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Course syllabus

Introduction to water quality modeling and management
s Environmental Statistics
s Why environmental modeling?
*»* Basic types of model
s Application of Environmental Modeling
¢ Statistical Performance Criteria
s Water quality and remote sensing
Lake water quality modeling
** Mass Balance for a Well-Mixed Lake
s Assimilation factor of lake
s Temperature effects of reaction on modelling
s Transfer Functions and Residence Time
s Non-steady State Solution for Two Lakes in Series



Course syllabus

River water quality modelling
¢ Ideal Reactors
Continuously stirred tank reactor (CSTR):
Plug-flow Reactor (PFR)
Reaction rate constant k
Comparison of CSTR and PFR
Application of PFR Model to Streams
Dissolved oxygen in rivers and modeling
Oxygen sag curve
Mass Balance for Well-Mixed System

** Advection-Dispersion Model for Large Rivers and Estuaries
Eutrophication and lake morphometry

¢ Introduction

s Eutrophication Problem & Nutrients
Measurement Techniques for eutrophication
Nutrients causing eutrophication
Sources of Nutrients in Eutrophication Problems
Major effects of eutrophication
Total phosphorus model
Lake Morphometry
Importance and measurement of lake morphometry
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Course syllabus

River and lake water quality management

¢ River and Lake Pollution Control Method

* Management of Agricultural Sources of Water Pollution
s* Drinking water quality management

* Corrosion, Biofilm and Sludge Management

** Risk management for various water sources (surface and ground water)

Evaluation
%* Test and quiz--—--------- - 15%
%* Laboratory report---------------- 10%
% Mid exam-----------mcoomeee 25%

+** Final exam-----------cccoommeo 50%



Chapter one

ntroduction to Water Quality
Modelling and Management




What is modeling?

"« Modeling is the process of application of fundamental
knowledge or experience to simulate or describe the

performance of a real system to achieve certain goals

e M

deling has long been an integral component In
prganizing,  synthesizing, and rationalizing
observations of and measurements from real
. systems and In understanding their causes and

\\effects



Why environmental modeling?

» Gain a better understanding of and clean iInsight iInto
environmental processes and their influence on the fate and
transport of contaminants in the environment.

» Determine short- and long-term chemical concentrations in the
various compartments of the ecosphere for use Iin regulatory
enforcement and in the assessment of exposures, impacts, and
risks of existing as well as proposed chemicals

» Predict future environmental concentrations of pollutants
under various waste loadings and/or management alternatives

» Satisfying regulatory and statutory requirements relating to
environmental emissions, discharges, transfers, and releases of
controlled pollutants



7°30'0'N

T00"N

6°30'0"N

6°0'0"N

5°30'0'N

37°0'0"E

IT300"E

38°0'0"E

38°30'0"E

Legend

Hr

POUR_PO
River shefe
River_Basd
River_Hare

River_gida

NT

sla]

—m—— River_bilat

a_c streamt

GRID_CODE

River_Gelana

<all other v

sub_drain

sub_drainZz|

-

alues>

|:| Sample_St
[ ] RVLB_maj
[ ] apaya

Main_drain

age

ation R

or_subbasins

37°0

'O"E

T
37°30'0"E

T
38°0'0"E

T
38°30'0"E

7°30'0'N

T00"N

6°30'0'N

6°00"N

5°30'0"N



7%300'N

750N

640'0"N

5950'0"N 6U15'0"N

5725'0"N

375"0"E
L

37°30'0"E
L

3T55'0E
1

38°20°0"E
L

Legend
|:| chamao

abaya

=all other values=

GRID_CODE

SUB_D1
SUB_D2

SUB_D3
SUB_D4

MAIN_D

abyachamo . tif

Value

- High : 3547

- Low - 998

80 Kilometers

T
3T7°5'0"E

T
38°20'0"E

7°30'0"'N

7°5'0'N

640N

5°50'0"N 6*15'0"N

S25'0"N



Why environmental modeling?

In hypothesis testing relating to processes, pollution control alternatives,

Implement in the design, operation, and optimization of reactors, processes,
pollution control alternatives, etc.

» Simulate complex systems at real, compressed, or expanded time horizons
that may be too dangerous, too expensive, or too elaborate to study underreal
conditions

> Generate data for post-processing, such as statistical analysis, visualization,
and animation, for better understanding, communication, and dissemination
of scientific information

In environmental impact assessment of proposed new activities that are
cyrrently nonexistent

3 hkic types of model Conceptual Model

| i ~.

Physical Model Mathematical Model

\ 4




Conceptual model

o a mental picture of the system processes (e.g. Maps of places,
Ideas, relationships; Flow charts, graphs; Hypotheses, theories)

* Qualitative, usually based on graphs ==> the firststep in any
successful modeling efforts

* Represent important system:
» components

» processes

> linkages

> Interactions

hen should the conceptual models be used?

As an initial step —
For hypothesis testing
For mathematical model development
As a framework
For future monitoring, research, and management actions at asite



How can the conceptual models be used?

> Design field sampling and monitoring programs: Ensure that all
Important system attributes are measured

Determine causes of environmental problems: ldentify system
linkages and possible cause and effect relationships

P ldentify potential conflicts among management objectives

¥ Anticipate the full range of possible system responses to
agement actions, including potential negative effects




Conceptual Model Example

Increased nutrient loading

»
»
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Conceptual Model Example

_Su.n_l_ut;ph concentration profile

subsurface biodegradation process

\\



Physical model

BPmall scale physical representations which retain certain key features of
larger natural system ==> Laboratory simulation of the processes and
systems under investigation ==> explore the behavior of the system or test
the mathematical models




Physical model
TR Ww




Mathematicabimaedele|

ematical equations that translate a conceptual understanding of a systemor

S into quantitative terms ==> the most common modeling tool ==>

- various levels from very simple algebraic models to lumped parameter models

" composed of ordinary partial equations to dynamic spatially distributed models
described by partial differential

equations.
q Hare Births Hare Hare Deaths
S O— ® 6

dX dY fanl o

—[]aX [ — [ cXY [

bXY df , oY dt /

Hare Death Rate
Hare Birth rate
Lynx
Lynx Birghs q Lynx Deaths

Lynx Birth Rate

are
il
2

Example: a simple
predator-prey model




Models and relationships among variables
Y = (Xy, Xa, ..y Xo)

Independent variables X;(e.g. cause, stimulus, forcing functions)
Dependent variable Y (e.g. effect, response, state variables)

e.g. Dose-response curve

Threshold Level

Harmful effect




amples of mathematical modeling

Lk if C=Cyat t =0 and k =constant.

(b) OL—(t:+k1C: k, if C=Cyat t =0 and k,and k, are constant

How are }he mathematical models used?

- Diagnosis (e.g., what is the cause of reduced water
¢larity in a lake?)

*/Prediction (e.g., how long will it take for lake water
quality to improve, once controls are inplace?)



tegories of Mathematical Models

Type

Empirical
Based on data analysis

Mechanistic
Mathematical descriptions based on
theory

Time Factor

Static or steady-state
Time-independent

Dynamic
Describe or predict system behavior
over time

Treatment of Data Uncertainty and Variability

Deterministic
Do not address data variability

Stochastic
Address variability/uncertainty




Empirical vs. Mechanistic?

Empirical model: based on statistical relationships between parameters
of interest and other variables The relationships are usually defined by
regression and correlation analyses.

e.g. Fish Weight =
4.48*Length -28.722

Fish Weight (0z)

Fish Length (in)

anistic Model: rely on mathematical equations to describe the
chémical, physical and biological processes governing the system and
system prediction

» apply scientific principles such as the conservation of mass, momentum and
energy.

» Mechanistic models include Kkinetic, thermodynamic equilibrium and mass
transport models.

» Parameter estimates (i.e. chemical reaction rates, mass transfer coefficients)
have a critical role in mechanistic modeling



Procedures of development of mechanistic models:

use fundamental knowledge of the interactions between process
variables to define the model structure

perform experiments to determine the parameters of the model
collect data from the process to validate themodel

If the model is not satisfactory, go to step (a) and re-examine
process knowledge

 Static models do not depend on time.
« Dynamic models predict how state variables change with time.

@
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Deterministic vs. Stochastic?

 Deterministic: each component and input is determined
exactly by mathematical equations

 Stochastic: A mathematical model which
contains random (stochastic) components
or inputs (] model output variables are

known only in terms of probability

AN arameter x
~distributions P

hen should you not use a model?
» It you do not understand the problem or system well enough to
express it in concise, quantitative terms

¥ If the model has not been tested and verified for situations and
conditions similar to your resource



Some truths about models

» All models are wrong, some are useful
» No model is ever complete
» \\e have no choice but to model

» Models do not substitute for logical thinking or other
types of data collection and analysis

» Models should not be more complicated than is necessary for
the task at hand




Application of Environmental Modeling

Issues/Concerns

Uses of Models in

Atmosphere

Hazardous air pollutants; air

emissions; toxic release; acid rain;

smog; CFCs; particulates; health
concerns; global warming

Concentration profiles; exposure; design and
analysis of control processes and equipment;
evaluation of management actions; environmental
Impact assessment of new projects; compliance
with regulations

Surface Water

Wastewater treatment plant
discharges; industrial discharges;
agricultural/urban runoff; storm

water discharges; potable water

sources; eutrophication; food
chain

Fate and transport of pollutants; concentration
plumes; design and analysis of control processesand
equipment; waste load allocations; evaluation of
management actions; environmental impact
assessment of new projects; compliance with
regulations

G oundvv/aAr

Leaking underground storage
tanks; land application of solid
and hazardous wastes; leachates
from landfills and agriculture;
injection; potable water source

Fate and transport of pollutants; concentration
plumes; design and analysis of remedial actions;
drawdowns; evaluation of management actions;
compliance with regulations

Ocea

Sludge disposal; spills; outfalls;
food chain

Fate and transport of pollutants; plume
concentration; design and analysis of control
processes; evaluation of management actions




Examples of Lake Water Quality Modeling:

- Use Lake Models to Ask:

» What is the lake’s present water quality?
» Development:
v" What was the lake’s water quality before development?

v How will future watershed development affect water
quality?
» Nutrients:
/ v"What are the most important sources of nutrients to the lake?

v"What level of nutrient loading can the lake tolerate beforeit
develops algae problems?

» Nutrient management

v" How much must nutrients be reduced to
eliminate nuisance algal blooms?

v How long will it take for lake water
quality to improve once controls are in
place?

v" How successful will restoration be, based on
water quality management goals?

v Are proposed lake management goals
realistic and cost effective?




Environmentdl Madeling Steps

Developing Developing Calibratingand Sensitivity and
Conceptual ™) Mathematic ™  Verifying =) Uncertainty
Models al Models Models Analysis

(1) Developing Conceptual Models

o Define the problem

» Define the evaluative environment

Define the relevant contaminant properties and characteristics
ofine the relevant fate and transport phenomena

Define the “state” of the system.

veloping Mathematical Models (i.e. a set of mathematical equations
0 describe the conceptual model)

Clearly define a control volume

Consider which transport phenomena control contaminant inputs and
outputs across the model boundaries

Consider reaction kinetics within the control volume

Develop mathematical model



(3) Calibrating and Verifying Models

Compare field data to model results

Calibrate the model by “tuning” model input parameters to obtain a
close fit to field data

Develop performance criteria with which to judge the model

\erify the model by testing the calibrated model with asecond
Independent set of field data

~Sensitivity and Uncertainty Analysis
Sensitivity analysis: determination of the effect of asmall
change in model input parameters on the model results

 Uncertainty analysis: determination of the uncertainty in the
model results due to uncertainty in the model input parameters




Statistical Performance Criteria

Square Goodness-of-Fit Criteria

@_bserved value - simulated value)?
ZZZ i | |

1 simulated value,

In order to accept the model results as a good fit=>

P(y?< ZZO) —1-« Where o is confidence level, 1- ais
) significance level

B. Linear/fegression of paired data for model predictions and field
obseryations at the same time

1
n-1

> (x-X(yi-yF «——Sample covariance

_nZ(X —X)? \/i(yy-)z r = Sx,y
Sy: i=1

n-1 Sx.sy

Samp\e correlation

Sample standard deviation coefficient



Critical values of chi-square distribution

Percentage Points of the Chi-Square Distribution

Degrees of Probability of a larger value of x 2
Freedom 0.99 0.95 0.90 0.75 0.50 0.25 0.10 0.05 0.01

1 0.000 0.004 0.016 0.102 0.455 1.32 271 3.84 6.63

2 0.020 0.103 0.211 0.575 1.386 2.77 4.61 5.99 9.21

3 (0.115 0.352 0.584 1.212 2.366 4.11 6.25 7.81 11.34
4 0.297 0.711 1.064 1.923 3.357 5.39 7.78 9.49 13.28
5 0.554 1.145 1.610 2.675 4.351 6.63 9.24 11.07 15.09
=] 0.872 1.635 2.204 3.455 5.348 7.84 10.64 12.59 16.81
7 1.239 2.167 2.833 4,255 6.346 9.04 12.02 14.07 18.48
8 1.647 2.733 3.490 5.071 7.344 10.22 13.36 15.51 20.09
9 2.088 3.325 4.168 5.899 8.343 11.39 14.68 16.92 21.67
10 2.558 3.940 4.865 6.737 9.342 12.55 15.99 18.31 23.21
11 3.053 4.575 5.578 7.584 10.341 13.70 17.28 19.68 24.72
12 3.571 5.226 6.304 8.438 11.340 14.85 18.55 21.03 26.22
13 4.107 £.892 7.042 9.299 12.340 15.98 19.81 22.36 27.69
14 4.660 6.571 7.790 10.165 13.339 17.12 21.06 23.68 29.14
15 5.229 7.261 8.547 11.037 14.339 18.25 22.31 25.00 30.58
16 5.812 7.962 9.312 11.912 15.338 19.37 23.54 26.30 32.00
17 6.408 8.672 10.085 12.792 16.338 20.49 24.77 27.59 3341
18 7.015 9.390 10.865 13.675 17.338 21.60 25.99 28.87 34.80
19 7.633 10.117 11.651 14.562 18.338 22.72 27.20 30.14 36.19
20 8.260 10.851 12.443 15.452 19.337 23.83 28.41 31.41 37.57
22 9.542 12.338 14.041 17.240 21.337 26.04 30.81 33.92 40.29
24 10.856 13.848 15.65%9 15.037 23.337 28.24 33.20 36.42 42.98
26 12.198 15.379 17.292 20.843 25.336 30.43 35.56 38.89 45.64
28 13.565 16.928 18.939 22.657 27.336 32.62 37.92 41.34 48.28
30 14.953 18.493 20.599 24.478 29.336 34.80 40.26 43.77 50.89
40 22.164 26.509 29.051 33.660 39.335 45.62 51.80 55.76 63.69
50 27.707 34.764 37.689 42.842 49.335 56.33 63.17 67.50 76.15

37.485 43.188 46.459 52.294 59.335 66.98 74.40 79.08 88.38

[=)]
o




Example 1. Calibration and criteria testing of a dissolved oxygen model fora
hypothetical stream. A waste discharge with biochemical oxygen demand (BOD)
at km 0.0 causes a depletion in dissolved oxygen in a stream. Model calibration
results are tabulated below (DO model) together with field measurements (DO
field).

| Distance Concentration (mg/L) Distance (km) | Concentration (mg/L)
(km) Simulated Measured Simulated | Measured
8.0 8.0 40 5.1 45
6.3 6.6 50 5.5 5.2
, |54 5.5 60 6.0 6.0
20 /  |458 44 70 6.7 7.0
30/ 4.64 4.6 80 7.2 7.3

Problem: determine if the model calibration is acceptable according to the
following statistical criteria: (a) Chi-square goodness-of-fit ata

0.10 significance level (a 90% confidence level); (b) Linear least-
squares regression of model results (DO simulation on x-axis) versus
observed data (DO measurement on y-axis) with r2>0.8.




