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Laboratory and field measurements wer'e combined with
theory in developing models for the various wastewater treatment
processes. Some assumptions were made, both in an attempt
to simplify the complex mechanisms encountered and to explain
known experiences and observations.

Models for a primary settling tank, a secondary settling
tank, a generalized aerobic biological sludge treatment scheme,
an anaerobic digéstion system and several other unit processes
have been developed. The generalized aerobic biological
sludge treatment scheme is an attempt to describe in one
physical package, all the various activated sludge process
modifications. |

The executive system used is GEMCS, together with its

library of subroutines, such as CONTLl1, SEPAOl, JUNCOl and
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and éETSPI, some of which have been modified slightly.

. The models have been tested on the Drury Lane and
the Skyway, Burlington, Sewage Treatment Plants, and have
been found to agree very well with plant data. The former
has a conventional activated sludge process, whilst the
latter employs the extended aeration modification.

An inter-active version has been developed, which
requires the minimum knowledge of GEMCS for its use. This
can be applied as a training and teaching tool for plant

operators and students in the field.
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CHAPTER 1

1. INTRODUCTION

Although waste treatment practices have been known
ever since the turn of the century, it was not until about
the late 1940's that an effort was made to provide firm
theoretical bases for design. Significant advances have
been made in recent years, resulting in a better understanding
of the complex variables affecting the operation of the
various unit processes. It is now possible, where
it would be beneficial, to bring together the models of the
various waste treatment processes, to simulate the operation
of full-scale plants, on a computer.

A successful simulation can have great potential
applications, a few of which are:

(1) The performance of the individual units and of the
plant as a whole can be predicted over a wide range
of feed flows and operating conditions,

(2) The computer simulation can help in the selection of
an optimal design for a plant to treat a given waste
to a satisfactory level, at the least cost,

(3) It can be used effectively in Ehe training of plant
operators and as a valuable educational tool for
students in the field, and

(4) It can be used for on-line process control

purposes.



Several computer simulations have been attempted,
both in the United States and in Canada, examples of which
include those by Smith (46, 47), Silveston (40, 41), and
by Fan and Erickson (10, 11). However, there is a severe
limitation in their models for the activated sludge system.
They have based their kinetics either on the entire sludge
mass or on the volatile suspended matter in the sludge mass,
when it is known that microorganisms are the only agents
capable of stabilizing the waste. It is for this reason
that their models break down when they are applied to the
various modification of the conventional activated sludge
process, as the composition of the sludge thén changes.

One of the major objectives of this work is to develop
a means by which the microbial mass may be estimated. The
kinetic expressions can then be formulated around the
physiological acti;ities of the microorganisms, leading
to a more meaningful model for the activated sludge process.
This generalized model can then be applied to the various
modifications of the activated sludge process.

As a great varie;y of raw wastes are encountered in
wastewater treatment practice, it would be useful to develop
generalized models that can handle all of them. However,
the parameters pertaining to each type of waste will be
different. Consequently, another objective of this work

is to compile a series of experiments that can be used to



characterize a given wastewater and its treatability
.parameters. Although the work in this thesis is based
primarily on domestic sewage, the same experiments used
here may be performed on other wastewaters.

It is also realized that the complexity of a
simulation system is discouraging its use by most plant
operators or engineers. Furthermore, there is a tendency
for interested parties to create their own simulation system |
rather than to try to understand and use other systems. It
is for this reasons that we feel it necessary to develop an
interactive version of the computer simulation which would
require the minimum knowledge of the simulation system,

for its use.

8¢



CHAPTER 2

2. LITERATURE REVIEW

The model for the primary settler proposed by
R. Smith (46), was derived by plotting the data for suspended
solids removal versus overflow rate for full-sized plants,
as reported in "Sewage Treatment Plant Design"”, (38). He

obtained the relationship

FRPS = 0.82 exp (-GPS/2780) (2.1)
where FRPS = fraction of solids removed
GPS = overflow rate usgpd/ft.2

The fractional removal was applied to all classes of suspended
solids, which may not be a valid assumption.

P. Silveston (41), tested the model on two Ontario
plants and found that the effluent suspended solids predicted
were about 25% higher than that actuélly observed. This led

him to suggest that actual plan£ data have to be used to

achieve a reasonable simulation. He proposed the relationship

FRPS = 1 - exp (-k/GPS) (2.2)
where k = constant fitted from plant data.

Both models, however, do not account for the effect
pf turbulence on the settling process. ' The constant k in
Silveston's model could be interpreted to include both the
" effects of turbulence and the settling characteristics of

the feed solids.



Camp (4) has developed a mechanistic model for discrete
particle sedimentation in a continuous-flow tank. He first
introduced the concept that a real settling tank may be
divided into an inlet zone, a settling zone and an outlet
zone. . The actual sedimentation occurs in the middle zone,
whilst turbulence at both the inlet and outlet zones prevent
any further sedimentation from occuring. He also introduced
the use of batch settling curves to predict the performance
of a continuous-flow sedimentation tank.

Most of the models for the activated sludge process
have evolved from the complete mixing model first presented
by McKinney (25). The original paper was a little vague,
and in a later discussion, Washington (47) corrected and
clarified several points. However, his model can be
interpreted as fol}pws, noting that all the various forms
of organic carbon are in their 6xygen eguivalents:

In the presence of unlimited food the rate of
synthesis of the active solids is limited only by the

concentration of the active solids, i.e.,

d (MLVSS) K ' (MLVSS)

s (2.3)

dt

-

But in the case of food-limiting situation, the rate becomes

d (MLVSS) ksC (2.4)

at



where MLVSS

It

oxygen edquivalent of active solids

@]
Il

oxygen equivalent of substrate

3
e
i

rate constants.

He assumed that the volatile solids in the sludge
is entirely active. He also proposed that the rate of
substrate removal is proportional to the rate of synthesis

of active solids, i.e ,

ac _ _
£ = -+ kY

dt dt

d (MLVSS) - (2.5)
The basal metabolism rate was also assumed to be

proportional to the concentration of active sblids, i.e.,

dULVSS) ~ _k  (uwvss) (2.6)
dt
By performing mass balances arcund the stirred tank

reactor, he obtained, assuming a food-limiting situation:

Cy
Co = . . . (2.7)
1+ (L +%k) k.t
a s
and Mo = ksCo (2.8)
kd + x
t
where C; = influent substrate concentration
Co = effluent substrate concentration
Mo = effluent active solids concentration
t = detention time
and x = fraction of sludge mass wasted.



Estimated values of his constants were given as:

k, = 0.5
_ -1
kd = 0.006 hr.
¥ -—
k_ = 15 hr. 1 (minimum)
and k. = 7 hr.”1 (minimum)

R. Smith (46) in his model, assumed that the rate
of substrate removal is proportional to both the concentration

of active solids and the substrate concentration, i.e.,

i - - k" C (MLSS) (2.9)

dt
as contrasted to equations (2.3) and (2.4). ks" is a rate

constant given by:

k' = 0.0001 (1.047)T72% (nr)"tings1)7t

s (2.10)

Erickson, Ho and Fan (l11) assumed Michaelis-Menten

"kinetics with the expression

U C
v = %t 4 . _ _max (2.11)
MLSS dt Y (C* + C)
where Umax = maximum unit growth rate
* = =
C value of C where U kL Umax
Y = yield factor.

It may be noted that equation (2.11) reverts to the
form of equation (2.3) when C >> C¥*¥, and to the form of

equation (2.9) when C << C¥,



Little quantitative information exists on the
operation of the secondary settler. The models proposed
by Ott and Bogan (29), Erickson and Fan (10, 11), and
Silveston (41), have assumed that a constant fraction 8,
of the input solids escapes over the wier and that the
underflow solids are compacted by a ratio C. R. Smith (46)
proposed a model, based on the data of Villiers (51) where
0.494

556 (GPS)

MLSSl' 82 (TRa)

(2.12)
0.439

GPS is the settler overflow rate (USgpd/ft.z), MLSS is the
inlet mixed liquor suspended solids (mg/l), and TA the
aeration time (hours). For some reason he later reverted
back to the simple splitter model.

Anaerobic digestion is a complex operation involving
several reaction_stages and different microorganisms. An
accurate description for the prbcess is difficult to obtain.
McCarty (24) using Michaelis-Menten kinetics and a completely

stirred tank model, arrived at the relationship:

knax ¥ = 1 (2.13)
F* + F t
where kmax = maximum unit growth rate constant
F* . = value of F at which unit growth rate

is % kmax


http:MLSS1.82

F = concentration of biodegradable carbon
in effluent
and t = digester residence time.
The reported values of kmax and F* are:
k .. = 0.28 exp [- 0.036 (35 - T)] (2.14)
and F* = 700 exp [0.10 (35 - T)] (2.15)
where T = temperature of digestion, °c.

His relationship implies that the effluent degradable
carbon is independent of the influent value, but depends
only on the detention time. He also suggested an expression
to estimate the organic carbon of the volatile acids (VAC)

in the effluent as:

200 exp [0.12 (35 - ) |

VAC (2.16)

1+ kmax t

Extensive cost information is available in the
literature. R. Smith (45, 46) presented a thorough investigation
of the capital and operating costs of domestic waste treatment
unit processes. The capital and operating costs of a unit
are calculated as a function of its most significant capacity
variable. Michel et al. (26) reporﬁed on the total operating-
and maintenance costs of a treatment plant as a function of
the waste flow and also of the population equivalent. Barnard
and Eckenfelder (2) included industrial waste treatment costs

in their report. A more complete list of references may be

obtained from the above reports.
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Several papers have been published on the optimi-
zation studies of wastewater treatment processes. Erickson
and Fan (10) studied the optimization of the hydraulic
regime of activated sludge systems. Erickson, Ho and Fan (11)
later investigated the modelling and optimization of the
step aeration processes, which consists of a series of
completely mixed tanks. Shih and Krishnan (39) reported on
their studies on the dynamic optimization of industrial
waste treatment plant designs. Realizing that many design
parameters are not accurate, Berthouex and Polkowski (3)
studied the effect of such uncertainties on the optimal
design of a treatment plant.

Further references from the literature will be

made, as the thesis is developed.



CHAPTER 3

3. THE SIMULATION SYSTEM

3.1 The GEMCS Executive

Any processing or manufacturing plant can be broken
down into its component unit processes. The unit process
is a basic operation within the framework of the plant, and
can usually be identified with a distinct physical piece
of equipment, examples of which are primary sedimentation,
chlorination, drying, etc. The mathematical model of a unit
process is known as a unit computation.

In a simulation system, it is necessary to have a
master-mind to execute each unit computation'in its logical
sequence. Such is the purpose of the executive program. It
should also supervise the flow of information between storage
locations and the unit computations.

| The Chemical Engineering Department of McMaster
University, in co-operation with the Canadian General Electric
Company, has developed a simple but yet very flexible executive
program knoWn as GEMCS (the General Electric-McMaster Simulator)
for the simulation of steady-state processes. It has been
used successfully in the.simulation of several chemical
process industries. The extensive work done ié well summarized
in the book "Chemical Plant Simulation” (5). Only a very
brief description of the executive program will be attempted
here.

11



—-&

EQUIPMENT .
PARAMETER
VECTOR

1 DLOAD 1

SO

STREAM
STORAGE
MATRIX [/ STREAM (S) DISKIO |
i
ORDER |
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: | = 4
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1 MATRIX

Figure 3.1.1.

Information Flow Within the GEMCS Executive
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The aid of Figure 3.1.1 is invaluable. The executive
program first calls an assistant subroutine DLOADL which
reads in input streams, equipment parameters and an ofder of
calculation in which to execute the unit computations. The
information is then stored for subsequent use. The main
pﬁogram then prepares to execute the first unit computation
in the plant. It retrieves the equipment parameters for the
unit from the. storage location, the EEN vector, via a linking
subroutine DISKIO. It then places the equipment parameters
(this is done directly by DISKIO) into a working eguipment
vector, the EN vector. The main program then retrieves from
the storage location for the streams, the SN matrix, the
input streams flowing into the unit computation. Subroutine
STREAM (S) acts as the link between the SN matrix and the main
program. The input streams are then placed in the working
matrix, the SI matrix. The unit computation is then called
. and executed using information provided in the SI and EN
via the subroutine MODULE (NT) locations. Any output stfeams
generated by the unit computation are stored in the working
matrix, the SO matrix, and which afe then transferred by
the main program into the SN storage matrix.

The other unit computations in the calculation order
are similarly executed. ,in the -case where there is a recycle

of streams, a control subroutine must be placed in the calculation

order to direct the main program to recalculate all the
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unit computations within the recycle loop, until convergence
is reached, within a specified tolerance.

It should be noted that the unit computations deal
directly only with the working equipment vector and input
and output stream matrices. This creates a uniform pattern

whereby the unit computations may be constructed.

3.2 The Stream List

In every process simulation a list of components
that will adequately describe any stream within the process
has to be selected. Crowe et al (5) have listed several
criteria for the selection of stream variables. They include
(1) The variables should be useful to satisfy the
objectives of the simulation,

(2) All variables ip recycle streams are usually
important, and

(3) The unit computations must be able to manipulate
the variables to an accuracy consistent throughout
the whole system.

These criteria were used as an aid in the seleétion
of the stream variables for the present generalized waste-
water treatment plant simulation. In addition; the best
features of the stream liéts used by Smith (46) and Hoffman
(20) were selected and in some cases modified. The stream

list used is shown in Table 3.2.1.
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No. } Phase Stream Variable Units
1 Stream number -
2 pH -
3 Total volumetric flow igph
4 Temperature °c
5 Head ft. of
Short water
6 List Water lbs/hr
7 Dissolved oxygen lbs/hr
8 Total Organic Carbon (TOC =
sum 15-22) lbsC/hx
9 Dissolved Organic Carbon (DOC =
sum 20-22) 1bsC/hr
10 Biochemical Oxygen Demand (BOD) [lbs/hr
11 Total Suspended Solids (TSS) lbs/hx
12 Volatile Suspended Solids (VSS) |lbs/hr
13 Particulate settleable lbs/hr
14 Suspended Inorganics non-settleable lbs/hr
15 Solids Microorganisms 1bsC/hr
lé6 1 settleable, bio-
Phase degradable lbsC/hr
17 Particulate settleable, non-
- ‘biodegradable lbsC/hr
Organics
18 scum (floatable) |lbsC/hr

« non-settleable

1bsC/hr
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No. | Phase Stream Variable Units
20 -1 Purgeable, bio-
degradable 1bsC/hr
21 Dissolved | Non-purgeable, bio-
degradable 1bsC/hr
Organics
22 Non-purgeable, non-
J biodegradable 1bsC/hr
23 Alkalinity, as CaCO4 1bs/hr
24
25
26
27 N in NH 3 (dissolved) lbs/hx
28 N in Noz—and NOB— (dissolved) lbs/hr
29 Dissolved P in all forms of
phosphates 1bs/hr

Table 3.2.1 Stream List for Wastewater Simulation
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It may be noticed that the stream list is divided
into three parts. The first part is a list of traditional
variables commonly used in wastewater treatment practice.
The second part covers the water-insoluble components
normally found in wastewaters and the last category includes
the water-soluble components. The second and third parts
may be further sub-divided into an inorganic and an organic
fraction.

The traditiopal variables in elements 8-12 are not
fundamental components in the sense that they may be derived
from the finer classification provided in elements 13-22,
However, these are the variables that most operators and
environmental engineers understand and hence are invaluable
in our communication with them. Another reason for
retaining these variables is that several of the correlations
used in our simulation are expressed in terms of them. A
simple simulation can be effected by the use of only these
first twelve variables.

Suspended solids can either be organic or inorganic
in nature. The inorganic portion is inert and does not take
part in any biological processes, aithough chemically, it
may be altered by a changing pH. Howe&er, we have to
distinguish between a colloidal inorganic solid, which remain
in suspension and a settleable inorganic solid which is

removed in physical sedimentation.
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For the organic suspended solids, we have to
distinguish between the non-living organic objects from the
living biomass which is active in bringing about the
stabilization of the waste-load. The major portion of the
non-living organic solids is biodegradable, while the remainder
may be relatively non-biodegradable. The inertness may be
aue to several factors, one of which is a high degree of
polymeric crosslinking. It is impossible to distinguish
between the biodegradable portion from the non-biodegradable
portion, and the distinction, although provided in the stream
list is not used.

Physically, the non-living organic solids can be
differentiated by their settling characteristics. We can
distinguish a colloidal fraction, which remains in suspension,
a settleable fraction and a scum (or floating) fraction.

Organics im solution can also be classified as bio-
degradable and non-biodegradable. Physically, certain organics
in solution may be volatilized by purging with air. These
are the solvents and other low molecular weight compounds.

The non-biodegradable fraction, being largely composed of
high molecular weight compounds, is relatively non-purgeable.

Soluble inorganics of interest include the nutrients
phosphorus and nitrogen, aﬂd the alkalinity causing ion.
Inorganic nitrogen is further subdivided into ammonia and

the sum of nitrite and nitrate ions. Several blank spaces
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are left in the soluble inorganics section to facilitate
the addition of variables, should the simulation be
extended to include tertiary treatment.

The units used are also shown in Table 3.2.1. It
should be noted that concentration units facilitate the
splitting of streams, while mass flow units facilitate the
mixing of streams. A disadvantage of concentration units is
that while concentrations based on unit volume are usually
measured, the simulation system invariably has to use
concentrations based on unit mass. Volumetric and mass
concentrations are approximately equivalent under 1%, but
become increasingly inaccurate above that. fo avoid this
complication, mass flow units are chosen.

As in Hoffman et al (20), the organic components
are all measured in terms of the carbon content. This greatly
facilitates the arlthmetic of the biological processes.

The interplay being the variables is schematically
represented in Figures 3.2.1 and 3.2.2, together with the
analytical procedure followed. This is essentially the
outline given by Hoffman et al with slight modifications.
Further analytical details are given in "Standard Methods" (48).

The conversion of variables within our."finer"
classification to the traditional variables is described

in Section 9.1.
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CHAPTER 4

4. PRIMARY SEDIMENTATION

The solid particles carried in suspension by waste@ater
flows can be partially removed by gravity settling in a
relatively quiescent tank. The process, often called
primary sedimentation, is used to reduce the sludge load
downstream of the units. In the case where no further
treatment is provided, primary sedimentation reduces the
formation of sludge banks in the receiving waters. In most
cases, it is used as a preliminary step ahead of biological
treatment, to reduce the amount of solids being carried

around in the latter system.

4.1 Theory

During sedimentation, the solid particles in a dilute

suspension, may retain their individual shapes and sizes,
~and settle out as discrete particles. However, many other
solids tend to flocculate (coalesce into a larger particle
upon contact with each other), as they settle. This increases
their settling velocities and hence the flocculation of the
particles is a desirable property from this view-point.

- The simpler case of discrete particle sedimentation
will be dealt with first,{hnd then it will be expanded to

include the case of flocculent sedimentation.

22
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A discréte particle, settling through a fluid,
quickly reaches a terminal velocity. At this point, the
gravitational force is exactly balanced by the bouyan£ and’
drag forces acting on the particle. This leads to the

classical equation of discrete particle sedimentation

P -P
I s 3
U, = (———) Dp (4.1.1)
3 CD p

where U, = terminal velocity (ft/sec)

g = acceleration due to gravity (ft/secz)

P, = specific gravity of the solid particle

P = specific gravity of the fluid

Cy, = drag coefficient
and Dp = diameter of the particle (ft)

The drag coefficient CD is a function of the particle
Reynolds Number and éf the sphericity of the particle. This
_can be obtained from most standard texts on Fluid Mechanics.

Using the fact that a discrete particle quickly
reaches a terminal velocity, during sedimentation, we can
calculate the removal obtained in a batch settling test.

Consider the sketch of a batch settling column in
Figure 4.1.1. If a dilute suspension of discrete particles
occupies the entire volume’uniformly, at the start of the test,
then if a sample is drawn off at a depth h at time t, it will

not contain any particles with terminal velocities greater
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than U = h/t. The fraction of the solids concentration in
the sample to the original solids concentration will be the
weight fraction of particlés having terminal velocities
U £ h/t. Let this weight fraction be represented by x, and
x~= f(u) - may be used to represent the settling characteristics
of the particles. Figure 4.1.2 shows a typical settling velocity
analysis curve for a suspension of non-flocculating particles.
If the liquid above a depth N, were to be decanted,
at time t, it will only contain particles with terminal
velocities 5ho/t = U,. But particles with terminal velocities
U sU, will have fallen through a distance h = Ut, and hence
only a fraction (h - h)/h ='(Uo - U)/U_ of ‘such particles
will remain in the decanted liquid.
Hence the weight fraction of the solids in the

decanted (or clarified) liquid will be

Xo '
W, (Uo) = wf (U0 - U)/Uo dx
o
X0
= X, - EY U/UO dx (4.1.2)
o
where Wc = weilght fractions of solids in decanted liquid
X, = weight fraction of particles having terminal

velocities U <U, e

and U. = sometimes referred to as overflow velocity.
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The weight fraction of solids not in the decanted
liquid (or the weight fraction removal) is then given by

xo )
W, (U) =1 -W_(U)=(1-zx)+ ~( U/U, dx  (4.1.3)

o

The integral may be approximated by a summation term

and hence equations 4.1.2 and 4.1.3 may be rewritten as

=X0 .
W, (U) = x - ), u/u, bx (4.1.4)
x=0
X=X .
and W, (U ) = (1 - x_) + ;Z% U/u, Ax (4.1.5)

The integral or the summation term can be evaluated
with the use of Figure 4.1.2.

If, during the batch settling test, samples are
withdrawn at various depths and elapsed times, Figure 4.1.3
will result. The lines shown join points of equal weight-
fraction. The slopes of the lines will give the associated
terminal velocities.

The weight fraction of solids removed can also be
evaluated from Figure 4.1.3. Equation 4.1.5 may be rewritten,
for that purpose, as

X=X
W (U)) = (1=~ x) + gz% h/h Ax (4.1.6)

From Figure 4.1.3, if hA is the average of h, and hy,

hg the average of hl and h2, and so on, then the summation

term can be evaluated as
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X=Xq 1
:j‘:‘b h/h  Ax = = {hA(xo = X)) + (X - Xy) + Ho (X, - X3)

hO

+ hD(X3 -~ 0) } (4.1.7)

In the case where the particles tend to flocculate
upon contact with each other, the settling velocities of
the particles are increased, as sedimentation proceeds.
Hence there is an added effect of the settling time.

