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Introduction

A HISTORICAL PERSPECTIVE

The human search for pure water supplies must have begun in prehistoric times. Much
of that earliest activity is subject to speculation. Some individuals may have conveyed
water through trenches dug in the earth. They may have used a hollow log as the first
water pipe. Thousands of years probably passed before our more recent ancestors
learned to build cities and enjoy the convenience of water piped into houses and wastes
carried away by water. Our earliest archeological records of central water supply and
wastewater disposal date back about 5000 years, to the city of Nippur, in Sumeria. In the
ruins of Nippur there is an arched drain, each stone being a wedge tapering downward
into place [1]. Water was drawn from wells and cisterns. An extensive system of drainage
conveyed the wastes from the palaces and residential districts of the city.

The earliest recorded knowledge of water treatment is in Sanskrit medical lore
and Egyptian wall inscriptions [2]. Sanskrit writings dating to about 2000 B.C. tell how
to purify foul water by boiling it in copper vessels, exposing it to sunlight, filtering it
through charcoal, and cooling it in an earthen vessel.

Nothing is written about water treatment in the biblical sanitary and hygienic
code of the early Hebrews, although three incidents may be cited as examples of the
importance of fresh water. At Morah, Moses is said to have sweetened bitter waters by
casting into them a tree shown him by God [3]. When the Israelites were wandering in
the wilderness, the Lord commanded Moses to bring forth water by smiting a rock [4].
At a much later date, Elisha is said to have “healed unto this day” the spring water of
Jericho by casting “salt” into it [5].

The earliest known apparatus for clarifying liquids was pictured on Egyptian
walls in the fifteenth and thirteenth centuries B.C. The first picture, in a tomb of the
reign of Amenhotep I (1447-1420 B.C.), represents the siphoning of either water or
settled wine. A second picture, in the tomb of Rameses II (1300-1223 B.C.), shows the
use of wick siphons in an Egyptian kitchen.

From Water Supply & Pollution Control, Eighth Edition. Warren Viessman, Jr., Mark J. Hammer,
Elizabeth M. Perez, Paul A. Chadik. Copyright © 2009 by Pearson Education, Inc. Published
by Prentice Hall. All rights reserved.



Introduction

The first engineering report on water supply and treatment was written in A.D. 98
by Sextus Julius Frontinus, water commissioner of Rome. He produced two books on the
water supply of Rome. In these, he described a settling reservoir at the head of one of the
aqueducts and pebble catchers built into most of the aqueducts. His writings were first
translated into English by the noted hydraulic engineer Clemens Herschel in 1899 [2].

In the eighth century A.D., an Arabian alchemist named Geber wrote a treatise on
distillation that included various stills for water and other liquids. In the seventeenth
century, the English philosopher Sir Francis Bacon wrote of his experiments on the
purification of water by filtration, boiling, distillation, and clarification by coagulation.
This work was published in 1627, one year after his death. Bacon also noted that clari-
fying water tends to improve health and increase the “pleasure of the eye.”

The first known illustrated description of sand filters was published in 1685 by
Luc Antonio Porzio, an Italian physician. He wrote a book on conserving the health of
soldiers in camps based on his experience in the Austro-Turkish War. This was proba-
bly the earliest published work on mass sanitation. Porzio described and illustrated the
use of sand filters and sedimentation. He also stated that his filtration method was the
same as that of “those who built the Wells in the Palace of the Doges in Venice and in
the Palace of Cardinal Sachette, at Rome” [2].

The oldest known archeological examples of water filtration are in Venice and
the colonies it ruled. The ornate heads on the cisterns bear dates, but it is not known
when the filters were placed. Venice, built on a series of islands, depended on catching
and storing rainwater for its principal freshwater supply for over 1300 years. Cisterns
were built and many were connected with sand filters. The rainwater ran off the house
tops to the streets, where it was collected in stone-grated catch basins and then filtered
through sand into cisterns.

A comprehensive article on the water supply of Venice appeared in the Practical
Mechanics Journal in 1863 [6]. The land area of Venice was 12.85 acres and the average
yearly rainfall was 32 inches. Nearly all of this rainfall was collected in 177 public and
1900 private cisterns. These cisterns provided a daily average supply of about 4.2 gallons
per capita per day (gpcd). This low consumption was due in part to the absence of sew-
ers, the practice of washing clothes in the lagoon, and the universal drinking of wine. The
article explained in detail the construction of the cisterns. The cisterns were usually 10 to
12 feet deep. The earth was first excavated to the shape of a truncated inverted pyramid.
Well-puddled clay was placed against the sides of the pit. A flat stone was placed in the
bottom, and a cylinder was built in the center from brick laid with open joints. The space
between the clay walls and the central brick cylinder was filled with sand. The stone sur-
faces of the courtyards were sloped toward the cistern, where perforated stone blocks
collected the water at the lowest point and discharged it to the filter sand. This water
was always fresh and cool, with a temperature of about 52°F. These cisterns continued to
be the principal water supply of Venice until about the sixteenth century.

Many experiments on water filtration were conducted in the eighteenth and
nineteenth centuries in England, France, Germany, and Russia. Henry Darcy patented
filters in France and England in 1856, anticipating all aspects of the American rapid-
sand filter except for coagulation. He appears to have been the first to apply the laws
of hydraulics to filter design [7]. The first filter to supply water to a whole town was
completed at Paisley, Scotland, in 1804, but this water was carted to consumers [2]. Fil-
tered water was first piped to consumers in 1807 in Glasgow, Scotland [8].
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In the United States, where turbidity was not as urgent a problem as it was in
Europe, little attention was given to water treatment until after the Civil War. The first
filters were of the slow-sand type, similar to British design. Around 1890, rapid-sand fil-
ters were developed in the United States, and coagulants were later introduced to
increase their efficiency. These filters soon evolved into our present rapid-sand filters.

The drains and sewers of Nippur and Rome are among the great structures of
antiquity. These drains were intended primarily to carry away runoff from storms and
to flush streets. There are specific instances where direct connections were made to pri-
vate homes and palaces, but these were the exceptions, for most of the houses did not
have such connections. The need for regular cleansing of the city and flushing of the
sewers was well recognized by commissioner Frontinus of Rome, as indicated in his
statement, “I desire that nobody shall conduct away any excess water without having
received my permission or that of my representatives, for it is necessary that a part of
the supply flowing from the water-castles shall be utilized not only for cleaning our city,
but also for flushing the sewers.”

It is astonishing to note that from the days of Frontinus to the middle of the nine-
teenth century there was no marked progress in sewerage. In 1842, after a fire
destroyed the old section of the city of Hamburg, Germany, it was decided to rebuild it
according to modern ideas of convenience. The work was entrusted to an English engi-
neer, W. Lindley, who was far ahead of his time. He designed an excellent collection
system that included many of the ideas now in use. Unfortunately, the ideas of Lindley
and their influence on public health were not then widely recognized.

The history of the progress of sanitation in London probably offers a more
typical picture of what took place in the middle of the nineteenth century. In 1847,
following an outbreak of cholera in India that had begun to work westward, a royal
commission was appointed to look into London’s sanitary conditions. This royal
commission found that one of the major obstacles was the political structure, espe-
cially the lack of a central authority. The city of London was only a small part of the
metropolitan area, comprising approximately 9.5% of the land area and less than
6% of the total population of approximately 2.5 million. This lack of a central
authority made the execution of sewerage works all but impossible. The existing
sewers were at different elevations, and in some instances the wastes would have
had to flow uphill. In 1848, Parliament followed the advice of this commission and
created the Metropolitan Commission of Sewers. That body and its successors pro-
duced reports that clearly showed the need for extensive sewerage works and other
sanitary conditions [9]. Cholera appeared in London during the summer of 1848,
and 14,600 deaths were recorded during 1849. In 1854, cholera killed 10,675 people
in London. The connection was established between a contaminated water supply
and the spread of the disease, and it was determined that the absence of effective
sewerage was a major hindrance in combating the problem.

In 1855, Parliament passed an act “for the better local management of the
metropolis,” thereby providing the basis for the subsequent work of the Metropolitan
Commission of Sewers, which soon after undertook the development of an adequate
sewerage system. It is notable that the sewerage system of London, like that of Paris,
was a result of the cholera epidemic.

Due to the concerns over disease, human excrement was discharged into the
existing storm sewers and additional collection systems were installed. These measures
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removed wastes from the more inhabited areas of cities and also created the combined
sewers of many older metropolitan areas. These storm drains had been constructed to
discharge into the nearest watercourse. The addition of wastes to the small streams
overtaxed the receiving capacities of the waters, and many of them were covered and
converted into sewers. Much of the material was carried away from the point of entry
into the drains, which in turn overtaxed the receiving waters. First the smaller and then
the larger bodies of water began to ferment, creating a general health problem, espe-
cially during dry, hot weather.

The work on storm drainage in the United States closely paralleled that in
Europe, especially England. Some difficulty was experienced because of the differ-
ences between rainfall patterns in the United States and England. Rains in England
are more frequent but less intense. In the United States, storm drains must usually be
larger for the same topographical conditions.

A CURRENT GLOBAL ISSUE

The enormous demands being placed on water supply and wastewater facilities have
necessitated the development and implementation of far broader concepts, manage-
ment scenarios, and technologies than those envisioned only a few years ago. Environ-
mental engineers must address water as part of a complex natural system that is subject
to both microscopic and planetary dynamics. This system is made up not only of com-
plex chemical and physical realities but also of biological ones. The standards for water
quality have increased significantly concurrent with a marked decrease in raw-water
quality. Evidence of water supply contamination by toxic and hazardous materials has
become common and worry over broad water-related environmental issues has height-
ened. As human populations throughout the world multiply at an alarming rate, envi-
ronmental control becomes a critical factor. Many European and Asian nations have
reached or exceeded the maximum populations their lands can comfortably support.
These nations must now find innovative ways to provide for more people than their
lands can conveniently support. Furthermore, scientists and engineers throughout the
world are facing the realities of global climate change and working with the social, eco-
nomic, and political complexities of the problem. To compound this issue, political and
social unrest throughout the world has made water supply an urgent security issue. The
lesson is that populations increase, but natural resources do not. Consequently, the use,
management, and control of these resources must be sustainable.

A LOOK TO THE FUTURE

The physical and dynamic nature of our natural world demands that the engineers and
scientists of tomorrow excel not only technically, but also in their ability to see beyond
the political, social, legal, and economic constraints of the problems they will face.
Tomorrow’s technical leaders must shape the policies that will ultimately prescribe the
types of solutions that will be accepted by society and that will effectively address the
world’s water needs. Imaginative and creative engineers who can perceive, address, and
communicate issues related to the natural world are needed. These experts must set
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forth and assess viable alternatives and understand the differences between what is
realistic to implement and what is not. The future of this “one world” rests upon the
decisions that environmental scientists, engineers, and others will contribute to and on
the actions that will flow from these decisions. These environmental engineers and sci-
entists are embarking on an important mission, a mission that will shape life for future
generations.
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Water Resources Planning
and Management

Water resources planning and management are multidimensional and dynamic endeav-
ors. They must be conducted within the constraints of technology, social goals, laws and
regulations, political viewpoints, environmental concerns, and economic realities. To be
effective, those responsible for water planning and management must recognize and take
advantage of interconnections between surface and groundwater; exploit the potential
for coordinated use of existing facilities; acknowledge that water quantity and quality are
a single issue; devise new ways to operate old systems; blend structural and nonstructural
approaches; accept that the nature of water resources systems may require regional
rather than local solutions to problems; and provide equity, as far as possible, if not on a
monetary basis at least on a service basis, to all those affected. In concept, water planning
and management is simple; the trouble is that the boundaries of the physical systems that
must be dealt with often differ markedly from the political boundaries that affect how
water is used and developed. Furthermore, many historical, social, legal, and political fac-
tors have been narrowly focused and constrain, if not preclude, good water management.

ENVIRONMENTAL REGULATION AND PROTECTION

In the early twentieth century in the United States, the major focus was on constructing
dams, waterways, water treatment plants, and wastewater treatment facilities. Irrigation
works helped settle the West. Improvements to waterways encouraged commerce and
industry in populous areas of the East, South, and Midwest. Municipal water and
wastewater systems provided the basis for increasing urbanization and industrial
growth in many localities. Now, however, most of the nation’s rivers have been sub-
jected to engineering controls, and many old water policies are no longer valid. Fur-
thermore, numerous facilities constructed in the past are reaching the end of their
design lives, and the question of how to rehabilitate them is now urgent.
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The maturity of our water infrastructure suggests that good management prac-
tices should be followed in correcting deficiencies and making improvements. Broad
issues rather than the local interests that historically have been satisfied on a project-
by-project basis are moving to the forefront. A transition is under way. The question is
whether this new outlook can hurdle the barriers created over the years while effec-
tively dealing with the newer complexities.

Water pollution legislation originated in 1886 when Congress passed a bill for-
bidding the dumping of impediments to navigation into New York Harbor. In 1899,
Congress passed the Rivers and Harbors Act, which prohibited depositing solid wastes
into navigable waters. These early concerns with water pollution were strictly in the
interests of navigation. The Public Health Service Act of 1912 included a section on
waterborne diseases, and the Qil Pollution Act of 1924 was designed to prevent oil dis-
charges from vessels into coastal waters; such discharges could damage aquatic life.
This act gave pollution enforcement authority to the federal government if local efforts
failed, and it included a provision for matching grants for waste-treatment facilities.
Policy was strengthened with the Water Quality Act of 1965, which set water quality
standards for interstate waters.

In 1966 attention to water quality heightened, owing to the efforts of President
Johnson. It was his position that entire river basins rather than localities should be
considered in pollution control efforts. He proposed a “clean rivers demonstration
program” in which the federal government would provide funds to interstate and
regional water pollution control authorities on a first-ready, first-served basis. Those
participating in the program would be required to have permanent water quality plan-
ning organizations, water quality standards, and implementation plans in effect for all
waters of the designated basin.

The Clean Rivers Restoration Act of 1966 provided for a substantial increase in
the level of funding appropriated for the construction of wastewater treatment facili-
ties. Due to the Vietnam War, however, the construction grant program was not funded
at the levels authorized.

After the Nixon administration took office in 1969, Congress prodded it to take
action in the areas of water pollution control and environmental policy. This prodding
was supported by the strong, and growing, environmental movement of the late 1960s.
By 1970 the Nixon administration became convinced that there was a need for a mas-
sive federal investment in sewage treatment plant construction. In his February 1970
message on environmental quality, President Nixon proposed a four-year, $10-billion
program of state, federal, and local investment in wastewater treatment facilities. The
federal share of this investment was to be $1 billion per year. While this amount lagged
behind actual authorized funding levels and was less than many environmental advo-
cates desired, it was much more than any previous presidential request [1].

The intended result of congressional passage of pollution control laws was for the
EPA and the states to issue enforceable regulations to improve the quality of the
nation’s waters. Pollution control programs were generated at every level of govern-
ment to implement regulations, issue permits, inspect regulated facilities, and enforce
established rules. In response, industries and municipalities organized internal pollution
control programs to stay abreast of regulatory requirements, worked with plant person-
nel to attain compliance with regulations, learned about environmental monitoring and
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sampling techniques, and worked with the regulatory agencies to obtain permits. In a
sense, the 1970s was a period of institutionalization of the ideals of the environmental
movement prevalent in the 1960s.

In 1970 the National Environmental Policy Act (NEPA) was passed. The act was
praised by President Nixon, who proclaimed that the three-member Council on Envi-
ronmental Quality (CEQ) would be a great asset in keeping the President informed on
important environmental issues. The Nixon administration promptly put the provisions
of NEPA into effect. NEPA was significant in that it required the federal government to
report on environmental impacts related to its activities. On March 5, 1970, the President
issued an executive order instructing all federal agencies to report on possible variances
of their authorities and policies with NEPA’s purposes. Then on April 30, 1970, the CEQ
issued interim guidelines for the preparation of environmental impact statements.

In December 1970, as an outgrowth of the administration’s environmental inter-
ests, a new independent body, the Environmental Protection Agency (EPA), was created.
This organization assumed the functions of several existing agencies in matters of envi-
ronmental management. It brought together under one roof all of the pollution-control
programs related to water, air, solid wastes, pesticides, and radiation. The EPA was seen
by the administration as the most effective way of recognizing that the environment
should be considered as a single, interrelated system. It is noteworthy, however, that the
creation of the EPA made the separation of water quality programs from other water
programs even more pronounced.

Even with the enactment of NEPA, it was clear that a comprehensive response to
water pollution issues was still lacking. During Congressional hearings in 1971 it became
evident that, relative to the construction grants program, the program was underfunded.
To rectify this situation, Congress passed the Water Pollution Control Act Amendments
of 1972 (P.L. 92-500). Responding to public demand for cleaner water, the law ended
two years of intense debate, negotiation, and compromise and resulted in the most
assertive step in the history of national water pollution control activities.

The act departed in several ways from previous water pollution control legisla-
tion. It expanded the federal role in water-pollution control, increased the level of
federal funding for construction of publicly owned waste treatment works, elevated
planning to a new level of significance, opened new avenues for public participation,
and created a regulatory mechanism requiring uniform technology-based effluent
standards together with a national permit system for all point-source dischargers as
the means of enforcement.

In the strategy for implementation, Congress stated requirements for achieving
specific goals and objectives within specified time frames. The objective of the act was
to restore and maintain the chemical, physical, and biological integrity of the nation’s
waters. Two goals and eight policies were articulated:

Goals

1. To reach, wherever attainable, a water quality that provides for the protection
and propagation of fish, shellfish, and wildlife and for recreation in and on the
water.

2. To eliminate the discharge of pollutants into navigable waters.
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Policies

1. To prohibit the discharge of pollutants in toxic amounts.

2. To provide federal financial assistance for construction of publicly owned treat-
ment works.

3. To develop and implement area-wide waste treatment management planning.

4. To mount a major research and demonstration effort in wastewater treatment
technology.

5. To recognize, preserve, and protect the primary responsibilities and roles of the
states to prevent, reduce, and eliminate pollution.

6. To ensure, where possible, that foreign nations act to prevent, reduce, and elimi-
nate pollution in international waters.

7. To provide for, encourage, and assist public participation in executing the Act.

8. To pursue procedures that dramatically diminishes paperwork and prevents
needless duplication and unnecessary delays at all levels of government.

The act provided for achievement of its goals and objectives in phases, with
accompanying requirements and deadlines. It was intended to be more than a mandate
for point-source discharge control: it embodied an entirely new approach to the tradi-
tional way Americans had managed their water resources.

The 1972 amendments recognized the importance and urgency of the water qual-
ity management problem. The National League of Cities and the U.S. Conference of
Mayors estimated, for example, that a financial commitment of from $33 billion to $37
billion would be needed for water pollution control programs during the rest of the
1970s [2]. The 1972 act committed the federal government to covering 75% of the costs
associated with the construction of wastewater treatment facilities and authorized $18
billion of contract authority.

After passage of Public Law 92-500, there was a transition from researching the
water pollution problem to implementing solutions [3]. For example, Section 101 of the
act states goals for fishable and swimmable waters and the prohibition of toxic dis-
charges. These goals required that programs be implemented to reverse the threats
that scientists had identified. The 1972 Clean Water Act provided the framework for a
concerted effort to control water pollution. Contract authority to construct treatment
facilities combined with meaningful enforcement procedures set in motion a policy to
reverse the water-quality-degrading practices of the past.

Not long after passage of the 1972 Clean Water Act, the Safe Drinking Water Act
(SDWA) was passed (December 16, 1974). The purpose of that legislation was to ensure
that water supply systems serving the public would meet minimum standards for the pro-
tection of public health. The act was designed to achieve uniform safety and quality of
drinking water in the United States by identifying contaminants and establishing maxi-
mum acceptable levels. Before the SDWA it was possible to prescribe federal drinking
water standards only for water supplies used by interstate carriers. After the act was
passed, the EPA established federal standards to control the levels of harmful contami-
nants in drinking water supplied by all public water systems. It also established a joint

11
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federal-state system for ensuring compliance with these standards, with the following
major provisions:

1. Establishment of primary regulations for the protection of the public health.

2. Establishment of secondary regulations related to taste, odor, and appearance of
drinking water.

3. Establishment of regulations to protect underground drinking water sources by
the control of surface injection.

4. Initiation of research on health, economic, and technological problems related to
drinking water supplies.

5. Initiation of a survey of rural water supplies.

6. Allocation of funds to states for improving their drinking water programs
through technical assistance, training of personnel, and grant support.

In 1977, in response to an obvious need to address deficiencies in the 1972 act, the
Clean Water Act was revised. The salient points of the 1977 act included the following:

1. States were specifically mandated primacy over water quality and water use
issues.

2. Municipalities were given evidence of a federal commitment in the form of con-
struction grants and training assistance.

3. The public received assurances of the importance of water quality in the form of
effective enforcement and incentive provisions for governments and industries to
achieve the goal of fishable and swimmable waters.

4. Industry received the necessary extensions of compliance deadlines under the
effluent discharge limitations provision.

5. Environmental groups witnessed the incorporation of a Resource Defense Coun-
cil/EPA consent decree into the law that established toxic effluent standards and
set forth a comprehensible process to implement effluent limitations [4].

In 1986, the Safe Drinking Water Act of 1974 was amended [5]. The principal
changes were focused on groundwater protection. A wellhead protection program was
established. The program provides that states undertaking wellhead protection efforts
are eligible to receive federal grants to aid them in these endeavors. The EPA guide-
lines for wellhead protection are unique in that they allow regional flexibility rather
than prescribe uniform national standards. The act also provides for sole-source
aquifer protection. The objective is to protect from contamination recharge areas that
are primary sources of drinking water. Drinking water standards apply to these areas,
and underground injection of effluent is regulated. Enforcement provisions of the act
are strong, and in 1987 the first criminal conviction under the act was obtained [6]. The
act was again amended in 1996. The changes focused water program spending on the
contaminants that pose the greatest risk to human health and that are most likely to
occur in a specified water system. Rather than focusing on certain contaminants, the
law gives the EPA more authority to determine which contaminants to regulate. The
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amendments require that the best available scientific information and objective prac-
tices be used when proposing drinking water standards and they require that the EPA
and the states begin to emphasize protection of source waters.

The Clean Water Act was reauthorized in 1987 as the Water Quality Act of 1987
[7]. A major feature of the 1987 act was the addition of the goal of controlling nonpoint
sources of pollution. This was the most pronounced federal excursion into this impor-
tant aspect of water-quality management. Agricultural fields, feedlots, and urban areas,
including streets, were addressed. And while mandatory controls were not authorized,
Congress did direct the states to conduct planning studies for developing strategies for
abating water pollution associated with nonpoint sources. A total of $400 million of
federal funds was authorized to be used by the states to implement cleanup programs,
with priority to be given to regulatory programs, innovative practices, and strategies
that deal with groundwater contamination. The 1987 act provided for creation, by the
states, of revolving funds to facilitate low-interest loans to local governments for
sewage treatment improvements. It also provided more options for state and federal
sharing of programs under the National Pollution Discharge Elimination System
(NPDES). The EPA and the states could now divide the categories of discharges regu-
lated within each state.

During the Reagan administration, regulations and regulatory practices were
reviewed to determine whether costs of pollution control could be reduced by modify-
ing the regulatory approach [2]. This led to a debate about the relative merits of water-
quality standards versus technology-based standards. Water-quality standards establish
a designated use for a specified section of a water body, which is then balanced with the
maximum amount of waste the water body can assimilate. Technology-based standards
are effluent limitations based on the levels of pollutant removal that can be achieved
by modern wastewater treatment technology. Since 1972, technology-based standards
had been the keystone of the Clean Water Act.

By law, all waters must have designated “beneficial uses” that must be protected
and met. These uses establish the water-quality criteria that must be considered in pol-
lution control efforts. Using EPA guidelines, states apply a range of chemical, biological,
habitat, and other parameters to establish criteria to protect specific designated uses.
The EPA must approve the water-quality standards that result and the states then apply
them to determine the quality of their waters, consistent with supported uses. In 1990, it
was reported that of 519,000 miles of streams assessed in 1988, 30% did not meet, or
partially did not meet, the standards for their designated uses [4, 8, 9].

Congress initiated the technology-based approach in 1972 because the water-
quality-based approach of the 1960s had failed due to difficulties of enforcement and
the limited availability of data for use in water-quality models. The following argu-
ments were put forth in favor of a technology-based approach:

1. Technology-based standards are easy to enforce. This is important from an insti-
tutional perspective.

2. These standards are the first step toward the ultimate goal of zero discharge of
pollutants to natural waters, as opposed to merely cleaning up waters to suit
human objectives (the basis for water-quality standards).
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3. Knowledge and resources to set water-quality standards for all pollutants and
locations are insufficient. Technology-based standards are an interim approach to
avoiding pollution.

4. Nationwide uniformity in treatment standards minimizes economic dislocations.

5. The approach promotes equity among dischargers. No one should have the right
to discharge more into the environment simply because of geographic location.

The Reagan administration, however, contended that while technology-based
standards had been important in the past to provide impetus for local governments
and industry to clean up pollution from their treatment facilities, the EPA now had the
ability and sophistication to regulate discharged pollutants under water-quality stan-
dards. The administration stated that the Clean Water Act should be amended accord-
ingly and noted the following advantages of water-quality standards [2]:

1. Water-quality standards and the process by which they are adopted inherently
encourage an assessment of costs and benefits, which is absent in the adoption
and application of technology-based standards.

2. These standards foster scientific debate, which accelerates the advancement of
the state of the art in predicting the fate and effect of pollutants.

3. The debate takes place in a local and state arena and heightens awareness on the
part of local government, policy makers, and the public of the importance of
water-pollution control in their communities.

4. The assertion of the primary right and responsibility of states to regulate pollu-
tants is essential to establishing the appropriate balance of power between fed-
eral and state governments.

5. Water-quality-based decisions avoid requiring treatment for treatment’s sake,
which can result from applying technology-based standards [10].

For the present, it appears that technology-based effluent standards will continue
to be the norm, even though they may be economically and socially inefficient [11]. But
someday, a shift to water-quality standards may gain stronger support, particularly as
holistic water management becomes reality.

Despite subsequent efforts to revise it, the Clean Water Act was last amended in
1987. During the 104th Congress, the Republican majority worked with business and
industry lobbyists to write a bill that would ease restrictions on the discharge of a wide
variety of industrial pollutants, but environmentalists and the Clinton administration
opposed this thrust. Many complex issues surround amendment of the act, a particularly
significant one being the control of nonpoint pollution. About two-thirds of all pollution
stems from farms, construction sites, mining, forestry, and urban runoff (nonpoint
sources). Solutions to the nonpoint problem may require tougher regulations on the use
of pesticides and fertilizers, as well as new land use controls to protect watersheds [12].

Another major issue that must be addressed is that of the storage, treatment, and
disposal of the hazardous and toxic wastes generated by our industrial society. Even
though many manufacturers have reduced their use of hazardous and toxic materials,
the volume of such wastes continues to increase. According to one source, the cleanup
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of all civilian and military hazardous waste sites could cost over $750 billion over the
next 30 years [13].

It appears that the American public is strongly committed to the goal of clean
water. Billions of dollars have already been invested in water-quality control programs,
and this trend is expected to continue. Many of the easiest problems have been solved,
however, and the future agenda will pose some significant political, legal, social, and
economic challenges.

The Pollution Prevention Act of 1990 (PL. 101-508) established the Office of
Pollution Prevention within the EPA to coordinate agency efforts at source reduction.
It created a volunteer program to improve lighting efficiency, thereby reducing energy
consumption, and stated that waste minimization was to be the primary means of haz-
ardous waste management. It also promoted voluntary industry reduction of haz-
ardous waste and mandated a source reduction and recycling report to accompany the
annual toxic release inventories.

In 1996, the Safe Drinking Water Act was again reauthorized. This was the first
major revision to the act in 10 years. Upon signing the bill, President Clinton said the
law “replaces an inflexible approach with the authority to act on contaminants of
greatest risk and to analyze costs and benefits, while retaining public health as the
paramount value. Americans do have a right to know what’s in their drinking water,
where it comes from, before turning on their taps. Americans have a right to trust that
every precaution is being taken to protect their families from dangerous, and some-
times even deadly contaminants.” The SDWA amendments focus on funding related to
contaminants that pose the greatest risk to human health and that are most likely to
occur in a given water system. Rather than prescribe the contaminants that the EPA is
to focus on, the law gives the EPA latitude to select which contaminants to regulate,
but requires it to use the best available scientific information and objective practices
when proposing drinking water standards. The act also establishes a self-revolving trust
fund for drinking water systems, requires that water system operators be certified,
maintains requirements for setting both a maximum contaminant level and a maxi-
mum contaminant level goal for regulated contaminants based on health risk reduc-
tion and cost/benefit analyses, and requires the EPA to establish a database to monitor
the presence of unregulated contaminants in water.

As a result of water pollution control efforts since the late 1960s, the once-rising
tide of pollution has diminished. But there is still much to be done, particularly in the
field of nonpoint pollution control. Table 1 summarizes federal statutes governing or
affecting water-quality protection.

SECURITY OF WATER RESOURCES SYSTEMS

Following the September 11, 2001 terrorist attacks, protecting our water resources
systems became increasingly important, adding yet another dimension to water
planning and management. In the United States, a number of federal agencies are
responsible for one or more aspects of water resources development and manage-
ment. The EPA (www.epa.gov), for example, has major responsibility for water
quality, while the U.S. Army Corps of Engineers (USACE, www.usace.army.mil), the
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TABLE 1 A Summary of Federal Environmental Legislation: 1948-1996

Year Act

1948 Federal Water Pollution Control Act

1968 Wild and Scenic Rivers Act

1969 National Environmental Policy Act

1972 Federal Water Pollution Control Act Amendments

1972 Marine Protection, Research and Sanctuaries Act

1973 Endangered Species Act

1974 Safe Drinking Water Act

1976 Resources Conservation and Recovery Act

1976 Toxic Substances Control Act

1977 Clean Water Act

1980 Comprehensive Environmental Response, Compensation, and Liability Act
1984 Resources Conservation and Recovery Act Amendments

1986 Superfund Amendment and Reauthorization Act

1986 Federal Safe Drinking Water Act Amendments

1987 Clean Water Act Amendments

1990 Pollution Prevention Act

1996 Safe Drinking Water Act Amendments

2002 Public Health Security and Bioterrorism Preparedness and Response Act

U.S. Bureau of Reclamation (USBR), the Natural Resources Conservation Service
(NRCS, www.nrcs.usda.gov), and the Tennessee Valley Authority (TVA, www.tva.
gov) have significant roles in water supply. The Water Resources Council (WRC)
was, until its demise in 1982, the principal body for coordinating federal and state
water programs and assessing the state of the nation’s waters. Several other agen-
cies—the Economic Development Administration (EDA), the Small Business
Administration (SBA), the Farmers Home Administration (FmHA), and the
Department of Housing and Urban Development (HUD)—help rural and econom-
ically depressed areas build and maintain adequate water supply and wastewater
disposal facilities. Table 2 briefly describes each agency’s role.

The Public Health Security and Bioterrorism Preparedness and Response Act of
2002 was enacted in response to growing concerns over the safety of the U.S. water
supply. This act was preceded by an amendment to the Safe Drinking Water Act that
includes a section addressing Terrorism and Other Intentional Acts. The Bioterrorism
Act required that community water systems complete vulnerability assessments by the
end of 2004. These assessments were used to shape emergency response plans six
months after the completion of the vulnerability assessments. This act continues to sup-
port research and new technologies related to water security—including advanced
water distribution modeling and water-quality monitoring [14].
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TABLE 2 Principal United States Water Resources Planning and Development Agencies

Agency

Mission

Army Corps of Engineers (CE)

Economic Development Administration
(EDA), Small Business Administration
(SBA), Farmers Home Administration
(FmHA), and the Department of Hous-
ing and Urban Development (HUD)

Natural Resources Conservation Service
(NRCS)

Tennessee Valley Authority (TVA)

U.S. Bureau of Reclamation (USBR)

U.S. Environmental Protection Agency
(EPA)

U.S. Water Resources Council (WRC)

Planning, constructing, operating, and maintaining a wide variety of water
resources facilities, including those for navigation, flood control, water sup-
ply, recreation, hydroelectric power generation, water quality control, and
other purposes. Nationwide activities.

Assist rural and economically depressed areas to develop and maintain water
and wastewater conveyance, processing, and other related facilities. This is
accomplished mainly through grant and loan programs.

Carries out a national soil and water conservation program. Provides technical
and financial assistance for flood prevention, recreation, and water supply
development in small watersheds (fewer than 250,000 acres). Also
appraises the nation’s soil, water, and related resources.

Planning, constructing, operating, and maintaining facilities in the Tennessee
River Basin for navigation, flood control, and the generation of electricity.
The TVA is a unique regional organization that has worked well in the
United States.

Planning, constructing, operating, and maintaining facilities for irrigation,
power generation, recreation, fish and wildlife preservation, and municipal
water supply. Most activities are confined to the 17 western states. Original
efforts were concentrated on irrigation.

Abatement and control of pollution. Provision of financial and technical assis-
tance to states and local governments for constructing wastewater treat-
ment facilities and for water quality management planning. Coordination
of national programs and policies relating to water quality. Its principal
role is regulatory.

Principal role was the coordination of regional and river basin plans, assessing
the adequacy of the nation’s water and related land resources, suggesting
changes in national policy related to water matters, and assisting the states
in developing water planning capability. Although terminated in 1982, the
WRC exemplified the long-sought mechanism for water program coordi-
nation and water policy analysis that was recommended by many study
commissions since the early 1900s. A new organization with many of the
WRC’s roles is almost sure to be formed.

3 WATERSHED MANAGEMENT

Since the late 1980s, the concept of “watershed management” has been a guiding prin-
ciple for water resources planners and engineers. The National Water Commission’s
1973 report, “Water Policies for the Future,” and the many studies that preceded and
followed it argued for integrated watershed management to be the foundation for
managing water resources on all geographic scales [15-18]. Consistent with this notion,
there has been a broadening of state water planning practices in the United States [19].

Many water problems cannot be solved in the context of traditional spatial
and institutional boundaries. Recognizing this, several states have taken regional or
watershed management approaches. Nebraska and Florida have established
regional management districts that have broad powers to manage water resources.
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The 23 Nebraska Natural Resources Districts and the five Florida Water Manage-
ment Districts blanket their states and have similar powers, including the authority
to levy property taxes [2,20]. Some federal, state, and local government agencies are
beginning to adopt and implement holistic water management practices. These
watershed-oriented approaches are based on flexible frameworks that specify
guidelines, define the roles and responsibilities of key players, and permit the
unique attributes of the watershed to dictate appropriate actions [21]. The watershed-
oriented approaches are analogous to ecosystem approaches in that they consider
the linkages among air, water, land, and the biological elements within the systems’
boundaries. Integrated watershed management means focusing on the appropriate
spatial configuration (the right watershed), using solid science and credible data,
involving the key stakeholders in decision-making processes, and applying the con-
cepts of “sustainable development” [20].

INTEGRATED WATER MANAGEMENT

Integrated water management is conceptually sound and should be the goal of water
planners and managers. It requires full recognition of the true spatial, environmental,
and institutional dimensions of water management. Key stakeholders must be involved
in the planning process and the approach must be as holistic as possible. Plans for inte-
grated water management should drive water resources decision-making processes
and serve as the basis for developing regulatory programs. Preventive rather than
remedial actions should be emphasized. Unfortunately, adoption of integrated water
resources planning processes is hampered by a number of constraints:

¢ Complexities associated with holistic water management planning; agency, interest
group, and political boundaries of authority and space.

¢ Government, agency, and professional biases and traditions.
e The lack of effective forums for assembling and retaining stakeholders.

e The narrow focus, lack of implementation capability, poor public involvement,
and limited coordination attributes of many water resources planning and man-
agement processes.

¢ The separation of land and water management, water-quantity and water-quality
management, surface water and groundwater management, and other directly
linked elements.

e Poor coordination and collaboration among state, local, and federal water-related
agencies.

e Limited ability to value environmental systems on monetary or other scales.

¢ The public’s perception of risk as opposed to the reality of risk associated with
water-management options.

e Suspicion regarding the formation of partnerships and poor communications
links among planners, managers, stakeholders, and others.
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ROLE OF GEOGRAPHIC INFORMATION SYSTEMS

Since the rise of computers in the 1970s, Geographic Information Systems (GIS) have
added a new, exciting dimension to water resources planning processes. This shift is
characterized by viewing water projects in an integrated manner as opposed to con-
sidering them discrete elements. Textbooks usually define GIS as a combination of
hardware and software that allows data to be managed, developed, analyzed, and
maintained in a spatial context. GIS has also been defined in many other ways that are
perhaps more helpful in understanding what it is and how it can successfully be
applied to water resources projects. At a 1998 conference, Jack Dangermond, the
President of the Environmental Systems Research Institute (ESRI), noted that GIS is
a visual language, a framework for studying complex systems, integrating our knowl-
edge about places, and helping us to organize our institutions [22]. We can add to this
definition that GIS helps us do a better job of managing water resources, enhances the
life of the public, increases efficiency, decreases time spent on repetitious tasks, and
ensures the success of ecological restoration efforts.

GIS is routinely used in a variety of water supply, wastewater, and stormwater
planning and management projects and can help with water-use projections, permit
preparation and tracking, watershed assessments, master planning, conceptual design
and development of alternatives, model development and enhancement, floodplain
creation and modernization, decision support, construction management, infrastruc-
ture and asset management, and disaster prediction and emergency management.

Before GIS, engineers and hydrologists parameterized their hydrologic and
hydraulic models using hard-copy maps, a planimeter, and perhaps a spreadsheet. If the
modeler made an error on a hard-copy map, the modeler would manually erase the
information or use another map. Once the hard-copy information was correct, a
planimeter was used to calculate areas for several model parameters. This process was
usually lengthy for larger models and was limited by the accuracy of the planimeter. GIS
displays the information in a dynamic, visual, and interactive environment and modelers
can now delineate large watersheds in a fraction of the time that it used to take—with a
much higher level of accuracy. A simple command or the push of a button can calculate
areas for a virtually limitless number of watersheds in a GIS and provide levels of pre-
cision that were previously unattainable. Many modelers also overlay data layers in GIS
and parameterize important parts of models such as the longest flowpath, runoff coeffi-
cients, and stage-area relationships. This same GIS is then used to check models and
develop floodplains and, because of the strong visual component, it is much easier to see
where data anomalies may exist. Today, virtually all hydrologic and hydraulic model
parameterization tasks can be completed using automated GIS tools that significantly
increase model accuracy and the overall efficiency of planning efforts [23].

GIS is a powerful tool for water resources engineers and planners because it is
spatially correct (often referred to as being cartographically correct) and contains
sound analytical components that can be used to examine the many nonlinear and
multidimensional aspects of water management. And while nothing can replace sound
engineering and scientific judgment, GIS can be used to enhance and expedite almost
any water planning or management effort.
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6 CONCLUSIONS

The need for water planning and management has long been recognized and continues
to increase in complexity. At the most basic level, successful planning and management
require a strong working knowledge of the political, legal, social, and regulatory con-
text of the planning region. Individual, agency, government, and special-group interests
must be coordinated and conflicts among them must be resolved. Water resources
planners must apply their technology effectively to address the views of society if their
plans are ever to be implemented.
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Since water surrounds us in many parts of the world, water supply would appear to be
a simple matter. The reality, however, is that the distribution, quality, quantity, and
mode of occurrence are highly variable from one location to another. The oceans, con-
taining about 1060 trillion acre - ft of water, are the greatest source of water, but they
are saline [1]. The planet’s freshwater resources, contained in the atmosphere, on the
earth’s surface, and underground, are the principal source of supply for a spectrum of
human needs but only amount to about 3% of the volume of water in the oceans.

Not many years ago, water resources management focused almost exclusively on
water supply, flood control, and navigation. The primary goal was usually to convey
wastewater and stormwater away from populated areas as quickly as possible. Today,
protecting the environment, ensuring safe drinking water, and providing aesthetic and
recreational experiences compete equally for water resources and for funds for water
management and development. An environmentally conscious public is pressing for
improved management practices with fewer structural components to address the
nation’s water problems. The notion of continually striving to provide access to more
water has been replaced by one of husbanding this precious resource.

Water resources planners and managers are now confronted with tough issues of
allocating limited water supply and are faced with multiple management objectives,
and this problem has become more severe as a result of society’s desire to allocate a
share of the waters to ecosystem restoration, environmental protection, and other tra-
ditional purposes such as municipal water supply and irrigation. To effectively address
the complexities of these management objectives, modern water professionals must
have a basic understanding of the physical, chemical, and biological aspects of the
hydrologic cycle and natural water sources.
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THE HYDROLOGIC CYCLE

Water resources vary widely in regional and local patterns of availability. The supply
depends on the influence of topographic, geographic, and meteorological conditions
on precipitation and evapotranspiration. Quantities of water stored depend to a large
extent on the physical features of the Earth and on the Earth’s geological structure.
Table 1 shows the major components of the water resources of the continental United
States.

In theory, accounting for the water resources of an area is simple. The basic pro-
cedure involves evaluating each component of the water budget so that the amount of
available water resources can be compared with the known or anticipated water
requirements of the area Figure 1 is a simplified diagram of the hydrologic cycle. In
general, the hydrologic cycle is made up of surface water flow, groundwater flow, evap-
otranspiration, evaporation, infiltration, and precipitation. In practice, however, the
evaluation of a water budget is often quite complex, and extensive and time-consuming
investigations are generally required [2].

