an even stronger bias in favor of 
highly populated affected areas. 
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3. 	The air emission migration route must be documented by an actual xe1ease.,: 
while groundwater and surface water mutes have no such documentation re
quirement. 

4. 	The scoring for toxicity and persistence of chemicals may be based on site 
containment, which is not necessarily related to a known or potential release 
of the toxic chemicals. 

5. 	A high score for one migration route can be more than offset by low scores for 
the other migration routes. 

6. 	Averaging of the route scores creates a bias against a site that has only one 
hazard, even though that one hazard may pose extreme threat to human health 
and the environment. 

The HRS scores range from 0 to 100, with a score of 100 representing the most 
hazardous site. Occasional exceptions have been made in the HRS priority ranking to 
lIleepheCERCLArequirement that a site designated by a state as its top priority be in
cluded onthe NPL. 

The National Contingency Plan (NCP) 
The National Contingency Plan (NCP) provides detailed direction all the action to 
betaken atahazardous waste site, including initial assessment to determine if an 
emergencyorimminent threat exists, emergency response actions, and a method to 
rank.sites(theHRS} and establish priority for future action. When there is suffi
cientindication that a site poses a potential risk to the environment, a detailed 
s,t~.dy i~ r~q~ire% ... 
;.·]h~l'I~B9~scribesthesteps to be taken for the detailed evaluation of the risks 

;'~) >~~sQ9iatM';~itp~isite;~ueh<anevaluationis',termed, a., remedial investigatioll, (RI) . 
.~~~.' The" . S9f$.~I~~ti9:ga~appI~~prjareJymedyistennedthefeasibility study (FS). The
.fi..... ~t~p~t~~)l1al1~thefr~sibilityistudyare often combined into a single 

, "'im~~....ow~p6pulat:lyas.atemedialinvestigation/feasibility study (RIIFS)" The re
(~:(luireIl1entsof:theRI!FSareusual1youtlined in awritten work plan, which must be ap

'pro~~d/bYtherelevanffederalandstateagenciesbefore,'it may be implemented. 
<'.~~~l11e,~i~.inyy~ti~~!i()?jI1cludesthe development of detailed plans that address 

:'.. •'"" Jbefollowillgitem&€40CFR" 300AOO): 

1. 	Site characterization: A description of the hydrogeological and geophysical 
sampling and analytical procedures to be applied in order to discover the na
ture and extent of the waste materials, the physical characteristics of the site, 
andanyreceptors tIlatcould be affected by the wastes at the site. 

2. 	Quality control:The guidelines to be enforced to ensure that all the data col
lect~dftomthecharacterization program are valid and satisfactorily accu
fate., 

3. 	Health and safety: The procedures to be employed to protect the safety of the 
individuals who will work at the site and perform the site characterization. 
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The RI activities and subsequent evaluation of the data gathered are -termed a risk as
sessment or an endangerment assessment. The remedial investigation report documents 
the evaluation. 

The remedial investigation report serves as a basis' for the feasibility study, which 
evaluates various remedial alternatives. The review criteria include: overall protection 
of human health and the environment; compliance with applicable or relevant and ap
propriate regulations; long-term effectiveness; reduction in-toxicity, mobility, or vol
ume; short-term effectiveness: technical and administrative implementability; cost; 
state acceptance; and community acceptance. All the remedies selected must be capa
ble of reducing the risk at the hazardous waste site to an acceptable level. And, in gen
eral, the lowest-cost alternative that achieves this objectJve is chosen as the course of 
action. The results of the feasibility study are presented in a written report, called the 
record ofdecision (ROD). This document serves as Ii preliminary basis for the design 
of the selected alternative. 

One of the keys to the National Contingency Plan is that it specifies that 
the degree of cleanup be selectedin accordance with several criteria, including the 
degree of hazard to the "public health, welfare and the environment." Therefore, 
there is no predetermined level of remediation that can be required or that must 
be achieved at any site. Rather, the degree of correction is established on a site-by
site basis. What is acceptable in one location may not necessarily be acceptable in 
another. 

On completion and approval of the RIfFS, the next step is the preparation of plans 
and specifications for the selected remedy-the remedial design (RD). To complete the 
process, the actual construction and other activities are undertaken in accordance with 
theplans and specifications. 

Liability 
RerpapS{themostfar reaching provision of CERCLA that has stood the test of the 

9Qurtswastheestablishmentofstrict, joint, and several liability for cleanup of an 


·· .• ~~l,isite.'F~o~eldentifiedby EPA as potentially responsible parties (PRPs) may in
.	cludegenerators, present owners, or former owners of facilities or real property where 
hazardous wastes have been stored, treated, or disposed of, as well as those who ac
ceptedhazardouswaste for transport and selected the facility. PRPs have strict liabil
ity;t~f:tjs,.liabilitywithoutfauILNeither care nor negligence, neither good nor bad 
faitfi, neither knowledge nor ignorance, can be claimed as a defense. Congress cor
rectly predicted that there would be instances where the PRPs would contest their 
contribution to the problem and WOUld, then, be unwilling to share the costs or the re
sponsibility. The strict liability provision orders that the PRP is liable even if the 
method of disposal was in accordance with prevailing standards, laws, and practice at 
the time of disposal. In other words, CERCLA is a "pay now, argue later" statute 
(O'Brien & Gere, 1988). . 

Althoughthelanguage specific to "joint and several" liability was removed from 
CERCLA, the courts have interpreted the law as though the language were included. 
This means that if a PRP contributed any wastes to a site, that PRP can be held ac
countable for all costs associated with the cleanup. This concept was strongly reaf
firmed in SARA. If the PRP refuses to pay, the federal government can sue to recover 
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costs. These actions have been successful. In certain instances where those liable fail, 
without sufficient cause, to properly provide for cleanup. they may be liable for treble 
damages~ 

Superfund Amendments and Reauthorization Act (SARA) 
SARA reaffirmed and strengthened many of the provisions and concepts of the CER
CLA program. In SARA, Congress clearly expressed a preference, but not" a require 
ment, for remedies such as incineration or chemical treatment that render a waste non
hazardous rather than transport to another disposal site or simple containment on site. 

SARA directs that the level of cleanup should achieve compliance with Applicable 
or Relevant and Appropriate Requirements (ARARs). ARARs are environmental stan
dardsfrom programs other than CERCLA and SARA. For example, if a state has a reg
ulation regarding atmospheric emissions from incinerators, then a Superfund cleanup 
using incineration must meetthose applicable standards. Furthermore, if a similar 
standard appears to be relevant and appropriate, then EPA may elecrto apply it. For 
example,ifdrums of waste found on an uncontrolled hazardous waste site ha¥e con
tents that appear to have the same constituents as FOOl-FOOS spent solvent then the 
UTS standards for RCRA waste may be considered relevant and appropriate even 
though thereis no specific evidencetoidentify the origin of the waste. 

SARA significantly strengthens the requirement to consider damages to natural re
sources, especiall y those off site. 

Title III. SARA includes a major addition to the provisions of CERCLA. namely Title 
III-~mergency Planning and Community Right-to-Know. Under the Emergency Plan
ningprovisions,facilities must notify the State Emergency Response Commission if they 
ha\l.e91l~~titie~()fextremelyhazardous substancesthat exceed EPA specified Threshold 
BlanningQuantities(TEQ). InadditioTIiCOmmunities must establish LocalEmergency 
Pla.nring,§oI111uitt.~es(IJ~:r)Cs}t(}deve1opachemical .. emergency response plan. This 
pl~Bru .incl~I~~ipe~tific,ltionofreg~latedfacilities, emergency response and notifica
.~i~~.pr;<;iies,ttafnin~c~rogfaITl~:a~~eyacuationplansin case. of a chemical release. 

/ilr~r .. i;>/Jfi~'~~cilityaccip~ntanYJeleaseschemicals that are on one of two lists ·[that is, 
.~~. '. :EPi\.fS Extremely Hazardous5ubstance list or the CERCLA Section 103(a) list], in 

..rygHl~tedq~(lntities(RQ),.and tlJe.releasehasthepotential for exposure off-site, they 
T:HSlin9tifyth?,l..Br§;ilTlm~.~i(lt~lrTh~lawalsorequires a report on response actions 
r~~en,>~ownotaJIticipatedhe.aIthriSks;andadvice on medical attention for exposed 
individuals. . 

Perhaps the most revolutionary provision of Title III is the establishment of the 
Community's Right-la-Know amounts of chemicals and their location in facilities in 
their community. Thus, information about potential hazards from chemicals is avail
abletothepublic. In addition, each year those facilities that release chemicals above 
specified threshold amounts must submit a Toxic Release Inventory (TRl) on an EPA
specified form ("ForniR").Thisinventory includes both accidental and routine re
leases, as \VeIl asoff-site shipments of waste. The publication of these data has resulted 
in'strenuous efforts by industry to control their previously unregulated and, hence, un
controlled emissions because of the public outcry at the large quantities of materials 
being dumped into their environment. 
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10-6 HAZARDOUS WASTE MANAGEMENT 

A logical priority! in managing hazardous waste would be to': 

1. 	 Reduce the amount of hazardous wastes generated in the first place. 

2. 	 Stimulate "waste exchange." (One factory's hazardous wastes can become an
other's feedstock; for instance, acid and solvent wastes from some industries 
can be utilized by others without processing.) 

3. 	Recycle metals, the energy content, and other useful resources contained in 
hazardous wastes. 

4. 	 Detoxify and neutralize liquid hazardous waste streams by chemical and bio
logical treatment. 

5. 	 Reduce the volume of waste sludges generated in number four, above, by de
watering. 

, 

6. 	Destroy combustible hazardous wastes in special high~temperature incinera
tors equipped with proper pollution-control and monitoring systems. 

7. 	 Stabilize/solidify sludges and ash from numbers five and six to reduce leach
ability of metals. 

8. 	 Dispose of remaining treated residues in specially designed landfills. 

Waste Minimization 
The key elements necessary to the success of a waste-minimization program include 
(~rol}HnetaL,J986): 

'r'op~Teyelorganizational commitment 

FinanciaEtesources 
,'.;':<:;'/:--'.':i:\-:',.'_'{,'. ~--- -'_,' ',,_.' --~: __ --"';:',: ,-::-,', 

]'ec~I1icalxesp~rc.es 

Appropriate organization, goals, and strategy 

. Thecommitrhent ofseniormanagement is the first element that must be in place. Ef
f:9~Z~9t;sta~lis~the()therelements can follow. The organizational structure adopted 
. snoilldpromotecommunicationand feedback from participants. Often, the best ideas 
come from line operators who work with the processes day in and day out. 

Some firms set quantitative waste-minimization goals. Other firms are more qual
itative in their goal setting. 

Waste Audit. An important first step in establishing a strategy for waste minimiza
tion.istoconduct a wasteaudit. The audit should proceed stepwise: 

1. 	Identify waste streams 

2. 	 Identify sources 

3. 	Establish priority of waste streams for waste-minimization activity 

http:ec~I1icalxesp~rc.es
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4. Screen alternatives 

S. Implement 

6. Track 

7. Evaluate progress 

The key question that must be asked at the outset of a waste audit is "why is this waste 
being generated?" You must first establish the primary cause(s) of waste generation be
fore attempting to find solutions. The audit should be waste stream-oriented in order 
to produce a list of specific waste-minimization options for additional eyaluation or im
plementation. Once the causes are understood, solution options can be formulated. An 
efficient materials and waste tracking system that allows computation of mass balances 
is useful in establishing priorities. Knowing how much material is going in and how 
much of it is ending up as waste allows you to decide which process and which waste 
to address first. 

Examplel0~4. A manufacturing company has, as part of their first audit,~gathered 
the following. data. Estimate the potential annual air emissions in kg ofVOCs from the 
company. 

Purchasing department records 

Material Purchase Quantity (barrels) 

228 

505 

3.25 

Hazardous waste manifests 

Material Barrels Concentration (%) 

228 25 
505 80 

8 

13 
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Solution. The materials balagce diagram will be the same for each waste.

The mass balance equation would be 

Mpurchase = Mair + Mww + Mh"!.. + Alaccul11 

Solving this equation for Mair gives us the estimated VOC emission. 
First, we calculate the mass purchased. The density of each compound is found in 

AppendixA. 
Mass Purchased 

M(CH2CI2) (228 barrels/y)(0.12 m3/barrel)(l,326 kg/m3) 

= 36,279.36 kg/y 

M(C2HCl}) = (505 barrels/y)(O.l2 m3/barrel)(1 ,476 kg/m3) 

89,445.60 kg/y_ 

Now we calculate the mass received at the wastewater treatment plant. (Note that mglL 
g/m3

.) 

M(CH2CI::J = (4.04 g/m3)(0.076 m3/s)(86,400)(365)( 1 0 3) 

9,682.81 kg/y 

M(C2HC13) = (3.25)(0.076)(86,400)(365)( 10-3) 

7,789.39kg/y 

The mass shipped to the hazardous waste disposal facility is calculated next. 

M(CH2CI2) = (228)(0.12)(1,326)(0.25) 9,069.84 kg/y 

M(C2HC13) (505)(0.12)(1,476)(0.80) = 71,556.48 kg/y 

Accumulated 

M(CH2Cl2) = (8)(0.12)(1,326) 1,272.96 kg/y 

M(C2HCL3) (13)(0.12)(1,476) 2,302.56 kg/y 

The estimated air emission for each compound is then . 

M(CH2CI2) 36,279.36 - 9,682.81 9,069.84 - 1,272.96 

= 16,253.75 or 16,000 kg/y 

M(C2HCL}) 89,445.60 - 7,789.39 71,556.48 2,302.56 

= 7,797.17 or 7,800 kg/y 

http:7,797.17
http:2,302.56
http:71,556.48
http:7,789.39
http:89,445.60
http:16,253.75
http:1,272.96
http:9,069.84
http:9,682.81
http:36,279.36
http:2,302.56
http:1,272.96
http:71,556.48
http:505)(0.12)(1,476)(0.80
http:9,069.84
http:228)(0.12)(1,326)(0.25
http:9,682.81
http:89,445.60
http:barrels/y)(O.l2
http:36,279.36
http:barrels/y)(0.12


that we round to two significant figures because the volul1]e of the barrels is 
r<'c}pown to only two significant figures. From this analysis, to reduce the mass of -air -. 
{~pl1utants emitted, the company should attack the methylene chloride smirce first. We. 
;~~~ould also point out that simply counting "barrels in" from the purchasing record 
~nd "barrels out" from the hazardous waste manifest would give a highly erroneous 

({~picture of the environmental impact of this company's emissions. From a waste mini
.2mization point of view, it is also apparent that C2HC13, at 80 percent concentration in 
~iii1barrels going to hazardous waste disposal, is a candidate for recycling. 

The first four steps of the waste audit allow you to generate a comprehensive set 
of waste management options following the hierarchy of source reduction first, waste 
exchange second, recycling third, and treatment last. 

The screening of options begins with source control. The source control 1l1vestiga
-tion should focus on (1) changes in input materials, (2) changes in process technology, 
and (3) changes inthe human aspect of production. Input material changes can be clas
sified into three separate elements: purification, substitution, and dilution. 

Purification of input materials is performed in order to avoid the introduction of in
erts or impurities into the production process. Such an introduction results in W<:isfe be
cause the process inventory must be purged ·in order to prevent the undesirable 
accumulation of impurities. Examples of purification of feed materials to lower waste 
generation include the use of deionized rinse water in electroplating or the use of oxy
geninstead of air in oxychlorination reactors for production of ethylene dichloride. 

Sllbstitution is the replacement of a toxic material with one characterized by lower 
toxicity or higher environmental desirability. Examples iJiclude using phosphates in 
place~fqichr~mates as cooling water corrosion inhibitors or the use of alkaline clean
ersi~plac~ ~fcllloEinatedsoIveryts -fordegreasing. 

Di~tlti9ni.samjnorcornponentofinputmaterial changes and is exemplified by use 
/~~$fc~;~il~teplatingSolutions to minimizedragout (material carried out of one tank 

. iUtoa~ot~erl_•.••.. _·_ .. 
-Technology'cflanges are!hose.lTl.adetctthe physical_ plant. Examples include 

process changes, equipment, piping or layoutchanges, changes to process operational 
settings,additionalautomation, energy conservation, and water conservation. 

'PIQqedumLand/orinstitutional changes consist of improvements in the ways peo
ple affecttneproductionprocess. Also referred to as "good operating practices" or 
"good housekeeping," these include operatingprocedures, loss prevention, waste seg
regation, and material handling improvements. 

Waste Exchange 
- Waste minimization by consignment of excess unused materials to an independent 

partyforresale to a third party, saves both in waste production and in the cost (en
vironmentaland financial) of production from new raw material-s. In essence "one 
person's trash becomes another person's treasure." The difference between a manufac
turing by-product, which is costly to treat or dispose, and a usable or salable by-product 
involves opportunity, knowledge of processes outside the generator's immediate pro
duction line, and comparative pricing of virgin material. Waste exchanges serve as 
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.' , 

information clearinghouses through \vhich the availability and i1eed fqr var.iolls types 
of materials can be established. 

Recycling 
Under RCRA and HSWA, EPA has carefully defined recycling to prohibit bogus recy
clers that are really TSDs from taking advantage of more lenient rules for recycling. The 
definition says that a matelial is rec.vcled if it is used, reused, or reclaimed (40 CFR 261.1 
(c)(7)). A material is "used or reused" if it is either (1) employed as an ingredient (in
cluding its use as an intermediate) to make a product (however, a material will not satisfy 
this condition if distinct components of the material are (ecovered as separate end prod
llcts, as when metals are recovered from metal-containing secondary materials); or (2) 
employed in a particular function as an effective substitute for a commercial product (40 
CFR 261.1 (c)(5)). A material is reclaimed if it is processed to recover a useful product 
or if ids regenerated. Examples include the recovery of lead from spent batteries and the 
regeneration of spent solvents (40 CFR 261.1 (c)(4)) (U.S. EPA, 1988a). 

Disti11ation processes can be utilized to recover spent solvent. The principal char
acteristicsthatdetermine the potential for recovery are the boning points of the various 
useful constituents and the water content. The more dilute the waste sol vent, the less 
economical it is to recover. Recovered solvents can be reused by the generator or sold 
for at least a substantial fraction of the cost of virgin material, and the credit for recov
ered solvent can more than offset the cost of recovery. 

There are several technologies for recovery of metals from metal-plating rinse wa
ter. Most are applicable only to waste streams containing a single metal constituent. 
Examples include ion exchange, electrodialysis, evaporation, and reverse osmosis. 

In October 1988 a federal appeals court struck down an EPA policy not to list used 
oil collected for recycling as ahazardous waste. Prior to that ruling, PCB-contaminated 
oils, petroleum industry sludges, and leaded tank bottoms were the only oils regulated. 
Thernajority of oil and oily wastes generated were not classified as hazardous under 
EPA regulations. These wastes arc amenable either to recovery for use as fuel or to re
f~n:emehtf6r~~e<aslubricants. Although all waste oil is now deemed hazardous, those 
oi1s. thafwereformerly recovered may still be recovered, but the requirements for 
tracking them are more stringent. 

10-7 TREATMENT TECHNOLOGIES 

The wastes that remain after the implementation of waste minimization must be detox
ified and neutralized. There are a large number of treatment technologies available to 
accomplish this. Many of these are applications of processes we have discussed in ear
lier .chapters. Examples include: biological oxidation (Chapter 6), chemical precipita
tion, ion exchange, and oxidation-reduction (Chapter 4), and carbon adsorption 
(Chapter 7). Here we will discuss these as they apply tQ hazardous waste treatment, 
and we will introduce some new technologies. 

Biological Treatment 
In contrast to naturally occurring compounds, anthropogenic compounds (those cre
ated by human beings) are relatively resistant to biodegradation. One reason is that 
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the organisms that are naturally present often cannot produce the enzymes necessary. 
to bring about transformation of the original compound to a point at which the re- . 
sultant intermediates can enter into common metabolic pathways and be completely 
mineralized. 

Yiany environmentally important anthropogenic compounds are halogenated, and 
halogenation is often implicated as a reason for their persistence. The list of halo
genated organic compounds includes pesticides, plasticizers, plastics, solvents, and 
trihalomethanes. Chlorinated compounds are the best known and most studied because 
of the highly publicized problems associated with DDT and other pesticides and nu
merous industrial solvents. Hence, chlorinated compounds serve as the basis for most 
of the information available on halogenated compounds. ' 

Some of the characteristics that appear to confer persistence to halogenated com
pounds are the location of the halogen atom, the halide involved, ~nd the extent of 
halogenation (Kobayashi and Rittman, 1982). The first Btep in biodegradation, then, is 
sometimes dehalogenation, for which there are several biological mechanisms. 

Simple generalizations do not appear to be applicable. For example, until recently, 
oxida~ivepathways were mostly> believed to be the typical means by which halo
genated compounds were dehalogenated. Anaerobic, reductive dehalogenation, either 
biologicaLornonbiological, is now recognized as the critical factor in the transforma
tion or biodegradation of certain classes of compounds. Compounds that require re
ductivedechlorination are common among the pesticides, as well as halogenated one-
and two-carbon aliphatic compounds. , 

Reductive dehalogenation involves the removal of a halogen atoITI by oxidation

reduction. In essence, the mechanism involves the transfer of electrons from reduced 

orgallicsubst~rlcesvia microorganisms or anonliving (abiotic) mediator, such as inor

ganicions.~f?rexample,Fe3 +}a?d bioiogical products (for example, NAD(P), flavi n, 

f1axopr?~~irys.pefl1?p~Qt~ins,.p()rphyrins,~hlorophyII, .cytochromes, and.glutathione). 


.·· .. !fl~W7~i~torS,.~1yr~?ROrsipl~Jorac:c~pti~geleftronsfrom reduced organic substances 

<~!2\~I1~/fr§t?sf~rriI1%;thergtoth~p(l10g~n(ltedcompounds .• Tqe.major. requirements for the 

;f~ji !pr~~~~~;~~r~;B~li~\1~d.t8jb3~}"ail~bl~freeelectrons •. ·and.direct . contact between the 

.•.. ····~Ol!$rl>Jl1~~i~~R{;.aIJq.a~£~I?t9rofelectr{)i1srSignificantreductive dechlorination usually 

PScll,rson1ywhen theoxiqation":reduction potentialof the environment is 0.35 V and 
lp}'V(;r;tp'1ex;act Teguir~~entsappear to depend upon the compound involved 
(K08gY(l~q.i~~RittIT1an,Jg&:z). 

••• ..... h.~iWp~~st~~ies.llsi~gpur~culturesof microorganisms and single sub
$tf~tesafevaluable, ifnotessential, for determining biochemical pathways, they can
not always be used to predict biodegradability or transformation in more natural 
situations. The interactions among environmental factors, suchas dissolved oxygen, 
oxidation-reduction potential, temperature, pH, availability of other compounds, salin
ity,p(lfticulate.lUatter, competing organisms, and concentrations of compounds and 
()rg,ani~Ills,oftencontrol the feasibility ofbiodegradation. The compound:s physical or 
ch~Jl1isalcl1aracteristics,such as solubility, volatility, hydrophobicity, and octanol
wa~erpartitioncoefficient,contributeto the compound's availability in solution. Often 
compmmdsnotsoluble in the water are not readily available to organisms for biodegra
dation. There are some exceptions. For example, DDT, which is only slightly soluble 
in water, may be degraded by the white rot fungus found on decaying trees. This is 
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because the enzymes involved. in the 
" 

white rot reaction are .secreted from the cell 
(Kobayashi and Rittman, 1982). 

Simple culture studies are similarly inadequate for predicting the fate of sub
stances in the environment if there are many interactions between different organisms. 
First substances that cannot be changed significantly in pure culture studies often will 
be degraded or transformed under mixed culture conditions. A good example of this 
type of interaction is cometabolism, in which a compound,.. the nongrowth substrate, 
is not metabolized as a source of carbon or energy, but is incidentally transformed by 
organisms using other compounds as growth substrates. The growth substrates pro
vide the energy needed to cometabolize the nongrowtp substrates. Second, products 
of the initial transformation by one organism may subsequently be broken down by a 
series of different organisms until compounds that cari be metabolized by normal 
metabolic pathways are formed. An example is the d~gradation of DDT, which is re
portedly mineralized directly by only one organism, a fungus; other organisms stud
ied appear to degrade DDT only through cometaholism, resulting in numerous 
transformation products that subsequently can be used by other organisms. For exam
ple, Hydrogenomonas can metabolize DDT only as far as p-chlorophenylacetic acid 
(PCPA), while Arthrobacter species can then remove the PCPA (Kobayashi and 
Rittman, 1982). 

Table 1O~ 11 demonstrates that members of almost every class of anthropogenic 
compound can be degraded by some microorganism. The table also illustrates the wide 
variety of microorganisms that participate in environmentally significant biodegradation. 

The metabolic capabilities of many microorganisms, in particular algae and olig
otrophic bacteria, are not well understood. Such knowledge is necessary if limiting re
actions are to be determined and the proper types of organisms selected for specific 
appIications.~ore information about appropriate types of microorganisms to be se
lected~nd'maintained in "real~world" treatment systems is needed, especially for the 
mort3novel'I11icrobialcultures.Jn order to develop special-purpose organisms by 
p~netic.lnaniBuJ~tio~,majoradvances in the understanding of the genetic structure of 
themanydiff~renttypesoforgal1isms· in . nature are needed. 

QonventionalhioIogicaltreatment processes such as activated sludge and trick
ling filters have been used to treat hazardous wastes. The major modification to the 
activated sludge processes has been to extend the mean cell residence time from the 
c?~ventiol1~lv~lues()f4 tol?days to mllch longer periods of 3 to 6 months. In a sim
ilarfashion;tricklingfilterloading rates are much lower than those employed in mu
nicipal treatment systems. One innovation that has been adopted by TSD facilities is 
the sequencing batch reactor (SBR). The SBR is a periodically operated, fill-and
draw reactor (Herzbron et aI., 1985). Each reactor in an SBR system has five discrete 
periods in each cycle: fill, react, settle, draw, and idle. Biological reactions are initi
ated as the raw wastewater fills the tank. During the fill and react phase, the waste is 
aerated in the same fashion as an activated sludge unit. After the react phase, the 
mixed liquorsuspended solids (MLSS) are allowed to settle. The treated supernatant 
is discharged during the draw phase. The idle stage, the time between the draw and 
fill, may be zero or may be a few days depending on wastewater flow demand. The 
SBR has a major advantage in that wastes may be tested for completeness of treat
ment before discharge. 

http:mort3novel'I11icrobialcultures.Jn
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TABLE 10-11 
Examples of anthropogenic compounds and microorganisms that can 
degrade them 

Compound 

Aliphatic (nonhalogenated) 
Acrylonitrile 

Aliphatic (halogenated) 
Trichloroethane, trichloroethylene, 
methyl chloride, methylene chloride 

Aromatic compounds (nonhalogenated) 
Benzene, 2,6-dinitrotoluene; creosol, 
phenol 

Aromatic compounds (halogenated) 
1,2-;·2,3-; 1 A-dichlorobenzene, 
liexachlorobenzene,· trichlorobenzene 
Pentachlorophenol 

Polycyclic aromatics (nonhalogenated) 
Benzo(a)pyrene, naphthalene 
Benzo(a)anthracene 

Polycyclic aromatics (halogenated) 
PCBs 
4:-Chlorobiphenyl 

Organism 

Mixed culture of yeast !Oold, 
protozoan bacteria 

Marine bacteria, soil bacteria, 
sewage sludge 

Pseudomonas sp-.:, 
sewage sludge 
Sewage sludge 

Soil microbes 

Cunninghamella elegans 
Pseudomonas 

Pseudomonas, Flavobacterium 
Fungi 

Corynebacterium pyrogenes 
Anacystic nidulans 
Sewage sludge, soil bacteria 
Treatment lagoon sludge 

Rhodopseudomonas 
Micrococcus 12B 

Chemical detoxification is a treatment technology, either employed as the sole treat
ment procedure or used to reduce the hazard ofa particular waste prior to transport, in
cineration, and buriaL 

Itis important to remember that a chemical procedure cannot magically make a 
t()x.icch.emicaldisappearfrom thematrix(wastewater, sludge, etc.) in which it is 
fo.u.nd,but can0111yconver(ittoanother form. Thus, it is vital to ensure that the 
productsofacl1erilical detoxification step are less of a problem than the starting ma
terial.lfisequally important to remember that the reagents for such a reaction can be 
hazardous. 
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The spectrum of chemical ,methods includes complexation~ neutra.Iization, oxida
tion, precipitation, and reduction.,An optimum method would be fast. quantitative, in
expensive, and leave no residual reagent, which itself would be a pollution problem. 
The following paragraphs describe a few of these techniques. 

Neutralization. Solutions are neutralized by a simple application of the law of mass 
balance to bring about an acceptable pH. Sulfuric or hydrochloric acid is added to ba
sic solutions, while caustic (NaOH) or slaked lime [Ca(OHh] is added to acidic solu
tions. Though a waste is hazardous at pH values less than 2 or greater than 12.5, and it 
would seem that simply bringing the pH into the range 2 to 12.5 would be adequate, 
good treatment practice requires that final pH values be in the range 6 to 8 to protect 
natural biota. 

Oxidation. The cyanide molecule is destroyed by oxidation. Chlorine is the oxidiz
ing agent most frequently used. Oxidation must be conducted under alkaline condi
tionsto avoide the generation of hydrogen cyanide gas. Thisprocess is often referred 
to as alkaline chlorination. In chlorine oxidation, the reaction is carried out in two 
steps: 

NaCN + 2NaOH + C12 ;;::=. NaCNO + 2NaCI + H20 (10-23) 

2NaCNO + 5NaOH + 3Ch ;;=: 6NaCI +CO2 + N2 + NaHC03 + 2H20 (10-24) 

In the first step, the pH is maintained above 10 and the reaction proceeds in a mat
ter of minutes. In this step, great care must be taken to maintain relatively high pH val
ues, because at lower pHs there is a potential for the evolution of highly toxic hydrogen 
cyanide gas. The second reaction step proceeds most rapidly around a pH of 8, but it is 
notasrapidasthe firststep. Higher pH values may be selected for the second step to 
redyce c?emicalconsumptioninthefoUowing precipitation steps. This increases the 
reaction time; Often the second reaction is not carried out because the CNO is consid
~re9no~-toxiSby.·current regulations. 
, . Ozone also maybe used as the oxidizing agent. Ozone has a higher redox poten

tial thanchlorine,thus there is a higher driving force toward the oxidized state. When 
ozone is used, the pHconsiderations are similar to those discussed for chlorine. Ozone 
cann9tbepurchased; Itmustbe.made onsite as part of the process. 

. This technology can be' applied to a wide range of cyanide wastes: copper, zinc, 
and brass plating solutions~ cyanide from cyanide salt heating baths: and passivating 
solutions. The process has been practiced on an industrial scale since the early 1940s. 
For extremely high cyanide concentrations (>1 percent), oxidation may not be desir
able. Cyanide complexes of metals, particularly iron and to some extent nickel, cannot 
be decomposed easily by cyanide oxidation techniques. 

Electrolytic oxidation of cyanide is carried out by anodic electrolysis at high tem
peratures. T~e· theoretical basis of the process is that cyanide reacts with oxygen in so
lutionintl1epresence of an electric potential to produce carbon dioxide and nitrogen 
gas. Normally, the destruction is carried out in a closed cell. Two electrodes are sus
pended in the solution and a DC current is applied to drive the reaction. The bath tem
perature must be maintained in the range of 50 to 95°C. 
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This technology is used for the destruction of cyanide. in concentrated spent strip
ping solutions; in plating solutions for copper: z.inc, and brass; in' alkaline d~scalers: 
and in passivating solutions. It has been more successful for wastes containing high 
concentrations of cyanide (50,000 to ] 00,000 mglL), but it has also been successfully 
used for concentrations as low as 500 mglL. 

Chemical oxidation methods for organic compounds in wastewater have received 
extensive study. In general they apply only to dilute solutions and often are considered 
expensive in comparison to the biological methods. Some examples include wet air 
oxidation, hydrogen peroxide, permanganate, chlorine dioxide, chlorine, and ozone 
oxidation. Of these, wet air oxidation and ozonation have shown promise as a pre
treatment step for biological processes. 

Wet air oxidation, also known as the Zimmerman process, operates on the prin
ciple that most organic compounds can be oxidized by oxygen given sufficient tem
perature and pressure. Wet air oxidation may be de~cribed as the aqueous phase 
oxidation of dissolved or suspended organic particles at temperatures of 175 to 
325°C and sufficiently high pressure to. prevent excessive evaporation. Air is bubbled 
throu~h theliquia. The process is fuel efficient; once the oxidation reaction has 
started, it is usually self-sustaining. As this method is not limited by reagent cost, 
it is potentially the most widely applicable of all chemical oxidation methods. 
The method has been shown to be of use in destroying a wide range of organic 
compounds, including some pesticides. Although wet oxidation can provide accept
able levels of destruction for many hazardous compounds, it generally is. not as com
plete as incineration. In many instances, the addition of metal salt catalysts can 
increase the destruction efficiency or allow the process to be run at lower tempera
ture and/or pressure. 

Precipi~ation.,Metalsare often .removed from plating rinse waters by precipitation. 
This is adiredapplication of the solubility product principle (see Section 4-1). By rais-
ingtOeptl.wHh lime or caustic, the solubility of themetalisreduced (Figure 10-8) and 
the.met~i,:ftydroxideprecipitates.Optimum removal is achieved by selecting the opti
murnPB~sshownjnFigure<lO:8.Though there is an optimum for each metal, in many 
cases,the.metals are mixed and the lowest value for an individual metal may not be 
achievable for the mixture. 

Example 10-5. A metal plating firm is installing a precipitation system to remove 
zinc. They plan to use a pH meter to control the feed of hydroxide solution to the mix
ing tank. What pH should the controller be set at to achieve a zinc effluent concentra
tion of 0.80 mg/L? The Ksp of Zn(OHh is 7.68 X 10- 17

, 

Solution. From Table A-9 in Appendix A we find that the zinc hydroxide reaction is 

Zn2+ + 20H- --'" Zn(OHh 

As shown in Section 4-1, we can write the solubility product equation as 

Ksp = [Zn2 +][OH-f 



866 !NTRODUC"TrON TO ENVIRONMENTAL ENGINEERING 

10-4 L-....._-'--_"-_-'--_--'--_-'--_.-J FIGURE 10-8 
6 7 8 9 10 11 12 Solubilities of metal hydroxides as a function of 

pH pH. (Source: U.S. EPA, 1981b.) 

Because we want the zinc concentration to be no greater than 0.80 mg/L, we calcu
late the mol~s perliter of zinc. 

0.80 mg/L = 1.223 X 10-5 moles/L 
,000mg/g) 

N()ytytesolvefdr.thehydroxide.concentration. 

768 	X 10- 17 

[OH-f - . 	 6.28 X 10- 12 

- 1.223 X 10-5 

= (6.28 X 1O-12)~ = 2.51 X 10-6 

ThepOHis 

pOH == -log (2.505 X 10 6) 5.60 

And the pH set point for the controller is 

pH 	 = 14 - pOH 

= 14 - 5.60 = 8,4 

Reduction. Although most heavy metals readily precipitate as hydroxides, hexava
lent chromium used in plating solutions must be reduced to trivalent chromium before 
it will precipitate. Reduction is usually done with sulfur dioxide (S02) or sodium bisulfite 
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(NaHS03). With S02 the reaction is 

3S02 + 2H2Cr04 + 3HzO ~. Cr2(S04h + 5H20 

Because the reaction proceeds rapidly at low pH, an acid is added to .control the pH 
between 2 and 3. 

Physical/Chemical Treatment 
Several treatment processes are used to separate hazardous waste from aqueous solu
tion. The waste is not detoxified but only concentrated for further treatment or recovery. 

Carbon Adsorption. Adsorption is a mass transfer process in which gas vapors or 
chemicals in solution are held to a solid by intermolecular forces (for example, hydro
genbonding and van der Waals' interactions). It is a surface phenomenon. Pressure 
vessels having a fixed bed are used to hold the adsorbent (see Section 7-10). Activated 
carbon, molecular sieves, silica gel, and activated alumina are the most common ad
sorbents: The active sites become saturated at some point in time. When the organic 
material has commercial value, the bed is then regenerated by passing steam through 
it. The vapor-'laden steam is condensed and the organic fraction is separated from the 
water. Ifthe organic compounds have no commercial value, the carbon may be either 
incinerated or shipped to the manufacturer for regeneration. Carbon systems for re
covery of vapor from degreasers and for polishing wastewater effluents have been in 
commercial application for over 20 years. 

Distillation. The separation of more volatile materials from less volatile materials by 
a process ofvap?rization and condensation is called distillation. When a liquid mixture 
?f<t,~o.erln(lfe;c()TPonentsisbroug;h~tothe boiling point of the mixture, a vapor 
pbflSe.is;.Sreate?apgyetheliquidphase.Jf.the vapor pressures of the pure components 
~1·~diffe~~nt(\yJ1i9PI.susuanythecaSe};.thenlheconstituent(s) having the higher va

·pgr;Rres§J.lr~ ••lVilll:>~mereC?9~e~tr~tedin the vapor phase than theconsti tuent(s) hav
(i~ft. •...••. ~x~()r;pr:ess~Fe.lf'th~yap0l"pbaseiscooled to yield a liquid, a partial 

··.··..,,,··<~S~Pef...oftheconstituentswiJl result-The degree ofseparation depends on the rel
~, :ativl3 differencesintbe vapor pressures. TheJarger the differences, the more efficient 

·th~.separa.ti.Hn:Itth~diff~ret1cejs large enough, a single separation cycle of vaporiza
t!~~~!l~~~~d~e~~ti(}llissuff1ci~t;Itto..~epaxatethe components. If the difference is not 
;]l:lfgeceit~ugh,Il1ultiplecycles (stages) are required. Four types of distiHation may be 
used: batch distillation, fractionation, steam stripping, and thin film evaporation.'" 

Both batch distillation and fractionation are well proven technologies for recovery 
of solvents. Batch distillation is particularly applicable for wastes with high solids con
centrations. Fractionation isapplic:able where multiple constituents must be separated 
andvvheretbeWaste contains minimal suspended solids. 

vyh~n the volatility of the organic compound is relatively high and the concentra
tion.relativelylow, then someform of stripping may be appropriate. Air stripping has 

"Air stripping, though not strictly a distillation process because the condensation step is omitted. employs the 
same general principles of volatilization and, hence, is included in the discussion. 

http:pgr;Rres�J.lr
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been used to purge large quantities of contaminated groundwater of small-concentra
tions of volatile organic matter: The behavior of the process is the inverse of absorption 
discussed in Section 7-10. Air and contaminated liquid

. 
are passed countercurrenrlv 

J 

through a packed tower. The volatiles evaporate into ,the air, leaving a clean liquid 
stream. The contaminated air stream must then be treated to avoid an air pollution 
problem. Frequently this is accomplished by passing the air through an activated car
bon column. The carbon is then incinerated. Air stripping -has been used to remove 
tetrachloroethylene, trichloroethylene, and toluene from water (Gross and TerMaath, 
1985; U.S. EPA, 1987). 

The air stripper design equation may be developeg in the same fashion as the ab
sorber equation in Chapter 7.1t is given here without that development: 

1n[ CI~RTg (C1 - 1)]
L C2" GHe C; 

(10-26)
ZT = A (LRTi)"

Ka 1--
L GH e 

where ZT depth of packing in tower, m 
L water flow, m3fmin 
A =cross-sectional area of tower, m2 

G air flow, m3fmin 
He = Henry's constant, atm' m3fmol 
R = universal gas constant = 8.206 X 10-5 atm' m3/mole . K 

TI; temperature of air, K" .. 
CI, C~ = influent and effluent organic concentration in the water. mol/mY 

KL overall mass transfer coefficient, mol/min' m2 
• mol/m3 

a = effective interfacial area of packing per unit volume for mass 
transfer, rn2fm3 

Realisticvaluesof .theaiHo-water ratio (GIL) range from 5 to several hundred. In 
allactllaldesign,a safetyfactorof20percent would be added to Zt. The column hold
ingthe packing would be somewhat larger to accommodate support structures and 
distribution piping (LaGrega et aI., 2001). 

E~~Ir1pleJO.6.ren12AattheCity of Tacoma, WA, is contaminated with 350 J.LgfL 
ofl,1,2,2-tetrachloroethane. The water must be cleaned to the detection limit of 1.0 
J.LglL. Design a packed tower stripping column to meet this requirement using the fol
lowing design parameters. 

Henry's law constant 5.0 X 10-4 atm' m3fmol 
KLa = 10 X 10-3 S 1 

Airflow rate 13.7 m3/s 

Liquid flow rate = 0.044 m3/s 

Temperature = 25°C 

Column diameter may not exceed 4.0 m 

Column height may not exceed 6.0 m 
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Solution. The Henry's law constants given in-Appendix.A are in kPa . -m3/moles. 
To convert these to atm . m3/mole, divide by tfie.atmospheric pressure at standard 
conditions, that is. 101.325 kPaJatm. 

The stripper equation is then solved for ZTA, the column volume. 
5

In 350 _ (0.044)(8.206 X 10- )(298) (_3lQ 1)] 
1 (13.7)(5.0 X 10-4

) I 
ZTA = (0.044) ----.. -3[ (0.044)(8.206 X .-10---5)-(2-98-)~ 

10 X 10 1 - ----.---
(13.7)(5.0 X 10-4

) 

= (0.044)(6.75 X 102
) 

29.7 nr' 

Any number of solutions are now possible within the boundary conditions of 4 m di
ameter and 6 m height. For example, with the 20 percent safety factor and rounding, 

Diameter.(m) ZT(m) Tower height (m) 

4.00 2.36 3 
3.34 3.39 5 

For gases of lower volatility or higher concentration (> 100 ppm) steam stripping 
maybe employed. The physical arrangement of the process is much like that of an air 
stripper, except that steam is introduced instead of air. The addition of steam enhances 
the stripping process by decreasing the solubility of the organic in the aqueous phase 
andbyincreasing the vapor pressure. Steam stripping has been used to treat aqueous 
wast) c~nt~'ITlin~ted, with~hlorinated hydro~arbons, xylenes, acetone, methyl ethyl ke
t?nY'ITl~!J1aeol,~.ndp~ntachl?rophenol. Concentrations treated range from 100 ppm to 

•. 10>p~r:septorganic ..~~nlPQund (U.S.~PA, .. 1987). 
(::1:: _c~~c' ef~{)fll1etalsbye\laporationisaccomp1ished by boiling off sufficient water 
'#!i!t'.~r)9W .illeFt~c1'rins~st~ealTItQallQwitheconcentratetQbe returned to the plating 
• ...... b0at~'lrr~eF()ntlsns€dsteamisrecyc1edforuseasrinsewater. The boil-off rate, or evap* oratofduty,isset to maintain the water balance of the plating bath. Evaporation is usu

~llY~~1~11l1~dundervacuumtopreventthermal degradation of additives and to reduce 
tpeaI11~lf~tofen~~gy.req~ire~foreyqporation.ofthewater. 

·J~~re'ary.fol1r~ypesof evaporators: rising film, flash evaporators using waste heat, 
submerged tube, and atmospheric pressure. Rising film evaporators are built so that the 
evapoHitiveheating surface is covered by a wastewater film and does not lie in a pool 
ofboiling wastewater. Flash evaporators are of similar configuration, but the plating 
solution is continuously recirculated through the evaporator along with the wastewater. 
This allows the use of waste heat in the plating bath to augment the evaporation 
pr8se~s.Inthe submerged tube design, the heating coils are submerged in the waste

... water;Alm9sphericevaporators do not recover the distillate for reuse and they do not 
operate under vacuum. 

Ion Exchange. Metals and ionized organic chemicals can be recovered by ion 
exchange. Ion exchange chemistry was discussed in Section 4-3. In ion exchange, the 

http:0.044)(6.75
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FIGURE 10-9 

Typical ion exchange resin column. (Source: U.S. EPA, J981a) 


""ast~?treamcontainingthejontoberemoved is passed through a bed of resin. The 
re~il1jsseTect~d to rCll1oveeithercations or anions. In the exchange process, ions of like 

.(:hargearer~Tovedfr()mtheresins.urface in exchange for ions in solution. Typically. 
eite~rf~~r()g~~?rsPcii~Illi~~x.chaIlgedforcations (metal) in solution. When the bed 
ht:(:o~~seturated\Vithtl;leexchangedion,it is shutdown and, the resin is regenerated 
.	bY:J5as~ingaconcentratedsolution containing the original ion (hydrogen or sodium) 
back through the . bed. The exchanged pollutant is forced otf the bed in a concentrated 
formthatmayb~recycled.Atypicalionexchange column is shown in Figure 10-9. A 
PE~fIlte~i~:eq~}r~dtpr91rovestlspendedmaterial that would hydraulically foul the col
umn.ltalsoTemoves organic contaminants and oils that would foul the resin. 

Asa rule, ion exchange systems are suitable for chemical recovery applications 
where the rinse water feed has a relatively dilute concentration 1.000 mg/L) and a 
relatively low concentration is required for recycle. Ion exchange has been demon
stratedcommercially for recovery of plating chemicals from acid-copper, acid-zinc, 
nickel,tin, cobalt, and chromium plating baths. 