The effect of flocculation is best seen in Figure
4.1.4, which is obtained in the same manner as Figure 4.1.3.
The lines joining points of equal weight-fraction are no
longer straight, as in the case of discrete barticle
sedimentation, but curved. The curvature reflects the
increasing settling velocity, as the sedimentation proceeds.

Equation 4.1.2 to 4.1.6 still holds and may be used
- to evaluate the séiids removal., Also, a similar procedure,
as the one used in obtaining Equation 4.1.7, may be used as
a graphical solution.

The batch settling test can be directly applied to
a continuous flow primary settling tank, assuming plug
flow conditions exist inithe tank. The depth ho refers
directly to the depth of the tank and the timé.t is the residence
time of the fluid in the tank. Deviatidns from plug flow

conditions are treated in section 4.3.
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4.2 The Correlation of Batch Settling Data

Raw sewage from the Drury Lane, Burlington and
Dundas Sewage Treatment Plants were used in the settling
experiments. The settling column is 8 in. in diameter
and 8 ft. in height. The column has five sampling points,
equally spaced 1 ft. apart.

The raw sewage was introduced into the column and
allowed to equilibrate to room temperature for at least four
hours. This was done to minimize thermal convection currents.
Then the suspension was stirred up by blowing air into the
sewage for one minute.

Samples were withdrawn initially, just after the
mixing, and at regular time intervals from the five sampling
ports. Prior to sampling, the sampling lines were flushed
to wash out any accumulated solids. The column. was also
left for 24 hours, 'and the suspended solids determined. This
represented the non-settleable or colloidal portion of the
waste. The suspended solids of the samples were determined
by vacuum filtration on 0.45 micron membrane filter papers.
The papers were dried in an oven set at 103°C for at least
half an hour. A Mettler balance with an accuracy of 0.1 mg
was used for the weighing. All determinations were done
in duplicate, and averaged.

The suspended solids data are given in Appendix A.

Two previous runs, performed in 1969 and 1970, as part of a
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wastewater course, using raw sewage from the Dundas Sewage
Treatment Plant are also included. Figure 4.2.1 to 4.2.4
show the weight fraction of settleable solids in tﬁe samples
withdrawn as a function of time and depth. Equation 4.1.6
was used to calculate the weight fraction of settleable
solids removal as a function of depth and time, and the
results are tabulated in Appendix A.

In the absence of theoretically derived expressions,
empirical correlations had to be derived. However, we note

that at constant ho'

if t — e, then W,— 0 or W_—>1 .

and if t-— 0, then Wc~$'l or Wr—? 0. (4.2.1)
Also that at constant t,

if hy—%~, (or U —> =), then W —>1 or W —>0

and if hd~a 0 (orx Ud—e'O), then Wc—*>0 or W&;-?l (4.2.2)

This suggests a relationship of the form

W = e kt/hgp (4.2.3)
(o]

. e B
or W = 1l - Wc = l-e kt /ho

r (4.2.4)

By comparing Equations 4.2.4. a 4 4.2.2 we note the similiarty

-

between our model and Silveston's model. However, Silveston

has assumed that «=8=1 (note: GPS=« Eg).
t
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Figure 4.2.3.
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Figure 4.2.5.
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Figure 4.2,7.
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Figure 4,2,8. Comparision of Removals Obtained from Batch Settling.
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A three parameter search, using a SIMPLEX routine
was then used to determine k, « and B. The objective function
uses a least sum of squares criterion, the sum of squares
being é%j(wr experimental - W, correlation)z, The values
of k, = and B are summarized in Table 4.2.1 and the

correlated data are shown in Figures 4.2.5 to 4.2.8.

Run Source of X « 8 Corre}a?ion
No. Raw Waste Coefficient
A~-1 Dundas 0.215{0.473}0.233 0.95
A-2 Burlington 0.23910.515{0.252 0.94
A-3 Dundas 0.23810.513{0.251 0.94
A-4 Dundas 0.213}0.273}0.221 0.94

TABLE 4.2.1. Parameters for Quiescent Settling Model

(Note: t is in minutes and ho is in feet.)

The correlations obtained are good and the closeness
in the values of the parameters indicate that the raw waste
from the two sources are not too different. The average

-

values of k, = and 8 obtained are 0.226, 0.494, and 0.239.
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4.3 "Deviations from Ideal "Plug Flow" Settling

Conditions in a primary settling tank are seldom
of the ideal "plug flow" nature. Turbulence and short-
circuiting in the flow can be caused by several factors,
and their effects on sedimentation have to be accounted for.

Short-circuiting in the flow results mainly from
density currents, which are bulk movements of fluids caused
by density variations. Temperature differences between the
feed and the water in the tank, or the presence of high
suspended solids in the feed, will cause these density
differences to occur.

Due to poor inlet design, the kinetic energy of the
incoming flow can be quite considerable. The resulting energy
dissipation can cause turbulent conditions to exist in the
inlet zone. 1Inlet baffles, if properly designed, can reduce
the kinetic energy to a large extent.

Several investigators have examined the effects of
turbulence on settling. A very good summary of the various
approaches used can be found in Fitz (15). Ensign Dobbins (6),
starting from the Continuity Equation, made several assumptions
and arrived at a simplified expression, for the case of

discrete particle sedimentation

2
adc _  d¢ ., y & (4.3.1)

dat dy? dy
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where C = concentration of solids having settling
velocity U
U = settling velocity
= depth
= time
and e = eddy diffusivity.

Dobbins has obtained a solution for Equation 4.3.1,
but it is too complex for use in a simulation model. A
graphical solution of Equation 4.3.1 is available (4), and
could be used in conjunction with the batch settling test
as outlined in Section 4.2.

Another approach to the problem would be to obtain
information on the flow patterns in the tank from a residence
time distribution analysis. Fitz (15) used mixed models of
combinations of stirred tanks, plug flow volumes and dead
spaces to fit the residence time distributions thus obtained,
to predict solids removal. His results were not too
encouraging.

A dispersion model also does not appear to be promising
as it rarely fits the observed exit age distributions. This is
to be expected as the dispersion model assumes only relatively
small deviations from plug flow with no gross short-circuiting
or density currents. .

In an attempt to estimate the degree of turbulence

in the primary tanks of the Dundas and Drury Lane Water Pollution
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Control Plants, tracer studies were carried out, using
Rhodamine B dye and a Fluorometer, a Turner and Associates
Modei ITI. The experimental technique is well described by
Wilson (49). The exit age distributions were followed for
at least two residence times. Samples of the influent and
effluent were collected during the tracer studies and analyzed
for suspended solids.

Eight runs were made, four at Dundas and four at
Drury Lane. Due to pump and recorder difficulties, two runs
had to be discarded, one from each of the two plants. The
exit age distributions are given in Appendix B. The tracer
recoveries were poor and were approximately 80-85%. The
calculated residence times from the exit age distributions
were much lower than the actual fluid residence times. The
tracer results are too unreliable for any use.

However, there seemed tobe a consistent efficiency
factor for each of the two plants, where the efficiency

factor is defined as

g = observed % of settleable solids removed

theoretical (batch) % of settleable solids removed
(4.3.2)
A high efficiency factor will indicate a low degree
of turbulence or short-circuiting, while a low effiency factor

indicates a highe level of turbulence or short-circuiting.
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The theoretical or batch removal is calculated from

the equation developed in Section 4.2. The efficiency factors

obtained are summgrized in the table below:

Plant Plant £ (mins) 7
Flow (migd)

Dundas 2.1 66 * 0.62
(two tanks in 2.3 60 0.54
parallel)

1.8 77 0.56

Drury Lane 2.2 84 0.83
(two tanks in 2.0 93 0.88
parallel)

1.6 116 0.86

TABLE 4.3.1.

Efficiency Factors for the Primary

Sedimentation Tanks at the Dundas and Drury Lane

Treatment Plants.

The average efficiency factor for the primary settlers

at Dundas is 0.57 whilst that at Drury Lane is 0.85. The

high degree of turbulence in theﬁprimary settling tank at

Dundas is reflected in the low efficiency factor and is quite

evident visually from the effluent turbidity.

Our overall correlation for the primary settler is

then described by

W

r ¢{|— exp (- k t“/HB)} (4.3.3)
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4.4

The Primary Settling Tank Model - PRISET1

A listing of the program is given in Appendix K.

The equipment vector for the model is reproduced below.
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The computations carried out by the program can be

explained in the following steps

(1)
(2)

The pH of the output streams is initially calculated.

Input streams 2 and 3 are sludge streams carrying solids

Y

which have much higher settling velocities than the

the removal of the

Hence,

solids in the raw waste,

EN(22) provides

sludge solids is essentially complete.



(3)

(4)

(5)

(6)
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for the small fraction of the sludge solids which

do escape over the wiers due to short-circuiting or
turbulence.

The removal of the solids in the raw waste is calculated
from Equation 4.3.3.

The underflow is calculated from pump capacities. The
concentration of the underflow solids is then calculated,
for which a maximum-value.of 6% is assumed. If the

pump capacity is insufficient, excess solids over

6% is carried over to the effluent.

The scum flow is then calculated, assuming 90%

removal of scum solids. Thetsolids concentration

of the scum flow is specified by EN(20).

Soluble components are then split according to

the split in water flow among the three output

streams.



CHAPTER 5

5. AEROBIC BIOLOGICAL SLUDGE PROCESSES

The theory here represents an attempt to model all
aerobic biological sludge processes in one general package.
Currently, all the various modifications of the activated
sludge process, such as extended aeration, step aeration,
contact stabilization and aerobic digestion, have been
considered as separate processes. However, a bacterial cell
does not know what hydraulic regime it is in, nor does it
know what process it is supposed to work under. The kinetics
describing the activity of the bacteria should be similar
in all cases. The differences in rates observed with the
various processes can only be due to differences in composition

of the activated sludge mass.

5.1 The Bacteria and its Activities

The morphology of the bacteria is well described in
any standard textbook on microbiology. A very brief description
will be given here, while the physiological functions of the
bacteria and their corresponding kinetic expressions will
be described in more detail.

Bacterial cells are small and have sizes of the order
of one micron. The cell éhape may be spherical (coccus),
rod-like (bacillus), or spirally—shaped (spirillum), and is

defined to a large part by a relatively tough outer cell wall.

46
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Inside the cell wall is a semi-permeable cytoplasmic membrane,
which is responsible for a selective transfer of nutrients
and waste products into and out of the cell. The region
within the cytoplasmic membrane includes the cytoplasm
and the nuclear region. The cytoplasm is characterized
by a relatively high concentration of ribonucleic acid (RNA),
which is associated with protein synthesis. The nuclear
region contains a high concentration of deoxyribonucleic
acid (DNA). The genetic code is stored in the DNA. Some
bacteria secrete slimy materials on their surfaces, creating
a slimy layer outside the cell wall. A rough sketch of a
bacterial cell is shown in Figure 5.1.1.

The activitiy of the bacteria will be described
in the following four sections.

(a) Metabolism:

Bacterial cells, like all living cells are capable
of feeding and growing. Soluble organic matter (substrate)
~diffuses into the bacterial cell where they are metabolized
and converted partly into new cell matter. The remainder
of the organic substrate is respired to provide energy
for the cell. VThe respiration prodﬁcts are mainly carbon-
dioxide and water. .

Schematically, this may be represented as:

'Néw cell matter

soluble degradable

organics + microorganisms + O2

Respiration products
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The yield factor, ¥, is defined as the fraction of
soluble carbon metabolized whicﬁ goes into new cell growth.
The fraction (1-Y) which is respired will require an
equivalent amount of oxygen.

The rate of soluble carbon degradation can be

written as

rate = ¢ - . uM ’ (5.1.1)
dt
where C = concentration of soluble degradable carbon
U = f£f(c) = unit growth rate
and M = concentration of microorganisms

(as equivalent carbon)
For the case of asingle substrate and a pure culture,
the functional dependence of u is described by Michaelis-

Menton kinetics as

U C

U = max : (5.1.2)
C* + C
where Umax = maximum growth rate
and c* = constant = value of C at which U = %Umax

However, in waste treatment, mixed substrates are
generally encountered. Pure cultures are also difficult to
maintain and is often less efficient than mixed cultures.

Consequently, there is m need to restrict the description

of U by Michaelis—-Menton kinetics. The measurements of
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U and Y as described in Section 5.2 show that a linear

correlation

U = k4C (5.1.3)

is a better fit. It should also be noted that the

Michaelis-Menton equation becomes linear when C << C¥%,

(b) Endogenous Respiration

, Bacterial cells can also utilize stored food products
(bacterial fat) to provide energy for its various physiological
activities, especially in perids of low external food
supplies. This is known as endogenous respiration or sometimes
as basal metabolism.

Schematically, this may be represented as
stored "bacterial fat" + 0, —> Respiration products (5.1.4)

The rate of endogenous respiration should be proportional
to the number of bacterial cells present, or is first order

with respect to the bacterial concentration, namely,

rate = 9 = - kM (5.1.5)
dt
where kl = endogenous respiration rate constant.

(c) Death and Cell Lysis

In cell lysis, the inner protoplasm of the cell is
released to the surroundings through a breach in the cell
wall. Part of the protoplasm is available as food for other

microorganisms, while the remainder consists of relatively

2
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non-biodegradable high molecular weight mattexr, schematically,

this may be shown as

-4

——¥soluble degradable carbon

bacterial | 8 soluble non-degradable (5.1.6)
cells carbon .

fa-=-8) particulate fragments

« is the fraction of soluble degradable carbon, and
g is the fraction of soluble non-degradable carbon released
during cell lysis. The remaining fraction (1—“—8) is particulate
matter consisting of cell walls, slime layers, various
membranes and so on, with varying degrees of-biodegradability.
This process explains the build-up of soluble non-
degradable carbon during the prolonged aeration of activated
sludge. ]

The rate of death and subsequent cell lysis should

also be proportional to the number of bacterial cells present:

rate = am - _ . k.M (5.1.7)

2
dt
where k2 = 1lysis rate constant.

(d) Solubilization of Particulate Organics

In general, solid organic matters have to be solubilized
before they can be utilizéd by the bacteria. This process
is speeded up by the secretion of exo-enzymes by the bacterial
cells. The solubilized organic matter then diffuses back into

the bacterial cell as substrate.
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The rate of solubilization should be proportiocnal
to the concentration of the organic solids. It should also
be proportional to the rate of release of exo-enzymes or

equivalently, to the number of bacterial cells present:

rate = £ = - kM (5.1.8)
dt ‘
where P = solid organics concentration
(as equivalent carbon),
and k3 = solubilization rate constant.

The four reactions proposed above involves principally
five components,; namely the microorganisms (M), the particulate
organics other than microorganisms (P), soluble degradable.
organic carbon (SDOC), soluble non-degradable organic carbon
(SNDOC) and carbon dioxide. However, carbon dioxide is
partially purged from the system by the air and hence is
difficult to monitor. But, it can always be obtained from
a mass balance on carbon.

The total soluble organic carbon, SDOC+SNDOC, can
bé determined by means of the carbon analyzer. The soluble
degradable organic carbon can be obtained from the Biochemical

Oxygen Demand of the filtrate, using the relationship

SDOC = BOD (filtrate)/l.9 (5.1.9)
This is discussed in Section 9.1. The SNDOC is then

obtained by difference.
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The total concentration of microorganisms and particulate
solids, M + P, can be obtained from the volatile suspended

solids using the relationship (see also Section (9.1)

M+P = Vss/2.1 (5.1.10)

The concentration of microorganisms alone can be
indirectly measured from its oxygen uptake rate. 1In addition
to the oxygen required for the carbon respired, oxygen is
also consumed in the nitrification of ammonia-nitrogen
associated with the sludge. A chemical analysis of activated

sludge reports an average composition of C.H.,O

N (54). The

5 2

oxidation reaction can then be written as:

C5H702N + 702——9-5C02 + 3H20 + HNO3 (5.1.11)

Hence each gram of carbon lost through respiration requires

3.73 grams of oxygen or

OUR = 3.73 [kl + (l—Y)U:}M (5.1.12)
therefore,
M = OUR

3.73 [kl +‘(1-Y)q]

Hence, our aerobic biological system involves four
simultaneous, kinetically independent reactions, five
components and seven constants. The constants involved are

kir ko, kyr kyy ¥, = and 8.
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5.2 Chemostat Experiments

The purpose of this series of experiments is to
evaluate the functional dependence of the unit growth rate
on the soluble degradable carbon concentration. A chemostat
is essentially a biological reactor that acts as a
continuous-flow, completely stirred tank reactor. The defining
equations are easily derived from a mass balance around
the reactor

In Figure 5.2.1, Q is the flow rate through the
reactor and V the volume of the reactor. The concentration
of soluble degradable organic carbon in the feed is Co
and that in the effluent is C. The concentration of micro-
organisms in the feed is assumed to be zero while that in the
vessel or effluent is M (as equivalent carbon).

Pexforming a mass balance on the soluble carbon,

we have at steady-state,

vic

0 = = Q (c0 - C) - UMV (5.2.1)

dt

N2

FIGURE 5.2.1. A Schematic Representation of a Chemostat,
and Operating Variables.
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where U = wunit growth rate (see Section 5.1)
Hence U = £(c) = (€, - Q) (5.2.2)
Mt
where t = V/Q = residence time.
Also from definition, the yield factor
=Y =M (C, ~C) (5.2.3)

In our experiments, settled raw sewage was filtered
through a two-inch thick layer of glass wool and used as
the feed. This was stored in a constant head bottle and
allowed to drip into an aerated 6 litre vessel (see Figure
5.2.2). Seeding was accomplished by the addition of about
100 ml of activated sludge to the reaction vessel. After
two detention times, the effluent was sampled and analyzed
regularly, until a steady—state was reached.

The results from seven runs are summarized in
Appendix C. The average value of the yield factor Y obtained
‘is 0.57 with a standard deviation of 0.04. the functional
dependence of U is found to be linear with respect to the
soluble degradable carbon concentration, in the range
studies (25 - 50 mg/l). This is plotted in Figure 5.2.3. The

correlation obtained is -

U = 0.0010 C = k4C (5.2.4)

with a correlation coefficient of 0.85.
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Fig}n:;e 5.2.2. Experimental Set-Up for the Chemostat
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We have assumed that the solids in the feed is not
significantly solublized in the reactor.
To compare the results obtained we have to convert

Equation 5.1.2 to traditional units:

We have .d_c. = Q_EQPE. X _.:.L._.
dat 4t 1.9

It is estimated that microorganisms account for
approximately 30% of the Mixed Liquor Suspended solids.
Hence M x 2.1 = 0.3 (MLSS)

Therefore, Equation 5.1.2 becomes

1 . dBoDs _ _ K, o BOD5 0.3 oo

1.9 dt 1.9 2.1
or dBoDs  _  _ k, 0.3 (BOD) (MLSS)

dt 2.1

"
= = KS (BODS)(MLSS) (5.2.5)

~ 0.3

or KS = k4 —_—
2.1

1

0.00014 (hr)” ! (mg/1)”

Eckenfelder (2) reports a value of

1 1

K, = 0.00010 - 0.00013 (hr)™" (mg/1)~



59

Keshavan et al (22) reports a value of

K, = 0.00016 (hx)™* (mg/1)™"

Hence, our results are approximately in agreement with

the literature values.

5.3 Aeration Studies of Activated Sludge

As some of the rate proposed in Section 5.1 are
expected to be slow, batch studies of aerated activated
sludge have to be carried out over an extended period. Return
activated sludge is a convenient "reaction mixture" to use,
as it contains all the components in our reaction set.

Return activated sludge from the Drury Lane plant
was used, and the aeration was carried out in a 6-litre
vessel, for twenty five days. Samples were taken periodically,
and the following analyses performed:
(1) Biochemical Oxygen Demand of filtrate,
(2) Dissolved Organic Carbon,
(3) Suspended Solids, and
(4) oOxygen Uptake rate.

Inorganic solids were determinéd both initially
and at the end.

Two runs were made with different samples of return
activated sludge from the'Skywaf Plant, Burlington. The
results obtained are tabulated in Appendix D. The plots

of (P + M), OUR, SDOC and SNDOC versus time are shown
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in Figures 5.3.1 - 5.3.6. The volatile suspended solids and
the oxygen uptake rate were observed to drop with length

of aeration. The soluble degradable organic carbon dropped
slightly and then remained fairly constant. There was a
marked increase in soluble non-degradable organic carbon with
aeration in both cases.

To obtain an estimate of the variances in the
measurements, a third run was started and allowed to run for
a week. Then five samples were withdrawn simultaneously from
the reaction vessel and analyzed immediately. The results
are also tabulated in Appendix D, together with the variance-
covariance matrix and its inverse matrix.

Before the parameter search was performed, an eight
constant QO was introduced and it is defined as the ratio
of the initial concentration of microorganisms, M,r to that
of the total volatile solids, namely,

MO :
Q = —° (5.3.1)

(B + M)
where the subscript o refers to initial values.
Otherwise, we have to calculate MO from the intial wvalue of
the oxygen uptake rate, and as M is a critical value, an
error in the oxygen uptaké rate can have a marked effect
on the search.
A fourth order Runge Kutta was used to calculate

the values of the four components, P, M SNDOC, and SDOC. The
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Oxygen Uptake Rate as a Function of Aeration Time
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set of differential equations used were

a _ I e
o= [ xgp v Qm=sdky [
dt with an intial value of (l—Qo)(P+M%) (5.3.2)
aM
an _ [k4 (SDOC)Y ~ (kl+k2)] M
dt with an initial value of Q_(P+M), (5.3.3)
dsNDOC  _ bl 1
dt with an initial value of (SNDOC),  (5.3.4)
and dsSDOC _
= [k3P k4 (sbocC) + k2°=]M
dt

with an initial value of (SDOC)o (5.3.5)

¢

A SIMPLEX optimization routine was used and the

objective function to be minimized is (18)

n 4 4 ,
' rs
= C e~ "'7
SZS 55 rz=l Z—-:l gy 7Iri)'(ysi Zsi) (5.3.6)
where gf = objective function to be minimized
N = number of sets of observations made,
O_rs‘=> the (r,s)th element of the inverse of the

variance-covariance matrix,

th

. = the i observation of the rth response

and 71ri = the itP prediction of the rth response.
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The four responses used are:

(1)

(2)

(3)
(4)

]

Volatile suspended solids (mgC/1l), with the predicted

.value calculated from P + M

Oxygen uptake rate (mgoz/l/hr), with the predicted
value calculated from 3.7M k,+(L-Y)k, (SDOC)
Soluble non-degradable organic carbon, SNDOC, (mgC/l), and

Soluble degradable organic carbon, SDOC, (mgC/l)°
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\J
A schematic representation of the parameter search

is shown in Figure 5.3.7.