Natural as well as human-induced gains and losses in water sources must be con-
sidered. The principal natural gains to surface water bodies are those resulting from
direct runoff caused by precipitation and seepage of groundwater. Evapotranspiration
(combined losses from evaporation from open water and transpiration from plants and
soils) and unrecovered infiltration are the major natural losses. Dependable dry-season
supplies can be increased through diversion from other areas, through low-flow aug-
mentation, through saline-water conversion, and perhaps, in the future, through
induced precipitation. The major human-induced losses are from diversion of flows out
of the watershed.

Once the gross dependable water supply has been estimated, the net dependable
supply can be determined by subtracting the quantity of water used, detained, or lost as a
result of human activities from the gross supply. When water is withdrawn from a flowing

TABLE 1 Summary Data Concerning Water Resources of the Continental United States

Square Miles ~ Acre » Feet (X 10°)

Gross area of continental United States 3,080,809 —

Land area, excluding inland water 2,974,726 —

Volume of average annual precipitation — 4,750
Volume of average annual runoff (discharge to sea) — 1,372
Estimated total usable groundwater — 47,500
Average amount of soil moisture — 635
Estimated total lake storage — 13,000
Total reservoir storage (capacity of 5000 acre - ft or more) — 365

Source: E. A. Ackerman and G. O. Lof, Technology in American Water Development (Baltimore, MD: The
Johns Hopkins University Press, 1959).
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FIGURE 1  The hydrologic cycle.

stream, a decrease in flow between the point of withdrawal and the point of return is
experienced. As the water is used, part of it is lost to the atmosphere through various
consumptive uses that are cumulative downstream. Decreases in dependable water sup-
ply along a watercourse are the result of withdrawals of water that occur upstream.

THE WATER BUDGET

Although a water supply may be adequate for present needs, it may not be able to sup-
port future demands. Forecasts of future water requirements are needed, as are forecasts
of changes in dependable water supplies. The factors that affect water requirements
include population, industrial development, agricultural practices, water policy, technol-
ogy, and water management practices. Very crudely, the water budget may be repre-
sented by the following mass balance equation:

I -0=AS (1)

where the inflows (I) are all sources of water, natural and human-made, entering the
region; the outflows (O) are all movements of water out of the region, including evap-
oration, evapotranspiration, groundwater flow, and surface water flow; and the change
in storage (AS) is the increase or decrease in storage over time for all natural (surface
and underground) and all artificial reservoirs.

Consumption use has been defined by the American Water Works Association as
water used in connection with vegetative growth or food processing, or water that is
incidental to an industrial process, which is discharged to the atmosphere or incorpo-
rated in the products of the process [3]. In short, it is water that is not returned to the
watershed for potential reuse.
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Withdrawal use is the use of water for any purpose that requires it to be physi-
cally removed from the source. Depending on the use to which the water is put, some
of it may be returned after use to the original source and be available for reuse.

Nonwithdrawal use is the use of water for any purpose that does not require it to
be removed from the original source. Use for navigation and to support fish and
wildlife are examples.

Certain water losses, although not “consumptive” by definition, may reduce an
available water supply. For example, dead storage (storage below control or outlet ele-
vations) in impoundments is unavailable for downstream use. Diversion of water from
one drainage basin to another represents an additional form of nonconsumptive loss.
An example of this is the use of Delaware River basin water for the municipal supply
of New York City. This decreases the total flow in the Delaware River below the point
of diversion. (New York is required, however, to augment low flows by compensating
the downstream interests for diversion losses.) Water contaminated or polluted during
use to the extent that it cannot be economically treated for reuse also constitutes a real
loss from the total water supply.

MATHEMATICS OF HYDROLOGY

Like all natural systems, the hydrologic cycle can be defined by a number of complex
and interconnected variables. These complexities are so great that it is sometimes diffi-
cult to define all of the parameters when studying a hydrologic system. These parame-
ters relate to various chemical, physical, thermodynamic, temporal, spatial, and
biological phenomena that are interconnected at various scales. For example, rainfall is
a parameter that is commonly measured and used by water managers. This highly
observable parameter is easy for us to understand at a basic level. However, rainfall is
highly variable over time and space and the mathematical aspects of rainfall are not
always easy to define with simple equations.

Smaller, less-observable parameters play an equally important role in the hydro-
logic cycle. Some of these less obvious parameters are considered when evapotranspi-
ration must be estimated. For example, plant physiology brings a biological dimension
to hydrology that is of critical importance in water budget analysis. In cases where rig-
orous, continuous simulation is needed, evapotranspiration becomes a critical loss term
and vegetation must be considered at various scales.

Many hydrologists and engineers have used physical equations with great success
when studying or modeling the hydrologic cycle. The speed of modern computers has
increased our ability to use more complex multidimensional physical equations in a
timely manner. However, for the majority of engineers and researchers, a number of
simplified mathematical, probabilistic, and statistical methods are available to effec-
tively manage the many complexities that are inherent to hydrology. These methods do
not require the use of supercomputers, but they do require a strong understanding of
the governing equations and assumptions behind them. Whenever a hydrologic
method is employed, it is critical to understand how the method was derived and when
it is appropriate to use —or not use —the method.

27



28

The Hydrologic Cycle and Natural Water Sources

One important and common use of probability is in defining the frequency of
extreme events. If a hydrologic event has a true recurrence interval of Ty years, the
probability that this magnitude will be equaled or exceeded in any particular year is

P @
Tg
Recurrence interval is defined as the average interval in years between the occurrence
of an event of stated magnitude and an equal or more serious event.

Annual series and partial duration series are both used in estimating the recur-
rence intervals of extreme events [2]. An annual series is composed of one significant
event for each year of record. The nature of the event depends on the object of the
study. Usually the event will be a maximum or minimum flow. A partial duration series
consists of all events exceeding a base value in significance. The two series compare
favorably at the larger recurrence intervals, but for the smaller recurrence intervals the
partial duration series will normally indicate events of greater magnitude.

There are two possibilities regarding an event: It either will or will not occur in a
specified year. The probability that at least one event of equal or greater significance
than the Tk-year event will occur in any series of N years is shown in Table 2. For exam-
ple, there exists a probability of 0.22 that the 100-year event will occur in a design
period of 25 years.

Table 2 was derived by means of the binomial distribution, which gives the prob-
ability p(X: N) that a particular event will occur X times out of N trials as

p(X:N) = <;>PX(1 - PN X

3)
N\ N!
(X) ~ XYN - X)!

TABLE 2 Probability That an Event Having a Prescribed Recurrence Interval
Will Be Equaled or Exceeded During a Specified Design Period

Design Period (yr)

Tx (y7) 1 5 10 25 50 100
1 1.0 1.0 1.0 1.0 1.0 1.0

2 05 0.97 0.999 1.0 1.0° 1.0°

5 02 0.67 0.89 0.996 1.0° 1.0°

10 0.1 0.41 0.65 0.93 0.995 1.0°

50 0.02 0.10 0.18 0.40 0.64 0.87

100 0.01 0.05 0.10 0.22 0.40 0.63

200 0.005 0.02 0.05 0.12 0.22 0.39

“Values are approximate.
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where P is the probability that an event will occur in each individual trial (P = 1/Tk in
this case). Now, if we let the number of occurrences equal zero (X = 0) in a given
period of years N (number of trials) and substitute this value in Eq. (3) the result is

p(0:N) = (1 = P)¥ (4)

This is the probability of zero events equal to or greater than the Tx-year event. The
probability Z that at least one event equal to or greater than the T-year event will
occur in a sequence of N years is then given by

Z=1—(1—;R)N ®)

Solving Eq. (5) for various values of N and Ty provided the data for Table 2. This was a
simplified discussion but probabilities and statistics provide a convenient and common
way to study and analyze hydrology. Relationships among hydrology measurements,
probability, and statistics are the subject of much research and analysis.

WATER QUALITY

Although water quality and water quantity are inextricably linked, water quality
deserves special attention because of its effect on public health and the environment.
Even with the large federal investments in pollution control since 1972, President
George H. W. Bush’s Council on Environmental Quality reported that the nation’s
waters continue to be damaged by pollution and misuse. Pollutants reach water bodies
from both point and nonpoint sources. Municipal wastes, urban and agricultural runoff,
and industrial wastes are principal offenders. Of special importance are the vestiges of
past toxic and hazardous materials that are now being transported by surface water
and groundwater systems. The impacts of polluting activities are widespread and they
affect the public health, the economy, and the environment [4, 5].

In 1991, the United States Geological Survey (USGS) established a National
Water Quality Assessment (NAWQA) Program to develop long-term consistent and
comparable science-based information on national water-quality conditions. As of
2002, NAWQA assessments indicate that the waters in the United States are generally
suitable as drinking water supplies, for other human and recreational uses, and for irri-
gation. Nevertheless, there are trouble spots. Protecting the nation’s water resources
from nonpoint sources emanating from pesticides, nutrients, metals, volatile organic
chemicals, naturally occurring pollutants, and other contaminants remains a major
problem [6].

Waterborne pathogenic microbes (Table 3) and pharmaceuticals are also
potential threats to our water supplies. Various instances of gastrointestinal illnesses
have been blamed on microbial pathogens in drinking water. In 1998, the Centers
for Disease Control and Prevention estimated that the annual number of deaths
related to microbial illnesses associated with drinking water ranges from about 900
to 1000, suggesting the existence of a serious problem [7]. Microbial contaminants
such as Cryptosporidium, Giardia, Legionella, and the Norwalk virus are among the
culprits.
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TABLE 3 Some Waterborne Diseases of Concern in the United States

Disease Microbial Agent General Symptoms

Amebiasis Protozoan (Entamoeba histolytica) Abdominal discomfort, fatigue,
diarrhea, flatulence, weight loss

Campylobacteriosis Bacterium (Campylobacter jejuni) Fever, abdominal pain, diarrhea

Cholera Bacterium (Vibrio cholerae) Watery diarrhea, vomiting,
occasional muscle cramps

Cryptosporidiosis Protozoan (Cryptosporidium parvum) Diarrhea, abdominal discomfort

Giardiasis Protozoan (Giardia lomblia) Diarrhea, abdominal discomfort

Hepatitis Virus (hepatitis A) Fever, chills, abdominal discomfort,
jaundice, dark urine

Shigellosis Bacterium (Shigella species) Fever, diarrhea, bloody stool

Typhoid fever Bacterium (Salmonella typhi) Fever, headache, constipation,
appetite loss, nausea, diarrhea,
vomiting, appearance of
abdominal rash

Viral gastroenteritis Viruses (Norwalk, rotavirus, Fever, headache, gastrointestinal

and other types) discomfort, vomiting, diarrhea

Source: Courtesy of the Water Resources Research Center, University of Arizona, Tucson, AZ. Table appeared in Arroyo 10, no.2
(March 1998).

Pharmaceuticals have also been identified as a source of water pollution. Antibi-
otics, antidepressants, hormones, painkillers, steroids, and many other drugs have been
identified in water bodies. Concern about these potential contaminants emerged in
Europe in the 1980s, and during the 1990s it surfaced in the United States as well. As a
result, the USGS has included the occurrence of human and veterinary pharmaceuti-
cals in its assessment of emerging contaminants found in selected streams. The extent
of the threat these contaminants pose to humans and animals is not well known, but
research is underway to better define the scale of this problem [8].

Some of these substances, in particular those that are hormones or those that may
interfere with the endocrine systems of humans and other vertebrates, are called
endocrine disruptors. This aspect of water quality is relatively new, although previous
regulations such as the Safe Drinking Water Act may provide limited authority to
address endocrine disruptors. Significant research on the subject is being carried out by
various universities, the Environmental Protection Agency, and the Centers for Dis-
ease Control and Prevention, among others [9]. Finally, the threat of the introduction
of harmful substances into water supplies through acts of terrorism must be consid-
ered. Safeguards are needed for water treatment plants and water supply reservoirs.
Both surface and groundwater quality are critical aspects of water supply and pollution
control, and will be discussed more as part of this and subsequent chapters.

SOIL MOISTURE

Soil moisture is the most broadly used water source on the Earth’s surface. Agriculture
and natural plant life depend on it for sustenance, and there are countless links
between soil science and water resources. The quantity of water stored as soil moisture
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at any specified time is small, however. Estimates indicate that it is equivalent to a
layer of about 4.6 inches distributed over 57 million square miles of land surface. This
in itself would be insufficient to support adequate plant growth without renewal. It is
therefore important to know the frequency with which this supply is renewed and the
length of time it remains available. The supply of soil moisture depends on geographi-
cal location, climatic conditions, geologic structure, and soil type. Variations may be
experienced seasonally, weekly, or even daily.

The natural supply of soil moisture in most of the agricultural areas of this coun-
try is considered less than optimal for crop growth during an average year. It is evident,
then, that we must have a greater understanding of optimal water requirements for
crops if we are to supply water economically and efficiently to overcome natural soil
moisture deficiencies.

GROUNDWATER

AN INTRODUCTION TO GROUNDWATER QUANTITY AND QUALITY

Groundwater is a major source of fresh water for public consumption, industrial uses,
and crop irrigation. For example, more than half of the fresh water used in Florida for
all purposes comes from groundwater sources, and about 90% of the state’s population
depends on groundwater for its potable water supply. The need to husband this
resource is clear and quantity and quality dimensions are both very important.

The need for an adequate database to determine the quantity of groundwater
and to estimate its change over time is very great because groundwater systems are not
as easily defined as those for surface water. Groundwater storage volumes and trans-
mission rates are affected by soil properties and geologic conditions, and these are
often highly variable and not amenable to simple quantification.

Groundwater supplies are much more widely distributed than surface waters, but
local variations are found as a result of the variety of soils and geologic structures
beneath the land surface. The usable groundwater storage in the United States is esti-
mated to be about 48 billion acre - ft. This vast reservoir is distributed across the nation
in quantities determined primarily by precipitation, evapotranspiration, and geologic
structure. There are two components to this supply: One is a part of the hydrologic
cycle; the other is water trapped underground in past ages which is no longer naturally
circulated in the cycle.

Figure 2 shows the principal groundwater areas of the United States as depicted by
Thomas [10]. Generally, it is evident that the mountain regions in the East and West, the
northern Great Plains, and the granitic and metamorphic rock areas of New England and
the southern Piedmont do not contain important groundwater supplies.

Groundwater quality is influenced by the quality of its source. Changes in source
waters or declines in the quality of source supplies may seriously impair the quality of
the groundwater supply. Municipal, commercial, and industrial wastes entering an
aquifer are major sources of pollution. Large-scale organic pollution of groundwaters
is infrequent, however, since significant quantities of organic wastes usually cannot be
easily introduced underground. The problem is quite different with inorganic solutions,
since these move easily through the soil and once introduced are removed only with
great difficulty. In addition, the effects of such pollution may continue for indefinite
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Patterns show areas underlain by
aquifers generally capable of yield-
ing to individual wells 50 gpm or
more of water containing not more
than 2000 ppm of dissolved solids
(includes some areas where more
highly mineralized water is actually
used)

\( Watercourses in which groundwater can be replenished
by perennial streams

\ Buried valleys not now occupied by perennial streams

Unconsolidated and semiconsolidated aquifers

Consolidated rock aquifers

BB Both unconsolidated and consolidated rock aquifers

(] Not known to be underlain by aquifers that will
generally yield as much as 50 gpm to wells

FIGURE 2 Groundwater areas in the United States. [From H.E. Thomas, “Underground
Sources of Water,” The Yearbook of Agriculture, 1955 (Washington, DC: U.S. Government
Printing Office, 1956).]

periods since natural dilution is slow and artificial flushing or treatment is generally
impractical or too expensive.

The number of harmful enteric organisms is generally reduced to tolerable levels
by the percolation of water through 6 or 7 feet of fine-grained soil [11]. However, as the
water passes through the soil, the amounts of dissolved salts may increase significantly.
These salts are added by soluble products of soil weathering and of erosion by rainfall
and flowing water. Locations downstream of heavily irrigated areas may find that the
water they are receiving is too saline for satisfactory crop production. These saline con-
taminants are difficult to control because removal methods are very expensive. A pos-
sible solution is to dilute the saline-contaminated water with water of lower salt
concentration (wastewater treatment plant effluent, for example) so that the average
water produced by mixing will be suitable for use. This is a highly specialized and
important aspect of hydrogeology and environmental engineering and is the focus of
much research.
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THE SUBSURFACE DISTRIBUTION OF WATER

Groundwater distribution may be generally categorized into zones of aeration and sat-
uration. The saturation zone is one in which all the soil voids are filled with water under
hydrostatic pressure. The aeration zone, a zone in which the interstices are filled partly
with air and partly with water, may be subdivided into several subzones. Todd classifies
these as follows [12]:

1. The soil-water zone begins at the ground surface and extends downward through
the major root zone. Its total depth is variable and dependent on soil type and
vegetation. The zone is unsaturated except during periods of heavy infiltration.
Water is placed into three categories in this region: hygroscopic water, which is
adsorbed from the air; capillary water, which is held by surface tension; and
gravitational water, which is excess soil water draining through the soil.

2. The intermediate zone extends from the bottom of the soil-water zone to the top
of the capillary fringe and may vary from being nonexistent to being several hun-
dred feet thick. The zone is essentially a connecting link between the near-ground
surface region and the near-water table region through which infiltrating waters
must pass.

3. The capillary zone extends from the water table to a height determined by the
capillary rise that can be generated in the soil. The capillary zone thickness is a
function of soil texture and may vary not only from region to region but also
within a local area.

4. At the groundwater zone, groundwater fills the pore spaces completely, and
porosity is therefore a direct measure of storage volume. Part of this water
(specific retention) cannot be removed by pumping or draining because of mole-
cular and surface-tension forces. The specific retention is the ratio of the volume
of water retained against gravity drainage to the gross volume of the soil.

The water that can be drained from a soil by gravity is known as the specific yield.
It is expressed as the ratio of the volume of water that can be drained by gravity to the
gross volume of the soil. Values of specific yield depend on soil particle size, shape and
distribution of pores, and degree of compaction of the soil. Average values of specific
yield for alluvial aquifers range from 10% to 20%. Meinzer and others have proposed
numerous procedures for determining specific yield [13].

AQUIFERS

An aquifer is a water-bearing stratum capable of transmitting water in quantities sufficient
to permit development of a water supply. Aquifers may be classified into four categories:

1. Those directly connected to surface supplies that are replenished by gravitational
flow. Gravels found in floodplains or river valleys are examples.

2. “Regional” aquifers occurring east of the 100th meridian. These aquifers produce
some of the largest permanent groundwater yields and have moderate to high rates
of recharge. Good examples are found in the Atlantic and Gulf coastal plain areas.
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3. Low recharge aquifers between the 100th and 120th meridians. These aquifers
have relatively little inflow compared to potential or actual withdrawals.
Although storage volumes are often large, the low rate of replenishment indi-
cates that the water must be considered a nonrenewable resource —similar to
mined materials. This possible “limited life” category poses significant questions
related to developing and managing these aquifers for water supply.

4. Aquifers subject to saline-water intrusion. These are usually found in coastal
regions, but inland saline waters also exist, primarily in the western states.

Groundwater storage is considerably greater than all artificial and natural sur-
face storage in the United States, including the Great Lakes [4, 14]. This enormous
groundwater reserve sustains the continuing outflow of streams and lakes during peri-
ods that follow storms. The relation between groundwater and surface water is one of
mutual interdependence. Groundwater intercepted by a well as it moves toward a
stream is the same as a diversion from the stream, for example. Developing and using
surface water and groundwater sources jointly can optimize opportunities for making
water available for various uses.

Aquifers may be classified as confined or unconfined depending on whether or
not a water table or free water surface exists under atmospheric pressure. The storage
volume within an aquifer is changed whenever water is recharged to or discharged from
it. In the case of an unconfined aquifer, this may be determined using the equation

AS = S, AV (6)

where AS = change in storage volume, S, = average specific yield of the aquifer, and
AV = volume of the aquifer lying between the original water table and the water table
at a later, specified time.

For saturated, confined aquifers, pressure changes produce only slight changes in
storage volume. In this case, the weight of the overburden is supported partly by hydro-
static pressure and partly by the solid material in the aquifer. When the hydrostatic
pressure in a confined aquifer is reduced by pumping or other means, the load on the
aquifer increases, causing its compression, with the result that some water is forced
from it. Decreasing the hydrostatic pressure also causes a small expansion, which in
turn produces an additional release of water. For confined aquifers, the water yield is
expressed in terms of a storage coefficient, S.. This storage coefficient may be defined
as the volume of water that an aquifer takes in or releases per unit surface area of
aquifer per unit change in head normal to the surface. Figure 3 illustrates the classifica-
tions of aquifers.

In addition to water-bearing strata exhibiting satisfactory rates of yield, there are
also non-water-bearing and impermeable strata. An aquiclude is an impermeable stra-
tum that may contain large quantities of water but whose transmission rates are not
high enough to permit effective development. An aquifuge is a formation that is imper-
meable and devoid of water.

Any circumstance that alters the pressure imposed on underground water will
also cause a variation in the groundwater level. Seasonal factors, changes in stream and
river stages, evapotranspiration, atmospheric pressure changes, winds, tides, external
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FIGURE 3  Definition sketches of groundwater systems and mechanisms for recharge and
withdrawal. (a) Aquifer notation [15]. (b) Components of the hydrologic cycle affecting
groundwater [16].
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loads, various forms of withdrawal and recharge, and earthquakes all may produce
fluctuations in the level of the water table or the piezometric surface, depending on
whether the aquifer is free or confined [12].

SAFE YIELD OF AN AQUIFER

Before a groundwater source is developed for use, the quantity of water that it can be
expected to deliver must be estimated. This is known as the safe yield of the aquifer —
the quantity of water that can be withdrawn annually without the aquifer’s being
depleted. Other related terms are defined as follows:

1. The maximum sustained yield is the maximum rate at which water can be contin-
uously withdrawn from a given source.

2. The permissive sustained yield is the maximum rate at which continuous with-
drawals can be made legally and economically for beneficial use without undesired
results.

3. The maximum mining yield is the total storage volume in a given source that can
be withdrawn and used.

4. The permissive mining yield is the maximum volume of water that can be with-
drawn legally and economically to be used for beneficial purposes without causing
an undesired result.

A review of these definitions should make it clear that groundwater resources
are finite. If the drafts imposed on them are such that natural and artificial recharge
mechanisms will make up for these losses over time, no harm will occur. On the other
hand, if drafts exceed recharge, groundwater storage can be mined out or depleted to a
level below which economic development is infeasible. Some areas in the United
States where perennial overdrafts occur are shown in Figure 4 [4, 12].

Hill, Harding, Simpson, and others [12] have proposed methods for determining
safe yield. The Hill method is based on groundwater studies in southern California and
Arizona. In this method, the annual change in the elevation of the groundwater table
or piezometric surface is plotted against the annual draft. The data points can be fitted
by a straight line, provided that the water supply to the basin is fairly uniform.

The draft that corresponds to zero change in elevation is considered to be the
safe yield. The period of record should be such that the supply during this period
approximates the long-time average supply. Even though the draft during the period of
record may be an overdraft, the safe yield can be determined by extending the line of
best fit to an intersection with the zero change in elevation line. An example of this
procedure is given in Figure 5.

It is important to understand that the safe yield of an aquifer can change over
time if the conditions under which it was determined do not remain constant. This
requires drafts, recharge rates, and other conditions affecting the safe yield to be
monitored.
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GROUNDWATER FLOW

The rate of movement of water through the ground is of an entirely different magni-
tude from that through natural or artificial channels or conduits. Typical values range
from 5 feet per day to a few feet per year. Groundwater in motion can be described as
saturated or unsaturated. Saturated groundwater flow refers to situations in which
water fills all void spaces of the porous media that is being considered. Unsaturated
flow refers to flow in which both water and air are present within the porous media in
question [17]. Only simplified examples of saturated flow will be discussed in this text.
For one-dimensional saturated flow, a classical empirical equation can be used to
describe the flow of groundwater. This equation was developed by Henry Darcy in
Dijon, France in 1856 as part of his famous laboratory experiments [17]. Darcy’s law
[18] may be stated as
dh
Q=-KA (7)
where

O = flow across the control area A
K = hydraulic conductivity of the material

A = total cross-sectional area, including the space occupied by the porous material

In Eq. (7),
h=z+2+c (8)
where !
h = piezometric head
z = elevation above a datum
p = hydrostatic pressure

C = an arbitrary constant

v = specific weight of water

If the specific discharge g = Q/A is substituted into Eq. (7), then

g = —Kjx<z + ’;) 9)

Note that g also equals the porosity n multiplied by the pore velocity V),. Darcy’s law is
widely used in groundwater flow problems. Applications are illustrated later in this
chapter.

Darcy’s law is limited in its applicability to flow in the laminar region. To deter-
mine whether laminar flow is taking place, the Reynolds number must be checked:

Ng = Va (10)
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In this equation,

V' = flow velocity
d = mean grain diameter
v = kinematic viscosity

Groundwater flow may be considered laminar for Reynolds numbers less than 1.
Departure from laminar conditions normally occurs within the range of Reynolds

numbers

from 1 to 10, depending on grain size and shape. Under most conditions

encountered, with the exception of regions close to collecting devices, the flow of
groundwater is laminar and Darcy’s law applies.

Example

1.

2.

Solution:
1.

2.

1

Find the Reynolds number for the portion of an aquifer distant from any col-
lection device where water temperature is S0°F (v = 1.41 X 107 ft¥s), flow
velocity is 1.0 ft/day, and mean grain diameter is 0.09 in.

Find the Reynolds number for a flow 4 ft from the centerline of a well being
pumped at a rate of 3800 gpm if the well completely penetrates a confined
aquifer 28 ft thick. Assume a mean grain diameter of 0.10 in, a porosity of
35%,and v = 1.41 X 107 ft¥s.

Using Eq. (10), we obtain

Vd

No = —

R v

where
1.0 0.09
V= Sea00Ps A=t
1.0 009 1
NR =

X X
86,400~ 12 © 1.41 x 107
0.0062 (indicating laminar flow)

Using Eq. (10) yields

Va _Qd
v AW

QO = 3800 X 2.23 X 1073 = 8.46 cfs
V = 8.46/2w rh X porosity

= 8.46/8m X 28 X 0.35

= 0.0344 fps

_0.0344 X 0.10

141 X 105 X 12

NR:

R = 20.3 (beyond Darcy’s law range)
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To compute discharge, Eq. (7) can be used. Note that this equation may also be stated as
O = pAkS (11)
where

p = porosity or ratio of void volume to total volume of the mass

A = gross cross-sectional area
k = intrinsic permeability
S = slope of hydraulic gradient

By combining k and p into a single term, Eq. (11) may be written in its most common
form,

0 = KAS (12)

Several ways of expressing hydraulic conductivity K may be found in the literature. The
USGS defines standard hydraulic conductivity Kg as the number of gallons of water
per day that will flow through a medium of 1-ft? cross-sectional area under a hydraulic
gradient of unity at 60°F. The field coefficient of permeability is obtained directly from
the standard coefficient by correcting for temperature:

Ky = K (oo /1er) (13)

Here,

Ky = field coefficient
lgo = dynamic viscosity at 60°F

py = dynamic viscosity at field temperature

An additional term that is much used in groundwater computations is the coefficient of
transmissibility, T. It is equal to the field coefficient of permeability multiplied by the
saturated thickness of the aquifer in feet. Using this terminology, Eq. (11) may also be
written

Q =T X section width X § (14)

Table 4 gives typical values of the standard hydraulic conductivity for a range of sedi-
mentary materials. It should be noted that the permeabilities for specific materials vary
widely. Traces of silt and clay can significantly decrease the permeability of an aquifer.
Differences in particle orientation and shape can cause striking changes in permeabil-
ity within aquifers composed of the same material. Careful evaluation of geologic and
geotechnical information is essential if realistic values of permeability are to be identi-
fied for use in groundwater flow computations.



The Hydrologic Cycle and Natural Water Sources

TABLE 4 Some Values of the Standard Hydraulic Conductivity and Intrinsic Permeability for Several

Classes of Materials

Mt At Banee - Apprne Rang
Clean gravel 100-104 105-103
Clean sands; mixtures of clean gravels and sands 104-10 10°-1
Very fine sands; silts; mixtures of sands, silts,

clays; stratified clays 10-1073 1-107*
Unweathered clays 1073-107* 1074-107°

10

Example 2

Laboratory tests on an aquifer material indicate a standard hydraulic conductiv-
ity K, = 1.08 X 10° gpd/ft>. If the field temperature is 70°F, find the field hydraulic
conductivity K.

Solution: Using Eq. (13),

v
s

and using the values of the kinematic viscosity given in Table 8 in the Appendix for 60
and 70°F, 1.21 X 1075 and 1.06 X 1075, respectively, we get

~ 1.08 x 10° X 1.21 X 107
! 1.06 X 107

= 1232.8 gpd/ft?

Note that the absolute viscosity and the kinematic viscosity are related as

v="1t (15)

p
and given that the density of water over the range of temperatures in this case is virtu-
ally constant, values for the kinematic viscosity may be used in place of those for the

absolute velocity in Eq. (13).

HYDRAULICS OF WELLS

The collection of groundwater is accomplished mainly through the use of wells or infiltra-
tion galleries. Numerous factors affect the performance of these collection works and they
must be taken into account when mathematical models are used to make estimates. Some
cases are amenable to solution through the use of relatively simple mathematical expres-
sions; others require the use of sophisticated mathematical models. Several approaches will
be discussed here. The reader is cautioned not to be misled by the simplicity of some of the
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solutions presented and should understand that many of these are special-case solutions
and are not applicable to all groundwater flow problems. A more complete treatment of
groundwater and seepage problems may be found in numerous sources [12, 14,17, 19, 20].

The structure of wells as well as construction techniques for drilling and complet-
ing wells are covered in many specialty publications. Well systems generally have three
components—well structure, pump, and discharge piping. The well itself contains an
open section through which water enters and a casing through which the flow is trans-
ported to the ground surface. The open section is usually a perforated casing, or a slot-
ted metal screen, that permits water to enter and at the same time prevents the hole
from collapsing. Occasionally gravel is placed at the bottom of the well casing around
the screen. Only vertical wells will be discussed in this section, although horizontal
wells are gaining popularity for some specialty water supply applications.

When a well is pumped, water is removed from the aquifer immediately adjacent
to the screen. To replenish this withdrawal, flow then becomes established at locations
some distance from the well. Owing to the resistance to flow offered by the soil, a head
loss is encountered and the piezometric surface next to the well is depressed. This is
known as the cone of depression (Figure 6). The cone of depression spreads until a con-
dition of equilibrium is reached and steady-state conditions are established.

The hydraulic characteristics of an aquifer (which are described by the storage coef-
ficient and the aquifer permeability) can be determined by laboratory or field tests. The
three most commonly used field methods are the application of tracers, use of field per-
meameters, and aquifer performance tests [4, 14]. Aquifer performance tests are discussed
here along with the development of flow equations for wells. Aquifer performance tests
are classified as equilibrium or nonequilibrium. For equilibrium tests, the cone of depres-
sion must be stabilized for the flow equation to be derived. The first performance tests
based on equilibrium conditions were published by Thiem in 1906 [21]. In nonequilibrium

'}= Observation
Original water table

/ wells
_______ N

\ dy
Cone of depression
Drawdown - T

Pumped well — | 5 l l l l
Impervious stratum ) L

FIGURE 6 Well in an unconfined aquifer.
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tests the derivation of the flow equation takes into consideration the condition that
steady-state conditions have not been reached.

The basic equilibrium equation for an unconfined aquifer can be derived using
the notation of Figure 6. In this case, the flow is assumed to be radial, the original water
table is considered to be horizontal, the well is considered to fully penetrate an aquifer
of infinite areal extent, and steady-state conditions are considered to prevail. Using
these assumptions, the flow toward a well at any location x from the well equals the
product of the cylindrical element of area at that section and the flow velocity. Using
Darcy’s law, this becomes

dy
=2 Ky— 16
O = 2mxyKy e (16)
where

2mxy = area at any section
Kydyldx = flow velocity
Q = discharge, cfs

Integrating over the limits specified below yields

hy
/ Q* = Zwa/ vdy (17)

Qln <r2> _w (18)
r 2

and

wKy(h3 — hi)
Q - ln(rz/rl) (19)

This equation may then be solved for K/ to yield

_ 1055Q log(r2/r1)

= 20

where In has been converted to log, Ky is in gallons per day per square foot, Q is in gal-
lons per minute, and r and / are measured in feet. If the drawdown is small compared
with the total aquifer thickness, an approximate formula for the discharge of the
pumped well can be obtained by inserting #4,, for ; and the height of the aquifer for 4,
in Eq. (19).

The basic equilibrium equation for a confined aquifer can be obtained in a simi-
lar manner, using the notation of Figure 7. The same assumptions apply. Mathemati-
cally, the flow in cubic feet per second may be determined as follows:

d
0= zwxmed—)yC 1)
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FIGURE 7 Radial flow to a well in a confined aquifer.

Integrating, we obtain
hy — by
ln(rz/rl)

Q = 2wKm (22)

The coefficient of permeability may be determined by rearranging Eq. (22) to the form

_ 528Q log(rz/rl)

I m(hy — hy) @)

where Q is in gallons per minute, Ky is the permeability in gallons per day per square
foot, and r and & are measured in feet.

Example 3

Find the hydraulic conductivity of an artesian aquifer being pumped by a fully
penetrating well. The aquifer is 100 ft thick and composed of medium sand. The steady-
state pumping rate is 1000 gpm. The drawdown at an observation well 50 ft away is 10
ft; in a second observation well 500 ft away it is 1 ft.

Solution: Using Eq. (23), we obtain
5280 log(r,/ry)
- m(hy — hy)
528 X 1000 X 10
~ 100 X (10 — 1)
= 586.7 gpd/ft?
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Example 4

A 20-in. well fully penetrates an unconfined aquifer of 100-ft depth. Two observa-
tion wells located 90 and 240 ft from the pumped well are known to have drawdowns of
23 and 21.5 ft respectively. If the flow is steady and Ky = 1400 gpd/ft?, find the dis-
charge from the well.

Solution: Eq. (20) is applicable, and for the given units this is
_ K(h3 — h)
1055 log(ry/ry)
Log(ry/r;) = log(240/90) = 0.42651

hy, =100 — 21.5 = 785 ft
hy =100 — 23 =77 ft

1400(78.5% — 77°)
1055 X 0.42651

725.7 gpm

Q:

For a steady-state well in a uniform flow field where the original piezometric surface
is not horizontal, a somewhat different situation from that previously assumed prevails.
Consider the artesian aquifer shown in Figure 8. The previously assumed circular area of
influence becomes distorted in this case. This problem may be solved by applying poten-
tial theory or by graphical means, or, if the slope of the piezometric surface is very slight,
Eq. (22) may be applied without serious error.

Referring to the definition sketch of Figure 8, a graphical solution to this type of
problem will be discussed. First, an orthogonal flow net consisting of flow lines and
equipotential lines must be constructed. The construction should be performed so that
the completed flow net will be composed of a number of elements that approach little
squares in shape. A comprehensive discussion cannot be provided here, but Harr [19] is
a good source of information on this subject for the interested reader.

Once the net is complete, it may be analyzed by considering the net geometry and
using Darcy’s law in the manner of Todd [12]. In the definition sketch of Figure 8, the
hydraulic gradient is

Ah
h, =— 24
& As (24)
and the flow increment between adjacent flow lines is
Ah
Ag=K—A 2
q Ag Am (25)

where, for a unit thickness, Am represents the cross-sectional area. If the flow net is
properly constructed so that it is orthogonal and composed of little square elements,
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FIGURE 8 Well in a uniform flow field and flow-net definition.

then

and

Ag = KAh

(26)

27)
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Now consider the entire flow net,

Ah = — (28)
where 7 is the number of subdivisions between equipotential lines. If the flow is divided

into m sections by the flow lines, the discharge per unit width of the aquifer will be

_ Kmh
n

(29)

Knowledge of the aquifer permeability and the flow-net geometry permits solution of
Eq. (29).

Example 5

Find the discharge to the well in Figure 8 by using the applicable flow net. Consider
that the aquifer is 35 ft thick, Ky is 3.65 X 10~ fps, and the other dimensions are as shown.

Solution: Using Eq. (29),

_ Kmh
g n
where
h = (35 + 25) = 60 feet
m=2xX5=10
n=14
3.65 X 107* x 60 x 10
we obtain q= 14

= 0.0156 cfs per unit thickness of the aquifer
The total discharge Q is thus

0 = 0.0156 X 35 = 0.55cfs or 245 gpm

When a new well is first pumped, a large portion of the discharge is produced
directly from the storage volume released as the cone of depression develops. Under
these circumstances, the equilibrium equations overestimate permeability and there-
fore the yield of the well. Where steady-state conditions are not encountered —as is
usually the case in practice —a nonequilibrium equation must be used. Two approaches
can be taken, the rather rigorous method of Theis or a simplified procedure such as
that proposed by Cooper and Jacob [22,23].

In 1935, Theis published a nonequilibrium approach that takes into consideration
time and the storage characteristics of an aquifer. Application of the method is appro-
priate for confined aquifers of constant thickness. For use under conditions of uncon-
fined flow, vertical components of flow must be negligible, and changes in aquifer
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storage through water expansion and aquifer compression must also be negligible rela-
tive to the gravity drainage of pores as the water table drops as a result of pumping.

Theis states that the drawdown in an observation well located at a distance r from
the pumped well is given by

_Q [
S = 4T . du (30)

where Q = constant pumping rate (L37 !units), 7 = aquifer transmissivity
(L>T ! units), and u is a dimensionless variable defined by

S
_ 29
=r—: 31
“T T G
where r is the radial distance from the pumping well to an observation well, S, is the
aquifer storativity (dimensionless), and ¢ is time. The integral in Eq. (30) is commonly
called the well function of u and is written as W(u). It can be evaluated from the infinite
series

2 u3

u
W(u) = —0577216 — Inu + u = o= —-+ = — ... (32)

Using this notation, Eq. (30) may be written as

)
4wT

The basic assumptions of the Theis equation are generally the same as those in Eq. (23)

except for the non-steady-state condition. Some values of the well function of u are given

in Table 5.
In U.S. practice, Egs. (30) and (31) commonly appear in the form

(33)

11460 [e™
= 4
s T / ” du (34)
1.87r%8
== 35
u s (35)

where T is in units of gpd/ft, Q has units of gpm, and ¢ is the time in days since the start
of pumping.

Equations (30) and (31) can be solved by comparing a log-log plot of u versus
W(u), known as a “type curve,” with a log-log plot of the observed data r?/t versus s. In
plotting the type curve, W(u) is the ordinate and u is the abscissa. The two curves are
superimposed and moved about until some of their segments coincide. In doing this, the
axes must be maintained parallel. A coincident point is then selected on the matched
curves and both plots are marked. The type curve then yields values of u and W(u) for
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TABLE 5 Values of W(u) for Various Values of u

u

X1
x107!
x1072
x1073
x107*
X107
x1076
x1077
x1078
x107?
x10710
X107
x10712
x10713
10714
x1071

1.0 2.0 3.0 4.0 50 6.0 7.0 8.0 9.0
0219 0049 0013 00038 00011  0.00036 0.000038  0.000012 0.000012
182 122 091 0.70 0.56 0.45 037 0.31 0.26
404 335 296 268 247 2.30 2.15 2.03 1.92
633 564 523 4.95 473 4.54 439 426 4.14
863 794 753 725 7.02 6.84 6.69 6.55 6.44

1094 1024 984 955 9.33 9.14 8.99 8.86 8.74
1324 1255 1214 1185 11.63 11.45 11.29 11.16 11.04
1554 1485 1444 1415 13.93 13.75 13.60 13.46 13.34
17.84 1715 1674 1646 16.23 16.05 15.90 15.76 15.65
2015 1945 1905 1876 18.54 18.35 18.20 18.07 17.95
245 2176 2135 21.06 20.84 20.66 20.50 2037 2025
2475 2406 23.65 2336 23.14 22.96 2281 22.67 22.55
2705 2636 2596  25.67 25.44 2526 25.11 24.97 24.86
2936 2866 2826 2797 27.75 27.56 27.41 2728 27.16
31.66 3097 3056 3027 30.05 29.87 29.71 29.58 29.46
3396 3327 3286 32.58 32.35 32.17 32.02 31.88 31.76

Source: After L. K. Wenzel, “Methods for Determining Permeability of Water Bearing Materials with Special Reference to Discharging
‘Well Methods,” U.S. Geological Survey, Water-Supply Paper 887, Washington, DC, 1942.

the selected point. Corresponding values of s and 7%/t are determined from the plot of
the observed data. Inserting these values into Egs. (30) and (31) and rearranging the
equations yields values for the transmissibility 7" and the storage coefficient S..

This procedure can often be shortened and simplified. When r is small and ¢ large,
Jacob found that values of u are generally small [23]. Thus, the terms in the series of
Eq. (32) beyond the second term become negligible and the expression for 7' becomes

- 264Q(log t, — log 1)
B ho — h

(36)

which can be further reduced to

2640
T = An (37)

where
Ah = drawdown per log cycle of time, (hy — h)/(logt, — log )
Q = well discharge, gpm

hy and h are defined as shown in Figure 7, and T is the transmissibility in gallons per
day per foot. Field data on drawdown A, — h versus ¢ are plotted on semilogarithmic
paper. The drawdown is plotted on the arithmetic scale as shown in Figure 9. This plot
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FIGURE9 Pumping test data.

forms a straight line, the slope of which permits the determination of the formation
constants using Eq. (37) and

0.3t
S. = 2 (38)
where f is the time that corresponds to zero drawdown.
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Example 6

Using the data given in Figure 9, find the coefficient of transmissibility 7 and the
storage coefficient S, for the aquifer, given O = 1000 gpm and r = 300 ft.

