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CHAPTER 1

INTRODUCTION

The activated sludge process is widely employed in the field of
sewage treatment. Significant advances have been made in recent years,
resulting in a bétter understanding of the complex variables affecting
the performance of the various unit processes and unit operations in
the activated sludge process system. Successful compiter modeling,
-simulation and optimization based on such information are able to
predict the performance of individual units and evaluate alternativé
designs for an activated sludge wastewater treatment plant. Various
attempts, with varying degrees of success, have been carried out for
mbdeling,rsimulatibn‘aﬁd“optimization of:the.activated sludge process flej.

Conventionally a primary clarifier is included in the-activated
'sludge process for the removal of.suspeﬁdedzsolidsf.',Hoﬁever,.
most of the primary clarifier Qesigns have been based on past eXperiences
rather than on the results of system: . analysié. The research work
presented herein is an attempt to develop a new approach for the design
of a primary clarifier in an activated sludge proéess system by use of
computer modeling, simulation and optimizatiom.- el s v s

The results of a previous study by Mishra et al. [9] based on the

conventional Monod kinetic model indicated that the inclusion of a primary

*In this work the term suspended solids refers to all suspended substances.
Suspended solids contain viable biomass and nonviable suspended matter
{suspended wastes). The suspended wasves are composed of organic biode-
gradable solids (suspended substrate) and non-biodegradable solids.
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clarifier is not economically advantageous for the steady state operation
of an activated sludge wastewater treatment system. These results may
not be sufficiently realistic because their work was based on the
agsumptions that the removal rate of suspended substrate by microbes in
the aeration tank is the same as that of soluble substrate and that
suspended waste ‘has: no influence on the removal rate of soluble sub-
strate.

It is well known that the removal rate of suspended waste by microbes
is much less than that of soluble substrate f10, 11]. In addition,
avallable information indicates that the suspended waéte has an-ihhibition
-effect on thé rémoval rate of the soluble sﬁbstrate [ll,AlZ]. Therefore,
the first objective of this research was to cbnstruct a new blochemical
oxidation kinetic model, which takes into account the low metabolic rate
and inhibition effect of suspended waste,. and to examine the effect of
primary clarifier on the performance of the activated sludge system
based on the newly constructed model.

Since the conventidnal model considers soluble substrate and
suspended waste as a single complex waste, it is hard to investigate the
influence of suspended solids on the performance of the-secqndary waste-~
water treatment system. The newly constructed model, however, distinguishes
soluble substrate from suspended waste. The second objective of this:work was
to examine the influence of suspended solids on the optimal design of the
secondary wastewater treatment system based on the newly constructed
‘model.

The final objective of this research was to optimize the overall

~activated sludge process including the primary clarifier. The dynamic



programming computational procedure in conjunction with the optimal
results of the secondary wastewater treatment system obtained in the
second objective was employed to determine the 6ptimal size of primary
clarifier under various influent conditions.

This thesis has been prepared in such a fashion that each chapter
is a self-contained unit. A ﬁew biocﬁemical oxidation kinetic model is
constructed based on the available experimental data in Chapter 2. The
application of the new kinetic model to the design of a primary clarifier-
unit in an activated sludge system is also demonstrated. Chapter 3 con-
_siders the influence of suspended solids on the optimal design of the
secondary treatment system including an aeration tank and a final
settler. Chapter 4 employs the dynamic programming computation procedure
to optimize the overall activated sludge process including the primary
clarifier. Chapter 5 gﬁmmarizes the results of the present research.

Recommendations for future research are also given.
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CHAPTER 2
A PARALLEL BIOCHEMICAL OXIDATION KINETIC MODEL AND ITS

APPLICATION TC THE DESIGN OF A PRIMARY CLARIFIER
IN AN ACTIVATED SLUDGE SYSTEM

2.1 INTRODUCTION

The activated sludge process is widely employed in the field of
sewage treatment. Conventionally a primary clarifier has been used
in this process for the removal of suspended solids*. Most of the
primary ciarifier designs, however, have been based on past experience
rather than on the results of system analysis.

The results of a prévious study by Mishra et al. [1] based on the
conventional Monod kinetic model, indicated that the inclusion of a primary
clarifier is not economically advantageous for the steady state operation
of an activated sludge wastewater treatment system. These results may
ﬁot-be sufficiently realistic because their work was based on the assump-
tions that the removal rate of suspended substrate by qctivated sludge
in the aeration tank is the same as that of soluble substrate and that
suspended wastes have no influence on the removal rate of soluble sub-
strate. This study represents an attempt to remove such assumptions.

The purpose of this work is to bulld a new biochemical oxidation

kinetic model, which takes into account the differences in oxidation rites

*In this work the term suspended solids refers to all suspended substances.
Suspended solids contain viable biomass and nonviable suspended matter
(suspended wastes). The suspended wastes are composed of organic bio-
degradable solids (suspended substrate) and non-biodegradable solids.



and the inhibition effect, or masking effect, of suspended wastes, and
to develop a new approach for the design of a primary clarifier unit in
an activated sludge-system based on such a model. The scope includes
mathematical modeling, parameter estimation,and an application of the
new kinetic model to the design of the primary clarifier in an activatéd
sludge system. -