SIMPLEX
MINIMIZATION
ROUTINE

OBJECTIVE FUNCTION

SOLUTION OF DIFFERENTIAL
EQUATIONS BY FOURTH
ORDER RUNGE KUTTA

FIGURE 5.3.7. Schematic Representation of

Parameter Search
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The values of the constants obtained are shown in
Tablé 5.3.1. The fitted curves are shown in Figures 5.3.1

to 5.3.6, together with the observed points.

Run ) @« )
Number | X1 Ky ky Ky Y 8 A
p-1 [0.00290.0015]2.0x10"8|6.0x107%]0.55]0.41]0.082]0.5¢

6 4

D~2 }0.0029(0.0014}1.8x10 ~}5.6x10 ~{0.57]/0.44}10.089|0.56

Table 5.3.1. Parameters for the Aerobic Biological

Sludge Process Model

The agreement in the values of the parameters in
both runs are very good, considering the analytical errors
involved. A From the Chemostat experiments, the values of k4
and Y obtained are 1.0 x 10—3 and 0.57. The agreement in
the yield factor is good, but the metabolism rate factor
is much lower in fhe "endogenous phase" of the extended
aeration studies. The results imply that the metabolism
rate is retarded under conditions of prolonged starvation.

Sedivy (37) in his thesis on residual organics found
@ to be about 1-5%, using glucose as substrate. Our value
is a bit high. The value o 6  obtained suggests that only

about half of the volatile suspended solids in the return sludge

from the Skyway Plant, is actually "active mass".



71

No equivalent values for the other constants exist
in the literature. Note that the basal metabolism rate constant
kd proposed by other workers ia actually measured from the
rate of decrease of volatile suspended solids and which in
l,.k2 and k3. To illustrate
that our reaction scheme fits the rate of decrease ofh

our case is a combination of k
volatile suspended solids better than the simple exponential~ ’
decay, semi-log plots are shown in Figure 5.3.8 and 5.3.9,
of the volatile solids versus time. In both runs, our model
agrees with the exponential decay model up to about an
aeration time of ten days. Beyond that the exponential
decay model predicts much lower solids than is actually
observed. Our model gives a much better fit beyond ten days,
although it still predicts lower solids than is actually
observed. This is probably because our model still lacks
the ability to predict the concentration of particulate
' non-degradable organic carbon, which would build up with
extended aeration.

As a matter of interest, the kd value from our data,
which is 0.055 day_l (base e) agrees with Pipes and Meaae (31)
very well. Their data showed a range of kd between 0.025
to 0.078 day"l with an average value of 0.053 day-l. Eckenfelder
(2) reports a value of 0.048 day—l.

As the statistical calculations are quite difficult,

the estimation of confidence limits for the various constants
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will not be attempted. Instead, the average sum of squares
deviation from the regression line will be compared to the
variance obtained in the replicate samples. This is

presented in Table 5,.3.2.

Number Component
of
Run | Points |Volatile |Oxygen Soluble Soluble §
or Suspended |Uptake |Non-degradable Degradaile
Samples Solids ! Rate !Organic Carbon iOrganic Carbon |
!
D-1 16 8000 1.2 18.5 1.3 (only 5
) points)
D~2 14 8400 1.0 13.6 2.3 (only 5 i
‘ ! points) |
Repli+ !
cates 5 6450 2,0 18.5 1,2

Table 5.3.2. Comparison of Average Sum of Squares Deviation

from Regression Line, with the Variance from

Replicate Samples

The average sum of squares from the regression line
compares quite well with the variance from the replicate analysis.
This indicates that the model proposed is significant.

No measurements Qere made on the effect of temperature
on the various rates. The above two runs were made at 23°C +
2°. a temperature correction factor of 1.047 will be used,
as proposed by several authors (2, 47). Hence,

T~23
k, (T)

kz(T)

0.0026 (1.047)

i

0.0015 (1.047)T"23

I
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k () = 2.0 x 107° (1.047)7723
k(7)) = 0.0010 .(1.047)T"23
or  k,(T) = 0.0006(1.047)"?> in food limiting

conditions.
(5.3.7)

5.4 The Stripping Rate of Purgeable* Soluble Organics

Purgeable soluble organics tend to be stripped off .
in the aeration process. Hence their removal can occur
both by biological action and by physical stripping due
to the passage of air (16, 17).

According to mass transfer principles, the mass
transfer will depend on the first order of the driving force,
or concentration difference and also on the surface area

of the air bubbles, namely,

dsPoc - k. A (SPOC - SPOC,) (5.4.1)
v |

dt

It

where SPOC soluble purgeable organic carbon in solution

SPOC, = soluble purgeable organic carbon in bubble

kL = a mass transfer coefficient
A = surface area of bubbles
and v = volume of reactor

* Waste treatment terminology reserves the use of the word
"volatile" for volatiles at 600°C. The term "purgeable"
is then used here to define the soluble organics which
can be physically removed by purging with a gas, at
normal temperatures.
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But A/V = ayd ' (5.4.2)
where ay, = surface area to volume ratio of air bubbles
and g = volumetric rate of air per unit volume of
reactor.
Hence,
d(s8POC) . _ g g g.(SPOC) (5.4.3)
L "V
dt
Solving,
m  BEC) . -k gt (5.4.5)
(SPOC)o
where (SPOC)o = initial value of SPOC.

To estimate the rate of stripping, settled raw
sewage was filtered through a two-inch layer of glass wool
and aerated at a fixed rate in a 2 litre vessel (no activated
sludge was added). The soluble organic carbon was measured
at regular intervals, until no further drop was observed.
The remaining soluble organics is non-purgeable. The difference
between the soluble organic carbon énd the ultimate value
(or the non-purgeable organic carbon) is the soluble
purgeable organic carbon (SPOC).
Four air rates of 0.5, 1.0, 1.5 and 2.1 cu. ft. air/

hr/cu. ft. reactor were used and the results are tabulated in
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Figure 5.4.1. Semi-Log Plot of SPOC Versus Time
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Semi-Log Plot of SPOC Versus Time
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Figure 5.4.3. Semi-Log Plot of SPOC Versus Time
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Appendix E. Semi-log plots of SPOC versus time are shown
in Figures 5.4.1 to 5.4.4. The slopes of the lines will

be -ksq. Table 5.4.1. shows the values of k5 obtained frém
the four runs. The averagé value of kg is 2.06 with a

standard deviation of 0.27.

Run Number E-1 E~2 E-3 E-4 jAverage

q cu.ft.air/hr 2.1 1.0 0.5 1.5
cu.ft. reactor
volume

slope = kg hr™1| 2.18 | 0.80 | 0.40 | 1.40

k5 (base e) 2.40 1.85 1.85 |-2.15 2.06

5.5 Oxygen Transfer Efficiencies

The rate of oxygen transfer can be found by using
the same equation as that for the stripping of purgeable

organics, namely -

dt v
where [0,] = concentration of oxygen in liquid

[02] sat — Saturation concentration of oxygen in liquid
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o
|

liquid film mass transfer coefficient

b
)]

surface area of air bubbles

ol
=]
o
<
1

volume of aeration tank
The saturation concentration of oxygen in water at

1l atm can be calculated from the equation (9)

_ _ 2
0, sat., 1 atm. = 14.16 0.3943T + 0.007714T
-~ 0.0000646T° (5.5.2)
where T = temperature in °c

1
. kLA is a function of the aeration device, the air
flow rate and of the depth of the &ration tank. The

functional relationship is

' (i-n) 4(1-m)

kLA = N.G (5.5.3)
where N = sometimes referred to as absorption number
G = total air rate, scfm.
H = depth, ft.
and n,m = constant

Table 5.5.1 shows‘the various values of the constants,

for several aeration devices (9).

5.6 Nutrient Balance

The assumption made is that the nitrogen to carbon
(N/C) and phosphorus to carbon (P/C) ratios in the raw

waste is the same for both the particulate and soluble organic
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Unit .4 N i(lfn} (1-m)

Aloxite tubes (270 0.85} 0.45
Sparjer 210 i0.86} 0.78
Seran tubes 275 0.8 [(0.60)

Carborundum 65 (0.8 (0.75)
plates

Table 5.5.1. Oxygen Transfer Characteristics of

Some Common Diffused Aeration Equipment.

components. This is supported by analyses made by the
Ontario Water Resources Commission for the Drury Lane

W.P.C.P. This is shown in the table below.

Element Nitrogen | Phosphorus]|Carbon] N/C|{ P/C
Phase :

Particulate 22 7 (90) {0.24{0.078
Soluble 23 ‘ 6 (80) §0.2910.075

Table 5.6.1. Average Nitrogen, Phosphorus and Carbon

Concentrations in Raw Sewage from Drury

Lane W.P.C.P. The Nitrogen and Phosphorus

Values are Obtained from 29 Analyses by the

O.W.R.C. The carbon concentrations are

estimated from our analyses.
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The composition of the bacterial cells is assumed

to be C_.H,O

57772
(P/N) ratio in activated sludge is reported to be about

N (54). This has a (N/C) ratio of 0.23. The

0.25 (9), hence (P/C) is approximately 0.06.

After the various effluentvorganic carbon components
have béen calcuiated, a mass balance over nitrogen and
phosphorus is then performed. All excess nitrogen is
assumed to be converted to ammonia and all excess phosphorus
to inorganic phosphates.

Downing's data for the rate of nitrification will

be used (7):

dNH G. NH,. X
3 - - 3 (5.6.1)
dt Y (K + NHj)
and  dX . _y 88 (5.6.2)
dt dt
where NH3 = ammonia concentration (mgN/1l)
X = Nitrosomonas concentration (mg/l)
G = 0.014 hr't
K = 1.0 mg/1
and Y = 0.05 gms Nitrosomonas/gm NH3-N

A slight modification will be made to Downing's equation.
This is to account for a decrease in the rate due to an oxygen
concentration of less than 1.0 mg/l. The retarding factor f

is defined- where
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£ = 1 for [0,]>1.0 mg/1
and 'f = ([0,] for 0.0 £ [0,]< 1.0 mg/1 (5.6'.3)
i.e.,
dNH f.G. NH,.X
3 - = -3 (5.6.4)
dt ' Y (K + NHj)

The mass of Nitrosomonas is found iteratively and
stored in the EN vector as a fraction of the mixed ligquor
suspended solids mass.

The oxygen requirement during nitrification can be

obtained from the equation

NH + 20, —» HNO + H,0 (5.6.5)

2 3

3 2

Hence, for each gram of NH3—N converted to NO3

+ 4.57 grams

of oxygen are required.

5.7 The Aerobic Biological Sludge Process Model - ACTSLL

and CSTR2
CSTR 2 is a continuous-flow, completely-stirred tank
reactor model of the aerobic biological sludge process.
ACTSLl1l is a stirred tanks in series model which calls the
basic CSTR2 program. ACTSLl1 is the program that is actually
used as the unit computation. IListings of the two programs
are given in Appeéndix K. The equipment vector for ACTSLL is

reproduced below, of which EN(16) - EN(32) are actually used

by the CSTR2 routine.
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ACTSLl may be used as the step aeration process model

or as a model for the activated sludge process and its

various modifications.

For the contact stabilization process,

ACTSL1 will have to be used twice.

computations carried out by the CSTR2 program

The

may be explainéd by the following steps




(1)

(2)

(a)

(b)

(c)
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Stream variables are first converted to concentration

units,

The iteration then begins on the effluent concentrations

of the reactive components. All inert components are

passed through the model. The reaction rates used are:

where

and

ds "

dt

where

(Yk4C - kl - kz)M
M = 80(1, 15)
¢ = sol1, 20) + so(1, 21) =C' + cC"
4 = EN(28)
1 = EN(21)
, = EN(20)
(= k38" + k, (1-=-8))M
S' = so(l, 16)
« = EN(25)
B = EN(26)
ky = EN(22)
- k3S"M
s" = S0(l, 18) as well as SO(1, 19)
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(d) act _  _ : ;
—~ = (kM + kg q)C
dt
where C' = 80(1, 20)
and g = volume air used/hr/volume of reactor.
(e) € = (kg8 + kyd - k,CMIM
dt
where S = § + 8"
and C" = s0(1, 21)
(£) dsNDC - k2 @ M
dt '
where SNDC = SO(L, 22)

The concentration of ammonia nitrogen released and
the subsequent nitrification to nitrates are also calculated,
within the iteration loop. The rate of change of dissolved

oxygen 1is next given by

(9) do, 32
—=2 = Kka (05 - 0,) - 22 {(1—5{) k,C + kl} M
dat 12
- 4.57 (&
dt
where 0, = so(1, 7)
Og = saturation oxygen concentration
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k;a = oxygen mass tranfer coefficient
and 4N - _ nitrification rate.
at

(3) A balance is then made on phsophorus,
(4) The exit pH is next calculated assuming that the carbon-

dioxide concentration is in equilibrium with air.



CHAPTER 6

6. SECONDARY SEDIMENTATION

In the activated sludge process the waste to be
treated is mixed with a flocculent sludge containing
microorganisms and other organic and inorganic solids,
and aerated. The microorganisms are used to feed on the
soluble portion of the waste aﬁd to convert them into more
cell mass which may then be settled out. The level of suspended
solids used in the activated sludge process range from
2000-4000 mg/l. As the treated water will constitute the
plant effluent in most cases, it is important that the
activated sludge is removed and the suspendea solids
concentration in the effluentbe reduced to the level of
about 20 mg/l. Secondary sedimentation performs such a
purpose.

As the settled sludge will be recycled to the activated
sludge tanks, and partially "wasted", it is equally important
that we keep the solids content of the sludge high. The
benefits resulting from a "thick" sludge are:

(a) It maintains a high level of mixed-liquor suspended.
solids in the activated sludge tanks,

(b) It reduces pumping costs,

(c) It improves digester operation on the waste sludge

and hence requires smaller digester volumes,

90
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(d) " It increases the economy of sludge dewatering systems
'such as centrifuges, vacuum filters, etc., and
(e). It reduces the sludge volume for land or sea

disposal.

6.1. Activated Sludge Characteristics

The clarification and thickening propoerties of an
activated sludge have been related to its composition and
character. A sludge with a relatively high content of
inorganic solids (such as clay) will tend to be denser and
hence more easily thickened. However, the character of the
microorganisms in the sludge can determine whether a sludge
will be flocculent and hence have good clarifying properties
or whether the sludge will be compact and have good
thickening properties.

The microbiai population in activated sludge include

_ the bacteria, fungi, protozoa and some rotifiers. The bacteria
are the most predominant group, and as they are responsible
for stabilizing the organic matter in the waste and in floc
formation, they are the most important group as well.

Numerous types of bacteria may be found in any sample of an
activated sludge, but sometimes one or several genera

may predominate, depending on the particular waste being
treated.

A brief description of new operating conditions may

affect the character of the microorganisms in the sludge

e
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will be presented here. Assuming that oxygen is supplied

in sufficient quantities, a high food to microorganism
ratio will lead to a rapid rate of bacterjial metabolism

and reproduction. The bacterial cells are highly energetic
and will tend to stay as discrete entities. Another reason
for the bacterial cells to stay apart, is the high surface
area that each cell will enjoy, aiding in the transfer of
food and oxygen. This leads to the formation of a disperéed
or diffused sludge with poor clarifying and thickening
properties.

At a lower food tomicroorganism ratio, the bacterial
cells have less energy and flocs being to form when the
cells are brought intoc contact with each other. The sludge
also becomes more compact. The clarifying and thickening
properties of the sludge improve.

At a very low food to microorganism ratio the
.bacterial cells are starved and many will die off. With
less viable bacterial cells, the sludge will have a poorer
flocculating ability, resulting in a poorer effluent. However,
the sludge is still compact and will have good thickening )
characteristics. The above observations are illustrated in
Figure 6.1.1.

In the case where the diésolved oxygen concentration
in the activated sludge tanks is low, ( 0.5 mg/l) there is

little oxygen penetration into the biological floc, resulting



Extended Conventional
Aeration Activated
Range Sludge Range

Fraction of Solids in Effluent

\

Sludge Volume Index

' 3 2 ' 2

~ <
0-05 0-1 : 0-2 0-5 1 2 -5
Food to Microorganism Ratio
lbsBODg/day/1bMLSS

Figure 6.1.1. Trends of Changes in SVI and XRSS with the Food to Microorganism
Ratio.
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]

in lowered bacterial growth. Ihis encourages ;he‘growth of
filamentous bacteria such as the Sphaerotilus, as they have

a high surface area/volume ratio, and are more able to

absorb the small amount of oxygen present. These filamentous
~growths render the sludge less compact and hence displays
poor thickening properties. The effect of these filamentous
growths on the flocculating and hence clarifying properties
of the sludge is not too well know or reported.

Most fungi also have a filamentous structure and
their growth tends to be stimulated by carbohydrate wastes,
or conditions of Jow pH and nutrient deficiencies.

Prolonged periods of anaerobiasis in the secondary
clarifier could lead to the production of gas, which when
entrapped could cause the activated sludge flocs to rise,
and escape over the effluent wiers. Denitrification could

also contribute to the problem of a rising sludge.

6.2 Correlations for Activated Sludge Settling

From the above discussion, we realize that the twin
functions of the secondary settling tanks, namely those of
clarification and thickening, are very much related to the
operating conditions in the activated sludge tanks. The
level of clarification obtained can be described by the
fraction of suspended solids escaping in the effluent, and

the degree of compaction obtained, by the Sludge Volume Index.
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The Sludge Volume Index is the volume in ml. occupied by 1 gm
of the sludge after settling for half an hour.
Rex Chainbelt, Incorporated, has developed two

.correlations for this purpose (47):

KRSS 382 (GSS)O'lZ (FM)O‘27 (6.2.1)
omss) T3 (za)1-03
and SVI = 56.1 + 113 (l.OS)T"20 (FM) (6.2,2)
where XRSS = fraction of solids escaping in the effluent
GSS = overflow rate (usgpd/sqg.ft.)
MLSS = mixed liquor suspended solids (mg/1)
FM = food to microorganism ratio (lbs BODg
/1b MLVSS/day)
MLVSS = mixed liquor volatile suspended solids
TA = aeration time (hrs.)
SVI = sludge volume index (ml/gm)
and T = temperature (°c)

The above correlations are based on 41 observations
and the correlation coefficient for the first equation is
0.63 whilst that of the second is 0.78.

The maximum concentration of the underflow solids
can be estimated by the value (106/SVI) mg/l. Although this
represents the compaction obtained after half an hour of
settling, it is a good estimate of the final compaction, as

further changes in SVI are small, especially with mixed


http:usgpd/sq.ft
http:l4LSS)l.35
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liquor suspended solids of less than 3000 mg/l. It should
be noted that there is a Qide misconception that the SVI
represents the settling rate of an activated sludge, The
half an hour of settling required by the test is not meant
to be a measure of the rate, but merely provides a reasonable
time for which the sludge to achieve close to the ultimate
compaction.

R. V. Villiers (51) performed laboratory scale
settling column studies and arrived at the correlation
0.494

556 (GSS)
1‘82

XRSS

(6.2.3)

4
(Ta) 0439 .

(MLSS)
This correlation does not include the effect of the
food to microorganism ratio, as does the previous correlation
by Rex Chainbelt Inc. However, there is quite a significant
difference in the exponents on the variables, between the
two studies.
In a preliminary study, P. Leung from the Chemical

Engineering Department, McMaster University, using laboratory

scale experiments, arrived at the correlation

XRSS = 2560 (6.2.4)

(MLSS)1'57 (TA)O'ZO

This correlation does not include either the food to
microorganism ratio or the overflow rate. However, the exponent

that he obtained for the effect of the mixed liquor suspended


http:MLSS)l.57
http:MLSS)l.82
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solids is intermediate between those of the earlier studies,
but he found a very much smaller effect of aeration time
than did the other two investigators. His results are
tabulated in Appendix F.

The disparity between the three correlations could
be explained if the nature of the raw wastes entering the
plants from which the sludges were taken, were somehow
significantly different. It would seem necessary to obtain
a correlation based on a sludge actually produced by the
plant.

In the absence of a good correlation for the sludge
produced in the Burlington plants we have to choose either
Equations 6.2.1 or 6.2.3. It should be noted that the
above equations are developed from quiescent batch column
studies and to apply them to real settling tanks, a correction
factor of 1.5 is suggested by most authors. We will use
the operating data for the Drury Lane Plant, in 1969, as

a comparison:

OR = 960 usgpd/sq.ft.
MLSS = 2200 mg/l
TA = 9.6 hrs.
F/M = 0.3 1lbs BOD5/1b MLVSS/day

and the obtained XRSS = 0.090


http:usgpd/sq.ft
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Using Equation 6.2.1:

XRSS (calculated) = 0.019

XRSS (corrected) = 0.019 x 1.5 = 0.029
Using Equation 6.2.3;

XRSS (calculated) = 0.054

XRSS (corrected) = 0.054 x 1.5 = 90,081

The Rex Chainbelt correlation gives too good an
effluent, whilst the Villiers' equation gives a result which
is closer to the actual operating condition. Hence, Equation

6.2.3. will be selected for use in our program.
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6.3 The Secondary Clarifier Model - SECLAR 1
" The listing for the program is given in Appendix K.

The equipment vector for the model 1s reproduced below.