Solution: Find the value of Ak from the graph. This is 5.3 ft. Then, using Eq. (37), we
obtain

2640 264 X 1000

Ah 53
= 49,800 gpd/ft
Using Eq. (38) yields
~0.3T1,
c 2

r

Note from Figure 9 that ¢, = 2.6 min. Converting to days, this becomes
tp = 1.81 X 1072 days

and

0.3 X 49.800 x 1.81 X 1073
(300)?

0.0003

Example 7

Find the drawdown at an observation point 300 ft away from a pumping well. It
has been found that 7 = 2.8 X 10* gpd/ft, the pumping time is 15 days, the
storativity is = 2.7 X 107% and Q = 275 gpm.

Solution: From Eq. (35), u can be computed as

_1.87r%S,
Tt

u = [1.87 X (300)> X 2.7 X 107*]/[2.8 X 10* X 15] = 1.08 x 107*

u
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Referring to Table 5 and interpolating, we estimate W(u) to be 8.62. Using Eq. (34), the
drawdown is then found to be

114.6 U
s = Q/eudu

T

[114.6 X 275 X 8.62]
s = ; = 9.70 ft
[2.8 X 10%]

Example 8

A well is being pumped at a constant rate of 0.004 m*/s. Given that T = 0.0025 m?%s,
r = 100 meters, and the storage coefficient = 0.00087, find the drawdown in the observa-
tion well for a period of (a) 15 min, and (b) 20 hr.

Solution: (a) Using Eq. (31), u can be computed as follows:

r’S,
“Tar
u = [100 X 100 X 0.00087)/[4 X 15 X 60 X 0.0025]
u =097

Then, from Table 4, W(u) is found to be 0.23.
Applying Eq. (33), the drawdown can be determined:

~ OW(u)

4wt

s 0.004 X 0.23])/[4 X w X 0.0025]
s = 0.029 m

N

(b) Follow the procedure used in (a):

u = [100 X 100 X 0.00087]/[4 X 72,000 X 0.0025]
u = 00121

From Table 4, W(u) is found to be 8.49.
Applying Eq. (33), the drawdown can be determined:

s = [0.0004 X 8.49]/[4 X = X 0.0025]
s = 1.08 m
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BOUNDARY EFFECTS

Only the effect of pumping a single well has been considered here. But if more than one
well is pumped in a region, a composite effect (interference) due to the overlap of the
cones of depression of the individual will result. In this case, the drawdown at any loca-
tion is obtained by summing the individual drawdowns of the various wells involved. An
additional problem is that of boundary conditions. The previous derivations have been
based on the supposition of a homogeneous aquifer of infinite areal extent. A situation
such as this is rarely encountered in practice. Computations based on this assumption are
often sufficiently accurate, however, provided that field conditions closely approximate
the basic hypotheses. Boundary effects may be evaluated by using the theory of image
wells proposed by Lord Kelvin, through the use of electrical and membrane analogies,
and through the use of relaxation procedures. For a detailed discussion of these topics,
the reader is referred to the many references on groundwater flow [12, 14, 17].

REGIONAL GROUNDWATER SYSTEMS

Methods discussed so far have related mostly to the flow of water to individual wells. But
regional well fields are common, and analysis of these systems is complex. An in-depth
treatment of this subject is beyond the scope of this book, but some basic concepts
related to analyzing regional groundwater systems can be introduced [2, 14, 17, 24-34].

In almost all cases, regional groundwater systems are analyzed using mathematical
models. These models consist of sets of equations representing the physical, chemical, bio-
logical, and other processes that occur in an aquifer. The models may be deterministic,
probabilistic (also called stochastic), or a combination of the two. The discussions that fol-
low are limited to deterministic mathematical models. These models describe physical
relationships stemming from known features of the system under study. Figure 10 char-
acterizes the procedure for developing a deterministic mathematical model. First, a

r Conceptual model ]

_____ ‘_I Mathematical model L o
M 1

I I )
Analytical model / | Numerical model
Approximate equations

|

N

| Simplify equation so numerically resulting
I

that solutions may in a matrix equation

be optained by | | that may be solved
analytical methods | | using a computer

FIGURE 10 Logic diagram for developing a mathematical model.
(Courtesy of the National Water Well Association, Worthington, OH.)
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conceptual model is formulated that is based on a study of the region of interest and
that takes into consideration the mechanics of groundwater flow. This is translated into
a mathematical model of the system, which usually consists of a set of partial differential
equations accompanied by appropriate boundary and initial conditions. Continuity and
conservation of momentum considerations are featured in the model and are represented
over the extent of the region of concern. Darcy’s law, discussed earlier, is widely used to
describe conservation of momentum. Other model features include artesian or water
table condition designation and a dimensionality that is one-, two-, or three-dimensional.
Where the modeling objective includes water quality or heat transport considerations,
other equations describing conservation of mass for the chemical constituents involved
and conservation of energy are required. Typically used relationships are Fick’s law for
chemical diffusion and Fourier’s law for heat transport.

Once a conceptual model has been designed, the next step is to translate it into a
workable model by introducing needed assumptions. The model is then formulated for
solution using numerical methods such as finite difference or finite elements to repre-
sent the governing partial differential equations. When the finite difference approach is
used, the groundwater region is divided into grid elements and the continuous vari-
ables are represented as discrete variables at nodal points in the grid. In this way the
continuous differential equation defining head or other features is replaced by a finite
number of algebraic equations that define the head or other variables at nodal points.
Such models find wide application in predicting site-specific aquifer behavior.
Although a choice of model should be based on the study involved, numerical models
have proven to be effective where irregular boundaries, heterogeneities, or highly vari-
able pumping or recharge rates are expected [24]. Figure 11 indicates four types of
groundwater models and their application.

Model types

Groundwater Solute Heat

flow transport transport Deformation

Applications

Water supply Seawater intrusion Geothermal Land subsidence
Regional aquifer Land fills Thermal storage
analysis
Near-well Waste injection Heat pump
performance
Groundwater Radioactive Thermal pollution
surface~-water waste storage

interactions

Dewatering Holding ponds
operations
Groundwater
pollution

FIGURE 11  Types of groundwater models and typical applications. (Courtesy of
the National Water Well Association, Worthington, OH.)
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Normally, several steps are involved in the modeling process. These include data
collection and preparation, matching of observed histories, and predictive simulation.
The first step in data preparation involves specifying the region’s boundaries. These may
be physical, such as an impervious layer, or arbitrary, such as the choice of some small
subregion. Once the overall boundaries have been defined, the region is divided into
discrete elements by superimposing a rectangular or polygonal grid (see Figure 12).

After the grid type has been selected, the modeler must specify the controlling
aquifer parameters (such as storage coefficients, transmissivities, etc.) and set initial
conditions. This must be accomplished for each grid element. Where solute transport
models are required, additional parameters such as hydrodynamic dispersion proper-
ties must also be specified. Results of model runs include determination of hydraulic
heads at node points for each time step during the period of interest. Where solute and
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FIGURE 12 (a) Map view of aquifer showing well field and boundaries.
(b) Finite difference grid for aquifer study, where Ax is the spacing in the
x direction, Ay is the spacing in the y direction, and b is the aquifer
thickness. Solid dots: block-center nodes; open circles: source-sink nodes.
(Courtesy of the National Water Well Association, Worthington, OH.)
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heat transport are involved, concentrations of constituents and temperatures may also
be determined at the nodes for each time interval.

After the aquifer parameters have been set, the model is operated using the ini-
tial values and the output is checked with recorded history. This process is known as
history matching and is used to refine parameter values and to determine boundaries
and flow conditions at the boundaries. Historic conditions and modeled conditions are
compared and parameters adjusted until satisfactory fits are obtained. This is known as
the calibration process. There is, however, no rule that specifies when adequate match-
ing is achieved. This determination must be made by the modeler based on an under-
standing of the problem and the use to which the model’s results are to be put.

Once calibration is completed, the model can be used to analyze many types of
management and development options so that the outcomes of these courses of action
can be assessed. Observing model performance under varying conditions is an asset in
determining courses of action to be prescribed for future aquifer operation or develop-
ment. Groundwater models may be used to estimate natural and artificial recharge,
effects of boundaries, effects of well location and spacing, effects of varying rates of draw-
down and recharge, rates of movement of hazardous wastes, and saltwater intrusion [24].

Although groundwater models have much to recommend them, caution must be
exercised if the models are not to be misused. According to Prickett, there are three
common ways to misuse models [25]: overkill, inappropriate prediction, and misinter-
pretation. To avoid such pitfalls, the modeler and model user must be fully aware of the
limitations and sources of errors in the model used. In particular, they should under-
stand the underlying assumptions.

Several public domain computer codes for solving groundwater flow problems
are referenced in Table 6. These codes become models when the groundwater system
being studied is described to the code by inputting the system geometry and known
internal operandi (aquifer and flow field parameters, initial and boundary conditions,
and water use and flow stresses applied over time to all or parts of the system). Codes
fall generally into four major categories: groundwater flow codes, solute transport
codes, particle tracking codes, and aquifer test data analysis programs [29].

TABLE 6 Public Domain Computer Codes for Groundwater Modeling

Acronym for Code Description Source Year

Groundwater flow models

PLASM Two-dimensional finite difference III. SWS 1971
MODFLOW Three-dimensional finite difference USGS 1988
AQUIFEM-1 Two- and three-dimensional finite element MIT 1979
GWFLOW Package of seven analytical solutions IGWMC 1975
GWSIM-II Storage and movement model TDWR 1981
GWFL3D Three-dimensional finite difference TDWR 1991
MODRET Seepage from retention ponds USGS 1992
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Solute transport models

SUTRA Dissolved substance transport model USGS 1980
RANDOMWALK Two-dimensional transient model 1. SWS 1981
MT3D Three-dimensional solute transport EPA 1990
AT123D Analytical solution package DOE 1981
MOC Two-dimensional solute transport USGS 1978
HST3D 3-D heat and solute transport model USGS 1992
Particle tracking models
FLOWPATH Two-dimensional steady state SSG 1990
PATH3D Three-dimensional transient solutions Wisc. GS 1989
MODPATH Three-dimensional transient solutions USGS 1991
WHPA Analytical solution package EPA 1990
Aquifer test analyses
TECTYPE Pump and slug test by curve matching SSG 1988
PUMPTEST Pumping and slug test IGWMC 1980
THCVFIT Pumping and slug test IGWMC 1989
TGUESS Specific capacity determination IGWMC 1990

Note: IGWMC = International Groundwater Modeling Center; Ill. SWS = Illinois State Water Survey;

SSG = Scientific Software Group; EPA = Environmental Protection Agency; USGS = U.S. Geological Sur-
vey; Wisc. GS = Wisconsin Geological Survey; MIT = Massachusetts Institute of Technology;

TDWR = Texas Department of Water Resources; DOE = Department of Energy.

SALTWATER INTRUSION

Saltwater contamination of freshwater aquifers can be a major water quality problem
in island locations; in coastal areas; and occasionally inland, as in Arizona, where some
aquifers contain highly saline waters. Because freshwater is lighter than saltwater (spe-
cific gravity of seawater is about 1.025), it will usually float above a layer of saltwater.
When an aquifer is pumped, the original equilibrium is disturbed and saltwater
replaces the freshwater. Under equilibrium conditions, a drawdown of 1 foot in the
freshwater table will result in a rise in the saltwater of approximately 40 feet. Pumping
rates of wells subject to saltwater intrusion must therefore be strictly controlled. In
coastal areas, recharge wells are sometimes used to maintain a sufficient head to pre-
vent seawater intrusion. Injection wells have been used effectively in this manner in
southern California.

A prime example of freshwater contamination by seawater was recorded in Long
Island, New York [35]. During the first part of the 20th century, the rate of pumping far
exceeded the natural recharge rate. The problem was further complicated because
stormwater runoff from the highly developed land areas was transported directly to
the sea. This precluded the opportunity for this water to return to the ground. As
pumping continued, the water table dropped well below sea level and saline water
entered the aquifer. The result was such a serious impairment of local water quality
that Long Island was forced to transport its water supply from upper New York State.
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GROUNDWATER RECHARGE

The volumes of groundwater replaced annually through natural mechanisms are rela-
tively small because of the slow rates of movement of groundwater and the limited
opportunity for surface water to penetrate the earth’s surface. Artificial recharge has
been used to supplement this natural recharge process since the turn of the last century.
As early as the mid-1950s, over 700 million gallons of water per day were being artifi-
cially recharged in the United States [36]. This water was derived from natural surface
sources and returns from air conditioning, industrial wastes, and municipal water sup-
plies. The total recharge volume was, however, equal to only about 1.5% of the ground-
water withdrawn that year. In California, artificial recharge is at present a primary
method of water conservation. During 1957 and 1958, a daily recharge volume of about
560 million gallons was reported for 63 projects in that state alone [36].

Numerous methods are employed in artificial recharge operations. One of the most
common is the use of holding basins. The usual practice is to impound the water in a
series of reservoirs arranged so that the overflow of one will enter the next, and so on.
These artificial storage works are generally formed by constructing dikes or levees. A
second method is the modified streambed, which makes use of the natural water supply.
The stream channel is widened, leveled, scarified, or treated by a combination of meth-
ods to increase its recharge capabilities. Ditches and furrows are also used. The basic
types of arrangement are the contour type, in which the ditch follows the contour of the
ground; the lateral type, in which water is diverted into a number of small furrows from
the main canal or channel; and the tree-shaped or branching type, in which water is
diverted from the primary channel into successively smaller canals and ditches. Where
slopes are relatively flat and uniform, flooding provides an economical means of
recharge. The normal practice is to spread the recharge water over the ground at rela-
tively shallow depths so as not to disturb the soil or native vegetation. An additional
method is to use injection wells. Recharge rates are normally lower than pumping rates
for the same head conditions, however, because of the clogging that is often encountered
in the area next to the well casing. Clogging may result from the entrapment of fine
aquifer particles, from suspended material in the recharge water that is subsequently
strained out and deposited in the vicinity of the well screen, from air binding, from chemi-
cal reactions between recharge and natural waters, and from bacteria. For best results,
the recharge water should be clear, contain little or no sodium, and be chlorinated.

CONCURRENT DEVELOPMENT OF GROUNDWATER AND SURFACE WATER
SOURCES

The maximum practical conservation of our water resources depends on the coordi-
nated development of groundwater and surface water supplies. Geologic, hydrologic,
economic, and legal factors affect the process.

Concurrent use is primarily founded on the premise of transference of impounded
surface water to groundwater storage at optimal rates [37, 38]. Annual water require-
ments are generally met by surface storage, while groundwater storage is used to meet
cyclic requirements covering periods of dry years. The operational procedure involves a
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lowering of groundwater levels during periods of below-average precipitation and a
subsequent raising of levels during wet years. Transfer rates of surface waters to under-
ground storage must be large enough to ensure that surface water reservoirs will be
drawn down sufficiently to permit impounding significant volumes during periods of
high runoff. To provide the required maximum transfer capacity, methods of artificial
recharge such as spreading, ponding, injecting, or returning flows from irrigation must
be used.

The coordinated use of groundwater and surface water sources results in the pro-
vision of larger quantities of water at lower costs. As an example, it has been found that
the conjunctive operation of the Folsom Reservoir (California) and its groundwater
basin yields a conservation and utilization efficiency of approximately 82% compared
with about 51% efficiency for the operation of the surface reservoir alone [39]. There is
little doubt that groundwater resources should be considered very carefully in plan-
ning for large-scale water development projects.

In general, the analysis of a conjunctive system consisting of a dam and an aquifer
requires solving three fundamental problems. The first is to establish the design criteria
for the dam and the recharge facilities. The second is to determine the service area for
the combined system. The third is to develop a set of operating rules that defines the
reservoir drafts and pumpages to be taken from the aquifer. A mathematical model for
an analysis such as this has been proposed by Buras [37].

SURFACE WATER

AN INTRODUCTION TO SURFACE WATER QUANTITY AND QUALITY

Surface waters are nonuniformly distributed over the earth’s surface. Of the U.S. land
mass, only about 4% is covered by rivers, lakes, and streams. The volumes of these
freshwater sources depend on geographic, landscape, and temporal variations and on
the impact of human activities.

For surface waters, historic records of stream flows, lake levels, and climatic data
are used to identify trends and to indicate deficiencies in databases. Since surface water
supplies are always in transition, models become valuable tools for estimating future
water supply scenarios based on assumed sequences of hydrologic variables, such as
precipitation, temperature, and evapotranspiration and for projected physical manipu-
lations of the surface water containment system. The verification of hydrologic models
depends heavily on adequate historic data for calibration, and, where data voids and
errors exist, every effort should be made to fill them.

Surface water supplies may be categorized as perennial or continuous unregu-
lated rivers, rivers or streams containing impoundments, or natural lakes. Evaluating
the capability of a region’s surface water resources to sustain various uses requires
assembling data on the climate, hydrology, water quality, geology, and topography of
the area. Information on industrial, agricultural, and residential development (popula-
tion centers) is also needed, as are forecasts of future changes in these categories. An
assessment of the region’s natural resources and the impact their development would
have on the watershed’s hydrology and economy is also of value.
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Approximately 30% of the average annual rainfall in the United States becomes
surface runoff. The allocation of this water is directly related to precipitation patterns
and thus to meteorologic, geographic, topographic, and geologic conditions. In the
West, large regions are devoid of permanent runoff, and some localities, such as Death
Valley, California, receive no runoff for years at a time. In contrast, some areas in the
Pacific Northwest average about 6 feet of runoff annually. Mountain regions are usu-
ally the most productive of runoff, whereas flat areas, especially those experiencing less
precipitation, generally produce relatively little runoff.

Runoff is distributed nonuniformly over the continental United States. It is sub-
ject to seasonal and annual variations influenced by climate and weather. For example,
about 75% of the runoff in the semiarid and arid regions of the United States occurs
during the few weeks following snowmelt in the upper portion of the watershed. Even
in the well-watered East, an uneven distribution of runoff prevails, and this has an
impact on the availability of water for various competing uses. The four major runoff
regions in the United States are depicted in Figure 13.

The primary causes of deterioration of surface water quality are municipal and
domestic wastewater, industrial and agricultural wastes (organic, inorganic, heat),
solid/semisolid refuse, and non-point-source pollution. Since the passage of the Clean
Water Act, many of the pollution point sources in the United States have been
addressed. Since non-point-source pollution results from almost any human activity,
reduction of non-point-source pollution still remains one of the most challenging
aspects of surface water management.
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FIGURE 13  Major runoff regions of the United States.
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SURFACE WATER STORAGE

Water may be stored for single or multiple purposes such as navigation, flood control,
hydroelectric power, irrigation, municipal water supply, pollution abatement, recre-
ation, and flow augmentation. Either surface or subsurface storage can be used, but
both require the use of a reservoir or reservoirs.

Reservoirs regulate stream flow for beneficial use by storing water for later
release. Regulation can be defined as the amount of water stored or released from stor-
age in a period of time, usually one year. The ability of a reservoir to regulate river flow
depends on the ratio of its capacity to the volume of flow in the river. The regulation
provided by existing storage facilities can be evaluated by studying the records of typi-
cal reservoirs. Information on the usable capacity, detention period, and annual regula-
tion of a number of reservoirs having detention periods from 0.01 of a year to 20 years
is given by Langbein [40].

About 190 million acre - ft of water, representing approximately 13% of the total
river flow, has been made available through reservoir storage development in the
United States [38]. The degree of storage development is variable but is generally great-
est in the Colorado River basin and least in the Ohio River basin. Substantial increases
in water supply can be attained by developing additional storage, but water regulation
of this type follows a law of diminishing returns. There are limitations on the amount of
storage that can be used. The storage development of the Colorado River basin, for
example, may be approaching (if not already in excess of) the maximum useful limit.

RESERVOIRS

Where natural storage in the form of ponds or lakes is not available, artificial impound-
ments or reservoirs can sometimes be built to optimize the development of surface
water flows. The amount of storage needed is a function of expected demands and the
quantity of inflow to the impoundment. Mathematically this may be stated as

AS=1-0 (39)

where AS = change in storage volume during a specified time interval, I = total inflow
volume during this period, and O = total outflow volume during this period. Normally,
O is the draft requirement imposed by the various uses, but it may also include evapo-
ration, flood discharges during periods of high runoff, and seepage from the bottom or
sides of the reservoir. It is also important to note the similarity of Eq. (39) to Eq. (1).
Both equations point to the importance of the use of control volumes and the conserva-
tion of mass in water resources.

Because the natural inflow to any impoundment area is often highly variable
from year to year, season to season, or even day to day, the reservoir function must be
that of redistributing inflow with respect to time so that projected demands are satis-
fied. Several approaches may be taken to calculate reservoir capacities. Actual or syn-
thetic records of stream flow and a knowledge of the proposed operating rules of the
reservoir are fundamental to all solutions. Storage may be determined by graphical or
analytical techniques. With the speed of modern computers, a continuous simulation is
almost always the preferred method for reservoir design when adequate resources are
available. Continuous simulation refers to the use of a dataset that is many years in
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duration (usually more than 10) that must include extreme hydrologic conditions such
as large floods and droughts. Reservoirs may be simulated by third-party software
packages or spreadsheets. The most important factor in selecting these models is to
ensure that the model uses appropriate governing equations and assumptions for the
situation that is being modeled.

Commonly, storage calculations are based on comparing demands with a critical
low flow period such as the most severe drought on record. Once the critical period is
chosen, the required storage is usually determined using a mass-curve analysis intro-
duced in 1883 by Rippl [41]. This method evaluates the cumulative deficiency between
outflow and inflow (O — I) and selects the maximum cumulative value as the required
storage. Examples 9 and 10 illustrate the procedure.

Example 9

Find the storage capacity required to provide a safe yield of 67,000 acre - ft/yr for
the data given in Figure 14.

Solution: Construct tangents at A, B, and C having slopes equal to 67,000 acre - ft/yr.
Find the maximum vertical ordinate between the inflow mass curve and the constructed
draft rates. From Figure 14, the maximum ordinate is 38,000 acre - ft, which is the
required capacity.
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FIGURE 14 Reservoir capacity for a specified yield as determined by use of a
mass curve.
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This example shows that the magnitude of the required storage capacity depends
entirely on the time period chosen. Since the period of record given covers only 5.5
years, it is clear that a design storage of 38,000 acre - ft might be totally inadequate for
the next 3 years, for example. Unless the frequency of the flow conditions used in the
design is known, little can be said regarding the long- or short-term adequacy of the
design.

Example 9 also illustrates the fact that the period during which storage must be
provided depends on hydrologic conditions. Since reservoir yield is defined as the
amount of water that can be supplied during a specific interval, choice of the interval is
critical. For distribution reservoirs, one day is often sufficient. For large impounding
reservoirs, several months, a year, or several years may be required.

Example 10

Consider an impounding reservoir that is expected to provide for a constant draft
of 637 million gallons (mil gal)/mi%/yr. The following record of monthly mean inflow
values represents the critical or design period. Find the storage requirement. Data on
monthly inflows are given in Table 7 in Column 2.

Solution: The calculations are shown on the spreadsheet given in Table 7. It can be
seen that the maximum cumulative deficiency is 202.2 mil gal/mi?, which occurs in
September. The number of months of draft is 202.2/53.1 = 3.8, or, stated differently,
enough water must be stored to supply the region for about 3.8 months.

This example gives a numerical answer to the question posed in determining a
storage design. It does not, however, give an expression for the probabilities of the
shortages or excesses that may result from this design. Past practice has been to use the

TABLE 7 Spreadsheet Storage Requirement Calculations

Inflows Deficiency”
Sum Of Deficiency Cumulative
Month Inflow (/) Draft (O) =1 (X)) =(I - 0)
J 372 53.1 372 15.9 159
F 64.8 53.1 102 -11.7 0
M 108 53.1 210 —54.9 0
A 12 53.1 222 41.1 41.1
M 8.4 53.1 2304 447 85.8
J 9.6 53.1 240 43.5 129.3
J 24 53.1 242.4 50.7 180
A 33.6 53.1 276 19.5 199.5
S 50.4 53.1 326.4 2.7 202.2
o 129.6 53.1 456 -76.5 0
N 117.6 53.1 573.6 —64.5 0
D 26.4 53.1 600 26.7 20.7
J 60 53.1 660 —6.9 0

“Only positive values of cumulative deficiency are tabulated.
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lowest recorded flow of the stream as the critical period. Obviously, this approach
overlooks the possibility that a more serious drought might occur, with a resultant
yield less than the anticipated safe yield.

LOSSES FROM STORAGE

The availability of water impounded in a reservoir is affected by losses in storage that
result from natural or artificial phenomena. Natural losses occur through evaporation,
seepage, and siltation, while artificial losses result from withdrawals.

After a dam has been built and the impoundment filled, the exposed water sur-
face area is increased significantly over that of the natural stream. The result is a
greatly increased opportunity for evaporation. The opportunity for generation of
runoff from the flooded land is also eliminated, but this loss is countered by gains made
through the catchment of direct precipitation. These water surface effects tend to result
in net gains in well-watered regions, but in arid lands losses are typical, since evapora-
tion generally exceeds precipitation.

The magnitude of seepage losses depends mainly on the geology of the region. If
porous strata underlie the reservoir valley, considerable losses can occur. On the other
hand, where permeability is low, seepage may be negligible. A thorough geotechnical
investigation is a prerequisite to the adequate evaluation of such losses and should cer-
tainly be a significant part of the design of any reservoir or impoundment. Also, since
the useful life of a reservoir can be significantly affected by the deposition of sediment,
a knowledge of sedimentation rates is important in reaching a decision regarding the
feasibility of its construction [4, 40].

The rate and characteristics of the sediment inflow can be controlled by using
sedimentation basins, providing vegetative screens, and employing various erosion
control techniques [4]. Dams can also be designed so that part of the sediment load can
be passed through or over them. A last resort is the physical removal of sediment
deposits. Normally this is not economically feasible.

Example 11

Determine the expected life of the Lost Valley Reservoir. The initial capacity of
the reservoir is 45,000 acre - ft. and the average annual inflow is 76,000 acre - ft. A sedi-
ment inflow of 176 acre - ft/yr is reported. Assume that the useful life of the reservoir is
exceeded when 77.8% of the original capacity is lost.

Solution: The solution is obtained through application of the data given in Figure 14.
The results are tabulated in Table 8.
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TABLE 8 Determination of Probable Life of the Lost Valley Reservoir
1 2 (©) 4) ©) (6) ™
Number of
Average Years
Percent Percent Acre-Ft Required to
Sediment Sediment Sediment Fill the
Reservoir Volume Capacity Trapped, Trapped per Trapped Volume
Capacity Increment Inflow Ratio: from Volume Annually: Increment:
(acre « ft) (acre - ft) (1) = 76,000 Fig. 4 Increment (5) x 176 2) + (6)
45,000 5000 0.59 96.5
40,000 5000 0.52 96.1 96.3 169 30
35,000 5000 0.46 95.8 95.9 169 30
30,000 5000 0.39 95.0 95.4 168 30
25,000 5000 0.33 94.5 94.7 167 30
20,000 5000 0.26 93.0 93.8 165 30
15,000 5000 0.20 92.0 92.5 163 31
10,000 5000 0.13 88.0 90.0 158 32
Total number of years of useful life 213
Problems of the type illustrated in Examples 10 and 11 are especially suited to
the use of spreadsheet analyses. These and analytic tools offer opportunity for quick
adjustments to parameters and speedy recalculation of values.
20 IMPACTS OF CLIMATE CHANGE ON GLOBAL HYDROLOGY

Traditionally, engineers did not consider the impacts of climate change on the systems
they designed. This approach is now being reconsidered in many parts of the world as the
evidence of climate change mounts and the widespread effects on water resources and
the environment become more apparent. In many parts of the world, definitive actions
have been taken to address this topic. In the United States, climate change remains a
somewhat controversial topic in some circles.

Many questions related to climate change and global hydrology must be
answered. At the most basic level, is it going to be warmer or cooler and will storm
intensities increase or decrease? Also to be considered are the impact of temperature
on the amount of water that will be available to the region and the time when this
water will be available. For example, if a temperature increase were to occur with no
change in precipitation, the net water availability would be reduced as a result of
higher rates of evapotranspiration. Furthermore, water managers must consider many
important and complicated aspects of water quality in relation to climate change.

The many reports by the Intergovernmental Panel on Climate Change (IPCC)
are good sources of information on potential climate change impacts. The Panel’s many
working groups regularly report on a variety of climate change topics, including miti-
gation of potential impacts. Their Climate Change 2007: Impacts, Adaptation and Vul-
nerability Summary for Policymakers noted many issues related to global hydrology.
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The report notes that all continents and most oceans are being affected by the impacts
of climate change. Among these effects are changes in snow, ice, and permafrost related
to higher temperatures. These changes (loss of glacial ice, rock avalanches in colder
mountainous regions, etc.) are also reported along with changes to Arctic and Antarc-
tic ecosystems [42]. The IPCC’s website at http://www.ipcc.ch/, in addition to the many
online scientific resources dedicated to climate change, is an excellent source of infor-
mation on this topic.

Changes in soil moisture and runoff resulting from increased or decreased precip-
itation could significantly affect water supplies for municipalities, agriculture, industry,
environmental protection, and other purposes. Changes in precipitation would certainly
increase the uncertainty of frequency analysis. Since these return frequencies are based
on historical data and are used to design infrastructure, the potential impacts to both
humans and the environment would be significant. The five major global climate pre-
diction models all predict an increase in average worldwide precipitation. This would
also be associated with soil moisture increases. However, the precipitation increase is
not projected to be uniform across the world [43]. In fact, some regions are projected to
have decreases in precipitation and thereby decreased soil moisture. Some inconsisten-
cies are apparent in the analyses of climate change model results, and it is clear that the
predictions of changes in local and regional hydrology are far from perfect.

It can be argued that the potential effects of global climate change on water
resources could be more serious than the actual warming of the earth. This is particularly
true for regions where surface water supplies are generated from water stored in snow-
packs in the mountains. Such a situation exists in the southwestern United States where
the Colorado River is a major source of water supply for cities in Southern California and
Arizona. The Colorado River Basin covers southwestern Wyoming, western Colorado,
eastern Utah, all of Arizona, and small portions of southern Nevada, northwestern New
Mexico, and southeastern California. In those regions, even if total precipitation does not
change while temperatures rise, a decreasing water supply would be the outcome.

Our climate predictions are not perfect, but model results provide an insight into
what might be expected under a variety of global change scenarios. The water policy
implications of global climate change are significant and must be taken into account in
planning for water resources development and management. Actions should be taken
now to reduce the potential impacts of climate change. Many of these actions relate to
improving water use efficiency and considering environmental impacts during all of
our professional and personal activities. These are wise courses of action even if unfa-
vorable climate change scenarios do not unfold.

PROBLEMS

1 Compare the amounts of water required by the various users in your state. What is the rel-
ative worth of water in its various uses?

2 A flow of 100 mgd is to be developed from a 190-mi® watershed. At the flow line the area’s
reservoir is estimated to cover 3900 acres. The annual rainfall is 40 in, the annual runoff is
14 in, and the annual evaporation is 49 in. Find the net gain or loss in storage this repre-
sents. Calculate the volume of water evaporated in acre * ft and cubic meters.
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A flow of 4.8 m%/s is to be developed from a 500-km? watershed. At the flow line, the area’s
reservoir is estimated to cover 1700 hectares. The annual rainfall is 97 cm, the annual
runoff is 30 cm, and the annual evaporation is 120 cm. Find the net gain or loss in storage
this represents. Calculate the volume of water evaporated in cubic meters.

Discuss how you would go about collecting data for an analysis of the water budget of a
region. What agencies would you contact? What other sources of information would you
seek out?

For an area of your choice, make a plot of mean monthly precipitation versus time.
Explain how this fits the pattern of seasonal water uses for the area. Will the form of pre-
cipitation be an important consideration?

Given the following 10-yr record of annual precipitation, plot a rough precipitation fre-
quency curve. Tabulate the data to be plotted and show the method of computation. The
data are annual precipitation in inches: 28, 21, 33, 26, 29, 27, 19, 28, 18, 22. (Note: The fre-
quency in percent of years is 1/7T X 100.)

Given the 10-yr record of annual precipitation that follows, develop and plot a precipitation
frequency curve. The precipitation values in cm are 70, 54, 89, 66, 75, 69, 48, 72, 46, and 56.
An impounding reservoir is expected to provide a constant draft of 448 million gallons per
square mile per year. The following record of monthly mean inflow values (mg per sq. mi.
per month) represents the critical or design period. Find the storage required.

Mo F M| A M J J A S O N D J F

In 31 | 54| 9 | 10 7 8 2 | 28| 42| 108 | 98 | 22 | 50

Over a 100-mi” surface area, the average level of the water table for an unconfined aquifer
has dropped 10 ft due to the removal of 128,000 acre - ft of water from the aquifer. Deter-
mine the storage coefficient. The specific yield is 0.2 and the porosity is 0.22.

Over a 100-mi” surface area, the average level of the piezometric surface for a confined
aquifer has dropped 400 ft due to long-term pumping. Determine the volume of water, in
acre-feet, pumped from the aquifer. The porosity is 0.3 and the coefficient of storage is
0.0002.

Find a maximum reservoir storage requirement if a uniform draft of 726,000 gpd/mi? from
ariver is to be maintained. The following record of average monthly runoff values is given
(mg per sq. mi. per month):

Mol A M|J|J|A|IS|OIN|D|J|F| M|A|M|]J
R (97136 59|14 6 |53 |7 |19|13|74]|9 |37 63|49

Using the information given in Table 2, plot recurrence interval in years as the ordinate
and the design period in years as the abscissa and construct a series of recurrence inter-
val-design period probabilities that an event will not be exceeded during the design
period. Use arithmetic coordinate paper. [Note: For use in this problem, probabilities in
the table must be subtracted from 1.0. Where sufficient information is not provided by the
table, probabilities may be computed using P, = (1 — 1/TR)", where n is the design period
in years.]
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Given the following 50-month record of mean monthly discharge, find the magnitude of
the 20-month low flow. The consecutive average monthly flows (cfs) were 14,17,19,21, 18,
16,18,25,29,32,34,33,30,28,20,23,16,14,12,13,16,13,12,12,13,14, 16, 13,12, 11, 10, 12,
10,9,8,7,6,4,6,7,8,9,11,9,8,6,7,9,13,17.

Given the following data relating mean annual change in groundwater level in ft to mean
annual draft in thousands of acre-feet, find the safe yield.

Change in GW level +1 | 42 | -1 | =3 | =4 | +1.5| +12 | =26

Mean annual draft 23 19 31 42 44 21 19 33

Given the following data relating mean annual change in groundwater level in ft to mean
annual draft in thousands of acre-feet, find the safe yield.

GW level -2 | +25| -4 | +05| -3 +2 | =25 —05] +05| —2

\Annual draft 26 14| 36 | 215 | 32 13 | 325 26 19| 28

What would the maximum continuous constant yield be from a reservoir having a storage
capacity of 750 acre - ft? Give your results in acre - ft/yr and m*/yr.

If a constant annual yield rate of 1500 gpm was required, what reservoir capacity would be
needed to sustain it? Give the capacity in acre - ft/yr.

A mean draft of 100 mgd is to be developed from a 150 mi? catchment area. At the flow
line, the reservoir is estimated to be 4000 acres. The annual rainfall is 38 in, the mean
annual runoff is 13 in, and the mean annual evaporation is 49 in. Find the net gain or loss
in storage that this represents. Compute the volume of water evaporated. State this figure
in a form such as the number of years the volume could supply a given community.

For the following data and using the well and flow-net configuration of Figure 8, find the
discharge using a flow-net solution. The well is fully penetrating; K = 2.87 X 107 ft/s,
(a) = 180 ft, (b) = 43 ft,and (c) = 50 ft.

Rework Problem 19 using K = 8.4 X 10 m/s,(a) =100 m, (b) =22 m, and (¢) = 35 m.
Use the following data: Q = 60,000 ft3/day, T = 6200 ft3/day,t = 30days, ¢t = 1ft, and
S. = 6.4 X 107* Consider this a nonequilibrium problem. Find the drawdown s. Note that
for

u=280x10"  W(u) = 2037
u=90x10"  W(u) =2025

Determine the permeability of an artesian aquifer being pumped by a fully penetrating
well. The aquifer is composed of medium sand and is 90 ft thick. The steady-state pumping
rate is 850 gpm. The drawdown of an observation well 50 ft away is 10 ft, and the draw-
down in a second observation well 500 ft away is 1 ft.

An 18-in well fully penetrates an unconfined aquifer of 100-ft depth. Two observation
wells located 100 and 235 ft from the pumped well have drawdowns of 22.2 and 21 ft,
respectively. If the flow is steady and Ky = 1320 gpd/ft?, what is the discharge?

Find the drawdown at an observation point 200 ft away from a pumping well, given that
T = 3.0 X 10* gpd/ft, the pumping time is 12 days, S, = 3.0 X 107 and Q = 300 gpm.
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A well is being pumped at a constant rate of 0.0038 cubic meters per second. Given that
T = 0.0028 m?/s, r = 90 m, and the storage coefficient = 0.00098, find the drawdown in
the observation well for a time period of (a) 1000 s and (b) 20 hr.

A well is being pumped at a constant rate of 0.004 m*/s. Given that T = 0.0028 m?/s,
r = 100 m, and the storage coefficient = 0.001, find the drawdown in the observation
well for a time period of (a) 1 hr and (b) 24 hr.

A well is being pumped at a constant rate of 0.003 m%s. Given that T = 0.0028 m?/s, the
storage coefficient = 0.001, and the time since pumping began is 12 hr, find the drawdown
in an observation well for a radial distance of (a) 150 m and (b) 500 m.

A 12-in well fully penetrates a confined aquifer 100 ft thick. The coefficient of permeabil-
ity is 600 gpd/ft?. The difference in drawdown between two test wells 45 and 120 ft away is
8 ft. Find the rate of flow delivered by the well.

Determine the permeability of an artesian aquifer being pumped by a fully penetrating
well. The aquifer is composed of medium sand and is 100 ft thick. The steady-state pump-
ing rate is 1200 gpm. The drawdown in an observation well 75 ft away is 14 ft, and the
drawdown in a second observation well 500 ft away is 1.2 ft. Find K in gpd/ftz.

Consider a confined aquifer with a coefficient of transmissibility T = 680 ft*/day/ft. At
t = 5 min, the drawdown s = 5.6 ft; at 50 min, s = 23.1 ft; and at 100 min, s = 28.2 ft. The
observation well is 75 ft away from the pumping well. Find the discharge of the well.
Assume that an aquifer is being pumped at a rate of 300 gpm. The aquifer is confined and
the pumping test data are given below. Find the coefficient of transmissibility 7" and the
storage coefficient S for r = 60 ft.

Time since pumping started (min) | 1.3 25 | 42 8.0 | 11.0 | 100.0

Drawdown s (ft) 46 | 81 9.3 120 | 151 | 29.0

Find the drawdown at an observation point 250 ft away from a pumping well, given that
T = 3.1 X 10* gpd/ft, the pumping time is 10 days, S, = 3 X 107, and Q = 280 gpm.

A 12-in. well fully penetrates a confined aquifer 100 ft thick. The coefficient of permeabil-
ity is 600 gpd/ft%. The difference in drawdown between two test wells 40 and 120 ft away is
9 ft. Find the rate of flow delivered by the well.

Find the permeability of an artesian aquifer being pumped by a fully penetrating well. The
aquifer is 130 ft thick and is composed of medium sand. The steady-state pumping rate is
1300 gpm. The drawdown in an observation well 65 ft away is 12 ft and in a second well 500
ft away it is 1.2 ft. Find K in gpd/ft*.

Consider a confined aquifer with a coefficient of transmissibility of 700 ft*/day/ft. At
t = 5 min, the drawdown is 5.1 ft; at 50 min, s = 20.0 ft; at 100 min, s = 26.2 ft. The obser-
vation well is 60 ft from the pumping well. Find the discharge from the well.

An 18-in well fully penetrates an unconfined aquifer 100 ft deep. Two observation wells 90
and 235 ft from the pumped well are known to have drawdowns of 22.5 ft and 20.6 ft,
respectively. If the flow is steady and Ky = 1300 gpd/ft?, what is the discharge?

A well is pumped at the rate of 500 gpm under nonequilibrium conditions. For the data
given below, find the formation constants S and 7. Use the Theis method.
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rit Average Drawdown H (ft)
1,250 3.24
5,000 2.18
11,250 1.93
20,000 1.28
45,000 0.80
80,000 0.56
125,000 0.38
180,000 022
245,000 0.15
320,000 0.10

38 A well fully penetrates the 100-ft depth of a saturated unconfined aquifer. The drawdown
at the well casing is 40 ft when equilibrium conditions are established using a constant dis-
charge of 50 gpm. What is the drawdown when equilibrium is established using a constant
discharge of 66 gpm?

39 A confined aquifer 80 ft deep is being pumped under equilibrium conditions at a rate of
700 gpm. The well fully penetrates the aquifer. Water levels in observation wells 150 and
230 ft from the pumped well are 95 and 97 ft, respectively. Find the field coefficient of per-
meability.
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Alternative Sources
of Water Supply

The global surge in population has strained water supplies and threatened the ecology
of the earth. In 2000, 1.1 billion people (or 18% of the world’s population) did not have
access to clean drinking water, and 2.4 billion did not have access to adequate
sanitation services [1]. Water shortages and poor water quality have caused and will
continue to cause some of the most serious problems throughout the world. A 2003
joint report by 23 United Nations agencies found that improved water management
could assist with global issues such as poverty, hunger, universal primary education,
gender equality, child mortality, maternal mortality, major diseases, and environmental
sustainability. The agencies also reported that approximately 6000 people (primarily
children under the age of five) die each day from water-related diseases [2].