Solution: (a)

DO DO

Measurement | Simulation | Observed- | (Observed- (Observed -
m) (mg/L) (mg/L) Simulated | Simulated)? Simulated)2/Simulated

S0 8 8 0 0 0
| 5 6.6 6.3 0.3 0.09 0.014286
L 10 5.5 5.4 0.1 0.01 0.001852
20 4.4 4.58 -0.18 0.0324 0.007074
30 4.6 4.64 -0.04 0.0016 0.000345
40 45 5.1 -0.6 0.36 0.070588
50 5.2 5.5 0.3 0.09 0.016364

60 / 6 6 0 0 0
80 / 7 6.7 0.3 0.09 0.013433
\ 100 7.3 7.2 0.1 0.01 0.001389

\Totl

egrees of freedom=10-1=9
fidence level o= 1-0.10=0.9 } 2> xo02 = 4.168

x2

0.12533

12 < 102 = 4.168 = model passes the goodness of fit test ata
\ghificance level




Solution: (b)

e Measurement | Simulation
(mg/L) (Y) (mg/L) (X) X, — X yi—y __(Xi_x) 2__(yi_y)2__ (=X (Yi-y) |
8 8 2.058 209 | 4.235364 4.3681 4.30122
B 6.6 6.3 0.358 069 | 0.128164 0.4761 0.24702
10 5.5 5.4 0542 | -041 | 0.293764 0.1681 0.22222
20 4.4 4.58 1362 | -151 | 1.855044 2.2801 2.05662
30 4.6 4.64 1302 | -1.31 | 1.695204 1.7161 1.70562
40 4.5 5.1 0842 | -141 | 0.708964 1.9881 1.18722
50 5.2 5.5 0442 | 071 | 0.195364 0.5041 0.31382
60 6 6 0058xx| 0.09 | 0.003364 0.0081 0.00522
80 7 6.7 0.758 1.09 | 0.574564 1.1881 0.82622
100 / 7.3 7.2 1.258 1.39 1.582564 1.9321 1.74862
// 5.942
A
\\ sym 11.27236 14.629 12,6138
- s, = 1.119 s,=1.275 Sxy = 1.402
r= S 1402 9577 _rz= 0.966 >0.80___, 6ood

s,es, 1.119x1.275 calibration




E3 Microsoft Excel - Example 1
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Mass and Concentration Relationship

aminant Concentrations:
> C,, ppm, mg/L (mass per mass basis): concentration in water

> C., ppm, mg/kg (mass per mass basis): concentration in solids
> C,, ppmV (volume per volume basis): concentration in gas

Convert ppmV into mass concentration units:

_ (ppmV) x12.187TMW
273.15+T

re MW is the molecular weight of the compound, T is temperature (°C)

mg /m?3

Determination of the mass of contaminant present in a medium:
Mass of contaminant in liquid = (liquid volume)x (concentration in
liquid) = (VW)(C)

Mass of contaminant in soil = (soil mass)x (concentration in soil)
= (M)(Cs) =(Vspp)(Cs)

Mass of contaminant in air = (air volume)x (concentration in soil
in mass per volume) =(V,)(C,)



Example 2: A child went into a site and played with dirt
contaminated with benzene. During his stay at the site he
Inhaled 2 m3of air containing 10 ppbV of benzene and ingested
a mouthful (~5 cm3) of soil containing 3 mg/kg of benzene.
Which system (ingestion or inhalation) is exposed to more
benzene? Assume the bulk density of soil is 1.8 g/cm3, T = 20
°C, MW =78.




Mass Balances
st models are based on mass balance calculations

statements of the principle of conservation of mass
Two types of mass balances:

> overall mass balance

Rate of _ Rate of Rate of + Reactions

ilation mass flow in mass flow out

ass inthe of mass in of mass in the
the system system
Rate of Rate of mass Rate of mass
honent accumulation _  flow of - flow of -
of mass of component iinto  component i out
component iin the system of the system
the system

Rate of production Rate of consumption
of component i by - of component i by
reaction reaction



Qut Where

Cout Q: flow rate [L3/T]
C: Mass concentration [M/L3]
V: System volume [L3]

Mass in the system = VC,,

Rate of mass accumulation = -

Rate of mass flow into system = - where N is number of mass
components

Rate of mass flow out of system= -

For no reaction condition, the mass balance equation:

or no reaction condition, by using fluid density = mass balance:

_




> If the density is constant (i.e. incompressible fluid)

d_V: > N

I: dt 21 Qin,i ;Qout,j

Steady-state condition (i.e. constant volume system) =

ZQin,i = ZQout,j

Example 3: A certain pollution control device is processing awaste
stream which has a flow rate of 3.0 L/s and a contaminant

ine the flow and concentration of the residual stream.
e steady flow, constant density and constant volume system.

ample 4: A house has a ventilation rate of 100 m3/h. A kerosene
ater is being used in the house, which emits 1000 g/h of CO,. What
the average steady-state CO, concentration in the house? Assume
I\ the CO, concentration in the atmosphere is 0.568 g/ms3.



Mass Transport Process

dvection
2 process by which contaminants are ftransported by the
bulk of motion of the flowingwater.

- Nonreactive contaminants are carried at an average rate
equal to the average linear velocity of the water.

Advective transport
JA’x - Qxc = VXAC
where J 4,2 mass flux of contaminant in x direction [MT-1], v,

= mean wdter velocity in x direction [LT-!], C = contaminant
concentration [ML-3], Q = volumetric flow rate [L3T-1]

Nith JUST advection, mass balanceequation:

Mass outflow rate = v,A(C+AC) j

Mass accumulation rate = V&€ = v AC - v;A(C+AC) = -v,A AC
ot

\_. oC  V.AAC AC
Since V = AAX =— & ——y == ,




Example 5: If the salt concentration in a river is 20 mg/L and the
e river velocity is 100 cm/s, what is the average mass flux of
e downstream direction per unit flow area?

(%) Hydrodynamic Dispersion

Tendency of the contaminant to spread out from the advective path
Two processes (diffusion, dispersion)

the movement of mass due to random water motion or mixing

molecular diffusion: the mixing of dissolved chemicals due to
the random walk of molecules within the fluid

“random walk" = spreading will occur in fluid with no mean
velocity

Mixing caused by random molecular motion



> Fick's First Law of diffusion(based on Fourier's Law of heat flow)

s flux of solute = mass of solute passing a unit areaper
T time in a given direction o« a concentration gradient of
solute in that direction dc
J <«cA>X

" dx
where J,, = mass flux rate [MT-1], A = cross-sectional area [L2],
dC/dx = concentration gradient [ML-3L-1].

Incorporating a proportionality constant (D) into the above equation:

_Jn __pdC
3 =-DAYC Fo="=D—

" dx A dx

D = molecular diffusion coefficient [L2T-!] (usually around 10-5cm2/s in
, indicating very slow movement of mass due to molecular diffusion), Fy=

ple 6: The molecular diffusivity of a caffeine (C4HgO) in wateris

x 10-5cm2s-1. For a 0.001 mg/cm3 solution, calculate the mass flux in
\ Through an intestinal membrane (1000 cm2 area) with a liquid film
oximately 0.006 cm thick. How long will it take 1 mg of caffeine to
\Nhrough 1000 cm2 of intestine by assuming the above fluxrate?



> Fick's Second Law of Diffusion

% Area A | to x-axis

™

F

Elx Ele+ Av

K E+AX

Mass balance equation:

oC &C
rate of change of mass in volume element= vV~ N = AAXE=

ot

Input of/mass across face at x= AR,

utput of mass across face at x+Ax = AFx\HAx due to djfUSIon

AAX ac — AF | —AF |

aC —I (FX X|+AX FX Xw | _




> Turbulent diffusion: mixing caused by micro-scale turbulence or
pechanical mixing ==> to minimize concentration gradients by
oving mass from regions of high to low concentration

where J; = mass flux rate due to turbulent diffusion [MT-1], g, =
turbulent diffusion coefficient [L2T-1]

B. Disp

> fthe greater degree of mixing caused by the interaction of
turbulent diffusion with velocity gradients in the water body

_Jy —_gdC
A dx

[ where Jg = mass flux rate due to dispersion [MT-1], E = dispersion
\ coefficient [L2T-1]

sion

F



One-dimensional analytical solution of the dispersion

@: 22C equatlon
ot Eax2

Instantaneous input of mass Mat +=0,x=0
C(x)=0att=0

C(+0)=0at t>0

Assume complete mixing iny & z directions:

- X
e 4Et

C(x,t) =

At

dvection-Dispersion Equation

oC__ oC,poC_g
- ui - i o o
ot ox,  'ox? One dimensional form:
@z_u 8C+EX82C—R/

ot X ox?



Solutions to the advection-dispersion equation (when R = kC):
antaneous input of mass Mat t=0and x=0,C(x,0)=0
for x 20, C(x»,1t)=0 fort>0

.M (x-u qi

_[a"™ _ L
C(x,t) = \/E%tp{ JE1 t}

Where M, is the mass per unit cross-sectional area, k is first-order
reaction rate constant

2\taken as em = 1.5 x 10-6 m2/s. After further investigation, it is
de rmined that a freshwater spring flows into the bottom of the lake
wi “ flow rate of 10 L/s. Determine the magnitude and direction of the
| ive and advective flux of arsenic through the thermocline (cross-
lonal area at the thermocline is A = 2 x 104 m2).




Depth [m]

{a.) Temperature profile

{b.) Arsenic profile

|:| =1

2 27
4 E 4}

=

=
G S &f
8 8
10 10 L . . . . .

14 145 15 155 16 0 2 4 G g 10
Temperature [deg C] Arsenic concantration [ugd]

Observed profiles of temperature (a) and arsenic
concentration (b) in an alpine lake. The dotted line at3
m indicates the location of the thermocline



(1) Molecular diffusion: g

dc_ C,—C, 6.1-10 _ g
dr~ Z-Z &3 1'95

Fzz-D%z-(lo‘le mZ/S)x( 1 95 ﬁ) 1000 L

+ “

1
Depth [fn]
(=] [=+]

=]
{

- " ol " " |
0 2 Bl 6: 8 1p
Arsenic concantmation ugl] 1

1 1

=1.95x107 £

s

=> Flow direction: downward
> Mass flux due to molecular diffusion:

J, = FA= 1.95x107 2L x (2x10% m?) =3.9x102 pg/s

2) Tur?den’r diffusion:

F,=-¢ —=-(1 5%106 m2/s)x(-1.95 “g) 1090 —2.925%10°3 ‘*95

= FA= 2.925x107 == x (2x10* m?) =58.5 pg/s
( Advec’rlon:

Q 10 L/s 1m? -
— — e m 1
Va 2x107 m2~ To00 L >x107m/s

\




{b.) Arsenic profilg

F4=VaC=-(5%107 m/s)x(8 %) x s
=-4x103 X

ms

Depth [m]

@ @ & %) o

s
=]

|
Ja=Fah=-4x103 2L x (2x10% m?) =-80 pg/s

= Net vertical flux
=J, +), + J, = 3.9x103 +58.5-80 = -21.5 pg/s |

xgmple/8: Cyqx was measured at time t1= 5 hr after a pulse injection of a
onkervative dye into a river. What is the average river velocity if the

Im concentration at t; occurs 1025 m downstream from the pulse
tion? Estimate the dispersion coefficient for this river if o is



Example (Spill Model): 10 kg of a conservative contaminant (k=0) are
a stream that is 15 m wide, 3m deep (on average), and has an
velocity of 35 cm/s. If the contaminant is rapidly mixed over
the cross-section of the stream: (a) derive an expression for the

ontaminant concentration as a function of time 500 m downstream of

(@) A =w-d = (15m)x(3m) = 45 m2

M = 10 kg = M, = M/A = (10 kg)/(45m2) = 0.2222 kg/m2
u, = 35 cm/s = 0.35m/s

\X = 500m, k =0



Then:

2 2
C(500,1) = 0-2222kg /m? o (500 ~0.35t)7

J

\/4X3'14E t 4Bl where t is in seconds
_ 0.0627 o of  (500-0.351)° (s), and Eyis in m2/s
- JEL AE t

(b)) t, = xllux = (500m)/(0.35 m/s) = 1429s

_ 0.0627 _ 0.0627

Cans = q/ JEL  [1429E,

=» solve this equation = E, = 0.172 m2/s

(kg/m3) =4mg/L =0.004(kg/m?)




e

£, =x,/U, = (1000m)/(0.35m/s) = 2857 s >

M 0.0627 0.0627
-3 = = kg /m?3) = 0.00283(kg / m?
T2 JarEt,  JEL  4/0.172x2857 Sy S
=2.83mg /L

(d) C(1000,t) = 1 pug/L = 10-5kg/m3
’ 0.0627 [ (1000 —0.35t)? |
Xp| —

C(1000,t) =

Et = AE T
0.0627 (1000 —0.35t) 2
= exp| — =10"°
0.172t 4x0.172t

Solve this equation = t = 25204 s, = 42 Min:.

| (using Mierosoft Excel “Goal Spek”)



Estimating Relative Importance of Transport Processes

- A. Peclet Number
P.=uL/E

P.>> 1 =» advection predominates

P. << 1 =» dispersion predominates

B. Reaction Number
Rxn. No. = kE/u2

Rxn. No. < 0.1 =>» advection predominates

Rxn. No. > 10 =» dispersion predominates



Compartmental (Box) Models

a region in space (box or control volume) for which the
mass balance equation is developed.