EN VECTOR
D A Rk A ORMAT
«—15+ STANDARD F ~
Lem15e RINBER OF CLARIFIERS IN PARALLEL ;
5. "HEAD LOSS THROUGH CLARIFIER (FEET OF WATER)
12. EIRSL U TRUL S IRRekM TURGEREL ow)
1. ?E%SDDOUTEE£A§E35AM (SCUM TROUGH FLOW)
. E OF 0
Lo O Ok OR FIXED FRACTION OF RECYCLE
= 2.0 FgRogAééggngo§%E§ggéI{ON OF UNDERFLOW
. 10 =
1ae R REACE AREA OF CLARIFIER (PER TANK) = SQ.FT.
19, SCUM FLOW CONCENTRATION (MG/L)
20. NUMBER_OF UNDERFLOW SLUDGE PUMPS
21, CAPACITY OF PUMPS IGPH EACH
22. FRACTION OF CAPACITY USED

The computations carried out by the program can be
explained in the following steps:

(1) The Sludge Volume Index of the activated sludge is
first calculated, based on operating conditions
in the aeration tanks. Equation 6.2.2. is used.

(2) The concentration of solids in the effluent,is then
calculated from Equation 6.2.3.

(3) Secondary clarifiers can be operated with either a
constant fraction of recycle of the underflow or
with a constant depth of sludge blanket. 1In the
second case, the underflow solids is at its maximum
concentration, which can be estimated from the Sludge

Volume Index. In the first case, the sludge blanket



(4)

(5)
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depth is not constant but could drop when the underflow

bumps are set too high or could rise and finally
escape over the wiers when the underflow pumps are set
too low. When there is no sludge blanket, the
concentration of solids in the underflow is below the
maximum value, as calculated from the SVI. EN(16)
determines the policy used in the plant, and the
underflow is calculated accordingly.

The scum flow is then determined assuming 100%
removal of all incoming scum. The scum solids
concentration is determined by EN(19).

Dissolved components are split according to the

water flows.



CHAPTER 7

7. ANAEROBIC DIGESTION

The "Sewage Treatment Plant Design Manual" (38)
adequately describes the purpose of anaerobic digestion as
follows: ’

".....A primary purpose of sludge digestion is to
reduce the complex organic matter present in the
raw sludge removed by sedimentation processes

to a simpler, non-objectionable state. Digestion
produces asludge more amenable to dewatering
without nuisance, and it renders the sludge fit
for easy disposal by lagooning, dilution or
similar means......Digestors also reduce the
volume of sludge and in so doing produce gas which
can be utilized for heating purposes."

The anaerobic digestion process has several disadvantages
which may discourage their use in a wastewater treatment plant.
Firstly, a high capital outlay is required, amounting to
about 25-35% of the total capital cost. Secondly, digester
upsets are frequent, thus requiring‘constant attention, and

thirdly, there is always the hazard of a gas explosion.

7.1 Theory

There are two distinct processes occuring in an
anaerobic digester - liquifaction and gasification. Liquefaction

of the sludge solids is brought about by the extracellular

101
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enzymes secreted by the bacteria, which hydrolyses the complex
solids. Cellulose and carbohydrates are converted to simple
sugars, alcohols and fatty acids. Proteins are converted

to amino acids, while fats and grease are converted to
glycerol and fatty acids. The formation of organic acids
could result in a depression of the pH, if the alkalinity

in the digesting sludge is not sufficient for neutralization.
This liquefaction stage of digestion, is also called the

acid phase, for obvious reasons, and the bacteria responsible
are usually referred to as acid-formers.

In the gasification process, the end products of
liquefaction are further broken down to gaseous end products.
This could involve the activity of the same bacteria in the
first phase, but with the exception that they are not capable
of utilizing their own acid end products. This requires the
work of a second group of bacteria which metabolize the
fatty acids to give methane and carbon dioxide, and convert
.amino acids to ammonia. The ammonia released tends to
neutralize a portion of the acids remaining and raise the pH.
The gasification phase is also sometimes referred to as the
methane phase, and the bacteria involved as methane-formers.

The digestion process can be schematically represented

ass
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FATTY ACIDS .
METHANE

ORGANIC : e AMINO ACIDS s e
MATTER tiquefdction arpemypEs J2Siflcation. carpoNDIOXIDE
ALCOHOLS AMMONIA

Figure 7.1.1. Schematic Representation of

The Digestion Process

Since the digester is operated under anaerobic
conditions, the bacterial population has to be composed
of either the facultative bacteria or the strict anaerobes.
The acid-formers are predominantly facultative and many of
them originate from the activated sludge fed to the digester.
The methane formers are strict anaerobes, and are a small
specialized group of bacteria. They are highly sensitive
to pH changes and have an optimum pH range of 6.4 to 7.2.
When a digester goes "sour" (or acidic) the methane-formers
die off, and the gasification phase is seriously retarded.

| A properly operating digester should have the

liguefaction and gasification processes proceeding at about
the same rate. An upset can be produced by an increase in
the liquefaction rate, which could be prompted by a sudden
increase in the solids fed to the digester.

To provide a reasonable.description of the digestion
process we need an expression to account for the rate of

liquefaction of the organic solids. If a steady-state operation
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is reached, the rate of gasification should equal the rate
of liquefaction. We wéuld also need an expression to
determine the level of volatile organic acids maintained in
the digester. This is necessary since the pH and the BOD
of the digesting sludge would depend on the amount of
volatile acids present.

A model for the anaerobic digester was first
proposed by Fair and Moore (13) in 1932. They followed the
digestion process in batch reactors and concluded that the
rate of gas production is proportional to the amount of "gas"

remaining in the digesting sludge:

¥ -k (ey) (7.1.1)
dt
where y = amount of gas produced up to time t
G = total amount of gas produced
and k = rate constant.

They found k to be 0.168 day_l, at 95°F. Since then,
other workers have also obtained fixst order rates. Schulze

1

(36) determined k to be 0.14 day — at 92°F., and Simpson (42)

arrived at a k value of 0.3 day—l.
Since it would be useful to our modelling studies to
know the rate of liquefaction of the digesting solids, we

have to rearrange Equation 7.1.1. If gas production is a

measure of volatile solids destruction, then (G-y) is proportional
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to the amount of organic solids remaining.

i.e.(
(G~y) = as | (7.1.2)
where S = amount of organic solids remaining
and a = proportionality constanﬁ.

The proportionality constant is the volume of gas
produced per unit mass of organic solids. This has been
reported to be approximately 16-18 cu. ft./lb. solids destroyed,
for digesting sewage sludge.

Equation 7.1.1 then becomes

Since most reactors are operated continuously or
semi-continuously, rather than batchwise, we will assume a
stirred tank model for the digester. The defining equation

for the digester then is:

So

s = —=20 (7.1.4) °
1 + Kt
where S = volatile solids remaining
So = feed volatile solids |
and t = detention time
or
R = 5_ - LA (7.1.5)
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where R = fraction qﬁ volatile solids remaining.
Or —

(L - R/R = Kt (7.1.6)

The relation here implies that the effluent volatile
solids depend.on both the influent volatile solids and the
detention time, as contrasted to the theory of McCarty (see
Chapter 2). This seems to be a more reasonable expression,
and the importance of solids loading is supported by the
observations of other workers (13, 19, 50).

Rankine (32) has presented data for the fraction of
volatile solids destroyed as a function of the detention
time in a conventional digester. His data is tabulated in
Appendix G. A plot of (1 - R)/R versus t is shown in
Figure 7.1.2. K is found to be 0.025 day-l, and the correlation
coefficient is 0.65. The range of solids loading employed
as 0.033 -~ 0.135 1lbs VM/cu.ft./day.

For the high-rate digestion process, the data of
Torbey (50), Roy and Sawyer (34) and Estrada (12) are used.
Their data is also tabulated in Appendix G, and the plot of
(.- R)/R versus T is shown in Figure 7.1.3. The reaction
rate constant K is found to be 0.085 day"l, and the
correlation coefficient is 0.58. The range of solids loading
employed here is 0.101 - 0.575 1lbs/cu.ft./day.

Data on the dissolved biodegradable organic carbon

in the supernatant is quite sparse. Hence, the equation



(1 ~ R)/R

Figure 7.1.2. Conventional Digester Correlation
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)
proposed by McCarty (see Chapter 2).will be used. He also
estimated that the dissolved organic carbon is mainly
compésed of volatile acids.,

The acidity due to the volatile acids is estimated

by assuming that acetic acid is the major component, i.e.,

soluble organic carbon (mg/l)

acidity (meq/l) =
24.0

(7.1.7)
The ammonia evolved tends to neutralize the volatile

acids and raise the pH of the digester. Assuming that the
nitrogen to carbon ratio in the feed sludge is approximately
0.23 (based on a sludge composition of é5H702N), the ammonia

nitrogen evolved is:

AN = 0.234AC (7.1.8)
where AN = ammonia nitrogen evolved
and AC = organic carbon destroyed

Hence, the alkalinity due to the ammonia is given

by
alkalinity = AN o 9.234¢ meq/1 (7.1.9)

14 . 14

The effluent pH is then calculated by the module

described in Section 9.2.

7.2 The Anaerobic Digestor Model - ANDIGL
A listing of the program is given in Appendix K. The

equipment vector for the model is reproduced below:



aTa'alalalaislalalalalalnlnlalalalalnlaln]

110

€

EN VECTOR
Ho I HHH AN D FORMAT
=15 ANDAR
%: 15 ﬁ&MBER OF DIGESTERS IN PARALLEL
S5e HEAD LOSS IN DIGESTERS (FT OF WATER)
. PTH OF - _
%g- l-“D-EIoO FOR CONVENTIONAL DIGESTER OPERATION
= 2.0 FOR HIGH RQEEA?£8§STER OPERATION
F_O
%8: ggxg$§éﬁugg QATE§ g% S;RiTT?ng#LGET§$Q¥E&SUPERNATANT)
= 140 IF FIRST STA NO~
21 FR%CTIéN EF SOLIDS TO FIRST OUTPUT STREAM (SUPERNATANT)
(EXCLUDES SETTLEABLE INORGANIC SOLIDS)
= 1.0 IF FIRST _STAGE OF A TWO-STAGE SYSTE -
. FRACTION OF SETTLEABLE INORGANIC SOLIDS TO SUPERNATE
= 10 IF FIRST STA%ESOERéDaggBSTAGE SYSTEM
FOR
%2: égggé?gngéCSOLUME THAT IS EFFICIENTLY USED IN DIGESTION

The computations carried out by the program can be

explained briefly by the following steps:

(1)

(2)

(3)

(4)

(5)

The fluid detention time is first calculated. EN(24)
corrects for the fact that a fraction of the digester
volume may be filled up with grit, etc., and hence
is not available for digestion.

The fraction of volatile solids destroyed is
calculated from Equation 7.1.5.

Based on a C:N:P ratio of 1.0:0.23:0.05, the amounts
of nitrogen (as ammonia) and phosphorus released

are then estimated.

The soluble organic carbon of effluent is then
obtained from Equation 2.

The effluent pH is then calculated as discussed in

Section 7.1.
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(6) If the digester is used as the first stage of a two-
stage digester, the contents are normally sent to the
second stage, with little or no phase separation.

This is maintained by constant stirring. Phase
separation is used in the second stage to separate a

a clearer supernate from a concentrated solids
underflow. There is no known correlation for the sélids
concentration of the supernate and hence the phase
separations is specified by EN(20), EN(21), and EN(22).
Soluble components are split according to the water

flows.



CHAPTER 8

8. OTHER UNIT PROCESSES

Other unit processes commonly used in wastewater
treatment include pretreatment, the use of bilological
filters (trickling filters) and'chlprination. The primary
purpose of pretreatment is to remove large and abrasive
materials from the wastewater, to protect downstream equipment
and pumps. It includes screening to remove the larger
solid objects and grit removal.

Biological filters have been used as an alternative
to the activated sludge process. In this process, the
wastewater is passed over a biological growth, supported
on a solid medium. The waste is absorbed by the biological
growth and excess solids is sloughed off the "filter" and
removed by sedimentation. The contact time is short, being
of the order of a few minutes and the effluent is generally
unsatisfactory.

Chlorination is practiced to prevent the transmission
of pathogenic microorganisms to the receiving waters. It
is generally applied to the secondary effluent and in cases
where no secondary treatment is supplied, to the primary
effluent. In the few cases where no treatment is practiced
at all, the raw wastewater is éhlorinated, prior to

discharge.

112
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The thickening of waste sludges is also practiced.
This reduces the volume of sludge to be handled, either
for disposal or for further solids processing within the
plant. Other methods of dewatering include vacuum filtration,
centrifugation and air flotation.

8.1 Pretreatment

Screening devices are usually classified as fine or
coarse screens. In the category of fine screens there are
perforated plates, wire-meshes and closely spaced bars. The
openings are generally 3/16 in. or less, Coarse screens
include comminuting devices, bar screens and coarse wire-
meshes. The openings may be as large as 3 in.

The choice for the size of the openings is dictated
by the size of the largest object which may be allowed to
pass. In the majority of cases, a 1 in. opening is quite
satisfactory.

The volume of screenings removed is difficult to estimate
and depends not only on the screen size but also on the_natureA
of the waste received, and the velocity of flow through the
screens. The Rex Chainbelt Company (33) has developed a
graph from which the average and maximum amount of screenings
may be expected as a function of screen opening. This is
reproduced in‘Figure 8.1.1. The average curve is approximately

described by:
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-0.8d

vV = 19 x 10 (8.1.1)

where V volume of screenings cu.ft./musg

Il

and d screen opening, inches

About 30 lbs. of dry solids may be expected per
cu. ft. of screenings.

In grit removal, the object is to separate the non-
putrescible solids from the waste flow with the minimum
amount of entrained organic matter. This is.achieved by
differential sedimentation, which is made possible by the
fact that the grit particles have subsiding velocities
substantially greater than those of the organic solids. The
flow-through velocities are also controlled to maintain the
organic solids in suspension, by scouring the settled solids.

Velocity control can be maintained by the use of
specially designed wiers, such as the Sutro Wier .or the
proportional wier. More recent developments in velocity-
control devices include the use of compressed air to create
a spiral current within the grit chamber., More details of
the various types of grit chambers in use may be obtained
from the "Sewage Treatment Plant Design Manual" (38).

As is the case with the quantity of screenings, the
volume of grit to be expected at a plant cannot be confidently
predicted. The quantities of grit received will depend on

the area served by the sewers, the type of street and land
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surfaces prevalent in the district and on the percentage
of storm sewers feeding intq the plant.

Due to the great variation in quantities of grit
received, the model written for the grit chamber will require
that we specify the volume of grit to be expected in cu.ft./mig.
As a rough guide to use in Ontario, a survey of 28 plants
having separate sewers gave an average grit volume of
2.4 cu.ft./mig, while 20 plants having partially combined

sewers received on the average 3.3 cu.ft./mig.

8.2 Trickling Filters

The theory proposed for the rapid rate of organic
removal in a trickling filter is that the waste is biosorped
and incorporated into the biological growth, supported on
the solid media. As the wastewater passes down through the
filter, progressive removal is achieved until the clear
effluent emerges. Howland (21) and Schulze (35) have shown
that at low concentrations, the rate of removal is of the
first order with respect to the concentration of soluble
organics remaining:
i.e., c ~k.t

(8.2.1)

o

where C effluent concentration of soluble organics

C. = influent concentration of soluble organics



117

k1 . reactiqn rate constant
and t = ~mean contact time.

Schulze (35) and Howland (21) have also shown that
the mean contact time in a trickling filter is directly
proportional to the depth and iﬁversely proportional to the
hydraulic loading to a power, n, which depends on the

solid media used.

ie., t = k, p/Q" (8.2.2)
where t = mean contact time (min.)
D = depth of filter (ft.)
Q = hydraulic loading (usgpm/sqg.ft.)
k, = proportionality constant
and n = constant.

Values of n range from 0:55 for spheres (55) to 0.66
for a screen filter (35). The n value for an increasingly
popular media, the synthetic Dowpac Plastic Media, is 0.5.

It has also been shown that the reaction rate could
decrease with depth. This could arise if the more easily
removable portions of the waste are removed at the top of
the filter, leaving a less readily degradable matter for the
lower portion of the trickling filter. Another possibility
exists whereby the microbial population in the filter is
stratified with the more efficint bacteria and fungi at the

top and progressing downwards to the predator microorganisms.
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A general relationship can be developed by combining
Equations 8.2.1 and 8.2.2, and with a modification for

the effect of depth on the reaction rate:

RN : IS o
c e KD /Q (8.2.3)
C
o
where k = rate coefficient or treatability factor
m = constant.

In the case where there is no effect of the depth
on the reaction rate, m = 1. This has been found to be
the case for domestic sewage by several inveﬁtigators.
Schulze (35) determined k to be 0.020 m to be 1.0 and n to
be 0.66 for a screen treating settled sewage. McDermott (55)
concurs similarly, but his rate coefficient is slightly lower,
at 0.018. Germain (56) found m to be 1.0, n to be 0.48 and
k to be much higher at 0.088, for the case of the Dowpac
Filter Media. However, his data is based on only a few

points.

8.3 Chlorination

The purpose of the model will be merely to calculate
the chlorine requirements in a wastewater treatment plant.
Since the effluent will not be directly used as a drinking
water supply, but is discharged to a water-course, the criteria

for chlorination is mt so strict.
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The chlorine dosage required depends on the degree
of treatment the effluent has gone through. Raw sewage will
require a higher chlorine dosage than the effluent from a
secondary clarifier. The "Sewage Treatment Plant Design
Manual" (38) gives the range of chlorine dosages commonly

used, and this is reproduced in Table 8.3.1.

Stream Chlorine Dosage mg/l

Raw sewage 6 - 12
Raw sewage (septic) 12 - 25
Settled sewage 5 - 10
Settled sewage (septic) 12 - 40
Chemical Precipitation effluent 3 -10
Trickling filter effluent 3 - 10
Activated sludge effluent 2 -8

Sand filter effluent 1-5

Table 8.3.1. Range of Chlorine Dosages Required

for Disinfection.

8.4 Sludge Thickening and Dewatering

Sludge thickening performance is not very well

correlated. Hence, only a simple mass balance model will
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be used. This is a slight modification of the SEPAOL
model available from the GEMCS library of routines, The
fractions of water (and water soluble components) and solids
to the supernatant is supplied as inputs to the program.

Other dewatering devices are also approximately

described by the same model.



CHARPTER 9

9. MODULES FOR HANDLING STREAM VARIABLES

T

There are certain calculations which occur frequently
in some or most of the simulation models used in this study.
As mentioned in Section 3, the stream elements 13-22 form
the basic components of a waste flow. The simulation models
directly use these variables in their internal calculations.
However, in wastewater treatment practice, the more commonly
used variable are those of stream elements 8-12, which
include the BOD, SS, VSS, TOC and DOC. Hence it is necessary
to convert from the "working" variables to the commonly |
reported variables. '

Another area where calculations are frequently
needed is in the pH - alkalinity relationship. Also in the
activated sludge model, it is more convenient to use
concentration variables (i.e., mg/l) than it is to use
flow variables such as lbs./hr. Hence a module is also
available to convert component flows into component

concentrations.

9.1 Inter-relationship of Stream Variables

A series of experiments were performed to determine
the relationships between the stream elements 8-12 and those

of 13-22. Section 3.2 gives the relevant defining equations.
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The Total Organic Carbon (TOC), which includes both
the particulate and dissplyed organic carbon forms, was
first determined. To ensure that the injection needle would
not "filter" out any solids, the sample was subjected to
ultra~freqﬁency sonication for five minutes.

The Total Five-day Biochemical Demand (TBODS),

which includes the BOD. of both the particulate and soluble

5
components, was then determined using the original sample.
The sample was then filtered on two Whatman}s #40
filter papers (ashless). One filter paper was then ashed
in a muffle furnace at 600°C and the other was dried at
103°%c. This will yield the volatile suspenaéd solids (VSS)
of the‘sample. The filtrate was then used to determine the
Dissolved Organic Carbon (SOC) and the Dissolved Five-day

Biochemical Oxygen Demand (DBOD All the above mentioned

5)'
analyses were performed according to "Standard Methods" (48).
The results are summarized in Appendix G. The

average values obtained for the conversion factors are:

DBOD

(a) FAC1 = 5 = 1.91
SOC
with a standard deviation of 0.17
(b) FAC2 - BOD5 (particulate) - .T.BOD5 - DBOD5 = 1.24

OC (particulate) TOC - SOC

with a standard deviation of 0.12
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(c) FAC3 = ves . = vss = 2,09

oC (particulate)  TOC - SOC

with a standard deviation of 0.1l

Eckenfelder (8) derived the value of 1.85 for FACIL.
Smith (46) used the value 1.87 for FACl. These two values
agreed with our data. Smith reported a value of 0.80 for
FAC2, whilst our value of 1.24 is much higher. The value
of 2.13 is used by Smith for FAC3, which is close to our

value of 2.09.

9.2 pH -~ Alkalinity Relationships

The major contributors to the alkalinity of municipal
wastewaters are the species in the carbonate buffer system
and ammonia. To a lesser extent, the phosphates and borates
could contribute to the alkalinity.