Thebreakthroughcurves for an ion-exchange colurim and an adsorption column 
(Section 7-10) are similar. Thomas (1948) proposed a kinetic equation to describe the 
removal of the contaminant in the column: 

In (Co _1) = (k)(qo)(M) _ (k)(CoKV) (10-27)
C Q Q 



871 HAZARDOUS WASTE MANAGEMENT 

where Co influent solute concentration, mg/L or millle{fuiva1entslL Cnieq/L) _ 
C effluent solute concentration, mgit or milliequivalents/L (meqlL) 
k = rate constant, Lid . equivalent 

qo = maximum solid phase concentration of exchanged solute, equivalentslkg 
of resin 


M mass of resin, kg 

¥ = volume of solution passed through column, L 

Q = flow rate, Lid 


This equation is of the form y = mx + b 

Co 
where y In (C 

x= 11 

This allows us to determine the rate constant and the maximum solid phase concentra
tion from a plot of In (Col C 1) versus 11 as shown in Figure 10-10. 

Toe slope of the line is equal to 

kCo 

Q 

3 

Volume, liters 

Plot of breakthrough data to estimate kinetic equation constants. (Note: ordinate scale is logarithm 
to the base e.) 



872 INTRODUCfION TO ENVIRONMENTAL ENGINEERING 

and the intercept is equal to 

Data from a laboratory or pilot scale breakthrough curve are required to obtain the plot. 
The same flow rate, in tenns of bed volumes per unit time, should be used for both the 
pilot studies and the full scale column. 

Example 10-7. An electroplating rinse water containing 49 mg/L of zinc is to be 
treated by an ion exchange column to meet an allowable effluent concentration of 
2.6 mg/L. A laboratory scale column has provided the breakthrough data shown in 
the first two columns of the table on page 873. The laboratory column data are as 
follows: 

Inside diameter = 1.0 em 

Length = 10.0 em 

Mass of resin (moist basi~) 5.2 g 

Water content = 17% 

Density of dry resin = 0.65 g/cm3 

Liquid flow rate = 7.87 Lid 

Initial concentration of zinc = 49 mg/L 

The full scale design must meet the following requirements: 

Flowrate =>J6,OOOLId 

Hours of operation = 8h/d 

Regenerationisto be once every· 5days 

Determine the massofresin required. 

S()lutiOll~ The laboratory breakthrough data are converted to the form of Equa
tion 10-27 in the following table. The initial concentration of zinc (Co) is 49 
mg/L. The meq/L is determined by first finding the equivalent weight (See 
Chapter 4) as 

GMW 65.41 g/mole 
-- = = 32.71 g/eq ormg/meq 

n 2 eq/mole W 

and dividing the concentration ofzinc by its equivalent weight. The initial concentra
tion(Co) in meq/L is 

49 mg/L 
1.50 meq/L

32.71 mg/meq 



873 HAZARDOUS WASTE MANAGEMENT 

Breakthrough Data 

¥, L C, mg/L C, meq/L f.! - 1c 

0.32 2.25 0.06826 20.973 
0.48 2.74 0.08313 17.044 
0.64 4.56 0.13835 9.8421 
0.80 8.32 0.25243 4.9423 
0.96 12.74 0.38653 2.8807 
1.12 17.70 0.53701 1.7932 

128 23.54 0.71420 1.1003 

1.44 27.48 0.83374 0.7991 
1.60 30.58 0.92779 0.6167 
1.76 35.34 1.07221 0.3990 
1.92 37.02 1.12317 0.3355 
2.08 39.38 1.19478 0.2555 

'2.24 42.50 1.28944 0.1632 
2.40 . 45.10 1.36833 0.0962 
2.56 44.l0 1.33799 0.1211 

Tbe plot of these data is shown in Figure 10-10. 

From the plot 


1 ( 7.87 Lid )) k = (slope) (~J (2.6 
1.50 meq/L 

= 13.64 Lid· meq 

(3.69)(7.8TL!d) 

(IJ.64 Lid ·meq)(4.316 g) 

4316g 

values of k andqo and reapplying Equation 10-27 we can determine the 
mass of resin for the full scale column. Since the effluent concentration must not ex
ceed2.6 mglL, we can solve the left-hand side of the equation as: 

In (. 49 - 1) 2.882 
2.6 

l'hefirstterm onthe right:handsidecontains the unknown (M). Using the constants 
d,etenninedabove,and the daily flowrate, it may be simplified to 

(13.64 Lid· meq)(0.4933 meq/g)(M) 
1.87 X 10-4 (M)

36,000 Lid 
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Using a flow rate of 36,000 L!d and a 5 'day operating cycle, the volume to-treat 
(-\I) is 

(36,000 Lld)(5 d) = lSO.OOO L 

The second term on the right-hand side of the equation is then 

(13.64 Lid· meq)(1.50 meq/L)(lSO,OOO L) 
~, .'= 102.30 

36,000 LId 

Setting the left-hand side of the equation equal to the right-hand side and solving for 
M yields 

2.S82 = I.S7 X 1O-4(M) - 102.30 

M = 5.6 X 105 g or 56Qkg 

In full~scale operation, the resin bed is not allowed to reach saturation because the 
concentration of the solute will exceed most discharge standards before this occurs. 
Normal operation then requires either an operating cycle that will allow regeneration 
of the spent resin during nonworking hours or, in the case of 24 hour, 7 day per week 
schedules, multiple beds so that one may be taken off-line. 

The diameters of ion exchange columns may vary from centimeters to 6 m. Resin 
bed depths range from I to 3 m. Bed height-to-diameter ratios range from 1.5: I to 1:3. 
The column shell is designed to allow fodOO percent ,expansion of the resin bed dur
ing backwashing (regeneration). Columns are normally prefabricated and shipped by 
truck. Column height generally does not exceed 4 m. Multiple columns in series are 
provided wherethe design height exceeds 4 m. The maximum column diameter is of
teh'contrbUedby the clearance under bridges passing over the highway. 

During ion exchange, the normal flow pattern is downward through the bed. The 
hYcira~licJoading may rangeJrom 25to 600 m3/d . m2 

. Lower hydraulic loadings 
resllltihlopgercontactperiodsandbetter exchange efficiency. Because the surface of 
thebeciactsIikea filter, regeneration is often countercurrent, that is, the regenerating 
solutionis pumped into the bottom of the column. This results in a cleansing of the col
umn much like the backwashing of a rapid sand filter cleans it. Regeneration hydraulic 
loadingsrange from 60 to 120 m3/d' m2

• 

Electrodialysis. The electrodialysis unit uses a membrane to selectively retain or 
transmit specific molecules. The membranes are thin sheets of ion exchange resin re
inforced by a synthetic fiber backing. The construction of the unit is such that anion 
membranes are alternated with cation membranes in stacks of cells in series (Figure 
10-11), An electric potential is appJied across the membrane to provide the motive 
force for ion migration. Cation membranes permit passage of only positively charged 
ions, while anion membranes permit passage of only negatively charged ions. The flow 
is directed through the membrane in two hydraulic circuits (Figure 10-12). One circuit 
is ion-depleted and the other is ion-concentrated. The degree of purification achieved 
in the dilute circuit is set by the electric potential. The ability to pass the charge is pro
portional to the concentration of the ionic species in the dilute stream. Because ion 

http:meq)(1.50
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Anion 
pcrmcable 
membrane 

Anode 

o 

Dilute Concentrate 
stream stream 

FIGURE 10·11 
Electrodialysis. (Cations in the feed water show Ihe same behavior as copper 
(Cu2+) and anions show the same behavior as sulfate (SO~-). Under the ac
lion of an dectric field, calion-exchange membranes permit passage only of-· 
positive ions, while anion-exchange membranes permit passage only of neg
ativelycharged ions.) (Source: Davis and Masten, 2004.) 

Contaminated 

Diluting Concentrating circuit rinse feed 

Legend 
C cation selective membrane 
A anion selective membrane 

M+ = cations 
X· == anions 

FIGURE 10·12 
Electrodialysis unit flow schematic. 
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migration is proportional to el.ectric porential, the optimum system is a trade-off be
tween energy requirements and degree of contaminant removal. 

Electrodialysis has been in commercial operation for more than four decades in the 
production of potable water from brackish water. It has also been used in deashing of 
sugars, desalting of food products such as whey, and to recover waste developer in the 
photo processing industry and nickel from a metal-plating rinse water. Typically, elec
trodialysis can separate a waste stream containing 1,000 to 5,000 mg/L inorganic salts 
into a dilute stream that contains 100 to 500 mg/L salt and a concentrated stream that 
contains up to 10,000 mg/L salt. 

Reverse Osmosis. Osmosis is defined as the spontaneous transport of a solvent from 
a dilute solution to a concentrated solution across an ideal semipermeable membrane 
that impedes passage of the solute but allows the solvent to flow. Solvent flow can 
be reduced by exerting pressure on the solution side of the membrane, as shown in Figure 
10-13. If the pressure is increased above the osmotic pressure on the solution side, the 
flowrevers~s. Pure solvent will then pass from the solution into. the solvent. As applied 
to metal finishing wastewater, the solute is the metal and the solvent is pure water. 

Many configurations of the membrane are possible. The driving pressure is on the 
order of 1,000 to 5,500 kPa. No commercially available membrane polymer has 
demonstrated tolerance to all extreme chemical factors such as pH, strong oxidizing 
agents, and aromatic hydrocarbons. However, selected membranes have been demon
strated on nickel, copper. zinc, and chrome baths. 

Solvent Extraction. Solvent extraction is also called liquid extraction and liquid

liquid extraction. Contaminants can be removed from a waste stream using liquid


.. liquigextr~ction if the wastewateris contacted with a solvent having a greater solubility 

forthetargetcontaminants than the wastewater. The contaminants will tend to migrate 

fronithewastewater into the solvent.Although predominately a method for separating 

{)r&a~icmat~rials.ittnayalso be applied to remove metals if the solvent contains a ma

teri~thatwillre~ctwjth the metaL Liquid ion exchange is one kind of these reactions. 


Osmoric Reverse 
eqUilibrium osmosis Pressure 

1 l' 11[ 

Fresh 
water 

Saline 
warer 

Semipermeable 
membrane 

FIGURE 10-13 
Direct and reverse osmosis. 
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In the solvent extraction process, the solvert and the waste stream are rilixeci to al-: 
low mass transfer of the constituent(s) from the waste to the solvent. The solvent, im
miscible in water, is then allowed to separate from the water by gravity. The solvent 
solution containing the extracted contaminant is called the extract. The extracted waste 
stream with the contaminants removed is called the raffinate. As in distillation, the sep
aration may need to be done in one or more stages. In general, more stages result in a 
cleaner raffinate. The degree of complexity of the apparatus varies from simple 
mixer/settlers to more exotic contacting devices. If the extract is sufficiently enriched, 
it may be possible to recover useful material. Distillation is often employed to recover 
the solvent and reusable organic chemicals. For metal recovery, the iOQ exchange ma
terial is regenerated by the addition of an acid or alkali. The process has found wide ap
plication in the ore processing industry, in food processing, in pharmaceuticals. and in 
the petroleum industry. 

Incineration 
rnan incil1enltor, chemicals are decomposed by oxidation at high temperatures (800°C 
and greater). The waste, or at least its hazardous components, must be combustible in 
order tobedestroyed. The primary products from combustion of organic wastes are 
carbon dioxide, water vapor, and inert ash. However, there are a multitude of other 
productsthat can be formed. 

Products of Combustion. The percentages of carbon, hydrogen, oxygen, nitrogen. 
sulfur,halogens, and phosphorus in the waste, as well as the moisture content, need to 

be knownto determine stoichiometric combustion air requirements and to predict com
busti8P~a7PR\vandcomposition.Actualjncineration conditions generally require ex
sess.oxy;ge~tQ;rnaximize:thefo~111ationofproductsof complete combustion (POCs) 
and,tW~iIl1iz~t~ef()r111ationofprodilctsofinc()mplete.combustion. (PICs). 

......•.•..·.!p~;iin~i~~f~ti?nofhaI?genat~dorganksresuIts in the· formation of halogenated 
)'i>aGi~~,;~n\~l1r~qj~ire>.fUrtheftr~aHn~~tt~~~sureenvironmentalIy acceptable air emis
>.~i~I1~?fro... .. l11cinY.l'ationprocess. Chlorinated organics are the most common halo
(i 	. gen~tedhydfo~arbons found in hazardous waste. The incineration of chlorinated 

h¥,dW()~rbOrls'¥ithexcessairresults.in ... theformation ofcarbon dioxide, water, and 
ITyd;r?~~Tl5~lprid~; ..~.n~}l.alTIPle i§.. thefollowing reaction for the incineration of 
diphlorethaI1e.(~ent.z,J989}: •..... 

(10-28) 

The hydrogen chloride must be removed before the carbon dioxide and steam can be 
safely exhausted into the atmosphere. 

Hazardous wastemaycontai n either organic or inorganic sulfur compounds. When 
thes~\V~stes.are incinerated, sulfur dioxide is produced. For example, the destruction 
ofethylmen.:aptanresults in the following reaction: 

(10-29) 

The sulfur dioxide produced by the incineration of sulfur-containing wastes mllst not 
exceed air quality standards. 

http:h�,dW()~rbOrls'�ithexcessairresults.in
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Excess air must be provid~d to ensure complete combustion. However, the amount 
of the excess can only be determined empirically. For example, a highly volatile. cJean. 
hydrocarbon waste would probably require much less.excess air than would a heavy 
hydrocarbon sludge within a high solids content. Incineration of sludges and solids 
may require as much as two to three times excess air above stoichiometric equivalents. 
Too much excess air should be avoided because it increases the fuel required to heat 
the waste to destruction temperatures, reduces residence time for the hazardous wastes 
to be oxidized, and increases the volume of air emissions to be handled by the air pol
lution control equipment. 

By-products from the incineration of hazardous wastes may also result from 
incomplete combustion as well as from the products of combustion. Products of in
complete combustion (PICs) include carbon monoxide, hydrocarbons, aldehydes. ke
tones,' amines, organic acids, and polycyclic aromatic hydrocarbons (PAHs). In a 
well-designed incinerator, these products are insignificant in amount. However, in 
poorly designed or overloaded incinerators, PIes may pose environmental concerns. 
Polychlorinated biphenyls, for instance, decompose under such conditions into 
highly toxic chlorinated dibenzo furans (CDBF). The hazardous materiaL hex a
chlorocyclopentadiene (HCCPD), found in many hazardous wastes, is known to de
compose into the even more hazardous compound hexachlorobenzene (HCB) 
(Oppelt, 1981). 

Suspended particulate emissions are also produced during incineration. These in
clude particles of mineral oxides and salts from the mineral constituents in the waste 
material, as well as fragments.of incompletely burned combustibles. 

Last, butnotleast, ash is a product of combustion. The ash is considered a haz
ardous waste. Metals not volatilized end up in the ash. Unburned organic compounds 
mayalsobefound inthe ash. When organic compounds remain, the ash may simply be 
inciI1etated.The metals mustbe treated prior to land disposal. 

D¢sigI1Consider~tions. The 1110st important factors for proper incinerator design 
a~dopera.ti?l1are.coll1bustiontemperature, combustion gas residence time, and the ef
ficiencyofmixingthewaste with combustion air and auxiliary fueL 

CheIllical and thermal dynamic properties of the waste that are important in deter
rniningitstime/temperature requirements for destruction are its elemental composi
tion,>neth~atingvalue,andany special properties (for example, explosive properties) 
thatmayinterfere with incineration or require special design considerations. 

In general, higher heating values are required for solids versus liquids or gases, for 
higher operating temperatures, and for higher excess air rates if combustion is to be sus
tained without auxiliary fuel consumption. While sustained combustion (autogenous 
combustion) is possible with heating values as low as 9.3 MJlkg, in the hazardous waste 
incineration industry it is common practice to blend wastes (and fuel oil, if necessary) 
to obtain an overall heating value of 18.6 MJ/kg or greater (Davis et ai, 2000). 

Blending is also used to limit the net chlorine content of chlorinated hazardous 
wasteto a maximum of roughly 30 percent by weight to reduce chlorine concentrations 
in the combustion gas. The chlorine and, especially, hydrogen chloride that forms from 
the chlorine, are very corrosive. They oxidize the fire brick in the incinerator which 
causes it to fail. 

http:fragments.of
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Hazardous waste incinerators must be ciesigned to achieve a 99.99 percent, 
destruction and removal efficiency (DRE) of the principal organic hazardous compo
nents (POHCs) in the waste. This is commonly referred to as "four 9s DRE"; higher 
DREs may be referred to as five 9s, six 9s, that is, 99.999 and 99.9999·percent DRE, 
respectively. Because of the complexity of the wastes being burned, little Sllccess has 
oeen achieved in predicting the time and temperature requirements for achieving the 
99.99 percent DRE. Empirical tests (trial burns) are required to demonstrate compli
ance. Experience has demonstrated that highly halogenated materials are more difficult 
to destroy than those with low halogen content 

Incinerator Types. Two technologies dominate the incineration field: liquid inj
ection and rotary kiln incinerators. Over 90 percent of all incineration facilities lise 
one of these technologies. Of these, more than 90 percent are liquid-injection units. 
Less. commonly used incinerators include fluidized beds and starved air/pyrolysis 
systems. 

Horizontal, vertical, and tangential liquid injection units are used. The majority of 
the incinerators for hazardous wastes inject liquid hazardous waste at 350 to-700 kPa 
through an atomizing nozzle into the combustion chamber. These liquid incinerators 
vary in size from 300,000 to 90 million Joules of heat released per second. An auxil
iary fuel such as natural gas or fuel oil is often used when the waste is not autogenous. 
The liquid wastes are atomized into fine droplets as they are injected. A droplet size in 
the range 40 to 100 fLm is obtained with atomizers or nozzles. The droplet volatilizes 
in the hot gas stream and the gas is oxidized. Efficient destruction of liquid hazardous 
wastes. .requiresminimizing unevaporated droplets and unreacted vapors. 

Residence time, temperature, and turbulence (often referred to as the "three Ts") 
ar~oeti.rniz,~d5~.ir.~r~~sede~tnlction efficiencies.Typical· residence times are 0.5 to 2 

.s~cO?d~"Ip~in~ratol"temperaturesusuaHy rangebetween 800 and 1600°C. A high de

.·.·gfcT.~~t~.~J;blll~nc:jsd~siF~bleJorachievingeffectivedestruction. of the organic chem
ic~1~i!ltfitt,,¥:~ste .. 1?~pen9ingon\\lhetherth~liquid incinerator flow is axial, radiaL or 

·.~.·.if!:: ··'tan·g . . . tl'O' l' f' el b n' s· d a'r'a't t" t' . I b d··i........T•. <~~.guFer·ans~~ ... twas emJec lonnozz es can e arrange
..<rO~Qhi~Y~llJ~.desiredtemperature,tutbulence,andresidence time. Vertical units are 

lessli~ely.toexperienceash buildup.Tangential units have a much higher heat release 
ancfigen~ranysuperior··mixing. 

1JIMr?t~rrkil~jsoft7nJlsedjnhazardouswaste"disposal systems because of its 
ver~atilityinpre.('essingsolid, liquid; and containerized wastes. Waste is incinerated in 
a refractory-lined rotary kiln, as shown in Figure 10-14. The shell is mounted at a slight 
incline from the horizontal plane to facilitate mixing the waste materials with circulat
ing air. Solid wastes and drummed wastes are usually fed by a conveyor system or a 
ram. Liquids and pumpable sludges are injected through a nozzle. Noncombustible 
metal(indotherresiduesare discharged as ash at the end of the kiln. 

~9t~ldl~s aretypically 1.5 to 4 m in diameter and range in length from 3 to 10m. 
Rotary.kilniilcinMrators.usuallyhave a length-to-diameter ratio (LID) of between two 
and~ight.Rot~tionalspee~srangeJrom 0.5 to 2.5 cm/s, depending. on, kiln periphery. 
High LID ratios, along with slower rotational speeds, are used for wastes requiring 
longer residence times. The feed end of the kiln has airtight sealS to adequately control 
the initial incineration reactions. 
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FIGURE 10-14 
Rotary kiln incinerator. 

Residence times for solid wastes are based on the rotational speed of the kiln and 
itsa~gIe.Th~Tesidenc\e time to volatilize waste is controlled by the gas velocity_ The 
r~tentiontimeofsoIidsin the incinerator can be estimated from the following, where 

.the cbefficiefito; 19isbased on limited experimental data: 

0.19 Le= -~-- (10-30)
NDS 

wheree retention time,min 
L=kihilengtn,m 
N::::k:i1nr6tational speed, rev/min 
D = kiln diameter, m 
S == kiln slope, mlm 

Rotary kiln systems typically include secondary combustion chambers or after
burners to ensure complete destruction of the hazardous waste. Kiln operating tem
peratures range from 800 to 1,600°C. Afterburner temperatures range from 1,000 to 
1,600°C. Liguidwastes are often injected into the secondary combustion chamber. The 
voiatilizedalld combusted wastes leave the kiln and enter the secondary chamber, where 
additional oxygen is available and high heating value liquid wastes or fuel may be in
troduced. Both the secondary combustion chamber and the kiln are usually equipped 
with an auxiliary fuel firing system for startup. 
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Cement kilns are very efficient at destroying haza:"rdous waste. Their long resi- _. 
dence times and high operating temperatures exceed the requirements for destruction . 
of most wastes. Hydrochloric acid generated from chlorinated hydrocarbon wastes is 
neutralized by the lime in the kiln while slightly lowering the alkalinity of the ce
ment products. While cement plants can save energy by incinerating liquid wastes, 
the expense of obtaining permits and public resistance have inhibited use of this 
process. 

Air Pollution Control (APC). Typical APC equipment on an incinerator will in
clude an afterburner, liquid scrubber, demister, and fine particulate control device. 
Afterburners are used to control emission of unburned organic by-products by pro
viding additional combustion volume at an elevated temperature. Scrubbers are used 
to physically remove particulate matter, acid gases, aqd residual organics from the 
combustion gas stream. Metals, of course, are not destroyed in the incineration 
process.Some are volatilized and then collected in the air pollution control device. 

. ThelargeliqUlddtbpletsthateScapefrom the scrubber aI~ecaptured in a mist collec
tor. The final stage in gas cleaning is to remove the fine particles that ~remain. 
Electrostatic precipitators have been used for this step. Scrubber water and residues 
fromcother APCdevices are still considered hazardous and must be treated before ul
timate land disposal. 

Permitting of Hazardous Waste Incinerators. The permitting of hazardous waste 
incin~ratorsis a complex, multifaceted program conducted simultaneously on federal, 
state, and local levels. Because of the variety of state and local regulations for the 
h~ndIi9~,-t~~nsport~tion, treatfilent,anddisposalofhazardous wastes, as well as those 

\.>soBse~Qi~~cthe()p~ration~fincinerators,eachstartup has a unique set of permit 
,:~~~ reBuire.rnlmtsc,ic ... />.i<· ...> 

:>;.ft~. ..11y~~p~~king,.haz~rdous~asteiQcinerators require atleast the following 
.. c~;\.p~~ts:...~r~J~Q~A,~~}~teR~~A,forgCBs ....•·.••. ·.the IQxicSubstances and Control 
-'\~st~~S~~JtT8ta.te andJed~rab.vastewaterdischarge, and state and federal air po'Hution 
.~~...... c()lllr?I.Ay~iety· of loyall'ermitsmay.. also be necessary. Each of these require data 
f'f§} SUR$}~~tiati~.~ianincinerator'~operati9na.torabove performance levels determined by 
K~ .y~viron2~11;1~1~Bi~latip.n;Eashrequiresa public hearing and discussion of environ
i~~;. .. ·m.~.t1ta~\in1pa.cts\aswell. . 

ijazardous waste incinerators must meet three performance standards (Theodore 
and Reynolds, 1987): 

1. 	 Principal Organic Hazardous Constituents (POHC). The DRE for a given 
PORCisdefinedas the mass percentage of the POHC removed from the 
waste. The PORC performance standard requires that the DRE for each 
PQ~C designatedinthepermit be 99.99 percent or higher. The DRE perfor
maIlpestandardimplicitly requires sampling and analysis to measure the 
amounts of the designated POHC(s) in both the waste stream and the stack ef
fluent gas during a trial bum. (The term designated PORC is described in 
more detail later in this section.) The DRE is determined for each designated 

http:st~~S~~JtT8ta.te


882 INTRODUCfION TO ENVIRONMENTAL ENGINEERING 

POHC from a mass balance of the waste introduced into theincirrerator and in 
the stack gas*: 

(10-31) 

where Win = mass feed rate of one POHC in the waste stream 
Waul = mass emission rate of the same POHC present in exhaust 

emissions prior to reJease to the atmosphere 

2. 	 Hydrochloric acid. An incinerator burning hazardous waste and producing 
stack emissions of more than 1.8 kg/h of hydrogen chloride (HCl) must con
trol HCl emissions such that the rate of emission is no greater than the larger 
of either 1.8 kg/h or 1percent of the HCl in the stack gas prior to entering any 
pollution control equipment.· 

3. 	Particulates. Stack emissions of particulate matter are limited to 180 milligrams 
per dry standard cubic meter (mg/dscm) for the stack gas corrected to 7 percent 
oxygen.This adjustment is made by calculating a corrected concentration: 

14 
Pc 	= Pm--- (l0-32)

21 	 - Y 

where Pc = corrected concentration of particulate, mg/dscm 
Pm = measured concentration of particllfate, mg/dscm 

Y= percent oxygen in the dry flue gas 

In this way, a decrease in the particulate concentration due solely to in
creasing air flow in the stackis not rewarded, and an increase in the particu
latecopc~ntra.tion due solely to reduction in the air flow in the stack is not 
penalized. Specialrules for this calculation are being developed for oxygen
ellrichedsombllstionsystems where the oxygen content is greater than the 
21percentfotmdiu.the.atmosphere. 

Conlpliancewiththeseperformance standards is documented by a trial burn of the 
facility's waste streams. Aspartof the RCRA permit application, a trial bum plan de
tailingwasteanalysis,.~nengineering description of the incinerator, sampling and 
W~llitBri~gp~oceqwes,t~stschedule and protocol, as well as control information, must 
oedeve]oped. If EPA determines that the design is adequate, a temporary or draft per
mit is issued. This allows the owner or operator to build the incinerator and initiate the 
trial burn procedure. 

The temporary permit covers four phases of operation. During the first phase, im
mediately following construction, the unit is operated for shake-down purposes to 
identify possible mechanical deficiencies and to ensure i.ts readiness for the trial bum 
procedures. This phase of the permit is limited to 720 h of operation using hazardous 

*Note that this is not a mass balance around the incinerator. Hazardous waste that ends up in the scrubber water. 
APC residue, and ash are not counted. Hence, the oxidation can be very poor and the incinerator can still meet the 
99.99 percent rule if the scrubber is efficient and/or the waste ends up in the ash. This is one reason that residues 
are considered hazardous and must be treated before land disposal. 
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.
waste feed. The trial bum is conducted during the second phase. This is the most criti-
cal component of the permitting process. since it demonstrates the incinerator's ability 
to meet the three performance standards. In addition, performance data:collected dur
ing the trial burn phase are reviewed by the permitting official and becOlile the basis for 
setting the conditions of the facility permit. These conditions are: (l) allowable waste 
analysis procedures, (2) allowable waste feed composition (including acceptable vari
ations in the physical or chemical properties of the waste feed), (3) acceptable operat
ing limits for carbon monoxide in the stack, (4) waste feed rate, (5) combustion 
temperature, (6) combustion gas flow rate, and (7) allowable variations in incinerator 
design and operating procedures (including a requirement for shutoff of waste feed 
during startup, shutdown, and at any time when conditions of the permit ~re violated). 

To verify compliance with the POHC performance standard during the trial burn, 
it is not required that the incinerator DRE for every POHe identified in the waste be 
measured, The POHCs with the greatest potential for'a low DRE, based on the ex
pected difficulty of thermal degradation (incinerability) and the concentration of the 
POHe inthe waste\ become the designated POHCs for the trial bum. The EPA,permit 
review personnel workwiththe owners/operators of the incinerator facility"in deter
mining whichPOHCsin a given waste should be designated for sampling and analysis 
during the trial burn, 

Ifa wide variefyof wastes are to be treated, a difficult-to-incinerate POHC at high 
concentration may be proposed for the trial burn. The substitute POHC is referred to as 
a surrogate POHC. The surrogate POHC does not have to be actually present in the 
normal Waste. It does, however, have to be considered more difficult to incinerate than 
any POHC found in the waste. 

rrhethirdphase<consists of completing the trial burn and submitting the results. 
Thisph~se.c~?;lasfs~'1eral weeksto several months, during whichtheincinerator is al-

t''i;s, .19weqt9°n~r~t~'llntlers~ecified~onditions. The data to be reported to regulatory 
~::~ .age?sips,~ft~Fst,be~uFl1(lw:(1)a9ua?titativeanalysis ofthe POHCs in·the waste feed, 
:7. ·.(2~~~tt~rmiRfti()n()J.theconcentr~tionoftheparticulates, POHCs, oxygen, and HCI 

.~iI~>..i,~.;t~~~~~iI,~:§~&a~,~.£3~aqy(lQtitativ~<anal~sisofany.scrubber··water, ash residues, and 
.•••• ···Qr~,~f~tesrp~~~}tPd~t~rI11inethefateofthePOHes, (4) a computation of the DRE for 

.I,~.. the;P911Cs,(5) a computationofthe HClremoval efficiency if the Hel emission rate 
~~.ex~~~ds{1.8J~/h,(6).ac(}Inputationofparticulateemissions, (7) the identification of 
.;2} S9u:c~sBf.f,Vfitiye~rI1is~i2?~~dth~irn1eansofcontrol, (8) a measurement of average, 

".>¢~.......fJ:l.~~iql~rn,<aIl~}miniIIrum:temperaturesandcombustion gas velocities (gas flows), (9) 
. a continuous measurement of carbon monoxide (eO) in the exhaust gas, and (10) any 

othetiI1formation EPA may require to determine compliance. 
Provided that performance standards are met in the trial burn, the facility can be

gin its fourth and final phase, which continues through the duration of the permit. In 
theeventthatthetrial bum results do not demonstrate compliance with standards, the 
temporary permit must bemodified to allow for a second trial bum. 

Ex3111plelO-8.AJestburn waste mixture consisting of three designated POHCs 
(chlorobenzene, toluene, and xylene) is incinerated at 1,000°e, The waste feed rate and 
the stack discharge are shown on page 884. The stack gas flow rate is 375.24 dscm/min 
(dry standard cubic meters per minute). Is the unit in compliance? 
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Inlet Outlet 
Compound (kg/h) (kg/h) 

Chiorobenzene (C6HsCI) 153 0.010 
Toluene (C7Hg) 432 0.037 
Xylene (C8H10) 435 0.070 
HCI 1.2 
Particulates at 7% O2 3.615 

Outlet concentrations were measured in the stack after APC equipment. 

Solution. We begin by calculating the DRE for eac-h of the POHCs. 

DRE = (Win) - (Wout) X 100
(Win) 

153 - 0.010 
DREchlorobenzene = 153 X 100 = 99.993% 

432 - 0.037 
DREtoluene = 432 X 100 99.991 % 

435 - 0.070· 
DRExylene = X 100 99.984%

435 

The DRE for each designated POHC must be at least 99.99 percent In this case, 
the designated POHC xylene fails to meet the standard. The other POHCs exhibit a 
DREofgreater than 99.99 percent. 

~owweicheckcompliancefortheHCl emission. The HCI emission may not 
exceedI.8kg/h orlpercentoftheHCl prior to the control equipment, whichever is 
gr~at{;LltisobviousthattheL2kg/hemission meets the 1.8 kglhlimit. This would 
!be,~ufficientJodemonstratecompliance, but we will calculate the mass emission rate 
pdor to control for the purpose of comparison. To do this we assume all the chlorine 
in the feed is converted to Hel. The molar feed rate of chlorobenzene (McB) is 

(153 kg/h)(l,OOO g/kg)'WCBM ... - = -------
CB - (MlV)cB 112.5 g/mole 

= 1,360 mole/h 

where MCB molar flow rate of chlorobenzene 
(MW)CB = molecular weight of chlorobenzene 

Each molecule of chlorobenzene contains one atom of chlorine. Therefore, 

MHCl = MCB 

1,360 mole/h 

WHC1 = (GMW of HCI)(mole/h) 

(36.5 g/mole)(l,360 mole/h) 

= 49,640 g/h or 49.64 kg/h 
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This is the HCl emission prior to control. The ,emission of 1.2 kg/b is greater than 1 
percent of the uncontrolled emission, that is, 

of uncontrolled = (0.01 )(49.64) 

= 0.4964 kg/h. 

However, the incinerator passes the HCllimits because the HC1 emission is less than 
1.8 kg/h. 

The particulate concentration was measured at 7 percent O2 and, therefore, does 
not need to be con-ected. The outlet loading (WOUI) of the particulates is 

(3.615 kg/h)(106 mg/kg) 

(375.24 dscm/min)(60 min/h) 

160 mg/dscm 

This is less than the standard of 180 mg/dscm and is, therefore, in',compliance 
with regard to particulates. However, because the incinerator fails the DRE for 
xylene, the unit .is out of compliance. 

Regulations for PCBs. Incineration of PCBs is regulated under the Toxic Sub
stances Control Act CTSCA) rather than RCRA. Thus, some of the permit conditions 
for incineration of PCBs are different from other RCRA hazardous wastes. 

Theconditions for incineration of liquid PCBs maybe summari,zed as follows 
(Wentz, 1989): 

Time and temperature. Either of two conditions must be met. The residence 
be 2 seconds at 1200°C + 100°C with 3 

to require a liquid PCB DRE > 

99mpustionejficienc·y.Thecombustion efficiency shall be at least 99.99 per
cent,cQ!I1Putedasfollows: 

Combustion efficiency 	 (10-33) 

where CC02 = concentration of carbon dioxide in stack gas 
Cco concentration of carbon monoxide in stack gas 

. 3. 	Monitoring and controls. In addition to these permitted limits, owners or op
eratorsofincinerators are required to monitor and control the variables that af
fectperf0tIl1ance;Therate and quantity of PCBs fed to the combustion system 
mustbemeasured and recorded at regular intervals of no longer than 15 min
utes. The temperatures of the incineration process must be continuously 
measured and recorded. The flow of PCBs to the incinerator must stop auto
matically whenever one of the following occurs: the combustion temperature 
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drops below the temperatures specified, that is, l200 or 1 600°C; when there 
is a failure of monitoring operations; when the PCB "rate and quantity measur
ing and recording equipment fails; or when excess oxygen falls below the per
centage specified. Scrubbers must be used "for HCl removal during PCB 
incineration. 

In addition, a trial burn must be conducted and the following exhaust 
emissions must be monitored: 

Oxygen (02) 

Carbon monoxide (CO) 

Oxides of nitrogen (NOx) 

Hydrogen chloride (HCI) 

Total chlorinated organic content 

PCBs 

Total particulate matter 

An incinerator used for incinerating nonliquid PCBs, PCB articles, PCB 
equipment, or PCB containers must comply with the same rules as those for 
liquid PCBs, and the mass air emissions from the incinerator must be no 
greater than 0.001 g PCB per kilogram of the PCB introduced into the inciner
ator, that is, a DRE of 99.9999 percent. 

Stabilization/Solidification 
Because oftheirelemental composition, some wastes, such as nickel, cannot be de
str{)yedord~toxifiedbyphysicalorchemicalmeans. Thus,oncethey have been sepa
ratedJrol11aq~.eous _solution and concentrated in ash or sludge, the hazardous 
copstiWeht~mustbeboundupinstable compounds that-meetthe LDR restrictions for 
leacfjapilitj' .• 

.• \.. %hetCp11il1§logYJqrthistreatrrlenttechnology has evolved in the last decade. In 
""--.the' early to mid 1980s"chemicalfixation," "encapsulation," and "binding" were often 

used intercha~geably with solidification and stabilization. With the promulgation of 
theLDRrtstrictions, the EPA established a more precise definition for solidifica
ti011l'sta.8iH~atjoI1a~ddiscouraged theuseof the other terms to describe the technology 
(U,S. EPA; 1988b). EPA linked solidification and stabilization because the resultant 
material from the treatment must be both stable and solid. "Stability" is determined by 
the degree of resistance of the mixture of the hazardous waste and additive chemical to 
leaching in the Toxicity Characteristic Leaching Procedure (TCLP) (55 FR 26986, 
JUN 29, 1990), In the EPA definition, then, solidification/stabilization refers to chem
icaltreatmentprocesses that chemically reduce the mobility of the hazardous con
stitllent. 

Reduced.1eachability is accomplished by the formation of a lattice structure and/or 
chenric"albondsthatbind the hazardous constituent and thereby limit the amount of con
stituent that can be leached when water or amild acid solution comes into contact with the 
waste matrix. There are two principal soliditicationlstabilization processes: cement based 
and lime based. The cement or lime additive is mixed with the ash or sludge and water. It 
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is then allowed to cure to form a solid. The correct mix proportions are determined by' 
trial-andc.error experiments on waste samples. Inbqth techniques the stabilizing agent may 
be modified by other additives such as silicates. In general, this technology is applicable 
to wastes containing metals with little or no organic contamination, oil, or grease. 

10-8 LAND DISPOSAL 

Deep Well Injection 
Deep well injection consists of pumping wastes into geologically secure formations. 
Pumping of wastes into these formations has been practiced primarily in Louisiana and 
Texas. In promulgating the final third of the LOR restrictions (55 FR 22530, 1 JUN 
1990), the EPA allowed disposal of waste in Class I injection wells for wastes disposed 
underclean water act regulations. 

Land Treatment 
Laridtreatrnent is sometimes called "land farming" of the waste. In this pract~ce, waste 
was incorporated with soil material in the manner that fertilizer or manure might be. 
Microorganisms in the soil degraded the organic fraction of the waste. Under the LOR 
restrictions, this practice is prohibited. 

TbeSecure Landfill 
Althoughi'ar from ideal, the use of land for the disposal of hazardous wastes is a ma
joroptionfor the foreseeable future. Furthermore, we recognize that incinerator ash, 
scrubber.bottoms, and the results of biological, chemical, and physical treatment leave 

..... fQ:} . resiellesgf~pt029Rerc~ntofthe?riginalmass'These residues must be secured in an 
,.,>\ecgn~Il1ic~lfashion.Att~isjlmcture,thesecur~Jandfi1J· is the only option. 
"i\.\;'l'lte;~~~iS'R~ysi9.a18r(}~ltIl1\Vith}~nddisp?Sfl.ofhazardous waste stems from the 

.'~~~>eme!1E9f.~?t~r..~h~(liSSOhJ.ti?nofwast~material·.results'in contaminants being 
~i~, .. ?m.the·.w~s.tesi~e·ts}af:geI;;r~gionsofthes~il.zone and, too often, to an 

b. ...... < ••...•..•.• l.lqgifel\/I?:ropl~llls.()~gro.undwaterpol1ution frequently lead to the condem
.. f~ <l1.~.ti<?~?f~el1s andtothecontamination ofsurface water bodies fed by the associated 
.ff$~~~~f~r:lt!Il1a~yinstances,wel1contamination is not detected until years after land dis

:{~ p.()~~:?f\V~ste<~as.;he~~~,because gftheslowmovement'of the conveying ground 
'·f?~i···wa~e~(~~et·al:,1~84)..., 

Waterpollution, caused by a hazardous waste facility. may evolve in a variety of 
ways. Leachatefrom landfills may drain out of the side of the landfill and appear as 
surracerunoff. It may seep down slowly through the unsaturated zone and enter an Ul1

derlyingaquifer. Fissures in liners lea.d to a downward migration of contaminants to
ward the water table. 

}.\Vi.t~outthe institutionof remedial measures,buried waste usually acts as a con
~inuin~.so~ce.~fp?l1ution. The waste constituents continue to be transported in the 
·stlbstl[f~cebyinfil~atingprecipitation. Thus, sites that handle hazardous wastes are 10
.Catep aooveanatural barrier, asweH as an applied liner. Moreover, the site is instrumented 
to continuously monitor the condition of any associated aquifers. In addition, a system 
for the collection and treatment of the leachate is required. 
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The technology of the secure landfill may bedivided into. two pbases;.~siting and 
construction. The following discussion on siting is drawn primarily from E. F. \Vood 
et a1. (1984). 

Landfill Siting. In siting a hazardous waste landfill, the four main considerations are 
air quality, groundwater quality, surface water quality, and subsurface migration of 
gases and leachates. Aside from the sociopolitical aspects, the last three components 
are the major factors to be considered in siting the landfilL 

Air quality must be considered to prevent adverse effects to the air caused by 
volatilization, gas generation, gas migration, and wind dispersal of landfilled haz
ardous wastes. Generally, these can be controlled by proper construction techniques 
and do not inhibit the siting. 

The hydrogeologic siting problem can be divided into four main areas: geology, 
soil, hydrology, and climate. Bedrock ,geology determines the structural framework 
that surfaces as landforms and the structural integrity of the landfill site. 

Structural integrity of host rock is important in terms of seismic risk zones, dip
ping, artddeavage. Seismic risk zones indicate the presence'of geologic faults and 
fractures. Faults and fractures provide a natural pathway for i'he flow of contaminants, 
even inlow-permeability and low-porosity rock. 

Transport capacity refers to a soil's ability to allow migration of contaminants. A 
soil with low permeability and porosity can lengthen the flow period and act as a nat
ural defense by retarding the movement of contaminants; Glacial outwash plains and 
deltaic sands are both well-sorted sand and gravel beds with high permeability. Thus, 
they allow wastes to move faster and further. Clays and-silts have lower permeabilities 
and, thus, inhibit the movement of wastes. 

Most contaminants will move either at the same rate or slower than the water. The 
rdatiye~peedsofthewaterandcontaminant are afunction of the contaminant and wa
te,tsh~r~cteristics.Forexample, organic contaminants that are relatively insoluble in 
:wat~r)Vi11beretarded more by the soil than organic contaminants that are relatively 
s()l\lbl~i~\}'ater'The.pHofthewater will also affect retardation. For example, at low 
p.H,(a.l1dinthea~senceofQxygen),ironwillbe present predominantly as ferrous iron 
(Fe2+), Thisiron is quite soluble and will move with the water. If the pH is high (>6) 
andoxygenis present, the iron will be in the ferric (Fe3+) form, which is much less 
soluble in water. The Fe3+ wilIprecipitate and, therefore, will not move with the 
~roundw*~r.The .extentto which the chemicals are retarded is defined by the 
retardation coefficient: 

I 

R"= V water (10-34)
I 

Vcontaminant 

where V~ater == linear speed of the water 
V~ontaminant linear speed of the contaminant 

The retardation coefficient is a function of the hydrophobicity of the contaminant on a 
specified soil.For neutral organic chemicals, R is defined as: 

(l0-35)R = 1 + ( ~ )Koc!oc 
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TABLE 10·12 
Retardation coefficients of typical groundwater contaminantsa 

Compound Soil Ab Soil Bb Soil CIl 

Benzene 1.2 1.7 5.3 
Toluene 1.7 3.6 17.0 
Aniline 1.1 1.2 2.2 
Di-n-propyl phthalate 5.6 19.0 110.0 
Fluorene 23.0 86.0 500.0 
n-Pentane 7.0 24.0 140.0 

"Data and formulas used for computation of Koc are from Schwarzenback et aI., 1993. 
hFor soil A: Pb == J.4 g/cm3

; 1) == OAO;.t)c 0.002; for soil B: Pb 1.6 g/cm3
; 

1) == 0.30;10c 0.005; for soil C: p" == 1.75 g/cm3
; 1) 0.55;100 0.05. 

where Pb:::: bulk density of the soil 
porosity of soil as afraction 

Koc = partition coefficient into the organic carbon fraction of the soif 
foe= fraction of organic carbon in the soil 

Some retardation coefficients for typical groundwater contaminants are given in Table 
10-12. 

Example 10-9. An illegally buried drum of toluene has begun to leak into an uncon
fineddr:inking wateraquifer. Ahomeowner's weIhs located 60 m down-gradient from 
the leaklngdrum. If this is a type C soil and the linear speed of the water in the aquifer 

howmany. days will it take for the toluene to reach the well? 

_D_i_sta_n_ce_ = ( 60 m )( 1 )(. 1 ) = 6.88 or about 7 years 
V~ontamjnant 2.76 X 10-7 mJs 86,400 sId 365 dly 

We should point outtwo important notes: (J) this is an extreme simplification of a very 
complex problem that, in reality, may result in a very different answer from this compu
tatiPI1,and(2)theconcentrationofthe toluene is not addressed in this problem. The ac
tualttavel time mayvaryby an order ofmagnitude depending on the pumping rate of 
thewell,precipita1ionpattems, and otherundetermined hydrogeologic parameters. The 
concentration depends on the mass of toluene released, the quantity of water that di
lutes it, the solubility of toluene in this water, and undetermined reactions in the soil. 



890 INTRODUCTION TO ENVIRONMENTAL ENGI!'1EERING 

Sorption capacity depends on the organic content, predominant minerals, pH, and 
soil. Sorption includes both absorption and adsorption of con'taminants, Sorption is im
portant in limiting the movement of metals, phosphorus, and organic chemicals. Cation 
exchange capacity (CBC) is a measure ofthe ability of the soil to trade cations in the 
soil for those in waste. The higher the CBe, the more metal will be retained. The ca
pacity of soil to retard contaminant migration also depends on the presence of numer
ous hydrous oxides, particularly iron oxides, and other compounds such as phosphates 
and carbonates. These compounds precipitate heavy metals out of solution, making 
them unable to travel further. 

The hydrogen-ion concentration (pH) of soil influences the dominant removal 
mechanism for metal cations. The dominant removal mechanism for metal cations 
when pH < 5 is exchange or adsorption; when pH > 6, it is precipitation.' 

Hydrologic considerations in locating a hazardous waste landfill include distance 
to the groundwater table, the hydraulic 'gradient, the proximity of wells, and the prox
imity to surface waters. 