As long as demands increase, humans will continue to search for new ways to
create safe and adequate water supplies. For seasoned professionals, the many sources
of raw water are not new. However, as traditional water supplies are depleted many
alternative and nontraditional water supplies have started to gain more attention
from the public and from policy makers. As a result, water professionals have started
to implement more alternative, or nontraditional, water supply projects on a broader
scale. This chapter will briefly discuss many of these alternative technologies.

Although the majority of raw water is still withdrawn from ground or surface
waters and then treated and distributed, many agencies and utilities have started aug-
menting their supplies with treated wastewater, brackish or saline water, and
stormwater. New technologies such as cloud seeding and aquifer storage and recovery
are also being used to create and store these supplies. Using a number of management
practices, raw water sources, treatment technologies, and storage techniques to create
an adequate water supply is called a portfolio approach to water supply planning and

From Water Supply & Pollution Control, Eighth Edition. Warren Viessman, Jr., Mark J. Hammer,
Elizabeth M. Perez, Paul A. Chadik. Copyright © 2009 by Pearson Education, Inc. Published
by Prentice Hall. All rights reserved.
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is becoming more common as traditional water supplies are depleted in many parts of
the world. Water supply planners must now tap into a variety of sources, methods, and
technologies to meet growing needs [3].

WATER CONSERVATION

While most water supply problems are solved on the supply side, water conservation
is a way to create more supply by addressing the demand side. Many conservation
measures are fairly easy to implement but may be overlooked until comprehensive
planning is undertaken. Water conservation can take place in any of the water use
sectors (urban, agricultural, industrial, municipal) and is among the most environmentally
friendly of all of the alternative water supply options. Conservation is generally broken
into soft measures such as public educations programs and hard measures such as
regulations and mandatory watering bans [3].

California has been using conservation measures since the early 1990s and has
employed both soft and hard measures to address its water supply needs. Public
education campaigns throughout the United States often encourage the use of low-
flow showerheads and toilets in addition to general messages related to efficient use
of water in home appliances (primarily dishwashers and washing machines). However,
efficient outdoor use of water has proved more challenging. In California, more
than half of residential water use is outdoors. To reduce outdoor water use, California
water managers have encouraged the use of sensors on sprinkler systems and reduced
landscaping in front yards [3]. Other outdoor conservation measures include
xeriscaping (the use of native, water-efficient vegetation). When soft measures do not
bring about needed results in urban areas, measures such as watering restrictions and
increased fees are implemented.

Conservation can also be employed in the agricultural and industrial sectors. The
success of agricultural water conservation is more difficult to quantify than the success
of urban conservation. In the case of agricultural conservation in California, only net
flows can be quantified and the costs to create higher net flows usually result in a need
to subsidize those employing the conservation measures [3].

Regardless of the measures employed and the water use sector involved, water
conservation measures must be employed in a targeted, proactive, and organized manner.
The political and public response to conservation measures can significantly slow or even
halt the progress of a program. The decision makers and the public must understand why
the conservation measures are needed and the case must be made effectively and consis-
tently. Unfortunately, many conservation measures are implemented during drought—
these reactive measures generally prove to be more difficult to enforce than proactive
measures that are implemented during normal conditions.

WASTEWATER REUSE

Reclamation, recycling, and reuse of water that has been used for a variety of purposes
offers an attractive alternative to the development or expansion of natural water
sources. Although the terms reclamation, recycling, and reuse are similar and used
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almost interchangeably by practicing engineers, water reclamation refers to the treatment
of water to meet predefined water quality criteria, whereas water reuse refers to the use
of treated wastewater for beneficial uses. These terms usually refer to municipal waste-
water that is used to supplement irrigation needs for agriculture or urban uses [1]. If
viewed in terms of popular environmental themes, it makes sense that water should be
used more than once. In other words, water can and should be recycled. Wanielista notes
that the reasons for implementing reuse projects are many [4]:

To maintain natural hydrologic conditions and balance the water budget.

To improve water quality in natural waterbodies.

To meet regulatory criteria.

To conserve water.
To reduce saltwater intrusion in coastal areas.

To take advantage of the potential ease of permitting.

N AN A WN -

To reduce costs.

Municipal wastewater reuse is common, especially in the more arid western and
southwestern states. In California and Texas, for example, there are numerous reuse
projects. Wastewater reuse appears to be particularly attractive in areas where rainfall
is low, evaporation is high, irrigation water use is intense, and interbasin transfers of
water are being practiced or planned. Environmental regulations, water scarcity, and
economic factors are expected to increase the popularity of reuse. This will undoubtedly
affect water use trends in the future, especially in the industrial and agricultural sectors.
Figure 1 gives a good indication of the significance of wastewater reclamation to the
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FIGURE 1 Projected distribution of source waters for Orange County, California,
water supply to the year 2010. Source: From L. W. Owen and W. R. Mills, “California’s
Orange County Water District: A Model for Comprehensive Water Resources
Management,” in Water Resources: Planning and Management and Urban Water
Resources, Proceedings of the 18th Annual Conference and Symposium of the Water
Resources Planning and Management Division of ASCE, New York, NY, May 1991, p. 5.
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water supply future of Orange County, California. By 2010, it is projected that about
20% of the Orange County Water District’s water needs will be met by reclaimed
wastewater. Benefits of wastewater reuse include improved quality of surface waters,
preservation of higher-quality water for potable consumption, and added recreational
opportunities [5].

Treated wastewater may be used directly or indirectly. In direct reuse, wastewater
is treated and then delivered to a user without intervening travel dilution in natural
surface water or groundwater bodies [6]. Connection of a municipal wastewater plant
to an irrigation site provides a direct water supply to that site. Indirect reuse involves a
middle step between the generation of reclaimed water and its reuse. This middle step
commonly includes discharge, retention, and mixing with another water source before
reuse. Recycling refers to two or more consecutive uses of water by the same business,
industry, or person in a coordinated, planned manner, sometimes with partial treat-
ment between uses.

The most widely available and least variable source of wastewater for reuse is
municipal wastewater. It can be relied on to provide a dependable continuous flow
having fairly stable physical, chemical, and biological characteristics. Reuse of municipal
wastewater may be accomplished in a number of ways, with treatment ranging from
none to the most advanced systems available, depending on the end use of the water.
Municipal wastewater reuses are varied. In California, municipal wastewaters are
reused for irrigation of fiber and seed crops, landscapes, orchards and vineyards, and
processed, and nonprocessed food crops; restricted and unrestricted recreational
impoundments; pasture for dairy animals; and groundwater recharge [7].

Manufacturing processes can contribute significantly to the amount of wastewater
generated in an area. However, the constituents in industrial wastes may limit options
for reusing them. Nevertheless, on-site wastewater reuse by industry has become more
prevalent as environmental standards set by regulatory agencies have tightened.

In agriculture, return flows from irrigation projects are a potential source of
reusable water. These flows are often contaminated with salts leached from the soil,
however, and treatment is often required before they can be reused.

The objective of wastewater reclamation is to provide a water supply of adequate
quality to meet the standards of the proposed reuse application. For municipal waste-
water flows that have been subjected to secondary treatment, pollutants that may still
require removal include nitrates, phosphates, total dissolved solids, microorganisms,
and refractory organics such as trace levels of pesticides [6, 8]. Depending on the type
of reuse, some of these constituents may enhance the value of the product water and
should remain. For example, phosphates and nitrates are desirable in reclaimed water
scheduled for reuse in irrigation because they are useful nutrients for the crops that are
to be grown. A number of states, including California, have established water-quality
standards for various types of reuse [9].

To restore wastewaters to drinking water quality, tertiary or advanced treatment
processes are usually required. These proven wastewater reclamation technologies are
widely used. Regardless of the methods used, reuse projects should be viewed as an
extension of conservation plans. The new text Water Reuse: Issues, Technologies, and
Applications provides a thorough treatment of this topic [1].
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STORMWATER REUSE

Stormwater reuse or stormwater harvesting refers to the capture, treatment, and use of
stormwater to augment water supplies. The reasons for the reuse of stormwater are the
same as those for the reuse of wastewater, but stormwater reuse is less common in the
United States. However, rain has always generally been seen as a valuable source of
clean water and manmade structures have been used to capture rain since the beginning
of civilization. In many parts of the developing world, cisterns (a structure or barrel
used to store captured stormwater) are a primary source of domestic potable water.
However, using stormwater in the framework of developing an urban alternative water
supply in an industrialized country can be fairly complex.

Stormwater reuse, like wastewater reuse, is commonly considered abroad and in
some parts of the United States as a way to supplement water supply for nonpotable
uses. For all reuse projects, chemical composition of the stormwater is important. Like
wastewater, stormwater may contain valuable nutrients that can aid in the growth of
vegetation while providing a potential source of biological treatment for the stormwater.
The desirable constituents usually include nitrogen and phosporus. Stormwater can
also contain constituents that should not be released to the environment in the high
concentrations that tend to be present in untreated stormwater (heavy metals,
microorganisms, pesticides, and herbicides to name a few). Stormwater is also more
variable than wastewater in terms of quantity and quality.

Australia and some European countries have implemented many successful storm-
water reuse projects, including aquifer storage and recovery (ASR, see Section 6), lakes,
wetlands, rainwater storage tanks, water sensitive urban design, industrial reuse, and
urban reuse [10]. The storage of surface water is also fairly common in the United States
in facilities variously called irrigation ponds, reuse ponds, or recycling ponds. In Florida,
over 300 stormwater reuse projects have been implemented. Most of these projects use
stormwater for irrigation purposes [4]. Regardless of where the stormwater is stored, it is
usually used to meet local irrigation needs. If a rainwater tank or cistern is used, stormwa-
ter may also be used for potable uses. Whenever stormwater is used for potable uses, it is
important to monitor water quality and public health.

Given the availability of stormwater in many areas, reuse of this valuable
resource is one of the best sources of alternative water supply for nonpotable uses.
When undertaking a reuse project, it is critical that project costs do not outweigh the
useful life of the project. Maintenance, environmental integrity, and public health are
also critical issues that must be addressed during the planning process.

BRACKISH AND SALINE WATER CONVERSION

In coastal areas the conversion of brackish and saline water into a viable water supply is
becoming more popular. Broadly speaking, desalination includes the treatment of all
impaired waters. For water supply engineers, the term desalination refers to the removal
of salts from brackish water and seawater [11]. The sources of water in this category
include brackish groundwater and water from seas and oceans (usually generically
referred to as seawater desalination). As with other sources of water, this alternative has
a number of advantages and disadvantages. When considered as part of a planning
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process, the source water should be carefully analyzed. Some parameters of interest
include total suspended solids, silt density index, temperature, chemical constituents,
and bacteriological quality [12]. In addition, potential environmental impacts must be
carefully considered. Generally, the withdrawal of the source water and the disposal of
the wastes are significant hurdles in implementing a desalination project.

Conventional water treatment techniques such as coagulation, sedimentation,
and filtration are not adequate to remove dissolved solids in brackish water and sea-
water [11]. However, the following treatment techniques are effective at converting
brackish or saline water [12, 13, 14]:

1. Distillation/Condensation or Thermal Treatment is the most developed form
of desalination throughout the world. This is a well-understood unit operation
and is the most common method of desalination. Some types of thermal treat-
ment include solar distillation, multistage-flash, multiple effect evaporation,
thermal vapor compression, mechanical vapor compression, and adsorption
vapor compression.

2. Membrane Filtration is a term used to describe a variety of membrane-based
technologies that can be used for desalination. Membrane-based technologies
generally include electrodialysis, electrodialysis-reversal, reverse osmosis (also
referred to as hyperfiltration), nanofiltration, ultrafiltration, and microfiltration.
Membrane filtration is the most common form of desalination in the United States.

3. Ion Exchange describes processes that exchange one type of ion for another of
the same charge.

Pretreatment and posttreatment must be considered with each process. For exam-
ple, degasification must be considered for waters that were produced via reverse osmosis.
For waters produced from electrodialysis-reversal processes, small suspended material
must be removed during post-treatment processing. As with all water treatment facilities,
residual disinfection must also be carefully timed for each type of treatment process [12].

The most common disadvantages of brackish and saline water conversion are
power costs and disposal of wastes (usually referred to as brine or concentrate) that
accumulate during treatment processes. Energy is one of the most important cost-
related concerns related to desalination. Energy consumption is closely linked to the
qualities of the source water and the selected treatment technologies. Generally,
reverse osmosis facilities consume more energy than other types of desalination facilities.
A relatively high level of energy is usually needed to drive pumps that create the
needed pressures. Electrodialysis is only economically feasible for brackish waters due
to the energy that is needed to reduce dissolved solids concentrations. It is simply too
expensive to create the energy needed to desalinate seawater using electrodialysis [15].

Desalination facilities are potential sources of environmental degradation during
and after construction. General environmental concerns include but are not limited to
plant location, construction materials, air pollution, onsite chemical management, ecolog-
ical impacts near the intake, and groundwater contamination. Perhaps most common are
concerns related to management and disposal of concentrate. Environmental concerns
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related to desalination are well documented in Younos [16]. Ultimately, desalination
remains one of the more expensive sources of alternative water supplies, but many
utilities continue to consider desalination because of the relatively high reliability of the
supply compared with other sources [2].

INTERBASIN TRANSFERS

The option of transporting water from another region is also considered a viable source
of alternative water supply —although it can be among the most politically difficult and
environmentally harmful options. These transfers must also include a careful economic
and environmental analysis. The primary concern, besides the negotiations with the
parties involved in the transfer, is the harm that can occur to third parties once the
transfer begins. Usually, the third party of greatest concern is the environment and the
wildlife that rely on the water source [3]. Other impacted parties can include agricultural
and commercial interests. Although water transfer can sometimes appear relatively low
in cost compared with other sources of water, it is important to consider the costs to
third parties as well.

OTHER RELEVANT TECHNOLOGIES

Many technologies are relevant to the development of alternative water supplies.
Some of these technologies include aquifer storage and recovery (ASR) and cloud
seeding. In fact, what is considered an alternative source of water supply in one region
may be considered a traditional source of water supply in another region. For example,
in Florida surface water is usually considered an alternative source of water supply,
while in the neighboring state of Georgia, surface water is a traditional source of water.

ASR is a process involving storing water in an aquifer (by recharge) during wet
periods and removing it during dry periods when it is needed. The underground storage
basin can be operated like a surface water reservoir, but it eliminates evaporative losses,
which can be significant, and it does not require inundating the large land areas that are
associated with surface water reservoirs. ASR systems can also be called upon to sup-
port water supply needs during severe multiyear droughts. The concept is not new, hav-
ing been used in the United States for over 30 years. Figure 2 illustrates the typical ASR
facility.

As with all water technologies, ASR facilities must meet stringent water quality
regulations. Recently, concerns about arsenic have slowed ASR implementation in
some parts of Florida. It is currently thought that the bulk matrix of the limestone in
some parts of Florida may contain low concentrations of arsenic, which is a natural,
but troublesome, phenomenon. As a result, arsenic levels have exceeded maximum
contaminant levels of 10 ug/L at many ASR facilities and this has slowed the imple-
mentation of ASR projects throughout the state. Research is underway to find ways
to strip arsenic from groundwater using a variety of methods. Norton and researchers
at the University of Florida are investigating this topic in cooperation with the City
of Bradenton, Florida [17].
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FIGURE 2 Schematic diagram of an aquifer storage and recovery
system. (Everglades Restoration Plan, www.evergladesplan.org/docs/
asr_whitepaper.pdf.)

Cloud seeding, a method of increasing rainfall, is perhaps the rarest source of

water supply. Many parts of the United States are experimenting with technologies to
increase rainfall. In fact, there are approximately a dozen active seeding projects in the
Sierra Nevada foothills. There is no concensus in the scientific community about the
effectiveness of cloud-seeding technology [3].
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The water supply problem is one of balancing supply and demand. The geographical
and temporal availability of water sources, the quality of these resources, the rates at
which they are replenished and depleted, and the demands placed upon them by water
users are determining factors in water management strategies. Estimates of future
water uses, uncertain as they might be, are fundamental to efficient and equitable allo-
cation of water supplies. These estimates depend on an ability to forecast changes in
population, agricultural and industrial activity, ecologic and economic conditions, tech-
nology, and social and other related factors.

WATER USE SECTORS

Decisions on developing and allocating water resources must be based on availability,
quality, type, and rate of use of the resource. A complication is that source waters must
usually be allocated to numerous competing uses. When supplies are limited, conflicts
among users may become intense and tradeoffs must be made.

Community water use projections are always needed for distribution system
and treatment plant design, in addition to information on the timing of these
demands. More detailed information on individual water use sectors is provided
throughout the remainder of this section. Demand parameters, critical to the design
and operation of water treatment facilities, are usually expressed as the following
parameters:

® Average day demand is calculated by dividing the total annual amount of water
produced by 365.

® Maximum day demand is the highest water demand for any 24-hour period.
® Peak hour demand is the highest demand for water for a 1-hour period.
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e Peak factors are common and important terms used in the design and description
of water systems. These are usually multiples of the average day demand and are
used to describe maximum day or peak hour demands [1].

Agriculture

Water is critical to agriculture. In arid and semiarid regions without a dependable
water supply, there is little chance of achieving success in agricultural operations. In
humid areas rainfall is often adequate to produce good crops, but even in these areas
supplemental irrigation is increasingly relied upon to prevent crop failures and to
improve the quality of the products produced. In the eastern United States, the
increasing use of supplemental irrigation highlights the importance of sustainable
water supplies for crop production [2].

Irrigation water requirements are generally seasonal, varying with climate and
type of crop. In humid regions, water withdrawals for irrigation may range from about
10% of the total annual demand in May to 30% in September, while in arid and semi-
arid locations rates of withdrawal are nearly uniform during the irrigation season. The
quantities and timing of water uses for irrigation conflict with many other uses. This cre-
ates special problems in arid regions. Irrigators promote storing as much water as possi-
ble during the winter when hydropower producers are eager to release flows into their
turbines to generate electricity, for example. Of considerable importance is the fact the
water used for irrigation (about 40% of U.S. freshwater use in 2000) is consumptively
used (evaporated or transpired) and is thus unavailable for reuse in the region.

Thermoelectric Power

The principal use of water in power-generating facilities is for cooling to dissipate
rejected heat. The amount of cooling water withdrawn depends on plant size, generator
thermal efficiency, cooling heat transfer efficiency, and institutionally regulated limits on
effluent temperatures. In 2000, generation of electricity ranked first in total water with-
drawals in the United States (fresh plus saline water). About 70% of the amount used
was from freshwater sources [3]. If the demands for cooling water increase, limitations on
freshwater resources will probably stimulate even greater interest in developing coastal
sites with their potential for once-through cooling using saline water. Once-through cool-
ing is the passage of water through cooling units followed by direct release to a receiving
body of water without any recycling through water-cooling facilities. Withdrawals for
once-through cooling are large, but little water is used consumptively.

Cities and Other Communities

In 2000, central water supply systems furnished water to about 285 million people residing
in municipal areas of the United States [3]. Approximately 45.2 million people living out-
side of these service areas had their own domestic systems. The principal domestic and
commercial water uses are for drinking, cooking, sanitation, lawn watering, swimming
pool maintenance, street cleaning, firefighting, and various aspects of city and park main-
tenance. Although the public water use sector is vital to our well-being, since it furnishes
much of our drinking water, the total amount of water used by this sector is small when
compared to water-using sectors such as irrigation and thermoelectric cooling. In 2000, the
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USGS reported that this sector represented about 12.5% of the nation’s freshwater with-
drawals. In 1975, the national average daily per capita use from public supplies was about
170 gallons per capita per day (gpcd); in 1990, it had increased to about 184 gpcd [2, 3]. It
is noteworthy that total public water withdrawals declined to about 180 gpcd in 2000.
Since 1990, public per capita water use has been declining slightly even though the popu-
lation has been increasing. Average domestic water use from self-supplied systems aver-
aged about 79 gpcd in 2000. As a result of more conservative water use and more efficient
plumbing fixtures, per capita water use may show further declines in the future. Note that
the unit of measurement in the SI system is liters per capita per day (Ipcd).

Residential water use rates are continually fluctuating, from hour to hour, from
day to day, and from season to season. Average daily winter consumption is only about
80% of the annual daily average, whereas summer consumption averages are about
25% greater than the annual daily average. Figure 1 compares a typical winter day with
a typical maximum summer day in Baltimore, Maryland. Note the hourly fluctuations
and the tendency toward two peaks. Studies by Wolff indicate that hydrographs of sys-
tems serving predominantly residential communities generally show two peaks, the
first between 7 A.M. and 1 P.M., the second betweeen 5 PM. and 9 P.M. [4]. During the
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Water-Use Research Project, Johns Hopkins University and Federal Housing Administration,
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summer, when lawn irrigation demands are high, the second peak is usually the great-
est, while during the colder months or during periods of high rainfall, the morning peak
is commonly the larger of the two.

Variations in water use within homes are a function of the type of development, its
age, geographic location, and extent of conservation practices. Lawn irrigation has been
found to represent as much as 75% of total daily volumes and as much as 95% of peak
hourly demands where large residential lots are involved [5]. Peak hourly demands have
been found to vary from average daily demands by as much as 1500% [4], but there is no
rule that can be universally applied to predetermine variations. Table 1 summarizes
water usage within the home and Table 2 summarizes water usage by household size.

Fire demands must also be considered in municipal water system design. Design
requirements vary by municipality and must be designed according to those guidelines
[1]. The annual volumes required for firefighting are small, but during periods of need
the short-term demand may be large and may govern the design of distribution sys-
tems, distribution storage, and pumping equipment [6].

Firefighting requirements for residential areas vary from 500 to 15000 gpm, the
required rate being a function of population density and land use [1]. Hydrant pressures
should generally exceed 20 psi where motor pumpers are used; otherwise, pressures in
excess of 100 psi might be required. If recommended fire flows cannot be maintained
for the indicated time periods, community fire insurance rates may rise.

In addition to supplying water for homes, firefighting, and perhaps some industrial
purposes, most communities also must meet the needs of various commercial establish-
ments. In considering commercial requirements, it is important to know both the magni-
tude and time of occurrence of peak flow. Table 3 provides some insight into the relative
magnitudes and timing of water uses by several commercial sectors. The table provides a
guide to water requirements and periods of maximum demand for apartments, motels,
hotels, office buildings, shopping centers, laundromats, and gas stations [7]. Note that com-
mercial uses may also include civilian and military installations and public supplies deliv-
ered to golf courses. In 1995 the USGS reported that commercial uses constituted about
3% of all freshwater uses [3]. Generally, it can be stated that commercial water users do
not materially affect peak municipal demands. In fact, peak hours for many commercial

TABLE 1 A Summary of Residential Water Use in the United States

Water Use Without Water Conservation (gpcd) With Water Conservation (gpcd)
Bathing 1.3 1.3
Faucets 11.4 11.1
Leaks 9.4 4.7
Showers 13.2 11.1
Toilets 19.3 9.3
Washing Clothes 16.8 11.8
Washing Dishes 1.0 1.0
Miscellaneous Other Uses 1.6 1.6
Total 74 51.9

Source: Adapted from the American Water Works Association (AWWA), 1998 Residential Water Use Survey, Denver, CO
and as shown in Metcalf & Eddy, Inc.,2003 [7].
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TABLE 2 A Summary of Water Usage by Household Size

Number of Persons in

Water Usage/Wastewater

Typical Water Usage/Wastewater

Household Flowrate (gpcd) Flowrate (gpcd)
1 75-130 97
2 68-81 76
3 54-70 66
4 41-71 53
5 40-68 51
6 39-67 50
7 37-64 48
8 36-62 46

Source: Adapted from the American Water Works Association Research Foundation (AWWARF), Residential End

Uses of Water, Denver, CO and as shown in Metcalf & Eddy, Inc. 2003 [7].

TABLE 3 Commercial Water Use

Range of Average Daily Typical Daily Hour of Peak
Unit Demand (gpd) Demand (gpd) Usage

Airport Passenger 3-5 4
Apartment building Bedroom 100-150 120 5-6 PM.
Gas Station Vehicle Served 8-15 10
Motel Guest 50-90 60
Hotel

Guest Person 65-75 70 9-10 A.M.

Employee Person 8-15 10
Mobile Home Park Unit 125-150 140
Movie Theater Seat 2-4 3
Office Buildings Employee 7-16 13 10-11 A.m.
Restaurant Customer 7-12 9
Shopping Center Parking Space 1-3 2 2-3 PM.
Laundromat

Machine Unit 400-550 450

Customer Person 45-55 50 11-12 AM.

Source: Residential Water Use Research Project of The Johns Hopkins University and the Office of Technical Studies of the
Architectural Standards Division of the Federal Housing Administration, 1963 and Metcalf & Eddy, Inc., 2003 [7].

establishments tend to coincide with the secondary residential peak period. Because
many commercial activities end at about 6 M., they do not contribute to demands in the
early evening, when lawn irrigation demands are often high.

The many factors affecting municipal water use preclude any generalization that
could apply to all areas. General trends and representative figures are useful, but it
should be understood that local usage may vary considerably from reported averages.
For design purposes, past records of the type and pattern of community water use, the
physical and climatic characteristics of the area, expected trends in development, pro-
jected population values, and other pertinent factors must be thoroughly studied.
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Example 1

Given a residential area encompassing 500 acres with a housing density of six
houses per acre, assume a high-value residence with a fire flow requirement of 1000 gpm.
Find (a) the combined draft and (b) the peak hourly demand. Use Figures 2 and 3 to
solve the problem.
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Solution: (a) Given that 1 acre contains 43,560 ft?, each lot will be about 7000 ft? in
size. From Figure 2, this value produces a maximum day value of 700 gpd per dwelling
unit. For the 3000 dwelling units, this would be 3000 X 700 = 2,100,000 gpd or 1458
gpm. The combined draft is thus 1458 + 1000 = 2458 gpm. (b) From Figure 3, for 3000
dwelling units and a density of 6.0, find a peak hourly demand of 2500 gpm. The peak
hourly flow would control since it exceeds the combined flow estimate.

Industry

From 1970 to 1980 manufacturing accounted for about 17% of total U.S. freshwater
withdrawals. In 1995, industrial withdrawals represented only about 7% of the total
withdrawals for all categories of water use [3]. This decline is attributed mainly to recy-
cling and process changes. Manufacturing uses vary with the product produced, but they
generally include both process waters and cooling waters. From about 1955 to 1975 the
amount of freshwater and saline water withdrawn for manufacturing purposes almost
doubled. This water was recycled about twice before being returned to the source and
diminished somewhat less than 10% by evaporation and incorporation into products.
Although manufacturing water use is expected to increase in the future, recycling is also
predicted to increase substantially, with the prospect that actual water withdrawals for
this purpose will continue to show a decline. Consumptive use will increase, however.

Natural Systems

Providing water for the preservation and benefit of fish and wildlife, for the protection of
marshes and estuary areas, and for other environmentally oriented purposes is now con-
sidered a necessity. But such water uses often conflict with traditional uses, and resolving
these conflicts is destined to become an increasingly common task. The Everglades
restoration project in South Florida is an excellent example (http://www.evergladesplan.
org). Estimating the quantities of water needed for environmental protection and
restoration is difficult. Scientific data needed to make good determinations are often
lacking, and this presents special problems since the quantities of water involved can be
substantial. Topics of concern include instream flow requirements, maintenance of lake
levels, wetland hydration, freshwater releases to bays and estuaries, and water require-
ments for protecting fish and wildlife.

The water-related aspects of restoring, protecting, and managing natural systems
are abundant. Dealing with them requires special policies, good data, and close coor-
dination with a host of programs conducted under the auspices of various levels of
government. Water management policies that encourage or result in excessive growth
may trigger unwanted effects on the environment. Draining and reclaiming lands may
provide additional opportunity for economic development, for example, but not with-
out paying a price in disrupting ecosystems. Growth management policies that
embrace the many dimensions of managing natural systems are needed.

Navigation

Water requirements for navigation on most river systems are seasonal. The greatest
demands usually occur during the driest months of the year. Flows released for naviga-
tion limit the availability of water for irrigation and hydropower generation and for
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recreational uses at reservoir sites. They do, however, complement other instream uses.
Where navigation depths are maintained by low dams, there is usually little effect on
other water uses in a river. These structures do not impound large volumes of water;
rather, they provide greater uniformity of flows. Many advantages result from this type of
operation, including benefits to fish and other wildlife, recreation, pollution control, and
aesthetics.

Large multipurpose reservoirs, such as those on the main stem of the Missouri
River, also provide storage to meet periodic navigational flows. In such cases, reservoir
operating policies must be designed to accommodate the conflicting requirements of
other water uses for which storage is provided.

Hydroelectric Power Generation

In the past, requirements for hydroelectric power were usually heaviest during the
peak winter heating months, but with the increased use of air conditioning, demands
for electricity are less seasonal and in some cases the summer months are the most
demanding. The use of hydroelectric facilities to provide peak power, as opposed to
furnishing base load, is also becoming more common. Unfortunately, this type of oper-
ation increases conflicts with recreational users and others who favor little or no short-
term fluctuations in reservoir levels. In general, conflicts between water use for electric
power generation and use for other purposes stem from opposing seasonal require-
ments. For example, heavy summertime releases for navigation dictate maximizing
storage during the winter, a situation in conflict with discharging from storage during
the same period to produce electricity. Hydroelectric production does not adversely
affect all water uses, however; for example, water passed through turbines can also be
used downstream for navigation, flow augmentation, and other purposes. It is worth
noting that the largest hydroelectric project in the world is under construction in
China. The Three Gorges Dam project, scheduled for completion in 2009, is projected
to produce 18 gigawatts of electrical energy, approximately 10% of China’s total capac-
ity in 1993. The project has been widely criticized on technical and environmental
grounds, but proponents state that the project will decrease atmospheric pollution and
eliminate the burning of 40 to 50 million tons of coal each year.

Recreation

About a fourth of the nation’s outdoor recreation activity depends on water. In 1975,
swimming, fishing, boating, water skiing, and ice skating accounted for about 3 billion
activity days. By 2000, this figure had increased to about 8 billion [2]. Water require-
ments for recreation are normally greatest in the summer. The sports enthusiast and
vacationer desire substantial stream flows and unvarying reservoir levels during this
period. Such conditions are optimal for water-based recreation activities but conflict
with many withdrawal uses.

Energy Resource Development

Water can be used to produce energy via turbines driving electric generators. It can
also be used to process energy-producing resources such as coal and oil shale and to
help restore lands despoiled during mining operations. The water requirements for
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extraction of coal, oil shale, uranium, and oil gas are not great, but secondary recovery
operations for oil require large quantities of water. Substantial quantities of water may
be used in coal slurry pipelines and for retorting oil shale. Synfuels conversion
processes also require large quantities of water, and, as stated earlier, withdrawal of
water for cooling thermal electric plants is the largest category of total water use in the
United States.

The availability of water is a factor in the location and design of energy conver-
sion facilities, but these users can generally afford to pay high prices for water. Secur-
ing legal rights to water, rather than increasing its availability, is often the critical issue
in dry regions.

FACTORS AFFECTING WATER USE

Many factors affect the amount and timing of water use: population size and character;
climate; the types of water uses in the region; the cost of water; public commitment to
environmental protection and restoration; public attitude toward conservation and
wastewater reuse; water management practices; federal, state, local government laws
and ordinances; and tourism.

Population. The amount of water used in a locality is directly related to the
size, distribution, and composition of the local population. Forecasts of future
water use depend, in part, on population forecasts as well. Much more will be said
about this in Section 4.

Climate. The amount of water used in a locality is influenced by its climate.
Lawn irrigation, gardening, bathing, irrigation, cooling, and many other water
uses are directly affected.

Types of Water Uses. The type and scale of residential, commercial, industrial,
and agricultural development in an area define the levels and timing of water uses.

Economic Conditions. Economic health is reflected in all aspects of resource
management and development. Inflation and other economic trends influence
the availability of funds for water supply, wastewater treatment, and environmen-
tal and other programs, and they affect the attitudes of individuals as well.

Environmental Protection. Social attitudes toward environmental protection
and enhancement strongly affect water allocation and use. Water use forecasts
must take into account the amount of water that is to be dedicated to environ-
mental protection and restoration. This quantity can be substantial.

Conservation. Attractive alternatives to developing new water supplies are
conservation practices and the reuse of wastewater and stormwater. These
approaches, although not a panacea, can at least delay the need for additional
water supplies and/or the development of new facilities.

Management Practices. Water management practices, including interbasin
transfers, saline water conversion, water reclamation and reuse, and many other
practices influence water use trends [8-16]. The impact of technological change
on water use can be significant.
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Tourism. Some states, such as Florida, have annual tourist populations that sig-
nificantly exceed their resident populations. The impacts of such occurrences
must be recognized when forecasting future water demands.

WATER USE TRENDS

Analyses of water use projections made since 1970 show that a rapidly increasing rate
of per capita water use is less likely than estimators of the 1960s would have believed.
Another point is that national or regional trends are not always indicative of state and
local trends. Thus, planners must be equipped to deal with development and manage-
ment options at several geographic levels to accommodate special local and regional
influences.

Every five years the U.S. Geological Survey publishes a pamphlet, “Estimated
Water Use in the United States” [3]. This publication summarizes water use in each
major water-using category and indicates trends over time. The data are available by
state and by region (http://water.usgs.gov/watuse/). Although the overall tendency in
water use to 2000 appears to be more conservative than that of the past, striking local
variances can be expected. Table 4 provides water usage information by state for 2000
and Table 5 provides snapshots of water usage over time. Note that the total offstream
water withdrawal declined from 440 bgd in 1980 to 408 bgd in 1990 (fresh and saline
water). During the 10-year period from 1980 to 1990 there was an overall reduction in
total withdrawals of about 7% even though the U.S. population increased almost 19%
during that same period. The shift in trend that occurred in 1980 suggests that a more
conservative approach to water use and water resources development is beginning to
take hold. The USGS data also shows that public water use increased about 27% from
1980 to 2000. This is not surprising, since the public sector is strongly associated with
population growth, and as long as the population continues to increase water use in
that sector can be expected to increase, although not necessarily at the same per capita
rate. About 70% of the water withdrawn is returned to the source after use, about 5%
is lost in irrigation conveyances, and about 25% is consumptively used (evaporated or
transpired). Of the amount of water consumptively used, irrigated agriculture is
responsible for the lion’s share (about 80%).

POPULATION

Generally, the more people residing in an area, the more water that will be used. But it
is not only the number of people that is important but also their ages, level of educa-
tion, social background, field of employment, religious beliefs, and other factors. Fac-
tors that must be considered include the geographic distribution and growth rate of the
population; measures that might be taken to influence the growth rate; and the impact
of population changes on the regional economy, natural resources, labor force, energy
requirements, urban infrastructure, and so on.

Historical data are basic to estimating future levels of population, but these data
are not always available. Even in the United States where the Bureau of the Census
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TABLE 4 Total Water Withdrawals by Water Use Category and State, 2000

Public Thermoelectric
Supply  Domestic Irrigation Livestock Aquaculture Industrial Mining Power Total
State Fresh Fresh Fresh Fresh Fresh Fresh  Saline Fresh Saline Fresh Saline Fresh Saline Total
Alabama 834 78.9 43.1 — 10.4 833 0 - — 8,190 0 9990 0 9990
Alaska 80.0 11.2 1.01 — - 812 386 274 140 33.6 0 161 144 305
Arizona 1080 28.9 5400 — - 19.8 0 85.7 8.17 100 0 6720 817 6730
Arkansas 421 28.5 7910 — 198 134 0.08 2.78 0 2180 0 10,900 0.08 10,900
California 6120 286 30,500 409 537 188 13.6 237 153 352 12,600 38,400 12,800 51,200
Colorado 899 66.8 11,400 — - 120 0 - — 138 0 12,600 0 12,600
Connecticut 424 56.2 304 — - 10.7 0 - — 187 3440 708 3440 4150
Delaware 94.9 13.3 435 3.92 0.07 59.4 325 - — 366 738 582 741 1320
District of 0 0 0.18 — - 0 0 - — 9.69 0 9.87 0 9.87
Columbia

Florida 2440 199 4290 32.5 8.02 291 1.18 217 0 658 12,000 8140 12,000 20,100
Georgia 1250 110 1140 19.4 15.4 622 30.0 9.80 0 3250 61.7 6410 91.7 6500
Hawaii 250 12.0 364 — - 14.5 0.85 - — 0 0 640 0.85 641
Idaho 244 85.2 17,100 349 1,970 55.5 0 - — 0 0 19,500 0 19,500
Illinois 1760 135 154 37.6 - 391 0 - — 11,300 0 13,700 0 13,700
Indiana 670 122 101 41.9 - 2,400 0 82.5 0 6700 0 10,100 0 10,100
Towa 383 33.2 21.5 109 - 237 0 32.8 0 2540 0 3360 0 3360
Kansas 416 21.6 3710 111 5.60 533 0 314 0 2260 0 6610 0 6610
Kentucky 525 27.5 29.3 — - 317 0 - — 3260 0 4160 0 4160
Louisiana 753 41.2 1020 7.34 243 2680 0 - — 5610 0 10,400 0 10,400
Maine 102 35.7 5.84 — - 247 0 - — 113 295 504 295 799
Maryland 824 77.1 424 10.4 19.6 658 227 8.31 0.02 379 6260 1430 6490 7910
Massachusetts 739 422 126 — - 36.8 0 - — 108 3610 1050 3610 4660
Michigan 1140 239 201 11.3 - 698 0 - — 7710 0 10,000 0 10,000
Minnesota 500 80.8 227 52.8 - 154 0 588 0 2270 0 3870 0 3870
Mississippi 359 69.3 1410 — 371 242 0 - — 362 148 2810 148 2960
Missouri 872 53.6 1430 72.4 83.3 62.7 0 16.9 0 5640 0 8230 0 8230
Montana 149 18.6 7950 — - 61.3 0 - — 110 0 8290 0 8290



G6

Nebraska
Nevada
New Hampshire
New Jersey
New Mexico
New York
North Carolina
North Dakota
Ohio
Oklahoma
Oregon
Pennsylvania
Rhode Island
South Carolina
South Dakota
Tennessee
Texas
Utah
Vermont
Virginia
Washington
West Virginia
Wisconsin
Wyoming
Puerto Rico
U.S. Virgin
Islands
Total

330 48.4 8790 93.4 — 38.1 0 128 4.552 820 0 12,200 4.55 12,300
629 22.4 2110 — — 10.3 0 — — 36.7 0 2810 0 2810
97.1 41.0 4.75 — 16.3 44.9 0 6.80 0 236 761 447 761 1210
1050 79.7 140 1.68 6.46 132 0 110 0 650 3390 2170 3390 5560
296 31.4 2860 — — 10.5 0 — — 56.4 0 3260 0 3260
2570 270 35.5 — — 297 0 — — 4040 5010 7210 5010 12,200
945 189 287 121 7.88 293 0 36.4 0 7850 1620 9730 1620 11,400
63.6 11.9 145 — — 17.6 0 — — 902 0 1140 0 1140
1470 134 31.7 25.3 136 807 0 88.5 0 8590 0 11,100 0 11,100
675 25.5 718 151 16.4 25.9 0 2.48 256 146 0 1760 256 2020
566 76.2 6080 - 195 0 — — 15.30 0 6930 0 6930
1460 132 13.9 — 1190 0 182 0 6980 0 9950 0 9950
119 8.99 3.45 - - 428 0 — - 2.40 290 138 290 429
566 63.5 267 — — 565 0 — — 5710 0 7170 0 7170
93.3 9.53 373 42.0 — 512 0 — — 5.24 0 528 0 528
890 32.6 22.4 — — 842 0 — — 9040 0 10,800 0 10,800
4230 131 8630 308 — 1450 907 220 504 9820 3440 24,800 4,850 29,600
638 16.1 3860 — 116 42.7 5.08 263 198 62.20 0 4760 203 4970
60.1 21.0 3.78 — — 6.91 0 — — 355 0 447 0 447
720 133 26.4 — — 470 53.3 — — 3850 3580 5200 3,640 8830
1020 125 3040 — — 577 39.9 — — 519 0 5270 39.9 5310
190 40.4 0.04 - 968 0 — - 3950 0 5150 0 5150
623 96.3 196 66.3 70.2 447 0 — — 6090 0 7590 0 7590
107 6.57 4500 - - 578 0 795 222 243 0 4940 222 5170
513 0.88 94.5 — — 11.2 0 — — 0 2190 620 2,190 2810
6.09 1.69 0.50 — — 334 0 — — 0 136 116 136 148
43,300 3720 137,000 1760 3700 18,500 1280 2010 1490 136,000 59,500 346,000 62,300 408,000

[Figures may not sum to totals because of independent rounding. All values in million gallons per day. —,

Source: U.S. Geological Survey, http://water.usgs.gov/pubs/circ/2004/circ1268/htdocs/table02.html

data not collected]
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TABLE 5 Trends of Estimated Water Use in the United States. 1950-1995

Year Percentage Change
“950  “1955  b1960  ®1965 1970 91975 91980 91985 41990 91995 1990-95
Population, in millions 150.7 1640 1793 1938 2059 2164 229.6 2424 252.3 267.1 +6
Offstream use
Total withdrawals 180 240 270 310 370 420 €440 399 408 402 -2
Public supply 14 17 21 24 27 29 34 36.5 38.5 40.2 +4
Rural domestic 36 36 3.6 4.0 45 49 56 7.79 7.89 8.89 +13
and livestock
Irrigation 89 110 110 120 130 140 150 137 137 134 -2
Industrial
Th;:;‘;’fi?”c 40 72100 130 170 200 210 187 195 190 -3
Other industrial use 37 39 38 46 47 45 45 30.5 29.9 29.1 -3
Source of water
Ground:
Fresh 34 47 50 60 68 82 83 73.2 79.4 76.4 —4
Saline ) 6 4 5 1 1 9 652 1.22 1.11 -9
Surface:
Fresh 140 180 190 210 250 260 290 265 259 264 +2
Saline 10 18 31 43 53 69 71 59.6 68.2 59.7 -12
Reclaimed wastewater  (7) 2 6 7 S S 5 579 750 1.02 +36
Consumptive use ) Q) 61 77 887 896 £100 8923 894.0 £100 +6
Instream use
Hydroelectric power 1100 1500 2000 2300 2800 3300 3300 3050 3290 3160 —4

“48 states and District of Columbia

b50 states and District of Columbia

€50 states and District of Columbia, and Puerto Rico

450 states and District of Columbia, Puerto Rico, and Virgin Islands

“Revised

/Data not available

8Freshwater only

Source: USGS 2004 [3]. [Data for 1950-1980 adapted from MacKichan (1951, 1957), MacKichan and Kammerer (1961), Murray (1968), Murray and Reeves (1972,1977),
and Solley and others (1983, 1988). The water use data are in thousands of million gallons per day and are rounded to two significant figures for 1950-1980 and to three
significant figures for 1985-1990; percentage change is calculated from unrounded numbers.]
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(http://www.census.gov) maintains historic records and forecasts, errors in estimates
sometime occur [17, 18]. Because many uncertain factors affect population change
(fertility, mortality, and migration, for example), most forecasters suggest exploring at
least three trends in population growth based on plausible mixes of influencing factors.