The equilibrium conditions existing in solution can
" be described by (49):

For the carbonate system

A * + . -

H,CO, = H' + HCOg (9.2.1)

mco,” == H" + co,” (9.2.2)

* = i .
where [H,C0,*] fco, dissolved] + [H,c0,] (9.2.3)
For the ammonium system
+ +
NH," =*NH, + H (9.2.4)
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Self—ionization of watex
+ -
H,0 &= H + OH (9.2.5)

The equilibrium constants for the above equations'

are:
k, = s [HCO3] =i10“6'3 (9.2.6)
[H2C03*j
+ = :
k, =[H] [CO3 J = 10103 (9.2.7)
[Hco3"]
+
k. = [-H—J——Bﬁi] = 10793 (9.2.8)
[NH4+]
and k6 = [H+j [on"]= 10714-0 (9.2.9)

The definition for alkalinity can then be

expressed as

[ALK] = [m3"] + 2 [co3=]+ [NH3] + [OH']

- [&7] (9.2.10)

where [ALK]

[HCO 3J
[coﬁ = carbonate ion concentration moles/litre
[y
[ox]

and. [H*]

alkalinity equivalents/litre

it

bicarbonate ion concentration moles/litre

free ammonia concentration moles/litre

- hydroxyl ion concentration moles/litre

n

hydrogen ion concentration moles/litre
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Due to the congervation of mass, we note that

[B,c0,°] + [Eco,™] + [co,"Jeconstant = [c,] (8.2.11)

SN _ _
and [§H3] + [$H4 ] = constant = [CN] (9.2.12)

Hence, from Equations 9.2.6 and 9.2.7, as well as

from 9.2.11

(ut] k

[CT] = o + 1 + [;’:] [Hcogj

or Eico3“] = [CT] = 1 - (9.2.13)
25 4 +
ky [&°]
Similarly
= k '
E:o3] = [cT] [;;] — 1l — (9.2.14)
kg [H+]
and [NHQ = E:N] - 1 5 (9.2.15)
Kn
Therefore
_ 2k, |- 1
[ALIS—J i ECT] {l +[H+j2} [H+_]+ 1+ k

X [mt
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¥ [C:] [Hﬂ At ,E)H":I . I:H+:, (9.2.16)
Ky

This is the defining equation used to relate the
four variables [ALK| [Cq] , [CN] and pH. Given three of
the variables, the fourth may be calculated. Note also
that if streams are mixed, and assuming a closed system,
there must be conservation of [%L%] [?i] and [?N]'

On expanding Equation 9.2.16, we obtain a polynomial

of the fifth order in H':
EAREN T P I
+13 R :
+|m*] {[ALK:I (ky + ) + kg + kykok k[ ] = Xy [CN]}
+12 ~
+[H:\ {kl[ALK:! (kytky) + kykko~k ok -k ko [cT]
~k,k -2k kz[c] ~k kg [cl\ﬂ }
+
+[8t] {klksz E"Llﬂ ~k kK -2k Kok [cT]
~k Kok ~k koko [CN] }

—klkszkw = 0 (9.2,17)

We could simplify the above equation by making some

order of magnitude simplifications. Roughly, [ALK-IC; [CI\:I}'X[C'I] 210—3
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This means that in the pH range of 5-9, the terms [éHi] - LH{]
é([zL#] in Equation 9.2.16. Hence we can drop out these

two terms resulting in: ,

e +[i}f(ﬂ+i+g 1 - doled |+M€

Ky J
Ky [a¥]

On expansion a third order polynomial in EH+}

results:;

(1] 2 [awx]+ [0] 2{]{N ( [aix) - [CN])+ Ky ([ALK] — [CT})}
+[i'] 4k { 1 N([Am\] - el - ECT3>+klk2 (EALK:{ -2y | )}

+ K ko {[ALK] (el —z[cT']} = 0

Equation 9.2.19 has been found for the several
cases tried to give only one real root and two imaginary roots.
This is very fortunate and helps simplify the solution
of the cubic equation, for which a simple interval
bisection technique jig used. The bisection subroutine
uses the geometric mean of the left and right estimates

of the solution, in its convergence,
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9.3 Inter-conversion Between Mass Flow and Concentration

TN TR T n

Although the units used foxr the stream variables
are for mass flow, it is frequently useful to convert them
into concentration units. The model for the aerobic biological
érocesses has its rate equations all in terms of component
concentrations. The summary report generated has all the
values expressed in concentrations, which is more meaningful
than mass flows.

Due to the analytical procedures used in wastewater
treatment, soluble components are usually expressed as
milligrams per litre of water, while solid components are
expressed in milligrams per litre of sample. In the case
where the concentrations involved are less than 1000 mg/1
(0.1%) the difference between the two is negligible. However,
since sludges of up to 80,000 mg/l (8%) are handled in our
system, the distinction should be made.

For soluble components we then use
F 6

c; = =+ 10 (.3.1)
W
where C; = concentration of soluble component i (mg/1l)
F; = mass flow 6f soluble component i (lbs/hr)
and W = mass flow of water (lbs/hr)
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For particulate components we use

c; = [Fi =107 (9.3.2)
Q
where C; = concentration of particulate component i (mg/l)
F, = mass flow of particulate component i (lbs/hr)
and Q = total volumetric flow of stream (gal/hr)



CHAPTER 10

10. WASTEWATER TREATMENT COSTS

Besides the technical aspects of wastewater treatment,
we have'u:concernourselves with the costs that such a program
would entail. In the expectation of increased activity in
the area of pollution abatment, it is becoming more essential
that we have accurate cost estimates to base our designs on.

A large part of current practice has been to ﬁse "rules of
thumb" which have fairly large safety factors built into
them. An optimal design for a treatment plant, subject to
the requirements of the regulatory bodies, can be arrived

at by combining the technical section of our simulation with
the corresponding cost estimates.

For each unit process in wastewater treatment, capital
costs as well as operating and maintenance costs are available
as a function of the most prominent capacity factor. For
~ example, the capital cost of the activated sludge tanks is
derived as a function of its volume. Most of the correlations
are based on the same idea as the six~tenths capacity factor
used in Chemical Engineering. |

The bulk of the correlations come from the work of
Russell and Swanson as reported in Smith's paper in 1969 (46),
and from Eckenfelder and Barnard (2). Industrial waste treatment

costs are also given in the latter report.
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The capital costs are all updated to 1969 costs by
the use of the Engiﬂeering News Record Index of 1120. This
index, being based on changes in the price of steel, cement,
lumber and common labour, is most appropriate for wastewater
treatment process equipment. The capital cost correlations
used are summarized in Table 10.1.

The total cost of the unit processes (installed) is
then the sum of the separate costs. It is assumed that’the
duplication of a unit merely doubles the cost for the unit.
This does not take into account that there may be savings
due to shared pipings or channels or other factors.

The Physical Plant Cost can then be found by adding
the cost of the control house and site improvements on to the
total unit processes cost. The Engineering Costs added to
the Physical Plant Cost will give the Direct Plant Cost. The
Engineering Cost factor is obtained as a fraction of the
‘Physical Plant Cost. As given in Smith (46)

0.146

Physical Plant Cost
where CENG = Engineering Cost factor.
The Fixed Capital Cost can then be computed by adding
the Contractor's fee (10% of Direct Plant Cost] and the
contingency costs‘(15% of Direct Plant Cost) to the Direct

Plant Cost. These figures are suggested by Smith (46) and



Unit

Capacity Variable

Capital Cost $§

Pretreatment

Primary Sedimentation
Activated Sludge Tanks
Air Blowers

Final Sedimentation
Return Sludge Pumps
Anaerobic Digester
Chlorinator

Vaccum Filter

Sludge Incinerator
Sludge Drying Beds
Sludge Thickener

Trickling Filter (Dowpac)

Design flow, Q, migd

Surface Arxea, SA, thousand
sg. ft.
Volume, V, mig

Blower capacity, C, thousand
cim ’

Surface area, SA, thousand
sgq. ft.

Pump capacity, PC, migh

- Volume, DV, thousand cu. ft.

Design flow, Q, migd

Filter area, FA, hundred
sqg. ft.

; Sludge handing capacity, S,

lbs/day
Surface area, A, sq. ft.

. Surface area, SA, thousand sq. ft.

Volume, FV, thousand cu. ft.

21800 (a)0.63

17300 (SA) + 6700 (SA)O.1l
27000 (V) + 67000

13600 + 7600 (C)°

16200 (SA) + 6900/ (sA)0.13
4700 + 1700 (PC)

1340 (DV) + 1 .800 (v)0-.13
12600 (Q) 0-47

16500 + 48000 (FA)

7.1 (S) + 0.3 (s)1.61
2.23 (A)

(SA) (24200 + 11700/exp(SA/13.3))
66000 (Fv)0.6

Table 10.1.

Capital Cost Correlatiohs

ceT




FIXED CAPITAL ESTIMATE

Ly BRP R FHAL HIRBRRRVINERY

- DRURY LANE SENAGE TREATMENT PLANT - BURLINGTON,

133

CAPITAL COST IN

1962

- PRETREATMENT BRI $ 28567, 21

© - :PRIMARY SETTLING TANKS -+~ - o 32399.94

© ACTIVATED SLUDGE TANKS ~“3¢j 115112, 80

- P AIR 'BLOWERS 3 o 36785.,71

- "SECONDARY SETTLING' TANKS 56552429

. U'SLUDGE’RETURN FUMPS .6658,21

- ANAEROBIC DIGESTERS 118303, 96

_ CHLORINATOR - 8270400

5 TOTAL UNIT PROCESSES (INSTALLED) $ 404050413

 GONTROL HOUSE - 81877, 54

© PLANT SITE ~ 1 oo L 7579.74

PHYSICAL PLANT COST - - R 493507, 41
"“ENGINEERING ' e 43768461

DIRECT FLANT GCST -~~~ - §  537276.02

. CONTRACTOR#S FEE (0.1 DPG) .. - 53727.60

~* CONTINGENCY (0.15 DPC) s .080591,40

FIXED CAPITAL COST - - - “$%% 11671595, 03

Table 10.2. Capital Cost for Drury Lane Plant


http:53727.60
http:537276.02
http:493507.41
http:40~050.13
http:118303.96
http:56'352.29
http:36785.71
http:115112.80
http:28567.21
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are about average in the Chemical Process Industry. The
derivation of the Fixed Capital Cost is summarized in Table
10.2, for the case of the Drury Lane, Burlington Water
Pollution Control Plant. The actual plant cost in 1962 was
$é76,033.78, while the estimated cost was $671,595.03. The
difference is less than 1%.

The operating and maintenance costs of the unit
processes are normally reported in the literature together
as one cost. Smith (46) and Eckenfelder and Barnard (2) have
reported them in terms of annual costs (utilities exciuded).
This necessitates the use of a "Labour Index" to bring these
costs up to date. However, we can avoid this'by converting
the annual costs to man-hours required per year, by dividing
by the labour cost $/man-hours for the year in which the
correlations Qere obtained. This was calculatea from the
average wage of $110/week or approximately $3.00/man-hour
in 1966 (26). The annual cost is then computed by multiplying
the man-hou;s required by the current labour cost. Table
10.3 summarizes the operating and maintenance man-hours used
in the program. |

Again we have assumed that the duplication of a unit
will double the number of man-hours required to.operate and
maintain the units.

The sum of the Operating and Maintenance Costs for

the unit processes will give the total labour cost. This,


http:671,595.03
http:676,033.78
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together with supervision, utilities, sludge haulage, chemical

and plant supplies,_will_give‘the'Dire¢t.Operating and Maintenance
Cost. Supervision is assumed to be 10% of the Total Labour

Cost. Chemical and plant supplies are assumed to be 6% and

5% of the Total Labour Cost, repectively. These estimates

are obtained from the Ontario Water Resources Commission

annual reports on their plant operations. The estimates

of power consumption provided by Michel (26) can be correlated

to give the following annual power consumption P in kwh:

For Primary Plant P 101000 QO0.65

|

For Trickling Filter Plant P 162000 QO0-65

For Activated Sludge Plant b 378000 Q0-65

!

where Q is the plant flow in migd.

Sludge haulage fees in Ontario vary and from the
annual reports of the Ontario Water Resources Commission,
an approximate correlation is obtained as:

Sludge haulage costs = 8000 (Q)0'5:$/yr§
where Q = sludge volume hauled, mig/yr.

Inéirect costs are generally not significant, the
most important of which is for laboratory analyvses, The bigger'
plants usually conduct their own analyses, while the smaller
ones tend to send them away to be done. The Net Operating
and Maintenance cost will then be the sum of the Direct and

Indirect costs.
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To obtain the true annual cost, we have to take into
account the cost of the Fixed Capital Investment. In the case
of owned capital, we have to include depreciation and

opportunity costs. The capital recovery factor to use is:

crRF = S (L +8)" (10.2)

(1 + st -1

where CRF

Capital Recovery Factor

S = 1interest rate that owned capital can obtain
elsewhere
and n = expected life of plant.

The cost of the Fixed Capital Investment to the

municipality of company, annually, is then

R = CRF (Lo - IS)
where R = amortization
I, = Fixed Capital Investment
and Igs = scrap value of project at the end of n years.

In the case of borrowed capital, which is the usual
case with most municipalities, we have to add debt retirement
plus accrued interest to the Net'Operating and Maintenance
Cost to obtain the true Annual Cost. The factor can be calculated
from the same equation, but the interest rate on the loan s
and the debt reitrement period n may be different.
The deddatias of Total Annual Cost is shown in Table 10.4,

again, for the case of the Drury Lane, Burlington Water Pollution
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Control Plant. The actual operating cost in 1969 was
$103,520.52, while the projected cost was $109,116.34, which

is about 5% higher.



Unit Capacity Variable Annual Operation & Maintenance
man/hr. Requirements
Pretreatment Plant flow, Q, migd 133(Q) + 510(Q)0°37

Primary Sedimentation

Activated Sludge
including blower

and final sedimentation |

Anaerobic Digester
Chlorinator

Vacuum Filter
Sludge Incinerator
Sludge Drying Beds

Trickling Filter

Surface area, SA, thousand
sq. ft.

Aerator volume, V, mig
and plant flow, Q, migd

Digester volume, DV, thousand
cu. ft.
Plant flow, Q, migd

- Plant flow, Q, migd

Plant flow, Q, mig'd
Surface area, A, sqg. ft.

Volume, FV, thousand cu. ft.

222 (SA) + 555(sA)0.5

720(Q) + 590(Q)/v0.67

13(DV) + 144(pv)0.5
30(Q) + 170(Q)0.37
0.27(Q) + 154(Q)0-37
400(Q) + 1600(Q)0-37
0.014(a) + 20(a)0-37

10 (FV) + 210(Fv) 0.5

Table 10.3. Annual

Operating and Maintenance Man-Hour Requirements

8€T




i UNIT '‘PROGESSES

- ANNUAL CPERATING COST

PRETREATHENT
 PRIMARY SEDIMENTATION
_ AGTIVATED SLUDGE .

- ANAEROBIC DIGESTION

© . CHLORINATION.

PRPRFTIVIRVBRBFLRIZEET

- MAN=-HOURS

.. wibt 2433

2850.95

1028.51.

258,29
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* DRURY LANE SEWAGE TREATMENT PLANT - BURLINGTON. TOTAL ANNUAL COST IN 1969

COST $/YR
2868, 84
'5048,16
9978.31
- 3599,78
876401

=+ SLUBGE"HAULING =~ = - =~ 7332412

29703,22

© 2970432
10261,24
1782.19
1485,16

O W W T WD T W TR T w D W

46202.14

- wp W T T Bp we anw D e W

6391.74 §

~ .TOTAL UNIT PROCESSES O AND H
SUPERVISTON 0.1 L)
UTILITIES. o

- CHEMICALS * (0,06 L) )
"~ PLANT SUPPLIES (0,85 L) -
© o LDIRECT @ AND'M COST * - -wweem oo oo oo o o g
7T TLABORATCRY - |

w2~ NET .0 AND M. COST - - - S L6202.1L
- ANNUITY PAYMENTS ~ o R 62914420

* TOTAL ANNUAL CCST C e 8 109146,34

Table 10.4. Operating Costs for Drury Lane Plant
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CHAPTER 11

-

11. INTER-ACTIVE VERSION

An inter-active version of the simulation was written
to enable the user to set up a dialogue with the computer.
This can be used in the following ways:

(1) As a teaching tool to train operators and other
students,

(2) To enable plant personnel to predict plant performance
due to changes in feed flows and/or operating
conditions, and

(3) As a quick and accurate aid to plant designers.

An important feature of the inter-active version is
that it requires only a very minimum knowledge of the GEMCS
system for its use. This is achieved through a series of
questions and answers posed by the computer. Of course, a
user with a good knowledge of GEMCS, can manipulate and use
the inter-active version with greater flexibility.

The inter-active version consists of four subroutines
and a slightly modified version of the main program of GEMCS.
The four subroutines are FLWCHT, CASET, ICLOAD and ENSET. Their
functions will be described below.

FLWCHT enables the user to set up his own plant
layout, together with the physical dimensions of the various
units. It has an enlarged process flow diagram covering most

of the common unit processes encountered in wastewater treatment

140
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plants. .This is shown in Figure 11.1. Ths units are selected
or by-passed by the use of the mixer-splitter module. The
majority of the data set is read in by DLOADl, to minimize

t he use of the teletype to input such information. Module
ﬁumbers, module types, input and output stream numbers and

8 o on are predetermined for all the units in the process

flow diagram and hence can be read in by DLOADl. The
calculation order and the physical dimensions of the various
units are determined by a dialogue with the user.

CASET is used to generate a random case study. It
generates a random feed by multiplying the average value of
each component flow by a random factor ranging between 0.5
and 2.0. It also generates a failure in one of the plant
units. The purpose of the subroutine is to teach operators
what to do in the event that such a flow or plant failure
occurs, as well as to locate the cause of such a failure.

ICLOAD is the analytical laboratory of the simulation.
All information regarding stream flows and component concentrations
are supplied through ICLOAD. A charge is levied for each
analysis performed, the object of the game being to locate
and correct a plant failure with the minimum number of analyses.
A surcharge is also placed on any unsatisfactory effluent.
Five cents is levied on each pound of suspended solids and
Biochemical Oxygen Demand, above the regulatory level of 20 mg}l

for both. This provides the incentive to correct a plant failure

with the minimum delay.
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ENSET enables the user to change any operating
conditions by changing the appropriate values of the EN
vectors. The process flow diagram however, cannot be
changed. This must be done through FLWCHT.

In addition to the above four subroutines, slight
changes are made to the other modules, primarily to

suppress excessive printing.
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Module Number

Equipment

N oy

=]

10

11
12
13
14

’15
16
17
18
19
20
22
23
24

.25

SCREEN1 =~ SCreens
GRIT1 - Grit chambers

MIXER1

PRISET1 - Primary clarifiers

MIXER1

ACTSL1 - Activated sludge tanks
SECLAR1l - Secondary clarifiers

'SETSP1

MIXER1

1

MIXERL

SEPAOL

(Thickener)

MIXERL

ANDIG1

ANDIGI1

. SETSP1

MIXERL

CHLOR1 Chlorinator
MIXERL

MIXERL

C@NTLL

C@NTL1

REPTO1l ~ Report generator

CASET - Case generatorl.,

Control sludge wasting

First stage digestion

Second stage digestion

= v ~r


http:generat.or

CHAPTER 12
12. TEST RUNS °
' The two plants selected for simulation are the
Drury Lane‘and'éhe'Skyway Sewage Treatment plants. The
former is a conventional activated sludge process, whilst
the latter employs the extended aeration modification. In
addition to testing the various models developed, the two
simulations should show that the same kineties can be used
for the activated sludge process, regardless of the process
modification. *

The base cases used will be the average flow and
operating conditions for 1969, obtained from plant data and
also from the Ontario Water Resources Commission's Annual
Summaries. The 1969 data were chosen, as the operating and
flow conditions were fairly constant throughout the year.
Due to the diurnal variation in the feed flows, the steady-
state models can, at best, predict the average performance of
the various units. It is for this reason that no attempt
was made to collect base case data on any particular day, as
this would require at least a twenty four hour sampling

schedule, for a week.

................

12.1 Simulation of the Drury Lane, Burlington Sewage Treatment

" Plant

The process flow diagram for the plant is shown in

Figure 12.1.1, and the design data is summarized in Appendix I.
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Figure 12.1.1.

Process Flow Diagram of the'brury Lane Plant
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Module Number

Eguipment

~N & Ut h

11
12
13
14
15
16
17
18
24

PRISET1 - Primary clarifiers

MIXER1

ACTSL1 - Activated sludge tanks

SECLARL - Secondary clarifiers

C@NTO2 - Controls sludge wasting

SETSPl

C@NTLL

GRIT1 - Grit chambers

CHL@R1
MIXER1
ANDIG1

ANDIG1

. C@NTL1

MIXERL
SETSP1
MIXER1

REPTOL

1

1

1

Chlorinator

First stage digestion

Second stage digestion

Report generator
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It was originally designed for a flow of 2.5 migd. Howe&er:
due to the expansion of the'skyway plant; part of the flow
was diverted to the latter plant, and the actual flow
received was 1.6 migd, in 1969. The average BOD and TSS
for tﬁe raw sewage is 215 mg/l and 299 mg/l, respectively.

The pretreatment section consists of l-inch bar
screens and grit channels with a detention time of approximately
one minutes., Primary treatment consists of two tanks with
dimensions 29.3 ft. x 18 ft. x 12.25 ft. Secondary treatment
is provided by two triple-pass activated sludge tanks, each
with a total length of 321.5 ft., width of 18 ft. and depth
of 10.7 £t. Total air blower capacity is 3060 scfm.m Two
circular secondary clarifiers are employed, each with a radius
of 25 ft. and depth of 10.6 ft. A two-stage digestien system
is used to handle the waste sludge generated. The first seage
consists of two 40 ft. diameter tanks with a depth of 20 ft.,
and the second stage consists of one 40 ft. diameter tank with
a depth of 18 ft. A summary of the operating conditions and
theparameters used for the simulation is shown in Table 12.1.1.

The data set used for the simulation is shown in
Appendix I. The computer printout for the case is also included
in Appendix I. A summary of the results from the simulation,
together with the plant data is shown in Table 12.1.2.

The removal of Total Suspended Solids‘by the primary

clarifier was predicted to be 49% while the observed removal



149

was 48%.' The BOD removal predicted was 30% compared to the
actual removal of 33%, Both removals were predicted very well
by the primary clarifier model.

The Total Suspended Solids in the final effluent is
identical with the value observed, which was 20 mg/l. The
BOD of the final effluent was predicted to be 22 mg/1, while
the observed value was lower at 15 mg/l. The agreement is
quite good.

The predicted Total Suspended Solids of the return
activated sludge was 11,700 mg/l with a volatile content of
57%. The observed values were 12,000 mg/l and 60% respectively.