Complete mixing assumed within the box

. Box model for conservative pollutants and steady-state
system

Q1, Cy Qs =

C3=Cake
oy
Q21 V

ple 9: steady state, conservative pollutant:

=7
Chloride (C?out_?-
Ci1=20 mg/L _ out—

Q;=10m3/s
C,=40mg/L

Q,=5m3/s

v



B. Box model for non-conservative pollutants and steady-state

Qll Cl

»
P>

.Qout, Cout

Example 10: steady state, waste lagoon with biodegradable
organic pollutant

Waste  outfall

Qw = 0.5 m3/s Effluent stream
Cyw=100m /L =7
J Wiaste lagoon Quu
V = 107 m3 Cout =?

v

Influent k=0.2d!
stream
Q;=5m3/s

C,=10mg/L



C. Box model for non-conservative pollutants and

Cin’ Q

steady-state system

C,V

C.Q

Mass B}l’ance:

v

[k

»
»

Where k = degradation constant,
E = emission rate (mass/time)

V%:E+QC _QC —kVC



Example 11: Formaldehyde concentration in a home with
smokers

Each cigarette emits 1.4 mg
m

Air exchange rate
(Q) =50 md/hr » formaldehyde

i i 2 smokers »Formaldehyde degrades with a rate
3 ngslperson-hr coefficient of 0.4/hr

»Threshold for eye irritation from
formaldehyde is 0.06 mg/m3

»Question: how long will it take to reach a
formaldehyde concentration sufficient to
cause eye irritation?

e




Questions

y . What is modeling?
Why we model?
What are things to think before modeling?

What is point and nonpoint sources of pollution?

Y .

Ahat is mass balance equation?



Thank you
Any question ?




Chapter two

ake water quality modelling



Mass Balance for a Well-Mixed Lake

= completely mixed system = continuously stirred
tank reactor (CSTR) 2 outflow concentration = in-
lake concentration

Outflow
C. Loading € I

Q - reaction

C
Q

settling



Mass leading rate

ss m of pollutants discharged over a time periodt
> W=m/t

mass enters a lake from a variety of sources and in a
number of ways = lump all loadings into a single term:

W(t) — QCin(t)

Where' Q= volumetric
flow rate of all water
sources entering the
system [L3T-1], Cin(1) =
verage inflow
ncentration of these
urces [ML-3] 48

Source: http://w.isaveearth.org/Waterpollutionsources.htm



http://w.isaveearth.org/Waterpollutionsources.htm

Example 12: A pond having constant volume and no outlet has a
ggec area A;of 104m2and a mean depth H of 2 m. It initially
Bncentration of 0.8 ppm. Two days later a measurement
indicates that the concentration has risen to 1.5 ppm. What was
the mass loading rate during this time? If you hypothesize that
he only possible source of this pollutant was from atmosphere,
estimate the flux (i.e. mass loading per unit surface area) that

As

\'

T

Mo = VCo = (2%104 m3)(0.8 g/m3) = 1.6x104¢g

Masg of pollutant at t= 2 day:

M; = VC; = (2x104m3)(1.5 g/m3) = 3.0x104 g

; _ M M -M_ 3XI10 g-16x10'g p
Mass loading W = —= - z =0.7x 10" g/d
. Z -

i ) W 0.7%10 g/d
\lgss flux J =—= '

=0.7g/(m"-d)

10" m-



Assimilation Factor (@)

ume a linear relationship between loading rate

- (W) and pollutant concentration (C)

w
a=—

= a [L3T-1] = represen: e physics, chemistry, and biology
of the receiving water
= C = f(W, physics, chemistry, biology)

http://www.peterpatau.com/2012 06 10 archive.html



http://www.peterpatau.com/2012_06_10_archive.html

Example 13: Lake Ontario in the early 1970s had a total phosphorus
oading of approximately 10,500 tons/yr and an in-lake concentration of
In 1973 the state of New York and the province of Ontario
oraered a reduction of detergent phosphate content. This action
reduced loadings to 8000 tons/yr. (a) compute the assimilation factor
for Lake Ontario; (b) what in-lake concentration would result from the

etergent phosphate reduction action? (c) if the water quality objective

to bring in-lake levels down to 10 ug/L, how much additional load

neduction is needed?

Solution:

/ W 10500 t/y

) a=— = =500 (t-L)/(Hg-y)

C 21 ug/L

W SOOOt’y
2) C,=—1= : = 16 ug/L
( ) ' a 500 1)/ (ugy) W/

(3) W = aC =500 (t-L)/(ug-y)x 10 (%):5000 t/y

N\Additional load reduction = 8000 - 5000 = 3000 t/y



Mass balance for the well-mixed lake

Loading = W(1) = QCin(T)
Outflow = QC,,: = QC

Reaction = KM = KVC

Settling = flux of mass across
the surface area of sediment-
water interface = vA,C

Where v = apparent settling
velocity [LT-], As= surface
area of sediments [L2]

ettling can also be estimated by using:

settling = k;VC
where kg = first-order settling rate constant [T-1]

v  AH H
where H = mean depth

ksszs _ VA, v



= Temperature effects of reaction:

The rates of most reactions in natural waters
Increases with temperature

K(T2) _ gr.m

k(T+)

where k(T,) , k(T,) = reaction rate constants at temperature T,
and T, (°C), respectively, 6 = constant

V4

water quality modeling, many reactions are
eported at 20 °C =

k = k(20)07—20




Some typical values of 6 used in water quality modeling (Chapra, 1997)

e  |Reaction 00000

SOD
o= 1.1

] K3
%1 . 9= 108
<, B= 1066
= o ./
& (" 0= 1047
§2 L~ - o= 1024
2 |—
0 - : :
0 10 20 -
T(°C)

i ! f 6.
:'I'he effect of temperature on reaction rate for various values 0



Example 14: A laboratory provides you with the
Ing results for a reaction: T, =4 °C, k; = 0.12 day-i;
1,=16 °C, k,=0.20 day-1. (a) Calculate 6 for this

reaction; (b) Determine the rate constant at 20°C.

Solution:
. k(T) _aT,~T, k(T,)
B =? D> logug gy = (T2 =T logy
1

"

8 = 10[10g18 k(Tz)—lgglﬂ k(T1)]/(T2—Ti)

>
_ 10[10g10 0.20—logy0 0.12]/(16—4) =1.0435

| K(16)= k(20)012°

k(20) = ’*“6) 020 __0.237 d-1

© 1.0435°4



Mass balance for the well-mixed lake

Q Loading Outflow Q
Cin Vv Cout
C
|
} Settiing
VAC

W
Q + kV + VA,

Steady-State Solutions: c-=

Assimilation Factor a = ?=Q+kV+VAS



Example 15: A lake has the following characteristics: volume =50,000
m3; mean depth = 2 m; inflow = outflow = 7,500 m3/day; temperature =
he lake receives the input of a pollutant from three sources: a
discharge of 50 kg/day, a flux from the atmosphere of 0.6 g
m2 d-1, and the inflow stream that has a concentration of 10 mg/L. If
he pollu’ran’r decays at the rate of 0.25 day-tat 20 °C (6 = 1.05). (a)
ompute the assimilation factor; (b) Determine the steady-state
oncentration; (c) Calculate the mass per time for each term in the
ass balance equation.

Factory  Atmospheric Solution:
oadin
Inflow 5'3?;“;9 " 15kgd™ Outflow 1
7';:‘;";9_1 (35.7%) (10.7%)  a48kad” (a) :

(53.6%)

k =k(20)07720 =0.25 x
1.05%°720 = 0,319 d1

When not considering sedimentation:

= W=Q+kv=7500(m3/d)+(0.319
d 1)(50000 m?) = 23454 (m3/d)




- mospheric . vV  50000m3 f
0): A=—=2 =25000 m2

o m WS H-  2m

75kgd ™! : (32%

ﬂ e Watmasphere - ] As
| - =(0.6 gm~2d~1)(25000 m?)

- =15000 g/d
Wmflaw = Qcm
= (7500 m3/d)(10 g/m?3)
> Total = 75000 g/d
loac,
‘ w W atmosphere +Wmﬂow +Wfactory

=15000 + 75000 + 50000 = 140000 g/d

/

> ’c — W_1400009/d_g5 97 g/m3 = 5.97 mg/L

a 23454m°/d

Mass loss due to outflow = QC = (7500 m3/ d)(5 97 g/m3)
=44769 g/d

Mass loss due to reaction = kVC = (0.319 d-1)(50000
m3)(5.97 g/m3) =95231 g/d




Example 16: A soil reactor is used to treat soils contaminated with
kg of TPH. It is necessary to treat the slurry at 30 gal/min.
uired final soil TPH concentration is 50 mg/kg. From a bench-
scale study, the first-order reaction rate constant is 0.05/min. The
contents in the reactor are fully mixed. Assume that the reactor
ehaves as a CSTR. Size the CSTR for this project.

_.[ :.,::':':";;;' }—”’“‘“’“ Solution:

watar
7 Q Cin
Recycled water —
POLLUTEDSOIL — gl | — - - - - - - - — o m——— C

; TQ+kV Q+kV

> c_ o
treatment —
gt
Clarifier %‘& %% C in Q +kV
aiil:llltl:; o sur:;na:.:::; | Excess of water
and nlsct;nn acceptors 9
50mg/kg _ 30 gal/min

| 1200mg/kg 309% 4 (0.05 min-1)v
TREATED SOIL min
Flo gram of a typical slurry bioreactor installation.
Clarifidi\is optional (source: Robles-Gonzalez et al., 2008. A 9 v - 13800 90'

slurry bioreactors for bioremediation of soils and
sedimeltS. Microbial Cell Factories7:5, doi:10.1186/1475-




Transfer Functions and Residence Time

e from the assimilation factor, there are a variety of other
ways to summarize the ability of a steady-state system to
assimilate pollutants

A. Transfer Function (B) = specify how the system

input is transferred to an output
| _C
Cin
W QCin
; C= =
For steady state O KVavA ~ OTkV VA
Loading S5 . C_0
B ="t =
Cout Cin Q +kV + VA,

> B (Dimensionless)




the residence time (tg) of a substance E represents the
mean amount of time that a molecule or particle of E

would stay or "reside” in a system
_E
* " dE/dt],

where E = quantity of E in the volume (either M or ML-3), | dE/dt .= absolute
value of either the sources or the sinks (either MT-1orML-3T-1)

> water residence time E= puV
. . dE
sink of water = —=p,Q

T

dt

9 T = E =pWV =K
W de/at p,Q @

=> the amount of time that would be
required for the outflow to replace
the quantity of water in the lake 2

measure of flushing rate




> Pollutant residence time
sink of pollutant = i—f=QC+kVC+VASC

M VC

‘¢ Tamydt QC+kVC+vAC
. V

Q+kV+vA,




Example 17: For the lake in example 15, determine (a) inflow
concentration (lump all loadings together), (b) transfer function, (c)
water residence time, and (d) pollutant residence time.

' Solution:
(a) €, = =" =18.67 g/m® = 18.67 mg/L
(b) B - cm kav_7500—q+(07222?31/;1(50000m) = W
() T =g=rerom "; — = 6.67d
/
ah) 7= Q+kv L .5'0000-??;(50000 m3)=2'13 d




Mass balance for the well-mixed lake

Loading /_owow o A4S _\(t) —QC —kvC —VvAC

! Vv Cout dt
€
|
!

> Non-steady State Solutions:
ac_w(t) QC-kC-vAS

at VvV
_ W) (0 —+k+—)C
V
dC W (t
Let /=2 1)+ 2 o=+ ac= A
v H dt V

here ) = eigenvalue (characteristic value)
=Cy+C,

where C, = general solution for the case W(t) = 0, C,=
articular solution for specific forms of W(%)




Co Decreasing A

__7500m"/d

T

50000 m~

469 d-

\

+0.319 d!

> C = C,e~M=5.97¢046%

= General Solution C =, e_?"t Where C = Coat t =0

Example 18: In example 15 we determined
the steady-state concentration for a lake
having the following characteristics: volume
= 50,000 m3, temperature = 25 °C, mean
depth = 2 m, waste loading = 140,000 g/day,
inflow = outflow = 7,500 m3/day, decay rate
= 0.319 day-L. If the initial concentration is
equal to the steady-state level (5.97 mg/L),
determine the general solution.

C(mg/L)

o = N w ESN ol ()]
| | | | |

10



Response Time

: ime it takes for the lake to complete a fixed
' percentage of its recovery = to decide "how much"” of
the recovery is judged as being "enough”

C = Cje M

100D

Let C= Co (i.e. ®% of recovery)

/ 100

i.e. 50% response time (ts0): |, - %H ( 150%0050“: In f 20.633
K )




Example 19: Determine the 75%, 90%, 95%, and

;‘" 0 ' i
Solution: 99% response times for the lake in example 18.

@)t = (%) = o)

(b) too = 1m(mlooaq)) ~ (101(30090).:211730:2?.&3

(C)/ tos = _I (101006)) A (101:09!_)_“'2;0_3; |

/(d) Lyg = Xln(mlom@) - % (10100—099) =lni00=4f
(T\)It—;s =1igzo.4zz-1=2'96 d (€) tos = 3?\0 0.469 d~ 1_6 4d
(b) too = Z?LS 04:;1-1:4'9 d (d) tog = 4).,6 04»69d—1 =9.8 d

\



= Particular Solution for Specific Forms of Loading

astions (0
dC , Jc-W(
dt V

IA. Impulse Loading (Spill)

e Impulse loading = represent the discharge
of waste over a relatively short time period
=> described by Dirac delta function (i.e.

\ impulse function) (1)
o(t)=0 t#0 and _lo_o_ S(t)dt=
> W(1) = md(t) '
B " Where m = quantity of pollutant mass

discharged during a spill [M]

dC  ;c_mé(Y) Particular solution:

et T C :@em
\\




B. Step Loading (i.e. New Continuous Source)

t<0
W) =W t2>0 where W = the new constant level of loading [MT-1]

dC +ic=W
dt V
0

Par"ricfular' C=W (g _gir)
Solution:



http://gizmodo.com/5844925/chicagos-stickney-wastewater-treatment-plant-is-the-crappiest-place-on-earth
http://gizmodo.com/5844925/chicagos-stickney-wastewater-treatment-plant-is-the-crappiest-place-on-earth

Example 20: At time zero, a sewage treatment plant began to discharge 37,854
m3/day of wastewater with a concentration of 200 mg/L to a small detention pond
(volume = 20 104 m3). If the sewage decays at a rate of 0.1 day-, compute the
concentration in the pond during the first 2 weeks of operation (assume Cy= 0
mg/L).