When distance from the surface to the groundwater table is short. contaminant 
traveltime is also short, allowing for little attenuation before pollutants disperse later
ally in the saturated zone. It is desirable to have the average distance to the groundwa
tertable large enough so that contaminants may be significantly attenuated. This also 
facilitates monitoring of the saturated zone. This will permit remedial action to be un
dertaken, if necessary. 

A hydraulic gradient that slopes away from local groundwater supplies is de
sired. The steeper the hydraulic gradient, the lower.. the attenuation time and the 
faster the water movement. Therefore, a moderate hydraulic gradient may be most 
acceptable. 

The distance fromthedisposal site to water-supply wells and smface waters must 
beaslarg~aspossibletoprotect them from potential contamination in case the landfill 
leaks. FU0"hel'more, the proximity to surface waters must take into account the poten
tiaL for flooding. Site flooding will weakenthe structure of a land emplacement facil
ity;c~U~i~~it~() failandleakwastes. Therefore, it is essential that the facility not be 
buHton a floodplain or area subject to local flooding. The fadlity should be designed 
so thatitwill not be flooded. 

Climateis considered a driving force in contaminant migration, but we may 
excl,uqeitwl1enc.:0nsideringpotentialsites within the same region, where climate is 
unlikely to vary significantly. 

Landfill Construction. A secure landfill means, in essence, that no leachate or 
other contaminant can escape from the fill and cause adverse impacts on the surface 
waterorgroundwater. Leakage fromthe site is not acceptable during or after oper
ations. Neither is any external or internal displacement, which could be brought 
ab()ut by slumping, sliding, and flooding. Wastes mus't not be allowed to migrate 
fromthe site. 

IF is nearly impossible to create an impervious burial vault for hazardous 
wastes and guarantee its integrity forever. Landfill design and operation is regu
lated to minimize migration of wastes from the site. The current EPA rules 
(40 CFR 264.300) for hazardous waste landfills require a minimum of (1) two or 
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Vegetation/soil 
topiay('r 