Population Trends

There have been some notable trends in population change in the United States during
the last part of the twentieth century. They include internal migration from the North-
east and other areas to the South and West and out-migration from central cities. The
U.S. Census Bureau projects that during the first quarter of the twenty-first century, net
population change will be most evident in three states— California, Texas, and Florida
[17]. It has also been projected that the fastest growth will be in the West.

Cities confronted with declines in population often experience shifts in the char-
acter of their residents as well. In general, the more affluent residents move out, thus
reducing the tax base and leaving a less-well-off population to shoulder tax burdens
and maintain water and other municipal services. An associated problem can be that of
maintaining a larger-than-needed infrastructure with fewer resources.

Rural migration, fueled by the belief of many urban dwellers that rural locations
are more attractive and in some cases less expensive, accounts for some of the loss of
population by central cities. The shifting of population to sparsely settled areas can cre-
ate problems in water supply and wastewater treatment services. Factors that could
counter this trend include escalating energy prices, which make transportation to jobs
more costly; traffic problems associated with large numbers of commuters from rural
areas; and urban renewal projects in downtown areas offering modern accommoda-
tions combined with convenience to city attractions.

Since the 1960s, movement to the sunbelt has brought about regional population
shifts. The population in some northeastern and north-central states has been declin-
ing, whereas growth in the South and West has been accelerating.

Planners and developers must recognize and carefully consider current and emerg-
ing population trends. The impacts of these trends on water requirements can be signifi-
cant, and, if ignored, can result in costly deficit or excess capacities of proposed facilities.

It must be recognized, however, that rates of change in population are not neces-
sarily the same as those for water use. Per capita water use can remain constant,
increase, or decrease during the period of the forecast. The rate of water use could mir-
ror the rate of population change or be more or less than that rate.

Population Forecasting

Population estimates required for designing and operating water supply and waste
treatment works may be (1) short-term estimates in the range of one to 10 years, and (2)
long-term estimates of 10 to 50 years or more. The prediction of future population is at
best complex. It should be emphasized that there is no exact solution, although sophisti-
cated mathematical equations are often used. War, technological developments, new sci-
entific discoveries, government operations, and a whole host of other factors can
drastically disrupt population trends. There is no surefire way to predict many of these
occurrences; thus, their impact can only be estimated to the best of current ability.
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Mathematical and graphical methods are both used. Forecasts are often based on
past census records for the area or on the records of what are considered to be similar
communities. But extrapolations of past trends do not consider such factors as the influx
of workers when new industries settle in the area, the loss of residents due to curtail-
ment of military activities, or changes in business or transportation facilities. To optimize
estimates, all possible information regarding anticipated industrial growth, local birth
and death rates, government activities, and other related factors should be obtained and
used. The local census bureau, planning commissions, the bureau of vital statistics, local
utility companies, movers, and the chamber of commerce are all sources of information.

Trend-Based Methods

Trend-based methods assume that population growth follows natural growth patterns
and can, therefore, be represented in mathematical or graphic form. Usually the
approach is that of extending past trends into the future. Linear, geometric, exponen-
tial, logarithmic, and other mathematical tools have been used. These methods are easy
to use but they neglect to consider that past trends are not necessarily sustained.

Most short-term estimates (one to 10 years) are made using trend-based meth-
ods. They often follow segments of a typical population growth curve as shown in
Figure 4. This S curve can be considered to consist of geometric, arithmetic, and
decreasing rates of increase segments.

Arithmetical Progression This method of estimation is based on a constant increment
of increase and may be stated as

dy
— =K 1
=K, M

Decreasing rate
of increase

Increase in this
region is
approximately
arithmetic

Populationy —— g

Geometric increase

Time (yr) ——»
FIGURE 4 Population growth curve.
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where

Y = population
t
K, = uniform growth-rate constant

time (usually years)

If Y| represents the population at the census preceding the last census (time #;),and Y,
represents the population at the last census (time #,), then

Y, f
[av= [
Y, f

Integrating and inserting the limits, we obtain
Y, =Y =K/ — 1)

Therefore,

Y, - Y,
K, =—""— )
Ih =4
We use Eq. (2) to write an expression for short-term arithmetic estimates of population
growth:
Y,-Y
Y=Y, + 22—t — 1) 3)

h—1h

Here, t represents the end of the forecast period.

Constant-Percentage Growth Rate For equal periods of time, this procedure assumes
constant growth percentages. If the population increased from 90,000 to 100,000 in the
past 10 years, it would be estimated that the growth in the ensuing decade would be to
100,000 + 0.11 X 100,000, or 111,000. Mathematically, this may be formulated as

ay
i K,Y 4)
where the variables are defined as before, except that K, represents a constant per-
centage increase per unit time. Integrating this expression and setting the limits yields
_log, Y, —log, Y,

P H — 1

)

A short-term geometric estimate of population growth is thus given by
loge Y = loge Y2 + Kp(t - 12) (6)
Note that base 10 logs may also be used in Egs. (5) and (6).

Decreasing Rate of Increase Estimates made on the basis of a decreasing rate of
increase assume a variable rate of change. Mathematically, this may be formulated as

dy
=Kz -Y) ™
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where Z is the saturation or limiting value that must be estimated and the other vari-
ables are as previously defined. Then,

y2 dy /l‘z
—— =K dt (8)
/y1 (Z - Y) P 51
and upon integration,
Z-Y
~loge 7" = Kltz =) )
Rearranging yields
Z~Y,=(Z - Y)e k™ (10)

Then, subtracting both sides of the equation from (Z — Y ), we obtain
(Z=Y1) = (Z-Yy) =(Z-Yy) — (Z—Yy)elo¥ (11)
and
Y, =Yy = (Z - Yy)(1 — ko) (12)

Equation (12) may be used to make short-term estimates in the limiting region.

Curve Fitting Population data are also used to derive equations that fit observed
trends or to select a mathematical function that appears to fit the data and then use
that relationship for extrapolating into the future [19]. In general, mathematical curve
fitting has its greatest utility in the study of large population centers or nations. The
Gompertz curve and the logistic curve are both used in establishing long-term
population trends. Both curves are S-shaped and have upper and lower asymptotes,
with the lower asymptotes being equal to zero.
The logistic curve in its simplest form is [19]

K
c = 1+ 10a+bX (13)
where

Y. = ordinate of the curve
X = time period in years (10-year intervals are frequently chosen)
K, a, b = constants

Short-term, trend-based forecasts are more reliable than long-term, trend-based fore-
casts since over long periods there is considerable opportunity for unpredictable fac-
tors to affect the forecasted trend.
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Methods Based on Relationship of Growth in One Area to That of Another

Long-term predictions are sometimes made by graphical comparison with growth
rates of similar and larger cities. The population—time curve of a given community can
be extrapolated on the basis of trends experienced by similar and larger communities.
Population trends are plotted in such a manner that all the curves are coincident at
the present population value of the city being studied (see Figure 5). The cities
selected for comparison should not have reached the reference population value too
far in the past since the historical periods involved may be considerably different. It
should be understood that the future growth of a city may digress significantly from
the observed development of communities of similar size. In making the final projec-
tion, consideration should be given to conditions that are anticipated for the growth
of the community in question. With the exercise of due caution, this method could
give reasonable results.

The population growth in an area may also be estimated from the growth of a
larger area of which it is a part, such as a state, geographical region, or nation. The pro-
cedure used is to compute the ratio of the population of the area of interest to the
population of the larger area at the time of the most recent census [20]. Then, using a
projection of the growth of the larger area, an estimate of growth for the study area
may be made by applying the population ratio. This is known as the ratio method.
Ratios may also be computed over time and the time series of ratios extrapolated
using techniques for projecting trends discussed earlier. The ratio projected for a

Graphical Population Forecasting By Comparison 1945-2075
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FIGURE 5 Graphical prediction of population by comparison.
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future date is then applied to the forecasted population of the larger area for that
time. Ratio methods should be used with caution because historic relationships
between the area of concern and the larger area may change as well as other influenc-
ing factors.

Component Methods

The rate of population change at any location at any time is determined by many fac-
tors, some of which are interactive. They include birth rate, death rate, immigration,
emigration, government policies, societal attitudes, religious beliefs, education, techno-
logical change, and war. The components of population change (births, deaths, net
migration) can be linked to form the fundamental population equation:

P,=P,+B-D+M (14)

where

P, = the population at the end of the time interval
P = the population at the beginning of the time interval

B = number of births occurring in the population during the time interval
D

M = net number of migrants moving to or away from the region during the
time interval

number of deaths occurring in the population during the time interval

The component method is widely used by population forecasters. For most areas and
municipalities, it should provide better forecasts than those that would be obtained
using the trend and ratio methods described earlier. Component methods take into
account the size of the study area at the start of the forecast period and the effects of
births, deaths, and migration on a population of that size. The procedure also requires
the forecaster to take into account the influences on the components of Eq. (14) of
events (industrial growth, regulatory policies, etc.) that may be expected to occur dur-
ing the forecast period.

Forecasts Based on Estimates of Employment

Population growth in a locality depends on the ability of that location to provide jobs
for the people living there. Forecasts of the labor force required to support local com-
mercial, industrial, and institutional needs can thus be used as the basis for making
population projections. Usually a labor-force-to-population ratio is computed and
used. Procedures based on a single indicator like this are subject to errors that result
from the failure to consider other influences on population change. They should be
used with caution.

Population Density

Knowing the total population of a region makes it possible to estimate the total vol-
ume of water supply or wastewater generated. To design conveyance systems for such
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TABLE 6 Guide to Population Density

Area Type Number of Persons per Acre
Residential —single-family units 5-35
Residential —multiple-family units 30-100
Apartments 100-1000
Commercial areas 15-30

Industrial areas 5-15

flows, additional information regarding the physical distribution of the population to
be served must be obtained. It is important to know the population density as well as
the total population. Population densities may be estimated from data collected on
existing areas and from zoning master plans for undeveloped areas. Table 6 may be
used as a guide if more reliable local data are not available.

Example 4

A community that had a population of 250,000 in 2000 estimates that its popula-
tion will increase to 400,000 by 2020. The water treatment facilities in place can process
up to 55 million gallons per day (mgd). The 2000 per capita water use rate was found to
be 160 gpcd. Estimate the water requirements for the community in 2020 assuming that
the per capita use rate remains unchanged. Will new treatment facilities be needed to
accommodate this growth in population? If revised plumbing codes were adopted dur-
ing the period of growth and if these changes resulted in an overall reduction in the
community’s water use by 15%, what would the water requirement be in 2020? Could
expansion of treatment facilities be deferred until after 2020 under these conditions?

Solution:

1. The water requirement in 2020 for a population of 400,000 and a per capita
use rate of 160 gpcd would be

400,000 X 160 = 64 mgd

2. Since 64 mgd exceeds the 2000 treatment capacity of 55 mgd, new facilities
would be needed before 2020.

3. For a 15% reduction in water use, the per capita water requirements would be
160 X 0.85 = 136 gpcd
Water use in 2020 would be
136 X 400,000 = 54.4 mgd

4. Under these conditions, expansion of water treatment facilities could be
deferred until after 2020, since the demand of 54.4 mgd is less than the treat-
ment plant capacity of 55 mgd.

This example illustrates that an alternative to providing new facilities to meet expand-
ing water needs could be more efficient use of the water already at hand.
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Example 5

Consider that in 2000 a state had a total water withdrawal of 8 billion gallons
per day (bgd) distributed as follows: municipal water use, 1 bgd; steam electric gen-
eration, 5 bgd; and irrigated agriculture, 2 bgd. The 2000 population was 11.7 million,
and by 2020 it is expected that the population will increase to 13.2 million. Further-
more, it is estimated that 4000 megawatts (MW) of new electricity-generating capac-
ity will be installed by 2020 and that irrigated acreage will expand by 500,000 acres.
Estimate the total water withdrawal in 2020 and the withdrawal for each of the three
sectors.

Solution:

1. [Estimated water use in the municipal sector can be obtained by using the
projected change in population and an estimate of per capita water use in
2020. Assume the latter to be 140 gpcd. Change in population 2000 to
2020 = 13.2 — 11.7 = 1.5 million. 1.5 X 140 = 210 mgd = 0.21 bgd increase
in municipal water use from 2000 to 2020.

2. Assume that the water requirements for the crops to be raised average 3 acre - ft
per acre. 500,000 (acres) X 3 (acre - ft/per acre) = 1,500,000 acre - ft irriga-
tion water needed annually in 2020. Since 1.12 million acre - ft/yr = 1 bgd,
1.5/1.12 = 1.34 bgd, the added irrigation water requirement in 2020.

3. Assume that the plant capacity factor for the steam electric facilities to be
built is 60% (this measures the percentage of the nameplate, or installed
capacity, of generating facilities that is actually realized in operation). At a
60% capacity factor, one kilowatt of installed capacity would produce 14.4
kilowatt-hours (kWh) of electrical energy each day. Note also that the WRC
indicates that new steam electric facilities using once-through cooling (which
we shall assume here) will require about 50 gallons of water per kilowatt-
hour. Then 4000 MW X 1000 (kW/MW) X 14.4 = 57,600,000 kWh per day
57.6 X 10° X 50 (gal/kWh) = 2880 mgd or 2.88 bgd, the water requirement
for steam electric cooling to be added from 2000 to 2020.

4. The added water requirements to 2020 are thus obtained by totaling the
incremental increases for the three sectors: 0.21 + 1.34 + 2.88 = 4.43 bgd
increase; thus, the total water withdrawal in 2020 would be
443 + 8.00 = 12.43 bgd. The combined withdrawal use in 2020 would thus
be about 1.6 times that of 2000.

LONG-TERM WATER USE FORECASTING

Forecasting is the art and science of looking ahead; it is the core of planning processes.
Options for selecting a forecasting procedure range from the exercise of judgment to
the use of complex mathematical models. Forecasts are required for periods varying
from less than a day to more than 50 years. Unfortunately, the more distant the plan-
ning horizon, the more questionable the forecast. It is therefore important to exercise
great care in selecting a forecasting technique and to understand the limitations of the
method selected. Furthermore, an array of alternative futures, rather than a single pro-
jection, should be used to make decisions. Forecasts should be recognized for being
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approximations of what might occur, not accurate portrayals of what will be. Com-
monly used forecasting methods include projections based on historic data, the use of
models and simulation, and qualitative and holistic techniques [21].

The Delphi technique and scenario writing are examples of qualitative/holistic
approaches, while trend extrapolation and trend impact analysis are history-based pro-
cedures [21]. Simulation is the process of mimicking the dynamic behavior of a system
over time. A simulation (or model) is a surrogate of the real-world system it is designed
to represent. Model results are widely used to describe (forecast) the future states of
water or other systems being studied.

Many types of forecasting models have been used in water supply planning. They
range from rough trend extrapolations and crude correlations of variables to complex
mathematical representations of the dynamics of land and water use. Historically,
future water requirements were determined as the product of a projected service area
population and an anticipated per capita water use rate. Such an approach employs
only two of the determinants of water use. Furthermore, per capita water use rates gen-
erally vary within and among communities and over time. The bottom line, however, is
that long-term planning for public water supply systems depends on reliable forecasts
of water demands and on identifying and assessing demand-side alternatives. Demand-
reduction options must be considered because they can increase the efficiency of water
use, thereby increasing the likelihood that future water supplies and demands will be
balanced at a cost below the economic, social, and environmental costs of developing
new water sources.

IWR-MAIN Water Demand Analysis Software

IWR-MAIN is a computerized water use forecasting system that includes a range of
forecasting models and data management techniques [22-29]. The IWR-MAIN Water
Demand Management Suite © (DMS, 1999) operates in the Windows environment
using an open architecture in which the user inputs the forecasting model and specific
variables into the model. The software features a high level of disaggregation of water
use categories and user flexibility in selecting forecasting methods and assumptions. It
is designed to deal principally with urban water uses: residential, commercial/institu-
tional, manufacturing, and uses not accounted for in other sectors. The model also pro-
vides for forecasts of water use recognizing the influences of conservation policies,
indicates the disaggregation of urban water use, summarizes estimation methods, and
indicates the IWR-MAIN model inputs and outputs. The narrative presentation of the
IWR-MAIN model given in this chapter follows that of Planning and Management
Consultants, Ltd. [22, 23].

The water demand management models described here are effective predictive
models developed for IWR-MAIN Version 6.1 ©. They have three major components:
forecasting water use, estimating conservation water savings, and performing
benefit/cost analyses. IWR-MAIN uses econometric water demand models for trans-
lating the existing demographic, housing, and business statistics into estimates of exist-
ing water demands. These estimates are used to fine-tune the water use equations for
translating the long-term projections of population, housing, and employment into dis-
aggregated forecasts of water use. An extensive analysis of existing and projected
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demands, disaggregated by season, sector, and purpose, is conducted to generate esti-
mates of water conservation savings from efficient technologies and plumbing codes as
well as from utility-sponsored programs such as retrofits, water audits, financial incen-
tives, and public education and information initiatives. Estimates of water savings can
also be used in analyzing the economic effectiveness of demand-side alternatives.

The IWR-MAIN software disaggregates total urban water use by customer sectors,
time periods, spatial study areas, and end-use purposes. Water demands of various parts of
a service area are disaggregated according to their seasonal variation and the relative
needs of various customer classes and sectors (e.g., residential single-family, residential
multifamily, commercial, manufacturing, and government). The water demands of each
sector in a given area and period are expressed as a product of (1) the number of users
(i.e.,demand drivers such as the number of residents, housing units, employees, and park-
ways) and (2) the average rate of water use (e.g., per household or per employee) as deter-
mined by a set of explanatory variables for a given sector. In the residential sector, the set
of explanatory variables may include income, price of water and wastewater services,
household size, housing density, air temperature, and rainfall. The seasonality of water use
may be represented by including a set of binary variables for months (or seasons) of the
year. In the nonresidential sector, these factors may include employment by industry type,
labor productivity, weather conditions, and the price of water and wastewater services.
Separate forecasts can be made for each identified sector; for specific study areas such as
cities, counties, and load zones; for summer and winter daily water use; and for average
daily, annual, and peak-day water use. In addition, the software provides for the inclusion
of a variety of demand management or conservation practices. The conservation savings
component of IWR-MAIN distinguishes among passive, active, and emergency (i.e., tem-
porary) conservation effects. Passive conservation effects are represented by shifts in end-
use consumption from less-efficient fixtures/practices to more-efficient fixtures/practices
brought about mainly through plumbing codes for new construction or improved water-
use technologies. The conservation savings of active programs are estimated by noted
changes in water use efficiency classes brought about by participation in a utility-spon-
sored program in which inefficient or standard end uses are replaced or retrofitted. These
water savings can be incorporated into long-term forecasts of water demand.

IWR-MAIN can also help the user conduct benefit/cost analyses of demand man-
agement alternatives, that is, of the active conservation programs for which water savings
have been estimated. A number of economic feasibility tests are used to evaluate the eco-
nomic merits of conservation programs, including net present value, discounted payback
period, benefit/cost ratio, levelized cost, and life-cycle revenue impact. The results of the
benefit/cost component of IWR-MAIN can be used to compare supply augmentation
alternatives with demand management alternatives using the same economic criteria.

IWR-MAIN also offers the ability to conduct sensitivity analyses, or what-if
scenarios, regarding projected changes in the determinants of water demand and to
assess the impact of these changes on long-term water demands. Thus, water planners
may evaluate the impact of changes in socioeconomic conditions, weather patterns,
water pricing, or alternative conservation programs.
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Residential Sector Forecasting

Within the residential sector of IWR-MAIN there are seven subsectors available for
forecasting water demands: (1) single family—single attached or detached units;
(2) multifamily low density—two, three, or four units per structure; (3) multifamily
high density—five or more units per structure; (4) mobile homes; (5) nonurban; (6)
user added; and (7) total residential. These categories correspond to the housing types
used by the U.S. Bureau of the Census. One or more of the seven subsectors may be
used, depending on the characteristics of the service area. The DMS allows the user to
select the subsectors to be evaluated and allows the user to define new subsectors. The
residential water demand model described here may be entered into the IWR-MAIN
DMS for residential subsectors.

Average rates of water use within each residential subsector are estimated using
causal water demand models, which take the following theoretical form [22,23]:

Ge.s.. = alPTHPZLP3 TR4RES pROLTE as)
where

q..s, = predicted water use in sector ¢, during year s, in year ¢
median household income

average household size (persons)

average household density (units per acre)

average maximum daily temperature

rainfall

marginal price of water (including sewer charges related to water use)

fixed charge or rate premium

e WY NI~
I

constant
constant elasticities of explanatory variables

»
Il

The season, sectoral, and temporal indices of the explanatory variables in the above
equation are suppressed for clarity. This water demand model conforms to economic
theory and may be considered causal since the explanatory variables can be shown to
cause the demand. For example, “income” measures the consumer’s ability to pay for
water and “price” influences the amount of water the consumer is willing to pur-
chase.

The default elasticities of the explanatory variables of residential household
water use are derived from econometric studies of water demand through a rigorous
statistical analysis of empirical data. Multiple regression is used to explain the variance
in the values of reported elasticities due to interstudy differences. Note that elasticity is
interpreted as the percent change in quantity (e.g., water use) that is expected from a
1% change in the explanatory variable [23].
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Nonresidential Sector Forecasting

The nonresidential sector of IWR-MAIN addresses water uses within the following
major industry groups: (1) construction; (2) manufacturing; (3) transportation, commu-
nications, and utilities (TCU); (4) wholesale trade; (5) retail trade; (6) finance, insur-
ance, and real estate (FIRE); (7) services; and (8) public administration. The DMS has
default nonresidential subsectors for commercial, industrial, and government, yet
allows the user to add additional subsectors as needed for the analysis of a given study
area. The eight major industry groups are classified according to Department of Com-
merce Standard Industrial Classification (SIC) codes (note that in 1997, the U.S. Office
of Management and Budget issued the North American Industry Classification System
[NAICS] to replace the SIC classification system). The conceptual model of water use
in the nonresidential (commercial/industrial) sector is [22, 23]

Qi:f(GEDi7Ei7Li7Pi9CDD70i) (16)

where

Q; = category-wide water use in gallons per day
GED; = gallon per employee per day water use

E; = category-wide employment

L; = average productivity (of labor) in category I

P; = marginal price of water and wastewater services in category |
CDD = cooling degree days

O; = other variables known to affect commercial/industrial water use

Although this theoretical model is fully operational within IWR-MAIN, there are no
currently available econometric (and generally applicable) models that contain model
elasticities for price, productivity, cooling degree days, or the other variables for nonresi-
dential water uses. Such models of nonresidential use may be estimated for the given
study area from historic water use and economic and climatic data. The IWR-MAIN sys-
tem is designed, however, to accommodate the above model specifications once data
regarding the responsiveness of nonresidential water use to such variables become avail-
able. Thus, Version 6.1 of IWR-MAIN calculates commercial/industrial water use based
upon gallon-per-employee-per-day coefficients for SIC categories and groups [22, 23]:

O; = (GED;* E;) (17)

The water-use-per-employee coefficients contained within IWR-MAIN are the result
of extensive research devoted to collecting data on employment and water use for var-
ious establishments throughout the United States. The water use coefficients within
IWR-MAIN are based on the analysis of water use and employment relationships in
over 7000 establishments. Table 7 shows the water-use-per-employee coefficients for
the eight major industry groups.

The appropriate SIC level to be used should be based on the structure of employ-
ment in the community, the availability of employment data at the various levels, and
the need for sensitivity analyses regarding potential water use impacts.
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TABLE 7 Nonresidential Water Use Coefficients Contained in TWR-MAIN Version 6 (1995)

Water Use Coefficient

Major Industry Group SIC Codes (gallons/employee/day)*
Construction 15-17 20.7 (244)
Manufacturing 20-39 132.5 (2784)
Transportation, communications, utilities (TCU) 40-49 49.3 (225)
Wholesale trade 50-51 42.8 (750)
Retail trade 52-59 93.1 (1041)
Finance, insurance, real estate (FIRE) 60-67 70.8 (233)
Services 70-89 137.5 (1870)
Public administration 91-97 105.7 (25)

“The numbers in parentheses represent the sample number of establishments from which the water use coefti-
cient was calculated.

Source: Planning and Management Consultants, Ltd., Carbondale, IL [33].

Additional Sector Forecasting

IWR-MAIN can be used to address water uses in a service area not accounted for by
the other sectors. Water use in these special categories must be expressed as a function
of a single explanatory variable (such as the number of acres or number of facilities).
Water-use coefficients (expressed in gallons per day per selected unit) must also be
provided. Forecasts for these uses can be made by projecting the number of units into
the future and multiplying them by the appropriate water-use coefficients. The follow-
ing examples of uses and defining parameters fall under this classification: (1) irriga-
tion of public parks and medians (acres), (2) make-up water for public swimming pools
(number of pools), and (3) irrigation of golf courses (acres) [22,23].

Other/Unaccounted-for Sector Forecasts

The difference between the total quantity of water produced (treated and delivered)
and the quantity of water sold to customers is referred to as unaccounted-for water use.
This sector may include the following types of uses/losses: (1) distribution system leak-
age, (2) meter slippage, (3) hydrant flushing, (4) major line breaks, (5) firefighting, (6)
unmetered or nonbilled customers, (7) illegal connections, and (8) street washing/con-
struction water [23]. Water utilities generally record unaccounted-for water use as the
percentage difference between total quantity of water delivered to the distribution sys-
tem and total metered sales. In the IWR-MAIN model, users specify a percentage rate
for each base and forecast year to estimate the amount of unaccounted-for water.

Socioeconomic Input Data Requirements

Two types of data are required for generating water use estimates from the IWR-
MAIN system: (1) actual values of demographic and socioeconomic determinants (or
parameters) of water use for the base year and (2) projected values of selected deter-
minants for each forecast year [22]. IWR-MAIN can accommodate a variable degree
of data availability. The amount of time and effort required to prepare a forecast
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depends on the chosen level of detail of the input data and the chosen level of disag-
gregation of the user sectors. Base year input data for the IWR-MAIN system may be
used to estimate current water requirements and may also be used as a reference for
projections of future parameter values.

Water Conservation Savings Methods

The conservation savings module of the IWR-MAIN system further disaggregates sea-
sonal demands of various water use sectors into a number of specific end uses such as
dishwashing, toilet flushing, lawn watering, cooling, and others. This high level of disag-
gregation is designed to accommodate the evaluation of various demand management
(conservation) measures that usually target specific end uses. The IWR-MAIN conser-
vation savings module uses an end-use accounting system that disaggregates the sea-
sonal demands of various water use sectors into as many as 16 end uses [22]. A rational
representation of each end use is made using a structural end-use equation. Given para-
meters of local end-use conditions, the equation predicts the average quantity of water
for each end use as a function of (1) the distribution of end uses among three classes of
efficiency (nonconserving, standard, and ultraconserving), (2) average usage rate or
intensity of use, (3) leakage rate and incidence of leaks, and (4) presence of end use
within a given customer sector. The structure of the end use equation allows the planner
to estimate the net effects of long-term conservation programs by tracking the values of
each end-use parameter over time. The end-use relationship is expressed as [22, 23]

q; = [(M1Sy + M8, + M3S5)-Uy + K- Fy]- Ay (18)

where

g; = quantity of water used by end use i, gpd/unit
M, _3; = mechanical parameter (e.g., volume per use, flow rate per minute)

S1-3 = fraction of the sector for end use that is nonconserving, standard,
and ultraconserving

Uy = intensity of use parameters (e.g., flushes per day/unit, minutes of use
per day/unit)
K = mechanical parameter representing the rate of leakage
Fy = fraction of end uses with leakage

BN
z
Il

fraction of units in which end use i is present
y = normal use or nondrought/nonemergency

—_
|

[98]
|

= end use or group that is nonconserving, standard, and ultraconserving
1 signifying the lowest level of efficiency

Long-term conservation savings may be achieved by increasing the fractions S, and S3,
which is accomplished by moving customers from one efficiency class to another. For
example, for each end use, a fraction of the water users would be shifted from noncon-
serving to ultra-conserving or from standard to ultra-conserving. The quantifiable
effect of the program is accounted for directly by the numerical shift in the customer
pools and the change in the fractions of customers in each efficiency class.
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The conservation savings module distinguishes among passive, active, and emer-
gency (i.e., temporary) conservation effects. Passive conservation effects are repre-
sented by shifts in end-use consumption from less efficient fixtures to more-efficient
fixtures brought about primarily by plumbing codes for new construction (e.g., the toi-
let end use moves from the inefficient 5.5-gallon-per-flush toilet to the standard
3.5-gallon toilet, or the highly efficient 1.6-gallon toilet). The conservation savings of
active programs are estimated by noting changes in the distribution of efficiency
classes brought about by the participation in a utility-sponsored program whose ineffi-
cient or standard end uses were replaced or retrofitted.

Applications
Output from the IWR-MAIN model can be used to aid in the following:

¢ Planning to meet future water supply needs.

¢ Sizing and expanding distribution systems.

® Preparing contingency plans for water shortages.

¢ Evaluating the effectiveness of conservation practices.

e Performing sensitivity analyses using varying assumptions about water prices,
climatic factors, and other determinants of water use.

¢ Assessing utility revenues with improved precision.

The IWR-MAIN model has been used in Arizona, Illinois, Texas, Oklahoma, California,
Nevada, Massachusetts, Oregon, and Florida [22,23].To obtain more information on the
IWR-MAIN system or to find out how to obtain software, the reader should visit http://
www.iwrmain.com/.

There are numerous models for forecasting water use. The prediction equations
for many of these models are empirical and have been derived using regression analy-
sis or related techniques [30-34]. Most models developed since 1970 also include the
cost of supplying water as a parameter [22, 24-29, 34-37]. The IWR-MAIN model is
typical of the types of approaches that can be taken in water-use forecasting. Further
information on forecasting models may be found in the references at the end of the
chapter [38-48].

Example 6

The Planning Council of the City of Gladston, Florida is facing problems of pop-
ulation growth and increasing stress on the city’s public water supply system. To pro-
vide guidance for the council, a consulting firm has been hired to (1) prepare three
alternative population forecasts for the years 2010 and 2020, (2) prepare three alter-
native average annual water use forecasts for estimating the demands that may be
placed on the city’s public water supply system for the same time frame, and (3) esti-
mate the 2010 and 2020 water demands (million gallons per day) that would result for
the three alternative population forecasts and the three average annual water demand
forecasts.
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It is decided that one of the forecasts should be based on a linear regression
of the Gladston historic population data (see Table 8). Software for making
such forecasts is abundant, but the software used here is the WinQSB fore-
casting tool for linear regression [49]. Figure 6 shows the high-degree of cor-
relation of the forecasted linear trend with the actual data. Table 9 shows the
linear regression forecast results. Note the high value of R-squared. These
forecasted populations, for 2010 and 2020, are identified as Population 1 and
shown on Table 10.

A review of population growth statistics for several cities about the size
of Gladston (U.S. Census Data, reveals that an annual rate of growth of 2%

TABLE 8 Historic Population for Gladston

Year Population Millions
1930 0.578
1940 0.689
1950 0.837
1960 1.024
1970 1.263
1980 1.546
1990 1.731
2000 1.847
Pop. 1 —=-—Pop.2 ===="Pop.3
3.50
Pop. 1 - linear regression of historic data
3.00 | |
Pop. 2 - two percent growth rate
550 Pop. 3 - component change projection /”
é ’ Ve :r’ L1
= 2
S 2.00 /’
: |
£ 1.50 =]
: —
<)
& 1.00 /
R /
0.50 ——
0.00

30 40 50 60 70 80 90 00 10 20
Years (1930 to 2020)

FIGURE 6 Gladston population, actual and forecast, from 1930 to 2020
(Example 6).



Water Use Trends and Forecasting

TABLE 9 Linear Regression Forecast Results

03-20-2007 10 years Actual Data Forecast by LR

1 0.5780 0.5036

2 0.6890 0.6995

3 0.8370 0.8955

4 1.0240 1.0914

5 1.2630 1.2873

6 1.5460 1.4833

7 1.7310 1.6792

8 1.8470 1.8752

9 2.0711

10 2.2670
CFE 0.0000
MAD 0.0472
MSE 0.0027
MAPE 4.8087
Trk. Signal 0.0000
R-square 0.9868

Y-intercept = 0.3076
Slope = 0.1959

TABLE 10 Gladston Population Forecasts for 2010 and 2020

Population 1-Linear Regression of Historic Data

2000 2010 2020
1.85 million 2.07 million 2.27 million

Population 2-Two Percent Growth Rate

2000 2010 2020
1.85 million 2.25 million 2.74 million

Population 3-Component Projection

2000 2010 2020

1.85 million 2.17 million 2.48 million

would be highly likely. Using this information, population forecasts for 2010

and 2020 were estimated with the equation

where P, is the population at time 2, P; is the population at time 1 (Year
2000, population = 1.847),i = percent as a decimal, and n = the number of

years into the future. Thus,

i. Py = 1.847(1 + 0.02)'° = 2.25 million
ii. Py = 1.847(1 + 0.02)* = 2.74 million

113



114

Water Use Trends and Forecasting

These forecasted populations, identified as Population 2, are shown in Table 10.
The third population forecast is made via the component method
(Equation 14),

where P, is future population to be determined, P; is the base population
(known), B is the number of births in the period between P and P,, D is the
number of deaths between P, and P,, and M is the net migration during the
time interval. In this case, P, is the population in 2000 (1.847). The Office of
Vital Statistics in Florida provides data on B, D, and M for various political
jurisdictions. The data used to forecast the component values were obtained
from that agency for a number of years of record. The historic data and fore-
casts on births, deaths, and net migration are shown in Table 11. In the table, in
the year columns for births and deaths, Year 11 is 2000, Year 21 is 2010, and
Year 31 is 2020. In the year column for net migration, Year 5 is 2005, Year 10 is
2010, and Year 20 is 2020. To solve the component equations, the cumulative
number of births, deaths, and net migrants must be calculated. For births the
totals are 0.235 (2010) and 0.271 (2020), for deaths the totals are 0.170 (2010)
and 0.184 (2020), and for net migration the totals are 0.257 (2010) and 0.226
(2020), all in thousands. The component equations to be solved are

1v. P2010:P2000+B_D:|:M

V. Py = 1.847 + 0235 — 0.170 + 0.257 = 2.17 million
Pypo = Pyoro + B—D £+ M

Vi. Py = 2.17 + 0.271 — 0.184 + 0.226 = 2.48 million

These forecasted populations, identified as Population 3, are shown in
Table 10.

Having completed the population forecasts, the next task is to prepare
three alternative annual average per capita water use forecasts for 2010 and
2020. Based on current USGS water use figures which suggest a leveling off
of per capita water use for public water supply systems, one alternative
selected was based on the extension of the Gladston Year 2000 demand (179
gpcd) without change until 2020. This option is identified as Demand Fore-
cast 1 (see Table 12).

A second alternative indicating a reduction of the Year 2000 demand by 10%
in 2010 and 20% in 2020 was selected based on the emergence of new plumb-
ing regulations and the expansion of other water-conservation methods. Under
this option the average annual demands are 161.1 gpcd in 2010 and 143.2 gpcd
in 2020. This option is identified as Demand Forecast 2 (see Table 12).

The third alternative considers a slow increase in per capita water use from
public water supply systems. A plausible forecast was based on a growth of
the Year 2000 demand by 2.5% in 2010 and 5% in 2020. Under this option,
the average annual demands are 183.5 gpcd in 2010 and 188 gpcd in 2020.
This option is identified as Demand Forecast 3 (see Table 12).

The final task is to estimate the 2010 and 2020 water demands (million gallons
per day) that would result for the three alternative population forecasts and the three
average annual per capita water demand forecasts. These calculations are made by
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TABLE 11 Linear Regression Forecasts of Births, Deaths, and Net Migration
Deaths Births Net Migration
03-21-2007  Actual Forecast ~ 03-21-2007  Actual Forecast ~ 03-21-2007  Actual Forecast
Year Data by LR Year Data by LR Year Data by LR
1 14352.0000  14751.2300 1 18738.0000  18079.6800 1 27056.0000  27074.4000
2 14586.0000  14893.5100 2 18033.0000  18428.3100 2 26786.0000  26768.9000
3 15071.0000  15035.7900 3 18317.0000  18776.9400 3 26467.0000  26463.4000
4 15628.0000  15178.0700 4 19312.0000  19125.5600 4 26173.0000  26157.9000
5 15519.0000  15320.3600 5 19488.0000  19474.1900 5 25835.0000  25852.4000
6 15804.0000  15462.6400 6 20059.0000  19822.8200 6 25546.9000
7 15921.0000  15604.9200 7 19927.0000  20171.4500 7 25241.4000
8 15579.0000  15747.2000 8 20417.0000  20520.0700 8 24935.9000
9 15633.0000  15889.4800 9 20647.0000  20868.7000 9 24630.4000
10 16215.0000  16031.7600 10 21033.0000  21217.3300 10 24324.9000
11 15781.0000  16174.0400 11 22080.0000  21565.9500 11 24019.4000
12 16316.3300 12 21914.5800 12 23713.8900
13 16458.6100 13 22263.2100 13 23408.3900
14 16600.8900 14 22611.8400 14 23102.8900
15 16743.1700 15 22960.4600 15 22797.3900
16 16885.4500 16 23309.0900 16 22491.8900
17 17027.7300 17 23657.7200 17 22186.3900
18 17170.0200 18 24006.3400 18 21880.8900
19 17312.3000 19 24354.9700 19 21575.3900
20 17454.5800 20 24703.6000 20 21269.8900
21 17596.8600 21 25052.2200 CFE —0.0039
22 17739.1400 22 25400.8500 MAD 14.3203
23 17881.4200 23 25749.4800  MSE 234.9544
24 18023.7100 24 26098.1100 MAPE 0.0541
25 18165.9900 25 26446.7300 Trk.Signal —0.0003
26 18308.2700 26 26795.3600 R-square 0.9987
27 18450.5500 27 27143.9900
28 18592.8300 28 27492.6200
29 18735.1100 29 27841.2400
30 18877.3900 30 28189.8700
31 19019.6800 31 28538.5000
CFE —0.0059 CFE 0.0059
MAD 2771751 MAD 292.5073
MSE 90513.6000 MSE 119061.1000
MAPE 17972 MAPE 1.4945
Trk.Signal 0.0000 Trk.Signal 0.0000
R-square 0.6910 R-square 0.9108
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TABLE 12 Public Water Supply Forecasts for 2010 and 2020

Demand Forecast-1, Based on 179 gpcd sustained from 2000 to 2020

2010 Demand - mgd 2020 Demand - mgd

Pop. 1 370.5 406.3
Pop. 2 402.8 490.5
Pop. 3 388.4 443.9

Demand Forecast-2, Based on 179 gpcd decreased by 10% in 2010
and 20% in 2020

2010 Demand - mgd 2020 Demand - mgd

Pop. 1 333.5 325.1
Pop.2 362.5 3924
Pop. 3 349.6 356.6

Demand Forecast-3, Based on 179 gpcd increased by 2.5% in 2010
and 5% in 2020

2010 Demand - mgd 2020 Demand - mgd

Pop. 1 379.8 426.8
Pop.2 412.9 515.1
Pop. 3 398.2 466.2

multiplying the alternative demands by the population options. For example, the 2010
demand for Demand Forecast 1 and Population Option 1 would be 179 X 2.07
= 370.5 mgd. The results of the demand computations are given in Table 12.

Armed with the consultant’s findings, the Planning Council is ready to present the
options to the City Council for their selection. The City Council will have to consider
the ability of the current infrastructure to meet the forecasted demands of the alterna-
tives presented. If all of the alternative demand forecasts can be met with existing facil-
ities and water sources, there is no need for further deliberation. But if some or all of
the forecasted demands cannot be met, then one of the alternative forecasts will have
to be chosen to guide development of new facilities and/or sources of water supply. A
reasonable selection might be Population 3 associated with Demand Forecast 1. Table
12 shows that this choice falls between the others, representing an approximate median
forecast. If the City Council is very conservative, however, it might opt for the Popula-
tion 2 and Demand Forecast 3 option (high forecast).

PROBLEMS

1 A reservoir has a capacity of 2.75 acre-ft. How many years would this supply a city of
100,000 if evaporation is neglected? Assume a use rate of 180 gpcd.

2 If the minimum flow of a stream having a 200-mi* watershed is 0.10 cfs/mi?, what popula-
tion could be supplied continuously from the stream? Assume that there is only distribu-
tion storage (maximum withdrawal = stream flow) and that the water use rate is 175 gpcd.