S:olutlon

= 0C, = (37854 m3/d)(200 g/m3) = 7.57x 106 g/d

37854 m3/d
;x =2+ k = " /240.1 dt
20)(10 m?

C= C +C —Ce‘M+/1—(1 e*)

140

=0+ 7.57x10° g / d (1_e—0.2893t) 120
(0.2893d1)(20x10*m?) R 100 1

= 80 -

=131x (1_ e—0.2893t) ZE)/ o

40 -
20 |

_3.0 3.0 — o 2 4 6 8 10 12 1
_t95 A 02893 d—1_10'4 d t(day)



. Linear Loading (i.e. Ramp loading)
waste inputs represented by: W(t) = +f;t
Where B, = rate of change[MT-2]

dc , ic=W(t)
dt V

= Particular solution: . _. %( dt—1+ e-2)

> for positively increasing case, after
o an initial start-up time (i.e. t95), the
particular solution becomes:




. Exponential Loading

te loading represented by: W (t) = We *4

where W, = parameter denoting the value at + = O [MT-1], 3. = rateof
growth (positive) or decay (negative) of the loading [T-!]

aC , ac =W
dt Vv +ft _ a-At
- Particular Solution: © V(/1+,3) b -e)
> Decaying exponen‘rlal loading is more common:
9 C e et _e—/ﬁ
0 7 e oy ( )

> shape parameters:

> = Ve [BePdane M=o
V(€>—€>.
D BeePed=ne r D In(B.ePd) =In(he—Md)

> _IB/A  gnd o =We ga
° B2 © AV




Example 21: The following series of first-order reactions
place in a batch reactor:

k k
A 1 S B 2 S C
| dC
LThese reactions can be written as: d—tA - kC, and dCtB =kCrkG
suppose that an experiment is conducted where C4o= 20 and Cgo= O mg/L.

If k;= 0.1 and k; = 0.2 day-!, compute the concentration of reactant B as
function of time. Calculate its shape parameters C.andt..

0 5 10 15 20 25 30
t (day)



E. Sinusoidal Loading
iodic input, represented by: W (t) =W +W, sin(at —0)

wher'e W= mean loading [MT-1], W, = amplitude of the loading [MT-1],
'0 = phase shift (radians), = angular frequency of the oscillation

(radians T-1),
/ a,:2T_7pf where T, = period of the oscillation[T] ‘2—(E+ ﬂc:ﬂ\(/n
. -- Particular Solution:
C= #1 et)+ msm[ax 0-Kw)]- V\/%sin[—@—ﬂw)]e‘”

where: ) = tan 1@{)

» after an initial start-up period:

W,
C Wa sin[at -0 - w)] C=
VN A+ a? VA A2+ a?

: Mean Amplitude




Wi

Wi

t 0
(c) Linear

C

[ (=)
S

0

(d) E’xponentlal

c

(4

c

(e) E‘:Inusoidal

t
(b) Step



= Total Solution

0C .~ _W(0)
dt+ic v D C=Cg+]

> can add loadings that are initiated at different
times by merely shifting the solutions.
v' i.e. Suppose that we have two impulse loads, one that

occurs at time zero and another at time a, the resulting
concentrations can be calculated:

my _
> C=-re M fFfO0<t<a

— ( ) e—Ad-a) 4 %e—x(d—“) ffft=a



Example 22: O’Connor and Mueller (1970) used linear and exponential forcing
functions to characterize the loadings of a conservative substance, chloride, to Lake
Michigan. For example they characterized chloride loadings due to road salt by the
linear model:

W(t) =0 t <1930
W (t) =13.2 [ 109 (t-1930) 1930 (1 t [0 1960

Where W(t) has units of g/yr. They used an exponential model to characterize other
sources of salt that were correlated with population growth in the basin (i.e.
municipal and industrial sources):




= Q4k=24 0 = 49110 m 7y —0 01 y1
v v 4880x10° 3

om 1900 to 1930: W (t) =229 [1 109 e0.015(-1900)
‘1 exponential growth loading (W, = 229x 109; [1,=0.015)

.‘I‘I 9
O c=3+ 229x10 [£0-015(d~1900) — -0.01 d~1900] 1/,
4880x10°(0.01+0.015)

W (t) =229 [] 109 go.015(t-1900) W

= From 1930 to 1960: () =13.2 [ 10° (t-1930)

(1 exponential growth loading (W, = 229% 109; [1,=0.015)
+ linear loading ([, = 13.2x109)

C=3+ 229x10° [0-015(d~1900) — ¢—0.01 d=1900] )
4880x10°(0.01+0.015)
| X 9
0 2 10 01(t-1930)-1+e 0.01(d-1930)]

(0.01 ?x4880x10°
=3+1.88[£0:015(d-1900) — ¢-0.01(d-1900)]+27.05[0.01(t-1930)-

1+0.01(d-1930)]

I ‘ conditions are not included explicitly [] they are reflected in the
ant background level of 3 mg/L




Solution:

Concentration (mg/L)

O R N W b 01 O N OO ©
1

1900 1910 1920 1930 1940 1950 1960

Time




Feedforward System of Reactors (e.g. a series of lakes
connected by short rivers)

= model more complicated systems by combining reactors
= two general ways in which completely mixed reactors canbe
connected: feedforward andfeedback

(b) Feedback reactors



http://www.abettersewer.com/wp-content/uploads/2012/04/Lincoln-NE-Wastewater-Treatment-Plant.jpg
http://www.abettersewer.com/wp-content/uploads/2012/04/Lincoln-NE-Wastewater-Treatment-Plant.jpg
http://www.abettersewer.com/wp-content/uploads/2012/04/Lincoln-NE-Wastewater-Treatment-Plant.jpg

A. Two lakes in series

Q¢

k Ve

= Mass balance equations for reactors:

V, E—Wl Q12C1-k1V1Cy

V, Cg:WZ Q12C1-Q23C5-kyV,Co

Steady-state solutions:

Kk, Ve,

Qu

C, O L W, C, L W, ©
(] Q12 N KY Qs KV, (

Q23 L] lsVZ



01 Q. VA,
Co= Qs+ szzi(/Az 2 Qu+ kV,+VA, )Cy

Considf«f"/ing settling:

- Qp+ \}Al Qi+ VA,

Q¢

Cy =W c, ——Lw ¢

JlZ
Q23 + VA2

)C,

k,Ve,



Example 23: Suppose that three lakes connected in serieshavethe
following characteristics

1 2 3
Volume, 10° m? 2 4 3
Mean depth, m 3 7 3
Surface area, 10 m? 0.667 0.571 1.000
Loading, kg yr! 2000 4000 1000
Flow, 10° m? yr! 1.0 1.0 1.0 1.0

concentration in each of the lakes; (b) determine how much of the concentration in
ird lake is due to the loading to the second lake.

olution:

W, _ 2x10® gly
Q,*vv,  1.0x106 m3/y+(10™x0.667x106 m?)

(a) C, = = 0.26 m/m3

v\ \



w
C, = 2 4 Qup C,
Q,;t+vv, Qz3+vv62
. 4x10 1.0x106 < 0.26
10x106+(10x0571x10® T Tox10er10x0571x108
003—063m/m3
w
C3 — 3 + Q23 CZ
Dt e 1.0x108
— + ' x 0.63)= 0.15 m/m3

1.0x106+(10%1x10°) .0x1004+10x1x10°

.60 mg/L of C;is due to direct loadingW,

due to loading W; to reactor2

1.0x10°
= X 0.60 = 0.05m/ms3
1.0x106+10x1x106
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Example 24: Use the cascade model to simulate the steady-state
distribution of concentration in an elongated tank. The tank has a cross-
sectional area A.= 10 m?, length L = 100 m, velocity v = 100 m/hr, and
first-order reaction rate k = 2 hr-1. The inflow concentration is 1 mg/L.
| Usen=1, 2, 4, and 8 CSTRs to approximate the tank. Plot the results.

Solution:

Q=VA;=100 m/h x 10 m2= 1000 m3/h Total
volume =100 m x 10 m2= 1000 m3

13
c :E n=1
0.5 +
0¥ , , |
0 20 40 60 80 100
C ¥
;: n=
0.5 * 2
U :: 1 T L T 1 L 1 ¥ !
0 20 40 60 80 100
C T
05 I n=4
0 t T t T + t I = t . |
0 20 40 60 80 100
F 4 1Tr
05 n=3§
0 20 40 60 80 100



Example 25: Subsurface soil at a site is contaminated with diesel fuel at a
concentration of 1800 mg/kg. Above-ground remediation, using slurry
Moreactors, Is proposed. The treatment system is required to handle a sluryy
flow rate of 0.04 m3/min. The required final diesel concentration in the soil is
100 mg/kg. The reaction is first-order with a rate constant of 0.1/min, as
determined from a bench-scale study. Four different configurations of slurry
bioreactors in the CSTR mode are considered. Determine the final effluent
concentration from each of these arrangements an if it meets the cleanup
requirement:

(a) One 4-m3 reactor
h)  Two 2-m3reactors in series
(c) One 1-m3 reactor followed by one 3-m3reactor
(d) One 3-m3 reactor followed by one 1-m3reactor




C. Non-steady State
tion for Two Lakes 01t
beries

> Mass balances:

dC, dC
v = =W, — Q,C;— kV,.C, Vv, q t2 =W, + QC1— Qp3C;, —kpV,C,

v 276 loadings situation (W;=W>=0):

1

:ﬁ :Qi Q23
T A V+k1 A Vv V+k

1 2 2

di_—ﬂnq Initial conditions: C;= Cyg, C2= C,oatt=0>

ch — ﬂlzg _ /1 g — C e_ﬂllt C :C e_AZZt 2’21(:10 (e—/lnt _e—/lzgt)
dt b 1 10 2 20

l—/l

22




dC; -
Wi eGHeCEQCkYC iy
=W, + QxC,— Q.C, Kk VG,
[

dC
Ve dt

Vl

k,V,c, k,V,e,

2= W,+ Q12C;— Q3C,— QG —k;V,C,

8.11C1 Sts a12C2 =Wl
v’ Steady State situation:

a,C,+a,,C, =W,

where Al = Q12+k1V1 dip = _Q21
Az =-Q12 Az = Qa1 + Qa3 +KoV;

hteady State Solution:

1 1
C, = W, + W,
a, —(@,a /ay) ay — (a8, / 855 )
1 N 1
a,— (apa,/ay ) . Az — (anadiy/ an)

2



Non-steady State

on, with noloading:  g¢,

dC,

V, W =W, + Q,C,—Q.,C, Kk, V,C,
~dc
V, dt2: W+ Q1,C1— Q2C,— Q1C,—k,V,C,
k,V,e, k,V,e,
= ﬁ=—(Q&-k)lC-ll—Q2—1G ) dc, Qﬁc_(QZS"'QZl +k,)C
dt Vl Vl dt V 1 2 2
2 2
o, = V—12+ k a, = % a, Qi a,, = st;; Q12+k )
y ! 1 Vv, )
dC, - —a,C #a > initial condition: Ci= CIO, C,= Cgo at+=0
dt C > Non- steaql State Solution:
dC, ; C =C e et C =C e*'+C e
dt = 0,C,—a,,C, 1 1f 2 2f 2s

\% +0,)+ (gt a — 40y — a0 ,)
4

(ﬂf 0, )C1o— 01,Cy C 0512C20 (As— 2 )Cyp C
1s
AeA . Ard “

(ot ) - (e 5l ) Mg pd a
> 2

_—omCypo+ (A= 011)Cxo
ﬂ,f—ﬁ . 2s

_ — (A= u1)Cq+ 0 Cyo B
ﬂ'f_ﬂ' s

C

Y\



Example 26: The following two lakes include feedback of a fraction of the flow
(1) from the second lake back to the first lake:

1 2

Volume, 10 m?* 0.2 10
Mean depth. m B 20
Surface area, 10°m? 0.05 0.5
Loading, kg yr' 2000 4000

Solution:
{12 — (1+ D)Q:(1+05)x 106=1.5 x 106m3/y
1Q=0.5 x106 m3/y Q3= Q=1.0 x 106m3/y



Q2= (1+a)Q=(1+0.5)x 106= 1.5 x 106m3/y a S
=0.5 X 106m3/y

1.0 x 106m3/y a0

‘a1 = Qpp+VA; = 1.5 X 106 +10x 0.05 x 106 ! 2
_ Volume, 10¢ m* 0.2 10
—2)( 106 Mean depth, m 4 20
Surface area, 10°m?  0.05 0.5
dip = _Q21:_0'5 X106 L;a:ineg?::lyr' 3 2000 4000

ay = -Qp, = -1.5%106
Az = Qp1 + Q3 +VA, = 0.5% 106+106
+10x0.5% 106=6.5% 106

C, = L W, + L W,=1.224 mg/L=1224.m/L

Ay — (21811 8) a, —(a,a,/a;)
1 1

C, = W, + W, =0.898 mg/L=898ug /L
’ ap— (andz/az ) ' a,, — (a,a,/ay,) ‘ 9




Qe V. 1.5x10° 10 _Qa_ 0.5x10 - 2.5

+=- =10y =
V, H, 02x10° 4 “z V, 0.2x10°
1.5x10°
o, _Qy _ = 0.15y" , =QutQ, v _10°415x10°, 10_ 0.75y"
V, 10x10 2 v, H, 10x10° 20

| 2 _ _ _ 2 _ _
2, (aytra Yyl azzz X G =A@ _ 1404 vioa (ot a ) (@ fraz)z Ha & 5 a%)l_o_ny_l

_ (A - )y )Coo — a1,Cy _ 1,Ch— (A= )Cyp
C.= =978.13 C, = > =245.87
1f ﬂ.f— 2 S 1 ﬂ/f_ ﬂ’s
/
C, =_ 1 Cro+ (Ai— 1)Co_ 15 g3 Cy = = (4= 0)Coo + 0Cag =913.83
2 ﬁf_ ﬂ/s ﬂ/f - /15
/

C, = 978.13¢-1004 4 245 8707
C, = —15.83e-1004+913.83¢ 071
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C_ 1 dCZ :WZ +Q12 q _Q23 CZ_ Q21C2_ C
H, dt Vv, V, -V, v, ,

Q1 1
C1

o

(L} r
Qutflow1to?2

Loading1

H1  settling velocity
Graph 1

Table 1

To reactor

Settlin

settling velocity H2



With initial concentration of 0, W, = 2x10s
N S ——




Thank you
Any question ?