__ Filter layer 
Drainage layer 30cm 

~~~~;..;....~~--- OJ-mm 
GeomembraneLow hydraulic conductivity 


Geomembrane!soillayer 


Waste 

(a) Cover 

Secondary Pri mary 
Filter layer geomembrane geomembrane 

~......~.......... 
.... 

• p. 

'. D. 

2:91cmP, " .' 0. '. 

Compactedclaylmer o Ks I x 1O-7cm·s- l . 

Nat ivc soil foundation 

(b) Liner 
(not to scale) 

liner. design and recommended final cover design" (Source: U.S. EPA, 

and between the liners, (3) sur
at least the water volume re

(4) monitoring wells, and (5) a "cap" 

""'.!;;.,,,........ al1dconstructed of materials (for example, a geomem

brane)to prevent migration of hazardous constituents into the liner during the 
active life and post-closure care period; 

2. 	 A composite bottom liner consisting of at least two components. The upper 
component mustbe designed and constructed of materials (for example, a 
geomembrane) toprevent migration of hazardous constituents into the liner 
duringtheactive lifeandpost-cIosurecare period. The lower component must 
be~esignedandconstructed of materials to minimize migration of hazardous 
constituentsifa breach in the upper component were to occur. The lower com
ponent must be constructed of at least 91 cm of compacted soil material with 
a hydraulic conductivity of no more than 1 X 10-7 cm/s. 
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Leachate !H i 	 Hydraulic 
gradient 

11+1' 
T 

(no suction) 

Subsoil 	 FIGURE 10-16 
Definition of hydraulic gradient for landfill liner. 

The leachate collection and removal system (LCR) immediately above the top 
liner must be designed, constructed, operated, and maintained to collect and remove 
leachate so that the leachate depth over the liner does_not exceed 30 cm. The leachate 
collection and removal system between. the liners and immediately above the bottom 
liner is also a leak detection system. The leachate collection system must, at a mini
mum, be: 

1. 	 Constructed with a bottom slope of one percent or m'ore; 

2. 	 Constructed of a granular drainage material with a hydraulic conductivity of 
1 X 10-2 cm/s or more and a thickness of 30 cm or more; or be constructed of 
synthetic or geonet drainage materials with a transmissibility of 3 X 10-5 

?m-/s or more; 

3. 	 Constructed of sufficient strength 'to prevent collapse and be designed to pre
vent clogging. 

The. design equations for the leachate collection system are the same as those used 
fora municipal landfill (Section 9-4). The leachate collection system must include 
pUtn~sofsufficientsizetoremovetheliquids to prevent leachate from backing up into 
thed~ai9aee>layer.Theleachate must be treated to meet discharge limits. The treated 
l~a~h~!~IIlay b~dischargedinto the municipal wastewater treatment system or into a 
waterway. ' 

Theamom1t ofleachate may be estimated using Darcy's law (Equation 3-22). The 
hydraulic gradientfor a liner is defined as shown in Figure 10-16. The flow rate can
nOL~xEeed}heamount()fwateravailable, that is the product of the precipitation rate 
andth~atea ofthe landfill. The travel time of a contaminant through a soil layer may 
be estimated as the linear length of the flow path (T) divided by the seepage velocity 
(Equation 3-26). 

Examplel0-10. How long will it take for leachate to migrate through a 0.9 m clay 
liner with a hydraulic conductivity of 1 X 10-7 cm/s if th~ depth of leachate above the 
claylayer is 30cm and the porosity of the clay is 55 percent? 

Solution. The Darcy velocity is found using Equation 3-22. 
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where the hydraulic gradient (dhldr) is defined. as in Figure 10-16: 

dh 0.30 m + 0.9 in 
1.33 

dr 0.9m 

The Darcy velocity is then 

v (l X 10- 7 cm/s)(lJ3) = 1.33 X 10- 7 cmls 

From Equation 3-27, the seepage velocity is 

Vi 
K(dhldr) 1.33 X 10-7 cm/s 

2.42 X 10-7 cmls 
T/ 0.55 

The travel time is then 

T (0.9 rn)(lOO cm/m) 
t 3.71 X 108 s or about 12 years

Vi 2.42 X 10-7 emls 

The site operator must keep careful records of the location arid dimensions of each 
cell and must depict each cell on a map keyed to permanently surveyed vertical and 
horizontal markers. Records must show the contents of each cell and the approxi mate 
location ofeach hazardous waste type within the ceiL 

Thepurpose of groundwater monitoring is to ensure that programs for managing 
runon,funoff,andleachates are functioning properly so that groundwater remains un
contaminated.Ifsontarnination is occurring, early warning can be given and counter
m~asuIestake~;Thesiteowner/operator has to place a sufficient number of monitoring 
wel1sarou~dth~lirnits ofthe facility to be able to describe the background (upgradi
·~~t)~n%~p~ng?a8i~Ilt\Vatefq~ality.TheJegplationsset forth, in detail, how the mon
it~ri~~;f\\,e~~w~stP~.sl1.IJk;scr~~ned,seal~d, ... sampled, and located, with special 

;~i.~... ;~rnphasisPIl.l?satipIJpft~rgo\VngIadientvvells. 
"li~>.>.;~ .............. IPRg~\\'~t~r~l1~l~txf;~spec;i(lUythesuitability of the uppermost aquifer for 
···iJ·.···;iIsea§;:;a.................. iIlg.\\'(lt~r·~~l:m~e;,I1lp~tl11eetEPA'sprimary .. drinking water standards. 

p\\,rateforeachsumpmust be calculated weekly during the active life and c10
.s~f~p~p()Q~/a~dmonthlyduringthe post-closure care period. Ifthe landfill is leaking 
mth~gr:ou~d'¥?ter,thesit~o~eqltormust file an assessment plan with the EPA that 
~li()~§.~()'Y:th~pro}jJ~mistob.eremedied, 

10~9 GROUNDWATER CONTAMINATION 
AND REMEDIATION 

Th~Process6f Contamination 

~~z~d()t1sWaste]at1d~l1s.are,ofcourse, not the only source of groundwater contami

I)~ti()n,~.~rs().urc.esincludemunicipallandfills, septic tanks, mining and aglicultural 

activities,"midIlight dumping," and leaking underground storage tanks. It has been es

timatedthai more than 35,000 underground storage tanks are leaking (U.S. EPA, 

2004a). 
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The threat of contaminati9n to groundwater qepends on the specific geologic and 
hydrologic conditions of the site. The following paragraphs desclibe general consider
ations. All conditions may not exist at every site. 

Leaking chemicals pass through several different hydrologic zones as they migrate 
through the soil to the groundwater system. The pore spaces in the unsaturated zone in 
the top soil layers are occupied by both air and water. Flow in this zone for liquid cont
aminants is downward by gravity. The upper region of the unsaturated zone is important 
for pollutant attenuation. Some chemicals are retained by adsorption onto organic ma
terial and chemically active soil particles. Some are trapped in the pore spaces and held 
by surface tension. These adsorbed and trapped chemic;;tls may decompose through abi
otic processes such as oxidation, reduction, and hydrolysis, as well as microbial activ
ity, or they may simply remain sorbed onto the particles. Migration of precipitation may 
leach this sorbed and trapped material and carry it tQ the underlying aquifer for long 
periods of time after the source of contamination has been removed (Wentz, 1989). 

In the capillary zone just above the saturated zone that marks the groundwater 
table, spaces between soil particles may be saturated by water rising from the water 
table by capillary action. Chemicals that are lighter than water will "float" on top of the 
water table in this zone and move in different directions and rates than dissolved cont
aminants. 

The pore spaces between soil particles below the water table are saturated. Gener
ally, the saturated zone is devoid of oxygen. The lack of dissolved oxygen limits the 
oxidation of chemicals. 

Groundwater flow is laminar, with minimal mixing occurring as the groundwater 
moves. Dissolved chemicals will flow with groundwater and form distinct plumes. The 
shape and size of a contaminant plume depends upon the local hydrogeological setting, 
groundwater flow, the characteristics of the contaminants, and geochemistry.Solubil
ity;adsorption characteristics, and degradation affect mobility. The density of the con
tall1i~antjsjmportantin determining the shape and movement of the plume. Lighter, 
lesssolublechemicals, . like gasoline, will tend to flow on top of the aquifer (see Figure 

....• 5-19);\Vat~rsol~blecontaminal1tstend todissolve in and then flow with groundwater 
.. (s~eFigl1re5':'18}.Densel insoluble contaminants will sink to the bottom (see Figure 
5·20) ofthe aquifer. Volatile organic chemicals (VOCs) in groundwater are extremely 
mobile. Polyvalent metal contaniinantstend to adsorb onto clays and, hence, are not 
very mobile. 

EPA's Groundwater Remediation Procedure 
The federal program for cleanup of contaminated sites follows a procedural sequence 
as shown in Figure 10-17. Each of these steps is discussed in the following paragraphs. 

Preliminary Assessment. EPA involvement usually begins with the identification of 
a potential hazardous waste site. The initial information' can come from a variety of 
sources, inc1uding16cal citizens and officials, state environmental agencies, the site 
ownersthemselves , or simply from awareness of potential problems associated with 
particular industries. 

EPA has developed an inventory system called the Comprehensive Environmental 
Response, Compensation, and Liability Information System (CERCLIS) to document 



895 HAZARDOUS WASTE MANAGEMENT 

No release 

Low score: 
Other actions 
may be needed. 

Remediation complete 
FIGURE 10-17 
Steps involved in the Superfund cleanup process. 

all of the sites in the United States that may be candidates for remedial action. This is 
a continuing program that identifies sites as information about them becomes available. 
The growth in the number of CERCLIS sites has been dramatic and is expected to 
contiriuefor the foreseeable future as additional abandoned and contaminated sites are 
discovered. As of September 2005, 12,031 sites were in the inventory. This list did not 
include on estimated 130,000 leaking underground storagetanks (U.S. EPA, 2004a and 
2005b). 

Aprelimi11t.zry assessment (PA) is the first step in identifying the potential for con
taminationJr~Ul~.IJarticular site. The primaryobjectives of the PA are to determine if 
ther~raS9~e?a)rel~aseofcontaminant totheenvironment, if there is immediate dan
ge~;OB~m():n;sli~i~g()r'vVor~l1g ..nearthesite,and whether a site inspection is neces
s~r~~~S~mpl~~t?[en;iro?mentalanalysisare generally not taken during the PA. 

·;i ...~?ll~'r0~~~th!gr)lil1li~.%ya~s~s.smen),EPAor the designated •state agency might de
··.\\tff111i01~\ttl~t~.niim~$diatet.~rq~ttor~sidentsorempl0yeesat the site requires an im

"med.l:ateremovalaction. Otherwise, on the basis of the preliminary assessment, the site 
is~lassifiedby EPA into.one ofthethree fo Bowing.categories: 

1..	J~er~isn()fu~eractionneedea, since there is no threat to human health or 
"theenvitonment 

2. 	Additional information is required to complete the preliminary assessment. 

3. 	 Inspection of the site is necessary. 

Site Inspection. Site inspection requires sampling to determine the types of haz
ardoussubstances that are present and to identify the extent of contamination and its 
migr(l~i()~.The.actualsitejnspection includes preparation of a work plan and an on-site 
saferyplam The site assessment has three objectives: 

1. 	To determine which releases pose no threat to public health and the environ
ment; 
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2. 	 To detennine if there is any immediate threat to persons living or working near 
the release~ . 

3. 	To collect data to determine wh~ther or not a:site should be included on the 
National Priorities List (NPL). 

HRS, NPL, RIfFS, and ROD. The next series of steps in the EPA's procedure in
clude calculations to complete the HRS; inclusion on the NPL if the score is suffi
ciently high; conduct of a RlIFS; and issuance of an ROD. These steps were discussed 
in detail in Section 10-5. 

Remedial Design and Remedial Action. EPA-f~nded remedial actions may be 
taken only at those sites that are on the NPL. This ranking helps ensure that the Super
fund dollars are used in the most cost-effective mannerand where they will yield the 
greatestbeneflt. , 

Before a remedial action can be taken at a site. a number of questions must be an
swered. These can be classified as problem definition, design alternatives, and policy. 

1. 	 Problem definition questions: What are the contaminants and how much con
tamination is present? How large is the surface area of the contaminated site? 
What is the size of the contaminated groundwater plume? Where is the exact 
location of the plume and in what direction is it moving? 

2. 	 Design questions: Based on the alternatives available, what is the best way to 
cleanup thesite? How shouldthese alternatives be implemented? What prod
uctswiUbeproduced during treatment? How longwillit taketo complete the 
remediation a.ndwhatwi1lit cost? 

Poli.~Xqurstions:Whatlevelof protection is adequate? In other words, how 
dennis clean? 

,'" '.'- ,,:> _/'~ :.,:;:_ ~:':_---:;_:: ~:i:_->~ :,,' ~_:-~-:>:-:--"-:-. :--'."-: ,'--> :',,' (" 

Tfl¥a.Bswersto the first twO sets o{ questions require scientifi~ and engineering back
ground that is supported by extensive sarnpling of the contaminated site area. The last 
questioncannothe answered objectively; rather it is a subjective and oftentimes polit
icalqll~~ti()n, .............•.............. 

11leNCPdefinesthreetypes of responses for incidents involving hazardous sub
stances. In these responses removal is differentiated from remediation. Removal is, as 
its name suggests, the physical relocation of the waste-usually to a secure hazardous 
waste landfilL Remediation means that the waste is to be treated to make it less toxic 
and/or less mobile or the site is to be contained to minimize further release. Remedia
tion can take place on site or at a TSD facility. The three types of responses are: 

E 	Immediate removal is aprompt response to prevent immediate and significant 
harintohumanhealth or the environment. Immediate removals must be com
pletedwithin six months. 

2. 	Planned removal is an expedited removal when some response, not necessar
ily an emergency response, is required. The same six-month limitation also 
applies to planned removal. 
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3. 	 Remedial response is intended to achieve a site solution that is a permanent' 
remedy for the particular problem involved. 

Immediate removals are done to prevent an emergency involving·hazardous sub
stances. These emergencies might include fires; explosions; direct human contact with 
a hazardous substance; human, animal, or food-chain exposure; or contamination of 
drinking water sources. An immediate removal involves cleaning up the hazardous site 
to protect human health and life, containing the hazardous release, and minimizing the 
potential for damage to the environment. For example, a truck, train, or barge spill 
could involve an immediate removal determination by EPA to get the ~pill cleaned up. 

Immediate removal responses may include activities such as sample collection and 
analysis, containment or control of the release, removal of the hazardous substances from 
the site, provision of alternate water supplies, installation of security fences, evacuation 
ofthreatened citizens, or general deterrent of the spread.of the hazardous contaminants. 

A planned removal involves a hazardous site that does not present an immediate 
emergency. Under S~p~rfund:EPA may initiate aplanned removal if the action w}ll min
imizeJhedamage orriskand is consistent with a more effective long-term solution to the 
problem. Planned removals are carried out by EPA if the responsible party is either un
known or cannotor will not take timely and appropriate action. The state in which the 
cleanup is located must be willing to match at least 10 percent of the costs of the removal 
action, as well as agree to nominate the site in question for the National Priority List. 

Mitigation and Treatment 
Because the spread of contaminants is usually confined to a plume, only localized ar
eas ofan aquifer need to be reclaimed and restored. Cleanup of a contaminated aquifer, 
ho\Vever,jsofterttim~-:co~sumingandcostly.Theoriginal source of contamination can 

<'J.b~eJillli~at~)~,?lJttI17c0IrlPleterestorationofthe ·groundwater is fraught with addi
.ctioJlfkproblems,.sugh~~;definirgthe~ite's.subsudace soil and geologic composition, 

. lob ; 'inationc<s,9MIs~s,de~ning5gntaI1linanttransport pathways, determining 
.. 

• ····•••.•••.•.•..•.••... >5/ •.•••.•. <...qonq~ntra~()n~ftg~.contaminants, .. and choosing. and implementing an
'::\,c'_w'" . ef(ecti;ve;remediar process(Griffin,J988). 

?lea~urll1ethodsforcontaminatedaquifers range from containment to destruction 
of~thefo~taminants.;Because,inthelongrun,eontainment does not really solve the 
~EP~1~rn;~gs~9!ioQ·~f:thecom~Illinantsjsthe preferred objective of a cleanup pro
gram.Examples6fremedial methods include (LaGrega et aI., 2001): 

• Installing pumping wells to remove the contaminated water and then treating it 
with one of the technologies described in Section 1 0-7 (called pump and treat) 

• Air sparging 

Soilvapor extraction 

• 	Reactivetr~atmentwalls(also known as permeable reactive barriers) that allow 
thecontaminafed plume topass through a reactive chemical or a an acclimated 
biomass. 

In the next few paragraphs we will discuss the first of these systems. The other systems 
are discussed in detail in LaGrega et al. (2001). 

http:spread.of
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Certainly, combinations of barriers and treatment methods should be considered. 
Source control (removal or remediation of the source), physical control, and treatment 
methods alJ will have their part in mitigating groundwater contamination problems. 
Legal implications may also dictate strategies that may'be utilized (Griffin, 1988). 

Pump and Treat. The objectives of a pump-and-treat system include hydraulic con
tainment of the contaminated plume and removal of the contaminant from the ground
water. The design of the well system for a pump-and-treat remediation is an application 
of well hydraulics described in Chapter 3. 

The capture zone of an extraction well is that portiDn of the groundwater that will 
discharge into the well. The capture zone is not necessarily coincident with the cone of 
depression (Section 3-5) because the groundwater flow lines can be diverted by the in
fluence of the pumping well without being 'captured by the well (Figure 10-18). Under 
steady-state conditions, the extent of the cone of depression largely depends on the 
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FIGURE 10-18 
Groundwater flow lines influenced by pumping well. 
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FIGllRE 10-19 
Type curve for analytical solution to capture zone analysis for a single extraction welL (Source: 
lavandel and Tsang, 1986.) 

transmissivity and pumping rate. The extent of the capture zone depends on the re
gional hydraulic gradient as well as the transmissivity and pumping rate;' 

Three parameters are used to delineate the capture zone: (I) the width of the cap
ture zone at an infinite distance up-gradient from the pumping well, (2) the width of the 
capture zone at the location of the pumping well, and (3) the location of the down
g~a?i~~kdistanGe8fthecapture zone from the pumping well (called the stagl1ation 

.p(/int)'.fhese'p~tametersareshowninFigurel 0-19 . 
.I~~en~ehan~Jsa~g(1986)deyelopedahighlyidealized model of the capture zone 

th~tcanl;>~u.s~~t~ex~mineth~relationsrip.between some of the important variables. 
;: •......•.•~~.~... •.. ,a~.Sl1rn~~~~omogeneou~jjsotropicaquifer uniform in. cross section and in
:~2~~ternwidth:Theaquifermaybeeitherconfined Of unconfined. However, in 'the case 
~'ti;·.ofthe.unconfined aquifer,drawdown must be insignificant with respect to the total 

,thjcl<ness:Qftheaquifer . .Theextractionwells are assumed to be fully penetrating. 
.... "Jitha~iIl~l~\\(~.plq~atedattheoriginofthe coordinate system shown in Figure 

lO·]~~~avendeland.Tsang(1986)developed the following equation to describe the y 
coordinate ofthe capture zone envelope: 

Q Q -IYy:::: ±-- --tan (10-36)
2Dv 21TDv x 

distances from the origin m 
wellpumping rate, m3/s 

D = aquifer thickness,m 
. Darcy velocity, mls 

Note that the ± allows computation of the y coordinate above and below the x axis. 

Masters (1998) has shown that this equation may be rewritten in terms of the angle 4> 
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(in ra.dians) drawn from the origin to the 
.' 
x; y coordinate of 

. 
interest on t~e line. describ

ing the capture zone curve. That is. 

v 
tane/> 	 00-37)

x 

so that, for 0 < e/> > 271", Equation 10-36 may be rewritten as 

y +JL - (1 - </1) 	 (10-38)
2Dv 1T 

This equation allows us to examine some important fundamental relationships: 

• 	The width of the capture zone is directly proportional to the pumping rate. 

• The width of the capture zone is inversely proportional to the Darcy velocity. 

• 	As x approaches infinity, <p = 0 and y = Q/(2Dv). This sets the maximum total 
width of the capture zone at2 [QI(2Dv)] Q/(Dv) as shown in Figure 10-]9. 

• For e/> = 71"/2, x = 0 and y is equal to Q/(4Dv). Thus, the width of the capture 
zone at x 0 is 2[Q/(4Dv)] Q/(2Dv). 

The distance to the stagnation point down-gradient of the extraction well (xsp) may 
be estimated from the following equation (Legrega et aL ?001): 

Q 
(10-39)

xsp = 21TDv 

Javandel and Tsang prepared a series of "type" curves for various well confi 
urations(orietoJourwells) and several widths of the capture zone at x 00, The 
suggeste<iapproachtousingthecapture zone technique is summarized as follows: 

1. 	Prepar~a.sitemapwiththeplume shape at the same scale as the type curves. 
'-"_"i'-'\ - -':

2~ 	 Sl.lperirhpOSe the site map on theone-well type curve with the direction of re
gicmal flow paralleltothex axis. Place the leading edge of the plume just be
yond.thelocation of the extraction well. Select the capture zone curve that 
completely captures the plume. This defines the required value of QIDv at 
x=·Ob~ 

3. 	 Determine the required pumping rate by multiplying QIDv by Dv. If the re
quired pumping rate can be achieved by the use of one well, then the problem 
is solved. If one well does not produce the required pumping rate, then go to 
step4. 

4. 	 Repeat step 2 using the two, three, or four weIr-type curves as required to 
achieve an acceptable pumping rate. Each well in the multiple-well scenarios 
is assmned' to pump at the same rate. 

The capture zone of multiple extraction wells must overlap to prevent the ground
water flow from passing between them. If the distance between the extraction wells is 
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less than or qual to Ql7rDv, the capture zones wiIloverlap.Assuming that "the wells are, 
located symmetrically around the x axis, the optimum spacing may be calcidated by 
using the following: 

• For two wells space at QI1TDv 

• For three wells space at 1.26Ql7rDv 

• For four wells space at 1.2QI1TDv 

The question of whether or not the required pumping rate can be achieved is de
termined, in a confined aquifer, by the available drawdown that will not lower the 
piezometric surface into the aquifer. This can be calculated using the methods dis
cussed in Section 3-5. For an unconfined aquifer, the restriction noted above, that the 
drawdown must be insignificant with respect to the total thickness of the aquifer, re
quires a judgement decision. 

Example 10-11. The drinking water well at village of Oh Six is threatened by a 
contaminant plume in the aquifer. The confined aquifer is 28.7 m thick. It has a hy
draulic conductivity of 1.5 X 10-4 mis, a storage coefficient of 3.7 X 10-- 5

, and a 
regional hydraulic gradient of 0.003. The contaminant plume is 300 m wide at its 
widest point. The maximum allowable pumping rate based on the allowable draw
down is 0.006 m3Is. Locate a single extraction well ,so that the stagnation point is 
100 m from the drinking water well and so that the capture zone encompasses the 
plume. A sketch map of the drinking water well and the plume relationship is shown 
below. 

I 100m 

Drinking 

water well 


Solution. Determine the Darcy velocity, using Equation 3-22: 

dh 
v = K- = (1.5 X 10-4 mls)(O.003) = 4.5 X 10-7 mJs 

dr 

The width of the capture zone at an infinite distance up-gradient is 

Q 0.006 m3/s
---------::-- = 464.58 or 465 m 

Dv (28.7 m)(4.5 X 10-7 mls) 
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The width of the capture zone- at the'extraction well will be .. 

Q 0.006 m 3/8 
--------7-- = 232.29 or 232 m 

2Dv 2(28.7 m)(4.S X 10- m/s) 

The stagnation point will be 

0.006 m3/s 
x - = 73.94 or 74 m 

sp - 27T(28.7 m)(4.5 X 10--7 mls) 

down-gradient from the extraction well. 
The distance down-gradient from the lead edge of the plume that the extraction 

well must be placed is detelTDined by using Equation 10-38. With y = 150 m, 

ISO m (232.29 m{ 1 - !) 
Solving for the angle (in radians) from the extraction well to the point where the 
plume just touches the capture zone is 

cp = 0.35 7T rad 

Using the geometry shown in the sketch map, the distance is therefore 

y 150 m 150 m 
x = -- = = -- = 76.4or76m 

tancp tan(O.357T) 1.96 

This solution is, of course, highly idealized. The lead edge of the plume is conve
niently of a geometry that allows us to locate it by using Equation 10-38. A more 
ellipsoidaLplume geometry would project the lead edge in advance of the tangent 
point. This technique would then lead to a very erroneous positioning of the extrac
tionwell. 

\¥hil~thehighlyidea1izedsituation used by Javendel and Tsang is useful in un- ". 
derstandingthebehavior of a well system to control the movement of a contaminant 
plume, inactual field sites the boundary conditions are rarely met. Computer models 
thathave been calibrated to the local conditions will yield more reliable, although not 
perfect,understandingof the behavior of a proposed pump-and-treat system. 

'Bccausetherateofremoval ofcontaminant decreases exponentially over time, and 
because the concentrations in the water rebound over time because of diffusion and 
desorption from the soil, pump-and-treat systems are limited in their value as a mass 
removal technology. 

Non-Aqueous Phase Liquids (NAPLs) such as gasoline are refelTed to as 
"product" because their recovery may have some commercial value. When the NAPL 
floats on the groundwater table, special recovery techniques may be employed to re
cover it. Product recovery systems to recover NAPL use wells that terminate in the 
NAPLplume rather than in the aquifer. Because all hydrocarbons:are slightly soluble 
in water, the product recovery system is usually accompanied by a groundwater pump
ing system to remove and treat the contaminated groundwater. A typical pump-and
treat system is shown in Figure 10-20. 
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10-10 CHAPTER REVIEW 

When you have finished studying this chaplef: you should be able to do the j()llowing 
without the aid ofyour textbooks or notes: 

1. 	Sketch the chemical structure of 2,3,7,8-TCDD. 

2. 	Explain how 2,3,7,8-TCDD occurs and/or when it is found in nature. 

3. 	Sketch the chemical structure of the PCB 2,4'-dichlorobiphenyl. 

4. 	Explain the origin of PCBs. 

5. 	Define and differentiate between risk and hazard. 

6. 	List the four steps in risk assessment and exglain what occurs in each step. 

7. 	Define the terms dose, LDso, NOAEL, slope factor, RID, CDI, IRIS. 

S. 	 Explain why it is not possible to establish an absolute scale of toxicity. 

9. 	 Explain why an average dose-response curve may not be an appropriate 
model to develop environmental protection standards. 

10. 	 Identify routes of potential exposure for the release of contaminants in multi
ple media. 

n. Explain how risk management differs from risk assessment and the role of 
risk perception in risk management. 

12. 	Define hazardous waste. 

13. 	List the five ways a waste can be found to be hazardous and briefly explain 
each~ 

14i.ExpIain why dioxin and PCB are hazardous wastes. 

15.. Stilfeh()wlonggeneratorsmay store their waste. 

·\16.J3xplallTwhafdefinesa small quantity generator and what "break" the rules 
give them. 

17. 	Define the abbreviations CFR, FR, RCRA, HSWA, CERCLA, and SARA. 

lS. .Explairrthemajordifference (objective) between RCRA/HSWA and 

CERCLAISARA. 


19. 	Define/explain the terms "cradle-to-grave" and manifest system. 

20. 	Explain what "land ban," or LDR, means. 

21. 	Define the abbreviations TSD and UST. 

22. 	Describe the three ways to meet corrosion protection standards for under
ground storage tanks. 

23. 	List the four major provisions of CERCLA. 

24. 	Define/explain the following abbreviations: NCP, NPL, HRS, RI, FS, ROD, 
and PRP. 
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25. 	 Explain why it is important for a site to be placed on the NPL. 

26. 	 Explain the concept of 'Joint and several liability" and the implications to. 
those with wastes found in an abandoned hazardous waste site" 

27. 	 List and explain four hazardous waste management techniques. 

28. 	 List the objectives of a waste audit. 

29. 	 Differentiate between waste minimization, waste exchange, and recycling. 

30. 	 List six disposal technologies for hazardous wastes. 

31. 	 Explain why seismic risk is important in landfill siting. 

32. 	 Explain how permeability, porosity, and sorption capacity of soil limit the 
migration of hazardous wastes. 

33. 	 Explain what hydrologic features are important in siting a landfjIl. 

34. 	 List the minimum EPA requirements for a hazardous waste landfill and 
sketch alaI1dfill. tnat meets these. 

35. 	 Explain the difference between deep well injection and land treatment. 

36. 	 Define the following acronyms: PIC, POC, POHC, and DRE, as they apply 
to incineration. 

37. 	 List the most important factors for proper incinerator design and,operation. 
•

38. 	List the two types of incinerators most commonly used for destroying haz
ardous waste. 

Explainrhe terms "designated POHC" and "surrogate" as they apply to a 

remediation procedures. 

and "removal" as they pertain to a 

by pump-and·treat remediation systems may take a very longtime 
up groundwater. 

Wjthrhl!.;ai~olthis/fext,yoush()uldbeable to do the following: 

1. 	 Calculate lifetime risk using the one-hit or multistage model. 

2. 	 Calculate chronic daily intake or other variables given the media and values 
for remaining variables. 

3. 	Perform·a·riskcharacterization calculation for carcinogenic and noncarcino
genic threats bymultiple contaminants and multiple pathways.. 

4. 	 Determine whether or not a waste is an EPA hazardous waste based on its 

cOInposition, source, or characteristics. 


5. 	Perform a mass balance to identify waste sources or waste-minimization 

opportunities. 
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6. 	 Write the reactions for oxidation or reduction of chemical contaminants to 
mineralized form. 

7. 	 Perform solubility product calculations to estimate treatment doses for pre
cipitation or the concentration of contaminants that remain in solution. 

8. 	 Determine the dimensions of an air stripping column, air or liquid flow rate 
given the values for remaining variables. 

9. 	 Determine the mass of resin and column dimensions for an ion exchange 

column given laboratory or pilot breakthrough data. 


10. 	 Evaluate a chemical feed to an incinerator to determine whether or not the 
chlorine content is acceptable and design a mix of waste feeds to achieve a 
desired chlorine feed rate. 

11. 	 Evaluate the operating variables for an incinerator to determine regulatory 
compliance for DRE, Hel emissions, and particulate emissions. 

12. 	 Estimate the hydraulic conductivity of a liner material based on laboratory 
measurements. 

13. 	Estimate the quantityofleachate given the precipitation rate, area, hydraulic 
gradient, and hydraulic conductivity. 

14. 	 Estimate the seepage velocity and travel time of a contaminant through a soil 
given the hydraulic gradient, hydraulic conduc.tivity. porosity, and length of 
theflow path. 

15. 	 Locate one or more extraction walls in a contaminant plume for a specified 
pUIl1pingrate, aquifer thickness, hydraulic conductivity, and hydraulic gradient. 

Estimatetherequiredpumpingratefor a single extraction well for a speci
·fiy.cfa9ljiferthickness,hydrauIicconductivity, hydraulic gradient and capture 
zonewidth. 

PROBLEMS 

recommended time weighted average air concentration for occupa
tional exposure to water-soluble hexavalent chromium (Cr VI) is 0.05 
mg/m3

. This concentration is based on an assumption that the individual is 
generally healthy and is exposed for 8 hours per day over a working life
time (thatis from age 18 to 65 years). Assuming a body weight of 70 kg 
and an inhalation rate of 20 m3/h over the working life of the individual, 
what is the lifetime (70 y) CDI? 

Answer: 2.2 X 1O~3 mg/kg . d 

10-2. 	 The National Ambient Air Quality Standard for sulfur dioxide is 80 p,g/m3
. 

Assuming a lifetime exposure (24 hid, 365 d/y) for an adult male of aver
age body weight, what is the estimated CDI for this concentration? 
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Children are one of the major concerns of environmental exposure. 
Compare the CDIs for a I-year-old child and an adultfemale drinking a , 
water contaminated with 10 mg/L of nitrate (as N). Assume a I-year av
eraaim: time.b ~ 

10-4. 	 Agricultural chemicals such as 2,4-D (2,4-dichlorophenoxyacetic acid) 
may be ingested by routes other than food. Compare the CDIs for inges
tion of a soil contaminated with 10 mg/kg of 2,4-D by a 3-year-old child 
and an adult. Assume a I-year averaging time. 

1O~5. Estimate the chronic daily intake of toluene from exposure to a city wa
ter supply that contains a toluene concentration equal to the drinking 
water standard of 1 mg/L. Assume the exposed individual is an-adult fe
male who consumes water at the adult rate for 70 years, that she.abhors 
swimming, and that she takes a long (20-min) bath every day. Assume 
that the average air concentration of toluene du'ring the bath IS 1 p,g/m3

. 

Assume the dermal uptake from water (PC) is 9.0 X 10-6 m/hand that 
direct dermal absorption duringbathing is no more than 80 percent of 
the available toluene because she is not completely submerged. 

Answer: 3.5 X 10- 2 mg/kg . d 

10-6. 	 Estimate the chronic daily intake of 1, I, I -trichloroethane from exposure to 
a city water supply that contains aI, 1, I-trichloroethane concentration 
equal to the drinking water standard of 0.2 mglL. Assume the exposed in
dividual is a Ito 5 year old child who consumes water at the child rate for 
5ye~rs,that she swims once a week for 30 min, and that she takes a short 
(lO-l)1in)b~theveryday, Assumeher average age over the exposure period 

.' . .". is ~.~ssume thatthe, ayerage air concentration of 1,1, I-trichloroethane 
"""'" 	 dllringmebath islp,g/m3

. Assume the dermal uptake from water (PC) is 

n.QO§2mihandthatdirectdermal absorptionduring bathing is no more 

than 50 percentofthe available 1,1, I-trichloroethane because she is not 

completely submerged; 


E~til)1atethe risk from occupational inhalation exposure to hexavalent 
chroI11iul11.(SeeProblem 10-1 for assumptions.) 

Answer: Risk = 8.83 X 10-2 or 0.09 

10-8. 	 In its rule making for burning hazardous waste in boilers a11d industrial 

furnaces, EPA calculated doses of various contaminants that would result 

in a riskof 10-5 (56 FR 7233,21 FEB 1991). Using the standard assump

tions in Table 10-9 for an adult male, estimate the dose of hexavalent 

chromium that results in an inhalation risk of 10-5

. 


10-9. 	 Characterize the risk for a chronic daily exposure by the water pathway 
(oral) ofO.03mgikg . d of toluene, 0.06 mg/kg . d of barium, and 0.3 
mg/kg . d of xyJenes. 

Answer: HI = 1.5 
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10-10. Characterize the risk for a chronic daily exposure by the water pathway 
(oral) of 1.34 X 1O-4 mg/kg . d of tetrachloroethylene,. 1.43 X 10-3 

mg/kg . d of arsenic, and 2.34 X 10 -4 mg/kg . d of dichloromethane 
(methylene chloride). . 

10-11. Determine whether thefollowing is a RCRA hazardous waste: Municipal 
wastewater containing 2.0 mglL of selenium. 

10-12. Determine whether the following is a RCRA hazardous waste: An empty 
pesticide container that a homeowner wishes to discard. 

10-13. The town of What Cheer has set up a recycling center to collect old fluo
rescent light bulbs. They anticipate collecting 'about 250 kg/mo of fluores
cent bulbs. What is the maximum time theJluorescent bulbs can be stored 
before they must be disposed? (Hint: use the internet to access the appro
priate CFR) 

10-14. A vapor degreaser uses 590 kg/week of trichloroethylene (TCE). It is 
never dumped. The incoming parts have no TCE on them and the exiting 
parts drag out 3.8 Llh of TCE. The sludge removed from the bottom of the 
degreaser each week has 1.0% of the incoming TCE in it. The plant oper
ates·8 hid for 5 d/week. Draw the mass bal anee diagram for the degreaser 
and estimate the loss due to evaporation (in kg/week). The density ofTCE 
is 1.460 kglL. 

Answer: Mevap = 362.18 or 360 kg/week 

10-15. Using the following data and Figure P-I 0-15, use the mass balance tech
nique tddetermine the mass flow rate (kg/d) of organic compounds to the 
condensate collection tank (sample location 4 in Figure P-l 0-15). 

Vent 

Water phase Q) Organic phase 
r-----'---~ 

condensate Condenser- i condensate 

decanter 

Vapors 

CD
Storage o D¥ CondensateWater 

Collection tank 
Steam 

Holding 

Surge tank 

Discharge to river 

FIGURE P-IO-15 
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Sample Flow rate, Total 
location L/min volatile organic Temperature, °C 

1 40.5 5,858. mg/L 25 

2 44.8 0.037 mg/L 80 

3 57.0 (vapor) 44.13% 20 

Notes: 
% is volume percent. 

Vapor flow rate is corrected to 1atm and 20°e. 

Liquid organic density may be assumed to be 0.95 kglL. 

Assume the molecular weight of the organic vapor is -equal to that of 
methylene chloride. 

Steam mass flow rate is 252 kg/h at 106°e. 

10.·16. What is the efficiency of the condenser-decanter in Problem lO-i';;? 

10-17. Given the waste constituent and concentration shown below, determine the 
quantity (in kg/d) of hydrated lime (Ca(OHh) required to neutralize the 
waste. Estimate the total dissolved solids (TDS) after neutralization. 
Report your answer in mglL. 

Constituent Concentration, mgIL Flow, L1min 

100 5 

152 m£/L
'-' 

shown· below, determine the 
neutralize the waste. Esti

after neutralization. Report your an-

Concentration, mgIL Flow, L/min 

15 200 

10-19. It has been proposed to mixa 1500 L bath containing 5.00 percent by vol
umeofH2S04 with a 1,500 L bath containing 5.00 percent by weight of 
NaOH; The specific gravity of the acid added is 1.841 and its purity is 96 
percent. The base added is 100 percent pure. Estimate the final pH (to two 
decimalplaces}andthefinalTDS (in mg/L) of the mixture of the two 
baths. (Note: thepH is very low.) 

10·20. Write the reaction equation to oxidize sodium cyanide using sodium 
hypochlorite (NaOCI). 
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10-21. Write the reaction equation to oxidize sodium cya~ide using OlOne (03), 

10-22. Write the reaction equation to reduce hexavalent chromium in chromic 
acid (H:;!Cr207) to trivalent chromium using NaHSO;\. 

10-23. A metal plating solution contains 50.00 mg/L of copper. Determine the 
concentration, in moleslL, to which the hydroxide concentration must be 
raised to precipitate all but 1.3 mglL of the copper' using lime. The Ksp of 
copper hydroxide is 2.00 X 10- 19

• Estimate the final pH (report your 
answer to two decimal places). 

10-24. A plating rinse water flowing at 100 Umin contains 50.0 mg/L of Zn. Cal
culate the theoretical pH required to achieve the EPA's pretreatment stan
dard for existing dischargers of 2.6 mg/L and estimate the theoretical dose 
rate (g/min) ofhydrated lime to remove only the required amount of Zn to 
achieve the st~ndard (i.e., 50 mgIL minus the standard). Assume the lime 
is 100 percent pure. 

10-25. A metal plating sludge asremoved from a clarifier has a solids concentra
tion of 4 percent. If the volume of sludge is 1.0 m3/d, what volume 
will result if the sludge is processed in a filter press to a solids concentra
tion of 30 percent? If the pressed sludge is dried to 80 percent solids, what 
volume will result? 

Ans}ver: VI = 0.133 m3/d, 

112 = 0.05 m3/d 

10-26. In Problem 10-25, ferrocyanide is found in the clarifier sludge at a concen
trationof400 mglkg(4 percent solids). Assuming that the ferrocyanide is 
part oftheprecipitat~ andthaLnone escapes from the filter press, what 
c?ncentrationwouI~beexpected in filter cake? (Hint: Set this up as a 
massbalance.pl:oblem.) 

~ ,,' - '" - - 

iO.27.AdrlnIdngwa.tersupplYat Oscoda,Michigan, has been contaminated by 
trichloroethy lene,.The average concentration in the water is estimated to 
be6,000J1;g/LUsingthefollowing design parameters, design a packed
t()\¥erstrippingcolumnto reduce the water concentration to the state of 
Michigan discharge limit of 1.5 f.iglL. Note that more than one column in 
series may be required for reasonable tower heights. 

3Henry's law constant = 6.74 X 10-3 m • atm/mole 

KLa =0.720 min- 1 

Air flow rate = 60 m3/min 

GIL 18 

Temperature = 25°C 

Column diameter may not exceed 4.0 m 

Column height may not exceed 6.0 m 

Answer: With an assumed height of 6 m, the diameter is 3.15 m 
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10-28. Well 13 at Watapitae is contaminated with'340 f.LglL of tetrachloroethyl- . 
ene (perchloroethyJene). The water must be remediated to achieve' a con~ 
centration of 0.2 f.Lg/L (the detection limit). Using a spreadsheet program 
you have written, design a packed-tower stripping column .to meet this 
requirement using the following design parameters. (Note: more than 
one column in series may be required for reasonable tower heights.) 

Henry's law constant 100 X 10-4 m3 
. atm/mole 

KLa = 14.5 X 10-3 s I 

Air flow rate = 15 m3Is 

Liquid flow rate - 0.22 m 3/s 

Temperature 200 e 

Column diameter may not exceed 4.0 m 


Column height may not exceed 6.0 m 


10-29. Arialtemative fonnof Equation 10-26 uses the transfer unit conc~pt c1is
, cussed in Section 7-10. The relevant equations are (LaGrega, 200 i): 

1. Dimensionless Henry's law constant 

He 

RTg 

2. Stripping factor 

L 
HTU 

Z = (NTU)(HTU) 

where 	 G = molar flow rate of air, molesls 
L = molar flow rate of water, molesls 
A = cross-sectional area of column, m2 

Mw =	molar density of water 

55,600molesfm3 


Otherterrns are as defined for Equation 10-26. 
Using the stripping factor equations, determine the height of 

packing for an air stripping column to reduce the concentration of 
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ethylbenzene from 1.0 mglL- to 35 fLg/L, u~ingth~ following design 
parameters. 

Henry's law constant = 6.44 X 10-3 013 
• atm/mole 

KLa = 1.6 X 1O~2 S--I . 

Liquid flow rate = 7.14 Lis 


Temperature = 20°C 


Column diameter may not exceed 4.0 m 


Column height may not exceed 6.0 m 

-

Because the air flow rate and diameter are not given, a trial and error solu
tion is required. Use a spreadsheet program you have written to perform 
the trial-and-error solution. Use a 20 perc~nt safety factor to estimate the 
final packing height. 

10·30. An electroplating rinse water containing 55 mglL of nickel is to be treated 
by an ion exchange column to meet an allowable effluent concentration of 
2.6 mglL. A laboratory-scale column has provided the breakthrough data 
shown in the table below. The laboratory column data are as follows: 

Inside diameter = 1.0 em 


Length 7.0 em 


Mass of resin (moist basis) 5.2 g 


Water content = 17% 


Density of resin = 0.65 g/cm3 


Liquid flow rate 7.68 Lid 


Initial concentration = 55 mg/L 


C,mg/L ¥,L -C, mg/L 

4.23 1.280 39.04 
0.320· 5.14 1.440 44.04 

0.480 10.03 1.600 49.54 

0.640 16.65 1.760 53.32 

0.800 23.62 1.920 54.14 

0.960 29.54 2.080 53.22 

1.120 35.46 

The full scale design must meet the following requirements: 

Flow rate 36,000 Lid 


Hours of operation = 8 hid 


Regeneration is to be once every 5 days 
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Use a spreadsheet to plot the breakthrough data and determine the mass of. 
resin required. (Hint: Some initial and final data points may be hard to plot 
and may need to be ignored to achieve a straight line on the semi-log plot.) 

A.nswer: Mass of resin 8.38 X 105 g or 840 kg 

10-31. An electroplating rinse water containing 10 mg/L of silver is to be treated 
by an ion exchange column to meet an allowable emuent concentration of 
0.24 mg/L. A laboratory scale column has provided the breakthrough data 
shown in the table below. The laboratory column data are as follows: 

Inside diameter = 1.0 em 

Length = 14.85 em 

Mass of resin (moist basis) 7.58 g 

Water content = 34% 

Density of resin = 0.65 g/cm3 

Liquid flow rate = 4.523 LId 

Initial concentration = 10 mglL 

Breakthrough data 

¥,L C, mgIL ¥,L C, mg/L 

0.1 0.00 1.1 2.00 

0.00 1.2 3.33 

0.01 1.3 5.00 

0.02 1.4 6.67 

1.5 8.00 

1.6 8.89 

1.7 9.41 

1.8 9.69 

1.9 9.84 

2.0 9.92 

The full scale design must meet the following requirements: 

Flow rate =3,600 LId 

Hours of operation = 8 hid 

. Regeneration is tobe once every 5 days 

Use a spreadsheet to plot the breakthrough data and determine the mass of 
resin required. (Hint: Some initial and final data points may be hard to plot 
and may need to be ignored to achieve a straight line on the semi-log plot.) 
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10-32. A very hard water is. to be softened for use as an electroplating rinse water. 
The raw water analysis shows a calcium concentration of I07mg/L and a 
magnesium concentration of 18 mg/L. The desired final hardness is 10 
mg/L as CaC03. An ion exchange column ha's been selected to achieve this 
hardness. A pilot scale column has provided the breakthrough data shown 
in the table below. The laboratory column data are as follows (after Reynolds 
and Richards, 1996): 

Inside diameter = 10.0 em 

Length = 91.5 em 

Mass of resin (moist basis) = 5.0 kg 

Water content = 34% 

Density of resin = 0.7 gICm3 

Liquid flow rate 2.25 Uh 

Initial concentrations: 

Ca 107 mg/L as ion 

Mg = 18 mg/L as ion 

Breakthrough data 

¥,m3 C, meq/L 

2.35 0.21 

2.9 0.48 

3.1 1.10 

3.26 1.64 

339 2.47 

3.49 3.22 

3.56 3.56 

3.71 4.52 

3.81 5.07 

4.03 5.96 

4.62 6.78 

The full scale design must meet the following requirements: 

Flow rate 570 m3/d 

Regeneration is to be once every 60 days 

Determine the mass of resin required. (Hint: see Sections 4-1 and 4-3 for 
hardness equivalent weight and mgIL as CaC03 calculations and conver
sions.) Use a spreadsheet to plot the breakthrough data and determine the 
mass of resin required. (Hint: Some initial and final data points may be 
hard to plot and may need to be ignored to achieve a straight line on the 
semi-log plot.) 



HAZARDOUS WASTE MANAGEMENT . 

10-33. An incinerator operator receives thef~llowing shipments of waste for in
cineration. Can the operator mix these wastes to achieve 30 perce'nt by 
mass of chlorine in the feed? -

Trichloroethylene = 18.9 m3 

1,1,1 Trichloroethane = 5.3 m3 

3Toluene = 213 m

o-Xylene 4.8 m3 

10-34. An incinerator operator receives the following shipments of waste for in
cineration. What volume of methanol (CH30H) must the operator mix to 
achieve 30 percent by mass of chlorine in the feed? Assume t~e density of 
methanol is 0.7913g/mL. 

Carbon tetrachloride 12.2 m3 

Hexachlorobenzene = 153 m3 

Pentachlorophenol = 2.5 m3 

10-35. A hazardous waste incinerator is being fed methylene chloride at a con
centration of 5,858 mg/L in an aqueous stream at a rate of 40.5 L/min. 
Calculate the mass flow rate of the feed in units of g/min. 

10-36. Methylene chloride was measured in the flue gas of a hazardous waste in
cinerator at a concentration of 21 1.86 J.Lglm3

• If the flow rate Of gas from 
the incinerator was 597.55 m3/min, what was tfie massflow"tate of meth
ylene chloride in g/min? 

rateof481kg/h. If the mass 
unitin compliance with the 

Operating temperature = 1,150°C 

Feed flow rate = 173.0 Umin 

Feed concentration = 13.0gIL 

Residence time 2.4 s 

Oxygen in stack gas = 7.0% 

Stack gas flow Iate= 6.70m3/s at standard conditions 


Stackgas concentrations after APC equipment 


Dichlorobenzene = 338.8 ,ug/dscm 


HCI = 77.2 mg/dscm 

Particulates = 181.6 mg/dscm 
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Assume all of tfle dilorine 'In the feed is converted to HCl:Doe.s_ the incin
erator comply with the EPA rules? 

10-40. The POHCs from a trial burn are shown inJhe table below. The incinerator 
was operated at a temperature of 1,1 00°c. The stack gas flow rate was 
5.90 dscmJs with 10.0 percent oxygen. Assuming that all the chlorine in 
the feed is converted to HC1, is the unit in compliance if the emissions are 
measured downstream of the APC equipment? 

Compound Inlet kg/h Outlet kg/h 

Benzene 913.98 0.2436 

Chlorobenzene 521.63 0.0494 

Xylenes 1,378.91 0.5670 

HCl n/a 4.85 

Particulates n/a 10.61 

n/a not applicable. 

10-41. During a trial burn, an incinerator was fed a mixed feed containing 
trichloroethylene, 1,1,] -trichloroethane, and toluene in a aqueous solution. 
Each component accounted for 5.0 percent of the feed solution on a vo1
ume basis. The feed rate was 40 L/min. The incinerator was operated at a 
temperature of 1,200°C. The stack gas flow rate was 9.0 dscmls with 7 
percent oxygen. Assuming that all the chlorine in the feed is converted to 
Hel, is the unit in compliance with the following emissions measured after 
the APC equipment? 

Trichloroethylene 170 p,g/dscm 

1,1,1 -Trichloroethane = 353 p,g/dscm 

Toluene 28 p,g/dscm 

HCl 83.2 mg/dscm 

Particulates = 123.4 mg/dscm 

10-42. During a trial burn, an incinerator was fed a mixed feed containing hexa
chlorobenzene (HCB), pentachlorophenol (PCP), and acetone (ACET) 
in a aqueous solution. Each component accounted for 9.3 percent of 
the feed solution on a volume basis, that is, HCB = 9.3 percent, 
PCP = 9.3 percent, and ACET 9.3 percent. The feed rate was 140 
Umin. The incinerator was operated at a temperature of 1,200°C. The 
stack gas flow rate was 28.32 dscmls with 14 percent oxygen. Assuming 
that all the chlorine in the feed is converted to HC1, is the unit in com
pliance if the following emissions are measured downstream of the APC 
equipment? 

http:1,378.91


Hexachlorobenzene = 170 /Lg/dscm 

Pentachlorophenol = 353 /Lg/dscm 

Acetone = 28 /Lg/dscm 

Hel = 83.2 /Lg/dscm 

Particulates = 123.4 mg/dscm 

10-43. The permit for a rotary kiln hazardous waste incinerator specifies that the 
retention time for solids is 1 hour. The proposed dimensions and operating 
condition for the incinerator are: 

Diameter = 3.00 m 


Length = 6.00 m 


Slope = 2.00% 


Peripheral speed = 1.5 mlmin 


Determine if the permit requirement will be meL 

10-44. A standard permeameter is being considered for testing a clayfor a haz
ardous waste landfill base. If the clay must have a hydraulic conductivity 
of1 0-7 cmlsandthedimensions of the permeameter are as shown below, 
how long will the test take if a minimum of 100.0 milliliter of liquid must 
be collected for an accurate measurement? See Figure pol 0-44 for notation 
and permearneter equation. Dimensions are given on page 918. 

I 

'-------' ~l- Q 

Standard constant head permeameter equation: 

K=S2b.
hAt 

where 	K =hydraulic conductivity 
Q=guantity of discharge 
L = length of sample . 
h =hydraulic head 
A = cross-sectioned area of sample 
t:::: time 

FIGURE P·l0·44 
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L = lOcm 

h 1m 

Diameter of sample = 5.0 cm 

Answer: t = 58.95 or 60 d 

10-45. 	A standard permeameter is being considered for testing a clay for a haz
ardous waste landfill base. If the clay must have-a hydraulic conductivity 
of 10-7 cmls and the dimensions of the permeameter are as shown in 
Figure P-l 0-44, the test will take 60 days if a minimum of 100.0 mL of 
liquid must be collected for an accurate measurement You need the results 
in 30 days. What change in the design of the permeameter would you 
make to obtain results in 30 days? Show by calculation that your redesign 
would work. 

10-46. 	A soil sample has been tested to determine permeability using a falling-head 
permeameter. (See Figure P-1O-46.) The data on page 919 were recorded: 

Area a 

h 

Sample 
area A 

Valve 

Falling head permeameter equation: 

K= 2.3 aL loa (!!JL)
At 0 hl 

where K = hydraulic conductivity 
a:::: cross-sectional area of stand pipe 
A =Cross-sectional area of sample 
L = length of sample 
t= time 

ho, hl =head at beginning of test 
and at time tt respectively FIGURE P-IO-46 
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Diameter of a == I mm 

Diameter of A == 10 em 

Length, L == 25 em 

Initial head == 1.0 m 

Final head == 25 em 

Duration of test == 14 days 

From these data, calculate the hydraulic conductivity of the sample. As
suming the sample is representative of the landfill site, is this a good soil 
for a hazardous waste landfill base? 

10-47. An old hazardous waste landfill was built on a 10-m-deep clay .liner. An 
aquifer lies immediately below the clay layer. The clay layer through 
which the leachate mustpasshas a hydraulic ,conductivity 6fl X 10-7 

cm/s. If the liquid level (leachate) is 1.0 m deep above the clay layer, how 
much leachate (in m3/d)wiH reach the aquifer when the clay layer be
comes saturated? Assume Darcy's law applies. 

10-48. The three soil layers described below lie between the bottom of a haz

ardous waste landfill and the underlying aquifer. The depth of leachate 

above the top soil layer is OJ m. How long will it take (in years) for the 

leachate to migrate to an aquifer located at the bottom of soil C? 


Soil A 
Depth == 3.0 m 
Hydraulic conductivity == 1.8 X ] 0-7 cmls 
Porosity =.55% 

SoilB 
Depth = 10m 
fIydraulicconductivity 2.2 X 10-5 mls 
Porosity:=25% 

SoilC 
Depth = 12.0 m 
fIydraulic conductivity =5.3 X 10-5 mmfs 
Porosity == 35% 

10-49. The practical quantitation limit (PQL) for the solvent trichloroethylene is 
5 fJ-glL. If a barrel (approximately 0.12 m3

) of spent solvent leaked into an 
aquifer, approximately how many cubic meters of water would be contam
inated at the PQL? 

10-50. An aquifer has a hydraulic gradient of 8.6 X 10-4
, a hydraulic conductiv

ity of 200mfd, and a porosity of0.23. A chemical with a retardation factor 
of 2.3 contaminatesthe aquifer. What is the linear velocity of the contami
nant? How·long will it take to travel 100 m in the aquifer? 

10-51. An extraction well must be installed at the site of a leaking gasoline stor
age tank. The depth of the unconfined aquifer is 60.00 m and the hydraulic 
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conductivity is 6.4 X 10-3 m/s.-Measurements show that the plume does 
not extend more than 150 mfrom the center of the-leak. At 130 mfrom the 
center of the leak, the plume is 0.1 m in depth. If the extraction well is 
28 cm in diameter, what size pump (in m 3/s) is required so that the plume 
does not migrate any farther? (Note: this is an application of the well equa
tions in Chapter 3.) 

10-52. A drum (0.12 m3
) of carbon tetrachloride has leaked into a sandy soil. The 

soil has a hydraulic conductivity of 7 X 10-4 mls and a porosity of 0.38. 
The groundwater table is 3 m below grade and has a hydraulic gradient of 
0.002. The aquifer is 28 m thick. A single well intercept system is pro
posed, using a well pumping at 0.014 nr'/s. Estimate the width of the 
capture zone at the well. 

10-53. If the leading edge of the plume in Problem 10-52 has spread to a width of 
200 m, how far ahead of the plume must the weIr be located to intercept it? 

10-12 DISCUSSION QUESTIONS 

10-1. 	 What was the outcome of the hazardous waste episode at Times Beach? 
(Hint: You will need to do an internet search.) 

10-2. 	 It has been stated that, on the basis of LOs(). 2,3,7,8-TCOO is the most 
toxic chemical known. Why might this statement be misleading? How 
would you rephrase the statement to make it more scientifically correct? 

10-3. 	 Whichofthefollowing individuals is at greater risk from inhalation of an 
airborne contail1inanta l-year-old child; an adult female; an adult male? 
Explain your reasoning; 

Whichofth~f6110wingindividuals is at greater risk from ingestion of a 
sQilcOl1taminal1t:al-year-old child; an adult female: an adult male? 
Explain.yourreasoning. 

10-5. 	 A hazard index 0[0.001 implies: 

·a.Risk=lO-.3 

h. The probability of hazard is 0.001 

c. The RID is small compared to the COl 

d. There is little concern for potential health effects 

10M6. 	 Adry cleaner accumulates 10 kg per month ofperchioroethylene (a haz
ardous waste solvent). To save shipping cost he would like to accumulate 
6 months' worth before he ships it to a TSO facility. Can he do this? Ex
plain. (Hint: search the applicable regulations in the CFR.) 

10-7. 	 Does the "land ban" actually ban the disposal of hazardous waste on the 
land? Explain. 
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10-8. A multimillion dollar company ha~just learned that one druni out of 
several hundred found at an abandoned waste disposal site has been 
identified as its property. Their attorney explains that the company may 
potentially be responsible for cleanup of all the drums at the site if no 
other former owners of the drums can be identified. Is this correct? \Vhy 
or why not? 

10-9, Your boss has proposed that your company institute a recycling program to 
minimize the generation of waste. Is recycling the best first step to investigate 
in a waste minimization program? If not, what others would you suggest and 
in what order? 

10~1O. A metal plater is proposing to treat waste sludge to recover the nickel from 
it. Would this be 

a. recycling? 

b.reusing, 

c. reclaiming. 

State.the correct answer(s) and explain why you made your choice(s). 

10-11. Itis not necessary to measure every POHC in an incinerator trial burn. 
Trueor false? Explain your answer. 
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11-1 FUNDAMENTALS* 
Atomic Structure 
We assume that you are familiar with the Bohr model ofatomic structure. In this model 
the atom is described as consisting of a central nucleus surrounded by a number of 
electrons in closed orbits about the nucleus. The orbital electrons are grouped in shells. 

The nucleus itself can be considered as composed of two distinct kinds of parti
cles: protons, which carry a positive unit charge, ,and neutrons, which are un
charged. In a particular atom there are Z electrons, each carrying a charge e ,orbiting 
around the nucleus, and a nucleus composed of N neutrons and P protons. The condi
tion of electrical neutrality for the atom as a whole yiel~s Pe - Ze = 0, that is, the 
number of protons in the nucleus is equal to the number of orbital electrons. 

The number Z is the atomic charge or atomic number of the atom, and Z +N is the 
atomic mass number, usually denoted by A. The parameters A and Zcompletely define 
a particular atomic species, this being known as a nuclide. 

The masses of nuclides are measured in terms of the unified atomic mass unit, with 
the symbolu. This is defined as the unit of mass equal to one-twelfth the mass of an 
atom of carbon of atomic mass number 12. This gives I u as 1.6606 X 10- 27 kg. On 
this scale, the mass of the neutron is. 1.0088665 ll, the mass of the proton 1.0088925 u, 
and the mass of the electron 0.0005486 u. 

From the definition of the mass scale, giving proton and neutron masses of the or
der unity, it is clear that the atomic mass number wi]] be a whole number approxima
tion to the nuclidic mass in u. For exampl€, a nuclide of magnesium which contains 
12 protons and 12 neutrons has A = 24 and a nuclidic mass of 23.985045 u. The 
difference between the nuclidic mass and the atomic· mass number is called the mass 
excess. 

The.chemicalpropertiesof the atom, and hence its designation as a particular ele
meI~t,id~pend??the numberoforbital electrons, that is, on the atomic number Z. 
Giv~nZ;ycthe element is uniquely defined. As an example, if a given atom has two 01'

Rital~1:~tr8~~,iLmustbehelium(assumingthatthe atom IS not ionized or in some 
similar nQnequilibrium'state). Similarly an atom with eight electrons must be oxygen. 

A particular nuclide is denoted by ~X, where X takes the place of the element 
symbo1.ButasZ detenninestheelement, Zand Xdenote the same thing. Thus, the 
shBrtha~d.5a~gearn~l1d~dtQ ~X.For example, carbon has six neutrons and six pro
tons:Therefore;thisnuclideicanbe written 12C, orcarbon-12. 

For each element (determined only by Z) several nuclides (determined by Zand A) 
have the same Z value but different values of A. These different nuclides of the same 
element are called isotopes. Hydrogen with Z = 1 has three isotopes with atomic mass 
numbers of 1, 2, and 3. As Z must remain constant at 1, this means that they have zero, 
one, and two neutrons, respectively. This is illustrated in Figure 11-1. These isotopes 
all act chemically as hydrogen, but their nuclidic masses are different. The nuclidic 
massof1H Is 1.007825 u, that of 2H (known as deuterium) is 2.014102 u, and that of 
3U(knownastritium) is 3.016049 u. 

*This discussion follows R. A. Coombe, 1968. 



Hydrogen Deuterium Tritium 

-e 	 -e 

Q Electron 

" Proton 
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Nucleus :H, proton Nucleus ;H, deuteron Nucleus iH, triton 

FIGURE 11-1 
Three isotopes of hydrogen, (Source,' R A. Coombe, 1968.) 

The atomic weight of an element is defined as the combined nuclidic masses of all 
the isotopes, weighted according totheir natural relative abundances. It is denoted by A. 
In the case of hydrogen it foHows that the atomic weight-is 

1.007825(0,9844) +2.014102(0.0156) + 3.016049(0) = 1.60797 

The masses of the hydrogen isotopes are not obtained by simpleaddition of neutron 
masses, For example,the nuclidic mass of IH plus a neutron is 2.0 I 6490 u: whereas 
the mass of deuterium is 2.0 14102 u. This difference of 0.002388 u is called the mass 
defect. This is because when a proton and a neutron are brought together to form a 
deuteron (the nucleus of deuterium), energy is released to bind them together. Con
versely, energy must be supplied to split them apart. This required energy, the binding 
energy, is obtained from Einstein's equation for the conversion of mass Into energy, 

E = !1mc2 	 (l I -I) 

whe~e!1m.isthell1assdefeGt .and ,cis thespeedof light. 
.. ~I]~nyrgiesofemittedradia,tion andparticles,as well as the various atomic and 

)nWCl~~tc~l1~r&~levyls,:arequoted interms of the electron volt, eV. This is the energy 
tP~tw~~J?'Q~~'pquil'e,dbyan~I~ctroninJNlingthrough a potential difference of one 
volt.FromthisdefinitiontheJoHowingequival~ntunitsof energy can be established: 

1.eV - 1.602 XIO-'-12erg = 1.602 X 10- 19 J 

IS{)rrp91~aI~IlergyI.eveI$anclr~djationenergies,the electron volt is usually an in
c()I1vehlentlysmaHunit,TheunitsMeVandKeVare then used for 106 eV and 103 eV, 
respectively. Using Equation 11-1, with the information that c = 2.99793 X 108 mis, 
and 1 u = 1.6606 X 10- 27 kg, then the energy equivalent of I u is 93 I.634 MeV. In 
other words, this means that if an electron of mass 0.0005486 u were completely anni
hilated, the energy released would be approximately 0.511 MeV. 

.'	"Radioactivity" and Radiation 
By definition,isotopeshave different ratios of neutrons to protons in the nucleus. Some 
ratios give rise to unstable conditions. This is usually because the neutron-to-proton ra
tio is too large. Because of this instability, the nucleus changes its state to attain equi
librium, and in so doing emits either a particle or electromagnetic radiation to carry off 
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the excess energy. This phenome.non of nuc-Iear disintegration is known as radioactivity, 
and an isotope that displays such activity is known as a radioisotope. 

There are three types of isotopes. Some are stable, others are naturally radioactive, 
and the third group can be artificially produced and are also radioactive. These artifi
cially produced radioisotopes are the isotopes most used in industrial application. 

Three major types of decay product carry off the surplus energy when a radioiso
tope decays: alpha particles. beta particles, and gamma radiatjon. 

Alpha-Particle Emission. Conceptually, the source of the instability of the heavy el
ements is their size; their nuclei are too large. How can they become smaller? One 
method would be to eject protons or neutrons. Rather than doing this singly, the heavy
element atoms expel them in "packages" containing two protons and two neutrons. 
This "package" is called an alpha particle (a). An alpha particle is equivalent to the 
nucleus of the helium-4 atom, that is, it is simply a body consisting of two protons and 
two neutrons bound together. Consequently, if an alpha particle is emitted, the nucleus 
mustchange to one that has a charge 2e less and a mass appro;Kimately 4 u less. The 
general expression is 

AX -'" A-4X + 4Hz ...- Z-2 2 e (11-2) 

Atoms that eject the helium "package" are said to decay through emission of alpha 
radiation. Alpha-particle emission occurs mainly in radioisotopes whose atomic num
ber is greater than 82. With increasing atomic number, the OCCLllTence of alpha-particle 
decay increases rapidly, and it is a characteristic of the very heavy elements. It is par
ticularly in evidence in the main decay chains of the natural radioactive isotopes. 

You should note that an atom undergoing alpha-particle decay changes into a new 
eleme?t. It is a new.element because the product nucleus (often called a daughter) con
tainstwpfewerprotonsthantheparent atom. Through emission of an alpha particle, 
uraniumpccomes. thorium.Similarly,radium becomes radon. 

~eta:Jla~ticleF:lllissi?I1.Thejnstability that is the cause of beta-particle emission 
arisesJromthefactthatthe neutron-to"proton ratio in the nucleus is too high (there are 
too many neutrons in the nucleus).To achieve stability, a neutron in the nucleus can de
cay into .aproton and an electron. The proton remains in the nucleus so that the 
ne~tro~-t~-proton rati~is decreased,and the electron is ejected. This ejected electron 
isknownasabetaparticle(fj).Thegeneral expression for the decay is 

AX -'" AX fr (I 1..3)Z ...-z+! +p 

Note that we use the 13- to represent an electron of nuclear origin to differentiate it 
from electrons from other sources.The negative sign is used with the fj if there is any 
chance of ambiguity, because a similar particle, called a positron, also exists that car
riesa positive charge. 

Again, asin alpha radiation, emission of a beta particle changes the parent atom 
into a new element because the number of protons in the nucleus increases by one. If 
the daughter product also is radioactive, it will, in turn, emit a beta particle, becoming 
another new element, and so on, until finally a stable neutron-to-proton ratio is 
reached. Through such a series of changes, for example, the fission-product element 

http:nucleus).To
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krypto.n beco.mes rubidium "vhieh, in tum, beco.mes strontium, which finally co.nvens 
to. stable yttrium.' 

Example 11-1. Identify the particles that are emitted in each step o.f the decay chain 
represented by 

Solution. Because z increases by 1 in each case, the particle emitted in each step is 
a beta particle. 

Gamma-Ray Emission. Either alpha o.r beta particles may be accompanied by gamma 
.radiatio.n. Whereas alpha or beta radiatio.n brings abo.ut achange in the size of the nucleus 
o.r the number o.f a particular type o.f particle therein, the emissio.n o.f gamma radiation 
represents o.nly a release of energy. This is the energy that remains in the newly formed 
nucleus after emissio.n of the alpha o.r beta particle. Electromagnetic radiatio.n in the form 
ofgamma rays is emitted when a nucleus inan excited state transfers to a mQre stable 
state.Thenucleus thus retains its original co.mposition, the excess energy being radiated 
away. If the frequency of the radiatio.n is v, and the nucleus changes from a state of en
ergy El to. a state of energy E2, then the two energies are related by the equation 

E] - E2 hv 01-4 ) 

where his Planck's constant, having a value o.f 6.624 X 10-27 ergs. The.energy o.f the 
emittedgammaray is thus hv. In equatio.ns, the gamma ray is represented by the Greek 
letter gamma (y). 

X-Rays. Gammaraysare similar to x-rays.Their difference lies only in their source. 

~D B(iInrrtarays;Origi11IlteJroma nucleus transferring from o.ne nuclear excited state to an

~~y ··~th~r,,,,,~e['easx-:rays()riginatefrom.electrons .transferring from a higher to. a lower 

/?1.·a!0n:fs~nergystate.A.satomicenergylevelsarejn general spaced much closer in terms 


.......~~.••.....••.. ;gt·e~~&g~t,nan'11.~91~arJ.eyels,jtfollowsfromEquatio.n 11-4 that the frequencies of 

cO: ·•. 0~J~y~}at~~lllucples~tlia1)thQseofgammarays.AsJar as industrial applications' are co.n

~. ""'<ceme~,iheonly difference between them is the penetrating power. Because penetrating 


.po",erjncreases wi th frequency, gammarays have more penetrating power than x-rays. 


~~I!i~I~,.~lrii$.~i()ns.Il1theprecedil1gdiscussio.ns, o.nly single emission has been 
considered. In practice, two or more different types o.f emissio.n are possible, and in a 
greatfnanycases several particles of the same type but o.f different energies are emit
ted. This latter effect is due to the multiplicity o.f nuclear energy levels both in the orig
inal isoto.pe nucleus and in the nucleus formed by particle emission. 

Ratiioilctive Decay 
Eachunstable (radioactive) atom will eventually achieve stability by ejecting an alpha or 
beta particle. Tllis shift to. a more stable form is called decay. Each radioactive decay 
process is characterized by the fact that o.nly a fractio.n of the unstable nuclei in a given 
sample will decay in a given time. The probability that a particular nucleus in the sample 

http:isoto.pe
http:I!i~I~,.~lrii$.~i()ns.Il1theprecedil1gdiscussio.ns
http:equatio.ns
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will decay during a time intervaldt is A dt,-where A is the radioactive de,cay c.onstant. It 
is defined as the probability that any particular nucleus will disintegrate in unit time, 

For a large number of like nuclei together, we make the assumption that Ais inde
pendent of the age of a nucleus and is the same for all nuclei, This means that Ais a 
constant If N is the number of nuclei present at a time t, then the number of decays oc
curring in a time dt can be written ANdt. As the number of nuclei decreases by dN in 
this time, we can write 

dN = -ANdt 01-5) 

The negative sign denotes that N is decreasing with time. Equation 11-5 shows that the rate 
of decay is proportional to the number of nuclei present, that is, it is a first-order reaction, 

Equation 11-5 can be rearranged and integrated. 

iN dN II
- Adt 

No N 0 

N
In = -At 

No 

or 

N = No exp(- At) 01-6) 

where No is the number of radioactive nuclei present at !ime f O. Equation 11-6 
shows that radioactive decay follows an exponential form. In particular, the time 
taken for a given number of nuclei to decay to half that number, T I12 , is obtained 
from Equation 11-6 as 

NI2
In- = AT1f2 

No 

In 2 0.693 
(11-7)

A A 

Thisequationrelatestwoimportantparameters of a radioactive species: Aand the half
life':1l2.Tllesr,quantities are .characteristic properties of a particular species. Half
Iivesofradioisotopescover an enonnous range of values, from microseconds to 
millions of years. To illustrate this, some values are given in Table 11-1. 

Example 11-2. Kal Karbonate has a vial containing 2.0 ,uCi/L of 4SCa that must be 
disposed of.How long must the radioisotope be held to meet an allowable sewer dis
charge standard of2.0 X 10-4 ,uCi/mL? 

Solution. From Table 11-1 find the half-life of 4SCa is 165 d. Calculate the val ue of 
A,usingEqtiation 11-7: 
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TABLE 11-1 
Some radioisotope half-lives 

Radioisotope Half-Life Radioisotope Half-Life 

Polonium-2I2 3.04 X 10-7 s Ca1cium-45 165 days 
Carbon-IO 19.3 s Cobalt-60 5.27 years 
Oxygen-IS 2.05 min Tritium 12.5 ),ears 
Carbon-II 20.4 min Strontium-90 28 years 
Radon-222 3.825 days Cesium-137 30 years 
Iodine-131 8.06 days Radium-226 1622 years 
Phosphorus-32 14.3 days Carbon-14 5570 years 
Poionium-210 138.4 days Potassium-40 1.4 X 109 years 

Calculate the holding time, lIsing Equation 11-6: 

2,0 X 10-4 J-tCi/mL (2.0fLCilL)( 10-3 L/mL) exp [( -4.20 X 10-3)(J)] 

0.10 exp[( -4.20 X 1O-3)(t)] 

Taking the logarithm of both sides of the equ?tion: 

In (0.10) = In {exp [( -4.20 X 1O-3)(t)]} 

-2.30 = (-4.20 X 1O-3)(t) 

t = 548.23 or 550 days 

SpecificActivityand the Becquerel. The quantity N is called the activity of a sam
ple. InSLunits the becquerel (Bq) is the unit used for activity. One becquerel of ra
dioacti\le,.;m~~~riaFisthatquantityofunstable atoms whose frequency of decay is one 
di§iI'lt~~r,~tjo~p~rsEfond.Thisdefinition covers all modes of disintegration for both 
~in~le.rs8~gpe:s~~dmi!'tur2s. ............. . 

< ·;;Forgf1~BY~Y~fI~t~~u~itll~~dforactixitYYlas. the c~re.. One.curie of radioactive mate
'~~.r ..<~~:9~r"titypfNnst~~leatol1l§whOsefrequerrcyofdecayis 3.700 X 101D disinte
·gr~tio~.s.per:s~con(tOnel1ecquetelisequalto 2.7 X·l 0-'11 Ci. The curie is quite a large unit 
fo~aJot?fpurposes.Afillipuries(1 mCi =.10-3 Ci) or microcuries (1 /LCi 10-6 Ci) and 

. evenpi£:,q~uri~s(lpCi= 1O-12Ci)werechosen as more manageable units to work with. 
.....·•. ·.Ih~~~eci;g~~~tiyjty()faradioisotopeis the activity per gram of the pure ra

(; .."<ciioisotope.'ffienumber of atoms of a pure radioisotope in one gram is given by 

NA 
N (11-8)

A 

where NAisAvogadro's number (6.0248 X 1023
) and A is the nuclidic mass. The spe

cific activity S of a particu1arradioisotope is an intrinsic property of that radioisotope. 

AN
S = ~.disintegrations· s -I (11-9)

A 

Growth of Subsidiary Products. In the process of decay, a new nuclide is formed, 
the daughter product. If the daughter product is stable, its concentration will gradually 
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increase as the parent decays. On the other hand, if the daughter product is-itself ra
dioactive, the variation in concentrations of parent, daughter, and granddaughter prod
ucts will very much depend on the relative rates of decay. 

In several cases a radioactive isotope decays into another nuclide that is itself ra
dioactive. This can continue for a large number of nuclides, resulting in a decay chain. 
The characteristics of any particular chain depend largely on the relative decay con
stants of its various members. 

The simplest case is the growth of a radioactive daughter product from the parent 
atoms. Let us assume we begin with NI parent atoms of decay constant Aj, and N2 
daughter atoms of decay constant A2' The rate at which the daughter product is in
creasing is then the difference between the rate at which it is produced by its parent and 
the rate at which it decays. This can be written as 

dN 

dt 
2 

= lqN I - A2N2 01-10) 

The rate ofproduction of the daughter is simply the decay rate of the parent. 
Using Equation 11-6 with the notation that Nils the number of nuclei of the par

ent and NIO is the initial number gives 

NI = NIO exp( - Alt) 

Substituting in Equation 11-10, we obtain 

dN2 
dt = A1N10 exp( Alt) A2N2 01-11) 

Rearranging, we get 

dN2-- + A2N') A,NlO exp(-A,t) (11-12)
dt ~ 

This equation can readily besolvedbymultiplying throughout by the factor el\2t. Thus, 

(11-13) 

(11-14) 

On integration this yields 

N i 2t = AINIO exp[(A - A )t] + C (11-15)
2 A2 _ Al 2 1_ 

The integration constant C is determined from the boundary conditions. For this case, 
at t = 0, there was no daughter product present, that is, N2 0 at t = O. Using these 
boundary conditions, Equation 11-15 reduces to 

(11-16) 
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Characteristics of Daughter Products. In.. the derivation of Equation 11-16, it was· 
assumed that N2 was zero at zero time. Because the daughter nuclide itself decays, then 
at an infinite time, N2 will again be zero. Between these two times when N2 =0, there will 
be a time, say t', when N2 will reach a maximum. At this time, the rate ofincrease will be 
passing through a turning point, that is, dN2/dt = O. Using this fact, together with Equa
tion 11-16, it can be shown that 

(11-17) 

Secular Equilibrium. A limiting case of radioactive equilibrium in -which AI « A2 
and in which the parent activity does not decrease measurably during many daughter 
half-lives is known as secular equilibrium. An example of this is 238U decaying to 
234Th.ln this case, a useful approximation of the value of N2 after a large number of 
half-lives is 

Continuous Production of Parent. Theprevious calculations assumed that at zero 
time.acertain number of parent atoms were present and then decayed. In many cases 
ofinterest the parent is continuously replenished. Such cases occur for instance in nu
clear reactors, where the parent nuclides are continuously being created by neutron 
bombardment. Another case is the continuous production of carbon-14 by cosmic rays 
incidenton the nuclei present in the upper atmosphere. 

.(11-19) 

Radioisotopes. Most of the 50 naturally occurring radioisotopes 
are <associated with three distinct series: the thorium series, the uranium series, and the 
actinium series. Each one of these series starts with an element of high atomic mass 
(uraniym-238, thorium-232, anduranium-235, respectively) and then decays by a long 
seti.esof~lpha:- andbeta...particle emissionsto reach a stable nuclide (lead-206, lead-208, 

\>and'le~d-207,respectively).The three chains are associated with the heavy elements, and 
yery·few natllrally occurring radioisotopes are found with atomic masses less than 82. 

Tljehalf"'lives ofthenaturall y. occurring radioisotopes are very long. Presumably 
they were constituents ofthe earth at its formation and their activity has not yet died 
away beyond detection. 

Two other important isotopes that occur in the natural environment but that are not 
strictly naturally occurring are hydrogen-3 (tritium) and carbon-14. These radioisotopes 

http:234Th.ln
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are artificially produced by cosmic rays bombarding the upper atmosphere 'Of the earth. 
At present the quantities of these isotopes are in equilibrium, their production rate bv 
cosmic radiation being balanced by their natural decay rate. Because of this phenome-

~ 

non these isotopes are of particular use in archaeologic'al dating. 

Artificially Produced Radioisotopes. The artificial production of radioisotopes is 
mainly carried out either by nuclear reactors or by particle accelerators. The cyclotron 
is the accelerator in most general use because the required bombarding particle ener
gies are easily obtained and the output is reasonably high. The transmutation of a sta
ble isotope to a radioactive one is effected by bombarding a target nucleus with a 
suitable projectile, either electromagnetic or a particle, to produce the required isotope 
from the resultant nuclear reaction. 

When an accelerator is used, th~ bombarding particles are usually protons, 
deuterons, or alpha particles. In the nuclear reaction brought about by the bombard
ment of zinc-64 with energetic deuterons from a cyclotron, the deuteron and zinc-64 
nucleus combine to form a new element. The new element .has a charge of 30e + e 
and an atomic mass number of 64 + 2. This compound nucleus is then 66Ga. 
gallium-66. This intermediate nucleus disintegrates almost immediately by one of sev
era1 possible modes of decay. If a proton is emitted. for example, the final nucleus must 
be left with a nuclear charge of 32e and an atomic mass number of 65, so it is 65Zn. 
This isotope does not occur in nature. 

For the production of radioisotopes for industrial application, the most common 
nuclear reactions used are those from thermal neutrons. A target sample, in a suitable 
container, is inserted into the core of a reactor and left there for varying amounts of 
time. In the core of a reactor there is a copious supply of thermal neutrons. These in
teractwiththetargetnuc1eus to produce the required radioisotope, a process known as 
neuti'Oliactivatiorz. 

AnugledrTeactor is an assembly of fissionable material (such as uranium-235, p]uto
nium-239, or uranium-233) arranged in such a way that a self-sustaining chain reac
tion is maintained; Whenthese nuclei are bombarded with neutrons of the appropriate 
ener¥¥,theysplitup,orfission, into fission fragments and neutrons. For the nuclear re
. action to continue, at least one of the neutrons produced must be available to produce 
another fission instead of escaping from the assembly or being used up in some other 
nuclear reaction. Thus, there is a minimum (critical) mass below which the reaction 
cannot be self-sustaining.Actual reactors are built with an excess mass to make large 
amounts of neutrons available. The excess neutron production is controlled by the use 
ofmoderators. The moderators are made of materials with. large neutron-capture cross 
sections,such asboron, cadmium, or hafnium. These are formed into control mds that 
are moved in and out of the reactor to moderate the excess neutrons. 

The fission chain reaction is characterized by an enormous release of heat. This 
heat must be carriedaway by an efficient cooling system to prevent mechanical failure 
of the reactor assembly (meltdown) and, ultimately, an uncontrolled fission. The ulti
mate uncontrolled reaction is, of course, an atomic explosion. 
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The fission fragments are simply lower m£J.ss elements. There are, most commonly,. 
two fission fragments from each nucleus with an energy of the order of 200 MeV 
shared between them. The uranium nucleus does not split into the same two fragments 
each time. The breakup is far from symmetrical and can occur in more than 30 differ
ent ways. The most commonly produced isotopes are grouped around the mass num
bers 95 and 139. 

The fragments produced from the fission process have very large neutron-to
proton ratios so that they are highly unstable. Many transitions have to occur before a 
stable nucleus is finally achieved. These successive decays give rise to a decay chain. 

Fission fragments, because of their high mass and very high initial charge, have 
extremely short ranges in matter. Hence, they are contained within the fuel element 
when a uranium nucleus fissions. The spent nuclear reactor fuel elements thus provide 
avery intense radioactive source that presents many problems in the subsequent han
dling and processing. Fission fragments themselves can sometimes be used as a ra
dioactive source for industrial application. 

The Productionof X-Rays* 
X-rays were discovered in 1895 by Wilhelm Conrad Roentgen. During the course of 
some studies, he covered a cathode ray tube with a black cardboard box and 
observed fluorescence on a screen coated with barium platinocyanide near the tube. 
After. further investigation of this phenomenon, he concluded that the effect was 
caused by the generation of new invisible rays capable of penetrating 6paque mate
rials and producing visible fluorescence in certain chemicals. He called these new in
visibleraysx-raxs.Becauseof their discoverer, x-rays are also sometimes referred to 
as Roentgenrays. 

i\.siR()iI1te4Qutrrevio~sly,x-r~ys are electromagnetic waves and occupy the same 
ppI"tioll?,fth7~1(;.gtr3magneticspectrum as gammarays. Like gamma rays, x-rays can 

'!' p~:-;~t~9u,ghs91idmateri~1;Themodeof interaction of x-rays with matter is the same. 
'[ij~D' <as;are.tn;e'Rif>lR~iqalandl?h?tographiceffects. 
•• ,)i."eg><. ..~galJJlJJaIa~~qomefrom\Y!thinthenuc1eusofthe atom, x-rays are gener

·;~tedoMtsidet~eriucleusbytheinteractionof high-speed electrons with the atom. For 
·thisrceason,there isadifferenceinthe energy distribution of x- and gamma rays. 
'q~lJJlJJa.raysfromanysingle radionuclideconsist only.ofrays of one or several dis
qr~t~~~~rgt~~;..~~~.r:fys.c;()nsistotabroad,continuous spectrum of energies. The COI1

tinl.1Qus ~peptrunrwillbediscussed in detail· later. 

The X-Ray Tube. X-rays are produced whenever a stream of high-speed electrons 
strikes a substance. This is caused by their sudden stoppage or deflection by atoms 
within the target material. The x-ray tube(Figure 11-2) is designed to provide the high
speed electrons and the interacting materiaL Essential components of a x-ray tube are 
(1) a highly evacuated glass envelope containing the cathode and anode; (2) a source 
cifeJecironsproceeding from a cathode; and (3) a target (or anode) placed in the path 
ofthe electron stream. 

*This discussion follows U.S. PHS, 1968. 
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FIGURE 11-2 
Typical x-ray tube in self-rectified circuit. 

The development of the hot filament tube by William 0_ Coolidge in 1913 was a 
major advance. Most x-ray tubes in use today are of this type. Here, the free electrons 
are "boiled out" of an incandescent filament within an evacuated tube and given their 
velocity by accelerating them through an electric field. In the hot filament tube, the 
quality and intensity of radiation can be controlled independently by simple electrical 
means. The intensity of radiation is directly proportional to the current and ispropor
tional tpth~>~quartoftheyo1tage. This allows a much wider range ofwavelengths and 
int.~llsities;\Vhilethecharacteristics of the tube remain reasonably constant throughout 
itS.usefulJife . 

.'fheihigr;vQIt~~e~rmuiredfor x-taytube operation are best obtained by step-up 
tr~~sf~fl1lt>,Fc~~fI19S,~Putputi~alwaysalternating current. Because the electrons must 
f1owonlyfromcathodetoanodewithin the tube some means of rectification is neces
sary. A self-rectified tube acts as its own rectifier. When an alternating voltage is ap
pliedtosuchatube,e1.:ctronsflowonly from the cathode to anode as long as the anode 
rtIIIat~fC?9L:rfthJ}£1I1Qcl~becomeshot, the flow of electrons reverses during the second 
half..:cycleandtnecathodeis damaged. Thus the self-rectified tube is limited to low cur
rents and short periods of operation. The use of "valves" (rectifiers) in the power supply 
circuit eliminates the inverse voltage on the x-ray tube. Thus, more power can be han
dled by the x-ray tube, the radiation output is increased, and the time of exposure is 
shortened. 

X.RayProductionEfficiency. On average, the fraction of the electron energy emit
ted as\electromagnetitradiationincreases with the atomic number of the atoms of the 
target and the velocity of the electrons. This fraction is very small and can be repre
sentedby the following empirical equation: 

F = 1.1 X 10-9 ZV 01-20) 
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where 	 F = fraction of the energy of the electrons converted into x-rays 
Z atomic number of the target 
V energy of the electrons (in volts)* 

Typically, less than I percent of the electrical power supplied is converted into x
ray energy. The remaining energy (over 99 percent) appears as heat produced at the tar
get (largely through ionization and excitation), As a result, electron bombardment of 
the target raises it to a high temperature and, if the heat produced is not dissipated fast 
enough, the target will melt. This heat production is a serious factor in limiting the ca
pacity of a x-ray tube. 

A suitable target must have the following characteristics: 

1. A high atomic number because efficiency is directly proportional to Z 

2. A high melting point because of the high temperatures involved 

3. A high thermal conductivity to dissipate the heat 

A. Low vapor pressure at high temperatures to prevent target evaporation 

The Continuous Spectrum. . When high,.speed electrons are stopped by a target, the 
radiationprodm:;edhas a continuous distribution of energies (wavelengths). As the fast
moving electrons enter the surface layers of the target, they are abruptly slowed down 
by collision with the strong Coulomb field of the nucleus and are diverted from their 
original direction of motion. Each time the electron suffers an abrupt change of speed, 
achangt;!in.direction, or both, energy in the form of x-rays is radiated. The energy of 
the x-ray photon emitted depends on the degree of deceleration. If the electron is 
broug~ttocr~stipasingJ~collision, ·theenergyof the resultingphotoncorresponds to 
the~~~etice?~IgX?~t~~~lectronstoppedandwill be a maximum. If the electron suf
~~rs~J!e~sdr~~ticcoHisio?,a!lowerieneIgyphotonisproduced. Because·a variety of 
~~R~s;.~f5011isi~R~~ilLpeoccurring,photonsofalt energies up to the maximum will 

~;;j; ..... , be·rodl.1~~~":!ijis/asc()unWforthecontinuousdistributionof a··x-ray spectrum. The 
CCt ·?!..:.......~int~n&ity(p~~kofthecurve)·occurs at . a wavelength about 1.5 times the min
~~~. ··imurn,wavelength. The total intensity of radiation from a given x-ray tube is repre

... senm~~Y;th~iareaunderthe.spectralcurve.The.intensity.has.been found, as might be 
~:;{pt;gte~rto,?~i~irectlyproportional to the· electron current (number of electrons strik

\;1 targetJ. 

Radiation Doset 
Fundamentally, the harmful consequences of ionizing radiations to a living organism 
afrAu,e totheenergy absorbed by the cells and tissues of the organism. This absorbed 
energy (ordose)produces chemical decomposition of the molecules present in the liv
i l1gctUS, lfiemechanism of the decomposition appears to be related to Ionization and 
excitation interactions between the radiation and atoms within the tissue. The amount 
oflortizatibIl orilfilllberof ion pairs produced by ionizing radiations in the cells or 

*The electron energy is generally expressed in terms of the voltage applied across the tube. 
tThis discussion follows U.S. PHS, 1968. 
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tissues provides some measure' of the amount of decompositi<;H1or phy~;iological dam
age that might be expected from agiven quantity or dose. The ideal basis for radiation 
dose measurement could be, therefore, the number of i9n pairs (or ionizations) taking 
place within the medium of interest For certain practical reasons, the medium chosen 
for defining exposure dose is air. 