The simulation predicted that a greater volume of sludge
should be sent to the digester than was actually observed. A
raw sludge flow of 7600 igpd was calculated, while the
reported flow was much lower at 5300 igpd. This is reasonable
since a considerable amount of solids ié lost during a rain,
but which is not jccounted for. The figures imply that about
30% of the solids which should go to the digester was lost
over the wiers of the secondary clarifiers, either during a

storm or due to a plant upset.

The simulation pfedicted a digested sludge flow of
3000 igpd at a Total Suspended content of 5.8% as compared to
the volumes of 2300 igpd hauled away for disposal. The

anaerobic digester model predicted a much higher volatile solids
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lower volatile

digested sludge

RAW SEWAGE:
average
average
average
percent
percent
average
average

PRIMARY SETTLIN

Wr =

where k =

A=

9 =

and g =
average

150

n was observed. . This is reflected in the
solids concentration predicted for the

flow = 1.6 migd
TSS = 299 mg/l
vss = 195 mg/l
of voltile solids settleable = (77%)
of inorganic solids settleable = (46%)
BOD = 215 mg/l
DOC = (61) mg/l

G TANKS: (using nomenclature of Chapter 4)
 exp (-kt*/E®)

0.23

0.5

0.25

0.85

underflow solids concentration = 60,000 mg/1l

ACTIVATED SLUDGE TANKS: (using nomenclature of Chapter 5)

w
]

0.0028 hr~1l
0.0014 hr-1l

0.000002 hr-1l

0.0010 hr-1

2.2 hr'l/(Cu.ft.air/cu.ft.reactor)
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Yy . 0.54

MLSS

1l

. 2200 mg/1
RID model: 3 CSTR's. in series.
SECONDARY SETTLING TANKS: (using nomenclature of Chapter 6)

....... 0.494y « 1
XRSS = 556 (GSS ) x 1.5

(MLss 1.82) (rm 1.5)

SVI = 56.1 + 113 (FM) (1.05T-20)
fraction of time return sludge pumps used = 0.3
ANAEROBIC DIGESTER: (using nomenclature of Chapter 7)
1st stage at high-rate, k = 0.082
2nd stage at conventional rate, k = 0.026 da‘.y"1
fraction of flow to supernate = 0.6

Figure 12.1.1. Operating Conditions and Parameters Used

In the Simulation of the Drury Lane Plant




Flow(mlgd) 5 BOD (mg/1) TSS (mg/1) VSS (mg/1) ¢ .DOC(mg/l)

Stream Plant ?Elant Plant Plant Plant
Data |(Predicted {Data [Predicted iData Predicted {Data Predicted i Data {Predicted

Raw Feed 1.6 - 215 - 299 - 191 - (61) -
Primary Effluent 1.6 1.6 145 151 155 153 80 76 - 60 .
Primary Clarifier ' ' 60

Underflow - 0.0069 - - - 63900 - 41500 - :
Secondary Effluent 1.6 1,59 15 22 20 20 8 11 - 10
Return Activated

Sludge (0.32) 0,30 - = 12000 { 11700 7200 6620 - 10
Raw Sludge to

Digester 0,0053] 0.0076 - - 58000 65400 37000] 45300 Lo 60
Digester Supernate 0.0028] 0,0044 - = 8000 4300 - 1600 o 82
Digested Sludge 0.0023{ 0.0030 - - 7000 58600 22000 32p00 - 82

Table 12.1.2. Simulation of the Drury Lane, Burlington, Water Pollution Control Plant

(AR
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12.2 . gimulation of the Skyway, Burlington, Sewage Treatment
* Plant

The process flow diagram for the plant is shown
in Figure 12.2.1, and the design data is summarizea in
Appendix J. The average flow in 1969 was 3.3 migd, but
due to an expansion completed in 1970, it is now receiving
about 6.0 migd.

Pretreatment consists of a 2% inch coarse screen /
followed by a 1 inch screen, both mechanically cleaned. Grit
removal is achieved by an aerated grit chamber with a
detention time of approximately 20 minutes. There are no
primary tanks in the Skyway Plant. The activated sludge
process employed is that of the extended aeration modification,
and consists of six single-pass tanks with aimensioné of
270 ft. x 27 ft. x 15 ft. The total blower capacity is
18000 scfm. Secondary clarification is provided by four
 settling tanks, 60 ft. square and 12 ft. deep. Waste sludge
is thickened in a circular tank, 20 ft. in diameter and 9 ft.
deep. A summary of the operating conditions and the parameters
used in the simulation is shown in Table 12.2.1.

The data set for the simulation is shown in Appendix J,
together with the computer printout for the case. A summary
of the results from the simulation together with the plant

data is shown in Table 12.2.2.
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Module Number

Equipment

NP

O 00 N o Ut s W

11
12
24

MIXER1

SCREEN1 - Screens

GRIT1 - Grit chambers

ACTSL1 - Activated sludge tanks

SECLAR1 - Secondary clarifiers

SETSP1

CgNTO2 - Controls sludge wasting|
SEPAOl1l -~ (Thickener)

MIXER1

- CHL@R1 - Chlorinator

C@NTL1
C@NTL1

REPTO1

Report generator
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The simulation predicted a slightly better final
effluent than was observed. The BOD and TSS predicted were
8 mg/l1 and 10 mg/l respectively, while the observed values
were 12 mg/l and 12 mg/l respectively.

From plant data, the average suspended solids
concentration in the return sludge was 10,000 mg/l, while
the simulation predicted a value of 9,500 mg/l. The |
agreement is very good. However, the average volatile
content of the sludge observed was 60% while the simulation
gave a value of 42%.

A greater discrepancy occured here than was with the
case of the Drury Lane Plant, in the volume of sludge hauled
away. The simulation predicted that a volume of 22,000 igpd
at a solids content of 2.1% should be hauled away, but
actual plant figures indicated that only 4000—igpd at
2.0% solids were hauled away. Although upsets are frequent
" in a plant this size, the almost five~fold difference in thé
thickened sludge for disposal is unexpected. From a rough
walance on the solids over the entire plant, the volume of
sludge produced should be approximately

3.3 x 10% x (185 - 12).

20,000
= 28,000 igpd, at 20% solids
This figure is in better agreement with the predicted value.

Continuous sampling of the final effluent will probably show up

the difference.
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RAW SEWAGE:
average flow = 3.3 migd
average TSS = 185 mg/1l
average VSS = 85 mg/l
average BOD = 155 mg/l
average DOC = (62) mg/1

ACTIVATED SLUDGE Tanks: (using nomenclature of Chapter 5)

k; = 0.0028 hr~!
k, = 0.0014 hr—1
ky = 0.000002 hr™i
k, = 0.0010 hr~1
kg = 2.2 hr~1
Y = 0.54

MISS = 4000 mg/1l

RTD model: 3 CSTR's in series

SECONDARY SETTLING DATA: (using nomenclature of Chapter 6)

xRsg = 556 (Gss 0.494) x 1.5

SVI = 56.1 + 113 (FM) (1.05 T~20)
Fraction of time return sludge pumps used = 0.4

THICKENER: ' Fraction of liquid to overflow = 0.6

Il
o
—

Fraction of solids to overflow

Table 12.2.1. Operating Conditions and Parameters Used in

the Simulation of the Skyway Plant




Flow (migd) BOD (mg/1) TSS (mg/1). VSS (mg/1) DOC (mg/1)
Stream ‘
Plant . |Plant Plant Plant Plant
Data {Predicted{Data |Predicted|Data {Predicted{Data ;PredictedData |Predicted
Raw Feed 3.3 - 155 - 185 - 84 - (62) -
Secondary Effluent 3.3 3.3 12 8 12 10 3 4 ~ 4
Return Activated
Sludge 2.1 2,35 - - 110000 9500 6000 4000 - 4
Thickened Sludge 0.004 0,022 - - 2000021000 12000 9000 - -

Table 12.2.2. simulation of the Skyway, Burlington, Water Pollution Control Plant

89T




CHARPTER 13

13. DISCUSSION OF RESULTS

13.1 Dviscussion of Experimental Data

13.1.1 Primary Settling Data

Our settling curve analfsis is based on the settleable
solids present in the raw waste. The same analysis
when applied to the total suspended solids gave less.
consistent results between the runs, as can be

seen from Table 13.1.1.

Run Number Source k = B %
A-1 Dundas (1971) 0.16410.372:0.216:
A-2 Drury Lane (1971) 10.202)0.403.0.285
A-3 Dundas (1970) 0.2110.410:0.311
A-4 Dundas (1969) 0.150{0.397;0.252

Table 13.1.1. Correlations for the Batch Settling

Data, Based on Total Solids

An assumption made in our model is that the
removal obtained is the same for all classes of settleable

solids. The validity of the assumption, although not
=77 tested, can be checked by taking volatile suspended

|

.solids measurements, together with the usual suspended

| - ‘

i
li

' solids readings.

159
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A shortcoming of our data is the fact that our
batch settling column is only 8 ft., tall. This means
that an effective liquid depth of only 6 ft. may be |
‘used. ‘Most primary settling tanks have liquid depths
between 8 ft, and 12 ft., thereby necessitating the

extrapolation of our data, to predict their performance.

13.1.2 Tracer Studies of Primary Sedimentation Tanks

In an attempt to evaluate the level of turbulence
existing in the primary settling tanks, tracer studies
were performed. The results were discouraging. Tracer
recoveries were of the order of 80% and consequently
the detention times estimated from the exit age
distributions were much lower than the hydraulic detention
times. The loss of the tail end of the exit age
distribution aléo affects whatever model we try to
fit to the flow pattern. Another tracer system should
have been used where the recovéry obtained is much
higher.

The use of & pulse input is also a poor choice as it
generates a tail end in the exit age distribution, which
is very important but where the accuracy of measurement
is poor. Time Series Analysis, using a series of random

pulse inputs would largely remove this source of error.
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ﬁe had to revert to a simplified treatment to
correct for the effects of turbulence by defining the
efficiency factor. The fact that a fairly constant
‘efficiency factor exists for the primary tanks in
both the Dundas and Drury Lane plants seem to
suggest that a correlation is possible, relating the
efficiency factor with a parameter that represents

the level of turbulence in the tanks.

13.1.3 Data From the Chemostat Experiments

Our Chemostat set-up is rather simple and lacks
a good control over the operating conditions. A
closer control should have been kept on the temperature

in the reactor. With proper temperature control, the

experiments could be repeated at other temperature levels.

The flow rate from the constant head tank was found to

vary and had to be adjusted about twice a day.

We have assumed in our calculations that the original

solids in the feed are not significantly solubilized
during the experiment, and that the increase in solids
in the effluent is mainly due to synthesis of microbial
cells. There will be a slight solubilization of the
feed solids, and hence our calculated value for M, the
synthesized microbial cell mass, will be low. This

problems can be corrected by filtering the raw waste
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-

thrﬁugh a filter press or by using a "synthetic" raw
sewage, having only the soluble components.

Another assumption made was that the effluent
soluble organic carbon was entirely degradable. This
was not checked by taking the Biochemical Oxygen Demands
of the filtered effluent. However, the least squares
fit of the data points gave a correlation u = 1.04-

x 1073

(C + 0.55). The intercept on the horizontal
axis is not significantly different from zero (but is
in fact even negative). A significant positive intercept

of say 5 mg/l or greater will indicate that not all

of the effluent soluble carbon is degrédable.

13.1.4 Data on the Aeration Studies of Activated Sludge

Since some of the biological rates in the kinetic
scheme proposed'in Chapter 5 are expected to be very
slow, we had to aerate the return activated sludge for
at least two weeks. No raw sewage was added to the
return sludge. The reason 1s that the soluble degradable
carbon in the raw sewage will have a very rapid rate
of assimilation and hence creating a "stiff" condition
in the solution of the differential equation describing
its rate of reaction.

Several assumptions were made in the analysis of the

results. The conversion factors obtained in Section 9.2,
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were used in calculating the soluble degradable carbon
~and in calculating the carbon equivalent of the volatile
solids. Equation 5,1.12, relating the oxygen uptake
rate to the rate of carbon loss due to respiration,

and hence to the concentration of microorganisms,

was assumed to hold, The above assumptions can be
tested by integrating the area under the oxygen uptake
rate curve (which is the total oxygen consumption), and

comparing with the amount of carbon loss. for Run No.

D-1,
40
—?— 4 —6‘—2.0'0' = 3 - 6 5
AC 1700

and for Run No. D-2,

AO
-2 - 2800 _ 3 g
AC 1500

Both values are close to the factor of 3,73 obtained in
Section 5.1.

A comparison of the results from the chemostat
experiments and the extended aeration studies showed
that the unit growth rate factér, k4, waé much lower
in the latter case. The value of k4 obtained in the

L mg/1) "t

chemostat experiments was 0.0010 hr™
whilst that obtained from the extended aeration studies

was 0.0006 hr =t (mg/l)"l. The former experiments were
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run under conditions where the substrate concentrations
were high, whilst the latter experiments were made under
food-deficient conditions. This suggests that an
extended food-deficient condition could lead to
decreased microbial activity, in what is commonly known
as a "lag—-phase". This implies then that k4 is not
actually a constant but could depend on the length of
substrate privation. However, in activated sludge
procésses, the former condition normally occurs. The
food-deficient condition would occur if we use the
aerobic biological reaction in a solids digestion
process.

Only a few readings were taken of the soluble degradable
organic carbon throughout the duration of the runs.
This was because the BOD measurements required a fairly
large volume of sample. A larger reactor should have

been used.

13.2 Discussion of Plant Simulations

13.2.1 Simulation of Drury Lane, Burlington, Sewage Treatment

Plant

The agreement between the predicted and observed
values for the primary and final effluents were very good.
The results show that primary sedimentation tanks can be

modelled quite successfully if a sufficiently accurate
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and detailed breakdown of the feed solids axre provided.
But normally a complete'éqlids analysis, as required

by our stream list is never performed,,aﬁd the simulation
may require the use of a less detailed model. \

The activated sludge process was also modelled very
successfully. The kinetic rates, measured experimentally,
predicted the final effluent very well. An examination
of the converged values for the return sludge stream
showed that 42% of the volatile solids is composed of
microorganisms. This is in agreement with the
value of approximately 50% obtained in Section 5.3,
for the return sludge from the Skyway Piant,

Several other case studies were made under different
operating and flow conditions. Table 13.2.1 shows the
individual effects of increasing capacities in the
‘primary clarifiers, aeratien tanks, secondary clarifiers
and of just increasing the mixed liquor suspended
solids in the aeration tanks to 3000 mg/1l.

The effect of adding an extra primary clarifier was
merely to improve the primary effluent to a BOD of
146 mg/1 and a TSS of 141 mg/l. There was no
significant improvement in the final effluent.

The effect of adding an extra aeration tank improved
the final effluent to a BOD of 15 m/gl and a TSS of

17 mg/1l. No improvements were expected to occur in the

primary effluent.
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T v " N —

Stream BOD - TSS DOC

Raw Sewage - 215 299 . 6l

CASE STUDY WITH NORMAL OPERATING’COHP;TIONS
Primary Effluent 151 153 61
Secondary Effluent 22 20 10

CASE STUDY WITH A THIRD PRIMARY CLARIFIER

Primary Effluent 146 141 61
Secondary Effluent 21 20 9

CASE STUDY WITH A THIRD AERATION TANK

Primary Effluent 150 153 61
Secondary Effluent 15 17 8

CASE STUDY WITH A THIRD SECONDARY CLARIFIER

Primary Effluent 150 153 61
Secondary Effluent 21 17 9

CASE STUDY WITH MLSS INCREASED T0 3000 mg/1

Primary Effluent 151 153 61

Secondary Effluent 16 16 7

Table 13.2.1. Effect of Plant Alterations, at the Same

Flow.
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)

The extra secondary clarifier reduced the TSS in the

final effluent to 17 mg/l, with not much imprpyement

in the BOD.

The results of merely increasing the mixed liquor
suspended sol}ds in the aeration tanks to 3000 mg/l
were guite surprising. The final effluent improved
to a BOD of 16 mg/l and a TSS of 16 mg/l. This is
just like having an extra aeration tank! This is
quite logical since about 50% more solids will be
carried in the aeration tanks at 3000 mg/l as
compared to the operating value of 2200 mg/l.

Table 13.2,2 shows the effect of increasing the raw
waste flow to 2.0 and 2.4 migd., with the same influent
BOD and TSS, and with no change in equipment capacity.
It should be noted that the plant was originally designed
for a flow of 2.5 migd with an influent BOD of 200
and an influent TSS of 180 mg/l. However, both the
influent BOD and TSS have increased over the years.

The reported influent BOD and TSS In 1969 were, as
mentioned before, 215 mg/l and 299 mg/l respectively.

At the operating conditions of 1969, with a feed
flow of 1.6 migd, the final effluent BOD and TSS were
predicted to be 22 mg/l and 20 mg/l respectively. This

is just bordering on the limits set by the Ontario Water
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Resources Commission. At a feed flqw qf.Z.O.migd,
the primary effluent deteriorated slightly to a
BOD of 153 mg/l and a TSS of 160 mg/l, while
the final effluent BOD and TSS rose to 28 mg/l and
25 mg/l respectively. At a feed flow of 2.4 migd,
the primary effluent deteriorated further to a BOD
of 156 mg/l and a TSS of 166 mg/l while the final
effluent BOD and TSS predicted were 34 mg/l and 30 mg/1l
respectively, which is completely unsatisfactory.

The limiting equipment was found to be in the
aeration tanks. If expansion is to be contemplated
at the Drury Lane Plant to handle a higher flow, top
priority should be given to expand the aeration tank
capacity. The problem can be alleviated by maintaining
a higher mixed liquor. suspended solids in the activated

sludge process.



169

Stream . BOD TSS DOC
Raw Sewage 215 299 61
<CASE,STUDY WITH 1.6 migd FEED FLOW
Primary Effluent 151 153 61
Secondary Effluent 22 20 10
CASE STUDY WITH 2.0 migd FEED FLOW
Primary Effluent 153 160 61
Secondary Effluent 28 25 12
CASE STUDY WITH 2.4 migd FEED FLOW
Primary Effluent 156 166 61
Secondary Effluent 34 50 15

Table 13.2.2. Effect of Increased Plant Flows, with no

Change in Present Equipment Capacities




170

13.2.2  simulation of the Skyway, Burlington, Plant

In this case"the activated sludge process model
predicted a slightly better final effluent than was
observed. However, the results show that the extended
aeration process is not something special, but is
merely the same activated sludge process, under a
different name. The results also suggest that the
18 hour detention time required by the Ontario Water
Resources Commission and other public agencies for a
treatment plant without a primary clarifier is not
necessary.

To show the effects of decreased deténtion time,
or increased feed flow, on the final effluent, case .
studies were made at 6, 8 and 10 migd using the same
feed composition. The two new final clarifiers, which
rare now completed, are added to the process flow
diagram, together with the new (third) sludge return
pump. The resulting detention times are 16, 12, and 10
hours respectively, all excluding sludge recycle.

The results are shown in Table 13.2.3. The final
effluent at 10 migd feed flow, is predicted to have a
BOD of 15 mg/l1 and a TSS of 20 mg/l, which is still
acceptable. It should be pointed out that the feed

to the plant (based on 1969 values) which has a BOD
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’of 155 mg/1l and a TSS of 185 mg/l is approximately
équivalent to the primary effluent of many conventional
activated slddge plants, and hence a detention time of
8~12 hours, which is sufficient for a conventional
activated sludge plant, should also be sufficient for
the "extended aeration” modification. The only
justification for requiring more aeration time in a
"extended aeration" plant is when the influent BOD

and TSS are both higher than say 200 mg/1l.
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Stream BOD TSS DOC

Raw Sewage - 155 185 62

CASE STUDY WITH 6.0 migd FEED FLOW

Final Effluent 11 13 5

CASE STUDY WITH 8.0 migd FEED FLOW

Final Effluent 13 17 6

‘CASE STUDY WITH 10.0 migd FEED FLOW

Final Effluent 15 20 7

Table 13.2.3. Effect of Increased Feed Flows, at the

Skyway Plant.
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CHAPTER 14

14. CONCLUSION

Simulation models for primary sedimentation, the
activated sludge process, secondary sedimentation, anaerobic
digestion and several other unit processes have been developed.
The models were based on known and developed theories,
suppérted by laboratory and plant data.

The primary clarifier was modelled on correlations
obtained from batch column settling studies. It was
found that if settleable suspended solids were used rather
than the total suspended solids, better correlations
resulted. This is to be expected as the total suspended
solids include the non-settleable solids as well.

For the modelling of the activated sludge process,

a new reaction scheme, based on the physiological activities
of the bacterial and the bacterial cell mass, was proposed.
Batch aeration studies of activated sludge were used to obtain
estimates of the parameters used in the reaction scheme.
This is an improvement over the use of mixed liquor suspended
solids, as the fraction of "active mass" in the sludge is
dependent on feed compositions and operating conditions
in the plant.

| For the secondary clarifier model, use was made of

correlations developed by Villiers and the Rex Chainbelt
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Company, for the fraction of solids escaping over the

wiers and the Sludge Volume Index of the sludge produced,
respectively. The anaerobic digester model assumed a first
6rder rate for the liquefaction of organic solids, the rate
constants being obtained from experimental data published
in the literature.

Two plants were used in the simulation studies. The
first is a conventional activated sludge plant, while the
~second is an extended aeration plént. The results from
the simulation studies were in very good agreement with
plant data for the liquid streams. The actual sludge volumes
produced from both plants were lower than those predicted
by the simulation. The loss of solids over the wiers of
the secondary clarifiers, during plant upsets or storm
flows, probably accounted for the lower production of
sludge from both plants,

An inter-active version of the computer simulation
was also developed and tested under varying conditions.

This can be used as an effective teaching aid for operators

and students in the wastewater treatment area.
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APPENDIX A

PRIMARY SETTLING DATA ON BATCH COLUMN

RUN #A.1 Raw Sewage from Dundas W.P.C.P.

RUN #A.2 Raw Sewage from Drury Lane,
Burlington. W.P.C.P.

RUN #A.3 Raw Sewage from Dundas W.P.C.P.,

1970 Data.
RUN #A.4 Raw Sewage from Dundas W.P.C.P.,

1969 Data.
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RUN.#A.l.

Raw Sewagé from Dundas W.P.C.P.
Settling Data: Original suspended solids -

average of duplicates.