Chapter three

iver water quality modelling



1. IDEAL REACTORS

» Ideal reactors are model systems for which the transport and
mixing processes are exactly defined (e.g., perfect mixing in
all directions or no mixing at all in the axial direction)

> Types of Ideal Reactors:

v' Batch reactor: The flow enters the reactor, is treated
and then is discharged, and the cycle repeats. Once the
processing starts, flow does not enter or leave the

&~ reactor. Used for small operations.

Sequencing
Batch Reactor:

http://www.directindustry.com
/prod/agua-aerobic-systems-
inc/sequencing-batch-reactors-
sbr-89335-876857.html



http://en.wikipedia.org/wiki/
http://www.directindustry.com/prod/aqua-aerobic-systems-inc/sequencing-batch-reactors-sbr-89335-876857.html
http://www.directindustry.com/prod/aqua-aerobic-systems-inc/sequencing-batch-reactors-sbr-89335-876857.html
http://www.directindustry.com/prod/aqua-aerobic-systems-inc/sequencing-batch-reactors-sbr-89335-876857.html
http://www.directindustry.com/prod/aqua-aerobic-systems-inc/sequencing-batch-reactors-sbr-89335-876857.html

v' Continuously stirred tank reactor (CSTR): Complete
mixing occurs uniformly throughout the reactor as fluid
enters the reactor. Usually L = W.

Mixer

Aerobic Digester

http://www.fountainsanitation.com
/Treatment/AerobicDigester.htm

Aerated lagoon:


http://www.sites.mech.ubc.ca/%7Epougatch/lagoon.html
http://www.sites.mech.ubc.ca/%7Epougatch/lagoon.html
http://www.fountainsanitation.com/Treatment/AerobicDigester.htm
http://www.fountainsanitation.com/Treatment/AerobicDigester.htm

v Plug-flow reactor
(PFR): Fluid passes
through the
reactor with little
or no longitudinal
mixing and leaves
the reactor in the

same sequence as
they entered. Long
rectangular tanks
with L>W

Qutflow Outflow



http://www.panoramio.com/photo/37898431
http://www.panoramio.com/photo/37898431

v' Stirred tank cascade

Mixer Mixer Mixer

Inflow = i = ol 1 B I E Outﬂiw
Q. CO I Q, C1 I Q. Q Q. Cn

v, Vo Vn

v' Recycle reactor

A}

Recycle reactor




(1)PLUG-FLOW REACTOR

(PFR>) well-mixed laterally 5. e v
and vertically o - . wids “““"“;’IH?*
> variations in the i |
longitudinal dimension ; T
(advection dominates)

0 L
> Mass balance equation:
(AV) (gt—c =J. A-J ,, Axreaction

where AV = volume of the element [L3]= A.AX; A.= cross-
sectional area of the reactor [L2] = BH, B = channel width [L], H =
depth [L], Jinand Jout = mass flux in and out of the element due
to transport [ML-2T-1], reaction = gain or loss of mass within the
element due to reaction [MT-1]

J..=UC (AV)% —UCA.-U (C+%XAX)AC—K(AV)C

oC oC
J.=U(C+ Py AX) =—UA, &(Ax) —K(av)C

reaction = K(AV)C _ =—U(AV) %f( —K(AV)C




oC oC

v Assumptions made:
eﬁ:—uﬁf kC p

¢+ Q constant ¢ A.constant & U constant
¢ k constant e completely mixed in cross-section

> Steady-State Solution:
> i -k Where C=Cyat x=0
%:_U%Cx_kczo © fel D c=Chev (boundary condition)

Example 47: In Example 24 we used a cascade model to simulate the
steady-state distribution of concentration in an elongated tank. The tank
has a cross-sectional area A.= 10 m2, length L = 100 m, velocity U = 100
m/hr, and first-order reaction rate k = 2 hr-1. Use the plug-flow model to
compute the steady-state concentration distribution for the tank.




SOLUTI u=100m/hr, k=2hr-, C,=1mg/L
ON:

D C_Ce U —1xe 10 —g00 Where C is in mg/L and x is in m)




> Estimate reaction rate constant k:
_ —kx C _—kX

C=Cel ¢ ¢ > i (S| 1))

(Co)  \UJ
v plot In(C/Cp) versus (x/U) = Slope = -k = k = -Slope
Example 48: The contaminant concentration profile in a river

with mean velocity of 0.4 m/s is given below from field
measurement. Estimate the degradation constant (k).

X (km) C(mg/L) x(km) C(mg/L) x(km) C(mg/L) x(km) C (mg/L)
0 10.0 10 9.1 30 7.6 100 4.2
5 9.4 20 8.4 50 6.4 200 1.9




SOLUTI x (km) C(mg/L) C/Co In(C/Co) x/u(s) x/u(day)

ON: 0 10 1 0.00 0 0.00
5 94 094 2006 12500 0.14
2> k= -Slope 10 9.1 0.91 20.09 25000 0.29
0.28 = 64 20 84 084 017 50000 0.58
day-! 30 76 076 2027 75000 0.87
50 64 064 -0.45 125000 1.45
100 42 042 -0.87 250000 2.89
l 200 19 0.19 _1.66 500000 5.79
b b
0.5 -
0 y = -0.2864x - 0.0175
S
S -05 -
<
_1 —
1.5

0 50 100 150 200 250 300
x (km)




(2) COMPARISON OF CSTR .
Mixer
erFaRoy-sluresoluTion for CSTR

with first-order reaction:

0 Inflow e | Outflow
- -

C_CinQ+kV Q Cin k,V QcC

= Performance efficiency .

defined by transfer function B: e

_Cc_ Q 1 _(1Y1-8)
> ﬂ_c T Q+KV  l+ke, > Tw@STR)_(F) %J

in

(b) steady-state solution for PFR

with first-order reaction:
—Kx Qutflow

C:CineU
—k(—x\
eﬂ:_g_:e LU}:e_kKN(PFR)
r _(1\In(1) s )
MRS kJ S Inflow ==




(C) COMPARISON OF CSTR

ANDP;w(CSTR) [ ) = ’B'mJ Tw(pFR) (1\"”(?

14

12
10

tw(csTR)/tw(PFR)

8
6
4 _
2
0 T T T T
0 0.2 0.4 0.6 0.8 1
Efficiency

» CSTR always requires a higher residence time to
achieve a desired efficiency = for first-order
reactions the PFR is more efficient than CSTR for

removini iolluTanTs



(3) Mixed-Flow
Reactor

-
[

i
- |

!

» Governing Equation:

oC_ oC. _&C ; ‘ﬂ' e &
= — U - E — kC L x
ot OX OX? S
. U™ +E__-kC=0
» Steady-State Solution: dx X

d<

Let C=e* Then: dC _ Jex  and = 1
dx dx?
= _Ule™+Efe*—ke#*=0 = (UA+EA-K)e#*=0
. ufl | AkE
A= El|+ L J

2 E2-Ul-k=0 <




v’ Steady-State Solution:
C = Fe® + Ge”*

2=Vl L oE) 2=Vl
tO2EL uz) * 2E

Where:

uC, e UC Ae *
F= G=
(U-EA)Ae™”* —(U-EA)Ae * (U-EAL)Ae™* —(U-EA)Ag™

Example 49: For the same system as in Example 47, compute
the concentration using the mixed-flow model with dispersion
coefficients of E = 2000 and 10000 m2/hr. Plot the results
along with the PFR and CSTR models for the same tank.




E =

C(mglL)

SOLUTION: E=2000 10000 PFR CSTR
A 0.065 0.020
_ Ui, pAEY g _Ufg L aE) :
%_2E|6‘+ U2) 2 ZEK " UZJ I}:\‘Z '0015 '8812
F:Dinz ucC /le/lzL G_m‘“ uc /’ieﬁ&L 5657E-05 0506
(U-E Z)de™ —(U—E A)Ae™ (U—E A)Ae™ — (U-EA)Aip™ SN
o tor—C = Fehx 4 Gekx- X =0 0.77 0.52 1.00 0.33
10 0.66 0.47 0.82 0.33
K 20 0.56 0.43 0.67 0.33
) =2 X
For PFR: C=C,e " 30 0.48 040 055 0.33
40 0.42 0.37 045 0.33
1.00 50 036 034 037 0.33
— PFR ___E=2000 ___E=10000 ______CSTR 60 031 032 030 033
>0 70 027 030 025 0.33
N 80 024 029 020 0.33
0.60 | s 90 021  0.28 0.17 0.33
~ — RN 100 0.20 0.28 0.14 0.33
— ~ \\\
0.40 - T~ N
o2 1 T{Toee
For CSTR:
0.00 ‘ ‘ ‘ ‘
0 20 40 60 80 100

in

X (m)




2. APPLICATION OF PFR MODEL TO
Q, C, _»

?S EAMS
oint Source
> Mass balance equation:
— (QU +Q9)C0 // effluent
CO ~ QeCe —
Qu +Q.

QuCu + QeCe
QuCu + QeC dcC C
Qu'l'Qe If Qu» Qean e > ue



http://www.piquenewsmagazine.com/whistler/sewage-plant-upgrades-ahead-of-schedule/Content?oid=2159992
http://www.piquenewsmagazine.com/whistler/sewage-plant-upgrades-ahead-of-schedule/Content?oid=2159992
http://www.piquenewsmagazine.com/whistler/sewage-plant-upgrades-ahead-of-schedule/Content?oid=2159992

Example 50: A point source is discharged to a river having the
following characteristics (see figure above) : Q= 12x106
m3/day, C,= 1 mg/L, Q.= 0.5x106 m3/day, and C, = 400 mg/ L. (a)
determine the initial concentration assuming complete mixing
vertically-and-ateraly—(b)-caletlate+the-concentrationof-the
pollutant for 8000 m below the discharge point. Note that the
stream has a cross-sectional area of 2000 m2 and the pollutant
reacts with first-order decay (k = 0.8 day-1).

SOLUTI
C c. — QG +QC._(12x10°m*/d)(Img /L) + (0.5x10°m*/d)(400mg /L) _
(@) “~"g 1a. 12x10°m?/ d + 0.5x10° m*/d o

(b) U _Q _Q+Q._ 2x10°+05x10° Jn*/d _ orp
A A 2000m?

k _ 0.8x

=2 C=Cge U — 16,966 6250 mg /L Where x IS Inm




SOLUTION:

18
16
14
12
10 -

C (mg/L)

o N A~ OO 0
\

0 1000 2000 3000 4000 5000 6000 7000 8000

X (m)



(2) Distributed Source JUTTTTY

> For uniformly distributed
source:

at aX d o o

, S
i [
C_ yX_yc+s XE0 X M
L
where Sy = distributed source [ML-3T-1] 3



http://oregonstate.edu/sustainability/water
http://oregonstate.edu/sustainability/water

> Steady-State Solution: JILI T

U9 _kc+s =0 — U :
dx ‘ i “[r’
- ; :
dc{k\czsd X0 X M
5 J dx \U) U )\

) S
C=C, at x=0 B i +T<L

|
D
C =

Example 51: Suppose that for the same problem setting as in
Example 50, a uniform distributed source load with no flow
contribution begins 8 km downstream from the point source.
The distributed source has a value of 15 g m-3d-1and continues
for an additional 8 km. Thereafter all loadings terminate.
Determine the concentration for the stretch 24 km below the
oint source. Note that the cross-sectional area increases to




SOLUTI

ONCmy cmg/)  x(m)

0]
500
1000
1500
2000
2500
3000
3500
4000
4500
5000

5500
6000

6500
7000
7500
8000

16.96
15.91
14.92
14.00
13.13
12.32
1155
10.84
10.16

9.53

8.94

8.39
7.87

7.38
6.92
6.49
6.09

8000
8500
9000
9500
10000
10500
11000
11500
12000
12500
13000

13500
14000

14500
15000
15500
16000

C (mg/L)

6.09
7.25
8.30

9.26
10.13
10.92
11.63
12.29
12.88
13.41
13.90

14.35
14.75

15.12
15.45
15.75
16.02

X (M)

16000
16500
17000
17500
18000
18500
19000
19500
20000
20500
21000

21500
22000

22500
23000
23500
24000

C (mg/L)

16.02
1456
13.23_
12.02
10.92
9.92
9.01
8.18
744
6.75
6.14

5.57
5.06

4.60
418
3.80
3.45



O I I I I I
0 4000 8000 12000 16000 20000 24000

X (m)



3. DISSOLVED OXYGEN IN

RBVErfoswidely used indicators of overall ecological health
of water body (e.g., fish need 4 Yo 5 mg/L tosurvive)

(1) Biochemical oxygen demand (BOD)

» BOD = the amount of oxygen required by microorganisms
to oxidize organic wastes aerobically
> an indirect measure of organic content of a sample



http://winnipeg.ca/waterandwaste/sewage/NEWPCC/shutdownSummary.stm
http://winnipeg.ca/waterandwaste/sewage/NEWPCC/shutdownSummary.stm

» L:= concentration of organic L
matter remaining at time t 07
=> potential total O, demand -
= BODr‘emaining at time t L

> Lo= initial value of BOD =2
the amount of total O; -
requirement to oxidize
completely all of the organic BODremaining

material = BODulTima‘re l ¥ | |
Timet

>> BOD; = BODy1z05 >
7 — amount of O, consumed
remaining through time t

BODutilized + BODremaining — BODultimate

BODutiized BODremaining = BODjtimate <€kt
BOI:)utilized — BODuItimate(l - e—kt)

Y - - § Or: BOD;= Lg(1 - ekt
Time t

BODutiIized

BOD
BOD; 1




» BODs =» standard test to measure over 5 days BOD of a
waste:

v' Measure initial DO
v' Incubate sample for 5 days

v' Measure final DO
v’ The BODb is the amount of DO used up over the 5-day period

BOD5 — Lo(l - e'5k)

> | _ BOD,
0o 1_ e—5k



http://www.ysi.com/parametersdetail.php?Biochemical-Oxygen-Demand---BOD-5
http://www.ysi.com/parametersdetail.php?Biochemical-Oxygen-Demand---BOD-5

(2) Effects of O, demanding wastes on DO inrivers

Pib:s

D
(mgfl) O, Sag

/ Curve

Diistance



> Dissolved oxygen:

v' drops in the decomposition zone (conditions are ideal for the rapid
growth of plants, algae and other organisms)

v' remains low and approximately constant in the septic zone (oxygen
is Too low to support organisms that live by aerobic respiration)

v' increases in the recovery zone to its original level.