Exposure Dose-the Roentgen. The exposure dose of x- or gamma radiation 
within a specific volume is a measure of the radiation based on its ability to produce 
ionization in air. The unit used for expressing the exposure to x- or gamma radiation 
is the roentgen (R). Its merit lies in the fact that the magnitude of the exposure dose 
in roentgens can usually be related to the absorbed dose, which is of importance in 
predicting or quantifying the expected biological effect (or injury) resulting from the 
radiation. -

Theroentgen is an exposure dose of x- or gamma·radiation such that the associ
ated corpuscular emission per 0.001293g of air* produces, in air, ions carrying one 
electrostatic unit (esu) of quantity of electricity of either sign: Because the ionizing 
property of radiation provides the basis for several types of detection instruments and 
methods, such devices may be used to quantify the exposure dose. Note that this is a 
unit ofexposure dose based on ionization of air; it is not a unit of ionization, nor is it 
an absorbed dose in air. 

Absorbed Dose-the Gray. The absorb~d dose of al!Y ionizing radiation is the en
ergy imparted to matter by ionIzing radiations per unit mass of irradiated material at 
the place of interest. The SI unit of absorbed dose is the gray (Gy). One gray is equiv
alent to the absorption of 1J/kg (joule per kilogram). Theformer unit of absorbed dose 
w!lst?enld.Onerad iseqllivalentto the absorption of 100 ergs/g. One Gy = 100 rads. 
Jt~liouldlJ.eerpIJhClsizedthatalthough the roentgen unit is strictly applicable only to x
orgamrpl.l radiation, the gray maybe llsed regardless of the type of ionizing radiation 
orlhetypy()fab~()rbingmftdium. 

:!()ll1al<e.aco~versionfromroentgenstograys two things must be known: the energy 
ofthe incident radiation and the mass absorption coefficient of the absorbing materiaL 

E~aWI>le$1-3.. A~oseof LO R of gamma radiation was measured in air. From em
piricalstudies it is known that, on the average, 34 e V of energy is transferred (or ab
sorbed) in the process of forming each ion pair in air. What is the equivalent absorbed 
dose in 1.0 cm3 of air? 

3Solution. To form I esu per 0.001293 g of air (mass of I cm at STP), the radiation 
must produce 1.61 X 1012 ion pairs when absorbed in air..Thus, using the empirical 

. estimate, we find that the total. energy absorbed is 

(34 eVlion pair)(1.61 X 1012 ion pairs/g) = 5.48 X 1OJ3 eV/g 

*One cubic centimeter of air at STP has a mass of 0.00 1293 g. 

http:pair)(1.61


rather than electron volts, 

(5.48 X 10 13 eV/g)(1.602 X 1O-12erg/eV) = 87'ergs/g,,".:\ 

~~~ause 1erg = 1 X 10-7J, 1R of exposure dose to 1.0 'cm3 of air at standard condi:
thns results in the absorbed dose of 

(87 erg/g)(10-7 J/erg)(103 g/kg) = 8.7 X 10- 3 J/kg = 8.7 X 10-3 Gy 

~.~elative Biological Effectiveness (Quality Factor). Although all ionizing radia
,:~Jions are capable of producing similar biological effects, the absorbed dose, measured 
~':;sln grays, that will produce a certain effect may vary appreciably from one type of radi
';ationto another. The difference in behavior, in this connection, is expresseq by means 

of a quantity called the relative biological effectiveness (RBE) of the particular radia
tion. The RBE of a given radiation may be defined as the ratio of the absorbed dose 
(giays)ofgamma radiation (of a specified energy) to the absorbed dose of the given radi
ation required to producethe samebiological effect. Thus, if an absorbed dose of 0.2 Gy 
of slow neutron radiation produces the same biological effect as 1Gy of gamma radi
ation,.the RBEfor slow neutrons would be 

RBE = -1 Gy = 5 
0.2 Gy 

The value of the RBEfor a particular type of nuclear radiation depends on several fac
tors, such as the energy of the radiation, the kind and degree of the biological damage, 
and the nature· of the organisms or tissue under consideration. 

;riss!le:yveig~tI~~Factor(WT). .Thetissue weightingfactor (Wr) is a modifying fac
tgr.~.~~di~~RsesalcuIa,tiOl1.s to correct for theJact that different tissues and organs have 
YfrYi~g.d~~r,e~sofradiosensitivjty depending on the radioisotope' and the chemical 
forIl1Qfth~r~~ioisotope.Some.tissuesandorgans are very sensitive; others are not ra
diosensitiveataU.Forex~mple,because iodineis easily incorporated in thyroid tissue. 
the thyroidglandis verysensitive to the radioiodines. The Wr is, therefore, high for the 
ra?lpi(}diI1es. JVhenthetissueor organ is not radiosensitive, the value of WI' may 

"'bev~rysmaJJor zero for that tissue. . 

The Sievert. With the concept of the RBE in mind, it is now useful to introduce an

other SI unit, known as the sievert (Sv). One sievert equals the radiation dose having 

the samebiological effect as a gray of gamma radiation. This was formerly know as the 

rem, an abbreviation of "roentgen equivalent man" (l Sv = 100 rem). The gray is a 

convenient unit for expressing energy absorption, but it does not take into account the 

biological effect of the particular nuclear radiation absorbed. The sievert, however. 

whlchis defined' by 


Dose in Sv = RBE X dose in grays X WT 

provides an indication of the extent of biological injury (of a given type) that would re

sult from the absorption of nuclear radiation. Thus, the sievert is a unit of biological dose. 


. '. ~ 
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11-2 BIOLOGICAL EFFECtS OF IONIZING RADIATION* 

The fact that ionizing radiation produces biological damage has been known for many 
years. The first case of human injury was reported in tqe literature just a few months 
following Roentgen's original paper in 1895 announcing the discovery of x-rays. As 
early as 1902, the first case of x-ray induced cancer was reported in the literature. 

Early human evidence for harmful effects as a result of exposure to radiation in 
large amounts existed in the 1920s and 1930s based on the experience of early radiol
ogists, persons working in the radium industry, and other special occupational groups. 
The long-term biological significance of smaller, chronic doses of radiation, however, 
was not widely appreciated until the 1950s, and most of our current knowledge of the 
biological effects of radiation has been accumulated since World War II. 

Sequential Pattern of Biological Effects 
The sequence of events following radiation exposure may be classified into three peri
ods: a latent period, a period of demonstrable effect, and a recoyery period. 

Latent Period. Following the initial radiation event, and often before the first de
tectable effect occurs, there is a time lag referred to as the latent period. There is a vast 
time range possible in the latent period. In fact, the biological effects of radiation are 
arbitrarily divided into short-term, or acute, and long-term, or delayed, effects on this 
basis. Those effects that appear within a matter of minutes, days, or weeks are called 
acute effects and those which appear years, decades, and sometimes generations later 
are called delayed effects. 

Demonstrable Effects Period. During or immediately following the latent period, 
certai?dis~rete.effe~tsGanbe observed. One of the phenomena seen most frequently 
jn\gro\y!ngti~suesexposedto radiation isthe cessation of mitosis or cell division. This 
T¥Y ?yteIJ1Poraryorpel111anent, depending on the radiation dosage. Other effects ob
ser~ecli~rt;p~r,~lTIosomebreaks,c1umpingof chromatin, formation of giant cells or 
9th~ra~~()r,IJ1aJ>tnitoses,increasedgranularityof cytoplasm, changes in staining char
acteristlfs;c.li~~ges:inmotility or ciliary activity, cytolysis, vacuolization, altered vis
cosity of protoplasm, arid altered permeability of the cell wall. Many of these effects 
tan beduplicatedindividllally with other types of stimuli. The entire gamut of effects 
how~ver;cannotbereproducedbyany single chemical agent. 

R~c()'V'etYP~~iod.F~nowing exposure to radiation, recovery can and does take place 
to a certain extent This is particularly manifest in the case of the acute effects, that is, 
those appearing within a matter of days or weeks after exposure. There is, however, a 
residual damage from which no recovery occurs, and it is this irreparable injury which 
carlgive rise tolater delayed effects. 

Determinants of Biological Effects 
Thenose-Re~poitseCurve. For any biologically harmful agent, it is useful to corre
late the dosage administered with the response or damage produced. "Amount of dam

*This discussion follows U.S. PHS, 1968. 
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Dose-response curve depicting "threshold" dose. Dose-response curve depicting "no threshold" dose. 


age" in the case of radiation might be the frequency of a given abnormality in t~e cells 
of an irradiated animal, or the incidence of some chronic disease in an ilTadjated hu
man popUlation. In plotting these two variables, a dose-response curve is produced. 
Withradiation, an important question has been the nature and shape of this curve. Two 
possibilities areillustrated in Figures 11-3 and 11-4. 

Figurel1-Jis a typical "threshold" curve. The point at which the curve intersects 
the abscissais the threshold dose, that is, the dose below which there is nQ response. If 
a~ac?te~ndeasily observable radiation effect, such as reddening of th.e skin, is taken 
as "response," then this type of curve is applicable. The first evidence of the effect does 
notoccuruntil a certain minimum dose is reached. 

Figure 11-4 represents a linear, or nonthreshold, relationship, in which the curve 
inter~e£tsth~abscissaat~he origin. Here any dose; no matter how small, invol ves some 
<Q~~~e~of;re~Rol1~.e''f:h~reissqmeeyidencethatthe genetic effects of radi ation consti
IHt~~n~ntbresh91dph~no~~n()n,.andioIJeof the underlying (and pmdent) assumptions 

>..~•........ . . . ·~¢entoflra~iatioB.)?.r()t(~\cJiQn.gui?eliIlesand in radiation control activi
;>./iU........... ' ......... B~o~ralI1s\·l1~s·lJ.~~rt;tl1eassuI1lptionofa~onthreshold effect. Thus, 
.so~e~egre.e>riskisassumedwhenJargepopulations of people are exposed to even 
:vt:IY~~~II.~ounts.9fradiatipn. This. assuIIlPtion often makes the establishment of 
····.glIi9'1~i?(!sf9r~~gepta1:>le.radirtionexposure. anienormously.complex task, because the 
~~~£~~t> ..... 5~pta1)le.;~~~"coI1lesinto.pIay,inwhichthebenefit to be accmed from 
agivenra mtionexposuremustbe weighed against its hazard. 

Rate of Absorption. The rate at which the radiation is administered or absorbed is 
mostimportant in the determination of what effects will occur. Because a considerable 
de~ee()frecovery()ccurs from the radiationdarriage, a given dose will produce less of 
aneffectifdivided(thus.allowing time for recovery between dose increments) than if 
it\\feregiyeninasillgle exposure. 

~~E~ed.Generanywhen an external radiation exposure is referred to without 
qualification as tothe area of the body involved, whole-body irradiation is assumed. The 
portion of the body irradiated is an important exposure parameter because the larger the 
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.-	 . 
area exposed, other factors being equal, the greater the overall qamageJo the-organism. 
Even partial shielding of the highly radiosensitive blood-forming organs such as the 
spleen and bone marrow can mitigate the total effect considerably. An example of this 
phenomenon is in radiation therapy, in which doses that would be lethal if delivered to 
the whole body are commonly delivered to very limited areas, such as to tumor sites. 

Variation in Species and Individual Sensitivity. There is-a wide variation in the ra
diosensitivity of various species. Lethal doses for plants and microorganisms, for ex
ample, are usually hundreds of times larger than those for mammals. Even among 
different species of rodents, it is not unusual for one to,demonstrate three or four times 
the sensitivity of another. 

Within the same species, biological variability accounts for a difference in sensi
tivity among individuals. For this reason the lethal dpse for each species is expressed 
in statistical terms; The LDsofor that species, or the dose required to kill 50 percent of 
the individuals in a large population, is the standard statistical measure. For people, the 
LDso is estimated to be approximately 450 R. 

Variation in Cell Sensitivity. Within the same individual, a wide variation in sus
ceptibility to radiation damage exists among different types of cells and tissues. Ingen
eral,cells that are rapidly dividing or have a potential for rapid division are more 
sensitive than those that do not divide are. Furthermore, nondifferentiated cells (i.c., 
primitive, or nonspecialized) are more sensitive than highly specialized cells. Within 
the same cell families then, the immature forms, which are generally primitive and 
rapidly dividing, are more radiosensitive than the older, mature cells, which have spe
cialized in structure and function arid have ceased to divide. 

ACllteEffects 
Anacutedo§eofradiationisonedelivered toa large portion of the body during a very 
sh()rttiI11e.;Ifth~a.m~untofradiationinvolved is large enough, acute doses may result 
in.efXe~t~,tijatcanmanifest themselves within a pedod of hours or days. Here the 
latent period, ortime elapsed between the radiation insult and the onset of effects, is 
relatively short and grows progressively shorter as the dose level is raised. These 
short~termr~diatiorleffectsare composed of signs and symptoms collectively known 
as,aQute,rqdia#Qn.. syndrome. 

The stages in acute radiation syndrome may be described as follows: 

1. 	Prodrome. This is the initial phase of the syndrome and is usually character
ized by nausea, vomiting, and malaise. It may be considered analogous to the 
prodrome state in acute viral infections in which the individual is subject to 
nonspecific systemic reactions. 

2. 	Latent stage. During this phase, which may be likened to the incubation pe
riod ofaviral infection, the subjective symptoms of illness may subside, and 
the individual may feel well. Changes, however, may be taking place within 
the blood-forming organs and elsewhere that will subsequently give rise to the 
next aspect of the syndrome. 
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3. 	Manifest illness stage. This phase reflects the clinical picture specifically as- , 
sociated with the radiation injury. Among the possible signs and symptoms ar~ 
fever, infection, hemorrhage, severe diarrhea, prostration, disorientation, and 
cardiovascular collapse. Which, if any, of the foregoing phenomena are ob
served in a given individual largely depend on the radiation dose received. 

4. 	 Recovery or death. 

Relation of Dose to Type of Acute Radiation Syndrome 
As mentioned earlier, each kind of cell has a different sensitivity to radiation. At rela
tively low doses, for example, the most likely cells to be injured are those with great
est 	sensitivity, such as the immature white blood cells of lymph nodes and bone 
marrow. At lowdoses the observable effects during the manifest illness stage would be 
in 	these cells. Thus, you would expect to observe fever, infection, and hemorrhage. 
This is known as the hematopoietic form of the acute radiation syndrome. 

At higher doses, usually over 6 Gy cells of somewhat lower sensitivity will be in
jured: Of particularimportance are the epithelial cells lining the gastrointestinal tract, for 
when these are destroyed a vital biological barrier is broken down. As a result, fluid loss 
may occur, as well as overwhelming infection, and severe diarrhea in the gastrointestinal 
form of the acute radiation syndrome. 

In the cerebral form, which may result from doses of 100 Gy or more, the rela
tively resistant cells of the central nervous system are damaged, and the affected indi
vidual undergoes a rapid illness, characterized'by disorien.tation and shock. 

Consideringthe large degree of individual variation that exists in the manifestation 
of radiation injury, it is difficult to assign a precise dose range to each of these forms 
ofthesyndrOlne.Thefollowing. generalizations, however, may serve to provide a 
rollglTjpdicationoft~ekinds ofdosesinvolved; At 0.5 Gy or less, ordinary laboratory 
qcslinicglIllethodsw;iUshownoindicationsofinjury. At 1Gy, mostindividuals show 
I1~sYIl1~tol1ls,althoug,ha small percentage may show mild blood changes. At 2 Gy, 
lIlost,p~t~qnfsllowdefinitesigns of injury; this Qose level may prove fatal to those in
diyiduaIslTIos[sensitive to the effects of radiation. At 4.5 Gy, the mean lethal dose has 

;been reached\ and 50 percent of exposed individuals will succumb. Approximately 6 Gy 
'usual1~fl1arksthe threshold-.of>the gastrointestinal fonn of the acute radiation syn
,droII1~f.withaverypoorprognosis for all individuals involved. A fatal outcome may 
weUbe certain.at8~10 Gj'. 

Delayed Effects 
Long-tertn effects of radiation are those that may manifest themselves years after the 
original exposure. The latent period, then, is much longer than that associated with 
acute radiation syndrome. Delayed radiation effects may result from previous acute, 
hig~-d6seexposuresor from chronic, low-:level exposures over a period of years . 

. ' No unique diseaseis associated with the long-tenn effects of radiation. These ef
fects manifestthemselves in human populations simply as a statistical increase in the 
incidence of certain already existing conditions. Because of the low incidence of these 
conditions, it is usually necessary to observe large populations of irradiated persons to 
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measure these effects. Biostatistical and epidemi.ological methods are then used to in
dicate relationships between exposure and effect. In addition to the large numbers of 
people needed for human studies of delayed radiation effects, the situation is further 
complicated by the latent period. In some cases, a radiation-induced increase in a dis
ease may go unrecorded unless the study is continued for many years. 

Also note that although it is possible to perform true experiments with animal 
populations, in which all factors with the exception of radiation exposure are kept iden
tical in study populations, human data are limited to "secondhand" information ac
crued from populations irradiated for reasons other than radiobiological information. 
Often a special characteristic of irradiated human populations is the presence of some 
preexisting disease that makes it extremely difficult to draw meaningful conclusions 
when these groups are compared with nonirradiated ones. 

Despite these difficulties, many epidemiologic investigations of irradiated human 
beings have provided convincing evidence that ionizing radiation may indeed result in 
an increased risk of certain diseases long after the iriitialexposure. This information 
supplements and corroborates that gained from animal experimentation that demon
strates these same effects. 

Among the delayed effects thus far observed have been somatic damage, which 
may result in an increased incidence of cancer, embryological defects, cataracts, 
lifespan shortening, and genetic mutations. With proper selection of animal species and 
strains, and of dose, ionizing radiation may be shown to exert an almost universal car
cinogenic action, resulting in tumors in a great variety of organs and tissues. There is 
human evidence as well that radiation may contribute to the induction of various kinds 
of neoplastic diseases (cancers). 

H~InanEvidence•. Both empiIical observations and epidemiologic studies of irradi
i,tte?:indiyidualshaye more.orless consistently demonstrated the carcinogenic proper
ties.pfra<li~tion~S9m~ofthese.findings are.summarized here. 

EWtyinthel9QOs,when delayed radiation effects were little recognized, luminous 
1111I1l~~~I~on'Xatchesa~dclocks \Vcrepainted by hand with fine sable brushes, dipped 
t1r$tjl1r~~i:tII1l-containil1gpaintandthen often "tipped" on the lips or tongue. Young 
women commonly were employed in this occupation. Years later, studies of these 
irtdividuals who had ingested radium paint have disclosed an increased incidence of 
bon~sar~omasandqther malignancies resulting from the burdens of radium that had 
accurinHated.intheirbones. 

Some early medical and dental users of x-rays, largely unaware of the hazards in
volved, accumulated considerable doses of radiation. As early as the year 1910, there 
were reports of cancer deaths among physicians, presumably attributable to x-ray ex
posure. Skin cancer was a notable finding among these early practitioners. Dentists, for 
example,developed lesions on the fingers with which they repeatedly held dental films 
in their patients' mouths. 

Early in the 1900s, certain large mines in Europe were worked for pitchblende, a 
uranium.bre.Lungcancerwas highly prevalent among the miners as a result of the in
halation of large quantities of airborne radioactive materials. It was estimated that the 
risk oHung cancer in the pitchblende miners was at least 50 percent higher than that of 
the general population. 



One of the strongest supports for the conceptthat.radiation is a leukemogenic 
fflent in people comes from the epidemiologic studies of the survivors of the atomic 
~~mbing in Hiroshima, Japan. Survivors exposed to radiation~ above an estimated 

of approximately 1 Sv showed a significant increase in the incidence of 
(CJukemia. In addition, leukemia incidence correlated well with the estimated dose 
~~'~xpressed as distance from the detonation point), thus strengthening the hypothesis 

:"i~\hat the excess leukemia cases were indeed attributable to the radiation exposure. 
If~lhere is also some indication of an increase in thyroid cancer among the heavily 
t;rradiated survivors. 

A pioneering study of children of mothers irradiated during pregnancy purported 
show an increased risk of leukemia among young children if they had been irradi

ated in utero as a result of pelvic x-ray examination of the mother. ~others of 
leukemic children were questioned as to their radiation histories during pregnancy 
with the child in question, and these responses were compared with those of a control 
group,consisting of mothers of heaIthy playmates of the leukemic children. Origi
nallYthisworkrecejved much criticism, based partly on the questionnaire technique 
used to elicit the information concemingradiation history. It was believed that differ
ences in recall between the two groups of mothers might have biased the results. A 
larger subsequent study designed to correct for the objections to the first one corrob
orated its essential findings and established the leukemogenic effect on the fetus of 
prenatal x-rays. 

Considering the fact that immature, undifferentiated, and rapidly dividing cells are 
highly sensitive to radiation, it is not surprising that embryonic and fetal tissues are 
readily damaged by relatively low doses of radiation. It has been shown in animal ex
perimentsthatdeleterious effects may be produced with doses of only,O. 10 Gy deliv
eredtotheembryo; There is no reason to doubt that the human embryo is equally 
sllsceptible...•.·. 

·..........• T:~et1[~jorityoftpeanolnaliesproducedbyprenataI irradiation involve the central 
~xf\l;q~~~sysmIY.t,.altho~ghl~~specifictypeofdamage is related to the dose and to the 

.St~~?o~gres3~ncy;9~2ng"Shi9hirradiati?ntakesplace. In terms of embryonic death, 
tl1everyearliest·stag~S<QferegilaIlC~jperhaps the firstfew weeks in human beings, are 
jTI8stradiosensitive.·From the<standpoint ofpractical radiation protection, this very 
eilrlysensitivity is(JfgreatEi~nificallce, because it involves a stage in human embry

o ..•.n........ l.· ..... ......d......... v,'......e ........ p ... ....tin.,... w.....l.·•. C......p .. ......g.ll.an ....y. m.a.y. well be uns.u.spected. For this reason, the
.....c,.' ...........e ......l....o.... m,e.n ...... · ........h ......... h .....re .........c., 
IllternatiotlalComI11itt~eo~,RadiologicaLProtection has recommended that routine 
nonemergency diagnostic irradiation involving the pelvic area of women in the child
bearing years be limited to the lO-day interval following the onset of menstruation. 
Such precautions would virtually eliminate the possibility of inadvertently exposing a 
fertilized egg. 

The period from approximately the second through the sixth week of human ges
tation, when pregnancy could still be unsuspected, is the most sensitive for the pro
duCtion of:cong~nitalanoma1iesin the newborn. During this period, embryonic death 
is less likely thanin ,the extremely early stage, but the production of morphological de
fects in the newborn isa major consideration. 

During later stages ofpregnancy, embryonic tissue is more resistant to gross and 
easily observable damage. However, functional changes, particularly those involving 
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the central nervous system, may result from such late exposures. The,se would be dif
ficult to measure or evaluate 'at ,birth. They usually involve subtle alterations in such 
phenomena as learning patterns and development and may have aconsiderable latent 
period before they manifest themselves. There is som'\; evidence that the decreasing 
sensitivity of the fetus to gross radiation damage as pregnancy progresses may not ap
ply for the leukemogenic effects of prenatal irradiation. Another important factor to be 
considered in evaluating the radiation hazard during late pregnancy is that irradiation 
may produce true genetic mutations in the immature germ cells of the fetus for which 
no threshold dose has been established. 

Lifespan Shortening. In a number of animal experiments, radiation has been 
demonstrated to have a lifespan-shortening effect. The aging process is complex and 
largely obscure,and the exact mechanisms involved in aging are as yet uncertain.Irra
diated animals in these investigations appear to die of the same diseases as the nonir
radiated controls, but they do so at an earlier age. How much of the total effect is due 
to premature aging and how much to an increased incidence qf radiation-induced dis
eases is still unresolved. 

Genetic Effects 
Background. The fertilized egg is a single cell resulting from the union of sperm and 
egg; millions of cell divisions develop it into a complete new organism. The informa
tion that produces the characteristics of the new individual is carried in the nucleus of 
the fertilized egg on rod-shaped structures called chromosomes, arranged in 23 pairs. 
Ineachpair, one member is contributed by the mother and the other by the father. With 
eachcelldivisionthat the rapidly developing embryonic tissue undergoes, all of this in
forlTIationi~faithfynyduplicated, so that the nucleus in each new cell ofthe develop
j£~()r~fBlslll~b()ntainsessentially all of the information. This, of course, includes the 
gel"I11~~lls1wth~new~rganism,which aredestined to become sperm or eggs, and thus 
the<iIJ~9np.ationistransIllittedfr~mone generation to the next. This hereditary infor
m~tiol1is,ott~llI~~~tl~~toatel11Rlat9ortoa code, which is reproduced millions of 

>tim.es()v~rwitllcrerriarkableaccuracy.lt is possible to damage the hereditary material 
in the cell nucleus by means of external influences, and when this is done the garbled 
orciistortedgeneticinfoI1Ilationwill be reproduced just as faithfully when the cell di
xiq~s·a~yVasc:ht!R~ginalm~ssage.Whenthis kind of alteration occurs in those cells of 
tl1etestes'orovariesthatwillbecome mature sperm or eggs, it is referred to as genetic 
mutation; if the damaged sperm or egg cell is then used in conception, the defect is re
produced in all of the cells of the new organism that results from this conception, in
cluding those that will become sperm or eggs, and thus whatever defect resulted from 
the original mutation can be passed on for many generations. 

M6stgeneticistsagreethat the great preponderance of genetic mutations are harm
fuL By virtue oftheir damaging effects, they can be gradually eliminated from a pop
ulationhYllaturalmeansbecauseindividuals afflicted with this damage are themselves 
leMlikelyto'reproduce successfully than are normal individuals. The more severe the 
defect. produced by a given mutation, the more rapidly it will be eliminated and vice 
versa; mildly damaging mutations may require a great many generations before they 
gradually disappear. 

http:tim.es()v~rwitllcrerriarkableaccuracy.lt
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As a balance to this natural elimination ofharmfuhnutations. fresh" ones are con
stantly occurring. A large number of agents ha:ve mutagenic properties, and it is prob: 
able that our current knowledge includes just a fraction of these. In addition, mutations 
can arise within the germ cells of an organism without external insult. Among the var
ious external influences found to be mutagenic are a wide variety of chemicals, certain 
drugs, and physical factors such as elevated temperatures and ionizing radiation. Nat
ural background radiation probably accounts for a small proportion of naturally occur
ring mutations. For people, it has been estimated that background radiation probably 
produces less than 10 percent of these. Anthropogenic radiation, of course, if deliv
ered to the gonads, can also produce mutations over and above those that occur 
spontaneously. Radiation, it should be noted, is not unique in this" respect and is 
probably one of a number of environmental influences capable of increasing the 
mutation rate. 

Animal Evidence. The mutagenic properties of ionizing radiation were first discov
ered in 1927, using the fruit fly as the experimental animal. Since that time, experi
ments have beenextendedto inelude6ther species, and many investigations ~ave been 
carried out on mice. Animal experimentation remains our chief source of information 
concerning the genetic effects of radiation, and as a result of the intensive experimen
tation,certain generaIizationsmay be made. Among those of health significance are (I) 
there is no indication of a threshold dose for the genetic effects of radiation, that is, a 
dose below which genetic damage does oot occur; and (2) the degree of mutational 
damagethat results from radiation exposure seems to be dose-rate dependent, so that a 
givendoseis less effective in producing damage if it is protracted or fractionated over 
aJoog,period. 

IlJll11'an,~~is1erice.Al11ajor.human .. studyon genetic effects was made with the 
J~p£l~~~e\y~()~1I~~iveclt~eatoll1if,b9rnb in1945.Asthe index ofa possible increase of 

~G;; t~el1Ji.lt~tioI'l,r~~(;.the~ex.ratioilltheoffspri~gofcertain.irradiated .groups (families, 
·:~~<~9~'~0/. '"in?8~ic~'~~~l1Jot~~rha~beenirraciiatedbut the father had not)· was ob
>.:'~:~!]~~,~...... 1X}i1Jgt~~t;sQITIe .. Oftpe'JI1wat~onaldamagein·the .. mothers would be reces

'~i"~'l~tn~l;(lIldsex-Hnked,ashiftjn.the sex Jatio among these families might be 
eXMc~edil1lhedirectionoffewerIllalebirthsthan in completely nonirradiated groups, 
a~~~isis~eIIle4tobethec(l~eine~lyreports,Later evaluation of more complete data, 
f1(i)\yey~r,.~i~~o,t;R~~/pu.tth~,ori~.~l1alsuggestionof an effect on the sex ratio. 

. .'. ''Tnepreconception radiation histories of the parents of leukemic children com
pared with those of normal children was a part of the subject of another investigation. 
From tneresults, it would appear that there is a statistically significant increase in 
leukemia riskamong children whose mothers had received diagnostiG x-rays during 
thi~period.Theeffecthere is apparently a genetic rather than an embryonic one be
cause tneirradiation occurred prior tothe conception of the child. 

<g},Asomewhatsimilarstudy ascertained the radiation exposure histories of the par

a .~~.~~~~6ti~;~~i~;ri£~;i~~.!~~r~~~b:rt~~S~::~~~:r:~~ ~~~~r~nt~t~O~~~ 
syndrome reported receiving fluoroscopy and x-ray therapy than did mothers of the 
normal children in the control group. 
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The findings of these two studies may provide evidence that ioniz!ng t(!diation is 
a mutational agent in people. However, the findings shoufd be viewed with some 
reservations because there could be significant differences to begin with between pop
ulations of people requiring x-rays and those who do,"not. These differences alone 
might account for a slightly higher incidence of leukemia or Down syndrome in the 
offspring of the former group, irrespective of the radiation received. To date, there has 
been no incontrovertible evidence found of genetic effects in humans from radiation 
exposure. 

11-3 RADIATION STANDARDS 

Two population groups are given distinctly different treatment in the establishment of 
exposure- dose guidelines and rules. Standards are set for those occupationally en
gaged in work requiring ionizing radiation and for the general public. Although there 
are many standard-setting bodies, in general, the limits-are consistent between groups. 
The Nuclear Regulatory Commission (NRC) has published guidelines in the Code of 
Federal Regulations (l0 CFR 20) that serve as the standard tn~the United States. The 
dose guidelines are in addition to the natural background dose. 

The allowable dose for occupational exposure is predicated on the following as
sumptions: the exposure group is under surveillance and control; it is adult; it is knowl
edgeable of its work and the associated risks; its exposure is at work, that is, 
40 hlweek; and it is in good health. On this basis, no indi~idual is to receive more than 
0.05 Sv per year of radiation exposure. _, 

For the popUlation at large, the allowable whole body dose in one calendar year is 
0.001 Sv. This dose does not include medical and dental doses that, for diagnostic and 
therapeuticreasons, may far exceed this amount. 

Iriadditiontothesedoserules,the NRC has set standards for the discharge of ra
dionuc1idesintothe environment. Table 11-2 is an extract from that list. These con
centratioflsaremeasuI'edabovethe existing background concentration and are 
>al1nuala\lerag~s. Discharges must be limited such that the amounts shown are not 
ex~~ededilliambiefltairornaturalwaters. If a mixture of isotopes is released into an 
unrestricted area, the concentrations shall be limited so that the following relation
ship exists: 

CA CB Cc 
~-+ ' + .. < 1 (11-21)
MPCA MPCB MPCc 

where CA , CB, Cc concentrations ofradionuclides A, B, and C. respectively 
(in fLei/mL) 

MPCA, MPCB, MPCc = maximum permissible concentrations of radionuclides A, 
B, and C from Table II of Appendix B, Part 20 of the CFR 
(10 CFR 20) 

Radon. Unlike the standards for exposure and releases to the environment, those for 
radonin indoor air are established by the EPA. This is because radon is not the result 
of anthropogenic activity but rather occurs naturally. The EPA guidelines suggest that 
the annual average radon exposure be limited to 4 pCilL of air. 
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"" 

11-4 RADIATION EXPOSURE 

External and Internal Radiation Hazards 
External radiation hazards result from exposure to sourCes of ionizing radiation of suf
ficient energy to penetrate the body and cause harm. Generally speaking, it requires an 
alpha particle of at least 7.5 MeV to penetrate the 0.07 mm protective layer of the skin. 
A beta particle requires 70 keV to penetrate the same layer (U.S. PHS, 1970). Unless the 
sources of alpha or beta radiation are quite close to the skin, they pose only a small ex
ternal radiation hazard. X-rays and gamma rays constitute the most common type of ex
ternal hazard. When of sufficient energy, both are capable of deep penetration into the 
body. As a result no radiosensitive organ is beyond the range of their damaging power. 

Radioactive materials may gain access to the body by ingestion, by inhalation of 
air containing radioactive materials, by absorption of a solution of radioactive materi
als through the skin, and by absorption of radioactive material into the tissue through a 
cut or break in the skin. The danger of ingesting radioactive materials is not necessar
ily from swallowing a large amount at one time, but rather from the accumulation of 
small amounts on the hands, on cigarettes, 011 foodstuffs, and other objects that bring 
the material into the mouth. 

Anyradioactive material that gains entry into the body is an internal hazard. The 
extent ofthe hazard depends on the type of radiation emitted, its energy, the physical 
and biological half-life of the material, and the radiosensitivity of the organ where the 
isotope localizes. Alpha and beta emitters are the most dangerous radionuclides from 

. the standpoint internal hazard because their specific ionization is very high. Radionu
elides with half-lives of intermediate length are the most dangerous because they com
bine fairly high activity with a half-life sufficiently long to cause considerable damage. 
Polonium is an example of a potentially very serious internal hazard. It emits a highly 
iOJlizing alpha particle of energy 5.3 MeV and has a half-life of 138 days. 

N"~tut~IBackgroujjd 

Pe:Opl~at~~ip()seatorlat~ralradiation from cosmic, terrestrial, and internal sources. 
TypicalgonadaLexposuresfromnatural background are summarized in Figure 11-5. 
Cosmic radiation is that originating outside of our atmosphere. This radiation consists 
pfeg()IrliQately, ifnotentirely, ofprotons whose energy spectrum peaks in the range of 
ltoZGeViiHeavynucleiare also present. The impact of primary and very high energy 
secondarycosmic rays produces violent nuclear reactions in which many neutrons, 
protons, alpha particles, and other fragments are emitted. Most of the neutrons pro
duced by cosmic rays are slowed to thermal energies and, by fl, P(neutron-proton) re
action with 14N, produce 14c. The lifetime of carbon-14 is long enough that it becomes 
thoroughly mixed with the exchangeable carbon at the earth's surface (carbon dioxide, 
dissolved bicarbonate it the oceans, living organisms, etc".). Some of the cosmic radia
tionpenetrates to the earth's surface and contributes directly to our whole body dose. 
Terresttialnidiation exposure comes from the 50 naturally occurring radionuclides 
found in the earth's crust Of these, radon has come to have the most significance as a 
common environmental hazard to the general public. 

Radon is the product of the radioactive decay of its parent, radium. Radium is 
produced from each of the three major series: 235U, 238U, and 232U. The radon iso
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mSv 

External background 
radiation level 15% 

Internal (intne body) J!% 
FIGURE 11-5 

0.09 mSv Consumer products 3% Average dose per year to person living in the 
O.04mSv House construction 1% 

United States. (SOI/rce: U.S. Departlllent of En
TOla! = 3.60 mSv/y eIXv.) 

topes produced are 222Rn, 220Rn, and 219Rn. These have half-lives of 3.8 days, 
55.6 s, and 3.92s, respectively. 222Rn, because of its longer half-life and the abun
dance of its parent uranium in geologic materials, is generally more abundant and, 
he~ce,iscdnsid~~~gthegreater environmental hazard. Because the half-life of ra

······;:dillIT1andii~sparel1ts issoJong, the source is essentially undiminished over human 
······timescales.· . 

;'<> .•....••.... fct~d~ftag(}n1l0~SI1QtcoIll~Jromrad6nj tse1f but from its radioactive decay 
. ,.' ··:.pro;.. ..8~(),:14~(),2J~~i!.'fhed~cayproductsare charged atoms of heavy metals 

··t11~~.~1~dilY;'~tttlch·therrl$!;lv~s:tQairborneparticulates. The main health problem stems 
:Jrom.tp~iphalation~funattacheddecay products and these particulates. The decay 
·Pf:?<il1ctsandparticuI~tesbecomelodgedinthelung.As they continue to decay, they re
le~~tS,fXl~llbll~sts?c~r~er~xi.nth~J()f111~ofalpha,beta,. and gammaradiation that dam

.ag~dleh.lpgtisslleanacouldultimatelyleadtolung cancer (Kuennen and Roth, 1989). 
Radon is a gas. It is colorless, odorless, and generally chemically inert like other 

noble gases such as helium, neon, krypton, and argon. It does not sorb, hydrolyze, ox
idize, or precipitate. Thus, its movement through the ground is not inhibited by chem
icaHnteraction with the soil. 

Migtationof ra.donoccurs by two mechanisms: diffusion as a gas through the pore 
sR~f.esi~;thesoi1andbydissolution and transport in the groundwater. The rate of dif
fuslonortransport is ~Junctionof the emanation rate, porosity, structural channels, 
mQisturecontent~andhydrologic conditions. These migration routes lead to two mech
anisll1sofeffecton people. Buildings constructed in areas of high radon emanation 
may have radon gas penetrate the structure through natural construction openings such 
as floor drains or joints (Table 11-3) or through structural failures such as cracks that 
develop from foundation settlement. In areas where the public water supply is drawn 

http:Pf:?<il1ctsandparticuI~tesbecomelodgedinthelung.As
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TABLE 11-3 
Radon gas measurements in the floor drains and in the basement air of 
seven houses 

Radon Concentration Radon Concentration Ratio 
House No. in Floor Drain (pOlL) in Basement Air (pCi/L) DrainlBasement 

1 169.3 2.51 67.5 
2 98.4 2.24 43.9 
3 91.4 1.43 63.9 
4 413.3 1.87 221 
5 255.4 3.95 64.7 
6 173.4 3.02 57.4 
7 52.1 9.63 5.4 

Average 179.0 3.52 

from an aquifer that has radon emanation, shower water may release radon. One rule 

of thumb is that a radon concentration of 10,000 pOlL of water, when heated and agi

tated, wilIproduce about 1 pCilL of air (Murane and Spears, 1987). 


X-Rays 

X-ray machine use is widespread in industry, medicine, arid research. All such uses are 

potential sources of exposure. -, 


Medical and Dental Use. In addition to the 300,000-400,000 medical-technical per

son,relt~atareoccupationallyexposed to radiation in the use of these machines, a con

siderableportionof the general population is also exposed. A large portion of the 

2,500,OQOpersons seen daily by physicians have some x-ray diagnostic procedure per

fdrmedonthem. 


Indllstri~rUses~ Industrial x-ray devices include radiographic and fluoroscopic units 

used for the determination of defects in castings, fabricated structures, and welds, and 

fluoroscopicunitsused for thedetection of foreign material in, for example, airline 

I~§~agy..!Jse9fthese>units may result in whole body exposure to the operators and 

people who are nearby. 


Research Use. High-voltage x-ray machines are becoming familiar features of re

search laboratories in universities and similar institutions. Other x-ray equipment used 

in research includes x-ray diffraction units used for crystal analysis, electron micro

scopes, and particle accelerators. 


Radionuclides 

NaturaUyOccurring. Thousands of becquerels of radium is in use in the medical 

field. In this use, many individuals besides the patient, including other patients, nurses, 

technicians, radiologists, and physicians, are potentially exposed to radiation. 
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Static eliminators, employing polonium or radium as. the radioactive source, have. 
been widely used in industry. Typical industries where they may tie found are the tex-" 
tile and paper trades, printing, photographic processing, and telephone companies. 

Artificially Produced. Over 6,000 universities, hospitals, and research laboratories 
in the United States are using radionuclides for medical, biological, industrial, agricul
tural, and scientific research and for medical diagnosis and therapy. Over a million 
people in the United States receive radiotherapy treatment each year. Possible exposure 
from such radionuclides is involved with their preparation, handling, application, and 
transportation. Exposures, internal and external, might also arise thro~gh contamina
tion of the environment by wastes originating from the use of these materials. 

Nuclear Reactor Operations 
Sources of radiation exposure associated with nuclear reactor operations include the re
actoritself; its ventilation and cooling wastes; procedures associated with the removal 

.and reprocessing of its'~spent"fuel and the resulting fission product wastes: and pro
ceduresassociated with the mining, milling, and fabrication of new fuels. 

Ra.dioactiveWastes 
There are three principal sources of radioactive wastes: reactors and chemical process
ingplants, research facilities, and medical facilities. Regulations for the handling and 
disposal of radioactive wastes are designed to minimize exposure to the general pub
lic,bllttheregulations obviously provide less protection to those handling the waste. 

RAI1IATION PROTECTION* 

... ril"l.clpl~s~iscliss~d>h¢re~regener~nYapplicable to all types or energies of radi
.~Qj> ...~pl?lt8att~nlvi!lv~r~.hc()\Vever, depending on the type, intensity, and energy 
..•••••... ~ .. /.......~pri.~~~rnpIe,g~t~particl~sJrpmrftdioactive materials require different 

shiel~~ngfromthat forhigh-speedelectronsfrom an accelerator. Ideally, we would like 
top:r~Yid~prot~ctionthatresultsina radiationcexposure ofzero. In actuality, technical 
~nd;eGon~1TIicliTit~tion~Jor:.fllstOC()Il1promiseso that the risks are small compared 
with~the benefitsohtained.·Tne radiation standards set the limit above which the risk is 
deerli~dfgbft()()\g¥~at.ii . 

Reduction of External Radiation Hazards 

Three fundamental methods are employed to reduce external radiation hazards: dis

tance,shielding, and reduction of exposure time. 


Di~tance'I?istance is not only .very effective, but also in many instances the most 

easily applied principle of radiation protection. Beta particles of a single energy have 


*This discussion follows U.S. PHS, 1968. 

http:deerli~dfgbft()()\g�~at.ii
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a finite range in air. Sometimes the distance afforded by 'the use of rernote 80ntrol han
dling devices will supply complete protection. . 

The inverse square law for reduction of radiation intensity applies for point 
sources of X-, gamma, and neutron radiation. The inverse square law states that radia
tion intensity from a point varies inversely as the square of the distance from the 
source. 

II (R2)2 
01-22)

12 (R I)2 

where II is the radiation intensity at distance R1 from the source, and 12 is the radiation 
intensity at distance R2 from the source. Inspection of this formula will show that in
creasing the distance by a factor of 3, for example, reduces the radiation intensity to 
one~ninth of its value. The inverse square law does not apply to extended sources or to 
radiation fields from multiple sources.. 

X-ray tubes act sufficiently like point sources so that reduction calculations by this 
law are valid. Gamma ray sources whose dimensions are smalL in comparison with the 
distances involved may also be considered point sources;' as can capsule neutron 
sources. 

Shielding. Shielding is one of the most important methods for radiation protection. 
It is accomplished by placing some absorbing material between the source and the per
son to be protected. Radiation is attenuated in the absorbing medium. When so used, 
"absorption," does not imply an occurrence such as a sponge soaking up water, but 
rather absorption here refers to the process of transfelTing the energy ofthe radiation 
to the atoms of the material through which the radiation passes. X- and gamma ra
diationenergy is lost by three methods: photoelectric effect, Compton effect, and pair 
producti()ll. 

~hephotoelestri('effectisanaJ1-or-'none energy loss. The x-ray, or photon, imparts 
al1~fitsenergy to an orbital electron of some atom. This photon, because it consisted 
onl¥QI:nergyinthefirstplace,simplyvanishes. The energy is imparted to the orbital 
electron in the form ofkinetic energy of motion, and this greatly increased energy 
overCOlnes the attractive force of the nucleus for the electron and causes the electron to 
fly fromitsorbit with considerable velocity. Thus, an ion pair results. The high
veloc~tyeleftr()n(whi~hiscalledaphotoelectron) has sufficient energy to knock other 
.electrons from the orbits of other atoms, and it goes on its way producing secondary 
ion pairs until all of its energy is expended. 

The Compton eji'ect provides a means of partial energy loss for the incoming x
or gamma ray. Again the ray appears to interact with an orbital electron of some 
atom, but in the case of Compton interactions, only a part of the energy is transferred 
to the electron, and the x- or gamma ray "staggers on" in a weakened condition. The 
high-velocity electron, now referred to as a Compton electron, produces secondary 
ionization in the same manner as does the photoelectron, and the weakened x.;.ray 
continues on until itloses more energy in another Compton interaction or disappears 
completely via the photoelectric effect. The unfortunate aspect of Compton interac
tion is that the direction of flight of the weakened x- or gamma ray is different from 
that of the original. In fact, the weakened x- or gamma ray is frequently referred to 
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as a "scattered" photon, and the entire process is knowQ as Compton scattering. By 
this mechanism of interaction, the direction 6fphotons in a beam may be random
ized, so that scattered radiation may appear around corners and behind shields' al
though at a lesser intensity. 

Pair production, the third type of interaction, is much rarer than either the pho
toelectric or Compton effect. In fact, pair production is impossible unless the x- or 
gamma ray possesses at least 1 MeV of energy. (Practically speaking, it does not 
become important until it possesses 2 MeV of energy.) Pair production may be 
thought of as the lifting of an electron from a negative to a positive energy state. 
The pair is a positron-electron pair that results from the photon ejecting an elec
tron and leaving a "hole" the positron. If there is any excess energy in the photon 
above the I MeV required to create two electron masses, it is simply shared be
tween the two electrons as kinetic energy of motion, and they fly out of the atom 
with great velocity. The negative electron behaves in ~xactly the ordinary way, pro
ducing secondary ion pairs until it loses all of its energy of motiOfl. The positron 
also produces secondary ionization so long as it is in motion, but when it has lost 
iisenergy and slowed almost to a stop,it encounters a free negative electron some
where in the material. The two are attracted by their opposite charges, and, upon 
contact, annihilate each other, converting both their masses into pure energy. Thus, 
two gamma rays of 0.51 MeV arise at the site of the annihilation. The ultimate fate 
of the annihilation gammas is either photoelectric absorption or Compton scattering 
followed by photoelectric absorption. 