3 Estimate the 2010 and 2015 population of your community by plotting the historic data
and extrapolating the trend. How reliable do you think this estimate would be?
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Given the population, public water withdrawal, and total freshwater withdrawal for the
states shown in Table 4 in 2000, calculate the percent of freshwater withdrawn by the pub-
lic sector and the per capita water use of the freshwater for your state and the surrounding
states.

Given the population, public water withdrawal, and total freshwater withdrawal for the
states shown in Table 4 in 2000, calculate the percent of freshwater withdrawn by the pub-
lic sector and the per capita water use of the freshwater for 10 states of your choice and
state why you think these percentages differ.

Compare the annual water requirements of a 1500-acre irrigated farm and a city with a
population of 130,000. Assume an irrigation requirement of 3 acre - ft/yr/acre and a per
capita water use rate of 180 gpcd.

For the region in which you reside, determine which water-using sectors are most domi-
nant. How did you arrive at this determination? Do you think the past trends will con-
tinue? If so, why? If not, why not? Are there water supply problems in the region? If so,
could these be alleviated by modifying water use rates in one or more of the water-using
sectors? How much of a reduction below current rates of use do you think could be
achieved? What revision in facilities or systems operation would be required to bring
about this reduction?

Obtain historic and projected population data on the municipality in which you reside.
Consult your local water department and obtain historic and projected water use trends
for your city. Estimate the current per capita water-use rate. Use this figure to project
water requirements to 2010. How does your projection compare with that of the water
department? By how much could the per capita water use rate be reduced, if any, by 2010?
Given a residential area encompassing 1100 acres with a housing density of four houses
per acre and assuming a high-value residence with a fire flow requirement of 1000 gpm,
find (a) the combined draft and (b) the peak hourly demand.

Given that a residential community has an area of 10 mi?, assume a population density
and calculate the required fire flow. Give results in gpm and lpm.

Consider a 1000-acre residential area with a housing density of four dwellings per acre.
Estimate the peak hourly water-use requirement.

If 100 acres of farmland were developed for urban housing (four houses per acre), what
would be the difference in average annual water requirements after the changeover? Assume
that the irrigation requirement is 2.5 acre-ft of water for a growing season of six months.

The population of a state was 7 million in 2000. Consider that by 2015, it is expected to
increase to 9 million. Consider that the amount of freshwater withdrawn in 2000 was 2.5
bgd. Estimate the amount of freshwater that might be withdrawn in 2015. State your
assumptions.

A community had a population of 200,000 in 2000 and it is expected that this will increase
to 260,000 by 2015. The water treatment capacity in 2000 was 43 mgd. A survey showed
that the average per capita water use rate was 180 gpcd. Estimate the community’s water
requirements in 2015, and state whether expanded treatment facilities will be needed by
that date, assuming (a) no change in use rate and (b) a reduced rate of 160 gpcd.

For the community described in Problem 14, assume that the treatment plant capacity in
2000 was 35 mgd. If the water use rate in 2015 is 140 gpcd, will expanded treatment facili-
ties be needed by 2015? In about what year would they be needed if so? What reduction in
water use rate would be needed to delay the need for new facilities until 2015? Is a reduc-
tion of this magnitude attainable?
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16 Consider a state with a total water withdrawal of 4.5 bgd in 2000. This was distributed as
follows: municipal use 1.0 bgd, industrial use 1.5 bgd, and steam electric cooling 2 bgd.
Assume a 2000 population of 10 million and a projection of 12 million for 2015. It is esti-
mated that an additional 3000 MW of electric-generating capacity will be required by 2015
and that the cooling water requirements will be 50 gal’lkWh. An industrial expansion of
10% is also expected. Estimate the total water that will be withdrawn in 2015 for each sec-
tor and for all sectors combined. State your assumptions. Assume a plant capacity factor of
0.6 (water use will relate to 3000 MW X 0.6).

17 Given a residential community with an area of 26 km?, assume a population density and
calculate the required fire flow. Give results in Ipm.

18 Consider a 450-acre residential area with a housing density of four dwellings per acre.
Estimate the peak hourly water use requirement and the peak hourly sewage flow.
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Conveying and Distributing
Water

Designing conveyance systems for water requires engineers to consider a variety of
details, including projected demands on these systems, mathematical sizing of the sys-
tem elements, engineering details involved in the plans and project documents, con-
structability, testing, permitting of the system, and ease of future operations and
maintenance. This chapter will focus on the mathematical analyses and design consid-
erations for water distribution systems.

HYDRAULICS

INTRODUCTION TO HYDRAULICS

Before designing a water distribution system or conveyance system of any type, it is crit-
ical to understand the mathematics of how water will behave in these systems. Regard-
less of the system, some form of the continuity equation is usually used.

¢ Hydrology should not be confused with hydraulics. Most simply, Zydrology is the
study of the many physical, chemical, and biological factors involved in water’s
interaction with natural and manmade environments. Hydrology is an interdisci-
plinary science that can involve climate, soils, geography, oceanography, ecology,
fluid mechanics, and classic civil engineering, among other areas of study [1].
In a practical sense for engineers doing design, hydrologic routing is usually

From Water Supply & Pollution Control, Eighth Edition. Warren Viessman, Jr., Mark J. Hammer,
Elizabeth M. Perez, Paul A. Chadik. Copyright © 2009 by Pearson Education, Inc. Published
by Prentice Hall. All rights reserved.
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completed before hydraulic calculations as part of a site design or stormwater
investigation. Hydrology can also be a factor when water or wastewater infra-
structure ages, as with inflow and infiltration (also commonly referred to as I1&I).

Hydraulics is the study of mechanical properties of fluids and is a common subdis-
cipline within many types of engineering. The remainder of this chapter will focus
on hydraulics as it pertains to water distribution. Hydraulics is a complex topic
and only a brief introduction is provided in this text. As particular topics within
hydraulics are covered throughout this and the next chapter, additional references
will be provided that can provide a more detailed treatment of each topic.

Engineers investigate hydraulics problems in a number of ways:

1.

Dimensions of the system —Flow can be defined in one or more dimensions. Most
water distribution and conveyance systems are designed while only considering
one-dimensional flow, although many engineers now consider two-dimensional
flow for some applications. At this time, three-dimensional flow is only considered
for a small minority of hydraulic questions and primarily remains an academic
endeavor. As computational speed increases and as more modelers adjust to using
three-dimensional equations, there may be an increase in number of dimensions
considered by practicing engineers.

Changes over time—Flow can be examined with regard to its change over time.
Although unsteady flow (flow that changes over time) is common, it is only
briefly covered in this text. For many water and wastewater applications, steady
flow (flow that does not change over time) is an appropriate assumption. How-
ever, engineers should be cautious about assuming steady flow, as steady flow is
far less common in natural systems. A number of excellent models exist to inves-
tigate both unsteady and steady flow, although these models can never replace a
firm understanding of hydraulics.

Pressures within the system—When solving water problems, engineers often
define flow as “pressurized flow” or “open-channel flow.” The primary difference
between the two terms is whether the flow is above atmospheric pressure (com-
monly referred to as “pressurized flow”) or whether the flow is at atmospheric
pressure (as in open-channel flow or systems that are flowing under gravity).
Both types of flow will be discussed in this chapter.

Energy involved in flow—Many energy variables can be used to describe flow.
A common energy term used in open channel hydraulics is “specific energy.”
More will be said about specific energy in this chapter.
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5. Spatial variations of the flow—This concept will be revisited throughout this and the
next chapter. The most common consideration of spatial variation is gradually var-
ied flow.

6. Velocity and acceleration.

UNIFORM FLOW

Many practicing engineers assume uniform flow, a situation where the cross-sectional
velocity and depth do not change in the direction of flow [2]. For uniform flow, the
velocity in an open channel is usually determined by Manning’s equation:

V = 1.49R%%08%5/, (1)
where
V' = velocity of flow, fps
n = coefficient of roughness
R = hydraulic radius, ft

S = slope of energy grade line

In metric units
VvV = R0'66S0'5/n

where

= velocity of flow, m/s
= coefficient of roughness

s <

= hydraulic radius, m
S = slope of energy grade line

The equation is applicable as long as S does not significantly exceed 0.10. In channels
having no uniform roughness, an average value of 7 is selected. Where the cross-sectional
roughness changes considerably, as in a channel with a paved center section and grassed
outer sections, it is common practice to compute the flow for each section independently
and sum these flows to obtain the total. For most purposes, n is considered a constant. It
is actually a function of several factors, however, and should be adjusted for pipe diame-
ters exceeding five or more feet. As with the Hazen—Williams equation (see Section 7),
nomographs are available to allow rapid computation (see Figure 1). Values of » for use
in Manning’s equation are provided in Table 1.
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TABLE 1 Roughness Coefficients

Material Hazen-Williams, C Manning, n

New pipes:
Cast iron 130-140 0.012-0.015
Concrete 120-140 0.012-0.017
Concrete-lined galvanized iron 120 0.015-0.017
Plastic 140-150 0.011-0.015
Steel 140-150 0.015-0.017
Vitrified clay 110 0.013-0.015
Welded steel 120 —

Older pipes and other materials:
5-yr-old cast iron 120 —
20-yr-old cast iron 100 —
Asbestos cement 140 —
Brick — 0.016
Corrugated metal pipe — 0.022
Bituminous concrete — 0.015
Uniform, firm sodded earth — 0.025

Example 1

Determine the discharge of a trapezoidal channel having a brick bottom and
grassy sides, and with the following dimensions: depth—6 ft, bottom width—12 ft, top
width—18 ft. Assume S = 0.002.

Solution:

1. Using Eq. (1) and noting that Q = AV, calculate the discharge for the por-
tion of flow in the rectangular subsection. From Table 1, choose n = 0.017.

R = (6)(12)/(12) = 6.0 ft
0 = (1.49/0.017)(72)(6)*3(0.002)? = 930.75 cfs

2. Calculate the discharge for the portion of flow in the grassy subsections of
the channel. From Table 1, choose n = 0.025. Then for each side

A = (0.5)(3)(6) = 9 ft?
R =9/6.7 = 1.35 ft
For both sides,
O = 2[(1.49/0.025)(9)(1.35)%3(0.002)2] = 58.59 cfs

3. The total discharge for the channel is thus
0 = 930.75 + 58.59 = 989.34 cfs
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FIGURE 2 Hydraulic elements of a circular section for constant n.

For open channels consisting of circular pipes or tunnels flowing partly full, calculating
the hydraulic radius and cross-sectional area of flow can be cumbersome. Figure 2
facilitates these calculations by showing the relation between the hydraulic elements of
a circular pipe, which allows the conditions of a pipe flowing partly full to be calculated
from the conditions of the full-flowing pipe.

Example 2
Given a pipe discharge flowing full of 16 cfs and a velocity of 8 fps, find the velocity
and depth of flow when Q = 10 cfs.

Solution: Enter Figure 2 at 10/16 = 62.5% of value for full section. Obtain a depth of
flow of 57.5% of full-flow depth and a velocity of 1.05 X 8 = 8.4 fps.

The depth at which uniform flow occurs in an open channel is termed the normal depth
d,. This depth can be computed by using Manning’s equation for discharge after the
cross-sectional area A and the hydraulic radius R have been translated into functions
of depth. For those solving the equation without the aid of a computer, the solution for
d, is often obtained by trial and error.

For a specified channel cross section and discharge, there are three possible val-
ues for the normal depth, all dependent on the channel slope. Uniform flow for a given
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discharge may occur at critical depth, at less than critical depth, or at greater than crit-
ical depth. Critical depth occurs when the specific energy is at a minimum. Specific
energy is defined as

E,=d+ V?2g ()

where

d = depth of flow
V = mean velocity

Flow at critical depth is highly unstable, and designs indicating flow at or near critical
depth should be avoided. For any value of E; above the minimum, two alternative
depths of flow are possible —greater than critical depth or less than critical depth. The
former case indicates subcritical flow, the latter supercritical flow. The critical depth for
a channel can be found by taking the derivative of Eq. (2) with respect to depth, set-
ting this equal to zero, and solving for d.. For mild slopes, the normal depth is greater
than d. and subcritical flow prevails. On steep slopes, the normal depth is less than the
critical depth and flow is supercritical. Once the critical depth has been computed, criti-
cal velocity is easily obtained. The critical velocity for a channel of any cross section
can be shown to be

)

Il
oﬁ

A
B
where

V. = critical velocity
A = cross-sectional area of the channel
B = width of the channel at the water surface

The critical slope can then be found by using Manning’s equation.

In practice, uniform flows are encountered only in long channels after a transi-
tion from nonuniform conditions. Nevertheless, knowledge of uniform flow hydraulics
is important, as numerous varied flow problems are solved through partial applications
of uniform flow theory. A basic assumption in gradually varied flow analyses, for exam-
ple, is that energy losses are considered the same as for uniform flow at the average
depth between two sections along the channel that are closely spaced.

GRADUALLY VARIED FLOW AND SURFACE PROFILES

Gradually varied flow results from gradual changes in depth that take place over
long reaches. Abrupt changes in the flow regime are classified as “rapidly varied
flow.” Problems in gradually varied flow are common and represent the majority of
flows in natural open channels and many of the flows in manmade channels. They
can be caused by such factors as change in channel slope, cross-sectional area, or
roughness, or by obstructions to flow, such as dams, gates, culverts, and bridges. The
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pressure distribution in gradually varied flow is hydrostatic and the streamlines are
considered approximately parallel.

The significance of gradually varied flow problems may be illustrated by consid-
ering the following case. Assume that the maximum design flow for a uniform rectan-
gular canal will occur at a depth of 8 ft under uniform flow conditions. For these
circumstances, the requisite canal depth, including 1 ft of freeboard, will be 9 ft. Now
consider that a gate is placed at the lower end of this canal. Assume that at maximum
flow the depth immediately upstream of the gate will have to be 12 ft to produce the
required flow through the gate. The depth of flow will then begin decreasing gradually
in an upstream direction and approach the uniform depth of 8 ft. Obviously, unless the
depth of flow is known all along the channel, the channel design depth cannot be
determined.

In an open channel the water surface profile for a given discharge must be deter-
mined to solve many engineering problems. There are 12 classifications of water sur-
face profiles, or backwater curves [3]. Figure 3 illustrates several of these and also a
typical change that might take place in the transition from one type of flow regime to
another. For any channel the applicable backwater curve will be a function of the rela-
tionship between the actual depth of flow and the normal and critical depths of the
channel. Often it is helpful to sketch the curves for a given problem before attempting
an actual solution. The curves given in Figure 3 are useful in sketching the curves for a
given problem. Woodward and Posey provide additional curves [3].

(a)
Steep slope

Hydraulic

(b)
FIGURE 3 Gradually varied flow profiles.
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Numerous procedures have been proposed for computing backwater curves. The
direct-step method is discussed here. Referring to Figure 4, the energy equation may be
written as
i+ Vi
2g - 2g f

A rearrangement of this equation yields

V3 vi ,
i"'dz - E"‘dl :Zl_Hf

Zi +d, +

or
E2 - E1 = SCL - EEL
E, — E
L="2— 4)
Sc - Se
where

E,, E{ = values of specific energy at sections 1 and 2
S, = slope of the channel bottom

U
Q
Il

slope of the energy gradient

The value of S, is obtained by assuming that (1) the actual energy gradient is the same
as that obtained for uniform flow at a velocity equal to the average of the velocities at
Sections 1 and 2 (this can be found using Manning’s equation) or (2) the slope of the
energy gradient is equal to the mean of the slopes of the energy gradients for uniform

Total head

Channel bottom s

N L ]

FIGURE 4 Definition sketch for the direct-step method of computing backwater
curves.
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flow at the two sections. The procedure in using Eq. (4) is to select some starting
point where the depth of flow is known. Then select second depth in an upstream or
downstream direction, and compute the distance from the known depth to this point.
Then, using the second depth as a reference, select a third and calculate another length
increment, and so on. The results obtained will be reasonably accurate provided the
selected depth increments are small, since the energy-loss assumptions are fairly accu-
rate under these conditions.

Example 3

Water flows in a rectangular concrete channel 10 ft wide, 8 ft deep, and inclined at
a grade of 0.10%. The channel carries a flow of 245 cfs and has a roughness coefficient
n of 0.013. At the intersection of this channel with a canal, the depth of flow is 7.5 ft.
Find the distance upstream to a point where normal depth prevails and determine the
surface profile.

Solution: Using Manning’s equation and the given value of discharge, the normal
depth is found to be 4 ft. Critical depth y, is determined by solving Eq. (3) after rear-
ranging and substituting by, for A and b for B, where b equals the width of the rectan-
gular channel.

Then

v:i_ ¢
ye=—f=—r 5
g Ay ®
e
c gb2
Substituting the given values for Q and b yields
4] (245)
Ye™ N 322 x (10
and
Yo = 2.65ft

Since y > y,, > y., an M1 profile will depict the water surface. The calculations then
follow the procedure indicated in Table 2.
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TABLE 2 Calculations for the Surface Profile of Example 3

2
y A 1% ;—gz =d+— P R RY3 L= W S, AE S.— S, AL = SCA—ESL
7.5 75 327  0.166 7.666 25 3.0 433 0.000188 0.000207  0.475 0.000793 598
7.0 70 350 0.191 7.191 24 291 4.15 0.000225 0.000279  0.932 0.000721 1292
6.0 60 408  0.259 6.259 22 2.73 3.82 0.000333 0.000436  0.885 0.000564 1570
5.0 50 490 0374 5374 20 2.50 3.40 0.000539 0.000762  0.792 0.000238 3328
4.0 40 6.12  0.582 4.582 18 222 2.90 0.000984

L=2%AL = 6788
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The distance upstream from the junction to the point of normal depth is 6788 ft.
The surface profile can be plotted by using the values in Table 2 for y and AL. In
practice, greater accuracy could be obtained by using smaller depth increments, such as
0.25 ft, but the computational procedure would be the same.

VELOCITY

Maximum and minimum velocities are both prescribed for water transportation sys-
tems. Minimum velocities are set to ensure that suspended matter does not settle out in
the conduit, while maximum velocities are set to prevent erosion of the channel. Nor-
mally, velocities in excess of 20 fps should be avoided in concrete or tile sewers, and
whenever possible velocities of 10 fps or less should be used. Specially lined inverts
(pipe bottoms) are sometimes employed to combat channel erosion. The average value
of the channel shearing stress is related to erosion and to sediment deposition.

Using the Chézy equation for velocity, Fair and Geyer [4] have shown that the
minimum velocity for self-cleansing V/,,, can be determined according to

vV, =C K(y“'y_v)d (6)

where vy, is the specific weight of the particles, vy is the specific weight of water, d is the
particle diameter, and C is the Chézy coefficient (equal to 1.49R%/n as evaluated by
Manning). The value of C is selected with consideration given to the containment of
solids in the flow. The value of K must be found experimentally and appears to range
from 0.04 for the initiation of scour to more than 0.8 for effective cleansing [4].

If nonflocculating particles have mean diameters between 0.05 and 0.5 mm, the
minimum velocity may be determined [5] using

d(ps — p) [0816( Dy, \0:633
Vv, = [25.3 x 1073 gW} <p> )

Ko

where

V.. = minimum velocity, fps
d = mean particle diameter, ft

D = pipe diameter, ft

p.» = mean mass density of the suspension, pcf
p, = particle density, pcf

W,, = viscosity of the suspension, %
p = liquid mass density, pcf
The value of p,, may be determined using
om = Xopy + (1 = X,)p ®)
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where X, is the volumetric fraction of the suspended solids. Ordinarily, minimum
velocities are 2 and 3 fps for sanitary sewers and storm drains, respectively.

WATER DISTRIBUTION SYSTEMS

Water distribution systems are designed to satisfy the water requirements of the
domestic, commercial, industrial, and firefighting sectors. The system should be capable
of meeting the demands placed on it at all times and at satisfactory pressures. Pipe sys-
tems, pumping stations, storage facilities, fire hydrants, house service connections,
meters, and other appurtenances are the main elements of the system [6].

GENERAL DESIGN CONSIDERATIONS

The design of water distribution systems involves considerations of hydraulic ade-
quacy, structural adequacy, and economic efficiency. The general layout of the system is
a function of the flow to be carried, the head available, the character of the conduit
material, and limiting velocities.

Location

The routing of distribution systems is constrained by the availability of right-of-way
and technical and economic considerations. A distribution system’s beginning and end
points are fixed by the source of supply and the location at which the water is to be
delivered. Between these two locations, the most cost-effective route must be found.
The choice of location is also a determinant of the type, or types, of conveyances to be
used. Distribution systems built to grade require topography that allows cut-and-cover
operations to be closely balanced. Pressurized pipes, on the other hand, can follow
topography. Pumping, materials, and construction costs are related to topography.

In any conduit there must be sufficient hydraulic slope to obtain the required
flow. Steep slopes generate high velocities with smaller conduit requirements. When
sufficient fall is available, steep slopes are often economical. On the other hand, if head
can be generated only by pumping or through construction of a dam, flatter slopes call-
ing for larger conduits may be needed to reduce the cost of the lift. Some combination
of lift and slope will yield the optimum economy. Usually some controlling feature
establishes the elevation of the distribution system at a specified point. Examples of
possible governing features are dam heights, tunnel locations, terminal reservoirs, and
hilltops.

Sizing

The size and configuration of a distribution system usually vary along the route. For a
given type of system, the size is usually determined on the basis of hydraulic, economic,
and construction considerations. Occasionally, construction practices dictate a minimum
size in excess of that required to handle the flow under the prevailing hydraulic condi-
tions (available head). This condition is generally encountered for tunnels. Hydraulic fac-
tors that control the design are the head available and permissible velocities. Available
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heads are affected by reservoir drawdown and local pressure requirements. Limiting
velocities are based on the character of the water to be transported and the need to pro-
tect transmission lines against excessive pressures that might develop through hydraulic
surge. Where silt is transported with the water, minimum velocities of about 2.5 fps
should be maintained. Maximum velocities must preclude pipe erosion or hydraulic
surge problems and are ordinarily between 10 and 20 fps [7]. The usual range in velocities
is from about 4 to 6 fps.

Where power generation is involved, pumping costs and/or the worth of power
and conduit costs jointly determine the conduit size. For single gravity-flow pipelines,
the size should be determined so that the available head is consumed by friction.

Strength

Pipelines and other conveyances must be designed to resist forces such as those
resulting from water pressure within the conduit, hydraulic surge (transient internal
pressure generated when the velocity of flow is rapidly reduced), external loads,
forces at bends or changes in cross section, expansion and contraction, and flexural
stresses [8, 9, 10].

Economics

Hydraulic head has economic value. It costs money to produce the head at the
upstream end of a system, but the head can then be used to increase flow, to produce
power, or for other purposes. A definite relationship always exists among system size,
hydraulic gradient, and the value of head. In some cases, construction costs are related
to the elevation of the hydraulic gradient. The elevation of the gradient also affects
pumping costs and power production values, as does the slope of the hydraulic gradi-
ent. In long distribution systems composed of different types of conduits, a means of
coordinating conduit types, choosing dam elevations, and selecting pump lifts or power
drops is important. Dealing with this problem requires a joint application of hydraulic
and economic principles [11, 12].

TYPES OF DISTRIBUTION SYSTEMS

Water distribution systems may include or be solely composed of open channels,
pipelines, or tunnels. Factors that determine the type of distribution system include
topography, head availability, climate, construction practices, economics, and the need
to protect water quality.

Open Channels

Open channels are defined in various ways. Most generally, open channels are designed
to convey water under conditions of atmospheric pressure. Given this design, the
hydraulic gradient and free-water surface are coincident. If the channel is supported on
or above the ground, it is also classified as a flume. Open channels may take on a vari-
ety of shapes and are sometimes covered with protective structures.
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The choice of an open channel for conveyance is usually predicated on suit-
able topographic conditions that permit gravity flow with minimal excavation or fill.
If the channel is unlined, the perviousness of the soil must be considered relative to
seepage losses. Other important considerations are the potential for pollution and
evaporative losses.

Open channels may be lined with concrete, bituminous materials, butyl rubber,
vinyl, synthetic fabrics, or other products to reduce the resistance to flow, minimize
seepage, and lower maintenance costs. Flumes are usually constructed of concrete,
steel, or timber.

Pipelines

Pipelines are usually used where topographic conditions preclude the use of canals.
Pipelines may be laid above or below ground or may be partly buried. Most water dis-
tribution pipes are made up of various combinations of asbestos—cement, ductile iron,
high-density polyethylene (HDPE), polyvinyl chloride (PVC), and steel.

Pipelines may require gate valves, check valves, air-release valves, drains, surge-control
equipment, expansion joints, insulation joints, manholes, and pumping stations. These
appurtenances are provided to ensure safe and efficient operation, allow easy inspection,
and facilitate maintenance. Gate valves are often spaced about 1200 ft apart so that the
intervening section of line can be drained for inspection or repair and placed on either
side of a check valve to permit its removal for inspection or repair. Check valves are nor-
mally located on the upstream side of pumping equipment and at the beginning of each
rise in the pipeline to prevent backflow. Air-release valves are needed at the high points in
the line to release trapped gases and to vent the line to prevent vacuum formation. Drains
are located at low points to permit removal of sediment and allow the conduit to be emp-
tied. Surge tanks or quick-opening valves provide relief from problems of hydraulic surge.

Tunnels

Where it is not practical or economical to lay a pipeline on the surface or provide an
open trench for underground installation, a tunnel is an alternative choice. Tunnels are
well suited to mountain or river crossings. They may be operated under pressure or act
as open channels.

DISTRIBUTION SYSTEM COMPONENTS

A water distribution network is a collection of links connected at their endpoints,
called nodes (refer to Figure 5). Links may include pipes, pumps, and valves. Nodes
may be points of water withdrawal (demand nodes), locations where water is intro-
duced to the network (source nodes), or locations of tanks or reservoirs (storage
nodes). Flows may be stated as gallons per minute (gpm), cubic feet per second (cfs),
million gallons per day (mgd), or liters per second (I/s).

Pipes Pipes are used to convey water. The direction of flow is from the end at higher
head (potential energy per pound of water) to that at a lower head. Pipes may contain
check valves that restrict flow to a specific direction. Such valves can be made to open
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I Pump
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FIGURE 5 Network components.

or close at preset times, when tank levels fall below or above certain set points, or when
nodal pressures fall below or above certain set points. Head lost to friction resulting
from pipe flow can be expressed by the following type of equation:

hL = AqB (9)

In this equation, 4, is the head loss (length), A is a resistance coefficient, g is the flow
in units of volume/time, and B is a flow exponent. The Hazen—Williams formula, the
Darcy—Weisbach formula, and the Chézy—Manning formula can all be used to calcu-
late friction head loss. The Hazen—Williams formula is the most commonly used, but it
cannot be used for liquids other than water. The Darcy—Weisbach formula is the most
theoretically correct, and it is suited to all liquids. The Chézy—Manning equation is
generally used for problems of open channel flow. Table 3 gives expressions for the

TABLE 3 Pipe Head Loss Formulas for Full Flow (head loss in ft and
flow rate in cfs)

Resistance Coefficient Flow Exponent
Formula (A) (B)
Hazen-Williams 4.727C 185244871 1.852
Darcy—Weisbach 0.0252f (e, d, q)d°L 2
Chézy-Manning 4.66n°d>3L 2

Notes: C = Hazen—Williams roughness coefficient
& = Darcy—Weisbach roughness coefficient (ft)
f = friction factor (dependent on &, d, and q)
n = Manning roughness coefficient
d = pipe diameter (ft)
L = pipe length (ft)
q = flow rate (cfs)

Source: Rossman [13].
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resistance coefficient A, and values of the flow exponent B. The pipe roughness coef-
ficients in these expressions must be determined empirically. Table 1 gives ranges of
these coefficients generally encountered in practice. Note that as pipes age these coef-
ficients can change significantly.

Junctions Junctions (also called nodes) are points where pipes come together and
where water enters or leaves the network. Storage nodes (i.e., tanks and reservoirs) are
special types of nodes where a free water surface exists and the hydraulic head is the
elevation of water above sea level. To determine the total hydraulic head at a node, the
elevation above sea level of all nodes must be specified. The magnitude of water
withdrawals (demands) or inputs at nodes that are not storage nodes must be known
over the time frame that the network is being analyzed.

Reservoirs Reservoirs are nodes that represent lakes, rivers, and groundwater
aquifers. Because of their scale, reservoirs are often considered to represent an infinite
source or sink of water to the distribution system. A major feature of a reservoir is its
hydraulic head, which is the water surface elevation, providing that the reservoir is not
under pressure. The hydraulic head may vary over time, however, and this must be
taken into account when modeling water supply systems.

Tanks Tanks are storage nodes where the volume of water can vary with time. Tank
properties include the bottom elevation where the water level is zero, the diameter or
shape of the tank, the initial water level, and the minimum and maximum water levels
within which the tank can operate. The change in water level of a storage tank can be
calculated using the following equation:

Ay = (q/lA)At (10)

where

Ay = change in water level, ft
q = flow rate into (+) or out of (—) tank, cfs
A = cross-sectional area of the tank, ft*

At

time interval, s

Emitters Emitters are nozzles or orifices that discharge to the atmosphere. The flow
through these devices is a function of the pressure available at the node and is given by

q=Cp" (11)
where
g = flow rate
C = a discharge coefficient

p = pressure
vy = pressure exponent
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TABLE 4 Minor Head Loss Coefficients, K

Loss
Component Coefticient
Globe valve, fully open 10.0
Angle valve, fully open 5.0
Swing check valve, fully open 2.5
Gate valve, fully open 0.2
Short-radius elbow 0.9
Medium-radius elbow 0.8
Long-radius elbow 0.6
45" elbow 0.4
Closed return bend 22
Standard tee —flow through run 0.6
Standard tee —flow through branch 1.8
Square entrance 0.5
Exit 1.0

Source: Rossman [13].

For nozzles and sprinkler heads, y equals 0.5. Manufacturers of emitters generally supply
the value of the discharge coefficient in units of gpm/psi®® (stated as the flow through the
device at a 1 psi pressure drop). Emitters are used to model irrigation networks and sprin-
kler systems. They may also be used to estimate pipe leakage if a discharge coefficient and
a pressure exponent can be estimated.

Minor Losses Minor head losses are usually associated with turbulence that occurs at
bends, junctions, meters, and valves. The importance of such losses depends on the
nature of the pipe network and the degree of accuracy required in the analysis. Minor
head losses may be accounted for by assigning a minor head loss coefficient to the
appropriate fixture (see Table 4 for a list of such coefficients). The minor head loss is
then calculated with the formula

h; = K(v*2g) (12)

where K is a minor head loss coefficient, v is flow velocity (length/time), and g is the
acceleration of gravity (length/time?).

Pumps Pumps are used to increase the hydraulic head of water. A pump characteristic
curve (Figure 6) describes the head imparted to a fluid as a function of its flow rate
through the pump. Pump curves can be represented with a function of the form

hg = h, — aq® (13)

where hg is the head gain imparted by the pump in ft, /,, is the shutoff head (head at no
flow), a is a resistance coefficient, g is the flow through the pump, and b is a flow expo-
nent. Flow through a pump is unidirectional and pumps must operate within the head
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FIGURE 6 Typical pump curve.

and flow limits imposed by their characteristic curves. Pumps may be run at constant or
variable speed. Pumps will be discussed further in Section 10.

Valves Valves are links in pipelines that are used to regulate flow or pressure. There are
numerous types of valves. Shutoff (gate) valves and check (nonreturn) valves completely
open or close pipes. Pressure-reducing valves (PRVs) limit the pressure at a point in a pipe
network. Pressure-sustaining valves (PSVs) maintain a set pressure at a specified location
in a pipe network. Flow control valves (FCVs) limit the flow to a prescribed amount.

DISTRIBUTION SYSTEM CONFIGURATIONS

Water distribution systems may be classified as grid systems, branching systems, or a
combination of the two. The configuration of the system is influenced by street pat-
terns, topography, degree and type of development of the region to be served, and loca-
tion of treatment and storage works. Figure 7 illustrates the basic types of distribution
systems. Grid systems are usually preferred to branching systems, since they can supply
a withdrawal point from at least two directions. Branching systems do not permit this
type of circulation, because they have numerous terminals or dead ends. Grid and com-
bination systems can both incorporate loop feeders, which can distribute water to a
takeoff point from several directions. In locations where sharp changes in topography
occur (hilly or mountainous regions) it is common practice to divide the distribution
system into two or more service areas or zones. This precludes the difficulty of needing
extremely high pressure in low-lying areas to maintain reasonable pressures at higher
elevations. The usual practice is to interconnect the various systems, with the intercon-
nections closed off by valves during normal operations.
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; Branch line
Flow
—_—
Main supply line
(a)
Flow
—
/ Loop feeder
(b)
Flow / Central feeder
—_—

(c)
FIGURE 7 Types of water distribution systems: (a) Branching (b) Grid (c) Combination.

HYDRAULIC CONSIDERATIONS

Flows in a water conveyance system are analyzed through the application of basic prin-
ciples of open-channel and closed-conduit hydraulics. We assume, in this text, that the
reader has already been exposed to these concepts in courses in hydraulics or fluid
mechanics.

Except for sludges, most flows may be treated hydraulically in the same way as
clean water even though considerable quantities of suspended material are being car-
ried. The Hazen—Williams and Manning formulas are used extensively in designing water
conveyances. The Hazen—Williams formula is used primarily for pressure conduits, while
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the Manning equation has found its major application in open-channel problems. Both
equations are applicable when normal temperatures prevail, a relatively high degree of
turbulence is developed, and ordinary commercial materials are used [3, 6, 8, 13-15]. The
Hazen—Williams equation is

V = 1.318CR"633§%3* (English units)
(14)
V = 0.85CR*%5%5 (SI units)

where

V = velocity of flow (ft/s or m/s)

C = acoefficient that is a function of the construction material and age of the pipe

R = hydraulic radius (cross-sectional area divided by the wetted perimeter)
(ft or m)

S = slope of energy gradient in feet per foot of length or meters per meter of
length

For circular conduits flowing full, the equation may be restated as
0 = 0.279CD*%35%>4 (15)

where

QO = flow, mgd
D = pipe diameter, ft
and as

QO = 0.278CD*%350

where

0 = flow, m’/s
D = pipe diameter, m
Some values of C for use in the Hazen—Williams formula are given in Table 1. A nomo-

graph that facilitates the solution of this equation is given in Figure 8.
The Manning equation is stated in the form

V = 1.49R"665%5/n (16)

where

<

= velocity of flow, fps

= hydraulic radius, ft

S = slope of energy grade line
n = coefficient of roughness

~
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In metric units,
V = R0.66s().5/n
where

V' = velocity of flow, m/s
R = hydraulic radius, m
S = slope of energy grade line

n = coefficient of roughness

The equation is applicable as long as S does not materially exceed 0.10. In channels hav-
ing no uniform roughness, an average value of # is selected. Where the cross-sectional
roughness changes considerably, as in a channel with a paved center section and grassed
outer sections, it is common practice to compute the flow for each section indepen-
dently and sum these flows to obtain the total. For most purposes,  is considered a con-
stant. It is actually a function of pipe diameter, however, and should be adjusted for pipe
diameters exceeding several feet. As in the case of the Hazen—Williams equation, nomo-
graphs are available to permit rapid computation (see Figure 1). Values of n for use in
Manning’s equation are indicated in Table 1.

Head loss in pipelines results from pipe friction losses and from piping auxil-
iaries. Minor losses include those resulting from valves, fittings, bends, changes in cross
section, and changes in flow characteristics at inlets and outlets. Over long lengths of
pipeline, minor losses can usually be ignored in calculations of head loss because they
contribute a relatively small proportion to the total losses. On the other hand, minor
losses in short water transportation systems, such as those in water and wastewater
treatment plants, should not be ignored because their proportion of the total head loss
is significantly larger. Minor losses are usually expressed as a function of the velocity
head in performing calculations, that is, H;, = KV?/2g. Some values of the minor head
loss coefficient K are given in Table 4 (see also 3, 6,8-9, 13-15).

Head loss as a result of pipe friction can be computed by solving Eq. (14) or (16)
for S and multiplying by the length of the pipeline. A slightly more direct method is to
use the Darcy—Weisbach equation,

h;, = fLV?2Dg (17)

where

h; = head loss, ft

L = pipe length, ft
D = pipe diameter, ft
f = friction factor
V' = flow velocity, fps

The friction factor is related to the Reynolds number and the relative roughness of the
pipe. For conditions of complete turbulence, Figure 9 relates the friction factor to pipe
geometry and characteristics.
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FIGURE 9 Relative roughness of pipe materials and friction factors for complete
turbulence. Source: The Crane Company, Chicago, IL.
The Energy Equation

Consider flow in a straight pipe of uniform diameter. The energy equation for flow in a
segment of length L between points 1 and 2 may be written as

P, Vi P, V3
Zi+ L+ 2=, +2+ 2+ H, (18)
Yy o2 Y28

where Z = elevation above an arbitrary datum (ft, m); p/y = pressure head (ft, m);
V = average velocity of flow (ft/sec, m/sec); and H; = total head loss (energy loss)
between the two cross sections.
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Note that the terms of the energy equation are all in units of energy per unit
weight (ft-1b/lb, kg-m/kg), which reduce to units of length (ft, m). If a pump were
inserted into the pipeline, the quantity Hp would be added to the left-hand side of the
equation to account for the additional energy head resulting from the action of the
pump. If a turbine were inserted in the pipeline in place of the pump, the positive quan-
tity Hp would be replaced by a negative quantity H, since a turbine converts the energy
of flow into mechanical work, thereby consuming energy from the pipeflow instead of
imparting energy to the flow as in the case of a pump.

Example 4

Consider that water is pumped 12 mi from a reservoir (Reservoir A) at elevation
100 ft to a second reservoir (Reservoir B) at elevation 220 ft. The pipeline connecting
the reservoirs has a diameter of 48 in and is constructed of concrete with an absolute
roughness of 0.003. If the flow is 28 mgd and the efficiency of the pumping station is
80%, what will be the monthly power bill if electricity costs 15 cents/kwh?

Solution:

1. Writing the energy equation between a point on the water surface of Reser-
voir A and a point on the water surface of Reservoir B, one obtains

Py Vi Py Vi
Za+ A4 Aoy =z, + 21 By
AT w o 2g P Bow T oog L

2. Letting Z, = 0, and noting that P, = Pjpis equal to the atmospheric pressure
and that V 4, = Vg = 0 for a large reservoir, one can reduce the equation to

Hp:ZB+HL

where

H, = head developed by the pump

H,; = total head lost between A and B, including pipe friction and minor
losses

The following conversion factors are used in the calculations:
mgd X 1.55 = cfs; and ft-Ib X (3.766 X 1077) = kilowatt hours (kwh)

3. Using Figure 9, determine the value of fas 0.0182.

4. Using Eq. (17), find the pipe friction head loss. Assuming that the minor
losses are negligible in this problem, this is equal to H:

_ LV
) 2g
The velocity V must be determined before Eq. (15) can be solved:
V = Q/A =28 X 1.55/(m X 4) = 3.45 ft/sec
H; = 0.0182 X [(5280 X 12)/4] X ((3.45)%/64.4) = 53.3 ft

5. H, =(220 —100) + 53.3 = 130 + 53.3 =173.3 ft-1b/Ib (the energy imparted
by the pump to the water).
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6. The power requirement may be computed as

P =QvH,
=28 X 1.55 X 62.4 X 177.3 = 469,324 ft-Ib/s

7. For 80% efficiency, the power requirement is
469,324/0.80 = 586,655 ft-1b/s

8. 586,655 x 3.766 X 1077 = 0.22 kwh/s
The number of kilowatt-hours per 30-day month is then

0.22 X 30 X 86,400 = 570,240 kwh/month
9. The monthly power cost is therefore 570,240 X 0.15 = $85,536.

Flow in Branching Pipes

A common hydraulic problem is determining the direction and magnitude of flow in
each pipe when several reservoirs are connected. The flow distribution will depend on
the total head loss in each pipe, the diameter and length of the pipelines, and the num-
ber of connected facilities. A simple illustration is the classic three-reservoir problem,
shown in Figure 10. Three reservoirs, A, B, and C, are connected by a system of
pipelines that intersect at a single junction, J. Given the lengths and diameters of the
pipes and the elevations of the three reservoirs, the problem is to determine the mag-
nitude and direction of flow in each pipe.

It should be obvious that the flow will be out of Reservoir A and into Reservoir
C, but it is not immediately evident whether the flow will be into or out of Reservoir
B, because it is not known whether the pressure head at J is higher or lower than the
water surface elevation at Reservoir B. This problem can be solved by making use of
the continuity equation and the energy equation, which indicate that the flow into
J equals the flow out of J, and the pressure head for all three pipes is the same at
the point of intersection. Thus, by continuity,

01 = O, + QO if the flow is into reservoir B (19a)

Hydraulic grade line

FIGURE 10 Branching-pipe system with single junction.
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or
0, + O, = Q5 if the flow is out of reservoir B (19b)

and, by energy equivalence,

pily = py = pily =P (20)
at J, where

Q = flow in each pipe (vol/time)
ply = pressure head in each pipe (height in units of length)

The solution is derived by choosing a trial height for P and solving for O, O,, and Q3
using the Manning equation, the Hazen-Williams equation, or the Darcy—Weisbach
equation. The trial-and-error process is repeated until the continuity equation is satisfied.

An alternate, but more directly solved, branching-pipe problem is to find the ele-
vation of one reservoir given all pipe lengths and diameters, the surface elevations of
the other two reservoirs, and the flow either to or from one reservoir.