Time (min) 0 151 301 60 | 90 | 120 {24 Hrs.

Depth (ft)
1.5 252 | 106 | 156 | 132 | 124 | 116 | 82
2.5 247 | 210 | 164 | 146 | 129 | 122 | 82
3.5 253 | 210 | 179 | 152 { 137 | 129 | 83
4.5 248 | 209 | 180 | 156 | 147 | 151 | 82
5.5 248 | 220 | 188 | 159 | 152 | 151 | 84

Depth o {o0.1]0.2}0.3]0.410.5

Correction ‘

(ft)

Average of initial solids = 250 mg/l (rounded up)
Average of final non-settleable solids = 82 mg/l1 (rounded up)
Hence total settleable solids = 168 mg/1l

% of settleable solids = 100 (SS - 82)/168



Weight %
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settleable solids as a function of

time and depth:

Time (min) | 151 30| 60 | 90 | 120 |24 mHrs.
Depth (ft)
1.5 100 62 | 44 30 | 251 20 0
2.5 100 | 77 | 49 38 | 28 | 24 0
3.5 100 77 | 58 42 33 28 0
4.5 100 | 77 | 58 44 39 | 35 0
5.5 100 82 | 63 46 42 | 35 0
Depth
Correction 0 0.1 0.2 0.3 0.4 0.5
(ft)




182

Fraction o settleable solids removed, as a
function of time and depth, using

Equation 4.1.6:

Depth Time Fraction Settleable
(£t) . {min) Solids Removed
2.0 16 0.47
21 0.57
28 0.61
35 0.65
48 0.69
65 0.73
3.0 20 0.46
28 0.57
35 0.61
45 0.65
62 0.69
-84 0.74
4.0 23 0.46
31 0.57
41 o 0.61
53 0.65
74 0.69
101 0.74

(Con't.)



Time

Depth Fraction Settleable
(ft) (min). Solids Removed
5.0 25 0.45
34 0.56
46 0.60
60 0.64
85 0.69
116 0.73
6.0 26 0.44
37 0.56
51 0.60
66 0.64
95 0.70
130 0.74

83



RUN #A. 2 -

Raw Sewage from Drury Lane, Burlington W.P.C.P.
Settling Data: Original suspended solids -

average of duplicates
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Time(min) | 0 | 19| 20] 30| 45| 60| 75| 90l120| 24 mrs.

Depth(ft)
2.0 2821208 117811571142 135|131 |128{120] = 88
3.0 272122511811167 1161 |154 {144 (1281124 88
4.0 2761244 1204 1176 (169 |152 {137 {138 (133! 86
5.0 2781251 12031176168 1154 [1401135]132| 89
6.0 2731238 [208189(175 /169|156 [146/132| 88

Depth

Correction 0 [0.110.2.0.3/0.3!0.4(0.510.610.7

(ft) '

Average total initial suspended solids = 275 mg/l
Average final suspended solids = 88 mg/l

Total settleable solids = 187 mg/l

Weight % settleable solids = 100 (SS - 88)/187

Temperature = 20%
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Weight % settleable solids as a function

of time and depth:

Time(min) | o ! 101 201 30| 45| 60| 75| 90120 24 Hrs.

Depth (ft)
2.0 100] 66| 481 37| 29| 25| 23} 21| 17 0
3.0 100 73] s50] 42! 39 35| 30! 21] 19 0
4.0 100} 831 621 47| 43! 34! 26! 26| 23 0
5.0 100] 88} 62 47| 42{ 35| 28] 25! 23 0
6.0 100| 81{ 64| 54| 47{ 43| 37 31].23 0

Depth

Correction! 0 10.1%0.210.30.3!0.410.500.610.7

(ft) A .
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Weight fraction of settleable solids removed,
as a function fo time and depth, using

Equation 4.1.6:

) . Weight -
Depth Time Fraction Settleabl

(ft) (min) Solids Removed
2.0 8 0.50

13 0.59

17 0.64

22 0.67

30 0.71

38 0.75

50 0.78
3.0 12 0.49

18 0.58

24 0.63

31 0.67

42 0.72

54 0.75

68 0.78
4.0 15 0.49

23 0.57

30 ‘ 0.64

39 0.67

53 0.72

(Con't.)



Depth Time Weight
(ft) (min) Fraction Settleable
Solids Removed
4.0 68 0.75
85 0.78
5.0 17 0.49
26 0.57
35 0.63
46 0.67
62 0.71
80 0.75
lQO 0.78
6.0 19 0.47
29 0.57
40 0.63
53 0.67
70 0.72
92 0.75
114

0.78
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RUN #A.3.

Raw Sewage from Dundas W.P.C.P., data
of 1970.
Settling Data: Original suspended solids -

average of duplicates.

Time(min) | o | 351 30| 45| 60! 75{ 901|105 120 24 Hrs.
Depth (ft)
2.1 234|164 138 (130|123 115{111 |110 106! 66
i .
3.1 24311861151 |140]1321126: 120111611127 74
4.1 246 {19311621147]139{133}127/122}118 80
5.1 262|198{172153{143]138(133{129 (123 72
6.1 264300175 !1581143}141/136 /1321128 68
Depth %
Correction| 0 10.110.2]0.3l0.5/0.6}0.7]0.810.9"
(£t) §

Average total initial suspended solids = 250 mg/l
Average final suspended solids = 73 mg/l
Total settleable solids = 177 mg/l

Weight % settleable solids = 100 (ss -~ 72)/177.
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Weight % settleable solids as a function

of time and depth:

Time min) | 5 | 15| 30 45| 60| 75{ 90|105!120]| 24 Hrs.

Depth(£ft)
2.1 100{ 501 37 32! 28| 24} 21| 21} 18 0
3.1 100 64} 44} 38{ 33{ 30§ 27] 24! 21 0
4.1 100j 68} 50] 42: 37| 34f 30} 28 25 0
5.1 100} 71] 561 45] 40§ 37 34 32 28 0
6.1 100{ 72] 581 481 40{ 38] 35{ 33! 30 0

Depth

Correctiont 0 10.110.2:i0.3{0.550.60.770.8:0.9

§(ft)
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Weight fraction of settleable solids removed,
as a function of time and depth, using

Equation 4.1.6:

‘ Weight
Depth ; Time Fraction Settleable
(ft) (min) Solids Removed
2.0 9 0.50
13 0.58
18 . 0.63
23 0.66
31 0.70
44 0.74
3.0 13 | 0.50
18 0.57
24 0.62
32 0.66
43 0.70
60 0.74
4.0 16 0.49
22 0.57
30 0.62
39 0.66
53 ' 0.70
75 0.75




??%Ch 'I(Iﬂﬁ) Fract?grligg:ttleable
Solids Removed
5.0 18 0.49
26 0.52
34 0.62
46 0.66
63 0.70
88 0.75
6.0 21 0.48
29 0.56
39 0.61
53 0.66
73 0.70
100 0.75
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RUN #A.4.

Raw Sewage from Dundas W,P.C.P.

Settling Data:

192

Original suspended solids -

average of duplicates

Hence total settleable solids

% settleable solids =

*Insufficient mixing?

= 154 mg/1

100 (SS - 92)/154

- data of Hudspith et al, 1969

Hme(min) | o 115 {30 |45 {60 |75 [90 |105|120| 24 mHrs.

Depth (ft) :
1.0 (218)*}1192{158:145]133(152{160(144}140 88
2.0 (232)*1187|166{165|167|160(146]15031145 93
3.0 248 204 {178{163{156{158{157|188]145 95
4.0 244 208117611741162|162}138|168}{157 93
5.0 246 2021176{172}164164§144|156]158] (158)

. Average of initial solids = 246 mg/l
Averagée of final non-settleable solids = 92 mg/l
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Weight % settleable solids as a function

of time and depth:

Time(min) & 5 |15 t30 |45 l60 |75 |90 |105|120} 24 Hrs.
Depth (ft) :
2.2 100] 66! 43| 34| 27! 39| 44| 32{ 31 0
3.2 100] 62} 48| 47| 49! 44| 37| 38] 34 o |
4.2 100] 73] 56| 47| 42! 43! 42| 62' 34 0
5.2 100} 727 55| 53| 45! 45! 30! 49 42 0
6.2 100] 71| 55| s2| 47| 47| 34| 42! 43 0
Depth
Correctionj 0 {0.110.210.3/0.4:0.510.6{0.710.8
(ft)
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Weight fraction of settleable solids removed
as a function of time and depth, using

Equation 4.1.6:

Depth Time Weight
(ft) (min) Fraction settleable
Solids Removed
2.0 10 0.46
15 0.52
20 0.58
27 0.60 ‘
38 0.67
60 0.74
3.0 13 0.45
20 0.52
27 0.56
37 0.60
53 0.67
80 0.73
4.0 16 0.44
24 0.52
34 0.56
46 . 0.59
65 0.66
97 0.72




Depth Time Weight
(ft) (min) Fraction Settleable
Solids Removed
5.0 18 0.44
27 0.53
39 0.57
53 0.61
76 0.66
111 0.74
6.0 20 0.44
29 0.50
43 0.55
60 0.60
85 0.66
123 0.75
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APPENDIX B

Exit Age Distributions of Primary Tanks
RUN #B.1-3 Dundas Plant
RUN #B.4-6 Drury Lane Plant

SETTLEABLE SOLIDS REMOVAL DATA
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1-5¢

(wdd) NOIIVIINIDNOD UIDIVIL

180

120

TIME (minutes)

60



198

o
(-]
-
]
&
-
(3]
*
/M
==
2
E o
o
L
-
o (]
©w
-
8 ) [) | o
0 o > ® @
; o 3 € . o
- -

(udd) NOIIWVMINAONOD WEOVHL

TIME (minutes)



199

RUN #B.3
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RUN #B.5
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Run Raw Settleable Suspended
Number Flow Solids % Removal
(migd) Influent Effluent
B.1 2.1 285 171 0.40
B.2 2.3 240 155 0.34
B.3 1.8 252 159 0.37
B.4 2,2 244 100 0.59
B.5 2.0 207 75 0.64
B.6 1.6 210 71 0.66
Table B.1, Séttleable Solids Removal'Da}a




APPENDIX C

DATA FROM THE CHEMOSTAT EXPERIMENTS

RUN #C.1, Detention Time = 40 hours
RUN #C.2. Detention Time = 45 hours
RUN #C.3. Detention Time = 60 hours
RUN #C.4. Detention Time = 30 hours
RUN #C.5, Detention Time = 45 hours
RUN #C.6. Detention Time = 70 hours
RUN #C,7. Detention Time = 50 hours
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Niﬁgér De;iggion< FEED ' EFFLUENT M = %%% U = k4gl ¢
(Hrs.) Co(mg/l) SSo(mg/l) C(mg/1) SS(mg/l) (mg/1) %ﬁg{}i

1 ] 40 69 26 45 54 14 {4,9x107%| 0,58
2 45 70 22 43 56 17 [3.6x107%| o0.62
3 60 65 25 35 59 16 |3.2x107%| o0.52
4 30 65 28 50 47 9 |5.5x107%] 0.60
5 45 62 30 35 64 16 3.8x1072| 0.59
6 | 170 60 24 | 25 | 64 19 |2.6x1072| o0.54
7 50 72 25 30 73 23 |3.6x1072| 0.53

Average value of Y = 0,57

Standard deviation = 0,037

Temperature = 25% + 3%

-—

Source: Filtered raw sewage from Skyway, Burlington -

(NOTE: M is obtained from the increase in suspended solids by the conversion
factor of 2.1. Both C and M are expressed in terms of carbon),

S0¢



APPENDIX D

EXTENDED AERATION STUDIES ON ACTIVATED SLUDGE

T

(a) Two runs using return sludge from the
Skyway, Burlington W,P.C,P.
(b) Replicates analyses using five simulaneously«

drawn samples.
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RUN #D.1

Aeration of return activated sludge from the
Skyway, Burlington W.P.C.P.

Original Data:

Aergtion%Suspegded Oxygen Soluble BODs(filtrate)
Time ; Solids Uptake Organic
(days) | (mg/1) Rate Carbon (mg/1)
(mg0,/1/hr) | (mgC/1)
0 6970 30.0 24 16
1 6710 21.6 25
2 6260 18.6 29 10
3 6040 16.2 35
7 5550 15.0° 39
8 5200 10.2 45
9 . 4710 12.0 52 12
10 % 4880 10.8 46
11 | 4560 9.6 50
14 5 4670 9.0 53
15 ¢ 3960 6.6 . 55
16 | 4250 6.0 53 8
17 E 3940 6.6 60
23 E 3840 3.6 67
24 i 3520 3.0 - 65
25. ; 3660 2.4 67 14
Temperature = 23 + 2°%¢
PH = 7.5 + 0.3
Air Rate = 1.0 litre/hr/litre reactor volume
Ash content of sludgé:
initial = 1650 mg/1
final = 1480 mg/1

average = 1520 mg/1
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Converted Data:

Aeration VSsS OUR SNDOC : SDOC
Time (mgC/1) (mgoz/l/hr) (mgC/1) : (mgC/1)
(days)

0 2600 20.0 16 8

1 2470 21.6 19

2 2260 18,6 . 23 5

3 2150 16.2 30

7 1920 15.0 34

8 1750 10.2 40

9 1520 | 12.0 46 6

10 1600 10.8 41

11 1450 9.6 45

14 1500 9.0 48

15 1160 6.6 50

16 1300 6.0 49 4

17 1150 6.6 55 '

23 1120 3.6 62

24 950 3.0 60

25 1020 2.4 60 7
VSS = Volatile suspended soiids (mg/ 1) (see

Section 9.1)
(Total Suspended Solids - 1520)/2.1

'SDOC = Soluble degradable organic carbon (mgC/1)
= BOD5 (filtrate) /1.9
SNDOC = Soluble non~degradable organic carbon (mhC/1)

soluble organic carbon - SDOC
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RUN #D.2
Aeration of return activated sludge from the
Skyway, Burlington W.P.C.P.

Original Data:

Aergtion Suspended Oxygen Solub}e ~BODS(filtrate)
Time Solids Uptake Organic
(days) :(mg/1) Rate Carbon (mg/1)
(mgoz/l/hr)'(mgC/l)
0 7900 : 30.6 21 16
1 7370 25,2 23
2 7260 21.6 29
3 7100 21.6 33 10
4 6530 18.6 37
7 5800 15.0- 43
8 5900 15.6 48 8
9 5290 13.8 50
10 5380 11.4 55
11 5290 10.8 57
14 4700 7.8 59 12
i5 . 4950 6.6 64
16 4850 6.6 59
17 4910 5.4 ‘ 61 12
Temperature = 23 + 2°C
PH = 7.4 + 0.4 .
Air Rate = 1.0 litre air/hr/litre reactor volume
Ash_content of sludge:
initial = 1700 mg/l
final = 1890 mg/1

average = 1800 mg/l



Converted Data: 210

Aeration{ VSS OUR SNDOC | SDOC
Time ; (mgC/1) (mgOz/l/hr) (mgC/1) { (mgC/1)
(days)- :

0 2900 30.6 13 8
1 2650 25.2 18
2 2600 21.6 24
3 2520 21.6 28 5
4 2250 18.6 32
7 1900 15.0 38
8 1950 15.6 44 4
9 1660 13.8 45
10 1700 11.4 50
11 1660 10.8 52
14 1380 7.8 53 6
15 : 1500 6.6 59
6 | 1450 6.6 54
17 | 1480 5.4 55 6
VSsS = volatile suspended solids (mgC/1l) (see
Section 9.1)
SDOC = soluble degradable organic carbon (mgC/1l)

= BOD5 (filtrate) /1.9

soluble non-degrddable organic carbon
(mgC/1)

soluble organic carbon - SDOC

SNDOC
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(b) Replicate Analyses on Five Simultaneously-drawn
Samples:

~Original Data:

Sample|Volatile Oxygen Soluble BOD5
Number | Suspended Uptake |Organic
Solids Rate Carbon

(mg/1) | (mg0,/1/hr) | (mgC/1) (mg/1)

1 3820 12.6 . 47 10.4
2 3550 9.6 51 7.6
3 3890 9.6 45 8.4
4 3920 10.2 44 i 11.6
5 3610 12.0 51 6.4

NOTE: (a) 10 ml samples were used for VSS
(b) dilution for BOD5 is 25%. PFiltrate
is close to saturation. Hence no

need for O2 correction.

The above data is converted to the similar wvalues

used in the four responses for the objective function:

|

Sample P+M OUR SNDOC SDoC-
Number | (mgC/1) | (mg0,/1/hr) | (mgC/1) | (mgC/1)
1 1820 12.6 41 5.5
2 1690 9.6 47 4.0
3 1850 9.6 41 | 4.4
4 1870 10.2 38 6.0
5 1720 12.0 48 3.3

NOTE: (a) P+M volatile suspended solids/2 .1

il

(b) " spoc = BoDg/1.9 .
(c) SNDOC = soluble organic carbon - SDOC
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Variance - Covariance Matrix (18)
Component 1 =  volatile suspended solids (mgC/1l)

Component 2 = oxygen uptake rate (mgoz/hr/l)

Component 3 soluble non-degradable carbon (mgC/1)

Component 4 soluble degradable carbon (mgC/1l)

—

6450.0 7.5 ~332.5 69,5
=7.5 1.98 0.75 0,045

-332.5 0.75 18.5 -4.325
69.5 0.045 -4.325 1.213—

Inverse of Variance - Covariance Matrix

[ 0.139 ~1.22 4,19 7.00 |
~1.22 11.2 -36.8 ~61.9
4.19  -36.8 126.3 212.0
7.00 ~61.9 212.0 358.0



DATA FOR THE STRIPPING RATE OF PURGEABLE

APPENDIX E

SOLUBLE ORGANIC CARBON BY AERATION WITH AIR

RUN #E.1
RUN #$E,2
RUN #E.3

RUN #E.4

Air
Air

Air

" Air

Rate

Rate

Rate

Rate =

cu.ft.air/hr/cu.ft.
cu.ft.aixr/hr/cu.ft.
cu.ft.air/hr/cu.ft.

cu.ft.air/hr/cu.ft.

213

reactor

reactor

reactor

reactor


http:cu.ft.air/hr/cu.ft
http:cu.ft.air/hr/cu.ft
http:cu.ft.air/hr/cu.ft
http:cu.ft.air/hr/cu.ft

RUN #E.1.

Air Rate

= 2.1 cu.ft.air/hr/cu.ft. reactor

Time (

minutes) {SOC (mg/1)

SPOC (mg/1)

123
118
116
115
110
113
106
106
103

102

101
99
99

24
19
17
16
11
14

O O N W & 39

Soluble
. to be
s0C =
SPOC
SPOC

I

non~purgeable organic carbon assumed

99 mg/1

total soluble organic carbon

soluble purgeable organic carbon

soc - 99

214
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RUN #E.2.

Air Rate = 1.0 cu.ft.air/hr/cu.ft. reactor

Time (minutes)|SOC (mg/l)|SPOC (mg/l)}
0 126 20
2 124 18
5 o121 15
10 124 18
15 118 12
20 11e 10
25 118 12
30 114 8
40 112 6
50 110 4
60 109 3
70 108 2
80 ‘ 106 0
90 106 0

. Soluble non-purgeable organic carbon assumed
to be = 106 mg/1
S0C = total soluble organic carbon
SPOC
SPOC

soluble purgeable organic carbon
soc - 106

i


http:cu.ft.air/hr/cu.ft
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RUN #E.3.

Air Rate = 0.5 cu.ft.air/hr/cu.ft. reactor

Time (minutes)|SOC (mg/1l)|SPOC (mg/1l)
131 20
129 18
10 128 | 17
15 127 16
20 126 15
30 124 ©13
40 122 11
50 120 9
60 119 8
80 117 6
100 115 4 !
120 111 0 ; :
140 111 0 §
- ;

Soluble non-purgeable organic carbon assumed

~to be = 111 mg/1
- 80C = total soluble organic carbon
SPOC = soluble purgeable organic carbon

SPOC = s0OC - 111


http:cu.ft.air/hr/cu.ft

RUN #E.4.

Air Rat

e

1.5 cu.ft.air/hr/cu.ft. reactor

Time (minutes)

SOC (mg/l)

SPOC (mg/1l)

10
15
20
25
30
40
50
60
70

130
126
121
116
113
109
106
105
102
100

98

98

32
28
23
18
15

11

O O N & g

Soluble non-purgeable carbon assumed

to be
~ socC

SPOC

SPOC

98 mg/1l

total soluble organic carbon

soluble purgeable organic carbon

soc ~ 98

217
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APPENDIX F

DATA OF ACTIVATED SLUDGE

SETTLING FROM P. LEUNG

218
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Aeration | MLSS Effluent SVI Prediction Effluent
Time (mg/1)} sS (mg/1) Ss (mg/1)
(Hrs.)
0.5 2100 35 101.3 38
1.0 600 74 83.0 68
1.0 3800 20 156 23
3.0 220 93 91.3 96
3.0 2100 34 97.9 26
3.0 4000 9.5 171 18
5.0 600 50 82.7 49
5.0 3800 14.5 153 17
5.5 2100 30 99.4 23
Data of Peter Leung
The predicted effluent Ss, was found to be
% T 02230 0.20
(MLSS) ~° (TA) ™ °
or XRSS = SSe. = 2560
(MLSS) awss) 27 (7a)0-20

The SVI was not found to correlate well.



http:MLSS)l.57
http:MLSS)0.57

° Figure F.l. Comparison of Observed Effluent Solids with Correlation

(Data of P. Leung)

100

Using Correlation

2560 b
0

80 [~ SS =

(MLSS)0'57(TA)0'2

Observed Effluent SS (mg/l)

0 1 3 1 )
0 20 . 40 60 80 100

Predicted Effluent SS (mg/1l)

0ze



APPENDIX G

ANAEROBIC DIGESTION DATA

(a) Conventional Digester =

Data of Rankine (32).
(b) High Rate Digester -

Data of Torpey (50), Roy and

Sawyer (34) and Estrada (12).