Because the energy of the photon must be greater than I MeV for paIr production 
to occur, this process is not a factor in the absorption of x-rays used in dental and med
iCal radiography. The energies of x-rays used in this type of radiography are rarely 
more than 0.1 MeV. 

The predominating mechanism of interaction with the shielding material depends 
011 the energy of the radiation and the absorbing material. The photoelectric effect is 
mostimportant at low energies, theCompton effect at intermediate energies, and pair 

.prpd~cti~!1 athigh energies. As x- and.gamrnaxay photons travel through an absorber, 
·theiFdecreaseinnJ.l.mber caused bythe above-mentioned absorption processes is gov

eTIledby the energy of radiation, the specific absorber medium, and the thickness of 
:the absorbertraversed. The general attenuation may be expressed as follows: 

dl 
= u10 (11-23)

dx 

where dl = reduction of radiation 

10 = incident radiation 

u = proportionality constant 


dx = thickness of absorber traversed 


.Integrating yields 

I 10 exp( -ux) (11-24) 

Using this formula it is easy to calculate the radiation intensity behind a shield of thick
ness x, or to calculate the thickness of absorber necessary to reduce radiation intensity 
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known, This factor is called the linear absorption 
The value of u depends on the energy of the 

IIIo is sometimes'called the transmission. 
are available that give values of u determined experimentally or that 

give valuesforvaiyingthickness or different shielding materials (Figures 
11-6.throg~h.] 1~9). 

Ifthe.radiationbeingattelluateddoes not meet narrow-beam conditions, or thick 
absorbers are involved, the absorption equation becomes 

1= BIo exp( -ux) (11-25) 

where B is the buildup factor thattakes into account an increasing radiation intensity 
due to scattered radiation within the absorber. 

For alpha and beta emissions from radionuclides (not accelerators), substantial 
attenuation can be achieved with modest shielding. The amount of shielding re
quired is, of course, a function of the particle energy. For example, a lO-MeV al
pha particle has a range of 1.14 m in air, whereas a I-MeV particle has a range of 
2.28 cm. Virtually any solid material of any substance can be used to shield alpha 
particles. Beta particles can also be shielded relatively easily. For example a 32p 
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Transmission through lead of x-rays. 


99;8% by 0.25 em of aluminum. However, ma
atomic numbers, such as metals, should not be used for high

totheproductionof Bremsstrahlung radiation (radiation 
kind In materials with high atomic 

the excess "trapped" energy is released 
form of an x-ray. For this reason, Plexiglas or Lucite, typically 6-12 mm 

thick, is often used. 
Fast neutrons are poorly absorbed by most materials. Therefore, it is necessary 

to slow them down for efficient absorption. Because the greatest transfer of energy 
takes place in collisions between particles of equal mass, hydrogenous materials are 
~~st~ffestiveJorslowingdown fast neutrons. Water, paraffin, and concrete are all 

:,r~cfrillhydrogen,and thus,important in neutron shielding. Once the neutrons have 
,~" lJ~eI1red~cedinenergy, they maybe absorbed by either boron or cadmium. When a 

;;~~;;l boron atom captures a neutron, it emits an alpha particle, but because of the ex
tremely short range of alpha particles, no additional hazard results. Neutron capture 



958 INTRODUCTION TO ENYIRON,vIENTAL ENGINEERING 

by cadmium results in the emission"of gamma radi~tion. Lead oca similar gamma 
absorber must be used as a shield. A complete shield for a capsule-type neutron 
source may consist of, first, a thick layer of paraffin to slow down the neutrons. then 
a surrounding layer of cadmium to absorb the slow neutrons, and finally, an outer 
layer of lead to absorb both the gammas produced in the cadmium and those ema
nating from the capsule. 

Some care must be exercised in using shielding to redu.ce exposure. People outside 
the "shadow" cast by the shield are not necessarily protected. A wall or partition is not 
necessarily a safe shield for persons on the other side. Their allowable dose may be Jess 
than conceived in the design of the barrier. Radiation can "bounce around corners" be
cause it can be scattered. 

Scattered radiation is present to some extent when~ver an absorbing medium is in 
the path of radiation. The absorber then acts as a new source of radiation. Frequently. 
room walls, the floor, and other solid ,objects are near enough to a source of radiation 
to make scatter appreciable. When a point source is used under these conditions, the in
verse square law is no longer completely valid for computil!g radiation intensity at a 
distance: Measurement of the radiation is then necessary tQdetermine the potential ex
posure at any point. 

Reduction of Exposure Time. By limiting the duration of exposure to all radiation 
sources and by providing ample recuperative time between exposures, the untoward ef
fects of radiation can be minimized. Recognition of the zero threshold theory of dam
age warrants that exposures, no matter how small, be minimized. The standards 
established by the NRC are upper bounds to be avoided and not goals to be achieved. 

In emergency situations it may occasionall y be necessary to work in areas of very 
high dose rates. This can be done with safety by limiting the total exposure time sothat 
tbeav~ragep~rn1issiblevaluefor a day based on the radiation protection guide dose of 
IX 10-3 Gy(O.lrad) per week is not exceeded. This does not imply that a worker 
Shou]d~be~Ho%edto extendthis practicebeyond receiving I X 10-3Gy in a short pe
ri8dofti91~~th~tis,.(idoseofIXlO-3 Gy one day and nodose for 6 days would com
plY.'vVjt~thtI11I.~butwouldbeconsidered excessive. Repetitions of this cycle would be 
unacceptable. Emergency situations may require that work be done in relays of several 
people in the same job so that the value of the radiation protection guide is not ex
ceededby anyone person. 

Reduction of Internal Radiation Hazards 
Occupational. The prevention and control of contamination is the most effective 
way to reduce internal hazards in the workplace. The use of protective devices and 
good handling techniques affords a large measure of protection. Dust should be kept 
to a minimum by elimination of dry sweeping. Laboratory operations should be car
ried out in a hood. The exhaust air from the hood must be filtered with a high
efficiency.~It~r. The filter must be replaced regulilfly in an approved manner. 
Protective clothing should be worn so that normal street clothes do not become con
taminated.Respirators should be worn during emergency operations or when dust is 
generated. Eating must not be permitted in areas where radioactive materials are handled. 
Proper training in the care and handling of radioactive materials is, pe~haps, the most 
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FIGURE 1140 
Methods to reduce pathways for radon entry. 

important method for reducing the potential for internal radiation exposure in the 
workplace. 

Radon. The most likely nonoccupational internal radiation hazard is from radon in 
private dwellings. Because the radon primarily originates in the soil beneath the house. 
control efforts are aimed at the basement or crawl space. 

. The EPA suggests two major approache$ for new construction: reduction of the 
(:c\ pathwaysforracl?nt~.!ryandreductionofthe draft of the hOlIse on surrounding and 
\~"%ll~derlYi~gsoiLTtl~m~thodsto.reduceth~pathways for entry are summarized in 

..··~'.riglI.~~11-10..()fparticularc?nc~=niare.penetrations ·into the foundation such as 

..."·,g~?~~{aip.s,~(§eeTa~I~iIJ·:3)/andcr~c~siin thef10.or.Theuse of a polyethyIene sheet 
.fi~~p~l?~.~t.~.~;~+fl~.~s?a~ti~~l~lyeffectiveJorcQntrolling leaks that result from slab 
~~l"aC~~l~.~t:clexelopasthehousesettles.Because heat in the upper floors tends to 
'~~~rise,creatingadraftmuchlikeachimney,the house has a tendency. to create a neg
~~ativeg.r~ssure\ont~~basement and,hense, "suck in" radon from the soil pore 
.c~\sRac:~s.ri~0ryl1-1cls~();wssometechniqll~s .. tominimize the draft effect (Murane 

:~,.andcSH~~ts;.1987).·· . . 

. . For existing structures, the remedies aremore difficult to install, will be expensive. 


and may not yield satisfactory results. If drain tiles are present around the outside or in
side of the perimeter footings, these are ideallylocated to permit vacuum to be drawn 

.' '. some of the Il1~jorsoilgas entry routes (the jointbetween the slab and the foun
\4~;dation\VaHandthefootingregion where the radon can enter the voids in the block 
~-~;\\I~11s);.8th~reffortshaveincluded drillingholes in the slab itself and creatirig a vac
/;~0'UHITlsystembeneath~~wh~leslab.~everalsuction points (three to seven) are required 
i.:i![grthis technique to·work (Henschel and Scott, 1987). One demonstration project 
;E~~h()\Vedthatjackingthehouseoffthe foundation and sealing the block walls was ef
i§4ective. In addition, a proprietary epoxy coating was applied to the floor and walls 

{Figure 11-12) (Ibach and Gallagher, 1987). 
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FIGURE 11-11 
Footing Footing Footing Methods to reduce the vacuum. 
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FIGURE 11·12 
Interior membrane linings and sealants to prevent radon gas infiltration. (Source: Ibach and Gallagher, 1987.) 
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6. 	The waste package must be designed to take into account a!1 of tbe possible 
effects from earthquakes to accidental mishandling:, ' 

7. 	 The package is to have a design life of 300 hundred years. 

8. 	 Groundwater travel time from the repository to the source of public water is to 
be at least 1,000 years. 

9. 	 The annual release of radionuc1ides must be less than one part in 100,000 per 
year of the amount of the radioactivity that is present 1,000 years after the 
repository is closed. 

Waste Isolation Pilot Plant 

The waste isolation pilot plant (WIPP) Project was...authorized by Congress in 1979. 

After much political negotiation, the,WIPP was authorized as a military transuranic 

waste facility exempt from licensing by the NRC The facility consists of 16 km of 

shafts and tunnels 650 mbelow ground in southeast New Mexjco. The geologic mate

rial is a Permian salt basin. It began accepting waste in March, 1999. 


Management of Low-Level Radioactive Waste 
Historical Perspective. Between 1962 and 1971, six commercial waste disposal 
sites were licensed. Three were subsequently closed b.ecause they failed. The three 
sites (Maxey Flats, Kentucky; Sheffield, Illinois; and West Valley, New York) all expe
rienced similar problems. They used shallow land burial to dispose of the waste. This 
was accomplished by excavating a trench about 3-6 m deep and placing the drums and 
othercontain~rs(oftencardb()ard boxes) of radionuc1idesin the trench and covering 
thernwith excavated soil. The completed trench was covered wi th a mound of earth 
aniFseeded. 

-w~ter~eeRedthrou~hthecovermaterial and'animals burrowed through it. The 
'l1~aVY:S!~y~it~~cposXnpreciselytoJimit passage tothe groundwater system served as 
~()I~in~p()nq&f{)rtherainwater andultirnately accelerated the' con'osion of the drums. 
At West Valley, whenincreased radioactivity called attention to this phenomenon, the 
trench~swere opened. and pumped to the. nearest stream! Concurrently, it was discov
er~dt~~tthegrum§\"ereoften30-50%empty. This, combined with the fact that the 
ba£k.fillrnaterialwas heavy clay that did not completely fill the void spaces between 
the drums, allowed significant settlement of the cover material. This enhanced the col
lection of precipitation that contributed to the corrosion and failure of the drums. 

These episodes led to a major rethinking at how we should manage our radioactive 
wastes. One result was that in 1980, Congress enacted the Low-Level Waste Policy 
Act Itsaysthateach state is responsible for providing for the availability of capacity 
either within or outside of the state for disposal of low~level radioactive waste gener
ated within its borders. The law provided for the formation of compacts between states 
to allow aregi6rial approach to management. As ofDecember 1995, the compact or
ganization wasas shownin Figure 11-13. The compacts decide what facilities are re
quired and which states will serve as hosts. Although the compacts were supposed to 
begin accepting waste in 1986, the negotiation process has taken longer than expected 
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11-6 RADIOACTIVE WASTE 

Types of Waste 
No single scheme is satisfactory for classifying radioactive waste in a: quantitative 
way. Usage has led us to categorize wastes into "levels." High-level 1,vastes are those 
with activities measured in curies per liter; intermediate-level wastes have activities 
measured in millicuries per liter; low-level wastes have activities measured in mi
crocuries per liter. Other classifications skip the intermediate-level wastes and use 
the terms high-level, transuranic, and low-level. The high-level wastes (HLW) are 
those resulting from reprocessing of spent fuel or the spent fuel itself. from nuclear 
reactors. Transuranic wastes are those containing isotopes above uranium in the pe
riodic table. They are the by-products of fuel assembly, weapons fabrication. and re
processing. In general their radioactivity is low but they contain long-lived isotopes 
(those with half-lives greater than20 years). The bulk of low-level wastes (LLW) has 
relatively little radioactivity. Most require little or no shielding and may be handled 
by direct contact. 

Management of High-Level Radioactive Waste 
1n2005, there were about 104 operating reactors in the United States (EIA, 2005). 
Roughly 10 m3 of spent fuel is generated annually from each of these reactors. The 
construction of the fuel assembly results in considerably less fission product waste. 
Approximately 0.1 m3 of the 10m3 is fission product waste. Of course, it is evenly dis
tributed throughout the assembly and cannot be easily separated. The management 
choices are (I) store it indefinitely in the form'in which it was removed from the reac
t9E(2~tepr?c~S&itto.~xtracttbepssionprodu9ts and recycle the other materials, or (3) 

··.·dispp~~?.ritby5uria]ior·.otherisolationtechnique. 
~~dyrt?'e~yc!ea~\\,ast~Policy~ctof 1~87,Congress has prescribed that a stor

\a~efMi . Q~co~str~cte1th~t',¥illn3~QecOlnepermanent. President George W. Bush, 
.TOIl~ .•.•••••...••.....•...••..••..• R~~,de,.~lg~~ted;.~bstnollit?~~~retti?vable . storage facility to be sited at 
¥yccaMo~ntain,Nevada;TheiNRChasdetailed the rules for the site in the Code of 
FeaeralRegulations(lO CFR60.11J).Someofthe important provisions are summa
rlzedhere'(Murray, 1989). 

/li~tfiedesign;and;(J[Jerati()nOfthefacility should not pose an unreasonable risk 
. to the health and safety of the public. The radiation dose limit is a small frac

tion of that due to natural background. 

2. 	A multiple barrier is to be used. 

3. 	Athorough site study must be made. Geologic and hydrologic characteristics 
of the site must be favorable. 

The.repository must belocated where there are no attractive resources, be far 
from population centers, and be under federal control. 

5. 	High-level' wastes are to be retrievable for up to 50 years from the start of 
operations. 
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UT 

ODe 

Atlanatic 

Alaska and Hawaii belong to the Northwest 
Compact. Puerto Rico is un affilitaled 

S

Y:,} ,,/ to'W';;n~\iel raclioaictivew:asfe ;..",:"n~~'tc Data as Of March 2004. (Source: Nuclear Regulatory Commission,) 

and the deadline has been extended to beyond 2010. Many compacts have yet to select 
sites,/letajQhebegin construction. The three currently available sites will soon run out 
ofcapacity,so there is some urgency to solve the problem. 

" ,'-"{', 

Was~elVli~iJ11izatioll' Aswithall waste problems we have dealt with in this text, the 
fir,ststepinmanaging low-levelradioactive waste is to minimize its production. Since 
1980, considerable strides have been made in reducing the volume of LLRW (Figure 
11-14). A number of procedures can be effectively employed. 
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FIGURE 11-14 
Low-level radioactive waste disposal. (Source: www.nrc.gov/wastell1w~disposal/ 

statistics.htm!.) 

Immediate sorting of solid radioactive waste from nonradioactive waste is an es
sential initial step in any scheme for the reduction of the volume of that waste and for 
the recovery of radionuclides from uranium and transuranium waste. It is optimistic to 
expect much reduction of that volume of waste by sorting out uncontaminated waste 
unless it is doneat the point of origin. Training plant personnel to do this work at the 
point oforigin has been reasonably successful. To ask radioactive waste management 
personnel to do the sorting of an unknown mixture of wastes at a subsequent time and 
placecreatesc~nunacceptablehazard of exposure to radiation by inhalation, injury, or 
arrtbientexternalexposure. 

~ftenmateriaLonlysuspected of being radioactively contaminated is labeled and 
disposedofassu~h'A'ithout necessarily actually being radioactive. Much of the so-called 
ra?ioactivewastefitsintosuch a categorymerely because of the place where it was gen
erated.The cost ofassayingsuch suspected low-level solid 'wastes to detennine their true 
radioactive content is such that it is often cheaper to combine suspected waste with 
known radioactive waste than to separate it-This suspicious but not always radioactive 
wastetakeS~p?~riaLspaceunnecessarily. Time, effort, and money are needlessly ex
pendedin putting these nonradioactive wastes in the special radioactive waste landfills. 

It has been a general practice to assume that all waste is radioactive if it bas been 
generated in a laboratory using radioactive materials or by a radiochemical or similar 
processing activity. It is tenned "radiation zone" or "contaminated area" wastes. Thus, 
waste that is suitable for disposal in a municipal landfill is mixed with contaminated 
waste. The burden of proofthat the waste is not radioactive is on the person certifying 
or releasing the waste. Testing of the waste is time-consuming and is often omitted. 

Probably tbe method most likely to succeed in reducing the amount of nonradioac
tive waste is a careful delineation and reduction of the so-called radiation zone and con
taminationareas. It is now common to define such areas rather broadly and to include 
certain zones and areas from whicb it should be obvious that the waste would not be ra
dioactive. An example would be the office and administrative areas within a radiation 

www.nrc.gov/wastell1w~disposal
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zone. Such areas produce much nonradioact'ive ~aste that is often included forconve-,. 
nience in the low-level solid radioactive waste from the technical areas. In iaboratory 
situations where nonradioactive wastes are generated alongside the radioactive waste, 
point source segregation can result in minimal radioactive waste generation. 

Separation of combustible or compactible waste at the point of origin both im
proves waste handling and reduces volume. By sorting, wastes that are not compatible 
for incineration do not have to be handled at the incinerator. Because the volume re
duction in an incinerator is greater than that in a compactor, the more wastes that are 
capable of incineration that reach the incinerator rather than the compactor, the greater 
the volume reduction. 

Volume Reduction by Compression. Compression of solid low-level radioactive 
waste is suitable for about half the waste generated. There are three kinds of compres
sion devices: compactors, balers, and baggers. 

Compactors force material into the final storage, shipping, or disposal container. A 
fav()riteconta.iner istl1e 0.21 m3 drum. Some space saving is possible. A variallt of the 
compactor is called the packer. Inthis device, the material is compressed into a reusable 
container. At the burial grounds, the compacted material is dumped directly without any 
effort tOT<.!tain it& compacted form. Space saving is minimal with packer systems. 

Balerscbmpress the waste into bales that are wrapped, tied, or banded and then 
stored, shipped, or disposed of in burial grounds. Considerable space saving is possi
ble with balers. 

Baggers.compress waste into a predetermined shape that is injected into round or 
rectangular bags, boxes, or drums before storage, shipment, or disposaL Some space 
savingisgossiblewith this method of compaction. 

}9.eset~~~{;technj~uesl~aybesuitedtogeneral and sometimes even to unique sit
uations;;Yrf()~t~2ately,suchtreatmentdoesnotreduce the possibility of burning while 

.~~~ .. ;im~!0l'~~<;,aI1di()?}NfertainIl1.ateri~lsares~itable· for .• compaction. These include paper, 
·pldth{'l~l.lbbet'f-'I~.stiss,~ood,(glass,.andsmanIight metal objects. Large, rigid metal 

.. ·1:J~i~381~~.~dbe,calIs~they areusuaI1y relatively incompressible and can 
•.>(t ......., .. 11taineralJdcoiTIpressingmachinery.Moisture (free or absorbed ·in large 

f~~ ... :quill1titiespyblottingpaperor rags) has to be avoided because of its potential forcible 
.~'.r~l~il~eugderhighpressure,.creatingagreathazard to operators. Obviously, corrosive, 
:.:;~~;) : pYrgphori9;ilIldexpl()~ive\vaste;mustbeexcludedfrom such processing, whether it is 

... ~~.. ...'/Qrga~~~()r2iIl0tg~nic' 
The compression machinery must be economicaL reliable, and easy to operate. 

Many commercial devices are available, but all must be modified by providing air con
tainment, off-gas ventilation, often filtration, and, if necessary, shielding. 

Volume Reduction by Incineration. Reduction of volumes of solid radioactive 
~~stegYi~~inerationhas interested managers of low-level radioactive waste, particu
l~rr.Y'jn.;thos~partsofthe\Vor1dwhere land area is at a premium and costs are high. 
lJnderth~~ecQnditions,theadvantages of volume reduction are so great that the draw
ba~ks.seemonlyobstaclesto be surmounted. In Europe, where land is scarce and more 
revered, the incineration of solid combustible radioactive waste is a common and ap
parently satisfactory method of pretreatment before final disposal. 
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There are certain advdntages, such as volume reductions of 80-90~percent, re
ported for selected burnable waste. This may be a high estimate if such factors as 
residues from off-gas treatmentand refractory changes are considered. This would rep
resent a considerable saving in land used· for burial, in transportation, and in long-term 
monitoring. In addition, it would free us from the migging worry about the possible 
problem of long-burning subterranean fires. Special attention should be given to the 
problems of burning organic matter (solvents, ion-exchange resins, etc.) and putresci
ble biological material (animal cadavers, excreta, etc.). Incineration of radioactive 
waste must be carried out under controlled conditions to prevent the formation of ra
dioactive aerosols and must comply with both RCRA and NRC rules if the wastes are 
RCRA wastes as well as being radioactive. 

Long-Term Management and Containment 
Site Selection. One concern in the burial of radioactive waste is that groundwa
ter or infiltratingsurface water will leach the waste and I]1obilize the radioactive 
materials. The radionuclides would be carried by this water back to the surface as 
a part of natural groundwater discharge or through a water well. Because of this 
concern, hydrogeologic and hydrochemical considerations in site selection become 
paramount. 

The types of hydrogeologic and hydrochemical data that may be needed to deter
mine whether or not a site is adequate include (Papadopulos and \Vinograd, 1974). 

1. 	Depth to water table, including perched water tables, if present 

2. 	 Distance to nearest points of groundwater, spring water, or surface water us
age (including well and spring inventory, and, particularly, wells available to 
the public) 

Ratioofpan~vaporation to precipitation minus runoff (by month for a period 
ofatleast2 years) 

4.Wa.tertabIe contourmap 

Magnitude of annual water table fluctuation 

Stratigraphy and structure to base of shallowest confined aquifer 

Baseflow data on perennial streams traversing or adjacent to storage site 

8. 	 Chemistry of water in aquifers and aquitards and of leachate from the waste 
trenches 

9. 	 Laboratory measurements of hydraulic conductivity, effective porosity, and 
mineralogy of core and grab samples (from trenches) of each lithology in un
saturated and saturated (to base of shallowest confined aquifer) zone
hydraulic conductivity to be measured at different water contents and tensions 

10. 	Neutron moisture meter measurements of moisture content of unsaturated 
zone measurements to be made in specially constructed holes (at least 2years' 
record needed) 
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11. 	 In situ measurements of soil moistur~te~sion in 'upper 4.5-9 m of unsaturated .' 
zone (at least 2 years' record needed) .' 

12. 	 Three-dimensional distribution of head in all saturated hydrostratigraphic 
units to base of shallowest confined aquifer 

13. 	 Pumping, bailing, or slug tests to determine transmissivity and storage coeffi
cients 

14. 	 Definition of recharge and discharge areas for unconfined and shallowest con
fined aquifers 

15. 	 Field measurements of dispersivity coefficients 

16. 	 Laboratory and field determination of the distribution coefficient for move
ment of critical nuclides through all hydrostratigraphic units 

17. 	 Rates of denudation or slope retreat 

These data are necessary for a complete definition of flow and nuclide tra.nsport 
through both the unsaturated and saturated zones. 

It is not possible to immobilize a radioactive contaminant in a burial site for long 
periods ofgeologic time (i.e., for millions of years) with complete certainty. However, 
there appear to be hydrogeologic environments in which these contaminants can be 
kept below the surface and away from people until they have decayed to acceptable 
levels. 

The· problem· is not merely a matter of ensuring optimum confinement, but also 
one of ensuringcontinement for a minimum but specified time or desctibing and pre
dicting the performance of these radioactive contaminants in the subsurface until this 
periodhasclapsed..For this reason, burial sites having complex hydrogeology in which 
suchpfedittionsaredifficult or impossible are probably not suitable for storing ra
dioactive w~st(:;: .' . 

~r9l11;{~geologicaIstandpointj there appearto be two basic approaches to the long
teIJpcOllt'tQlofbu;ried')radioaGtivewaste. ThesiIl1plest approach is to prevent water 


. fr9mrea.Ghingthewasteand thereby to eliminate the possibility of contaminants in the 

waste being mobilized. In arid climates, where there is little or no infiltration, this ap

peats to;be feasible. 

Inhumici climates, where thereis infiltration, some sort of engineered container or 
facilities that would isolate the wasteHromthe water for hundreds ofyears is necessary. 
Whether or not such a facility can be designed, constructed, and demonstrated remains 
to be seen. 

The second approach to long-term control involves burying the waste in a hydro
geologic environment that can be demonstrated to be safe despite the fact that radioac
tivecontaminants can and will be mobilized. Demonstrating that such sites are, in fact, 
safe requires a quantitative evaluation of the factors influencing contaminant move~ 
me1lt.Suchan evaluation maybe quite difficult but appears to be our only option if we 
wish to bury radioactive waste in humid climates or in climates where infiltration is ca
pable of mobilizing or leaching the buried waste. 

It is also important to give attention to the possible biological and microbiological 
environment of a burial site. Soil microorganisms, earthworms, larger burrowing animals, 
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and the deep taproots of phmts:seeking-water and nourishment (particularly in desert ar
eas) can all be factors in moving components of waste out of a burial place into the bios
phere. Some organisms can release organic compounds into the soil that can serve as 
complexing agents to mobilize otherwise insoluble contaminants. Some organisms can 
concentrate radionuclides by surprisingly high factors from their environment and so can 
change both the biochemical availability and the distribution of a radionuclide. 

Site Selection Criteria. Michigan's site selection criteria serve to illustrate the fac
tors that need to be considered in selecting disposal sites. 

The first objective is to avoid population centers and conflicts with human activi
ties. Michigan established an isolation distance of -1 km and required that projected 
population growth must not infringe to the extent that it would interfere with health and 
safety performance objectives of environmental monitoring. 

Areas within 1.6 km of a fault where tectonic-movement has occurred within the 
last 10,000 years are excluded as candidate sites. Likewise excluded are areas where 
significant earthquake intensity has been measured and fload plains exist. Mass wast
ing,erosion, and similar geologic processes are to be evall:1ated for possible damage to 
the facility. 

Areas where groundwater flows from sites more than 30 m in 100 years or where 
groundwater could reach an aquifer in less than 500 years are excluded. The criteria also 
exclude areas over sole source aquifers and areas where groundwater discharges to the 
surface within 1 km. The facility may not be built within 16 km of the Great Lakes. 

The criteria specify that the safest transportation net will be used. Highways with 
low accident rates located away from population centers are favored. 

The site must have no complex meteorological characteristics and must avoid re
sourc;edeye~?pll1e11t conflicts. Likewise, environmentally sensitive areas such as wet
lartds·andshorelands mustbe>avoided. Areas that have formally proposed or approved 
d¢veIQP:l11entplansasofJanuary 1,1988, are excluded. 

Ihe§ecriteri? are ~xtremely;. rigorous. Because of th ese constrai n ts and the more 
s~rih~l~.problYIIlOf~ublicop~osition,nonew sites have been finalized in the United 
States:Sowecompactshavehadsevereproblems and conflicts that have resulted in the 
expulsion oLone of the states. For example, after being selected as the host state, 
MichiganJailedto.identifyanacceptable site and was expelled from the Midwest 

ColllRfSt . 
>·.A..·fe~compattsateproceeding quite well. These compacts are involving the 

public, community officials, regulators, and generators in joint efforts to identify sites, 
complete licensing applications, secure contractors, and construct the site. The most 
successful approach appears to be one of identification of actual candidate sites fol
lowed by a volunteer applicant. 

The two currently operating sites in the United States are at Hanford, Washington, 
and Barnwell, South Carolina. These sites are accepting low-level radioactive waste 
from across the United States. There is a tremendous' financial advantage to them in 
doing so. In November 1995, the total cost of disposing of a 0.21 m3 drum was about 
$3,000. Many generators have been storing this waste for several years (e.g., in Michi
gan, 55 generators have been storing waste for 5 years) and they are willing to pay 
these prices because of the lack of space. 
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FIGURE 11-:15 

Abovcgro~ndvaultforlow-leveIradioactive waste disp0'l.allstorage. (Source: Midwest Compact.) 


Engineered Containment Structures. As mentioned above, in humid climates, land 
burialisnotacceptable. Michigan, as an example, has passed a statute that prohibits it. 
The alternative is an engineered structure. Engineered structures for the containment of 
waste must be designed with the intent to keep water, which can mobilize.the contam
inants, out ofthefacility.The Michigan statute specifies that each technology consid
eredfulfiIlsthree.requirements: 

waste naturally decays to nonhazardous levels; 

a large, reinforced concrete structure with access through 
the top or sidewalls for placing the waste inside (Figure 11-15). When a cell is filled, 
the vault will be sealed with a roof of concrete or some other suitable materiaL It must 
be designed to withstand earthquakes, tornadoes, floods, and fire. 

Thebelo'.Y:-groundvaultis similar to the aboveground vault except that it is located 
belowground (Figure 11-16). A compacted clay cover serves as part of the seal. 

:.'I'h~al)tJVeground concrete canister method consists ofplacing the low-level ra
dio~stivew~steinlarge, precast concrete containers that are then stacked in an engi
neer~dstructure(Figure 11-17). 

The below-ground concrete canister method follows the same principles as the 
aboveground system, but the canisters are placed in a vault below ground (Figure 
11-18). 
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FIGURE 11-16 
Below-ground vault for low-level radjoactive waste disposa1!storage. (Source: Midwest Compact.) 

Monitoring Systems. A monitoring system must operate both at permanent burial 
sites and at storage sites so that surface or air contamination will be detected quickly. 
Ground and surface water beneath or very near to the burial facilities should be moni
tored sufficiently often to give the earliest practical warning of failure of any facilities. 
"Failure" is defined as significant contamination of the ground or surface water in ex
cess ofstandardsthathavebeen set for the disposal site. 

Earlydetectionofcontamination is most important. Unlike surface water, ground
waterusuaHynlOves.slowly,andifcontaminants move unexpectedly, we must know 
about it before significant amounts have left the disposal site. Interception of the 

FIGURE 11-17 
Aboveground canister storage for low-level radioactive waste. (Source: Midwest Compact.) 
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contarninantsis not likely to be simple or prompt if this has not been considered in se
lectionofthe site or the design of facilities., 

Should it be necessary to take remedial measures to eliminate further discharges, 
the smaller the amount of waste involved, the simpler these measures are likely to be. 
Earlydetectioh of contaminants generally requires that monitoring points be placed as 
close as possible to the 

around the site. Likewise. monitoring should 
ecological sampling to detect entrance of ra

made to cover all foreseeablC acci-

Duplicaterecords of the types, quantities, and concentra
tions of radioactive waste nuclides delivered to a burial site must be made and filed 
with more than one record bank. Reports on monitoring results and significant inci
dents,suchasspills orunanticipated release of waste, must be filed with more than one 
recordbankiTheserec6rds should show the real (that is, observed, not calculated) level 
()~fqIlt~ipationoftheenvjronment (including the ground area). These records must 

!;<)gejn~ucnafonnthattheywinbeuseful and available for the effective length of time 
':;that.thewastebllrial facility will require human attention. 

~~::J 	 Nonexhumation of Radioactive Wastes. Exhumation of waste originally buried 
without any intent of later retrieval is potentially a very hazardous operation. The 
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National Academy of Science recomn1e-nds that exhumation not be made unless there is 
a credible reason to believe that a si gnificant radiation hazard could arise from Jeavi n0 

L 	 , - b 

the waste where it is and that the wastes can be exhumed safely (National Research 
Council, 1976). As a corollary to this recommendation, radioactive waste should not be 
exhumed and put into temporary engineered storage where the material must mvait a 
final decision on pennanent disposal. Experience has shown that "temporary" storage 
may in reality be pennanent storage because of the politica}Jealities in being able to re
locate it. 

11-7 CHAPTER REVIEW 

When you have completed studying this chapter you should be able to do rhefollml'ing 
withoUT theaid ofyour textbook or notes: 

1. 	 Explain what an isotope is. 

2. 	 Explain why some isotopes are radioactive and others are not. 

3. 	Explain how alpha, beta, x-ray, and gamma ray emissions occur and how 
they differ. 

4. 	 Define the unit becquerel. 

5. 	Explain the process of fission in a nuclear reactor. 

6. 	 Explain how x-rays are produced in an x-ray machine. 

7. 	Define the concept of radiation dose and the units of roentgen, raeL Gy. Sv, 
and rem. 

8. Explain the concepts ofRBE and WI. 

9. Listthepatternof biological effects of radiation. 

10. 	DisGl.lssthe,determinantsofbiological-effects. 

11. 	Discuss thedifferencebetween acute and delayed biological effects of radiation. 

12. 	List threepossibledelayed effects of radiation exposure. 

13. State the acceptable occupational and nonoccupational dose of radiation as 
established by the NRC. 

14. 	Explain the difference between internal and external radiation hazard. 

15. 	Select a material and its thickness to protect against alpha or beta radiation. 

16. 	Describe the sources of background radiation.. 

17. 	Explain why radon is a hazard and the mechanism by which the hazard is 
realized. 

18. 	List three fundamental methods of reducing external radiation hazard. 

19. 	Explain how to reduce occupational exposure to internal radiation hazards. 
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20. 	 Describe how radon enters a house and give some~ techniques that may be 
used to inhibit radon entry. 

21. 	List and describe the three types of radioactive waste (HLW, transuranic, and 
LLW). 

22. 	 Describe how each type of radioactive waste is to be disposed of. 

23. 	Discuss waste minimization practice in reducing the volume of LLW. 

With the aid ofthis text, you should be able to do the following: 

1. 	Detennine what particles are emitted in a given decay chain. 

2. 	Determine the activity of a radioisotope given the original activity and the 
time interval. 

3. 	 Determine the activity resulting from the growth of a daughter product from 
a parent radionuclide. 

4 . .Determine the time to achieve maximum activity of a daughter product. 

5. 	 Apply the inverse square law to determine radiation intensity. 

6. 	Determine whether a combination of radionuc1ides exceeds the permissible 
concentrations. 

7. 	Calculate the radiation intensity behind a shielding material or the de
sired.thickness of a shielding material to achieve a reduction of radiation 
intensity. 

lP,IIW;:;lClS ernitfedin the decay chain represented by 

l~C~ IjN 

Answer: Beta 

11-4. What particle is emitted in the decay chain represented by 

32p _" 32S
15 	 --r 16 

What particles are emitted in each step.in the decay chain represented by 

2~~Ra ~ 2~~Rn ~ 2~1Po ~ 2JiPb 

Answer: Alpha particle in each case 
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11-6. 	 What particles are, emitted in-each step in the decay chain ,represented by 

11-7. 	 What particles are emitted in each step in the decay chain represented by 

11-8. 	 Show that if a positron and electron are annihilated, then an energy of 
l.02 MeV is released. 

11-9. 	 A laboratory solution containing 0.5 p,Ci/L of 32p is to be disposed of. 
How long must the radioisotope be held to meet the allowable discharge 
activity? 

11-10. An accident has contaminated a laboratory with 45Ca. The radiation level 
is 10 times the tolerance leveL How long rnustthe room be isolated before 

. the tolerance level is reached? 

11-11. A hospital waste containing 100 p,CilL of 13 JI is to be disposed of. How 
long must the radioisotope be held to meet the allowable discharge activity? 

11-12. If in August 1911, Mme. Curie prepared an international standard contain
ing 20.00 mg of RaCI2, what was the radium content of this standard in 
August 201 O? 

11-13. 	What is the mass of a 50 p,Cisample of pure 131 I? 

Answer: 4.04 X 10- 10 g 

11-14. Byemittingan alphaparticIe, 21OpO decays to 206Pb. If the half-life of 
21OPois138.4d,whatvolume of 4He will be produced in I year from 50 
Cioy21 oPo?Assumethe gas is at standard temperature and pressure. 

11..1S.USingaspre~dsheet'program·youhave written, calculate and plot the 
growthcurveof222Rn from an initially pure samp'le of 226Ra. Assume no 
222Rn is presentinitially. 

11-16. When an x-ray unit is operated at 70 kV and 5 rnA, it produces an inten
sityofDRJIIlinatl.Omfrom the source. What intensity will it produce 
2.0 m from the source? 

11-17. If the source of x-rays in Problem 11-16 is operated at 15 mA, what inten
sity will be produced 2.0 mfrom the source? 

Answer: 0.75D 

11-18. What thickness (in cm) of lead is required to shield a 60Co source so that 
the transmission is reduced 99.6 percent? 

11-19. What is the equivalent thickness (in cm) of concrete to accomplish the 
same attenuation as the lead in Problem 11-18? 

Answer: -55 cm 
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11-20. An existing concrete wall that is 25 cm thick is to be used Jo shield a 6~CO 
source so that the transmission is reduced 99.6 percent. What additional 
thickness (in cm) of lead is required to achieve this transmission reduction? 

11-21. Determine the proportionality constant u for lead when it is used to shield 
137CS. 

11-22. Determine the proportionality constant u for iron when it is used to 
shield 137CS. 

Answer: u = 0.391 

11-9 DISCUSSION QUESTIONS 

11-1. 	 Explain why an archaeological artifact such as wood or bone may be dated 
by measuring its concentration of carbon-14. 

11-2. 	 Would you expect the tissue weighting factor (WT) for x-rays to the bi,g toe 
to be greater than, less than, or the same as that for radioiodine to the thy
roid? Explain your choice. 

11-3. 	 What kind of radionuclide emitter (alpha, beta, gamma, or x-ray) is most 
dangerous from an internal hazard point of view? Explain why. 

11-4. 	 A laboratory worker has requested your advice on a shield for work she is 
doing with high-energy beta particles. What would you recommend? 

11·5. 	 You have an opportunity to purchase an older home with a basement that 
is serviced by a floor drain. What measures might you request to limit the 
migration of radon into the basement? 

Whatj~thestatusofthe proposed Yucca Mountain disposal site? How 
. muchmoneyhasbeen spent to determine if this site is acceptable. 
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--APPENDIX 


A 

PROPERTIES OF,AIR, WATER, 

AND SELECTED CHEMICALS 


TABLEA·l 
Physical properties of water at 1 atm 

-Tempera}ure Del1sity, p Specific weight, y Dynamic viscosity, JL Kinematic viscosity, v 

eC) (kg/mel) (kN/m3 
) (m(Pa . s»* (,u(m2/s»)* 

° 999.842 9.805 1.787 1.787 
3.98 1,000.000 9.807 1.567 1.567 
5 999.967 9.807 1.519 1.519 

10 999.703 9.804 1.307 1.307 
12 999.500 9.802 1.235 1.236 

999.103 9.798 1.139 1.140 
998.778 9.795 1.081 1.082 
998.599 9.793 1.053 1.054 
998:408 9:791 1.027 1.029 
998.207 9.789 1.002 1.004 
997:996 9.787 0.998 1.000 
997.774 9.785 0.955 0.957 
997542 9.783 0.932 0.934 

..~ 99'1.300 9:781 0.911 0.913 
997.048 9.778 0.890 0.893 
996.787 9.775 0.870 0.873 
996:516 9.773 0.851 0.854 
996;236 9.770 0.833 0.836 
995.948 9:767 0.815 0.818 
995.650 9:764 0.798 0.801 

35 994.035 9.749 0.719 0.723 
40 992.219 9.731 0.653 0.658 
45 990.216 9.711 0.596 0.602 
50 988.039 9.690 0.547 0.554 
60 983.202 9.642 0:466 0:474 
70 977.773 9.589 0:404 0.413 
80 971.801 9.530 0.355 0.365 
90 965.323 9.467 0.315 0.326 

100 958.366 9.399 0.282 0.294 

*Pa's CmPa' s) X 10-3 

*m2/s:::: (fLm2/S) x 10-6 

977 
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TABLEA·2 

Henry's law constants at 20°C 


HuT HDc Hilii' 

H* (atm) (dimensionless) (atm' Llmg) (atm'm3/mol) 

Oxygen 4.3 X 104 3.21 X 10 2.42 X 10- 2 7.73 X 10- 1 

Methane 3.8 X 104 2.84 X 10 9.7.1 X 1O~2 6.38 X 10- 1 

Carbon dioxide 1.51 X 102 1.13 X 10- 1 6.17 X 10-5 2.72 X 10- 3 

Hydrogen sulfide 5.15 X 102 3.84 X 10- 1 2.72 X 10-4 9.26 X 10- 3 

Vinyl chloride 3.55 X 105 2.65 X 102 1.02 X 10- 1 6.38 
Carbon tetrachloride 1.29 X 103 9.63 X 10- 1 1.51 X 10-4 2.32 X 10-2 

Trichloroethylene 5.5 X 102 4.1 X 10- 1 . 7.46 X 10-5 9.89 X 10-3 

Benzene 2.4 X 102 1.8 X 10- 1 5.52 X 10-5 4.31 X 10-3 

Chloroform 1.7 X 102 L27XlO- J 2.55 X 10-5 3.06 X 10-3 

Bromoform 3.5 XlO 2.61 X 10-2 2.40 X 10-6 6.29 X 10-4 

Ozone 5.0 X 103 3.71 1.87 X 10-3 8.99 X 10-2 
r 

*H values from Montgomery, 1985. 

tH", Hv. and Hill calculated via Eqs. 4-50 to 4-52. 
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TABLEA-3 
Saturation values of dissolved oxygen in fresii,~ater 
exposed to a saturated atmosphere containing 20.9 % 
oxygen under a pressure of 101.325 kPau 

Temperature Dissolved oxygen 
("C) (mg/L) 

0 14.62 
14.23 

2 13.84 

3 13.48 
4 13.13 
5 12.80 

6 12.48 
7 12.17 
8 11.87 

9 11.59 
10 II 
11 11.08 

12 10.83 
13 10.60 
14 10.37 

15 10.15 
16 9.95 
17 9.74 

18 9.54 
19 9.35 
20 9.17 

8.99 
8,83 
8.68 

8.07 
7.92 
7.71 

7.63 
7.51 
7.42 

7.28 
34 7.17 
35 7.07 

36 6.96 
6.86 
6.75 

Saturated vapor 
pressure (kPa) 

0.6108 
0.6566 
0.7055 

0.7575 
0.8129 
0.8719 

0.9347 . 
1.00·13 
1.0722 

1.1474 
1.2272 
1.3119 

1.40 I7 
1.4969 
1.5977 

1.7044 
1.8173 
1.9367 

2.0630 
2.1964 
2.3373 

2.4861 
2.6430 
2.8086 

2.9831 
3.1671 
3.3608 

3.5649 
3.7796 
4.0055 

4.2430 
4.4927 
4.7551 

5.0307 
5.3200 
5.6236 

5.9422 
6.2762 
6.6264 

UForotherbarometric pressures. the solubilities vary approximately in proportion to the 
ratios of these pressures to the standard preSSures. 


(Source: Calculated by G. C. Whipple and M. C. Whipple from measurements of C. 1. 1. 

Fox, loumal ofthe American Chemical Sociery, vol. 33, p. 362, 191 L) 
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TABLEA-4 
Viscosity of dry air at approximately 100 kPaa 

Temperature Dynamic viscosity 
(OC) (p,Pa . s) 

o 17.1 
5 17.4 

10 17.7 
15 17.9 
20 18.2 
25 18.5 
30 18.7 
35 19.0 
40 19.3 
45 19.5 
50 19.8 
55 20.1 
60 20.3 
65 20.6 
70 20.9 
75 21.1 
80 21.4 
85 21.7 
90 21.9 
95 22.2 

100 22.5 
150 25.2 

11+0.0536T + (P/8280) where T is in O( and P is in kPa. 

Properties of air at standardcondition~ 

.. M~leQ,~l~r\Veigbt M 

. GaS'constant R 
Specific heat at constant pressure 
Specific heat at constant volume 
Density p 
Dynamic viscosity p, 
Kinematicviscosity v 
Thennal conductivity k 
Ratio ofspecific heats, cplcv k 
PrandtLimmber Pr 

a Measured at 101.325 kPa pressure and 298 K temperature. 