Clean Zone Decomposition Septic Zone Recovery Zone Clean Zone
Zone
Trout, perch, bass Rough fish Fish absent Rough fish Trowt, perch, bass
Mayfly, stone fly and Leaches Sludge worms, Leaches, isopods Mayfly, stone fly and
. midge and mosquito larvae caddis fly larvae



http://www.unc.edu/courses/2005fall/envr/051/001/05watpol05.jpg

» Oxygen deficit D = difference betweensaturation
concentration and actual concentration of DO

D = DOg— DO = C4-C

Pollution Velocity, u
} —
W
Wm
Ort=0 |

Initial deficit Dy Saturation DO (DO)

Y
Deficit (D)

Critical Point

DO, .
T e Dissolved Oxygen (DO)

| '

Dissolved Oxygen (DO)

X Ort, Distance or time downstream




> Deoxygenation

v' Rate of deoxygenation is proportional to L;at any point =
the greater the BOD, the faster the deoxygenation rate

~__d(DO)_y |
d dt d t
where river and wastewater mix 0 71— @5k

v’ Sample waste, measure BODs = calculate Lo yaste
v’ Sample river, measure BODs = calculate Lo ypstrean
v Sample mixed water, measure BODs = calculate Lo nix

_ Qu Lo’u +QW LO,W \_/_\
0,mix
Qu +QW Qur I—O,u —" —> Q; I—O,miX
Plug flow _Ka 1

I—x — I—O,mixe v




Example 52: A wastewater treatment plant discharge 1.0 m3/s of
effluent with a BODyjtimate = Lo = 40 mg/L into a stream flowing 10 m3/s.
Upstream of the waste discharge, the stream has a BODimate = 3.0
mg/L. Assume the deoxygenation rate constant ky= 0.22/day. (a) What
is the BODyjtimate of the wastewater plus stream mixture assuming
instantaneous mixing at point of discharge (i.e. Loat discharge of point)?
(b) What is the BOD at 10000 m downstream assuming a constant cross-
sectional area of 55 m2 for the stream? (c) What is the rateof
deoxygenation 10000 m downstream? e o

50|U'|'i0n: Qu, LO'” —" _’ Q, LO,mix

() Lome = Qulou+Qulow _10x3.0+1.0x40 _g grq /| / //QW L,
| QU T QW 10+1.0 Wastewater

(b) U - Q _Qu+Q._ 11m*/s 86400s
A A 55m? 1d

C C

=1.7x10*m/d

Ky (0221 y(10000m

L= Lo mis® U _ 6.4xe 17x10'm/d” = 5 6mg /L

r =k L =(0.22d%)x(5.6mg/L) =12 MY
d dt L-day '




> Reaeration

v' Rate of reaeration is proportional to the oxygen
deficit at any point = the greater the deficit D, the

faster the reaeration rate
r.=k,D

v' Reaeration rate constant depends on river velocity

and depth , .
- O'Connor-Dobbins Formula

“u_ Wwhere k,(20°C) = reaeration rate constant
K,(20°C) =3.9 H3 at 20 °C (1/day). u = average stream velocity
(m/s); H = average stream depth (m)

Pollution Velocity, u

+ . \__'___-—"_-_-__'-_'_-’-_-_--‘_‘——'-___-_“\__._
FX‘M -
Ort=0
Initia_ILdeficitDo Saturation DO (DOq)
Defic?;(D)

Critical Point

 DOmin e Dissolved Oxygen (DO)
1 }
_ X.Oort. Distance or time downstream
T T i B

Dissolved Oxygen (DO)




5. STREETER-PHELPS EQUATION
» The most prevalent model to describe the quality of water in

streams, rivers and lakes

> Addition of wastewater (BOD) typically causes a slow

decrease in O, followed by a gradual increase close to the
dissolved oxygen (D.O.) saturation concentration

> The equation was derived by
Streeter and Phelps in 1925,
based on field data from the
Ohio River

> Assumptions of the Model:

v' stream is an ideal plug flow
reactor

v' The only reactions of
intferest are BOD exertion
and transfer of oxygen

—BOD

DO

Concentration

-

DOcrit [s2==

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

e

X -
0
-
=4

Distance
http://en.wikipedia.org/wiki/Streeter%E2%80%93P
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Earle Bernard Phelps (1876-1953) was a chemist,

bacteriologist and sanitary expert. He is known for his
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(1) Mass Balance for Well-Mixed System
pe

1

l
i, J L D . o a,
Ml * | V
L ) K Y\ t
| 25 bavinAfl | !

> for BOD:
dL db_ _y | | p K
Vo= VL T > L({)=Lg

where Lo = initial BODyjyimgteat t = 0, ky=
deoxygenation rate constant

> for DO:
dD_ _dO
do -0 - =
V= Vk, (0, - 0) - VkL LetD=0,-0 = 4
dD d_D dD —k ¢
Q—VE=VkaD—deL = i = K&~ KkD = 5t HkaD =kgLoe

kLo
k, —k,

a

D(t) =D "'+ (e‘kdt e



(2) Point-Source Streeter-Phelps Equation

— : > the reach is steady-state
and is characterized by plug
T . flow with constant
0 X —hydrotogy and geometry
» Governing equation:
i=—U8L—de and -y L b k,L

ot OX ot OX
A. Steady-State Solution:

ol o a_ [
> 4 de kL=0 =>» m

where L = Loand D = Dgat x =

[ -k _5‘”} 0, ky= deoxygenation rate

—k, x )
9 D(X) — Doe U +%| el u _e
ka _kd\




—Kay 5 —Kay DKOL ( _kay —Kay
L(x) =Ly and DO)=Dg v + l'((je| v ey

a \
B. Critical Point (x., D.)
> Critical deficit = occurs at location with maximum D

Pollution Velocity, U
' —

W -~
Ry e e e S

Ort=0

Initial deficit D, Saturation DO (DO,)

_ ————+— ————————————————————————————— e
@ :

2 Deficit (D)

C

Q

o]4]

< Critical Point

@

2 DO,

% T e Dissolved Oxygen (DO)

7 |

: 1 |

l X Or t, Distance or time downstream l
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B. Critical Point (x., D,)

" . . . . A' _k_‘fxc A' =
» Critical deficit Dl T — el
A-(.' ka
» Critical Distance (x.) - ol Ka| | Dok —k)
ka _kd lkd kdI‘o
> Critical Travel Time () , -_ ! [k, D.Gk—k)
© k,—ky k| k,L,
Pollution Velocity, U
*WMM
“x=0 _
Ort=0
’g Initi;a_l deficit D, Saturation DO (DO,)
o e —— o
& Deficit (D)
>
>
O
©
S
o F-————"" Dissolved Oxygen
% [
o | (DO)
X.or t. Distance or time

downstream




Example 53: The BODtimate of a river just below a sewage outfall is
50 mg/L. The upstream DO is saturate, with DOg,: = 10 mg/L. The only
source of BOD in this river is this single sewage outfall. ky= 0.30/day,
ke= 0.90/day, U = 48 km/day. (a) find critical distance downstream at
which DO is minimum; (b) find minimum DO (DO at critical point); (c)
what fraction of BOD must be removed from sewage to assure a
minimum of 5.0 mg/L DO?

Example 54: A plug-flow stream at 20 °C has a velocity of 0.3 m/s,a
mean depth of 1.2 m, and a deoxygenation rate constant of 0.6/day.
The ultimate BOD concentration at x = 0 is 10.0 mg/L, and the DO
deficit at x = 0 is 0.0 mg/L. Estimate the reaeration rate constant
and plot (a) the BOD concentration versus downstream distance, (b)
the DO deficit versus downstream distance, and (c¢) the reaeration
rate (in mg/L/day) and the deoxygenation rate (in mg/L/day) versus
distance_Where is the regeration rate equal to the deoxygenation



SOLUTI

ON: k =3.9 L:3,9 Ezl.GBd‘l
] H? 1.2°

X (km) L (mg/L) kgL (mg/L/day) D (mg/L) kaD (mg/L/day)

0 10.00 6.00 0.00 0.00
10 7.93 4.76 1.52 2.47
20 6.29 3.78 2.01 3.28
30 4.99 3.00 2.03 3.30
40 3.96 2.38 1.84 2.99
50 3.14 1.89 1.58 2.58
60 2.49 1.50 1.32 2.15
70 1.98 1.19 1.08 1.76
80 1.57 0.94 0.88 1.43
90 1.25 0.75 0.71 1.15

100 0.99 0.59 0.56 0.92
110 0.78 0.47 0.45 0.73
120 0.62 0.37 0.36 0.59
130 0.49 0.30 0.29 0.47
140 0.39 0.23 0.23 0.37
150 0.31 0.19 0.18 0.29



_e_ BOD CONCENTRATION _e— DO Deficit (mg/L)

—a (MG/L) REAERATION _x Deoxygenation rate (mg/L/day)
12 RATE (MG/L/DAY)

0 20 40 60 80 100 120 140 160
Distance x (km)



5. MODIFICATIONS TO STREETER-PHELPS EQUATION
(1) Sources and sinks of dissolved oxygen:

> Reaeration

> Oxidatonofcart BOD-(CROD)
v' represents the portion of oxygen demand involved in
the conversion of organic carbon to carbon dioxide.

» Oxidation of nitrogenous
BOD (NBOD)

bacteria
NH4+ + 202 — NO3' + Hzo +2H+

g

Second stage: combined
carbonaceous - plus
nitrogenous - demand curve

o

A

First stage: carbonacsous - demand
CLEwE

v' represents the portion
of oxygen demand
anOIved ln The | 0 é A{ EiI EII 1I|:I 1|2 1I4 1|Ei 1IEI E!EI EIE 2|4 EIEi EIE! SIEI
conversion of organic TIME, INDAYS
hitrogen, ammonia, and .

BIOCHEMICAL OxY GEN DEMAND




(1) SOURCES AND SINKS OF DISSOLVED OXYGEN:

> Photosynthesis
> Respiration
» Sediment oxygen demand

» Background BOD (nonpoint source
runoff)

(2) Background DO deficit

» Continuous input of CBOD due to runoff from agrucul’ruml
land, storm water discharge, and highway runoff etc. 2
Background BOD = Background DO deficit

oD aD :
D__yL_kp+k L = For steady state: , dD
PO g Y _dx =-k,D+k,L

» under steady-state conditions and continuous background
concentration of CBOD = constant background DO deficit:

w92 K D 4k, =0 _kyL, Dy typically 0.5 ~2 mg/L =2

dx



http://ian.umces.edu/imagelibrary/displayimage-1032.html
http://ian.umces.edu/imagelibrary/displayimage-1032.html

(3) STEADY STATE ONE-DIMENSIONAL CBOD, NBOD,
AND DISSOLVED OXYGEN MASS BALANCE

o i
oL__yoL kL IOML L wB R e (kL+k Lv)+k (C ~C)+P-R-Se
o ox tox o ox H

Where u=—river-veloeity-tr/Tr=distancett}+=EBOD-eonecentration
[M/L3]; k.= total CBOD loss rate constant [1/T]; LN= NBOD

concentration [M/L3]; ky = NBOD decay rate constant [1/T]; C =
Dissolved oxygen concentration [ML-3]; k4= CBOD deoxygenation rate
constant [1/T]; Cs = saturation concentration of dissolved oxygen
[M/L3]; P = Average gross photosynthetic production of dissolved
oxygen [M/(L3-T)]; R = Average respiration rate [M/(L3-T)]; Sg= Areal
sediment oxygen demand (SOD) [M/(L2-T)]; H = Mean depth of river [L]

> Assume L = particulate CBOD + dissolved CBOD = L, +L4

v' Particulate CBOD =» settling rate constant k;
v' Dissolved CBOD =» deoxygenation rate constant ky
v’ Loss rate constant k.= ks + kg




UseD=C,-C > & =—UZX—D+(de+kNLN)—kl;)—P+R+Sﬁ

ot
» Steady State:
—,dL kn

—kKr o \ —Kn
—ud—L—erzo 9 L(x)=L0e U and Ud——kNL=O 9 LN(X):LNOe U

dx X
D Sy _
—uﬁ+(de+kNLN)—kp—P+R+ ﬁ—O

kX [ X

el —knlig
= ud—D+kaD:de+kNLN+(R—P)+?_I—B:IgjLoe sk e kU)+(R—F’)+—?’-j|*‘

dx
(4) Principle of Superposition
> linear differential equation = the additional sources and
sinks of dissolved oxygen can be solved individually = their
solutions can be summed to yield the overall solution
» summation of the various solutions for each source and sink
—a-—-kax/u k L —KnX/U —KaX/U
D:Doe_kaX/u + kdl—o_(e—er/u eTa/t) + TN (el —giaxlt)
k, —k, K, =k

N Sg (1—ekexlu) + R_P(l_e—kax/u)+ Kq Lp
k,H K, K,




Ca AND Cg: BOD IN REACH

6. Multiple Sources A AND REACH B
Ci.: BOD due to waste 1lin
ﬂ{]rganic waste 1 ﬁ{]rganic waste 2 reach a :
. Ci: BOD due to waste 1 in
| i b
reach a: x, uj, Q. m . rEesaEChl e 2in
Ky, Ka1,br Kaoyp reach b

\\/\ﬁ—/ K410 and Ky p: deoxygenation

x,=0 rate constant of wastel
in reach a and reach b

X k42 b+ deoxygenation rate

” constant of waste 2in
reach b

L
W

Ugand up: flow velocity in reach a and reach b
Qqand Qp: flow rate in reach a and reach b

C100: BOD at x = O due to waste 1 in reach a
Cibo: BOD at x = L due to waste 1 inreach b
Cab0: BOD at x = L due to waste 2 in reach b

= Ca = Cla and Cb = Clb +C2b




ﬁ{}rganic waste 1 ﬁ{]rganic waste 2 —Kd Lay
ClA_ C1A,0E

S :
| reach a: x,, u,, | reach b: x,, uy,

_kd la L

Ua
QaCla,Oe

Ko Ko Kans

1,0
Q,

—Kazp (1)
Clb — C1b,oe "




7. RIVER SEGMENTATION

> River segment is necessary when boundary conditions or
parameters change in a dissolved oxygen model

> Bound once To) hange:

v' Tributary input or confluence

v Wastewater discharge

v Dams or rapids

v i.e. changes in the boundary concentrations Do, Lo
and LNy would require a new stream segment

> Process = dividing the river into segments of constant
coefficients

Ll _ . —

e
P
-
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Q,, C, >ewage Sewage

Tributary
L, T, Treatment 1 Treatment
Qi G plant #1 plant #2
Ll# Tl
Co. Ly, To=?
Reach #0 Reach #1 Reach #2
> | - QL+ Q,L q T = QT+ QT
0o an 0
Q:+Q; Q+Q,
C = Q:C,+Q.C; 5 D,=C.._C Where C,; is saturated
0 07 ~sat— >0 dissolved oxygen
Q:+Q;

concentrationat T =T,
=» Then for reach #1:

_kyq ke, - o,
L(x) =Lg U _and DX =D u" +LBtle, v e \J



Example 55: A tributary merges with a river. Calculate the
concentrations of dissolved oxygen, DO deficit, CBOD, and
temperature at the confluence for use in a DO model.