Flow in Pipes in Series

When a number of pipes of different diameters and lengths are connected in series, as
depicted in Figure 11, the problem is either to determine the head loss given the flow,
or to determine the flow given the head loss. The continuity equation allows us to state
that the flow into and out of each pipe section must be the same, and the energy equa-
tion allows us to state that the head loss for the system is the sum of the head losses for
each section of pipe. In other words, for the example shown in Figure 11,

0=01=0,=03 (21)

and
H,=Hp +Hp+ Hps (22)
For cases where the total head loss is given and the problem is to find the flow, the total

head loss is written in terms of the dimensions of the head loss of each section, which
for Figure 11 would be

Energy line

Hydraulic
grade line

FIGURE 11 Flow in pipes in series.
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Hy = [fi(Li/Dy)(Vii2g) + SK(Vig)]
+[f2(Lo/Dy)(V32g) + =(V32g)] (23)
+[f5(Ls/D3)(VH2g) + =(V32g)]

Minor losses are designated for each section as a function of velocity head, that is,
S K(V?*2g). Since the flow is equivalent for each section, by continuity the velocity
head for each section can be expressed as a function of the velocity head of any one
section. For example, referring to Figure 11, we have

V32g = V32g(Dy/Dy)* (24)
and
V32g = V32g(Dsy/Dy)* (25)

If a friction factor is assumed, the velocity of one pipe section can be found and used to
calculate the flow, which would be the same for all pipe sections.

Example 5

Find the discharge from Reservoir A into Reservoir B in Figure 11 if three cast-
iron pipes in series have diameters D; = 15in., D, = 101in., and D; = 12 in.; lengths
L; = 1500 ft, L, = 1350 ft, and L; = 2500 ft; and a total head loss of 100 ft.

Solution:

1. Assuming f = 0.01 for all three pipes, and substituting the given values into
the head loss equation given by Eq. (23), the objective is to determine
Vl? V2, and V3.

100 = 0.01[1500/(15/12)](V32g) + 0.01[1350/(10/12)](V3/2g)
+ 0.01[2500/(12/12)(V32g)
2. From Egs. (24) and (25),
ViRg = V32g(10/15)* = 0.198(V3/2g)
V32g = V32g(10/12)* = 0.482(V3/2g)
3. Substituting back into the head loss equation gives

100 = V32g[12(0.198) + 16.2 + 25(0.482)]
V, = 145 ft/s

4. Substituting V', back into the equations given in Step 2 yields

V32g = 0.198(14.5)*2g Vi = 645 ft/s
V32g = 0.482(14.5)°/2g V5 = 10 ft/s

5. Since Q = Q; = O, = O3, it follows that
0 =0, = VA, = 6.459(m)(7.5/12)> = 7.9 cfs
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As a check, we have
0=0,=VA
0 =03 = V343

14.5(m)(5/12)* = 7.9 cfs
10(w)(6/12)* = 7.9 cfs

Flow in Parallel Pipes

In the case of pipes connected in parallel, the problem is again either to determine the
head loss and distribution of flow for the system given the total flow or to determine
the total flow in the system given the head loss. For Figure 12, the continuity equation
shows that the flow at the two junctions A and B is equivalent. In other words,

O4=01+0, +05=0, (26)

The head loss for the system can be shown by the energy equation to be equivalent to
the head loss in each parallel pipe:

HL:H1:H2:H3 (27)

Given the total flow, the head loss distribution may be determined by solving the
Darcy—Weisbach head loss equation [Eq. (17)] for V for each pipe, producing

V = [2gH Jf(L/D)]"
and then substituting the preceding expression for Vinto Q = V A, that is,
Q = A[2gH,/f(L/D)]'"* (28)

and writing Q as a function of the head loss and C, where C is constant for a given pipe
(C = A[2g/f(LID))]"

Q = C(H.)" (29)

The flows for each pipe can then be summed and expressed as a function of the system
head loss; for Figure 12, which has three pipes, this would be

Q = Ci(H)"™ + Cy(H )" + C3(H )"
From Eq. (26), this becomes
0 = (H)"™(C, + G + G)

An alternate method of analysis for simple systems of pipes in parallel or series is the
equivalent-pipe method. In this method, either a series of pipes or a system of parallel

FIGURE 12 Flow in parallel pipes.
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pipes is replaced with a pipe of equivalent head loss to simplify calculations. This
method can also be used to simplify portions of complex pipe systems.

Equivalent Pipe Analysis

Hydraulic design of water distribution systems requires information on anticipated
rates of water withdrawal, locations of withdrawals, and pressure gradients required
for the system. The maximum daily rate of withdrawal plus fire protection and the
maximum hourly rate of withdrawal should be investigated to determine which will
govern the system design.

The spatial distribution of water use can be estimated using population densities
and commercial and industrial use patterns that exist or are predicted for the region.
When determining the peak hour for a feeder to an area consisting of residential, com-
mercial, and industrial users, the predicted hydrograph for each type of user must be
known. This will allow calculation of the specific hour in which the summation of the
three component flows is greatest. Once the design demands have been determined, it
is common practice to consider them to be concentrated at specified points on the
feeder-main system.

Distribution systems are generally designed so that reasonably uniform pressures
prevail [3, 6, 16]. Transmission mains may carry pressures up to 250 psi, but the need for
pressures exceeding 150 psi is usually limited to those transmission mains serving pres-
sure zones at higher elevations. The working pressure for residential areas is normally in
the range of 40 to 60 psi. It should be noted that few plumbing fixtures will operate well
at pressures less than about 20 psi. For urban water systems, the maximum design pres-
sure that customers should experience is considered to fall within the range of 90-110
psi, while minimum design pressures (pressures at a customer’s tap) are usually in the
40-50 psi range [6]. The maximum allowable velocity for pipelines is usually 5 fps.

The analysis of a distribution system is often simplified by first skeletonizing the
system. This might involve replacing a series of pipes of varying diameter with one
equivalent pipe or replacing a system of parallel pipes with an equivalent pipe. An
“equivalent pipe” is one in which the loss of head for a specified flow is the same as the
loss in head of the system it replaces. An example illustrates this method of analysis.

Example 6

Referring to the pipe system shown in Figure 13, replace (a) pipes BC and CD
with an equivalent 12-in. pipe and (b) the system from B to D with an equivalent 20-in.

pipe.
Solution:

1. Assume a discharge through BCD of § cfs. Using the Hazen—Williams for-
mula [Eq. (14)], employ a spreadsheet to determine the parameters and
head losses. The calculated values are shown in Table 5. The total head loss
for pipe BC = 1.23 ft and that for pipe CD is 5.51 ft (see the right-hand col-
umn in the table). The total head loss between B and D is therefore
1.23 + 5.51 = 6.74 ft.
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300 ft B

M A =01+02=00
(2) Hygep = Hygyp

FIGURE 13 Example 6.

C

500 ft-16 in. ¢

900 fi-121in- 4

D

20in. ¢

200 ft

E

Qo =0

TABLE 5 Spreadsheet Calculations for Example 6

Pipe Size Length Constant Perimeter, Total Head
(ft) (ft)  Qf(cfs) 1318 X C Area — A, 7wd** md  RA/P R s N Loss
15 200 8 131.8 1.77 471 038 054 0.06 0.0061 123
1.33 500 8 131.8 1.39 4.18 033 050 0.09 0.0110 5.51
1 900 8 131.8 0.79 3.14 025 042 019 0.0441 3971
1.67 9.69 131.8 2.19 5.25 042 058 0.06 0.0052
1 6.931 131.8 0.79 025 042 0.1585 0.033
1 2.761 131.8 0.79 025 042 0.0631 0.006

Note: Lower part of table refers to Part 2 of the problem.

For a discharge of § cfs, the head loss S in ft/ft is found to be 0.0441. The
equivalent length of 12-in. pipe is therefore

L = 6.74/0.0441 = 153.18 ft

2. Assume a total head loss between B and D of 5.0 ft. For the 12-in. equivalent
pipe this is 0.033 ft/ft (5/153.18). For the 900 ft of 12-in. pipe it is 0.006 ft/ft
(5/900). Inserting these values in the Hazen—Williams formula reveals the flows
to be 6.93 and 2.76 cfs, respectively. The total flow (the sum of the two) is thus
9.69 cfs at a head loss of 5 ft. For this discharge, a 20-in. pipe will have a head loss
of 0.0052 ft/ft. The equivalent 20-in. pipe to replace the whole system will be

5/0.0052 = 961.5 ft long

The analysis of this simple hydraulic system presents little difficulty. A slightly more
complex system is shown in Figure 14. The method of equivalent pipes will fail to yield
a solution in this case because there are crossover pipes (pipes that operate in more
than one circuit) and a number of withdrawal points throughout the system. Solving
this type of problem requires the use of network analysis techniques.
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FIGURE 14 Pipe network showing pipe and fixed-grade nodes.

Pipe Networks

Most municipal water distribution systems are complex mazes containing pumps, stor-
age elements, and pipelines of a variety of sizes. As pointed out in the preceding sec-
tion, the ordinary methods of hydraulic analysis must be extended to take into account
the looping characteristics of networks, changing reservoir levels, pumping, etc. Special
techniques of network analysis come into play in analyzing water distribution systems.
In these techniques, iterative solutions based on initial assumptions lead to either bal-
ancing flows in a system or balancing heads in a system. The underlying principles are
those of preserving mass continuity and ensuring energy conservation.

Pipe networks are composed of a number of constant-diameter pipe sections con-
taining pumps and fittings. The ends of each pipe section are called nodes. In Figure 14,
the lettered points are nodes, which may be either fixed grade or junction type. Junction
nodes are points where pipes meet and where flow may be introduced or withdrawn.
Fixed-grade nodes are points where a constant grade is maintained. Connections to stor-
age tanks or reservoirs or constant-pressure regions are examples (Figure 14). Networks
are commonly divided into loops for computational purposes. Primary loops such as
those shown in Figure 14 are closed pipe circuits in that the network has no other closed
pipe circuits within them. Using this terminology, we may write

P=J+L+F-1 (30)
where
P = number of pipes
J = number of junction nodes

L = number of loops
F = number of fixed-grade nodes
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This identity is directly related to the fundamental hydraulics equations that describe
steady-state flow in a network. For Figure 14,J = 6, L = 2, F = 2, and thus the sum
minus 1 is 9, the number of pipes in the complete network. Equations used to analyze
steady-state pipe networks fall into two main categories—loop equations and node
equations. The loop equations express mass conservation and energy conservation in
terms of the discharge in a pipe section, while the node equations express mass conti-
nuity in terms of elevations or grades at junction nodes.

Many computer programs are available that can handle the analysis of flows in
pipe systems of any configuration and with a variety of components such as storage
tanks, pumps, check valves, pressure-regulating valves, and variable pressure water sup-
plies [3,6,13,17-28].

Loop Equations Equation (30) is the basis for formulating a set of equations
describing the hydraulic performance of a pipe network. In terms of unknown flows
in the pipes, mass continuity and energy conservation equations can be written for
the pipes and nodes. For each loop, an energy conservation equation can be written.
A mass continuity equation can also be written for each node. For junction nodes, the
inflow to the junction must be balanced by the outflow. This can be written

= Qin -2 Qout = Qe(J equations) (31)

where Q;, is the inflow, O, is the outflow, and Q, is the external flow into the system
or the withdrawal from the system at the node. For the primary loops, energy conser-
vation can be described by

2 h; = 2 E, (L equations) (32)

where h; is the pipe energy loss (minor losses included) and E, is the energy intro-
duced into the system by pumps. For loops having no pumps, the sum of the energy
losses around the loop is zero. Note that a sign convention is used for loops. Clockwise
flows might be considered positive and counterclockwise flows negative, for example.

Where there are F fixed-grade nodes, F — 1 independent energy conservation
equations can be written for pipe paths between any two fixed-grade nodes. These
equations take the form

AE =2 h;, — 2 E, (F — 1equations) (33)

where AE is the difference in elevation (grade) between the two fixed-grade nodes.
Any connected path between the two fixed-grade nodes can be selected by selecting a
series of pipes so that the ending node of one path is the starting node for the next, etc.
This procedure will produce the needed F — 1 equations with no redundancy [17].
Equation (32) can be considered a special case of Eq. (33) where the difference
in elevation (AE) is zero for a closed-loop path. It follows that the energy conservation
equations for a pipe network can be expressed by L + F — 1 energy equations
described by Eq. (33). The continuity and energy equations that describe the pipe net-
work are P in number. They form a set of simultaneous nonlinear algebraic equations
(loop equations) that describe steady-state flow conditions in a pipe network. To analyze
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an existing or proposed pipe network, the loop equations are solved to determine the
flow in each pipe. To solve the loop equations, the terms in the energy equations must be
expressed as functions of flow. Expressions for frictional losses in pipes, minor losses in
fittings, and pump energy are needed.

Frictional losses in pipes are expressed as

hpp = KpQ" (34)

where K p is a constant incorporating pipe length, diameter, and roughness, and 7 is an
exponent. The values of Kp and n are generally determined by the selection of the
Darcy-Weisbach, Hazen—Williams, or Manning equations for the expression of energy
losses.

The minor losses in a section of pipe result from fittings, valves, meters, or other
insertions that affect the flow. They are expressed as

hiy = KMQ2 (35)

where K, is the minor loss constant, a function of the sum of the minor loss coeffi-
cients for all fittings in the length of pipe (£ M) and the pipe diameter. It is given by

Ky = > M2gA* (36)

where A is the cross-sectional area of the pipe.

The term in the energy equations representing pumping energy can be expressed
in several ways. A constant power input can be specified or a curve can be fitted to data
obtained from pump operations. In any event, the relationship between pump energy
Ep (head developed by the pump) and the flow Q can be represented by

Ep = P(Q) (37)

If the pump operates at constant power, using the relationship for horsepower
(hp = Qwh/550, where Q is the flow in cfs, w is the specific weight of water in pounds per
ft>, his the head in feet, and 550 is a conversion factor) P(Q) is given by 550 hp/62.4Q. Let-
ting Z = 550 hp/62.4, P(Q) can be written, for constant power, as Z/Q.

Combining Equations (34-37), the energy relationships in terms of discharge
become

AE = E(KPQn + KyQ?) — P(O) (38)

Equation (36) and the continuity equations [Eq. (31)] comprise the set of P simultane-
ous equations that must be solved in a loop analysis. There is no direct solution to these
nonlinear algebraic relationships, but several algorithms for determining an answer are
available. They will be discussed in subsequent sections.

Node Equations Solving the loop equations begins generally with an assumption of
flow rates in the pipe network. Computations proceed until adjustments in flows are
considered to be within tolerable levels. When using node equations, adjustments are
made in initial assumptions of head.

When considering nodes, the principal relationship used is the continuity equa-
tion [Eq. (31)]. The discharge in a section of pipe connecting nodes such as E and B
(Figure 14) is expressed in terms of the grade (head) at junction node A(H,), the
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grade at junction node B(H}), and the resistance offered by the pipeline (K ;). This
can be expressed as

Qu = [(Hy = Hp)K )" (39)
where it is assumed that the pipe section is free of pumps and the head loss is calculated as
h; = KQ" (40)

and K is determined as indicated for Eq. (34). Combine Egs. (31) and (39):

N Ha _ Hb 1/n _
3] e @)

which expresses continuity at a given junction node where N pipes join. The sign of
the term in the summation depends on the direction of flow into or out of the junc-
tion. A total of J junction node equations results. This basic set can be expanded to
include pumps. For each pump encountered, junction nodes are specified at the pump
inlet and outlet, locations b and c in Figure 15. Two additional equations are thus gen-
erated, one at the suction side and the other at the discharge side of the pump [17].
These equations involve the unknown heads (grades) on either side of the pump.
Following the notation of Figure 15, an equation using flow continuity in the suc-
tion and discharge lines can be written as
H, = Hy = 2 (H, ~ H,) )
ch
Another equation can be developed that relates the head change across the pump to
the discharge in either the inlet or outlet pipe. Where the pump being considered is
operating at constant power, the relationship in terms of the outlet line discharge,

according to Eq. (37), is
H,— H;\"
H,— H,= P[(‘ “') } (43)
ch

Equations (41) to (43) constitute the complete set of pipe network node equations. All
of these equations are expressed in terms of the unknown grades at junction nodes and
in terms of the suction and discharge grades at pumps within the system. This set of
equations is also nonlinear, thus direct solution is impossible. Commonly used algo-
rithms involving the node equations are discussed in later sections.

Algorithms for Solving Loop Equations

Several methods are widely used to solve the loop equations [17]. All use gradient
methods to accommodate the nonlinear flow terms in Eq. (38). The gradient method

a b @ c d

FIGURE 15 Pump notation for the node equation.
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is derived from the first two terms of the Taylor series expansion. Any function f(x)
that is continuous (differentiable) can be approximated as follows:

f(x) = f(xo) + f'(x0)(x — xo) (44)

Examination of the right-hand side of Eq. (44) reveals that the approximation has
reduced f(x) to a linear form. However, if fis a function of more than one variable,
Eq. (34) can be generalized as follows:

flx(1), x(2),-.. 1 = fx(1)o, x(2)o, - - -]

ST = x(1)] + 2 x2) — 2]+ 45)

in which the partial derivatives are evaluated at some x(1) = x(1)y, x(2) = x(2), etc.
The right-hand side of Eq. (38) represents the grade difference across a pipe car-
rying a discharge of Q. This can be stated as

f(Q) = KpQ" + KyQ* — P(0) (46)
Substituting an estimated Q; for Q and denoting f(Q;) by H;, Eq. (46) becomes
H; = f(Q;) = KpQ!' + Ky Q7 — P(Q;) (47)

Differentiating Eq. (46) and setting Q = Q, gives the gradient of the function at
O = Q;. Thus,

f'(Q) = nKpQf~' + 2K0; — P'(Q))

Denoting f'(Q;) by G;,
G; = nKpQ?~' + 2K y0; — P'(Q)) (48)

Both the function H; and its gradient G; evaluated at Q = Q; are used in algorithms for
solving the loop equations.

Single-Path Adjustment (P) Method This solution technique, first described by Hardy
Cross [29], is the oldest and best known of all the loop methods. Originally, the method
was restricted to closed-loop networks and provided only for line losses. A generalization
of the procedure is described below [17, 30]:

1. Aninitial set of flow rates that satisfy continuity at each junction node is selected.

2. A flow adjustment factor is computed for each path (L + F — 1) to satisfy the
energy equation for that path. Continuity is maintained in this process.

3. Step 2 is repeated, building on improved solutions until the average correction
factor is within an acceptable limit.

Equation (38) is used to compute the adjustment factor for a path using the gra-
dient method to linearize the energy equations. Thus,

Q) = f(Q:) + f(Q)AQ (49)
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in which AQ = Q — Q;, where Q; is the estimated discharge. Applying Eq. (49) to
Eq. (38) and solving for AQ gives

_ AE - 3 H,

A
Q 2 G;

(50)

which is the flow adjustment factor to be applied to each pipe in the path. The numer-
ator represents the imbalance in the energy relationship due to incorrect flow rates.
The procedure reduces this to a negligible quantity. Flow adjustment is carried out for
all L fundamental (closed) loops and F' — 1 pseudoloops in the network.

The Hardy Cross method of network analysis permits the computation of rates of
flow through a network and the resulting head losses in the system [29]. It is a relax-
ation method by which corrections are applied to assumed flows or assumed heads
until an acceptable hydraulic balance of the system is achieved.

The Hardy Cross analysis is based on the principles that (1) in any system conti-
nuity must be preserved and (2) the pressure at any junction of pipes is single valued.
The elements of the procedure can be explained with reference to the simple network
of Figure 16. First, the system must be defined in terms of pipe size, length, and
roughness. Then, for any inflow Q;, the system can be balanced hydraulically only if
H pcp = Hypzp- This restriction limits the possibilities to only one value of Q; and O,
that will satisfy the conditions.

The procedure for deriving the basic equation for balancing heads by correcting
assumed flows for the loop of Figure 16 [29] follows. First, find the required inflow Q; .
Then arbitrarily divide this flow into components O and Q,. The only restriction on
the selection of these values is that Q; + Q, = Q. You should, however, attempt to
select realistic values. Since the procedure involves a number of trials, the amount of
work involved will depend on the accuracy of the value originally selected. For exam-
ple, in the network shown, BCD has a considerably larger diameter than BZD. It is logi-
cal to therefore assume that Q; will be larger than Q,. The final solution to the
problem will be the same regardless of the original choice, but much more rapid
progress will result from reasonable initial assumptions.

(H Q=0 +0,=00
(2) Hygep = Hrgzp

FIGURE 16 Derivation of the Hardy Cross method.
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After QO and O, have been chosen, H spcp and Hypzp can be computed using the
Hazen—Williams or some other pipe-flow formula. Remembering that the Hazen—-Williams
equation is of the form of Eq. (15),

0 = 0279CD*¥$"*
we may rewrite the equation as
0 = K, 8% (51)

where K, is a constant when we are dealing only with a single pipe of specified size and
material. Rearranging this equation and substituting H /L for S yields Eq. (34), or

Hf = KQ”

where n = 1.85 in the Hazen-Williams equation. Equation (34) is convenient for
expressing head loss as a function of flow in network analyses.

If the computed values of H;pcp and H gz are not equal (which is usually the
case on the first trial), a correction must be applied to the initial values. Call this cor-
rection AQ. If, for example, Hpcp > Hypzp, then the new value for Q; will be
Q; — AQ = Q7 and the new value for O, must be O, + AQ = Q). The corresponding
values of head loss will be Hgcp and Hpzp. If AQ is the true correction, then

Hipcp — Hypzp = 0 = K1(Q1 — AQ)" — K»(0, + AQ)"
The binomials may be expanded as follows:
K\(QF = nAQQOI™" + ) = Kp(Q4 + nAQQS ™ + ) =0

If AQ is small, the terms in the expansion involving AQ to powers greater than unity
can be neglected. Therefore,

K,Qf — nK,AQQT ™' — K,0% — nK,AQQ3 ' =0

Substituting H¢pep for K1Q7, Hypzp for K,Qj, and rewriting the terms KQ" ! as
K(Q"Q) yields

o1 0
Hypep — AOnK—= — Hypzp — AQnK,— =0
0O, 0,
Hepep  Hypzp
Hy¢pgep — Hypzp = AQn 0, + 0,

and

AQ = Hy¢pep — Hypzp
n(Hpep/Q1 + HppzplQs)

(52)
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Expanding this expression to the more general case gives the following equation for
the flow correction AQ:

AQ = —2H/n2<g> (53)

Application of this equation involves an initial assumption of discharge and a sign con-
vention for the flow. Either clockwise or counterclockwise flows may be considered
positive, and the terms in the numerator will bear the appropriate sign. For example, if
the counterclockwise direction is considered positive, all H values for counterclock-
wise flows will be positive and all H values for clockwise flows will be negative. The
denominator, however, is the absolute sum without regard to sign convention. The cor-
rection AQ has a single direction for all pipes in the loop, and thus the sign convention
must also be considered in applying the correction.

Example 7

Given the network, the inflow at A, and the outflows at B, C, and D in Figure 17,
carry out a Hardy Cross analysis using a spreadsheet to find the flows in the individual
pipes comprising the network. Assume that the Hazen—Williams coefficient C is 100.

Solution: The computational procedure is given in Table 6. The initial and final flows
are also shown in Figure 17. In Table 6, Columns 1-4 are self-explanatory; Column 5
indicates the sign convention, the values used as multipliers for values that are sign-
dependent; Column 6 gives the absolute values of Q for Trial 1 (these are the initial
assumptions); Column 7 computes the values of head using Eq. (17) (these values are

3.0 cfs 2.0 cfs
\ A 6000 ft. 16 in. ¢ 6000 ft. 12 in. ¢ B /
sl 1 > I >® ©@al=-=
g 2.0 < 1.8 oS E
sl ley 2.05 Tl |E 1.72 DR pp
Q= ,’Z%
g 0.21 s W
(O 0.1 Bz e
BIENO) 630
o eo00tsin g N
2l o e S dl S £
“l|ss 023 @ @5
=1 .4
Z — N
N in.
o500 it 817 0.5 cfs
¥ P

0.5 cfs

FIGURE 17 Pipe network analyzed by the Hardy Cross method. (The clockwise
direction is considered positive. The flows are the initial assumed and final corrected
values.)
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TABLE 6 Spreadsheet Solution to Example 7

TRIAL 1
M () @) 4) ®) (6) ™) ®) ) (10) (1) (12 1) 44
Pipe  Pipe Diam. Length Sign Q (cfs) (H/Q) N(Sum(H/Q)) Sum  DeltaQ DeltaQ Q2
Loop No.  No. (in) (ft) (~-OR+) ABS H(ft) ABS ABS (H) Loop Pipe Q2 ABS
1 1 10 3000 -1 1 —6.88 6.88 -0.00 —-1.00 1
2 16 6000 1 2 5.03 2.51 —-0.00 200 2
3 6 3000 1 0.2 4.22 21.06 -0.12 032 032
4 6 6000 -1 01 -234 23.39 99.65 0.03  —-0.00 017 -027 027
2 4 6 6000 1 0.1 234 23.39 0.17 027 027
6 8 2000 1 0.1 0.19 1.92 0.17 027 027
7 8 6500 -1 04 -811 20.28 017 -023 023
5 8 2500 -1 09 -1399 1554 113.09 -19.57 0.17 017 -073 0.73
3 3 6 3000 -1 02 —422 21.06 -0.12 -032 032
8 12 6000 1 1.6 16.80 9.33 -0.12 1.68 1.68
9 8 2000 -1 02  —0.69 3.46 -0.12 -032 032
10 8 6500 -1 02 -225 11.25 83.48 9.64 —0.12 -0.12 -032 032
TRIAL 2
Pipe Pipe Diam. Length Sign Q2 (cfs) (H/Q) N(Sum(H/Q)) Sum DeltaQ DeltaQ Q3
Loop No.  No. (in) (ft) (—OR +) ABS H(ft) ABS ABS (H) Loop Pipe Q3 ABS
1 1 10 3000 -1 1 —6.88 6.88 0.04 —-096 0.96
2 16 6000 1 2 5.03 251 0.04 204 2.04
3 6 3000 1 0.32 10.06 31.43 0.06 034 034
4 6 6000 -1 027 -14.69 5441 176.19 —6.48 0.04 0.01  -021 0.21
2 4 6 6000 1 0.27 14.69 54.41 0.01 021 021
6 8 2000 1 0.27 121 4.47 -0.02 025 025
7 8 6500 -1 023 291 12.67 -0.02 —-025 0.25
5 8 2500 -1 073 -9.50 13.01 156.43 349 —0.02 -002 —-075 0.75
3 3 6 3000 -1 032 -10.06 3143 0.06 —-034 034
8 12 6000 1 1.68 14.79 8.80 0.02 170 1.7
9 8 2000 -1 032  -1.65 5.16 0.02 -030 03
10 8 6500 -1 032 -537 16.78 115.02 -2.29 0.02 0.02 -030 03
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TRIAL 3

Pipe Pipe Diam. Length Sign Q3 (cfs) (H/Q) N(Sum(H/Q)) Sum  DeltaQ  Delta Q Q4
Loop No.  No. (in) (ft) (-OR+) ABS H(ft) ABS ABS (H)  Loop Pipe Q4 ABS
1 1 10 3000 -1 096 —6.38 6.65 —-0.01 -0.97 097
2 16 6000 1 2.04 5.22 2.56 —-0.01 2.03  2.03
3 6 3000 1 0.34 1125 33.09 0.02 031 0.31
4 6 6000 -1 021 -923 43.95 159.55 0.86 —0.01 0.02 -024 024
2 4 6 6000 1 0.21 9.23 43.95 0.02 024 0.24
6 8 2000 1 0.25 1.05 4.19 0.02 027  0.27
7 8 6500 -1 0.25 —3.40 13.60 0.02 -023 023
5 8 2500 -1 075  —9.96 13.31 138.83 -3.11 0.02 0.02 -0.73 0.73
3 3 6 3000 -1 034 -1125 33.09 0.02 -0.31 0.31
8 12 6000 1 1.7 1511 8.89 0.02 172 172
9 8 2000 -1 0.3 —1.47 4.89 0.02 -0.28 028
10 6500 -1 0.3 —4.76 15.88 116.09 —2.37 0.02 0.02 —-0.28 028
TRIAL 4
Pipe  Pipe Diam. Length Sign Q4 (cfs) (H/Q) N(Sum(H/Q)) Sum DeltaQ DeltaQ
Loop No.  No. (in) (ft) (=OR+) ABS H(ft) ABS ABS (H) Loop Pipe Q5
1 1 10 3000 -1 097 —6.50 6.70 0.02 —-0.95
2 16 6000 1 2.03 517 2.55 0.02 2.05
3 6 3000 1 0.31 9.48  30.60 0.02 0.34
4 6 6000 -1 0.24 —-11.81 49.23 164.79 —3.66 0.02 0.02 -0.21
2 4 6 6000 1 0.24 11.81 49.23 0.02 0.21
6 6 2000 1 0.27 1.21 4.47 —-0.00 0.27
7 8 6500 -1 023 -291 12.67 —-0.00 -0.23
5 8 2500 -1 073 =950 13.01 146.84 0.61  —0.00 —0.00 -0.73
3 3 6 3000 -1 031 -948  30.60 0.02 -0.34
8 12 6000 1 1.72 15.44 8.96 —0.00 1.72
9 8 2000 -1 028 -1.29 4.61 —-0.00 -0.28
10 6500 -1 028 —4.19 14.96 109.44 0.47  —0.00 —-0.00 -0.28
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multiplied by the values in Column 5 so that they carry the appropriate sign); Column
8 displays the ratios of Column 7 to Column 6 values multiplied by the sign convention
(Column 5; these are absolute values); Column 9 computes the denominator of Eq. (53)
(absolute value); Column 10 is the sum of the values in Column 7 for each loop; Column
11 computes the AQ values for each loop using Eq. (53); Column 12 computes the AQ
value for each pipe in the loop (it is the sum of all corrections that must be made if a
pipe appears in more than one loop; Pipes 3 and 4 in the example appear in two loops,
soa 51gn convention is needed) and Column 13 calculates the new value of Q for each
pipe in the loop. Column 14 is the absolute value of Column 13. These values become
the Column 6 values for the next iteration.

A similar procedure is to assume values of H and then balance the flows by cor-
recting the assumed heads. The mechanics of the two methods are the same, and the
applicable relationship,

AH = —an/2<g> (54)

can be derived in a manner similar to that for Eq. (53). The number of trials required
for the satisfactory solution of any problem using Eq. (53) or (54) depends to a large
extent on the accuracy of the initial set of assumed values and on the desired degree of
accuracy of the results.

In using the Hardy Cross method to analyze large distribution systems, it is often
useful to reduce the system to a skeleton network of main feeders [16]. Where the
main feeder system has a very large capacity relative to that of the smaller mains, field
observations indicate that this type of skeletonizing yields reasonable results. Where
no well-defined feeder system is apparent, serious errors may result from skeletoniz-
ing. Figure 18 illustrates a skeletonized distribution network consisting of arterial
mains only. Figure 19 shows how a portion of the distribution system of Figure 18
(that part lying within the dashed rectangle) looked before skeletonizing. A more
complete discussion of such procedures is given by Reh [16]. The analysis of a large
network may also be expedited by balancing portions of the system successively
instead of analyzing the whole network simultaneously.

Normally, minor losses are neglected in network studies, but they can easily be
introduced as equivalent lengths of pipe when it is felt that they should be included.

Q,
Sp ._Q_f N4
20in. in. in. . Belmont High
___________ Service
Elevated Pumping
storage Station

Airline distance from
Pg to Sg =32 mi

A0 W

FIGURE 18 Arterial pipe network of the Belmont High Service District, Philadelphia.
Source: Civil Engineering Department, University of lllinois, Urbana.
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M. [

FIGURE 19 Intermediate grid sector, Belmont High Service District, Philadelphia.
Source: Civil Engineering Department, University of Illinois, Urbana.

Where C values are determined from field measurements, they invariably include a
component due to the various minor losses encountered. McPherson gives a good dis-
cussion of local losses in water distribution networks [30].

The construction of pressure contours helps to isolate shortcomings in the
hydraulic performance of distribution systems. Contours are often drawn with intervals
of 1 to 5 ft of head loss but may have other intervals depending on local circumstances.
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For a given set of operating rules applicable to a particular network, the pressure con-
tours indicate the distribution of head loss and are helpful in showing regions where
head losses are excessive. Figure 20 illustrates contours constructed for a distribution
network.

Simultaneous Path Adjustment (SP) Method To improve convergence over the
P methods, a method of solution has been developed that simultaneously adjusts the
flowrate in each path of pipes represented by an energy equation [17]:

1. Aninitial set of flowrates satisfying continuity at each junction node is determined.
2. A flow adjustment factor is simultaneously computed for each loop to satisfy the
energy equations and avoid disturbance of the continuity balance.

3. Step 2 is repeated using improved solutions until the flow adjustment factor is
within a specified limit.

The simultaneous solution of L. + F — 1 equations is required to determine the

loop flow adjustment factors. Each equation includes the contribution for a particular
loop as well as contributions from all other loops that have pipes in common.
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FIGURE 20 Pressure contours of a distribution network.
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For loop j, the head change required to balance the energy equation is expressed
in terms of the flow change in loop j(AQ;) and the flow changes in adjacent loops
(AQy); that is,

_ aif !
fQ) = f(Q) + aQAQj + QAQk

or

Q) = f(Q) + f1(Q)AQ; + f(Qi) Ak (55)

With the substitution f(Q) = AE,f(Q;) = £ H;, and f'(Q) = £G;, Eq (55)
becomes

AE — ZH; = (2G;)AQ; + 2(GQy) (56)

in which X H; is the sum of the head changes for all pipes in loop j, (2 G;) X AQ; is
the sum of all gradients for the same pipes times the flow change for loop j, and
2(G;AQy) is the sum of the gradients for pipes common to loops j and k£ multiplied by
the flow change for loop k.

A set of simultaneous linear equations is thus formed in terms of flow adjustment
factors for each loop representing an energy equation. The solution of these linear
equations provides an improved solution for another trial until a specified conver-
gence criterion is met.

Linear (L) Method This procedure involves the solution of the basic hydraulic
equations for a pipe network [17]. In the method, the energy equations are linearized
using a gradient approximation. This is accomplished in terms of an approximate
discharge Q; as follows:

Q) = F(Q) + f1(O)(Q — Q)

Introducing the expressions H; and G;, defined as before, the foregoing equation
becomes

>GO = >(GQ; — H)) + AE (57)

This relationship is employed to formulate L + F — 1 energy equations, which,
together with the J continuity equations, form a set of P simultaneous linear equations
in terms of the flow rate in each pipe. A significant advantage of this scheme is that an
arbitrary set of initial flow rates, which need not satisfy continuity, can be used to start
the iteration. Wood [17] has used a flow rate based on a mean flow velocity of 4 fps.
Successive trials are carried out until the change in flow rate between successive trials
becomes insignificant.

The use of the linear (L) method of analysis is illustrated by an example devel-
oped by Wood [17]. The calculations are given for one trial. The system analyzed is
shown in Figure 21, which includes the necessary data and shows the numbers
assigned to the pipe sections and junction nodes. The system includes a globe valve in
Pipe 7 that imposes a noticeable minor loss. Other minor losses are neglected. A pump
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1 cfs

Hp = 190.00 ft

)
190 ft
A
A b ®
50 psi X
200 ft-6 in. M=10
100 ft (globe valve)
0.6 cfs
Hy =215.38 ft C = 130 (all pipes)

O Junction node numbers [:] Elevations <> Pipe numbers = Flow rate direction

FIGURE 21 Wood's sample pipe system: O, junction node numbers; (J, elevations; <, pipe
numbers; — ,flow rate direction. Source: After D. T. Wood, “Algorithms for Pipe Network
Analysis and Their Reliability.” Res. Rep. No. 127, University of Kentucky, Water Resources
Research Institute, Lexington, KY, 1981.

with constant power input is included in Pipe 2. The useful horsepower (hp) for this
pump is given as 5. Thus, Eq. (37) becomes

Ep = P(Q) = ZIQ

and the pump constant Z = 550 hp,/62.4 = 44.07 in the example. The pump terms
used in the equations for H; and G; [Eqgs. (47) and (48)] are

P(Q;) = ZIQ; and P'(Q;) = _Z/Q;z

The Hazen—Williams equation is employed in the example for head loss calculations.
Using that expression produces the pipeline constant,

where C is given in Table 1, L is the pipe length, and D is the pipe diameter. Formu-
las for computing the pipeline constant in English and metric units for both the
Hazen—Williams and Darcy—Weisbach equations are given in Table 7.

Table 8 summarizes values of pipeline, minor loss, and pump constants for each
pipe in the example system for a C value of 130.

In the example, four mass continuity equations for the four junction nodes and
three energy equations are required. The energy equations include one for each of the
two loops noted (AE = 0) and one additional energy equation for pipes connecting
the two fixed-grade nodes (AE = 25.38 ft).

An arbitrary set of initial flow rates is defined to start the procedure. A flow rate
based on a mean flow velocity of 4 fps is used for this purpose. The initial flow rates and
corresponding values for G and H are shown in Table 9. Four continuity equations
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TABLE 7 Formulas for Determining the Pipe Constant K p

Units for
Equation Type Kp (0] L D Hy
Hazen—Williams 4.73L cfs Ft ft ft
C1.85D4.87
10.44L gpm Ft in. ft
C185 p487
10.70L m3/s M m m
CL85pA8T
Darcy—Weisbach fL cfs Ft ft ft
39.70D°
fL gpm Ft in. ft
32.15D°
fL m/s M m m
12.10D°
TABLE 8 Pipe System Constants
Pipe No. Kp Ky Z
1 3.36 0 0
2 18.18 0 441
3 73.78 0 0
4 76.24 0 0
5 2.69 0 0
6 24.23 0 0
7 122.97 64.44 0

TABLE 9 Values of Q;, G;, and H, for the

Linear Method
Pipe No. Q; G; H;
1 0.7854 5.072 2.151
2 0.3491 37542 —123.66
3 0.1963 34.14 3.619
4 0.1963 35.278 3.740
5 0.7854 4.057 1.721
6 0.3491 18.308 3451
7 0.1963 82.204 8.517
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and three energy equations are to be solved simultaneously. The continuity equations
[Eq. (31)] are

—0;1+Q0,+0Q0s=0  (junction1)

-0, + Q3 — Qg = —1.0 (junction 2)

—Q03 — Q4 + Q; = —0.6  (junction 3)
Qs — Qs+ Q=0  (junction 4)

The energy equations [Eq. (57)] are derived using the data in Table 9. Calculations on
the right-hand side of these equations for the two loops and for the path AB between
the two fixed-grade nodes are given in Table 10. The left-hand side of the equations is
the sum of the products of the G; and Q for each pipe in the loop or path. Notice that a
sign convention must be used in accounting. The following are the resulting three
energy equations:

5.0720, + 375420, + 34.14Q; + 82.2040; = 292.63  (path AB)
375420, — 4.0570Q5 — 18.308Q, = 250.304  (loop I)
34.140; — 35.2780, + 18.308Q, = 2.837 (loop II)

The solutions of these equations (in cfs) are Q; = 1.725,Q, = 0.705, O3 = 0.262,
0, = 0463, Q5 = 1.020, Qg = 0.557, and Q; = 0.125. These are used to formulate a
second set of equations (only the energy equations change) and to obtain a second
solution. The procedure continues until a specified convergence criterion is met. After
five iterations, the final flows are found to be Q; = 1.73,0, = 1.37, 05z = 0.37,
04 = 0.36, 05 = 0.36, Qg = 0.001, and Q; = 0.131.

TABLE 10 Calculations for Energy Equations for the Linear (L) Method

Pipe No. AFE for
and Sign G; X Q; H; Loop
LoopI 2+ 375.42 X 0.3491 = +131.059 +123.66
6— 18.308 X 0.3491 = —6.391 +3.451 0
5— 4.057 X 0.7854 = —3.186 +1.721

3 GO = 3(GO, — H)) + AE = 121.482 + 128.832 + 0.0 = 250.31

Loop I1 6+ 18.308 X 0.3491 = +6.391 —3.451
3+ 34.14 X 0.1963 = +6.702 —3.169 0
4— 35.278 X 0.1963 = —6.925 +3.740

S GO = 2(G,0; — H;) + AE = 6.168 — 3.330 + 0.0 = 2.838

Path AB 1+ 5.072 X 0.7854 = +3.984 —2.151
2+ 375.42 X 0.3491 = +131.059 +123.66
3+ 34.14 X 0.1963 = +6.702 —3.619 25.38
7+ 82.204 X 0.1963 = +16.137 —8.517

S GO = S(GQ; — H) + AE = 157.882 + 109.373 + 25.38 = 292.635
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Algorithms for Solving Node Equations

The two most widely used node methods are the single-node adjustment (N) method
and the simultaneous node adjustment (SN) method [17]. The N method was originally
described by Hardy Cross [29]:

1. A reasonable grade is assumed for each junction node in the system. The better
the initial assumptions, the fewer the required trials.