28.97 
287 J/kg . K 
1,005 J/kg . K 
718 J/kg . K 
1.185 kg/m3 
1.8515 X 10-5 Pa . s 
1.5624 X 10-5 m2/s 
0.0257 W/m . K 
1.3997 
0.720 
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TABLEA-6 
Properties of saturated water at 298 K 

Molecular weight 
Gas constant 
Specific heat 
Prandtl number 
Thermal conductivity 

TABLEA-7 
Frequently used constants 

Standard atmospheric pressure 
Standard gravitational acceleration 
Universal gas constant 
Electrical permittivity constant 
Electron charge 
Boltzmann's constant 

M 
R 
c 

Pr 
k 

18.02 
461.411kg· K 
4,181 J/kg . K 
6.395 
0.604 W/m' K 

101.325 kPa 
9.8067 m/s-

7 

8,314.31Ikg· mol, K_ 
8.85 X 10::- 12 CN . m 
1.60 X 10- 19 C 
1.38 X 10-23 J/K 
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TABLEA-8 

Properties of selected organic compounds 


Vapor Henry's law 
Density, pressure, constant 

Name Formula M.W. g/mL mmHg kPa . nr'/mol 

Acetone CH3COCH3 58.08 0.79 184 0.01 

Benzene C6H6 78.11 0.879 95 0.6 

Bromodichloromethane CHBrCI2 163.8 1.971 0.2 

Bromoform CHBr3 252.75 2.8899 5 0.06
-
Bromomethane CH3Br 94.94 1.6755 1,300 0,5 
Carbon tetrachloride CCI4 153.82 1.594 90 '" ,) 

Chlorobenzene C6HsCI 112.56 1.107 12 OA 
-

Chlorodibromomethane CHBr2Cl 208.29 2.451 50 0.09 

Chloroethane C2H5Ci 64.52 0.8978. 700 0.2 

Chloroethylene C2H3CI 62.5 0.912 2,550 4 

Chlorofoml , .. CHC!3 119.39 1.4892 t90 0.4 

Chloromethane CH3Ci 50.49 0.9159 3,750 1.0 
1,2-Dibromoethane C2H2Br2 187.87 2.18 10 0.06 
1,2-Dichlorobenzene 1,2-Clz-C6H4 147.01 1.3048 1.5 0.2 
1,3-Dichlorobenzenc 1,3-Clr C6H4 147.01 1.2884 2 0.4 
1,4-Dichlorobenzene 1,4-Clr C6H4 147.01 1.2475 0.7 0.2 
l,l-Dichloroethylene CH2=CCi2 96.94 1.218 , 500 15 
1,2-Dichloroethane CiCH2CH2CI 98.96 1.2351 60 0.1 
I ;l-Dichloroethane CH3CHCI2 98.96 1.1757 180 0.6 
Trims-l,2-Dichloroethylene CHCI=CHCl 96.94 1.2565 300 0.6 
Dichloromethane CH2Ciz 84.93 1.327 350 0.3 
1,2-Djchl?~opropane CH3CHCICH2CI 112.99 1.1560 50 0.4 
Cjs~1,3-[)i.cb.lorofJfopylene CICHzCB CHCI 110.97 1.217 40 0.2 
§thYI.~nz7n~ C6HsCH2CH3 106.17 0.8670 9 0.8 

." Formaldehyde, ." HCRO 30.05 0.815 
.. '. H,e~~~hl~r()B~~#ene '.' C6Ci6 284.79 1.5691 

>. p,e~~achlqwp~en.ol <:IsqOH 266.34 1.978 
Phenol' C6HsOH 94.l1 1.0576 
1,1\2,2~Tetrachloroethane CHCl2CHCI2 167.85 1.5953 5 0.05 

. Tetrachloroethylene CheCClz 165.83 1.6227 15 3 

.... Q,mCH3 92.14 0.8669 28 0.7 

..... 

...... IOl~t~~·.·.·.••······..·.·•··.. ··.·.•· 1;lfl:Trichloroethane' CH3CC13 133.41 1.3390 100 3.0 
1,l,2cTrichloroethane CH2CICHCI2 133.41 1.4397 25 0.1 
Trichloroethylene ClHC=CCI2 13.1.29 1.476 50 0.9 
Vinyl chloride H2C=CHCl 62.50 0.9106 2,200 50 
a-Xylene 1,2-(CH3hC6H4 106.17 0.8802 6 0.5 
m-Xylene 1,3-(CH3hC6H4 106.17 0.8642 8 0.7 
p-Xylene 1,4-(CH3)zC6H4 106.17 0.8611 8 0.7I 

Note:. Ethene. =ethyJene; ethyl chloride == chloroethane; ethylene chloride = I,2-dichloroethane; ethylidene chloride = 

l;l-dichloroethane; methyl benzene toluene; methyl chloride = chloromethane; methyl chloroform = 1,I, I-trichloroethane: 
methYlenechloride dichloromethane; tetrachloromethane = carbon tetrachloride; tribromomethane = bromoform. 

http:p,e~~achlqwp~en.ol
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TABLEA-9 
Typical solubility product constants 

Equilibrium equation 

AgC] ;::::: Ag + + Cl 

Al(OHh ;::::: AIH + 30H 
AIP04 ;::::: AIH + PO~ 
BaS04 ;::::: Ba2+ + SO~
Cd(OHh ;::::: Cd2+ + 20H 
CdS;::::: Cd2+ + S2 
CdC03 ;::::: Ca2+ + CO~
CaCO3 ;::::: Ca2+ + C03 

2 

CaF2 ;::::: Ca2+ + 2F

Ca(OHh ;::::: Ca2+ + 20H 
Ca3(P04h ;::::: 3Ca2 

+ + 2Pol 
CaS04 ;::::: Ca2+ + SO~ 
Cr(OHh ;::::: CrH + 30H-
Cu(OHh ;::::: Cu2+ + 20H
CuS ;::::: Cu2+ + S2

Fe(OHh ;::::: Fe3+ + 30H 
FeP04 ;::::: Fe3+ + PO~ 
EeC03 ;::::: Fe2+ + CO~
Fe(OH);::::: Fe2+ + 20H
PeS. Fe2+ + S2

.·Pb(:OJ;=.Pb2~ +CO}
I>b{()H)i..~Pb2+.+ .20H
Pb8i~<Pb2++S~

·M~(OH)2·~. Mg2 + + 20H

MgC03 ;:::::Mg2+ + CO~
Mnt03 ;::::: Mn2+ + CO~
Mn(OH)2 .~. Mn2+ +20H
NiC03 ;::::: Ni2+ + CO~
Ni(OHh ;::::: Ni2+ + 20H
NiS;::::: Ni2+ + S2

srC03 ;::::: Sr2+ + CO~-
Zn(9Hh ;::::: Zn2+ 20H
ZriS;::Zn2+ S2

1.76 X 10- 10 


1.26 X 10-33 


9.84 X 10-21 


1.05 X 10- 10 


5.33 X 10- 15 


1.40 X 10-29 


6.20 X 10- 12 


4.95 X 10-9 


3.45X 10- 11 ' 


7.88 X 10-6 


2.02 X 10-33 


4.93 X 10-5 


6.0 X 10-31 


2.0 X 10- 19 


1.0 X 10-36 


2.67 X 10-39 


1.3 X 10-22 


3.13 X 10- 11 


4.79 X 10- 17 


1.57 X 10- 19 


1.48 X 10- 13 


1040 X 10-20 


8.81 X 10-29 


5.66 X 10- 12 


1.15 X 10-5 


2.23 X 10- 11 


2.04 X 10- 13 


1.45 X 10-7 


5.54 X 10:- 16 

1.08 X 10-21 


5.60 X 10- 10 


7.68 X 10- 17 


2.91 X 10-25 


(Sources: Linde, 2000; Sawyer, McCarty, and Parkin, 2003; Weast, 1983.) 
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TABLEA·lO 
Typical valences of elements and compounds in water 

Element or compound Valence. 

Aluminum 
Ammonium (NH~) 
Barium 
Boron 
Cadmium 
Calcium 
Carbonate (CO~~) T 
Carbon dioxide (C02) 

a 

Chloride (not chlorine) 
Chromium 
Copper 
Fluoride (not fluorine) 
Hydrogen 
Hydroxide (OH-) 
Iron 
Lead 
Magnesium 
Manganese 
Nickel 
Oxygen 
Nitrogen ,s+,r 
Nitrate (NO)) 1 
Nitrite (N02) I 
Phosphorus s+,r 
Phosphate (PO~-) r 

1+Potassium 
Silver 1 
Silica b 

Silica~.e (SiO!-) 
Sodium 
S~Ifate(SO~.~) 
Sulfide(~H~)
Zihc . 

"Carbon dioxide in Water is essentially carbonic acid: 

CO2 + H20;:::: H2CO, 

A,ssu¢h,.the equivaIentwdght=. GMW/2; 

bSilica in water is reported as Si02• The equivalent weigh! is equal to the gram 
molecular weight. 

SOURCES 

Linde,D.R. (2000) CRC Handbook of Chemistry and Physics, 81st ed., eRe Press, 
Boca Raton, FL, pp. 8-111-8-112. 

Montgomery,l.M. (1985) Water Treatment Principles and Design, John Wiley & 
Sons, NewYork, p. 236. 

Sawyer, C. N., P. L. McCarty, and G. F. Parkin (2003) Chemistry for Environmental 
Engineering and Science, 5th ed., McGraw-Hill, Boston, pp. 39-40 

Weast, R. C. (1983) CRC Handbook of Chemistry and Physics, 64th ed., eRe Press, 
Boca Raton, FL, pp. B-219-B-220. 
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Project 	 Date ___~___--:-_ 

J 

!! 	 A TM THI A TM TH A TM TH A TM TH A ITM THI A 

I 

TM TH 

Vehicle Volume. V(Vph) 
r-- .~ ! , 

"2 	
"-
,;: Vehicle Av. Speed, S(kmih) .' ... 
t-	 Jr-

3 Combined Veh. VoL", Ve(Vph) 
I 

4 Prop. Observer-Roadway Dist., De(m) -
i 

5 ! Line-of-Sight Disl., LlS(m) 
i

'- 
b.O 
c6 Barrier Position Dis!., P(m)
"0 	 :-- V 

7 :.2 Break in Barrier. B(m)
(I) 

f- 

8 Angle Subtended, () (deg) 

9 i U~lshjeldLIO Level (dBA) 	 - I 
.:0:' If-- *c

10 0 ! Shielding Adjust. (dBA) 
r-: .~ 

"0I 	 0 Lill at Observer (By Veh. Class) : I
if-- ct ! 

[2 LllJ at Observer-Total 

Code: 
A 	 Automobiles, T M Medium Trucks, T H == Heavy Trucks' 


Applies only when automobile and medium truck average speeds are equal. Vc= ~4 + (I0)VTM• 


Otherwise, multiply medium truck volume by 10 and LIse this volume to compute the Unshielded L,o level. 

** 	 If autonlo~i)e-11ledjun1 truck volume Vc is combined. use LIG, NOlnograph prediction only 

these two vehicle classes. 
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Dc 
METERS' V 

A B 
LIO .10 

Veld Izr 
15000 

Heavy 
dBA 

100 
~ 10000 
L 

trucks 15 7000 
(2.44 m) 

+ + + + 90 20 
5000 

Pivot 
+ 

+ + + + + + + 
40 50 60 70 80 90 100 110 

10 20 30 

Speed: kmlh 

80 30 

40 

3000 

2000 
1500 

Point 

10 20 30 40 50 60 70 80 90 100 11 0 
70 

50 
1000 

700 
+++++++++++ 60 70 500 

400 
Automobiles and 
medium trucks 50 100 300 

(0.0 m) 

40 
Predicted 

noise 

150f 
200 -

200 
t50 
[00 

70 
level 50 

300 40 
30 

400 
20 

500 Vehicle 
volume 

700 

1000 
Distance 

to 
observer 
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Abandoned sites, 30 

Abiotic, 861 

Absorption 


and air pollution control, 601 

coefficient, Sabin, 716 

defined, 601 

trench for tile fields, 428 


Absorptive muffler, 715 

Absorptivity (0:), radiative, 77 

Abstraction and runoff, 99 

Accelerated growth, log-growth curve, 


455,456 

Accelerator, 934 

Acceptable risk, radiation. 941 

Acidlbase reaction,lOO 208 

Acid fermentation 


anaerobic digestion, 515 

oxidation ponds, 489 


Acidification of lakes. See Acid rain 

Acid rain, 12 


and alumirium,573 


Activated alumina, 607 

Activated carbon (charcoal), 307-308, 


495,607 

absorber for fuel tank, 632 

inwa tertreatmen t, 307-308 


Actiyatedsilica, 235 

"Activated sludge, 449 


defined; 460 

c()mpletely mixed process, 462 

growth constants, table of, 467 

FIM ratio, 469-471 

modifications, 463-464 


and nitrogen: BOD ratio, 478 

oxygen demand. 476-478 

and phosphorus:BOD ratio, 478 

plant, 460 

plug-flow, 468 

process design considerations. 


478-479 

secondary clarifier. 438, 460, 479-482 

sludge problems, 481, 482 

sludge production, 312-313, 


475-476 

sludge return. 460.471-475 

sequencing balch reaClor, 862 

suspended growth. 459 

wasting, 462, 469 


Activity, specific. 931 

Activity coefficients. 207-208 

Acts, laws. and regulations, 14 

Acute hazardous waste. 838 

Acute radiation syndrome, 942 

Adiabatic 


defined,549 

lapse rate (f), 583 

process, 549 


Adsorbate, 607 

Adsorbent. 607 

Adsorption 


in.air pollution colltrol, 607-611 

defihed,192,307,495 

in hazardous waste, 867 

isothenn, 608 

in wastewater treatment. 494 - 495 

inwatertreatment. 307-308 


Advanced oxidation products 

(AOPs),307 


Advanced wastewater treatment (AWT), 

437,438,493-497 


Aerated 

grit chamber, 441 

Jagoon,489 


Aeration tank, activated sludge, 460, 461 

Aerobacter aetogenes. 216 

Aerobes, obligate, 451 

Aerobic 


decomposition, 453 

defined,391,451 


digestion, 515 

lagoons, 489 

lakes, 391 

ponds, 489 


Afterburner, 611 

Agricultural runoff and water quality. 


355,356,398 

Airborne transmission of noise, 


690-698 

Aircraft noise and annoyance. 683 

Air mixing, 258, 263 

Air pollution 


control of mobile sources, 627-633 

control of stationary sources, 


601-627 

and disperSion modeling. 590-597 

effects on 


health,556-561 

materials. 553-554 

vegetation, 554-556 

episodes, 561 


and incinerators, 787 

indoorair quality model, 597- 60 I 

meteorology, 580-590 

origin and fate, 562-567 

standards, 552 

and water quality management. J2 


Air Q1:Iaiity Control Regions 

(AQCRs),23 


Air quality management legislation, 

22-25 


Air resource management, 11. 12 

Air stripping, 497,868-869 

Air to cloth ratio, baghouse. 620 

Air to fuel ratio (AJF), 627,629-631 

Air toxics. See Hazardous air rollutants 

Airway resistance, 558 

Algae 


growth requirements, 395 

in wastewater, 452 


Alkaline chlorination, 864 

Alkalinity 


bicarbonate, 205, 237 

carbonate, 205 

and coagulation, 231, 235 

defined, 204 


989 
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Alkalinity-(Cont,} 


and softening, 237 

units. 206 

in wastewater, 422 

and water guality management, 399 


Alpha particle, 928 

radiation exposure, 950 


Alum 

and coagulation, 231 

and control of phosphorus 


in lakes, 397 

in wastewater, 495 


sl udge concentration, 313 

Aluminum 


and acid rain, 399 

and fish toxicity, 398 

and tree root deterioration, 573 


Alveoli,557,558 
Ambientairgliality standards. 552~553 
American Academy of Ophthalmology 

and Otolaryngology, 675 

American National Standards Institute 


(ANSI), 660, 669 

American Society of Civil Engineers 


(ASCE), 3. 489 

American Society of Heating, 

Refrigeration, and Air 
Conditioning Engineers 
(ASHRAE),570 

Amplitude of a wave, 655 

Anabolism, 452 

Anaerobes 


facultative,451 
obligat~451 

An~et()biS.·····.··· .• ··· 
.decOITIposition,454 


defined;373:391,451 

digestion,515-518 

lagoons, 489 

lakes, 391 


landfills, 774 

ponds. 489 , 

rivers, 373 


Anatomy of respiratory system, 557 

Angle subtended, noise barrier· 


parameter, 704 

Animal feeding operation (AFO), 355 

Anionic polymer, 235 

Annoyance, noise, 676-678 

Anoxic decomposition, 451, 454 


denitrification, 451 

and secondary settling tank, 482 


Anthropogenic 

compounds, 562,860 

radiation, 947 


Anticyclone, 581 

Aquiclude, 101 

Aquifer 


artesian, IOOc::.102 

barrier. J52 

confined, 100-102, 138 

hydraulic properties, 138-142 

non-homogeneous, 151 

porosity, 138 

recharge area, 100 

unconfined, 99, 100, 138 

water table, 99, 100 


Aquitard, 101 

Area method landfill, 766 

Arsenic in drinking water, 215 

ARARsfor hazardous waste, 855 

Assimilation ofwaste, 354 

Atmospheric 


~ispersio~,589 -597 

stability, 582.-585 


and noise, 693 

stability class, 583,593 


table of, 594 

Atomic 


bomb, 947 

energy 


legislation, 31-32 

and radioactivity in water, 217, 


220,949 

mass unit, 926 

number, 926 

structure, 926-927 

weight, 195 


table of, inside front cover 

Atomic Energy Act, 31 

Atomic Energy Commission (AEC), 31 

ATP and bacterial growth, 455 

Attached growth process, 482 


Attai nment area, a!~ poll1,!tion, 22-24 

Attenuafion of noise. 693 

Audiogram. 669. 670. 673 

Audiometry. 669-670 

Auditory effects of noise, 671-673 

Autogenous combustion, 64, 784, 878 

Automobile 


blow.by control, 631 

engine combustion, 629-631 

noise and annoyance, 685 


Autotroph,450 

Average daily water consumption, 8 

Average haul speed to solid waste 


disposal site, 751 

Avogadro's number, 195, 931 

AWWA goals, 225, 226 


Back corona, ESP, 626 

Backwashlng filters, 283 

Backyard pickUp of solid waste, 746, 747 

Bacteria 


biochemistry of,452-455 

growth,455-456 

in wastewater, 451 

il) water, 2 I 6 


Bacterial growth requirements, 455 

Sames 


and f1occulator5, 261 

and rapid mixing, 258 

and settling tanks, 267 


Baghouse, 618 - 621 
Bar racks (screens) 


wastewater treatment. 438,439,482 

water treatment plant, 227, 228 


Barrier 

break. 704 

for noise control, 716-718 

nomograph, 706 


blank for use, Appendix B 

position distance, 704 


Barriered landscape water renovation 

system (BLWRS), 433 


Barriers and panels for noise control. 

716 


Base flow, 99 

Baseline HTL, 670 

Basin, 99 

Basket bowl centrifuge, 320 

Batch flux curve, 511 

Batch reactor, 59, 62 

Becquerel (Bq), 931 

Bel,657 

Benthic demand, 374, 379 
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Benthic zone in lakes, 393 

Berlin and Farro Liquid Incineration, 815 

Best available treatment (BAT), 19,20 


for toxic substances, 20 

Best conventional treatment (BCT), 


19,20 

Best management practices (BMP), 356 

Best practical treatment (BPT). 19.20 

Beta particle, 928 


radiation exposure, 950 

Bicarbonate 


alkalinity, 205,206 

buffer system, 203-206. See also 


Carbonate, buffer system 

defined, 203 


Bill to become a law, 15 

Binary fission of bacteria, 455 

Binding energy, 927 

Bioaerosols, 571 

Bioassay, 361 

Biochemicaloxygen demand (BOD), 


360'-371 

bottles, 368 

carbonaceous (CBOD), 372 

and COD, 361 

constants, determination of, 365-367 

defined, 361 

digester supernatant. 518 

and DO sag curve, 374 

first order reaclion,·362:-363 

andlJlicr6organisni~,.361,·364· 

.nitrogerrou:s(NBOD),372c-373 

an,dnitr~genratio, 478 

aqq.pnosghQTUS ratio; 
ra!e;c()nst~nt(k), 3.63 

tableo[;364 .. 


removal~fficiency, 437 

residualt494 

andsepiic tank, 428 

aridsusPeIl~edS()lids, 467 

and temperature, 364 

test, 368":'370 

and treatment, 454, 455 

ultimate, 363 

and waste strength, 369, 421, 422 


Biological 

treatment of hazardous waste, 


860:.863 

treatment ofmunicipal wastewater, 


438,44'1-493 
zones in lakes, 392-393 


Biomass, 462 

Bioreactor landfill, 772-77 5 


Blackbody radiation, 77 -

Blowby. crankcase, 631-632 

Blue baby syndrome, 215 

Bottle return, 790 

Bottom ash, incinerator, 787 

Break in line of sight, noise barrier 


parameter, 704 

Breakpoint chlorination, 301, 302 

Breakthrough 


adsorption, 609 

ion exchange, 255 


Bronchi, 557, 558 

Bronchial asthma and air pollution. 558 

Brownian movement, 229 

Bubble policy, 24 

Buffer 


capacity, 206 

capacity of lakes, 399 

carbonate, 203-206 

defined, 203 


Bulking sludge, 481 

Burn out, 784 

Bureau of Mines, 29 

By pass, split treatment, 252 


Cake, sludge, 316, 320 

Calcium 


hardness, 236 

softening, 241-255 

scale, 235 


Calcium .carbonate 

alkalinity,expressed in mg/L as, 206 


Calcium hydroxide and softening, 240 

Ca.lciumoxide and softening, 240 

Calorie, defined, 72 

Cancer of bronchus (lung cancer), 558 

Cancer potency slope, 829 

Capillary fringe, 100 

Capital cost of solid waste collection, 


753-755 

Capture zone, 899 

Carbon 


and adsorption, 307-308, 494, 867 

and algal growth, 395 

and bacterial growth, 450 


Carbon-14, 933, 950 

Carbonaceous BOD (CBOD), 372, 424 


designSRT,478 

Carbonate 


and acid rain, 572 

alkalinity, 204 

buffer system, 203-206 

defined, 203 


Carbonate hardness (et-l) 


bar chart of. 238, 239 

defi ned. '237 

formation of, 

precipitation of. 241 


Carbon dioxide 

and acid rain. 398 

and carbonate buffer system. 203 

as carbon source. 395, 450 

as electron acceptor, 454 

and greenhouse effect. 578 

and softening, 241, 247-249 


.Carbonic acid, 202, 203 

Carbon monoxide 


emissions and AlF ratio, 630, 631 

hazardous waste incineration. 885 

health effects, 558 

and indoor air pollution, 568, 


'570,572 

origin and fate of, 562-563 

oxidation. 611 

standard, 552 


Carbon source for microorganism, 450 

CarbOxyhemoglobin (COHb). 558 

Casing. well, 134, 135 

Catabolism. 452 

Catalytic combustion, 611-613 

Catalytic converter. 632 

Categorical pretreatment standard, 425 

Cation exchange capacity (CEC). 890 

Cationic polymer, 235 

Cells, waste disposal. 767, 768 

Centers for Disease Control and 


Prevention (CDC), 560, 57 I 

Center line distance (Dc)' traffic 


noise. 70] 

Centrate, 320 

Centrifuging sludge, 320 

CERCLA, 29,851-855 

CFCs, 576, 633 

CFR.16 

Chain reaction. 934 

Characteristics of particles, 55 J 


Chemical oxygen demand (COD). 361. 

421,422 


Chemical toilet, 436 

. Chemical treatment of hazardous waste, 


863-867 

Chemical units, 193 

Chemoheterotrophs, 450 

Chemotrophs, 450 

Chick's law, 295 

Chloramines, 299 
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Chloride 

in drinking water, 214 

in wastewater. 422 


Chlorinated 

dibenzo furans (CDBF), 878 

wastes, 878 


Chlorination and chlorine, 295-296 

Chlorine and ammonia reactions, 299 

Chlorine dioxide, 301-302 

Chlorofluorocarbons (CFCs), 574 

Chlorophyll a, 396 

Chlorosis, 556 

Cholera, 357 

Chronic bronchitis, 558 

Chronic daily intake (CDI). 832-836 

Chronic respiratory disease, 558 

Cigarettes and indoor air pollution, 568, 


570,571,572 
Clarifier. See also Secondary settling 


tank; Sedimentation basin; 

Settling tank 


defined, 266 

horizontal flow, 272 

upflow, 271 


Clean Air Act (CAA), 23 

amendments (CAAA). 23 

Titles, 25 


Clean Water Act (CWA), 425 

Clear well, 285,286 

Coagulants, 230, 231, 234 


229-,.235 

Co~rs~screens,water treatment,.227 
.·C?~hlta,ear,667 

·.·.c;?~f?fEthics,g. ., 
•. Code ofFederal Regulations 

Codified regulations, 16 

Co-disposal of sludge, 324, 796 

Co-firing of sludge, 522 

Coliform 


group, 216 

limits,424 

test,2J6, 225 


Coljsuretechnique, 225 

Collection of solid waste 


average haul speed, 751 

cost, 748, 753-755 

frequency, 745 


interroute transfer, 758 

methods, 745·.:..749 

number of stops: 751 

truck capacity, 749 

truck routing, 755-758 


Collection works for water, 6 

Colloids, 192, 229 

Color, 192,214 

Column, absorption, 60 I 

Combined available chlorine, 299 

Combined residual chlorination, 300 

Combined sewer overflow (CSO), 356 

Combined sewers, 11,355 

Combustion 


and air pollution control, 611 

efficiency, 885 

fundamentals, 784 

and hazardous waste, 877-886 


Cometabolism,·862 

Comminutors, 441- 442 

Community right-to-know, 855 

Community sewage system, 9 

Community water system (CWS), 188 

Compacts, low-level radioactive waste, 


962,963 

Compaction ratios for solid waste, 776 

Completed MSW landfill, 782 . 

Completely mixed activated sludge, 462 

Completely mixed flow reactor (CMF), 


60,64,462 

Completely mixed systems, 52 

Completelptirred tank reactor (CSTR), 


60,64,462 

Comple~edions, 198 

Composite liner, 891 

COrnposting 


of sludge, 522 

of solid waste, 794 

toilet,437 


Compound hydrograph, .125 

Comprehensive Environmental 


Response, 

Compensation, and Liability Act 

(CERCLA), 29, 851-855 


Comprehensive Environmental 
Response, 


Compensation, and Liability 

Information System (CERCLIS), 894 


Computational fluid dynamics 

(CFD),601 


Concentrated animal feeding operation 

(CAFO),355 


Conditioning, sludge, 518-5 J 9 


Conduction, 75 

Cone ofdepression:~ell, 136-137 

Confining layer, 100, 10 I 

Conservative pollutants, 55 

Conservation of energy, 42 

Conservation of matter. 42 


and energy, 42 

Constructed wetlands, 434 

Construction noise, 685, 687 

Construction Safety Act, 27 

Continuous belt filter press (CBFP), 


321,520-521 

CO,ntinuous noise, 664 


exposure, 675 

_ Contract collection of solid waste. 745 


Control rods, reactor, 934 

Control volume, 43 

Convection, heat transfer, 75 

Conventional pollutants, 422 

Copper Ih drinking water, 217 

Coriolis effect, 581 

Corrosive hazardous waste, 839 

Cosmic rays, 950 

Cost-benefit analysis, 12 

Countercurrent I1ow, 602 

Co~er, landfill, 767, 768 

Cradle-to-grave 


concept, 844 

manifest, 29 


Crew integration, solid waste collection, 

757 


Criteria air pollutants, 551, 552 

Critical deficit (Dc)' 382 

Critical mass, nuclear, 934 

Critical point in DO sag curve, 382 

Critical time in DO sag curve (t e ). 382 

Crustaceans, 452 

Cryptosporidiosis 


and Milwaukee, 189 

Cryptosporidium, 216, 224, 297,298. 


303,357 

CT 


concept, 296 

values, table of, 298, 303 


Cultural eutrophication, 395 

Cumulative frequency distribution 


of noise, 680 

of sand, 287,288 


Cunningham correction factor, 622 

Curbside pickUp of solid waste, 


746, 747 

Curbside recycling of solid waste, 790 

Curie, 931 
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Cyanide, 215 

Cyanobacteria, 396 

Cyclone 


collector, 615-61 g 

meteorologic, 582 


Cyclotron, 934 


Dalton's law, 105.548 

Damage-risk criteria for noise, 674-675 

Damping for noise control. 713, 714 

Darcy's law, 143 


velocity, 143 

Daughter isotopes. radioactive decay, 


931-933 

DDT degradation, 861 

Death phase, log-growth curve, 456 

Decay, radioactive, 929-931 

Decibel (dB) 


additio~n graph. 659 

defined, 657 

level, 657 


Decomposition of waste, 453'-455 

Dedicated land disposal (DLD), 522 

Deep bed filter, 284 

Deep well injection. 887 

Deficit 


DOsagcurve, 374 

oxygeri;377 


air, table of, Appendix A 

of compacted landflll, 776 

defined,191 

of gas, 548 

organic compounds, table of, 


Appendix A 

. ofsoIidwaste, 738 

water•.tableof,Appendix A 


Dental cariesand fluoride, 214 

Deoxygenation rate constant (kd)' 


380,381 

Department of Energy (DOE), 32 


Department of Transportation Act, 27 

Depths of cover, solid waste. 767. 768 

Designated POHC, 881 

Destruction and removal efficiency 


(DRE), 879, 882 

Detention time (8) 


activated sludge aeration tank, 466 

anaerobic digester, 517 

defined,61 

disinfection of wastewater, 493 

flocculation, 261 

grit chambers, 440, 441 

hazardous waste incinerator, 879-880 

and mixing, 257 

oxidation ponds, 491 

primary settling tank;448 

rapid mixing, 258 

reactor, 69 

settling tank, water, 281 


Deuterium, 927 

Deutsch efficiency equation, for 


ESP, 624 

Developing nations, 188, 357 

Dichloramine, 299 

Diesel engine, 627, 629 

Digester, 460, 482 

Digestion, stabilization of sludge, 


514-519 

Dilution factor in BOD analysis, 369 

Dioxin, 815-817 

Directfiltration, 228 

Direct flame incineration, 611 

Directivity of noise, 691- 692 

Direct rllnoff, 99 


abstractions, 99 

Discharge, 113 

Disinfection 


byproducts (DBPs), 222.300,307 

drinking water, 228, 294-307 

kinetics, 295 

requirements, 224 

wastewater, 460, 482, 493 

well,136 


Dispersion of air pollutants, 590-597 

coefficients, 592-595 


Disposal alternatives for solid waste, 744 

Dissociation 


table of constants, 202 

of weak acids, 202 


Dissolved impurities, 192 

Dissolved oxygen (DO), 356 


saturation, 378 

table of, Appendix A 


Distillation 

separation of impurities, 192 

treatment of hazardous waste. 867 


. Distribution 

system, 6 

works. 6 


Divide, 99 

DNA and bacterial growth, 304 

Domestic 


sewage, 9 

wastewater, 420-422 

wastewater characteristics, 420- 421 


.Donora, 561 

DO sag curve, 373-390 


equation of, 380 

management strategy, 384- 389 

mass balance, 374-376 

point discharge, 389 


Dose-response curve, 824, 825, 

., 940-941 


Dosing systems, tile field, 432 

Drag coefficient 


filter backwash, 290 

filter headloss, 289 

paddle, 262 

settling, 276, 277 


Drawdown 

aquifer 


confined,144-149 

unconfined, 145 ·-146, 149 


well, 136-137 

DRE, 879, 882 

Dredging 


effect on DO sag curve, 389 

effect on phosphorous, 397 


Drift velocity, 624 

Drinking water 


supply, 133,226 

treatment systems, 227-229 


Drop-off center for solid waste, 791 

Dry adiabatic lapse rate, 583 

Drying bed, sludge, 318-319 

Dry weather flow, 99 

Dual media filter, 284 

Dupuit equation, 144 

Duration 


rainfall, 107, 108 

unit hydrogruph, 115. 120 


Dynamic equilibrium of 

microorganisms, 457 


Dynamic viscosity 

air, table of, Appendix A 

and cyclone efficiency, 617 




994 INDEX 

Dynamic viscosity-(COllt.) 


defined, 191 

and mixing, 257 

and Reynolds number, 278 

water, table of, Appendix A 


e. exponential, 56 

Eardrum, 666 

Earmuffs, for noise, 722 

Earplugs, for noise, 722 

Ecological habitat, 357 

Economical haul time. 759-762 

Effective size of sand grains, 287 

Effective stack height, 589, 592 

Efficiency 


advanced wastewater treatment, 

437 


baghouse,49 

cQmbustion, 885 

defined, 48-49 

disinfection, 297 

fi Itration. 494 

incineration, 784, 879, 882 

primary treatment, 437 

secondary treatment, 493 

solid waste collection, 748-750 

suspended solids filtration, 494 

thermal, 81-83 


Effluent,11,460 


Emission offsets, 24 

Emissivity (e),radiation, 77 

Enclosures for noise control, 719-720 

Endemic, 357 

Endocrille~isrupting chemicals 


(EDCs),.358 • 

Elldo~¢neQusdecay,459, 466, 467 


... Endqlymph, 668 

.End products 


of radioactive decay, 933 

of waste decomposition, 453 


Energy 

balance, 42, 11-83 

flow, 75 


Energy and noise, 653, 681-682 

Energy carrier, bacterial metabolism, 


452 

Energy Organization Act, 32 

Energy Research and Development 


Administration (ERDA), 31 

Energy source 


microorganism, 450 

solid waste, 785 


Engineering. definition of. 2 

Engine exhaust, 632 

Engine fundamentals, 627-631 

Enthalpy 


change, 72 

defined,72 

and DO sag curve, 377 

of fusion, 73 

of vaporization, 73 


Entrained particles, 567 

Environmental 


ethics, 32-35 

legislation, 14 

regulations, 14 

systems, 5 


Environmental engineering, definition 

of,3 


Environmental Protection Agency 

(EPA),19 


Entropy,changein, 81 

.Epilirnniol1,391, 392 

Episode,airpollution, 561 

EPto~i5jty, ?41 

Equilibrium and steady state, 53 

Equalization basin, wastewater, 133, 


438,442-447 

Equivalentcontinuous equal energy 


IeveL(L~q),681 

Equivalent weight (EW), 195 

Escherichia coli, 216,424,451 

Ethics 


environmental, 32-35 

professional, 2-3 


Euphotic zone, 393 

Eutrophication, 395 

Eutrophic lakes, 394 

Evaporation, 98, 104 

Evaporation losses, reservoir, 132 

Evapotranspiration, 98, 105,770 


beds, 434 

Exfiltration, 99 


Exp, 64 

Expanded porosity, 290 

Exponential e, 56 

Exponential growth, log-growth 

. curve, 456 

Exposure assessment, risk, 830- 836 

Extract from liquid extraction. 877 

Extraqion procedure (EP) toxicity, 841 


Facultative 

anaerobes, 451 

ponds, 489-491 

thermophiles, 451 


Far field, noise, 691 

_ Feasibility study (FS), 853, 896 


Fecal coliform group (FC) 

colony forming units (CFU), 58 

in drinking water, 224 

in wastewater. 424, 493 


Federal Aid Highways Act, 28 

Federal Air Pollution Control Act 22 

Federal Aviation Act. 27 

Federal Aviation Agency (FAA), 125 

Federal Highway Administration. 686 

Federal Housing Administration (FHA), 


noise standards, 686 

Federal Insecticide. Fungicide and 


Rodenticide Act (FIFRA), 29 

Federal Register (FR), 15 

Federal Water Pollution Control Act. 


18.19 

national discharge permit system, 19. 


20,424,425 

navigable waters, 21 


Fermentation and anaerobic decomposi

tion,515 


Fermentation tube method, 225 

Ferric chloride 


as coagulant, 234 

and phosphorus removal, 495 


Ferrous sulfate as coagUlant, 234 

Field capacity, landfilL 770 

Filter 


and advanced wastewater treatment, 

494 


backwash sludge, 313 

baghouse for air pollution, 618-621 

box, 284 

cake, 316 

continuous belt press, 321, 520-521 

deep-bed, 284 

direct, 228 

dual media, 284 
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grain size, 286- 288 

hydraulics, 289-294 

membrane, 308 - 310, 494 

press, 321 

rapid sand, 283 

slow sand, 283 

for sludge dewatering, 320-323 

vacuum, 320 

washwater, 286 

wastewater, 494 


Filtration plant, 6,228 

Final clarifier. See Settling tank, 


secondary 

Final cover, landfill, 782 

First ·law of thermodynamics, 71 

First order reaction 


and BOD 362-363 

defined, 55 

rate constant, 55, 63 


Fission, nuclear, 934 

503 regulations, 522-'"525503 

F1etchercMunson equal loudness 


contours, 670 

Fleck,555 

Floc 


Flue g~s desulfurization (FGD), 613-614 

Flue gas recirculation, 614 

Fluoride in drinking water, 214 

Fluorosis, 214 

Flux, batch, 5 n 

EIy~sh:626, 787 

Fltb~eedingcYFJeand solid waste, 743 

Fog and airpollutioil, 562· 

Food to microorganism· ratio· CFIM) , 


469-471 

Formaldehyde and indoor air pollution, 


570 


Four 9s destruction of hazardous 

waste, 879 


FR,15-16 

Free available chlorine, 296 

Free.field, noise, 691 

Free residual chlorine, 30 I 

Freeze treatment of sludge, 319-320 

Frequency of 


noise, 655 

occurrence, hydrologic, 107,109-110 

radiation, 76 

solid waste collection, 745 


Fuel tank evaporation losses, 632 

Fungi,452 

Furans, 878 


GAC,307-308 

Gamma radiation, 929 

Garbage, 738 

Gardia lambia, 216, 297, 298, 303, 357 

Gas laws, 548 

Gasoline engine and air pollution, 627, 


629-633 

Gas transfer, 209-212 

Gaussian dispersion, 590-591. 831 

Generator, hazardous wast~, 844-846 

Genetic effects, radiation, 946-948 

Geomembrane, 780 

Giardia, 216, 224 

Global warming, 576-580 


and carbon dioxide, 578 

andgteenhouseffects; 578 

impacts,578L 579 

~urface temperatures, 577 


GLUMRB,448, .480 


, Graill per gallon (gr/gal), 256, inside 

back cover 


Grainsiieanalysis of sand,286-289 

Grariularactivatedcarbon (GAC), 


307-308 

Gravity spring, 100, 101 

Gravity thickening, 508-514 

Gray, unit of radiation dose, 938 

Greenhouse 


effect, 578 

gases (GHGs), 578, 633 


Gritchamber, 438, 440-441, 460, 482 

sludge, 441, 501 


Groundwater 

characteristics, 226 

contamination, 401,893-894 

exfiltration, 99 


INDEX 

and,hazardo.\ls wa~te landfills, 849, 

887,890 


hydrology, 99 -\ 02 

and radioactive waste, 966. 967 

recharge, 100, 499 

remediation, 894-904 

supply, 6, 10 

treatment plant. 228 

and wastewater treatment, 897-903 


Grout, around well casing, 135 

Growth rate constants, 458 


bacterial, table of, 467 

, Growth requirements 


algal, 395 - 396 

bacterial, 455 


G9 values, 261 

G values, 258, 259 


Hair cells, ear, 668. 672 

Half-life (T 112) 


defined, 930 

naturally occurring radio isotopes. 


933-934 

table of, 931 


,Haloacetic acids (HAAS), 222 

Hardness 


bar chart of, 237-239 

carbonate (CH). 237 

classification, 236 

defined, 

formation of. 236 

noncarbonate (NCH), 237 

polyvalent cations, 236 

total (TH), 237 


Haul time, solid waste, 759 

Hazard index for risk assessment 


(HI),836 

Hazardous air pollutants (HAPs), 


553 

and health effects, 559, 563 

origin and fate, 563 

table of. 26-27 


Hazardous and Solid Waste Amendments 

(HSWA), 30, 844-851 


Hazardous Materials Transportation 

Act, 29 


. Hazardous Ranking System (HRS), 31, 

852-853,896 


Hazardous waste 

abandoned sites, 30 

biological treatment, 860-862 

characteristics, 838-841 

chemical treatment, 863-867 
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Hazardous waste-(Cont.) 
code, 836 

contained-in policy, 841 

corrosive, 839 

defined, 815, 837-843 

delisted, 844 

derived from rule, 841 

di lution rules, 841 

extraction procedure toxicity (EP), 841 

identification rule, 843 

ignitable, 839 

immobilization of, 886 

incineration of, 877-886 
land disposal restrictions (LDR), 850 

landfill, 887-893 

legislation, 29-31 

listed, 838 

management, 856-860 

manifest;.29, 846, 847 

mixture nile, 841 

from MSW incinerator. 787 

phySicallchernicallreatment, 

86T-877 
reactive, 839 

recycling, 860 

small quantity generator (SQG), 

846 

stabilization/solidification, 886 

TCLP,886 

Head loss in filter, 289-294 

Hearing 


frequency range, 668 

impainnent mechanism, 671 

105s,671-674 


l1l~chfni~m, 665 

proteetion,674,722 

threshold levef (HTL), 669 

ifrrdshold shift, 671, 673 


Heat 

balance, DO sag, 377 

defined,n 


island effect, meteorological, 
585-586 


transfer, overall, 79 

treatment of sludge. 518 

as water pollutant, 358 


Heating value 

of solid waste, 783, 795 

of various materials, 795 


Heavy metals in drinking water. 215 

Height of mass transfer unit (Hog or 


HTU),605 

Helium-4, 928 

Helsinki declaration, 576 

Henry's law, 210-212 

Henry's law constant, table of, 


Appendix A 

Heterotrophic, 450 

Heuristic routing, 756-758 

Hexachlorobenzene (HCB). 878 

Hexachloropentadiene (HCCPD), 878 

Higher heating value, 783 

High frequency notch, 673 

High level radioactive waste, 962 

High lift pumps, 228 

High pressure, meteorological. 580-58] 

High rate irrigation, wastewater 


treatment, 499 

Highway vehicle noise, 683-684 

Holland'sformula for plume rise, 592 

Home separation of solid waste. 790 

HOI'izontal dispersion coefficient, 592 

HOJizontal.flow. See also Settling tank 


clarifier, 267,272-274 
gritc:hamber, 440 


Horton'sequation,.l04 

Housing and Urban Development (HUD) 


noise assessment, 27 

HRS,31 

HSyYA,JO 

Hydrated lime, 240 

Hydraulic conductivity, 141 


of landfill liners, 780 

Hydraulic detention time, 6I, 258, 259. 


261,281,466 

Hydraulic gradient, 139-141, 890 

Hydraulic loading, 283,484, 485 

Hydraulic properties of aquifer, 149 -151 

Hydraulicretention time. See Hydraulic 


detention time 

Hydrocarbon (HC) emissions and A/F 


ratio, 630-631 

Hydrogen chloride, hazardous waste 


emission of, 878, 885 


Hydrofluorocarbori~s. (HFCs), 576 

Hydrogen sulfide (H2S), 56 


and anaerobic decomposition, 

454 


and confined spaces, 57 

effects on materials, 554 


Hydrograph 

abstraction, I19 

base flow, 115 

compound, 124, 125 

definition, 115 

direct runoff. 115 

excess rainfall. 115 

lag time. 115, 125 

unit, definition of, 119 

unit duration, 120 


Hydrologic 

cycle, 96 

equatioll, 102 

mass-balance, 102-104 


Hydrologic Evaluation of Landfi 11 

Performance (HELP), 770 


Hyetograph, 117,120,123 

Hypochlorite. 295 

Hypochlorous acid, 202, 295 

Hypolimnion, 391 


dissol vee! oxygen. 391, 392 


ICR hazardous waste. 838-841 

Ideal gas law, 548 

1DF curves. 109 -112 

Ignitable hazardous waste, 839 

Immediate removal of hazardous 


waste. 896 

Immobilization of hazardous waste. 886 

Impact noise, 664 

Impaired waters, 359 

Impeller 


types for mixing, 259 

power for mixing, 262 


Impulse noise. 664 

Incineration 


of air pollutants, 784, 787 

and air pollution control, 784, 881 

catalytic, 61 1-612 

efficiency, 784, 879, 882 

cif hazardous waste, 877-886 

liquid injection, 879 

modular, 786-787 

and PCBs, 885 

and radioactive waste, 965 

rotary kiln, 879-881 

of sludge, 521 


http:manifest;.29


of solid waste, 12,49,783-787 

water wall, 785 


Indoor air pollution, 568-572 

Indoor air quality model, 597 -601 

Industrial wastewater 


characteristics. 398, 421-423 

pretreatment, 424-426 


Inertial collection. 615 

Inertial impaction parameter. 622 

Infiltration, groundwater. II. 98, 104 

Infiltration and inflow (1 & I), 11 

Influent, 460 

Initial deficit (Du!' 378 

Initial ultimate BOD, 376 

In-line blender, 258 

Inspection/maintenance (liM), 633 

In situ mining waste, 737 

Integrated Risklnformation System 


(IRIS), 828, 829 

Integrated solid waste management 


(ISWM),745 

Intensity 


rainfall, 107, 108 

sound,656.657 


Intensity-duration-frequency curves 

(IDF), 109-112 


Interception, 98 

Interface 


gas-liquid, 2I0 


International per capita demand. 8 

International System of Units (Sf) 


table of, inside back cover 

Interparticle bridging, 235 

Inten-oute transfer of solid waste. 