River Tributary Tributary
T=263°C T=249°C 1Q-, C.
Csa'r,r' =84 mg/L qu-[-'-r = 8.6 mg/L Q. C LT
C.= 7.3 mg/L(DO) Ci= 6.8 mg/L(DO) L. T, o
L.= 3.0 mg/L(CBOD) L:=6.0mg/L(CBOD) R
~= 2000 cfs Q; =500 cfs Co Lo, To=?
Solution: L = QL +QiL; _ 2000x3.0+500x6.0 _ 3.6mg/ L
Q, + 0, 2000+500
T = Q/T,+QT,_ 2000x 26.3+500x24.9 _ 26°C C.. =8.3mg/L
Q, +Q, 2000+500
C, - QC,+QC, _ 2000x7.3+500x6.8 _7 5o /| Do=Ce —Co
Q:+Q; 2000+500 =8.3-7.2

=1.1mg/L




8. ADVECTION-DISPERSION MODEL FOR LARGE
RIVERS AND ESTUARIES

» Governing equation for BOD:

oL oL 0°L

a U Eae .
~ wnsie LAy — oo giimate A€ X and € [ML-3],x = distance [L],t
= time [T], u = mean velocity (freshwater) in the river or
estuary (equal to freshwater flow rate divided by average

cross-sectional area) [LT-],E

= dispersion coefficient [L2T-!], ky = deoxygenationrate
constant[T-1].

2 for DO:
DD
X

o Yox

where D(x,t) = D.O. deficit at x and t [ML-3], k, = reaeration rate
constant [T-1].




» Steady-state conditions:

[ dL _di |
_udx+de2_k°L:0 W, input of BOD

~dD  d?D ~  —
| " Uggt E gzt kil —keD=0 Net flow Q '

1L(x0) =0 -
|
|

L(0) = L,

N \_/'rh
D(+) =0

LD(O) =Dy

— ———

Ocean or large river

> Solutions to the steady-state equations:

_ ux
L = Lexp 241 m )]

wkoowil1 T
L= and Y- (kjk)QL Pl

1 1
exp| o (1+ m) [ o exp[L (1= mﬂj




Example 56: A continuous wastewater BOD discharge is released to a
coastal plain estuary. Laboratory and field measurements were
performed to estimate the parameters given below: E = 15 mi2/day, kq=
0.15/day, u = 3.57 mi/day, k.= 0.18/day, W/Q = 18.5 mg/L. Solve for the
steady-state BOD concentration and the D.O. deficit both upstream and
downstredm from The discharge point (X = O).

SOLUTI
M= /1+ﬂ%5 1+ 4x0.15d x15mi /d _; o . \/1+_4kaE _ 1y 4%0.18x15 _ 4 46
u (3.57mi/d)? u? (3.57)2
LW _18.oma/L_ 14 16mg /L u _ 357mifd 10
Qm, 131 2E 2 x15mi?/d
2_“E(1+ m)=0.119x (1+1.31) =0.2749 %(1— m ) =0.119x (1-1.31) = —0.03689

u
U (14 m)=0.119 x (1+1.36) = 0.2808 i )= QI (U=1L08) = 028
2E
ke W _ 015

— = x18.5=92.5mg/ L
(ko —ky) Q (0.18-0.15)




> THEN FOR UPSTREAM (X

L(x) = Lexp[ l£(1_|_ m )] = 14.16e 0274

D(x) =

(k, —ka) _kd)Q

[ ux

prE

(L+m) T—lngéXpU[*XZ e

= 925 X ©.763eo.2749X _ 0.735e0.2808x )

=>» Then for downstream (x > 0):

L(x) = Lexp[ l%(l_ m )] = 14.16¢ 00368

D(x)=

kd W g 1
(k,~ks) Q [m,
=92.5><©.763e -0.03689x — (). 735e-0- 04284x)

ruX(l mﬂrexpu'[%l m 2)| 50

x (mile) L (mg/L)

-20
-15
-10
N -5

BT

5
10
15
20
25
30
35
40
45

55
60
65
70
75
80

0.06
0.23
0.91
3.58
14.16
11.77
9.79
8.14
6.77
5.63
4.68
3.89
3.24
2.69
2.24
1.86
1.55
1.29
1.07
0.89
0.74

D (mg/L)

0.04
0.14
0.42
1.16
2.60
3.82
451
483
4.89
4.77
4.53
423
3.89
3.53
3.18
2.84
2.52
2.22
1.95
1.70
1.48




\w, input of BOD

N..._______’__.---""'_:

Net flow Q | Ocean or large river

—

B —

—e— BOD Concentration —— D.O. Deficit

=
o

—_— L — 4

el ol
o N B
| | |

Concentration (mg/L)
oo

0 \ \ \ !
-40 -20 0 20 40 60 80

. distance x (mile) .



Thank you
Any question ?




Chapter Four

Eutrophication and Lake
Morphology




Introduction

* FEutrophication is an enrichment of water by nutrient salts that

causes structural changes to the ecosystem such as:

v" increased production of algae and aquatic plants,

v" depletion of fish species,

v' general deterioration of water quality and other effects that reduce and
preclude use

= The cultural eutrophication process consists of a continuous increase Iin
the contribution of nutrients, mainly nitrogen and phosphorus (organic
load) until it exceeds the capacity of the water body (i.e. the capacity of a
lake, river or sea to purify itself) , triggering structural changes in the
waters.

» These structural changes mainly depend on 3 factors:



Introduction

< Use of fertilizers: Agricultural practices and the use of fertlllzers in the 50|I
contribute to the accumulation of nutrient — :

¢ Discharge of waste water into water bodies: In various parts of the world, and
particularly in developing countries, waste water is discharaed directlv into water
bodies such as rivers, lakes and seas.

+» Reduction of self purification capacity: Over the years, lakes accumulate large
quantities of solid material transported by the water (sediments).




Introduction

NUTRIENT soLar )=

INTAKE \ ENERGY
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Eutrophication Problem & Nutrients

¢ The addition of nutrients (Phosphorus an Nitrogen) to
natural water stimulates plant growth.

** When lakes, streams, and estuaries are overfertilized, the
resulting excessive plant growth can become a serious
water guality problem.

“ “overfertilization” I1s referred to as “eutrophication”,
originally used to describe aging process whereby a lake
Is transformed from a lake to a marsh to a meadow (fill
the lake with sediments).

¢ “Cultural eutrophication” — the lake aging process Is
quickened or accelerated by excess nutrients from
human activities.






Measurement Techniques for eutrophication

» Counts (number/milliliter) of specific phytoplankton species;
* Cell volume of species (biomass);

e Chlorophyll-a concentration (ng/l) — a measure of the gross
level of phytoplankton; or

o Secchi disk depth (m) — a surrogate (quick and easy to
measurement)

e Secchi disk a small disk, divided into black and white
quadrants, that is lowered into water to visually observe water
clarity and estimate the depth of the euphotic zone



Nutrients causing eutrophication
¢ Phosphorus (P) and Nitrogen (N)

«* Phosphorus Is usually in short supply relative to the other
macronutrients because

v" (1) it is not abundant in the earth’s crust,

v' (2) it does not exist in a gaseous form (not in atmosphere),
v" (3) phosphate tends to sorb strongly to fine-grained particles,
then settles to the bottom sediments.

¢ Many human activities results In phosphorus discharge to
natural waters: human and animal waste, detergent, nonpoint
sources from agricultural and urban land use (fertilizers or other
phosphorus-containing chemicals)



Principal components of nutrients

Dissolved reactive (Available for
phosphorus phytophlankton
(orthophosphorus) growth)

"

Total dissolved —» omplex-dissolved

organic phosphorus
Total phosphorus \ __ Inorganic
Total particulate _» Detritus
\\Organic

& Phytoplankton
(a)

_ Detritus

Particulate .

Phytoplankton
Organic nitrogen — Dissolved

Total nitrogen ——\-\:Ammnnia nitrogen —> Inorganic nitrogen
NO, and NO, nitrogen =i

(b)

phytoplankton

{ Available for
growth

10



Sources of Nutrients in Eutrophication Problems

Fertilizer

i C 4 t

|
._ ' Agnculture i
/ ', %) Silviculture ;' |

B A X T ""‘I—Fﬂl't“iZEi"

11



Limiting nutrient

TN/TP >> 10: Phosphorus is the limiting nutrient

TN/TP << 10: Nitrogen is the limiting nutrient Usually:

Phosphorus is the limiting nutrient for inland water bodies (e.g. lakes)
Nitrogen is the limiting nutrients for marine systems

Trophic status of lakes

Total P, mg/I 10-20
Chlorophyll-a, mg/l <4 4-10 >10
Secchi depth, m >4 2-4 <2

Hypolimnion O, % sat >80 10-80 <10

12
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Major effects of eutrophication

Effects on physical, chemical &
biological parameters

Species diversity decreases

Plant and animal biomass increase
Turbidity increases

Rate of sedimentation increases

Anoxic conditions may develop

Problems

Drinking water treatment may
become difficult

The water may have unacceptable
taste or odor

The water may be injurious to
health

The amenity value of the water may
decrease

Increased vegetation may impede
water flow and navigation

Commercially important species
may disappear

13



Eutrophication models

v’ The water quality constituents of primary interest in
eutrophication modeling studies are typically nutrients,
phytoplankton, and dissolved oxygen (DO).

v' Have between approximately 5 and 25 constituents, or “state
variables.”

v' Model phytoplankton growth as a function of available
nutrients, temperature, and light, and include other processes
such as phytoplankton mortality, sinking, and exudation.

14



CONCEPTUAL DIAGRAM OF A PHOSPHORUS RECYCLE MODEL

P in herb.
: fish

15



Simple total phosphorus balance in a lake

Qi“ Qout

‘ Vs CPout

C, = Lake P concentration

V= P settling velocity

Mass balance (completely mixed, steady state & no phosphorus generation)
0= QinCPin _ QoutCPout _ksCPV (Qin - Qout - Q; Cout:
C))

. QCPin
" Q +kyV

16



Total phosphorus model
Or, In terms of the hydraulic detention time (t = V/Q)

CP: C:Pin
k.7 +1

Fraction of phosphorus removed (R) = 1- C,/C;,

k, = first-order sedimentation coefficient, T

It Is a surrogate parameter for the mean settling velocity (v,),
reciprocal mean depth (H), and an alpha factor (a) for the ratio
of particulate phosphorus to total phosphorus

K, =av,/H






LAKE MORPHOMETRY

Morphometry of laRes, ponds and streams

< Morphometry Is the measurement of external form or shape of a selected
water body.

“ It Is that branch of fmnology which deals with the measurement of
significant morphological features of any basin and its included
water mass IS known as morphometry.

“* Morphometry defines a physical dimension and involves the
quantification and measurement of any basin.

% These dimensions influence the water quality and productivitylevels.

¢ Morphological features, age and geology of the lake basin along
with the level of human interference have a direct and significant
bearing on the structural and functional attributes of the aguatic
habitats.

¢ Therefore, before undertaking any flimnological investigation 1t 1S
essential to prepare the maps and generate information on the
morphometry and general characteristics of the area.



LAKE MORPHOMETRY

v The first step in characterizing any lake or impoundment is to
determine its geometry or, as it is formally called morphometry.

v To do this(morphometry) the lake’s bathymetry must be mapped.

v Bathymetry refers to a topographic map showing depth contour
lines.

v The analyst can then determine how much area is encompassed by
each depth contour.

v" This can be done using a mechanical device called a planimeter.

v" The area can then be estimated by summing the areas of the grid
cells falling within each counter.

v" The resulting areas and corresponding depths represent a tabular
function of the dependence of area on depth A(Z) , the volume for

the system can be determine by integration.



LAKE MORPHOMETRY

=, A(Z)dz
v’ In addition the volume between two depths can be evaluated. For example
the volume between two adjacent depths can be represented generally as

i i+1=0 7 A(Z)dz
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trapezoidal rule to Eq. 16.2,

ACH;) + AH ) | ogre o — B

Viiv1r = [_’_( iy (H i+ &) (16 .3,
In this way the volume can be determined for each layer starting at the surf
and working down to the bottom. The individual layer volumes can be accumy)

to determine the total volume down to a particular depth,

\ A = T[A( 22 > 2y I_](H,fll — ;)
j=0 =

ace
ated

( ]f}_._l]
where 7 + 1

depth at which the volume is to be determined.
Not only can volume be computed from areas, but area can be determined from
volumes. Based on the inverse relationship between differentiation and integration.

dV(H)
A(H) = ——‘jz— (16.5)
Thus the rate of change of the cumulative volume at a point provides an estimate of
the area.

ey Again numerical methods are required. A common approach is to use a centered
divided difference,

dV; Vi, — YW
A,‘ et .. . | i _I
dz
However, this approach is flawed for une
be used to evaluate the area of the to
both shortcomings is (Chapra and Ca

il 21 (16.6)

qually spaced depths. In addition it cannot
p-most segment. A formula that takes care of

nale 1988)
dVv —
Al = d(Z) =1 22 =il i k1 2 — Zioy — Zia
(=1 — Z:‘)(Zi—l =Ziae) & =z — =10 Z; Zia1)
-+ Vi = - )
(Z;‘+I

= Zl‘—l)(Z,‘.,_] . 2‘.5 (16.7)



LAKE MORPHOMETRY
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LAKE MORPHOMETRY
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LAKE MORPHOMETRY
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LAKE MORPHOMETRY
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Chapter Five
ver and Lake Water Quality

Management




FACULTY OF
WATER SUPPLY AND ENVIRONMNETAL

L\




* Reducing waste a

> Conventional waste\
> Alternative treatment

 Increasing assimilative ce

» Low flow augmentation
> Artificial reaeration




» Tocollec
it at a point whe

« Landuse planning
Zoning
Restrictions on population de

Erosion control

Reducing impervious surfaces
Reducing directly connected imp
Low impact land development




AlRalinity (as CaCO;)
BOD;

Suspended solids

DS

TKN (as N)

Total phosphorus (as P)
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Nitrification in aerobic enviro
Organic matter + O, [1 NH; + C¢
NH3+ 202 D NO é+ H++ Hzo +

Denitrification in an anoxic enviro
Organic matter + NO; [0 N, + mic







Alternative Treatments

Waste Stabilization Ponds

VV VY A\ VYV VYV

A\

Comprises series of man-made shallow ponds

They can achieve any required degree of treatment at the lowest cost and

» with minimum of maintenance by unskilled operators

The removal of pathogens is considerably greater than that in other methods of
sewage treatment