2. A grade adjustment factor for each junction node that tends to satisfy continuity
is computed.

3. Step 2 is repeated using improved solutions until a specified convergence crite-
rion is met.

The grade adjustment factor is the change in grade at a particular node (AH)
that will result in satisfying continuity and considering the grades at adjacent nodes
fixed. For convenience, the required grade correction is expressed in terms of Q;, the
flow based on the grades at adjacent nodes before adjustment. With the gradient
approximation,

Q) = f(Q:) + f(Q)AQ

and substituting terms defined previously, we derive the flow correction

1

1
AQ = E<G>AH (58)

where AH = H — H;, and the grade adjustment factor and AQ represent the flow
corrections required to satisfy continuity at the nodes. From Eq. (31),

AQ = D0 -0, (59)

Thus, from Egs. (58) and (59),
1
Gi

In Eq. (60), inflow is assumed positive. The numerator represents the unbalanced flow
rate at the junction node [see also Eq. (54)].
The flow rate Q; in a pipe section before adjustment is computed from

Q; = (AH/K)™

AH = (30 - Q)3 (60)

in which AH, is the grade change based on assumed initial values of grade.
When pumps are located in a pipeline, the following expression can be used to
determine Q;:

AH; = KQ} — P(Qi) (61)

Equation (61) is solved using an approximation procedure. Adjustment of the grade for
each junction node is made following each trial until a selected convergence criterion is
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satisfied [17]. The SN method is based on simultaneous solution of the basic network
node equations. These equations must be linearized in terms of approximate values of
grade (head). Details of the procedure are reported in [17].

Newton— Raphson Method The Newton—Raphson method is a widely used numerical
method for solving systems of nonlinear equations [3]. The method is applicable to
problems that can be expressed in the form F(H) = 0, where the solution is the value of
H that causes F to become zero. Applying the technique to a simple system where there
is only one equation with one unknown illustrates the principle involved. Here, the
derivative of F can be approximated as

dF _ F(H + AH) — F(H)
dH AH

(62)

With an initial assumption of H, the solution is obtained by determining the value
of H + AH that forces F to zero. By setting F(H + AH) to zero, the solution for AH
becomes

—F(H)
~ dFldH
The value of H used in the next step of the iterative process then becomes H + AH.
Iterations continue until F closely approaches zero.

Analysis of the types of pipe networks encountered in practice usually means
dealing with large numbers of equations and unknowns. The Newton-Raphson

method can be applied to either the N — 1, AH equations [Eq. (33)] or the AQ equa-
tions exemplified by Eq. (49). For each node, a head equation of the form of Eq. (41) is

written
N H — H 1/n
F(H,) = 2[i<Kb> ] -0=0 (64)
b=1 ab

AH (63)

where

N = the number of pipes that join at a node
K = the pipeline constant

n = 1.85 for the Hazen — Williams equation
O = the flow withdrawn at the node

The sign of the term in the summation depends on the direction of flow into or out of
the junction. If F(i) is the value of F at iteration i, it follows that

dF = F(i + 1) — F(i) (65)
The same change can also be approximated as
oF doF aF
dF = —AH, + —AH, +---+ —AH 66
oH, ' oH,” 7 oH, ~ F (66)
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where AH is the change in H in the iteration from i to i + 1. The problem is one of
iteratively determining the values of AH so that the end result is that F(i + 1)
becomes zero. The process involves setting Eq. (65) equal to Eq. (66). A system of k lin-
ear equations with k unknowns of the form AH results. These equations can be solved
by various linear methods [3].

The solution is obtained by selecting initial values of H, calculating the partial
derivatives of each F with respect to H, and solving the set of linear equations to find
a new value of H.The process is repeated until all of the calculated F values are suf-
ficiently close to zero. Note that the derivative of the terms in Eq. (64) is of the
form

dF (Ha _ Hb)(l/nfl)
dH n(K )"

(67)

The following example illustrates the Newton—-Raphson procedure.

Example 8

Given the simple pipe network of Figure 22, find the value of H, if C = 100 and
n = 1.85.
Solution: Equations (64) and (67) are applied along with

F

H(Gi+1)=H(®) — JFIdH

(68)

In this case, there are only two pipes and only one equation must be solved for F
dF/dH,and H(i + 1) at each iteration. Based on an initial assumption of 100 for H,
the calculated values of F dF/dH,and H (i + 1) are displayed in Table 11. The first set
of calculations follows:

1. Values of K; and K, are calculated by using the formula in Table 7 for the
Hazen—Williams equation, where Q is in cfs and L and d are in ft:

K, = (4.73 X 1000)/[(100)"85(0.5)*87]
= 275.95

1000 ft, 6 in.¢

Hy =130 ft

800 ft, 4 in.¢
FIGURE 22 Network diagram for Example 8.
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TABLE 11 Calculated Values of H, F, and dF/dH
for Example 8

Iteration No. H F dF/dH
1 100.00 —-0.504 —0.0125
2 59.68 —0.097 —0.0084
3 48.13 —0.002 —0.0078
4 47.87

In like manner, by substituting the appropriate values and solving, K, is
found to be 167.78.

2. Assuming that H; = 100 and using Eq. (64) yields

F(H), = <130 — 100)‘154 <130 — 100
: 275.95 167.78

3. Using Eq. (67) gives

0.54
) - 12 = -0.504

(45 -1 .
dH/; 1.85(275.95)%3%(130 — 100)%4¢
-1

= —0.0125
1.85(167.78)%34(130 — 100)%46

4. The new value of H is found from Eq. (68):

H;.1 =100 — (—0.504/-0.0125)
= 59.68

5. The procedure is repeated, and the solutions are recorded in Table 11.

6. Noting that the sum of the Os must equal 1.2 cfs, the equations for Q in pipes
1 and 2 are solved by using the head loss calculated to see if their sum is cor-
rect. From Eq. (39),

0, = [(130 — 47.87)/275.95]%3* = 0.52 cfs
Q, = [(130 — 47.87)/167.78]%>* = 0.68 cfs
Q) + 0, =052+ 0.68 = 1.2 cfs,

which checks.

7. If the check had shown that the sum of the Os did not equal 1.2 very closely,
additional iterations would be required.

Selection of a Method of Network Analysis

In order to select an appropriate analytical tool, an engineer must determine what is
expected of the design or analysis. The network methods described in this chapter are
all equipped to accommodate many features of pipe systems, but the methods are not
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all equal in their breadth, and they are not all equal in their ability to converge on a
solution. Accordingly, engineers must know something about the virtues and deficien-
cies of these tools, as well as of any models they are interested in using.

Node equations are easy to formulate because they include only contributions
from adjacent nodes. Loop equations require the identification of an appropriate set of
energy equations, including terms for all pipes in the primary loops and for paths
between fixed-grade nodes. Formulating this set of equations is considerably more dif-
ficult than formulating the node equations.

The procedures described in this chapter are iterative. Computation continues
until a specified convergence criterion is met. The solutions are therefore approximate,
although they can be very accurate. The ability of an algorithm to produce an accept-
able solution is important, and the convergence problems associated with it must be
understood.

A solution is considered satisfactory when all the basic equations are satisfied to
a high degree of accuracy. Continuity is always exactly satisfied when loop equations
are used. The loop algorithms satisfy the energy equations iteratively, and the degree
to which heads are unbalanced for the energy equations is evidence of solution accu-
racy. For methods based on node equations, iterations are carried out to satisfy conti-
nuity at junction nodes and the imbalance in continuity is the indicator of solution
accuracy.

For many years, shareware or proprietary software has been used to design
most water distribution systems. GIS is often used in combination with these mod-
els to expedite design and to operate and maintain water distribution systems. The
best sources for these models are the users’ manuals and websites for the software.
The most common models used to design water distribution systems are listed in
Table 12. When selecting any sort of hydrologic or hydraulic model, consider the
following features:

1. The initial cost of the software and how many future licenses will be needed for the
software. It is also important to consider how often future software upgrades will
be needed and how expensive they will be. The labor costs involved not only in
creating these models but also in maintaining them should also be considered.

2. The governing equations and assumptions used in the software. The model specifi-
cations should be carefully reviewed and should meet or exceed industry stan-
dards for design. The model should also be reasonable to calibrate and verify and
have a history of use on similar projects.

3. The current and future uses of the software. For example, many software packages
now output information to both GIS and/or Computer Automated Design
(CAD) software packages. Some models also provide optimization routines and
special modules to expedite design.

4. The longevity and history of the company providing the software. The company
providing proprietary software should have a solid technical reputation and a
reasonable chance of remaining in business for the entire time that that software
will be used.

5. Regulatory constraints related to the software. The model should be acceptable to
any regulatory agencies involved in the project.
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TABLE 12 Common Models Used to Design Water Distribution Systems

Name of Model (Model Creator) Website

EPANET (United States Environmental http://www.epa.gov/nrmrl/wswrd/dw/epanet.html
Protection Agency)

WaterGEMS (Bentley/Haestad Methods) http://www.bentley.com/en-US/Products/WaterGEMS
WaterCAD (Bentley/Haestad Methods) http://www.bentley.com/en-US/Products/WaterCAD

KY Pipe or Kentucky Pipe (KYPipe) http://www.kypipe.com

H20ONET (MWH Soft) http://www.mwhsoft.com/page/p product/net/net overview.htm

Regardless of the software used, the final quality of the model will depend heavily on
the modeler(s) involved. As computers become faster and easier to use, modeling will
become an increasingly important part of engineering design. Modeling should, how-
ever, only be undertaken by qualified engineers and analysts who understand the many
factors involved. Since models will only be as good as the knowledge used to create
them, it is important to become modelers and not merely model users.

PRESSURE CONSIDERATIONS

The performance of a distribution system can be based on the pressures available in
the system for a specific rate of flow [16]. Pressures should be great enough to meet
consumer and firefighting needs. At the same time, they should not be excessive, since
the development of pressure head is an important cost consideration. In addition,
higher pressures may cause leakage, which is associated with loss of treated water and
higher costs. Costs of distribution systems are significant, and minimizing them must be
a design objective.

For commercial areas, pressures in excess of 60 pounds per square inch gauge
(psig) are usually required. Adequate pressures for residential areas usually range
from 40 to 50 psig. In tower buildings it is often necessary to provide booster pumps to
elevate the water to the upper floors. Storage tanks are usually provided at the highest
level and water is distributed directly from them.

The capacity of the distribution system is determined on the basis of local water
needs plus fire demands. Pipe sizes should be selected so that high velocities are
avoided. Once the flow has been determined, pipe sizes can be selected by assuming
velocities ranging from 3 to 5 fps. Where fire-fighting requirements are to be met, a
minimum diameter of 6 in. is recommended. The National Board of Fire Underwriters
recommends 8 in. as a minimum but permits 6-in. pipes in grid systems provided the
length between connections does not exceed 600 ft.

GENERAL DESIGN SEQUENCE

The design of a water distribution system involves selecting a system of pipes and other
components so that design flows can be carried with head losses that do not exceed
those necessary for adequate operation of the system. Design flows should be based on
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estimated future water requirements, since distribution systems must provide service
for many years (sometimes as long as 100 years). A typical sequence of evaluation,
design, and layout operations follows [3, 6, 13-15, 31]:

1.

Review maps, construction plans, billing records, planning studies, zoning regula-
tions, population figures, water use studies, and any other data relevant to the sys-
tem being analyzed. If the area in question has a geographic information system
in place, this is often the best way to begin data collection.

For existing water systems, determine pipe ages, the roughness of pipe interiors,
pipe lengths and diameters, and the locations of pipes and appurtenances. Water
supply sources, pumping station locations and characteristics, and storage tank
locations and volumes must also be determined.

Prepare a detailed map or begin building a GLS of the existing or proposed system.
Forecast population growth and distribution to the end of the design period (10 to
50 years). Project water use patterns (spatial and temporal) for domestic, industrial,
and commercial uses to be served by the system. These estimates must also extend
over the design life of the network. Water use estimates are based on population
projections and anticipated trends in commercial and industrial activity.

Develop a computer model of the existing or proposed system. In analyzing a
network, it is common to simplify the system by eliminating nonessential small
lines, combining pipes using the equivalent-pipe method, and assuming water use
to be concentrated at takeoff points (nodes). Almost always, shareware or com-
mercially available models should be used due to the complexity of the analyses.
Use the computer model of the existing system to evaluate historical conditions.
If observed data and model runs compare favorably, the model may be consid-
ered “calibrated.” The model can then be presumed to be adequate for evaluating
proposed modifications to, or extensions of, the existing system. Applying the
model to the existing system will quickly identify areas of low pressure, pipelines
having high head-loss characteristics, and overloaded parts of the network. Pro-
posed replacements and extensions of the system can then be evaluated to see if
they will resolve problems or meet new requirements.

Design a new or expanded water distribution system as follows:

a. On a development plan of the area to be serviced, sketch the tentative location
of all water mains that will be needed to supply the area. The completed draw-
ing should differentiate between proposed feeder mains and smaller service
mains. The various pipelines making up the system should be interconnected
at intervals of 1200 ft or less. Looped feeder systems are desirable and should
be used whenever possible. Two small feeder mains running parallel several
blocks apart are preferable to a single large main with an equal or slightly
larger capacity than the two mains combined.

b. Using estimated values of the anticipated design flows, select appropriate pipe
sizes by assuming velocities ranging from 3 to 5 fps.

¢. Mark the position of building service connections, fire hydrants, and valves.
Service connections form the link between the distribution system and the
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individual consumer. Normally, the practice is one customer per service pipe.

Figure 23 illustrates the details of a typical service connection for a private

residence. Fire hydrants are located to provide complete protection to the

area covered by the distribution system. Recommendations regarding aver-

age area per hydrant for various populations and required fire flow are given

by the National Board of Fire Underwriters. Hydrants generally should not

be farther apart than about 500 ft. Figure 24 illustrates a typical fire hydrant

setting.

Apply projected water demands (including fire flow) to the network and cal-

culate residual pressures.

e. Compare calculated pressures to standards. Identify areas of projected less-
than-adequate service.

f. Check head losses in individual pipes to find excesses. These will usually occur
in pipes where flow velocities are greater than 1.5 m/s (5 fps).

&

g. Add pipes or replace high-head-loss pipes with larger pipes. Run the model
again and see if residual pressures under maximum future loads are adequate. If
not, try other additions or changes until the system is adequate for anticipated
future loads. The system must be able to handle maximum daily loads plus fire
loads without decreasing residual pressures below minimum standards. The

Sidewalk
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: ﬁ>> ’ and cover %in. meter (installed
< and furnished by
N others)
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cotta meter vault
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FIGURE 23 Typical installation of 3/-in. metered domestic service. Source: Baltimore
County, MD, Department of Public Works.
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FIGURE 24 Typical fire hydrant setting. Source: Baltimore County, MD, Department
of Public Works.

overall objective is to design a system that will meet projected water demands at
the least cost while incorporating appropriate safety measures for looping or
duplicate lines so that line breaks or other disturbances will not isolate users
from a water supply. Note, however, the network analysis and resulting design
will be no better than the assumptions made regarding water demands, pipe
roughness, and so on.

8. Estimate construction costs for the proposed improvements.

9. Prepare a construction schedule for the identified improvements or new system
that is consistent with the financial capabilities of the city.

10 DISTRIBUTION RESERVOIRS AND SERVICE STORAGE

Distribution reservoirs provide service storage to meet fluctuating demands often
imposed on distribution systems, to accommodate firefighting and emergency require-
ments, and to equalize operating pressures. They may be elevated, partially buried, or
below ground level.

The main categories are surface reservoirs, standpipes, and elevated tanks. Com-
mon practice is to line surface reservoirs with concrete, gunite, asphalt, or an asphaltic
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membrane. Surface reservoirs may be covered or uncovered. A cover is preferable
because it prevents contamination of the water supply by animals or humans and pre-
vents the formation of algae.

Standpipes or elevated tanks are normally employed where the construction of a
surface reservoir would not provide sufficient head. A standpipe is essentially a tall
cylindrical tank whose storage volume includes an upper portion (the useful storage),
which is above the entrance to the discharge pipe, and a lower portion (supporting
storage), which acts only to support the useful storage and provide the required head.
For this reason, standpipes over 50 ft high are usually not economical. Steel, concrete,
and wood are used in the construction of standpipes and elevated tanks. When it
becomes more economical to build the supporting structure for an elevated tank than
to provide for the supporting storage in a standpipe, the elevated tank is used.

Distribution reservoirs should be located strategically for maximum benefit. Nor-
mally, the reservoir should be near the center of use, but in large metropolitan areas a
number of distribution reservoirs may be located at key points. Reservoirs providing
service storage must be high enough to develop adequate pressures in the system they
are to serve. A central location decreases friction losses by reducing the distance from
supply point to the area served. Positioning the reservoir so that pressures may be
approximately equalized is an additional consideration of importance. Figure 25
illustrates this point. The location of the tank, as shown in Part (a), results in a very
large loss of head by the time the far end of the municipality is reached. Thus, pressures
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too low will prevail at the far end or excessive pressures will be in evidence at the near
end. In Part (b), pressures over the whole municipal area are more uniform for periods
of both high and low demand. Note that during periods of high demand the tank is sup-
plying flow in both directions (being emptied), whereas during periods of low demand
the pump is supplying the tank and the municipality.

The amount of storage to be provided is a function of the capacity of the distrib-
ution network, the location of the service storage, and the use to which it is to be put.
Water treatment plants are commonly operated at a uniform rate of flow such as the
maximum daily rate. It is also desirable to operate pumping units at constant rates.
Demands on the system in excess of these rates must therefore be met by operating
storage. Requirements for firefighting purposes should be sufficient to provide fire
flows for 10 to 12 hours in large communities and for 2 hours or longer in smaller ones.
Emergency storage is provided to sustain the community’s needs during periods when
the inflow to the reservoir is shut off —for example, through a failure of the water sup-
ply works, failure of pumping equipment, or the need to take a supply line out of ser-
vice for maintenance or repair. The length of time the supply system is expected to be
out of service dictates the amount of emergency storage to be provided. Emergency
storage sufficient to last for several days is desirable.

The amount of storage required for emergency and firefighting purposes is read-
ily computed once the time period over which these flows are to be provided has been
selected [32]. An emergency storage of three days for a community of 8000 having an
average use rate of 150 gpcd is 3 X 150 X 8000 = 3.6 mil gal. Given that a fire flow of
2750 gpm must be provided for 10 hours, this means a total firefighting storage of 1.65
mil gal. An additional equalizing or operating storage requirement would be added to
the sum of these values. The determination of this volume is slightly more complex and
needs further explanation.

To compute the required equalizing or operating storage, refer to a mass diagram
or hydrograph indicating the hourly rate of water use. The procedure used in deter-
mining the needed storage volume is as follows:

1. Obtain a hydrograph of hourly demands for the maximum day. This may be
obtained through a study of available records, by gauging the existing system dur-
ing dry periods when lawn-sprinkling demands are high, or by using design crite-
ria to predict a hydrograph for a future condition of development.

2. Tabulate the hourly demand data for the maximum day as shown in Table 13.

3. Find the required operating storage by using mass diagrams such as in Figures 26
and 27, the hydrograph of Figure 28, or the values tabulated in Column 6 of
Table 13.

The required operating storage is found by using a mass diagram with the cumulative
pumping curve plotted on it. Figure 26 illustrates this diagram for a uniform 24-hr
pumping rate. Note that the total volume pumped in 24 hours must equal the total 24-hr
demand, and thus the mass curve and cumulative pumping curve must be coincident at
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TABLE 13 Hourly Demand for the Maximum Day

M @ ®) “4) ©) (6)
Average Hourly
Average Hourly Demand Minus
Hourly Hourly Demand as a Hourly Demand:
Demand Rate Demand Cumulative Percent of 286,250 — (3)
Time (gpm) (gal) Demand (gal) Average - +
12 AM. 0 0 0 0 — —
1 2170 130,000 130,000 45.4 156,250
2 2100 126,000 256,000 44.1 160,250
3 2020 121,000 377,000 423 165,250
4 1970 118,000 495,000 41.3 168,250
5 1980 119,000 614,000 41.6 167,250
6 2080 125,000 739,000 432 161,250
7 3630 218,000 957,000 76.2 68,250
8 5190 312,000 1,269,000 108.9 25,750
9 5620 337,000 1,606,000 117.8 50,750
10 5900 354,000 1,960,000 123.6 67,750
11 6040 363,000 2,323,000 126.7 76,750
12 pM. 6320 379,000 2,702,000 132.4 92,750
1 6440 387,000 3,089,000 135.2 100,750
2 6370 382,000 3,471,000 133.4 95,750
3 6320 379,000 3,850,000 132.4 92,750
4 6340 381,000 4,231,000 133.0 94,750
5 6640 399,000 4,630,000 139.5 112,750
6 7320 439,000 5,069,000 153.3 152,750
7 9333 560,000 5,629,000 195.5 273,750
8 8320 499,000 6,128,000 174.4 212,750
9 5050 303,000 6,431,000 105.8 16,750
10 2570 154,000 6,585,000 53.8 132,250
11 2470 148,000 6,733,000 51.7 138,250
12 AM. 2290 137,000 6,870,000 47.9 149,250
Total 6,870,000 1,466,500 1,466,500

6,870,000

Average hourly demand = 2

= 286,250 gal

the origin and at the end of the day. Next, construct a tangent to the mass curve paral-
lel to the pumping curve at Point A in the figure. Then draw a second parallel tangent
to the mass curve at Point C and drop a vertical from C to an intersection with tangent
AB at B. The required storage is equal to the magnitude of the ordinate CB measured
on the vertical scale. In the example shown, the necessary storage volume is found to
be 1.47 mil gal for a 24-hr pumping period.
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FIGURE 26 Operating storage for 24-hr pumping, determined by use of a mass
diagram.

Note that the reservoir is full at A, is empty at C, is filling whenever the slope of
the pump curve exceeds that of the cumulative demand curve, and is being drawn
down when the rate of demand exceeds the rate of pumping.

It is often desirable to operate an equalizing reservoir so that pumping will take
place at a uniform rate but for a period less than 24 hours. In small communities, for
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FIGURE 27 Mass diagram determination of equalizing storage for 12-hr pumping.

example, it is often advantageous to pump only during the normal working day. It may
also be more economical to operate the pumping station at off-peak periods when
electric power rates are low.

Figure 27 illustrates the operation of a storage reservoir where pumping occurs
between 6 A.M. and 6 P.M. only. To find the required storage in this case, construct the
cumulative pumping curve ED so that the total volume of 6.87 mil gal is pumped uni-
formly from 6 A.M. to 6 M. Then project point E vertically upward to an intersection
with the cumulative demand curve at A. Construct line AC parallel to ED. Point C will
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FIGURE 28 Graphical determination of equalizing storage.

be at the intersection of line AC with the vertical extended upward from 6 M. on the
abscissa. The required storage equals the value of the ordinate CBD. Numerically, it is
2.55 mil gal and exceeds the storage requirement for 24-hr pumping. Another graphical
solution to the storage problem may be obtained as outlined in Figure 28. The figure is
a plot of the demand hydrograph for the maximum day. For uniform 24-hr pumping,
the pumping rate will be equal to the mean hourly demand. This is shown as line PQ.
The required storage is then obtained by planimetering or determining in some other
manner the area between curve BEC and line PQ. Conversion of this area to units of
volume yields the required storage of 1.47 mil gal. The required storage for 24-hr
pumping may also be determined by summing either the plus or minus values of col-
umn 6 in Table 12.

Unless pumping follows the demand curve or demand hydrograph, storage will
be required. Figure 26 shows that a maximum pumping rate of about 9400 gpm will be
required with no storage, whereas if storage is provided, a maximum pumping rate of
4775 gpm (about 50% of that required with no storage) will suffice. This example illus-
trates the economics of providing operating storage.

Variable-rate pumping is normally not economical. In practice, it is common to
provide storage and pumping facilities so that pumping at the average rate for the max-
imum day can be maintained. On days of less demand, some pumping units will stand
idle. Another operational procedure is to provide enough storage for pumping at the

183



184

Conveying and Distributing Water

average rate for the average day, with idle reserve capacity, and then to overload all
available units on the maximum day. It is economically impractical to provide pumping
and storage capacity to meet peak demands that are experienced for only a few hours
every few years.

Analyses of distribution systems are commonly concerned with the pipe net-
work, topographic conditions, pumping station performance, and the operating charac-
teristics of the storage system. Where multiple sources of supply operate under
variable-head conditions, the hydraulic balancing of the system becomes more com-
plex. The simple system of Figure 29 illustrates this point.

Considering that the demand for water by the municipal load center fluctuates
hourly, it is evident that there are essentially two modes of operation of the given dis-
tribution system. When municipal requirements are light, such as in the early morning,
the pumping station will meet these demands and in addition supply the reservoir. The
solution of the problem may then be found with the use of the equations

(1) 01-0p=0
(2) ZP+EP:ZLC+ER2+H_f1
(3) Zic+ Epp=Zr + Hp
(2+3) Hf1+Hf2:EP+ZP_ZT
where
O, = flow from the pump
Qp = municipal demand
0, = flow to the tank
Zp,Z;c, Zy = elevation above the arbitrary datum
(Z7 = elevation of water surface in tank)
Ep = energy produced by the pump
E R, = residual energy of the load center
(pressure head plus velocity head)
Hy, etc. = friction head losses
Total energy of pumping station
o~ —— __ Y
\\\\\~§\Hf3~\ Hy, H;, Hy,
T—_ TF == —
£p O '
-

-

Pipeline
0 > 14

Zr

FIGURE 29 Modes of operation of a distribution system.
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It Op,Zp, Z,;c, and Z; are specified, the equations may be solved by selecting values
of E g, and then solving for H ¢ and H y,. When a solution is reached so that Eq. (2 + 3)
is satisfied, Q; and Q, may be computed.

When demands are high, both the tank and the pump will supply the community.
The direction of flow will then be reversed in the line from the tank to the pump and
the applicable equations will be

1. 01 +0;=0p
2. ZP+EP:ZLC+ER1+Hf3
3. ZLC + ERl + Hf4 = ZT

Again, an assumed value for E will be taken and trial solutions carried out until Eq. (1)
is satisfied. Note that the foregoing illustration is a simple case, since Z has been speci-
fied. Actually, since Z fluctuates with time, it is necessary to have information on storage
volume available versus water elevation in the tank so that at any specified condition of
draft, the actual value for Z; can be determined and used in the computations.

Water distribution systems generally are considered a composite of four basic con-
stituents: the pipe network, the storage, the pump performance, and the pumping station
and its suction source. These components must be integrated into a functioning system for
various schedules of demand. A thorough analysis of each system must be made to ensure
that it will operate satisfactorily under all anticipated combinations of demand and
hydraulic component characteristics. The system may work well under one set of condi-
tions but will not necessarily be operable under some other set. A comprehensive system
balance requires an hourly simulation of performance for the expected operating schedule.

There are an infinite number of arrangements of the basic components in a dis-
tribution system, but the hydraulic analyses discussed in this chapter are applicable to
all of them.

PUMPING

Pumps are important components of most water conveyance systems. The primary types
of pumps are centrifugal and displacement. Airlift pumps, jet pumps, and hydraulic rams
are also used in special applications. In water and sewage works, centrifugal pumps are
most common. Centrifugal pumps have a rotating element (impeller) that imparts
energy to the water. Displacement pumps are often of the reciprocating type, in which a
piston draws water into a closed chamber and then expels it under pressure. Recipro-
cating pumps are widely used to handle sludge in sewage treatment works.

Electric power is the primary source of energy for pumping, but gasoline, steam,
and diesel power are also used. Often, a standby engine powered by one of these other
forms is included in primary pumping stations to operate in emergency situations when
electric power fails.

PUMPING HEAD

The first step in selecting pumps is to determine the operating characteristics of the
system in which they are to be used [33-36]. An important feature is the total dynamic
head (TDH) against which the pump must operate. The TDH is composed of the dif-
ference in elevation between the pump centerline and the elevation to which the water
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FIGURE 30 Total static head. (a) Intake below the pump centerline. (b) Intake above the
pump center line.

is to be raised, the difference in elevation between the level of the suction pool and the
pump centerline, the frictional losses encountered in the pump, pipe, valves and fit-
tings, and the velocity head. Expressed in equation form, this becomes

where H; is the total static head or elevation difference between the pumping source
and the point of delivery, H  is the total friction head loss, and Hy, is the velocity head
V?/2g. Figure 30 illustrates the total static head.

POWER
For a known discharge and total pump lift, the theoretical horsepower (hp) is given by

hp = QvyH/550 (70)

where

Q = discharge, cfs
v = specific weight of water
H = total dynamic head
550 = conversion from foot-pounds per second to horsepower

The actual horsepower required is obtained by dividing the theoretical horsepower by
the efficiency of the pump and driving unit.
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CAVITATION

Cavitation is the phenomenon of cavity formation or the formation and collapse of
cavities [34]. Cavities develop when the absolute pressure in a liquid reaches the vapor
pressure related to the liquid temperature. Under severe conditions, cavitation can
result in the breakdown of pumping equipment. As the net positive suction head
(NPSH) for a pump is reduced, a point is reached where cavitation becomes detrimen-
tal. This point is usually referred to as the minimum net positive suction head
(NPSH,,;,) and is a function of the type of pump and the discharge through the pump.
NPSH is calculated as

V2
NPSH = -1 4 PL _ Pv (71)
28 v Y

where V is the velocity of flow at the center line of the inlet to the pump, p is the pres-
sure at the center line of the pump inlet, and p, is the vapor pressure of the fluid.
Referring to Figure 30(a) and writing the energy equation between the intake pool and
the inlet to the pump, we have

V2
Yy 28 v
or
VZ
Po_zp =418
Y 28 v

where p, is atmospheric pressure and /; is the head loss in the intake.
Subtracting p,/vy from both sides, we have

2
&_Z_hL_&:1+&_&
Y Yy o2 vy v
This may be written
Pa Pv

=7 —h, — " =NPSH
Y Y

The minimum value of the static lift is then determined as

Zmin = g - NPSHmin - hL (72)

The required NPSH for any pump can be obtained from the manufacturer. This
value can then be checked against the proposed installation using Egs. (71) and
(72) to ensure that the available NPSH is greater than the manufacturer’s
requirement.
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FIGURE 31 System head curves for a fluctuating static pumping head.

SYSTEM HEAD

The system head is represented by a plot of TDH versus discharge for the system being
studied. Such plots are very useful in selecting pumping units [36]. It should be clear
that the system head curve will vary with flow since H  and Hy are both a function of
discharge. In addition, the static head H; may vary as a result of fluctuating water lev-
els and similar factors, and it is often necessary to plot system head curves covering the
range of variations in static head. Figure 31 illustrates typical system head curves for a
fluctuating static water level.

PUMP CHARACTERISTICS

Each pump has its own characteristics relative to power requirements, efficiency, and
head developed as a function of flow rate. These relationships are usually given as a
set of pump characteristic curves for a specified speed. They are used in conjunction with
system head curves to select correct pumping equipment for a particular installation.
A set of characteristic curves is shown in Figure 32.

At no flow, the head is known as the shutoff head. The pump head may rise
slightly or fall from the shutoff value as discharge increases. Ultimately, however, the
head for any centrifugal pump will fall with increase in flow. At maximum efficiency,
the discharge is known as the normal or rated discharge of the pump. Varying the
pump discharge by throttling will lower the efficiency of the unit. Changing the speed
of the pump will cause the discharge to vary within a certain range without a loss of
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FIGURE 32 Typical pump characteristic curves.

efficiency. The most practical and efficient approach to a variable-flow problem is to
provide two or more pumps in parallel so that the flow may be carried close to the
units’ peak efficiency.

The normal range of efficiencies for centrifugal pumps is between 50% and 85%,
although efficiencies in excess of 90% have been reported. Pump efficiency usually
increases with the size and capacity of the pump [35].

PUMP CURVES

Once the system head has been determined, the next step is to find a pump or pumps
to deliver the required flows. This is done by plotting the system head curve on a
sheet with the pump characteristic curves. The operating point is at the intersection
of the system head curve and the pump head capacity curve. This gives the head and
flow at which the pump will be operating. A pump should be selected so that the
operating point is also as close as possible to peak efficiency. This procedure is shown
in Figure 33.

Pumps may be connected in series or in parallel. For series operation at a
given capacity, the total head equals the sum of the heads added by each pump. For
parallel operation, the total discharge is multiplied by the number of pumps for a
given head. It should be noted, however, that when two pumps are used in series or
parallel, neither the head nor capacity for a given system head curve is doubled
(Fig. 33).
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FIGURE 33 Characteristic curves for (a) Series. (b) Parallel pump operations of equal
pumps.

Example 9

A proposed pumping station will have an ultimate capacity of 1200 gpm at a total
head of 80 = ft. The present requirements are that the station deliver 750 gpm at a
total head of 60 = ft. One pump will be required as a standby.

Solution: The system head curve is plotted as shown in Figure 34. Values for the curve
are obtained as indicated in Sections 11 to 16.

Consider that three pumps will ultimately be needed (one as a standby). Deter-
mine the design flows as follows:

1. Two pumps at 1200 gpm at 80 ft of TDH.
2. One pump at 1200/2 = 600 gpm at 80 ft of TDH.

3. One pump must also be able to meet the requirements of 750 gpm at 60 ft of
TDH.

From manufacturers’ catalogs, two pumps A and B are found that will meet the specifi-
cations. The characteristic curves for each pump are shown in Figure 34. The intersec-
tion of the characteristic curves with the system head curve indicates that Pump
A can deliver 750 gpm at a TDH of 60 ft, while Pump B can deliver 790 gpm at a TDH of
62 ft. A check of the efficiency curves for each pump indicates that Pump B will deliver
the present flow at a much greater efficiency than Pump A. Therefore, select Pump B.
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FIGURE 34 Solution to Example 9.

For the present, select two pumps of Type B and use one as a standby. For the
future, add one more pump of Type B.

Operating characteristics for a wide range of pump sizes and speeds are available

from pump manufacturers. Usually, special equipment manufactured to satisfy a cus-
tomer’s prescribed requirements must pass an acceptance test after it has been installed.

PROBLEMS
1

Given a V-shaped channel with a bottom slope of 0.001, a top width of 12 ft, and a depth of
6 ft, determine the velocity of flow. Find the discharge in cfs and m%s.

A trapezoidal channel measures 3 m across the top and 1 m across the bottom. The depth
of flow is 1.5 m. For s = 0.005 and n = 0.012, determine the velocity and rate of flow.
Given an 18-in. concrete conduit with a roughness coefficient of n = 0.013, s = 0.02, and
a discharge capacity of 15 cfs, what diameter pipe is required to triple the capacity?

Find the dimensions of a rectangular concrete channel to carry a flow of 150 m¥s, with a
bottom slope of 0.015 and a mean velocity of 10.2 m/s.

Determine the head loss in a 46-cm concrete pipe with an average velocity of flow of 3.0
<1.0> m/s and a length of 40 m.

Find the discharge from a full-flowing cast-iron pipe with a 24-in. diameter and a slope
of 0.004.
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7 Refer to the figure below and assume that Reservoirs A, B, and C have water surface eleva-

10

11

12

13

14

192

tions of 150 ft, 90 ft, and 40 ft, respectively, and are connected by a system of concrete pipes
of lengths L, = 2400 ft, L, = 1500 ft, and L; = 5500 ft with respective diameters of §, 12,
and 21 in. Find the discharge in each pipe and the elevation of the hydraulic gradient at P.

Hydraulic grade line

Three reservoirs— A, B, and C—are connected by a branching cast-iron pipe system. If the
pipe lengths are L; = 3000 ft, L, = 2200 ft, and L; = 1600 ft, the respective pipe diame-
ters are 15,10, and 18 in, and the surface water elevations of two of the three reservoirs are
A = 125 ft and B = 55 ft, find the surface water elevation of Reservoir C. Assume that
the flow to reservoir C is 15 cfs.

Solve Problem 8 by assuming that the flow in pipe 3 is from Reservoir C rather than to
Reservoir C.

Three riveted steel pipes are connected in series, with the flow through the system being
1.5m%s. Find the total head loss if the pipe diameters and lengths are D; = 60 cm,
D, =40cm, D3 = 54cm, L; = 400m, L, = 450 m, and L; = 750 m. Assume the fric-
tion factor f = 0.0125.

Given the same lengths and diameters of the pipes in series as in Problem 10, determine
the total flow if the system head loss is 60 m.

Consider the pipe system in the figure. If the flow in BCD is 6 cfs, find (a) the flow in BED,
(b) the total flow, and (c) a length of 16-in pipe equivalent to the two parallel pipes.

A flow of 1.3 m?s is divided into three parallel pipes of diameters 30, 20, and 45 cm and
lengths of 30, 40, and 25 m, respectively. Find the head loss and distribution of flow.
Assume f = 0.015.

If a system of parallel pipes has diameters of 18, 8, and 21 in and lengths of 50, 95, and 60

ft, respectively, find the total flow in the system. Assume f = 0.024 and the total head loss
is 45 ft.
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From the given layout, determine the length of an equivalent 24-cm pipe.

A eom B 1200 m C s50m D
° ® ® °

10 cm 5cm 6 cm

For the pipe layout in Problem 15, find the diameter of an equivalent 1000-m pipe.

For the pipe network shown, determine the direction and magnitude of flow in each pipe.
Assume C = 100. Solve using a spreadsheet or another suitable method.

3.5 ft¥s
3,200 ft 10 in @ %50,
A B ‘y
%
2,400 ft 2,400 ft <
8in@ 8in®
C D E
3,200 ft 8 in @ 4,500 ft 10 in @ \
1.5 fts 2.0 ft¥s

Solve Problem 17 if the flow at A is 4.0 cfs and that at E is 2.5 cfs.

Water is pumped 9 mi from a reservoir at elevation 100 ft to a second reservoir at eleva-
tion 210 ft. The pipeline connecting the reservoirs has a 54-in diameter. It is concrete and
has an absolute roughness of 0.003. If the flow is 25 mgd and pumping station efficiency is
80%, what will be the monthly power bill if electricity costs 3 cents/kwh?

A reservoir at elevation 700 ft will supply a second reservoir at elevation 460 ft. The reser-
voirs are connected by 1300 ft of 24-in cast-iron pipe and 2000 ft of 20-in cast-iron pipe in
series. What will be the discharge delivered from the upper reservoir to the lower one?

It is necessary to pump 6000 gpm of water from a reservoir at an elevation of 900 ft to a
tank whose bottom is at an elevation of 1050 ft. The pumping unit is located at elevation
900 ft. The suction pipe is 24 in. in diameter and very short, so head losses may be
neglected. The pipeline from the pump to the upper tank is 410 ft long and is 20 in. in
diameter. Consider that minor losses in the line equal 2.5 ft of water. The maximum depth
of water in the tank is 38 ft, and the supply lines are cast iron. Find the maximum lift of the
pump and the horsepower required for pumping if the pump efficiency is 76%.

Rework Problem 21 if the water to be pumped is 7000 gpm and the elevation of the tank is
1000 ft.

If a flow of 5.0 cfs is to be carried by an 11,000-ft cast-iron pipeline without exceeding a
head loss of 137 ft, what must the pipe diameter be?

Rework Problem 23 if the flow is 4.5 cfs and the head loss cannot exceed 120 ft.

A 48-in. water main carries 79 cfs and branches into two pipes at point A. The branching
pipes are 36 and 20 in. in diameter and 2800 and 5000 ft long, respectively. These pipes
rejoin at point B and again form a single 48-in. pipe. If the friction factor is 0.022 for the
36-in. pipe and 0.024 for the 20-in. pipe, what will the discharge be in each branch?

Water is pumped from a reservoir whose surface elevation is 1390 ft to a second reservoir
whose surface elevation is 1475 ft. The connecting pipeline is 4500 ft long and 12 in. in
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diameter. If the pressure during pumping is 80 psi at a point midway on the pipe at eleva-
tion 1320 ft, find the rate of flow and the power exerted by the pumps. Also, plot the
hydraulic grade line. Assume that f = 0.022.

A concrete channel 18 ft wide at the bottom is constructed with side slopes of 2.2 horizon-
tal units to 1 vertical unit. The slope of the energy gradient is 1 in 1400 and the depth of
flow is 4.0 ft. Find the velocity and the discharge.

A rectangular channel is to carry 200 cfs. The mean velocity must be greater than 2.5 fps.
The channel bottom width should be about twice the channel depth. Find the channel
cross section and the required channel slope.

A rectangular channel carries a flow of 10 cfs/ft of width. Plot a curve of specific energy
versus depth. Compute the minimum value of specific energy and the critical depth. What
are the alternative depths for Es = 5.0?

Determine an equivalent pipe for the system shown below.

9,
A 5,000 ft B
12 in
2,000 ft 1,000 ft
8 in 16 in
10 in
D 3,000 ft C

9

From the diagram below, compute (a) the total head loss from A to C, (b) P, if P, = 25
psi, and (c) the flow in each line.

0,=26cfs
A 4,000 ft B
18 in
3,100 ft 2,700 ft
16 in 10 in
12 in
D 3,600 ft C

9

Given the pipe layout shown, determine the length of an equivalent 18-in. pipe.

— » 0
L 4000f 1800 ft L2000
A 24in B 14 in c 12in p
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33 Given the following average hourly demand rates in gallons per minute, find the uniform
24-hr pumping rate and the required storage.

12 M. 0
1AM 1900

2

—
— O 0 00 JON N W

—_

1800
1795
1700
1800
1910
3200
5000
5650
6000
6210

12
1
2

[ BN o) SRV, I NN

9
10
11
12

AM.
P.M.

P.M.

6300
6500
6460
6430
6500
6700
7119
9000
8690
5220
2200
2100
2000

34 Solve Problem 33 if the period of pumping is from 6 A.M. to 6 P.M. only.

35 Determine the total dynamic head of a pumping system where the total static head is 50 ft,
the total friction head loss is 5 ft, and the velocity head is 10 ft.

36 Calculate the horsepower requirements for the system described in Problem 35 if the flow

is 25 cfs.

37 Plot the system head and the pump characteristic curves for the data given. At what point

should the pump operate?

Total dynamic head (ft) 55

65 70

75 80 8 90

Flow (gal/min) 200 500 700 850 975 1075 1200 1300
Horsepower Total Head
Efficiency (%) (hp) (ft) Flow (gal/min)
22 8 95 225
37 12 93 400
49 17 90 600
57 20 87 800
63 22 84 1000
64 23 78 1200
62 24 72 1400
59 25 64 1600
54 26 49 1800
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