758....:762 

I~terstate Quarantine Act, 16 

Inversesquate law 


noise, 690 

radiation, 954 


Inversion 

aloft, 596 


defined, 585 

form of dispersion equation. 597 

and noise, 693 


Ion association, 197, 198 

Ion exchange 


and hazardous waste, 869 

softening, 255...,256 


Ionic strength, 208 

Ionization, chemical. 197 

Iron, in drinking water, 215 

Irrigation with wastewater, 497-500 

Isobars, 581 

Isolation for noise control, 713, 714 

Isotherm, adsorption, 608 

Isothermal lapse rate, 585 

Isotope, 926 


Jar tests, 232-234,258, 280 

Jet engine combustion, 629 

Joint and several liability for hazardous 


waste, 854 


K",202 

Ks,198 

Kw,201 

KeY, 927 

Kinematic viscosity, 192 


air, Appendix A 

Reynolds number, 276-277 

water,table of, Appendix A 


Kinetic reactions, 55 

Kingdoms and microorganism 


classi tication, 450 

Kjeldahlnitrogen, 42 J, 422 

Kyoto protocol,579-580 


Lagoons 

sewage, 56 

sludge,317-3J8 

wastewater treatment, 449, 489-491 


Lag phase, Jog growth curve, 455, 

456 


Lag time 

hydrograph, J 15 

log-growth curve, 455, 456 


Lake 

breeze, 587-588 

overturn, 392 

productivity, 393-394 

stratification, 392 


Lakes, water quality management, 

391-401 


Laminates for noise control, 714 
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Land ban, 30, 830 

Land disposal restrictions (LDR), 


30.830 

: Landfill 


aerobic and anaerobic decomposition 

in, 772, 774 


alternate daily cover (ADC), 767 

b~nch, 768 

bioreactor, 772-775 

cell, 767 

compaction ratios, 776 

density, 776 

depth of cover, 767, 768 

designs, 775 

environmental considerations, 


769-770 

equipment, 764-766 

face, 767 

finat cover, 768. 782 

gases, 769 


volume of, 774-775 

hazardous waste 


clay liner, 891 

leachate collection. 892 

monitoring wells, 893 

siting, 888 


leachate, 770-772 

leachate collection. 780-782 

lift, 768 

liner, 780 

operation, 766-769 

site preparation, 763 

site selection. 762-763 

volume. 776-779 


Landfilling of sludge, 522, 774 

Land/sea breeze, 587-588 

Land spreading of sludge, 522 

Land treatment 


of hazardous waste, 887 

of wastewater, 497-500 


Langmuir adsorption isotherm, 608 

Lapse rate and atmospheric stability, 


582-585 

Latent heat of 


fusion, 73 

vaporization, 73 


. Laws, 14-32 

Law of mass action, 204 

LDso,824 

Ldn> 683 


prediction for traffic, 709 

Leachate 


collection, 780-782 
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Leachate-(COllI.) 


hazardous waste. 892-893 

sanitary landtill. 770-773 


Lead 

in air, health effects, 559-560 

in drinking water, 215, 217 

origin and fate of in air pollution, 563 

shielding. 957, 958 

standard in air, 552 


Lean fuel mix lures (AiF ratio), 630, 631 

LeChatelier's principle, 204 

Leq, 681-682 


prediction for traffic, 709 

Level. sound 


adding,658-659 

averaging, 664. 

defined. 657 

relative, 658 

statistic, 664, 680 


Liability for hazardous waste, 854 

Liebig's iaw,396 

LifecycJe.analysis, 14 

LifrstatioI1, 11 

Light compensation level, 393 

Light nonaqueous phase liquids 


(LNAPLs), 401, 402 

Limbus spiral is, 668 

Lime 


and calcium hydroxide, 240 

and flue gas desulfurization, 


Limi ting nutrient in lakes, 396-398 

Limnology, 391 

Linearized multistage model of toxicity, 


828 

Line~of-sightdistance,. noise· barrier 


pararneter;704 

sLiner, la.ridftIr;780; 891 

···Liqujd~xtraction,.·i92,.876 

Liquidinjectionhazard()us·waste 


. incinerator,879 

Liquid ion exchange, 876 

Liquid-liquid extraction, 192,876 


Liquid scrubbing, 621-623 

Listed hazardous waste. 838 

Liter~ per capita per day (Lpcd). 8 

Lithotrophs. 450 

Littoral zone in lakes, 393 


LN' 680 

Loading rate 


anaerobic digester. 517 

defined 


filters. 283-284 

settling tanks. 271 

weirs. 269 


ion exchange column, 874 

oxidation ponds, 491 

primary settling, 448 

rapid sand filter, 283-284 

secondary settling, 480-481 

settling tank, surface, 271 

slow sand fi iter, 283 

solids. 480-481 

trickling filter. 484, 485 

weir, 269 


Locational running annual average 

(LRAA).223 


Logarithm to base e (In). 56 

Log growth curve, bacterial, 456 

Log removal (LR), 297 

London, 561 

Loudness. 669 

Lower heating value, 783 

Lower respiratory tract (LRT), 558 

Low fencc;675 

Low~level radioactive waste 


(LLRW).961 

wanagelJlent, 962 


Low-LevelWaste Policy Act 

(LLWPA),32 


amendments. 32 

Low lift pumps, 227 

LoW pressure, meteorological, 580-581 

LIOBomograph, 705 


blank for use. Appendix B 

Lung cancer, 558 

LUST, 850-851, 893 


Macerator, 442-443 

Macro air pollution, 567, 572-580 

Macronutrients, 455 

MACT,25 

Magnesium 


hardness, 236 

scale, 243 

softening, 241, 243 


Mainstream smok!ng. 57),572 

Manganese in drinking water. 215 

Manifest, hazardous waste. 29. 846.847 

~arket-based air pollution control, 25 

Masking noise, 675 

Mass balance 


absorption column, 602-607 

activ,ated sludge process, 462-465 

approach,43 

complex systems, 46 

conservative, 55 

definition, 43 

.diagram, 43, 44 

and DO sag, 374-376. 378-381 

equalization basin, 113 

fundamentals, 42-71 

hazardous waste, 858-859 

hydrologic, 102 -104 

indooriiir quality model, 597-601 

and problem solving, 43 

and rational method. 117 

and reaction rate. 45 

and reactor design, 7 I 

and reservoir design, 128- I33 

and retention basin. 172
. . 

and return sludge, 472 

and sludge, 313-31 5,475-476, 


504-508 

Mass defect, 927 

Mass density, 191 

Mass excess. 926 

Mass transfer. 210, 212, 601. 607 

Matelials balance. See Mass balance 

Materials recovery, solid waste, 


78S-796 

Maturation ponds, 489 

Matrix, 863 

Maximum achievable control 


technology (MACT), 25, 553 

Maximum contaminant level (MCL), 


17,217 

tables of, 2 j 8-221 


Maximum day demand, 8 

Maximum haul time, solid waste, 759 

Maximum permissible concentrations of 


radionuclides (MPC), 949 

Mean cell residence time (Oc)' 462, 


496 

Media 


dual,284 

mono. 284 

multi. 5, 284 

trickling filter, 484 




Meltdown, nuclear reactor, 934 

Membranes 


comparison of, 310 

filter method, 225 

microfiltration (MF), 310, 494 

nanofiltration (NF), 310 

retention (R), 309 

reverse osmosis (RO), 310 

ultrafiltration(UF), 310 

in watertreatment, 309-3 IO 

in wastewater treatment, 494 


Mercaptans, 454 

Mercury, air pollution control, 626 

Mesophiles, 451 

Mesotrophic lakes, 394 

Metabolism, 452 

Metalrecovery, 793, 860 

Meterage,7 

Methane 


and anaerobic digestion, 515~516 


as anend product, 454 

fermentation,A54 

recovery from landfill, 772-775, 


794 

Methemoglobinemia, 215 

Meuse Valley, 561 

MeV, 927 

mg/Lils CaC03, 206 

Microairpollution, 548, 567-576, 


Millicurie, 931 

Mifliequivalents (meq), 196 

Milligrams per liter (mg/L), 193 

Million electron volts (MeV), 927 

Minimal media test, 225 

Mitiganon, groundwater contamination, 


897-903 

-.Mixed-liquor 


activated sludge, 461 

suspended solids (MLSS), 471 

vola.tile suspended solids (MLV SS), 


465 

Mixers, 258-259 


Mixing 

completelY' mixed systems, 52 

and DO sag, 374,376-377 

llocculation, 260-262 

rapid, 257-260 

state of, 52 

and water treatment, 257-266 


Moderators, nuclear reactor, 934 

Modular incinerator, 786-787 

Molar concentration, 195 

Molarity, 193, 195 

Molecular sieve, 607 

Molecular weight (MW), 195 

Molecular weight cut off (MWCO), 


309,310 

Molina and Rowland, 874 

Monitoring wells, 849, 893, 970 

Monoch10ramine, 299 

Monod equation, 458 

Monomedia tilters, 284 
Montreal Protocol on ozone, 575, 633 

Most probable number (MPN), 524 

Motor Vehicle Air Pollution Control 


Act, 23 

Mottled soil, 428 

Mottling of teeth, fluoride, 214 

Mound systems, 432 

Muffler, noise control, 715 

Multiclone, 618 

Multimedia 


filter; 284 

pollution, 12 

systems, 12 


Mul_tipleefuissions,-radioactive.929 

Ml1ltiple7tube'fermentation technique 


(MTF).225 

Multistage model of toxicity, 828 

Municipal 


collection of solid waste, 745 

sewage, 398 

solid waste (MSW), 49 

solid waste landfilL 744, 762-783 

wastewater treatment plant (WWTP), 


437-438 

Mutation, radiation, 946 


Nanofiltration (NF), 310 

Narrow band analysis, 663 

National Acid Precipitation Assess

ment Program (NAPAP), 

573-574 


National Ambient Air Quality Standards 

(NAAQS),22 


INDEX 999 

"National Contingency Plan (NCP), 31, 

-851, 853:':'854 - 

National Cooperative Highway 

Research Program (NCHRP), 

699 


National emission standards for 

hazardous pollutants 

(NESHAPs),559 


National Institute for Occupational 

Safety and Health (NIOSH), 675 


National Pollution Discharge Elimination 

System (NPDES), 19,20,424, 

425 


National Primary Drinking Water 

Regulations, 17 


National Priority List (NPL), 31, 85 L 

852,896 


National Research Council (NRC), 485 

National Safe Drinking Water Act. See 


Safe Drinking Water Act 

Natural background radiation, 950 

Navigable waters, 21 

NCH r, NCH;, NCHR, 245 

NCP, 3I , 851, 853-854 

Near field, noise, 691 

'Necrosis, 555 

Nephlometric turbidity unit (NTU), 192 

Net heating value 


of gaseouspollutanL 611 

Network, weighting, for noise meter, 


660-662 

Neutral solution, 201 

Neuturalization or hazardous waste, 864 

Neutron 


activation, 934 

bombardment, 934 


New source performance standards 

(NSPS),22 


Nitrate 

in drinking water, 215 

as an electron acceptor, 454 

in lakes, 395 


Nitritication 

ammonia oxidation, 372. 496 

denitritication, 496 


Nitrifying organisms, 372 

. Nitrogen 


in activated sludge, 478 

and algal growth, 390, 395 

and bacterial growth, 455 

and DO sag, 389 

effect on receiving body, 390 

as a nutrient, 356,420 
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Nitrogen-(Cont.) 

oxidation, 371-372 

treatment, 496 


Nitrogen dioxide 

and acid rain, 12 

control technologies, 614-615 

emission of, 564 

emissions and AIF ratio, 630-631 

health effects of. 560 

and indoor air pollution, 568, 572 

origin and fate, 564 

standard, 552 


Nitrogenous BOD (NBOD), 372-373 

NOAEL,825 

NODAK,432 

Noise. See also Sound 


attenuation in atmosphere, 693, 694 

construction, 685, 687 

control. 709 ___ 723 

cost, 653, 654 

defined, 653 

directivity, 691 

effects on performance, 679 

and land use compatibility, 687. 


688 

paths, 717 

pollution controUegislation, 25-28 

prediction worksheet, 702. 


blank for lIse, Appendix B 

systems, 680-683 


blank for use, Appendix B 

Non-Aqueous Phase Liquids (NAPLs), 


401,903 

Nonattainment.area,.24 

Noncarbonatehardness (NCH), 237 


l1r~~ipit.ati9n.. ()f,240-242 

.l'l~ncorvel1tiona}pollutants, 422 


',' '.NonflB\¥ing\Vell,art~sian,100 

Novhomogenousaquifer, 151-152 

Nonionic polymer, 235 

Non-point source of pollution, 355-356 


Nonselective catalytic red\Jclion 

(NSCR); 615 


Non-Transient. N6n-community Water 

System (NTNCWS), 188 


Normality, 193 

North Dakota Agricultural College, 432 

NPL, 31. 851, 852, 896 

Nuclear reactor, 953 

Nuclear Regulatory Commission 


(NRC), 31,948 

Nuclear Waste Policy Act, 32 

Nuclide, 926 

Number of gas transfer units (Nog)' 


605.609 

Nutrients in water pollution, 356, 


390,391. See also Nitrogen; 

Phosphorus 


Occupational exposure, and air 

pollution, 556 


Occupational noise exposure limits, 

674-675 


Occupational Safety and Health Act 

(OSHA),27 


Octave bands, table of. 663 

Odor. 214. 420 

Oil and grease in activated sludge, 478 

Oil Pollution Act, J8 

Oligotrophic lakes. 394 

0& M costs for solid waste collection, 


753-755 

One~hitmodel of'toxicity, 827 

ONPGcMUG test, 225 

,On:sited,isp?saIsystems,426-437 

. Oocysts,Crypt?sporidium, 216 

Operating.imd maintenance cost 


(0&M),753-,755 

Order of reaction,.55 

Organic compQunds as electron 


acceptots,454 

Organic loading of trickling filter, 


484,485 

Organ of Corti, 668 

Organotrophs, 450 

Ossicles, in ear, 666 

Outhouse, 435, 436 

Oval window of ear, 666 

Overall heat transfer, 79 

Overall height of transfer unit (Hog), 605 

Overflow rate (v0) 


defined,271-272 

determination of, 275-282 

primary settling, 448 


'secondary seHlin,g. 472. 

water treiltmenC table of. 281 

\'ieir.269 


Overhead costs for solid waste 

collection, 754 


Overland flow wastewater treatment. 

498,499 


Overturn of lakes. 392 

Oxidation ponds. 449, 489-49! 

Oxidation-reduction reactions, 197, 


198,864 

Dxyfuel, 632 

Oxygen 


deficit in rivers, 377 

demand, activated sludge, 476-478 

demand, theoretical, 360-361 

demanding waste. 356, 360 

as an electron acceptor, 453 

from plTotosynthesis. 379. 489 


Ozone' 

depletion, 25, 574-576 

disinfection. 302-303 

effects on 


people, 560 

plants, 555 


legislation. 25 

for odor control. 435 

origin and fate of, in air pollution. 


564-565 

photoreactions, 565, 575 

standard for air pollution, 552 


PAC. 307-308 

Packed tower, 602 

Paddle flocculator, 261 


power for, 262 

Palatable, 191 

Parent isotope in radioactive decay, 933 

Parshall flume. 258 

Particle 


counting, 193 

distribution, 194 

respirable, 551, 552, 570,571 

settling velocity, 271,275-278.291 

sizes, 551 


Particulate matter in air (PM 10, PM2S) 


Gontrol of, 615-627 

and episodes, 561 

health effects of, 560 

from incinerators, 784, 787, 882 

origin and fate of, 567 

respirable, 551, 558 

standard, 552 


http:reaction,.55
http:Nonattainment.area,.24


Parts per million (ppm), 194, 549,550 

Pathogens 


in drinking water, 216 

in wastewater, 356 


PCB, 522,817-818, 885 

Peak flow, 448 

Peak rate of demand, 8 

Per capita, 7, 8, 9 

Percent removal, disinfection, 297 

Perched water table, 100, 101 

Percolation (Perc) test, 428 

Periodic table, inside front cover 

Period of sound wave, 655 

Permanent threshold shift (PTS), 


671,673 

Permeable reactive barrier, 897 

Permits 


f\ir,.25 

NPDE.S, 19,20,424,425 


Personal pollution and air pollution, 556 

pH 


and acid rain, 399 

and ammonia stripping, 497 

and bacterial growth, 455 

and bulking sludge, 481 


232-235 


Photochemical oxidants 

health effects, 560 

origin. and fate, 564-565 


PhotQch~mical reactions, 564 

PhotQ9hemical smog. 562 


r~Rt~9heInica1<~p~ctra, 304 

. ti;J I>h~1~IY~is,563,.~65 

\:~liphot()~oflighten~rgy(hv), 77 


Photosynthesis, 452 

Phototrophs,450 

Physical/chemical treatment of 


hazardous waste, 867-877 


Physical stack height, 592
PIC, 877 

Picocurie, 931 

Piezometers, 102 

Piezometric pressure, 100 


surfaces, 100, 102 

Pit privy, 435-436 

pKa, 202 

pKs, 198 

pKw, 201 

Planck's constant, 76, 562, 929 

Planck's law, 76 

Planned removal of hazardous waste, 896 

Plasmolysis, 555 

Plate pressure filter for sludge, 321 

Plate tower, 602 

Plug flow 


activated sludge, 468 

with reaction, 57 

reactor, 61, 67 

systems, 53 


Plume dispersion, 585-586, 591 

Pneumatic mixing, 253 

POC, 877 

POHC, 881 

Point precipitation analysis,. I07 

Point sources of pollution, 354-355 

Poisoning of catalyst, 632 

Polishing ponds, 489 

Pollutant categories, 355 

Pollutioll prevention, 19 

Polyampho!otypepolymer,·235 

Polychlorinat~dbiphenyls (PCBs), 31, 


·...•• 522,817-818 

PolYfners, 235 

Polynuclear aromatic hydrocarbons 


(PAH),878 

Polyphosphafe, 398 

Polyyalentcations, 236 

Popula.tiondynamics, microorganism, 


455-458 

Porosity, 138 


of rapid sand filter, 289 

Positive crankcase ventilation 


(PCV),632 

Positron, 928 

Post-Closure Liability Fund, 31 

Potable, 19I 

Potentially responsible parties 


(PRP),854 

PafW,9 

Powdered activated carbon (PAC), 


307-308 
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Povler,-requirements, mixing, 262-263 

Power, sound, 656 

ppm, 194, 549, 550 

Preamble, proposal rule, 15 

Precipitation 


chemical, 192, 198 

duration, 107, 108, 109-112 

equilibrium reactions, 198 

frequency, 107, 109-112 

hazardous waste, 865 

intensity, 107, 109-112 

interception, 98 

space, 107 


Precoat filter for sludge, 321 

Precursor 


and acid rain, 573 

~defined, 222 

trihglomethanes, 222, 307 


Preliminary assessment of hazardous 

waste contamination, 895 


Presbycusis, 671 

Presedimentation sludge, 312 

Presence-absence coliform test, 225 

Pressure 


artesian piezometric, 100 

atmospheric 


gradient, 582 

high and low, 580-581 


head, 139 

sound, 655-658 

water, 6 


Pretreatment of industrial waste, 

424-426 


Pretreatment unit operations, 438, 439 

Prevention of Significant Deterioration 


(PSD),22 

Primary 


settling, 438, 460, 482 

sludge, 447, 50 I 

treatment, 437-438, 447-449 


Primary ambient air quality standards, 

552,553 


Primary Drinking Water Regulations 

(IPDWRs) 


and hazardous waste, 893 

maximum contaminant levels 


(MCLs),217-225 

Principal organic hazardous constituent 


(POHC),881 

Priority pollutants, table of, 21 

Private collection of solid waste, 745 

Products of complete combustion 


(POq,877 


http:f\ir,.25
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Products of incomplete combustion 

(PIC), '2.77 


Profession, 2 

Professional ethics, 2, 3 

Profundal zone, 393 

Prohibited discharge standards, 425 

Protista, 450 

Proton (W), 200 

Protoplasm. 554 

Protozoa. 452 

PRP,854 

Psychoacoustic, 669 

Psychrophiles,451 

Public Health Service Act, 18 

Publicly owned treatment works 


(POTW),9 

Public water supply systems, defined, 


188 

Pulm()nary emphysema, 558 

Pump and tieat,hazardous waste, 897, 


899-903 

Pumphouse, 134, 136 

Pumping test curve, 150 

Pumps 


high lift, 228 

low lift, 227 

submersible, 134 

well,134 


PutrescibIe, 11 


atte?u~ti()n:955 


·.·.·lJiolggicfll~ffects;>940~.948 

····blackbody,77 


dose, 937-939 

exposure, 950-953 

natural background, 950 

protection, 953-961 

shielding, 954-958 

standards; 948-949 

thevnaI,76 


RadiationControIJor Health and Safety 

Act; 32 


Radiation fields of a sound source, 691 

Radioactive 


daughter, 931-933 


decay, 929-9,31 

decay constant, 930 

defined, 929 

parent, 933 

waste, 961-972 

waste compacts, 962. 963 


Radioactivity, 929-931 

Radioisotope, 933 

Radiological characteristics of drinking 


water. 217 

Radium, paint, 944 

Radius of influence of well. 136, 137 

Radon 


control, 959-960 

description, 951 

indoor air pollution, 571' 

standards, 948 

source, 959 


Raffinate, 877 

Rainfall 


analysis, 107-112 

spatial distribution, 107 


Rainfall intensity 

annual average probability, 110 

average recurrence interval, 110 

duration, 107, 109 

frequency, 107, 109 

probability, 110, 127 

rank, 109 

retumpetiod, 110 


Rain gage,! 07 

Rapid infiltration, wastewater treatment, 


498.499 

Rapiofl}ix, 228,257..,.258 


detention times, 258:-259 

geometries, table of, 260 

Gvalues,258,259 

tanks, 259-"260 


Rapid sand filter, 228 

Rate.Se~ also Loading rate 


definition, 45 

of oxygen depletion, 380-38 I 

rainfall, 108 

reaction, 55, 208 

transformation, 55 


Rate constant 

air pollutant, 598 

base e, 55, 363 

biological, table of, 364 

BOD,363 

for catalytic oxidation, 612 

defined, 56 

deoxygenation, 380-381 


effect of temperjl!ure on, 365, 

381.382 


endogeneOlis decay. 465-467 

graphical determination of. 365-367 

growth rate. 458, 459. 465-467 

half saturation, 458, 459. 465-467 

nitrogenous deoxygenation. 389 

and-reaction order, 209 

reaeration, 382 

and temperature, 365.38 1.382 


Rating systems, noise, 680-683 

'Rational method. 116-119 


·formula. 118 

frequency of occurrence, J 27-128 

runoff coefficients. table of. 1J8 

steady state. 117 


Raw· 

sewage, 438 

sludge:447, 501 

water, 227 


RBE,939 

RCRA. 29. 844-851 

Reach of a river, 378 

Reaction 


tirst order. 55 

heterogeneous, 208 

homogeneous. 208 

kinetics, 208 

order. 55 

rate, 55,208 

rate constant. 55. 209 


Reactive hazardous waste. 839 

Reactive muffler. 715 

Reactors, 59-61 


analysis, 61-71 

batch, 59.62 

comparison, 67 

completely mixed flow (CMF), 60, 64 

completely stirred tank (CSTR), 


60,64 

design, 71 

flow, 60 

nuclear, 953 

performance, 69 

plug flow, 61 


Reaeration 

imd DO, 382 

rate constant (kr). 380, 382 

Reasonable maximum exposure 


(RME),831 

Recarbonation, 228 

Receiver protection from noise, 722 

Receiving body, II 
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Recharge area, 100 

Recirculation ratio. 485. 486 

Recommended maximum contaminant 


levels (RMCL), 17 

Record of decision (ROD). 854. 896 

Recurrence interval, 110 

Recycling of 


bottles. 790 

hazardous waste, 860 

solid waste, 790-796 


Reductive dehalogenation, 861 

Reference concentration for toxicity 


(RfC),829 

Reference dose for toxicity (RtD), 


829,830 

Refractory organics, 494 

Refuse, 738 

Refusecderived fuel (RDF),785-786 

Regulation, 14, 15 

Reid vapor pressure, 632 

Relative biological effectiveness 


(RBE),939 

Rem, 939 

Remedial 


design (RD), 896 

investigation (Rl), 853, 896 

response, 897 


Remediation of hazardous waste. 896 

Removal ofhazardous waste, 896 

ReserY6irs,<128'-.1.33 


Respirable particles (RSP), 551, 552, 

570,571 


Respiratory system, 557 

Retardation coefficient, groundwater, 


. ·888-889 

Retention basin, .132 

Retel1tiofilime (G), 61,69. See also 


DetentioTl time 

Returnable beverage containers, 790 

Retuniperiod, 110 

Return rate, activated sludge, 473 

Return sludge, 460, 461,471-475 

Reverberation of noise, 691, 716 


Reverse flow cyclone, 615-618 

Reverse osmosis 


treatment of hazardous waste. 876 

in water treatment. 310 


Reynolds number (R), 276 

RIfFS, 853,896 

Right-to-know, 885 

Ripp\ method, 129 

Rising sludge, 482 

Risk 


assessment, 822-837 

characterization, 836-837 

and chronic daily intake (CD!), 


831-836 

defined, 818,836 

and exposure, 830-835 

and hazard, 818 

management, 818, 837 

perception, 818-822 

reasonable maximum exposure 


(RME),831 

and toxicity, 823-830 


River and Harbor Act, 20 

Roentgen (R), 938 

Root mean square sound pressure, 656 

Rotary kiln hazardous wasteincinerator, 


879-881 

Rotating biological contactor, 449, 


492-493 

Rotifers,452 

Round window, ear, 666 

Rol.lting,solidwaste collection. 755-758 

Rubbish, 738 

Rulemakil1g,15 


·Ruh:.6f~bank simd, 289 

Runoff 


analysis, 112-128 

coefficients, 116 

defined, 98 

direct, 99 

probability estimate. 127-128 

rational method, 116-119 

stage, 113 


Sabin, absorption coefficients, 716 

Safe Drinking Water Act (SDWA), 17, 


188,217 

SalmoneIla in sludge, 524 

Salt as a water pollutant, 357 

Saltwater intrusion, 401-405, 500 

Salvage, 790 

Sample size, BOD, 389 

Sand drying beds for sludge, 318-319 


INDEX 

Sand filt~r, 228,3.18 

rapid sand filter for wastewater. 431 


Sanitary. See iIIso Landfill 

seal, well, 135 

sewage. 9 

sewer. II 


SARA, 31. 855 

Satumtion concentration 


and equilibrium. 210 

oxygen in water, table of. Appendix A 


Scala 

media. 668 


. tympani. 668 

vestibuli, 668 


Scale-up factors, settling tank. 279. 280 

Schulze's equation, 485, 487 

Schultz-Hardy rule, 230 

Scouri~g in sedimentation tank, 269 

Scre~n, well. 134 

Surface water supply, 228 

Scrubber, 60 I 

Secondary air pollutants, 564 

Secondary ambient air quality 


standards, 552, 553 

~econdary clarifier. See Secondary 


settling tank 

Secondary maximum contaminant 


levels (SMCL). 225 

table of, 225 


Secondary settling tank, 438. 460. 

479-482 


denitrification in. 482 

side water depth. table of. 480 

and SVl, 471-472 

trickling filter, 479, 482 


Secondary sludge, 50 I 

Secondary treatment, 423, 437, 449-493 

Second law of thermodynamics, 81- 83 

Second stage digestion. 517-518 

Secular eqUilibrium, 933 

Sediment and reservoirs. 132 

Sedimentation, 266-282. See a/so 


Settling tank 

activated sludge, 479-482 

basin. 228 

grit, 440-441 

Type 1,275,440, 479 

Type II, 275,447,479 

Type III, 275. 479 

zones, 266 


Sediment effect on DO sag, 381. 389 

Seepage spring, 101 

Seepage velocity, 892 


http:228,3.18
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Selective catalytic reduction (SCR), 615 

Selective noncatalytic reduction 


(SNCR),615 

Senescent lakes, 394 

Separation of solid waste, 793 

Septic sewage, 420 

Septic tank and tile field, 426-430 


modifications, 430-434 

Sequencing batch reactor (SBR), 862 

Set-out, set-back pickup of solid waste, 


746, 747 

Settleability of activated sludge, 470 

Settling column, 278 

Settling tank 


baffles, 267 

c1eaning,268,447 

horizontal flow clarifier, 272 


particle trajectory, 273 

pticentage removal, 274 


inlet zon6,266 

outlet zone, 266 

overflow rate, 271 

overflow rates, table of, 281 

primary, wastewater, 438,482 

removal efficiency, 274 

scale-up factors, 279, 280 

scouring, 269 

secondary .... 


activated sludge, 479-481 

side 


Sewage 

domestic, 421, 422 

farms, 497 

flow, 9-1 I 

industrial, 398,421-426 


.lago?~,489 .. 

raw;422 


Sewers 

combined, 11, 356 

sanitary, II 

storm, 11, 355-356 


Shallow absorption fields:-432 

Shockwave. noIse. 677 

Shredding of solid waste, 793 

Sidestream smoke, 571,572 

Side water depth (SWD) 


primary settling tank, 448 

secondary settling tank, 480 


Sieve, U.S. Standard. 287 

Sievert (Sv), 939 

Silica gel, 607 

Sink, pollutant, 578 

Sinusoidal wave, 76 

Site inspection. 895 

sr units, inside back cover 

Slaking, 240 

Sleep interference, noise and, 678 

Slope factor for risk assessment, 828, 


829,836 

Slow rate irrigation, wastewater 


treatment. 498. 499 

Slow sand filter, 283 

Sludge 


age, 462 

blanket, 263 

bulking, 481 

cake, 316, 320,520 

centrifuging, 320 

characteristics of 


wastewater treatment, 501-502 

water treatment, 311-313 


conditioning, 316, 323. 500,518-519 

continuous belt filter press (CBFP), 


321,322,520-521 

dewatering,315~323, 500,519-521 

disposaltegulations, 522-525 

drainage, 319 

drying bed, 318~319, 519-520 

filter backwash, 313 

filterpress,32L 322, 333 


. freeze treatment, 319-320 

handling options, 3 I 6 

hazardous waste, 886 

hopper, settling tank, 267, 447 

incineration, 52] 

lagoon, 317-318 

management, 311-324 

mass balance, 313-3 15 

minimization,31!, 315 

pressure plate filters, 321-322 

primary, 501 

production, 312-313,475-476 

raw, 501 

reduction, 500, 521 


regulations, 522.-::-525 -

retention time (SRT), 462 

return, 460: 471-475 

rising, 482 

sand drying beds, 318-319 

stabilization, 500, 514-518 

storage, settling tank. 267 

thickening, 315. 317, 500, 508-514 

treatment, 315-324, 500-512 

ultimate disposal, 324, 521-522, 


774 

- vacuum filtration, 320. 520 


.volume 

coagulation, 313 

reduction, 316 

softening, 312 


.. wasting, 462, 469 

water treatment plant, 31 I 


Sludge voi'ume index (SYI), 471 

Small quantity generator (SQG) of 


hazardous waste. 846 

Smog, 562 


photochemical, 562 

Smoking and air pollution, 556, 559, 


568,570-572 

Soda ash (soda), 240 


purity, 246 

Sodium carbonate, 240 

Sodillm in drinking water. 215 

Softening 


advanced concepts, 247-255 

and alkalinity, 237, 240 

and bicarbonate, 237, 240 

calculations flowchart, 244 

and carb.onate, 240, 241 

and carbonate hardness (CH), 237 

and carbon dioxide, 241, 247-249 

cases. 253-254 

chemistry, 240-242 

floc,257 

and hardness, 235-236 

ion exchange, 255-257 

lime-soda, 240-255 

mixing, 259 

and noncarbonate hardness (NCH), 


237 

and pH, 241 

plant, 228 

to practical limits, 249 

process, 228, 242-243 

reactions, 240-242 

and split treatment, 251 

sludge, 312-3 I 3 




Soil erosion as a water pollutant, 
356,357 


Soil percolation test, 428 

Solid bowl centrifuge, 320 

Solidification of hazardous waste, 886 

Solids 


computations, 502-508 

dissolved. 192, 357 

flux, 51 I 

settleable, 422 

suspended,192,357,422,465 


Solids retention time (SRT), 462 

Solid waste 


characteristics, 738-740 

collection, 741-758 

collection cost, 753-755 

compaction density, 738 

COmpaction ratio, 776 

compo~ition, 741 

costs, 742 

defined, 738 

density, 738 

disposalalternati ves,7 44 

energy recovery, 744 

generation, 737 

heating value, 740, 783 

incineration, 783-787 

landfill,762-783 
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recovery, 877 

Sonic booms, 677 

Sorption capacity, 890 

Sound 


aflalyzer,660 

c?~tinuous, 664 

directi"ity, 691 


.. 	 eqlliyalenten~rgy,681 


frequency, 655 

irnpact, 664 

impulse, 664, 665 

intensity (1), 656 


intermittent. 664 

level 


adding, 659 

averaging, 664 

defined, 657 

intensity, 657 

power, 657 

pressure, 658 

relative, 658 


octave bands, 662-663 

power(W), 656 

pressure, 657 

scale of, 658 

speed of, 655 

and stability, 693 

steady-state, 664 

transmission, 690-698 

waves, 654 

weighting network, 660-662 . 


Source separation, solid waste, 790 

Specific activity, 931 

Specific gravity, 191 


of microorganisms, 449 

of sludge, 502 


Specific heat, 72 

Specific weight of water, 191 


table of, Appendix A . 

Specific yield of aquifer, 138 

Speech interference level (SIL), 676 

Speechjnterference, noise and, 675-676 

Speed ofSound(c), 655, 656, 657 

;Splittreatl1lent,25 

Spraychal11ber,60 I 

SpraZ-dry~r~Cm, 614 

Spring,graVity, 101 

Stability of atmosphere, 582-585 


algorithm, 594 

categories, table of, 594 

and dispersion of air pol1utants, 590 

andnoise,693 


Stabilization of 

hazardous waste, 886 

sludge, 500, 514-'-518 

wastewater sludge, 514-519 


Staff gage, 113 

Stage, 113 

Staged combustion, 614,615 

Stagnation point, 900 

Standard Methods for the Examination 


of Water and Wastewater, 368 

State implementation plans (SIPs), 22 

Static mixers, 259, 263 

Static water table, 100 
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Stationary phase! Jog growth curve, 456 

Statute, 15 

Steady state' 


defined,S3 

drawdown, 143-146 

and mass balance. 53 

noise, 664 

time of concentration, 117 

transmissivity, 149 


Steam stripping of hazardous waste, 869 

Stenothermophiles, 451 

Sterilization, 294 

:Stilling well, 113, 114 

Stoichiometric, defined. 193 

Stokes law, 277 

Stoma, plant, 555 

Storage coefficient 


confined aquifer, 138 

defined, 138 

unconfined aquifer, 138 


Storage containers, solid waste, 743 

Storage reservoir, 6 

Storm sewer, 11, 46 

Storm sewer, design frequency, 127-128 

Stormwater, 11, 355 

Stratification of lakes, 391-392 


~ 	 Streamflow, 113 

Stream gages, 113 

Streamline flow and noise, 712 

Streams Investigation Station, 18 

Streeter-Phelps equation, 374. 380 

Stripping, 204 

Strong acids, 201 

Subadiabatic lapse rate. 583 

Substr.ate, waste as a, 451, 452 

Subtitle Cof RCRA, 841 

Subtitle Dof RCRA, 763, 769, 780 

Sulfate 


and acid rain, 566 

in drinking water, 215 

as an electron acceptor, 454 


Sulfur oxides 

and acid rain, 12 

from combustion, 565-566 

control of, 613-614 

effects on health, 560 

effects on materials, 554 

effects on plants, 556 

and electrostatic precipitators, 626 

and hazardous waste, 877 

and indoor air pollution, 568 

origin and fate of, 565-567 

standard,552 
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Superadiabatic lapse rate. 583 

Superfund, 29, 30 

Superfund Amendments and 


Reauthorization Act (SARA), 
31, 855 


Supersaturated solution, 199 

Support media, filter, 285 

Surface loading rate, 271 

Surface runoff, 98 

Surface water, 6 

Surface water treatment plant, 228 

Surface water treatment rule (SWTR), 


224,296 

Surrogate POHC, 883 

Susceptible population, 556 

Suspended growth process, 459 

Suspended solids (SS), 192 


and biomass, 465 

digester supernatant 518 

filtration, 494 

removal efficiency, 494 

residual, 494 

as a water pollutant, 357 


Sustainability, 14, 155, 31 L 315,420, 

580,633 


Synergism,556 

Synthetic organic chemicals (SOCs). 307 

Systems approach, 5 


673 

Terminal electron acceptor, 451 

Terminal head loss. 286 

Terminal settling velocity (vs) 


calculation of, 276-277 

and electrostatic precipitator, 624 

~ridparticledeposition in lung, 558 


Terti~ry. 
p0l1ds,489 

sludge, 501 

treatment, 437-438,493-497 


Theis equation, 146 


Theoretical detention time' (~), See 
Detention time: Retention time 

Theoretical oxygen demand (ThOD), 
360-361 


Thermal units of energy, 71-73 

Thermocline in lakes, 391, 392 

Thermophiles. 451 . 

Thickener design. 511-513 

Thickening. sludge. 317, 508-5 J4 

Thorium series, 933 

Three-way catalyst (TWC), 632 

Threshold dose, radiation, 941 

Threshold planning quantity (TPQ), 855 

Threshold shirt. hearing, 671-673 

Tile fields, table of application rates, 429 

Time, to critical point in DO sag (te), 382 

Time of concentration (tc), 117, 125 

Times Beach, Missouri, 815 

Tipping bucket, rain gage, 107 

Tissue weighting factor, 939 

Title III of SARA, 855 

Total coliforms, 224 


analytical I methods, 225 

Total dissolved solids (TDS), 357 

Total exposure assessment methodology 


(TEAM). 569 

Total hardness (TH). 237 

Total Kjeldahl nitrogen (TKN) 


in digester supernatant, 518 

in wastewater. 421. 422 


Totalmaximum daily load (TMDL), 

359-360 


Total organic carbon (JOC), 223 

Total suspendedparti culates. (TSP), 


553,560 

Totaltrihalornethanes (TTHM), 222 

Tower, absorption, 60 I 

Toxichazardous waste, 838 

Toxic inorganic substances 


in drinki ngwater, 215 

as water pollutant, 357-358 


Toxicity 

and carcinogens, 825, 826 

characteristic leaching procedure 


(TCLP),886 

and dose, 823-825 

and IRIS, 828,829,830 

and LDso, 824 

linearized multistage model, 828 

multistage model, 828 

and NOAEL, 825 

and non-carcinogens, 829,830 

one-hit model. 827 


"reference concentration (RfCj. 829 

reference dose (RtD). 829. 830 

slope" factor;;, 828, 829. 830 


Toxic organic substances in drinking 

, water, 215 


as water pollutant. 357-358 

Toxic Release Inventory (TRI), 855 

Toxic Substances Control Act (TSCA), 


·29, 31. 885 

Traffic noise model (TNM). 699 

Traffic noise prediction. 699-709 


. Transfer station for solid waste, 743, 

758. 760 


Transient flow in aquifer. 143. 146-] 49 

_ Transient Non-Community Water System 


(TNCWS). 188 

Transmission 


airborne, of noise, 690-698 

loss. nnise. 718 

path -and noise controL 715-7]9 

works, water, 6 


Transmissivity, 142 

Transpiration. 98 

Transportation noise, 683-685 

Transporter regulations, hazardous 


, waste. 846-848 

Transuranic radioactive waste. 961 

Trapping, precipitation. 99 

Trash. 738 

Traveling media filter for sludge, 32\. 


520-521 

Treatment. storage or disposal (TSD). 


848-850 

Treatment ponds for wastewater. 489-491 

Treatment works, 6 

Trench method. landfill. 766 

Tria! burn, 879 

Trichloramine. 299 

Trickling filter. 449, 482-488 


media, 484 

two stage, 486 


Trihalornethanes (THMs), 222 

precursors, 307 

total (TTHMS). 222 


Tritium, 933 

Truck, solid waste collection 


·capacity, 749 

cost, 748, 753-755 

routing, 755-758 


TSD, 848-850 

TT.217 

Turbidity, 192,213-214 


limits, 224 




Turbidity unit (Ttl), 192, 214 

Turbulence, atmospheric 


mechanical, 582 

thermal, 582 

stability, 582 


Turnover in lakes, 391, 392 

Two-film model, 210 

Tympanic membrane, in car, 666 

Tyndall effect, 192 

Type I, II and III settling, See Sedimen


tation 

Typhoid in water. 189.357 


Ultimate BOD (La), 363 

Ultimate disposal of sludge, 324, 


521-522 

Ultimate nitrogenous BOD (L,,), 389 

Ultrafiltration (UF), 310 

Ultraviolet radiation 


and disinfection. 303-307 

dose for disinfection, 305 

and Ozone depletion, 574 


Unconfined aquifer, 99, 100 

Uncontrolled release, 40 I 

Underground storage tanks (UST). 


850.-851,893 

Uniform hazardous waste manifest, 


846,847 


hydrologic, 103 

noise, 655,657-658 

radiation, 927, 931, 938, 939 

SI, insideback cover 

wastewater. See Water 

\v~ter,i91, 193, 266 


y:niyer~algas.c(jHstant,548 

Universaltreatment standards (UTS), 850 

Universal waste regulations, 844 

Unsteady flow in aquifer, 146 

Upcoming, 404 


Upflow ~Iarifier, 271 

Upflow solids-contact. 263 

Upper respiratory tract (URT), 558 

Uranium series, 933 

Urban runoff, 116,355 

Urea-formaldehyde foam insulation 


(UFFI),570 

U.S. Code, 15 

U.S. Environmental Protection Agency 

(USEPA),ll 
U.S. Geological Survey (USGS), 358 

U.S. Public Health Service, 16, 29 

U.S. Standard Sieve Series, 287 

UST, 850-851, 893 

U.S. Weather Bureau standard rain 


gage, 107 


Vacuum filter for sludge, 320 

Vadose zone,· 100 

Valley effect on meteorology, 588 

Vault, radioactive waste storage, 


969-971 

Vault toilet, 435 

Vectors, 524 

Velocity controlled grit chamber, 440 

Velocity gradient (G), 257 

Velocity of absorption zone, 610 

Vent, well, 135 

Venturi scrubber, 621-623 

Vertical dispersion coefficient, 593 

Vertical shaftmixer. 258 

Vibration isolation,. noise, 714 

VisCosity,J91-192 


ofair, table of, Appendix A 

anqmixirig,·257 

and rapid sand filtration, 291, 292 

and Reynolds number, 278 

andwater, table of, Appendix A 


Volatile. acids, 454, 515 

Volatile organic chemicals (VOCs), 249, 


569,894 

Volatile suspended solids (VSS), 


defined, 465 


Walsh-Healy Public Contracts Act, 25 

Wash troughs, filter, 285, 286 

Waste 


hazardous, characteristics of, 

838-841 


radioactive, 953 

solid, characteristics of, 738-741 


Waste activated sludge (WAS), 462 

Waste audit, 856-859 
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.Waste decomQQsitionand products, 

table of, 771, 


Waste exchange, 859 

Waste minimization and 


air pollution, 633 

hazardous waste, 856-860 

multimedia systems, 13 


~ radioactive waste, 963-965 

sludge production, 315 

solid waste, 745, 783-796 

water conservation, 155 

water pollution, 356, 398 


Waste stabilization pond, 489 

Waste to energy, 783-787 

Wastewater 


characteristics, 420-423 

disinfection, 460, 482, 493 

equalization basins, 438, 442-447 

flow, 10 

industrial, 398, 421-426 

management. 8 

microbiology, 449-459 

sludge, 500-502 

treatment standards, 423 


Wastewater treatment plant (WWTP), 

9,58 


Wasting 

activated sludge, 462 

and food to microorganism ratio, 469 


Water 

chemical characteristics, 214-216 

degree of ionization, 20 I 

microbial characteristics. 216 

physical characteristics, 213-2 14 

physical properties of, 191 192 

. tables of, Appendix A 


raw, 227 

Waterborne disease 


and disinfection, 189 

outbreaks, table of, J90 

typhoid, 189 


Water chemistry, 191-212 

Water consumption, 7-9 

Water demand, 6-8 

Water Environment Federation 


(WEF),479 

Water filtration plant, 6 

Water for People, 189 

Water mains, 6 

Water Pollution Control Act, 19 

Water pressure, 6 

Water price, 7 

Water quality, drinking, 213-217 
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Water Quality Act, 19 

Water quality goals, 225-226 

Water quality management 


in estuaries, 400 

groundwater, 401-405 

in lakes, 391-400 

legislation, 16-22 

in rivers, 359-391 


Water quality standards 

contaminants, 217-226 

maximum contaminant level, tables 


of,218-221 

Water resource management, 5 

Watershed, 6, 99 

Water softening plant, 228 

Water supply, 5 

Water systems, community, 188 

Water table 


aquifer, 100 

perched, 100,101 

weIl,JOO 


Watertower, 6 

Wate:rtre:atrnent Systems, 6 


sludge,3!1 

waste management, 311-324 


Water use,? 

wavel~ngth, 77, 655, 929 


Weighingbuc!2et, 107 

Weighting network, 660--662 

Weight percent, 193 

Weir 


arrangements, 270 

grit chamber, 440 

loading rates (overflow rates), 269, 


448,480 

plate, 113,115 

settling tank, 269,447,479 

stream gaging, 113, 115 


Well 

artesian, 100 

casing, 134,135 

cement grout, 135 

cone-of-depression, '136-137 

disinfection of, 136 

drawdown, 136,-137, 144-149 

flowing artesian, 100 

hydraulics, 142-154 

injection of hazardous waste, 887 

interference, 153-154 

non-flowing artesian, 100 

piezometric surface, 100, 102 . 

pumphouse, 134, 136 

radius of influence, 136, 137 

sant tary construction" 135 

screen, 134 

seal, 135 

static water table, 100 

system for contaminated groundwater, 


898 


vent, 135 " 

for water supply, 133 

water table, 100 


Well function ofu (W(u», 146 

table of. 147-148 


Wet air oxidation, 865 

. Wind speed and pressure, 581 


variability with height, 594 

WIPP,962 

Works, defined, 6 


X-rays 

defined, 929 

exposure, 952 

production, 935 

tube, 935-936 


Yard ';yaste, 738, 741 

Yield coefficient. 459. 465-467 


observed. 476 

Yucca Mountain. 961 


Zeolites, 607, 615 

Zinc in drinking water, 215 

Zone of saturation, 99 


,Zone settling. 275 

Zones in lakes. 393 

Zones in settling tank. 266 

Zoning and noise, 687 


, , 

:1 