221



(a)

Conventional

Digestér

T

Data of Rankine (32).
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Detention Fraction Reduction

Time of Volatile Solids (1-RrR) /R

(days) =(1-R)
17 0.42 0.71
26 0.39 0.64
27 0.50 1.00
29 0.37 0.59
35 0.45 0.82
35 0.63 1.70
37 0.44 0.78
39 0.52 1.09
50 0.52 1.09
53 0.55 1.22
55 0.56 1.27
65 0.64 1.77
67 0.70 2.33
75 0.57 1.33
62 - 0.53 1.13
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- (b) High Rate Digester

Source g Detention Time |Fraction Reduction
(days) of Volatile (1-R) /R
o 1solids =(1-R)/R
Torpey (50) 14.0 0.56 1.27 -
10.3 0.45 0.82
8.3 - 0.47 0.70
6.4 0.45 0.82
3.7 0.37 0.59
Roy (34) 20.0 0.58 1.38
15.0 0.57 1.33
10.0 0.56 U o1.27
8.0 0.54 L 1.17
6.0 0.52 P1.09
Estrada(l2) 22.5 0.61 1.58
22.0 0.54 1.17
19.8 0.64 1.77
18.8 0.61 1.58
18.0 0.63 1.70
15.9 0.68 2.12
15,7 0.57 1.33
14.8 0.48 0.92
13.9 0.40 0.67
13.3 0.52 1.09
12.0 0.66 "1.94
10.1 0.42 0.71




APPENDIX H

INTER-RELATIONSHIPS BETWEEN ORGANIC CARBON,

BIOCHEMICAL OXYGEN DEMAND AND VOLATILE SUSPENDED SOLIDS

224



Raw Sewage VSS Filtrate DBOD TBOD-DBOD VSS
Sample TBOD | TOC DBOD|{ .S0C S0C TOC-S0C TOC-50C
1 220 160 230 114 60 1.90 1.06 2.30
2 300 226 320 110 58 1.96 1.13 1.90
3 260 177 224 110 68 1.62 1.37 2.05
4 289 192 236 145 72 2.02 1.20 1.98
5 315 218 286 149 85 1.75 1.23 2.14
6 310 187 244 149 74 2.01 1.42 2.15
7 308 196 272 151 70 2.15 1.25 2.15
Average = 1.91 1.24 2.09
Standard Deviation = 0.17 0.12 0.11
TBOD = total BODg (mg/1)
DBOD = BODg of soluble organics (mg/1l)
TOC = total organic carbon (mg/l)

SOC = soluble organic carbon (mg/l)

sec



APPENDIX I

SIMULATION DATA AND RESULTS FOR THE DRURY LANE,

BURLINGTON, SEWAGE TREATMENT PILANT

226
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DESIGN DATA 228

PROJECT NO. 2~0051-60

DESIGN FLOW 2.5 mgd

BOD - Raw Sewage 200 mg/1
- Removal 90% -

TREATMENT Activated Sludge
DESIGN POPULATION 30, 000

SS - Raw Sewage 180 mg/1
-~ Removal 90%

PRIMARY TREATMENT

Screening

1" bar screens

Gril Removal

Tvpe: Grit channels
Retention: 0,8 min

Primary Sedimentation

Type: Walker Process
Size: Two 49.3' x 18! x 12,25
(135,700 gal)
Retention: 1.3 hr
Loading: Surface, 1400 gal/ft2/day
Weir, 17,100 gal/ft/day

SECONDARY TREATMENT

Acration Tanks

Tvpe: Diffused air; triple-pass
Size: Two tanks, each with
2 passes 118' x 18' x 10.7!
1 pass 85.5' x 18' x 10.7'
(833, 000 gal. total)
Retention: 8.0 hours

Ah: Supply

One Sutorbilt - 1500 c¢fm
Two Roots~Connerville - 750 c¢fm

Diffusers ~ (each tank)

1) 132 Schumacher Brandel tubes in
first two passes

2) 41 Spargers on 2' centres in third
pass .

Sccondary Sedimentation

Type: Rex Unitube Tow-Bro
Size: Two 50" din x 10.6' swd
(260,000 gal)
Retention: 2.5 hr
Loading: Surface, 1000 gal/ft2/day
Weir, 8500 gal/ft/day

CHLORINATION

Type: Kent

"Chlorine Contact Chamber

- in outfall |
OUTFALL

- to Lake Ontario

SLUDGE HANDLING

Digestlion System

Type: Two-stage

Primary -~
Size: Two 40! dia tanks (313,000 gal
total) , depth = 207
Loading: 2.7 Ib/ft3/mo

Secondary -~ : o
Size: One 40' dia tank (143,000 gal)
Loading Total: 1.9 ib/{t3/mo

depth= (&7




DATA SET FOR THE SIMULATION OF THE DRURY.LANE PLANT
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CASE

33IPTILLILLD

RUN WITH AVERAGE FLOW CONDITIONS -1969

END OF LOOF
END OF LGOP

1
2
3
4

END OF LOOP
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END OF LOOP
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$ SUMMARY REPORT CN PLANT OPERATIONS - CASE 1

$39T35953598895939929055553039055735959959533935389509089099999990599899593937909¢559939¢7395593995535353

FLOW Do T0C 0ocC B0D SS VSS

586744 73

- STRE AM NUMBER
RAW FEED 18 66008.58 L, 00 153,98 €1, 00 21t 47 299,26 15,27
INPUT TO PRI+ CLAR, 13 66008;58 . 4400 13,98 ~€1.00 215.47 2S4, 17 1¢5,27
EFFs OF PRI+ CLAR, 2 66790, 41 6. 00 95,87 60,237 150.71 153,08 7458
UNCERFLOW PRI CLAR 9 287.8¢ 0.00 19804.14 60,37 17472490 €3847,75 L1LES LD
OUTPUT OF AER TANKS 4 80940, 07 LebS €01.55 g.72 432.06 €167, 95 1242.86
EFFe OF SEC. CLAR. 5 65876431 06.00 15,25 €.72 2174 2U.56 11.62
UNCERFLOW SEC CLAR 6 15060.58 0.00 3158, 18 S.72 22¢2.72 117(05.68 €€11,85
RETURIN ACT, SLUDBGE 8 14148,72 .00 3158, 18 S.72 22¢c.72¢ 11705.08 €€11.85
WASTE ACT. SLUDGE 7 911, 8¢ .00 3158, 18 S.72 22¢2.72 11705.68 éEii.BS
INPUT TO DIGESTER 14 319.82 6,00 21€24,99 5¢.87 20289,09 €5445,39 452¢€0.35
"DIGESTER SUPERNATE 16 186.73 0.00 828,20 824,43 854,23 4335,31 15€6.42
DIGESTED SLUODGE 17 127. 22 0.00 5828441 82443 5530.88 12070.,57°

9¢ee


http:12070.57
http:452'30.35
http:6�:11.85
http:Lt1LtE5.40
http:1<::5.27
http:58674.73
http:Lt335.31
http:65445.39
http:11705.68
http:11705.68
http:63847.75
http:2o2e9.o9
http:21624.99
http:19804.14
http:14148.72
http:66008.58

APPENDIX J

SIMULATION DATA AND RESULTS FOR THE SKYWAY,

BURLINGTON, SEWAGE TREATMENT PTANT
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DESIGN EE@"E'A

PROJECT NO. 2-0105-62 DESIGN FLOW 6 mgd
BOD - Raw Sewage 200 mg/l. SS ~ Raw Sewage 200 mg/1
PRETREATMENT centrifugal blowers

Coarse Screening

Type: Lmk Belt, mechamcally—cleaned
Size: 23" space

Lift Station Pumps (@ 30' tdh)
2 @ 6 mgd each; 2@ 5 mgd each

Screening

Type: Link Belt, mechanically-cleaned
Size: 1" space

Crit Removal

RSO peq

Type: Air degritter
Size: One 20.3' x 25' x 14,2!
Retention: 20.8 min

SFCONDARY TRFATMENT

Aeration Tanks

Type: Diffused air, single pass
Size: Six 270' x 27' x 15

(660, 300 ft. or 4.12 mil gal)
Retention: 16.5 hr
Loading: 9.5 Ib BOD/1000 ft3

Air Supply
Type: Hoffman multi-stage

Size: 3 - 4000 cfm (max); 1-6000 cim (max)
Diffusers

Type: Saran-covered ﬂexofusers
Spacing: 250 tubes per tank

Secondary Sedimentation ’

Type: Eimco
Size: Four 60' x 60' x 12' swd
(538,000 gal) (only two comple
Retention: 4.1 hours
Loading: Surface, 434 gal/ft2/day
Weir, 7,100 gal/ft/day

CHLORINATION

Type: Fischer & Porter
Size: Two 2000 1b/day

~

~ Chlorine Contact Chamber

-~ nil
- chlorination in outfall

OUTFALL

- fo Hamilton Harbour

SLUDGF HANDLING

Type Thickening tank, deéanted
Size: One 20’ dia x 9' depth
(2830 ft3 or 1760 gal)




DATA SET FOR THE SIMULATION OF THE SKYWAY PLANT
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$133353384338¢

CASE 1

3583334333333

RUN WITH AVERAGE FLOW CONDITIONS IN 1969

END OF LCOP
END OF LOOP
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$$3$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$3$3$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

STRE AM NUMBER  FL OW DO T0C noc EOC $s VSS
"RAW FEED 1 140040, 72 by 0O 101,99 €2, 00 154,69 183,99 83.99
OUTPUT OF AER TANKS 5 239322, 032 7,16 785,71 by 40 E1€.86  39C3.45  1E40.76
EFFs OF SEC. CLAR. 6 139076, 64 0.00 641 4,40 .19 10433 4,23
UNDERFLOK SEC CLAR 7 100227.1%2 0.00 18€0.29 botil  1453,26 S506.69  3897.40
RETURN ACT,. SLUDGE 8 97938, 26 0,00 18€0,29 Ly4D 1453,.26 S506.69  3897.40
WASTE ACT. SLUDGE 9  2288.86 0,006 1860.29 4,40 1453.26  €506469  38S7.40
THICKENED SLUBGE 11 91k, 65 0,00  4184,22 440  32€4,73 21410,93  8777.71

PLANT BYFPAES i2 0. 00 0,00 0.00 .00 0.00 0.00 0.00
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SUBROUTINE MODULE(NT)

GO TO (132933495463 7389991Us11s12913914915516917518319920) sNT

o ~N WM PN =N N

11
4
13
14
15
16
17
18
19
20

50

CALL MIXERI
GO TO 50
CALL CONTL1
GO TO 50
CALL SETSTI1
GO TO 50
CALL SETSP1
GO TO 50
CALL SEPAO1
GO TO 50
CALL PRISET1
GO TO 50
CALL ACTSL1
GO TO 50
CALL DPTR1
GO TO 50
CALL SECLARI
GO T0_50
CALL TRICKl
T0

50

CALL GRIT1
GO TO 50
CALL ANDIGI
GO TO 50
CALL CHLOR1
GO TO 50
CALL COST1

GO TO 50
CALL SCREEN1
GO TO 50
CALL REPTO1
GO TO 50
CALL CONTO2
GO TO 50
CALL CONVO1
GO TO

CALL CASET
GO To_50
CALL THICK1

RETURN
END
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330) sKPRNT(10)
NCALC s NOCOMP s NoSR

)

MODULE SETS
CYsNPOINT(2592)

25HINITIAL STREAMS ARE READ

GO TO 300

F STREAM CHANGES
SR

SUBROUTINE DLOAD3
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F MODULE CHANGES

1+5)
69 NN)
1sNN)

N{N)sN
NCN) sN
NON) eN

&)
W We-rll Woe
Ord —ODC— —
[ DO -
ul ¢~ —~ o e~YNQO
A= O NDON A~
DUN s+ 4t
Q——O e~~~ & eI
(@] H et eOO—IDD
SOA~N—w—~N—-—DNZZZ
FIN—- ZZ~ i) =y
O O WO _J——D
<C ~ <L I N 1 Z Z
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— [@ R o]
< IO
(g Ta¥enl

ERROR IN SN —~ VECTOR SPACE INSUFFICIENT %*5//)

RETURN
END
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SUBROUTINE SETST1

256
COMMON LLSTI(BU) oNS{1CO0) sEN(100) eST(4930)250(4930) sKPRNT(10)
COMMON ISaNEsJJ9LOOPsNIN9 NOUT 9 vSNes ISPsNCsII1 f CALCsNOCOMP s NSR
COMMON MODE s NPLNT s LOOPC
COMMON SN(25s3U) +EEN(600) sNPOINT(2592)
ALTERS THE TEMPERATURE IN ANY STREAM
EN{4)= CHANGE IN TEMP (+VE FOR INCREASE AND -VE FOR DROP)
WRITTEN BY P. TAN
FOR WWTP SIMULATION
DO 1 1=2,JJ
SO(1e11=S1(1s1)
SO(1le4)=ST(1e4Y+EN{4L)
RETURN
END
SUBRCUTINE SETSP1
COMMON LLST(50)sNS(1C0) sEN(100) 3ST(4930)s50(4930)sKPRNT(10)
COMMON T1SsNEeJJsLOOP s NINsNOUT 9iaSNesISPoNCsTIT sNCALCsNOCOMP sNSR
COMMON MODE s NPLNTsLOOPC
COMMON SN(253s30)sEEN(60U) sNPOINT(2592)
WRITTEN BY Pe TAN
FOR WWTP SIMULATION
ALTERS THE HEAD IN ANY STREAM
EN(B5)= CHANGE IN HEAD (+VE FOR GAINs —-VE FOR L0OSS)
DO 1 1=2+JJ
SO(1+11)=5SI(1s1)
SO(15)=S1{1s5)+EN(5)
RETURN
END

SUBROUTINE CONTL1

COMMON LLST(5U) oNS(1CU)sEN(1C0U) 9ST(4530)s50(4230)sKPRNT(10)
COMMON TSaNE»sJJ s LOOP s NINsNOUT 9iiSN s ISP sNCs I 1T sNCALCsNOCOMP s NSR
COMMON MODE s NPLNT s LOOPC

COMMON SN{2523U) sEEN(HOU)Y s NPOINT(2592)
WRITTEN BY A.T1+.JOHNSON AND T.TOONG MAY 1968

EN LIST
le EQUIPMENT NUMBER

2« EQUIPMENT TYPE -2

3. LENGTH OF EN LIST-21 _ ,

L, LARGEST LOCP IDENTIFICATION NUMBER IN PROCESS FELOW DIAGRAW

5¢ PRINTI p? gONTROL NUMBER OF LOOPS BETWEEN PRINTING OF TH
UNDER JONLY NON ZERO COMPOWNENTS* AND THEIR FRACTIO
CHANGES .

16 NOo, OF MODULES IN CALC CORDER LIST CONTROLLED BY CONTL1

17. MAXIMUM NO. OF LOOPS

18« STREAM NUMBER OF STREAM TESTED

19. FRACTIONAL TOLERANCE

20. LOOP IDENTIFICATION NO,.

21« LOOP IDENTIFICATION NO.

22e~{19+JJ) = 0,0

E STREAM
NAL



257

—h

e~

o
o ~— a2}
(@] [Ty —
oY — ”
(A3 L3 N
—~ Q. — O
- (@] I
(@] (@] Y
o — — N
(] L —t
"N u ~— -~
~— 0.0 ~ D
* O o mn
() oo~ A
N o~ dZun | —~ M
o O Ut o~ o~ o~
M O —~ITZ~ ~ULie
it 0 IO )
~ D+ CHAD AN~ D —
0O~ e+ D &~— ODZED
Qe+ 10O 02 o <M

O+N—~E AT I~ + Ll
d~— Ol el — ~LIY—~
I O ZONOQL O~ = 0O~ =0
Ol ~O— < <L U |
OZ i Z20WCO0~Z
oW WIS 1 Z— 11
~ RO =KL U W~ )~

13300
13001
13011

D

13150

13017+13017+13170C

J16+13013913016

<

o~

o O
M=
—U)
o lyen
v
—~ e &
O ulO
™M
4 i
o Fm
D
NO =
G e
N
— O
0
(et |

’...FRAC
CHANGE IN TOTAL CF STREAMsF5e0s2HISsF1Ce8

—~ o——~U T
~SNTON e O
M~ O Doam
DM eD— w
[Sa R B I Y]
O ) o
D~ = O —
~ e e e e

O~ Z I e | b~ et <C
HAZ <L+ DU < Y
V) s U) e s e i (Y i (Y
LZOAdXOn <t Ot Wb L xouooo
—Z _ I 2LV U~ 0N~ 2 =E0 -2 U ~U—EZ WO i ul—Oounl

13016

o~
P~
—CO
AN

——

O ~Junng
O ~-ONO O
—AO C—O O
O M NN
i

)}
o
o
il
[a %
@)
-~ O
[ R

L
0 o~
N ¥ —~
[S AN CE .
D>~
o Z Z
— O w
-« U .
[ R Ll
N ok O
D K .
NNe~T -~

N s OO s O™
N~ N~
OALZ~0OF—TLZ-0O
W & AU Z & i
DA O~ | CrAr\O~ I} <

Z =m0

e~ L IO Jl<{— 10O

N
—
o
oy
—
L3
13
(a\V]
(&) o
(\9} (o)}
—~ o~ O
« N N
[Ta N T U a
— 9 O
O ¥ O
N w4
— >

Z o~
—_ 0O -~
- U &
— -
D = Z
D O w
* prad .
+ %k W
— 3 (]
™~ Sk [
AT -~
~ OO~

ZDe-DD

b=t —O

~— 1N

l)‘LOOP+1

~ d—Z N~ SN

Ze (Y

e i [V e e

(

OLyOCZuLouLroZuLozZ

D e
ND
o
[aales]
——

13013

NN
aNOND
OD ™
Qaaem
e~ i

13015

(a9
o
D
<y
L]
-~
o)
Q)]
>
[sa]
~
-
(48]
o
-
| v
et —— —
- o =
O~ L=
—t -~ -
~— = TT) [qV]
ZD 6~ ~—
—Auf>anz O
+(9=S —
O+ ¥
OZul ~ wnw
I Or——0 =D
L.To?L oz
1OZO 4+
PNIBJKLT
Ql~—rd~— 1l JZ
ouULOZZIC0O
1Z—=Oouw=0v0
o — o
[aVE eV o
(@l o] (e}
o (a8
— i

ul33

Cb TOT



258

SUBROUTINE CONVO1
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RETURN -
END
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C)sNPOINT(25+2)

LISTING OF THE PRIMARY SETTLING TANK MODEL
L

SUBROUTINE PRISET1

COMMON 1
COMMON M
COMMON S

COMMON

IF ANY)
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LISTING OF THE SCREEN MODEL
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LISTING OF THE CHLORINATOR MODEL

SUBROUTINE CHLOR1
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SUBROUTINE MIXER1
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LISTING OF THE PROGRAM TO CONTROL THE MLSS IN THE AERATION
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LISTING OF SUPPORTING MODELS TO HANDLE STﬁEAM VARTIABLES
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SUBROUTINE CONVERT(MsKINsJINsKOUTsJOUT)
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SUBROUTINE ALKMIX(PH)
COMMON LLST(SU)9NS(&OO)9EN(100)9SI(4930)950(4930)9KPRNT(10)
COMMON ISsNEsJJsL s NINosNOUT ¢iMSN o ISPsNCsIITsNCALCsNOCOMPINSR
COMMON MODE sNPLNT L. OOPC
COMMON SN(25930) sEEN(600) sNPOINT(25+2)
SUBROUTINE TO CALCULATE THE RESULTING PH WHEN STREAMS ARE MIXED
SUMALK=0,0
SUMCN=0, O
5UMCT=0.0
DO 600 I=14NIN
IF{SI{Is6)elLEeDsO) GO TO 600
IF(SI(I192)eLEaGeU) SI(192)=740
ALK=20,0%SI{(I1+23)/S1(1s6)
CN=T71e43%SI(1+27)/S1(1+6)
PH=SI(1s2)
CALL ALKPH{1+sALKsCTsCNsPH)
SUMALK=SUMALK+ALK
SUMCT=5UMCT+CT
SUMCN=SUMCN+CN
CONTINUE
CALL ALKPH(Z95UMALK95UMCT95UMCN9APH)
PH=APH
RETURN

END
SUBROUTINE ALKPH{NZsALKsCTsCNsPH)

DIMENSION XCOF{4)
SUBROUTINE TO CALCULATE CT OR PH GIVEN THE OTHER THREE VARIABLES

PK1=6e3
PK2=10.3

PKN=9 «3

GO TO (1s2)s NZ

CALCULATE CT

CONTINUE
CT=(ALK=CN/(1,0+10,0%%(PKN=PH))
1{PH-PK2)7/(1+0+104,0%%(PH-PK2) %2
RETURN

CALCULATE PH
CONTINU

) % ;10.0**(PKl—PH)+1.0+10.0**

*CT
#(-PK1-PK2-PK
O, u**(-PKl PK A4%10,0%%(-PK1-PK2))
O O0%%(-PKN} + 0.0

O%x% (-pPK1))
CALL BISECT{XCOFsH)

PH=-ALOG10(H)

RETURN
END
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SUBROUTINE BISECT(XCOFsH)

DIMENSION XCOF({4)
FIXCOFsH)= XCOF({1)+H*(XCOF(2)+H*{XCOF(3)+H*XCOF(4)))

HL=1. E"5

HR=10E-9

1FE(F(XCOF sHL ) *¥F (XCOFsHR)) 10520530
H=SQRT (HL*HR)
éiiE(XCOF»HL)*F(XCOFaH).LT. 0.0) GO TO 2
GO TO 4

HR=H .
AF&ﬁBS((HL—HR)/HL).GT.0.0I) GO TO 10
RETURN

H=HR

1F(F (XCOFsHL ) eEQe 0,0) H=HL

RETURN

H=HR .
TF(ABS(F(XCOFsHL))eLTe ABS(F{XCOFsHR) ) H=HL
RETURN

END


http:IF(ABS<F<XCQF,HLll.LT
http:IF<F<XCOF,HL).EQ
http:IF<F<XCOFtHLl*F<XCOF,Hl.LT
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WASTE SLUDGE POLICY
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INTERACTIVE VERSION

Data set for the interactive version
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