They are well able to withstand both organic and hydraulic shock loads

They can effectively treat a wide variety of industrial and agriculturalwastes
They can easily be designed so that the degree of treatment is readilyaltered

The method of construction is such that, should at some future time the land be
required for some other purpose, it | easily reclaimed

The algae produced in the pond are potential sources of high-protein food which
can be conveniently exploited by fish farming



Pond layouts (a) Weak-medium streng

A: Anaerobic pond F: Facultati




Anaerobic Treat strong organic waste Depth: 2-4 m
(70% reduction in BOD5) Detention time: 5 days
Temp/pH: > 15°C/>6

Facultative BOD removal Depth: 1-1.5m
Exposed towind
Large land area
Desludging: 10-15 years

Maturation Fecal coliform removal Depth: 1-1.5m

\ (99.9%)

new cells F light
algae ﬁ

CO,, NH},PO;

Q bacteria ¥
organic matter J

new cells




Risers to ground surlace
for casy access
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Perforated absorption
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> Sl
> Rapidi
» Overland floy

, Characteristics of land treatment systems

FE’]'[IJIE‘ -rate 1rrieatl pid infiltrati Overland flow

L’lﬂdIE‘L]ll]lEd tm 1000 m3/d 63 4 396 3. fl 63 4 "6 4 159
(1000x m?)
Soil type _

Soil permeability Moderately slma to
moderately rapid




CONSTRUCTED WETLANDS TREATMENT TRAIN

Primary Treatment Secondary Treatment
Raw Septic Tank Secondary
— Septic > Constructed >
Waste- Tank Effluent Wetland Effluent
water
LARGE POLISHING WETLAND TREATMENT TRAIN
Primary Treatment Secondary Treatment
Raw _ _ Primary ' _ Secondary - Tertiary
— 3] Sedimentation | ° yf Biological p| Polishing |~
Waste- Effluent Effluent Wetland | pffyent
water







Sources of groundwater pollution

e Municipal
» Sewer leakage
» Liquidwastes
» Solid wastes

e Industrial

>
>

>

Y

Liquid wastes

Tank and pipeline
leakage

Mining activities
Oilfield brines

« Agriculture
> Irrigation return flows
» Animal wastes
» Fertilizers
» Pesticides

e Others
> Spills
» Septic tanks
» Saline water intrusion,



Groundwater Quality Management

Sensitivity to contamination
determined by the natural
intrinsic characteristics of the
geological strata

Probability that the
groundwater in an
aquifer will become
polluted

eats posed by
groundwater pollution hazard to
human health

Groundwater

protection
measures



unconfined aquifer

semi-confined -
aquifer
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Groundwater quality management practices

Assessing actual groundwater quality status
Prohibition of certain activities in vulnerable areas

Prohibiting the disposal of certain level of waste exceptin
sealed facilities

Management of waste effluents

Monitoring compliance with regulations/permits
Remedial actions:
» Pumping and treating polluted groundwater
» Pumping/well injection to reverse the hydraulic gradient
» Construction of physical barriers
» Chemical or bacterial in-situ treatment of contaminated groundwater



Groundwater
Availability

[—1 Mo data (lakes)
Regional bounda

acDonald et al., 2001




Nitrate (highe
Arsenic (expectec
No obvious problems




Management of Agricultural Sources C
Water Pollution




LAND USE AND TRANSITION

Low-intensity
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Point sources
» Uncovered exercise or feeding areas
» Animal waste storage facilities
» Silage effluent handling facilities
> Pesticides storage and handling
facilities

Agricultural
water pollution

Nonpoint sources

» Agricultural production areas
» Transport agents

v’ EXxcess precipitation
v Drainage water through soil
v Wind




Sources of Agricultural NPSP

Cultivation Livestock production




> Pesticic
» Pathogens
» Solid waste




» Adequate capacitie
uncovered structures)

* Design and const

» Design according to acceptec
> Use corrosion resistant constr




Examples:

* Land use
» designating areas suitak

¢ Erosion and sediment cont

» focuses on minimization of expose

Examples: conservation cove
cover crop, buffer zones, critice
preparation, mdlgenous weed
conservation cropping;




e Pesticide/nut

Good housekeepi
plan, integrated pes
nitrogen, use of natural

« Pathogens: focuses on livesto

 Proper management of solid



e Sediment

» Filter strips, ©
basins

* Pathogens:
» \Waste storage ponds










System Assessment: Determines if the we

a sufficient quality

Monitoring: Monitoring of the control mea
importance in securing water safety
Management: Management plans describing
conditions to extreme events




s

through tree
* Prevention
distribution and ha




Water Safety Plans : System Assessment

Assembling the team

» Assemble the team to prepare the water safety plan.
Documenting & describing the system

» Describe the existing water supply system from catchmentto
consumetr.

Assessing hazards and prioritizing risks

» Undertake a hazard assessment and risk characterization to
Identify and understand how hazards can enter into the water
supply.

Assessing the system

» Assess the existing/proposed system

v" include a description of the system and a drinking water
flow diagram.



Catchment
v" Geology and hydrology

v" Weather
v' Landuse
Source
Surface water
v Type inti
v Physical characteristics Descrlptlon
v’ Water quality of the system
v Groundwater
v Aquifer type
v" Recharge area
v" Well head protection
Distribution

v System design
v" Hydraulic condition
v' Backflow protection
v" Disinfectants residual

Treatment
v" Processes
v' Chemicals used
v Efficiency
v disinfection



Souroe Waler tnken from Lake Victona whech 1s prone 1o high nlgnl loadmg.
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Chemicals from
watershed/
catchment

Nitrate
Arsenic
Fluoride
Pesticides

Chemicals from
reservoir storage

Algal toxins
Cleaners

Liner chemicals
Lubricants

v" Physical: sediment
v" Radiological

Chemicals from
water treatment
processes
Flocculants

pPH adjusters
Disinfection by-
sroducts

Chemicals from
distribution

Copper
Lead
Cleaners
Petroleum




Description. probability/frequency

3
2
<}
d

N B W =HN LW -

ikelihood

Insignificant

Minor impact for a small population
Minor impact for a big population
Major impact for a small population
Major impact for a big population

0.001 or 1 in 1000 vears
0.01 or 1 in 100 years
0.1 or 1 i 10 years

0.5 or 1 1n 2 years

- L -

Significance  Likelihood

1 2 3 4 5
Severity
1 negligible  negligible negligible negligible low
2 negligible  negligible low medium medium
3 low low medium high high
4 medium high high very high '
5 high very high very high very high




Hazard

Hazardous event. source/cause

Likelihood

Severity

Microbial

Chemical

Microbial
Microbial
Microbial
Microbial
Microbial
Microbial
Physical,

Chemical
Microbaial
Chemical

Chemical
Physical

* Rasks rated at high or very high are considered to be s1

Inadequate disinfection method

Formation of disinfection by-
products at levels that exceed
drinking water guideline levels
Less effective disinfection due to
elevated turbidity

Major malfunction/failure of
disinfection plant (i.e. no dosing)
Relhiability of disinfection plant
less than target level of 99.5%
Failure of UV disinfection plants
Low chlorine residual in
distribution and reticulation
systems

Power failure to disinfection
plant

Contamination of dosing
chemuicals or wrong chemical
supplied and dosed

Ovwer or under dosing from
tfluoridation plants

Ovwer or under dosing of lime for
pH correction

4

3

high*

medium™

VEry
high*
high*

high*
high*
Very
high*
Very
high*
Very
high*
high*

high®*



monitored.
Validating effective

» Establish procedure
working effectively anc

targets
— eg. health-based targets




Operational water quality monitoring

Methods Parameters

» Sampling at selected points > pH

» Automatic Insitu sensors » Turbidity

» Remotes sensing (by airplane or » Color
satellite) > Coliform

» Numerical model > Temperature

» Customer complaints » Residual chlorine



Water Safety Plans : Management & Communications

Developing supporting programs

> Provide a program of support for staff and infrastructure (training,
upgrade and improvement, research and development, etc).

Preparing management procedures
» Prepare management procedures (including corrective
actions) for normal and incident conditions.

Establishing documentation & communication procedures

» Establish documentation of the water safety plan and procedures for
communicating with other parties involved in the delivery of drinking water,
Including the consumer.



Source water and catchments

Designated and hmited uses

Registration of chemicals used in catchments

Specific protective requurements (e g. containment) for chemical mdustry or
refuelling stations

Reservolwr mixing/destratification to reduce growths of cyanobacteria, anoxic
hypolimmnion and solubilisation of sedimentary manganese and iron

pPH adjustment of reservoir water

Control of human activities within catchment boundaries

Control of wastewater effluents

Land use planning procedures, use of planming and environmental regulations
to regulate potential water polluting developments

Regular mmspections of catchment areas

Diversion of local stormwater flows

Protection of waterways

Funoff interception

Security to prevent sabotage and tampering

Water extraction and storage svstems

Use of available water storage during and after periods of heavy rainfall
Appropriate location and protection of intake

Appropriate choice of off-take depth from reservoirs

Proper well construction including casing, sealing and wellhead secunrity
Proper location of wells

Water storage systems to maximise retenfion times

Roofed storages and reservowrs with appropriate stormwater collection and
drainage

Securing tanks from access by amimals

Security to prevent unauthorised access. sabotage and tapping and tampering




ater treatment system

Coagulation/flocculation and sedimentation

Alternative treatment

Use of approved water treatment chemicals and materials
Control of water treatment chemicals

Process controllability of equipment

Availability of backup systems

Water treatment process optimisation including:
o  chemical dosing
o  filter backwashing
o  flow rate
o minor infrastructure modifications

Use of tank storage 1n periods of poor quality raw water
Maintaining security to prevent sabotage and 1llegal tampering



> Corros
» Biofilm fo
» Mixing betwee

Effects of bacteriologic
discoloration, slime bu
Including corrosion of pipes




Effects:
-Fading of
-Allowing




— try to keep contaminated wate
apply disinfectant to potentially c
tanks after construction, inspectio
the absence of contaminates

prevent and eliminate cross-connectio
adequate separation from sewers; and e




—

<ﬂt0‘rrosio ‘Biofilm and Sludge
| | { '

Management




removes
O Biofouling is

(1 Effects of internal corrc
> May cause leaching

» Impart metallic taste tc

> Stain plumbing fixtures

> Harbours pathogens

> Reduces pipe’s hydraulic carry
> Leads to pipe leaks and clogs




» Lay down g
the pipe, such a

» Switch to plastic
corrosion.




disinfection practices
(e.g. increase freechlorine
residual, use alternative
disinfectant)

BAT to meet
total
coliformrule




> Contains de
> 1% solids if ac
> 5% solids if tric

* Objectives of sludg

» Removal of part or a
» Decomposition of put
» Killing of pathogens




floatation, o

e Stabilization:

— ObjeCtIVES kill pat

— Process: Anaerobic di




* Final disposal

— Objective: dispose

sound way

— Processes: landfill; |z




mjp> Leachate / Liquids Addition

LedCﬁdte Air Injection

Courtesy of Waste Managen



Leachate Properties

» Leachate is liquid that percolates through the layers of the landfill
and transports organic and inorganic compounds.

—

L R — e T LTI T e
-—-n--—ﬂ—--—--—--




<2 yeas il 10 e

BOD5

TOC

COD

TSS

Organic nitrogen
Ammonia nitrogen
Nitrate

Total phosphorus
Ortho-phosphorus
Alkalinity as CaCO3
pH

Total hardness as CaCO3
Calcium
Magnesium
Potassium

Sodium

Chloride

Sulfate Total

iron

2000-30000
1500-20000
3000-60000

200-2000
10-800
10-800

5-40
5-100
4-80

1000-10000

4.5-7.5

300-10000

200-3000
50-1500
200-1000
200-2500
200-3000
50-1000
50-1200

100-200
80-160
100-500
100-400
80-120
20-40
5-10
5-10

4-8
200-1000
6.6-7.5
200-500
100-400
50-200
50-400
100-200
100-400
20-50
20-200

59



LC = leachate
PR = precipitatio

SRO = surface runoff

SRT = surface runto (SRT =
properly designed landfi

EP = evapotranspiration
ST = change in water storage




e Collection systems

— accomplished by using :
collection pipes

e Treatment

— Recycling; evaporation; t
treatment with domestic se




Waste (see text)

2 ft protective soil

2 ft protective soil layer
Geotextile
Geonet

Geotextile
1 ft sand or gravel
leachate collection

layer 40 mil geomembrane
40 to 80 mil 2 ft compacted
geomembrane liner clay layer
2 ft compacted clay

Waste

2 ft protective soil layer B Waste
Geotextile filter _ r;t/ 15102 ft
Geonet i protective soil layer

Geotextile

1ft sand or gravel
drainage layer
Geosynthetic

>~ clay liner

1t sand

drainage layer

Geomembrane

1.5t0 2t
compacted clay layer

e Geotextile
{_ Geonet
Geomembrane

3 ft compacted 1a
clay layer

Geomembrane

2to 3 ft
compacted

(d)

ar

(c)




Leachalsa Sloped intercepting
callection pipe leachate collection lines
(sea doatat

Skoped lerraces
|

|
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o
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L

Rt
Leachalts LEresr
movearmant
{n)
Perforated
|H-E|ﬂ|lEl:5|ﬂ
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— Plastic o
e Disinfection
— Boiling

— Household chloring
— SODIS and UV disi




e Combined systems
— Coagulation/precipitz
— Filtration + disinfectio

e Chemical removal systems



Safe storage

Container: plastic or modified clay pot
Standardized volume (10-30 liters)

Durab
nlet c
Durab

e, easy-to-clean material
iameter (6-9 cm)
e spout or spigot allowing a discharge

of 1 liter per 15 seconds at outlet

Instructions for use, cleaning container and
disinfecting its contents



Wdterﬁuard

MANKHWALRA ﬂF‘HA MAFELEMUS]I MMADZI

o Purifies
microbial pathoc
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Purifier of Water (PUR)

Treats through a combined
process of disinfection with
calcium hypochlorite and
flocculation with iron sulfate

Proven efficacy

Especially effective in treating
surface water

Settles out particles after 5
minutes of stirring
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Solar Disinfection (SODIS)

» Plastic bottles exposed to
solar radiation for 1-2 days

 Scientifically proven

« Highly effective against a
range of microbial
contaminants
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Manual coagulation with Alum

Purifier
of Water

— Each packet treats

10 iters l 2.5 gallons
b

Raw Coagulatio Settling Settling
water n time O time 30
regime min min
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