The derivation of the new model is accomplished by introducing both
the concept of parallel reactions and the notion of a masking effect of
suspended wastes. Estiﬁatioﬁ;of the parameters in the model is carried
out by fitting the model to the available éxperimentalrdata. Application

of the model to the design of a primary clarifier is demonstrated.
2.2 MODELING OF BIOCHEMICAL OXIDATION
2.2.1 Kinetics of Biochemical Oxidation

Many different models have been used to describe the kinetics of
BOD or COD removal from complex wastes by activated sludgé [2]. Those
extensively applied during recent years are the modified Monod model and
the first order reaction model [3, 4, 5]. However, alliof these models’
consider soluble and suspended substrates as a single complex waste.
Takahashi et al. [6] and McKinney [7] indicated that the removal rate of
suspended substrate depends on the particle size and composition, and
that generally the rate is much less than the removal rate for soluble
substrate. Takahashi et al. [6] also reported that the adsorption
activity of activated sludge is reduced by the adsorption of colloids and

is recovered by metaboliziﬂg these colloids. This phenomenon is termed



masking effect. The difference in the reﬁoval rates of soluble and

suspended substrates as well as the masking effect of suspended wastes

should be taken into account in the reaction kinetic model.

The kinetic equations for soluble substrate removal, cell growth,

and suspended substrate removal are, respectively,

e O M )
dt Yl(K.s + Xy + h3x3)
dx L. X.X
2 ml "172 -
3t "X Fx +hx, | BF%y T kK @)
5 1 373
dxy _ By¥p%s -
dt Y3
where
Xy concentration of soluble substrate (BOD ppm)
x, concentration of activated sludge (weight ppm)
Xq concentration of suspended waste or suspended substrate
(weight ppm)*
By = maximum specific growth rate with soluble substrate
=1 :
. (hrTh)
K.S saturation constant for solﬁble substrate (ppm)
kd endogenous rate coefficient (hr_l)
Y, yield coefficient of soluble substrates (microbes ppm/
. BOD ppm)
*

Since equation (3) predicts that X3 approaches zero as t increases, x

should be suspended substrate; however, in equation (1) x., might be either
suspended substrate or suspended waste. Adequate experiméntal information
to distinguish between the masking effects of suspended substrate and non-
biodegradable solids is not presently available.
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83 = removal rate coefficient of suspended substrate
(1/hr.microbes ppm)

Y, = yield coefficient of suspended substrate (microbes ppm/
suspended substrate ppm)

)

h3 = masking effect coefficient ¢

Equations (1), (i), and (3) represent, respectively, the remov#l
rate of soluble substrate, the growth rate of micro-organisms, and the
removal rate of suspended substrate in batch operation. The most signif-
icant aspects of this model are the concept of parallel reactions and
the notion of a masking effect, Difference in removal rates between the
soluble and suspended substrates are taken into account by means of a
parallel reaction mechanism. The masking effect coefficient h3 repre-
sents the specific degree of influence of suspended waste on the
adsorption activity of activated sludge. The product h3 3 implies the
total masking effect. By putting h3 = 0, egqs. (1) and (3) reduce to

parallel reaction kinetic equations without any masking effect.
2,2.2 Nakanishi's Experiment

Nakanishi [8] conducted a series of batch experimeﬁts to observe
the removal of soluble substrate for two cases: one case where only
soluble substrate was present, the other case where both soluble sub-
strate and suspended waste were used.

Nakanishi's results show that the removal rate of soluble substrate
is reduced when suspended wastes are present, This is probably due to
a decrease in adsorption éctivity of the bacteria flocs because of

suspended wastes on the surface of the bacteria flocs. As mentioned
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previously, this phenomenon is called masking effect. Typical data by

Nakanishi [8] are given in Table I.
2.2.3 Parameter Estimation

The proposed model equations were fitted to Nakanishi's experimental
data using a least squatre criterion. The parameters in the equations

were varied to minimize the sum of squares of residuals.

2
Sl (xl,exp - xl,pred)

by using Bard's [9] nonlinear parameter estimation program on an IBM
360/50 series computer.

The parameters in eqs. (1) through (3) are Mg Ks, kd’ Yl’ 83,

Y3, and h It would be very difficult to estimate all these parameters

3.
simultaneously from experimencal data, To circumvent this difficulty,

approximate values of Yl, kd, 63, and Y3 were obtained form information

in the literature.2’6 The value of KS was selected by conducting a

Y

preliminary study in which Mol

obtained form a curve drawn through Nakanishi's data for the case where

and Ks were estimated using 20 points

only soluble substrate 1s present (x3 = 0). The parametér Wop Was
then estimated from Nakanishi's six experimental data points for the
case where only soluble substrate is present. Using these values of
W Ks’ Yl, kd, 83, and Y3,.the parameter h3 was estimated from the
experimental data obtained where both soluble substrate and suspended

wastes exist {the Case II data in Table I).
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The results of the estimation are listed in Table II. Calculated and
experimental results are compared in Fig. 1. The solid line and
circle points represent the calculated and experimental results,
respectively, for the case where only soluble substrate is present, The
dotted line and cross points indicate the calculated and experimental
results, respectively, for thé case wﬁere both soluble'substrape and sus-
.pended waste exist. Fig. 1 indicates that the new model takes into
account the masking effect reasonably well. The estimated value of the
masking effect coefficient h3 is 0.289 for the suspended solids in
Kyoto sewage [8]. It should be noted that the value of the masking effect

coefficient will be dependent on the nature of suspended seolids,
2.3 SYSTEM DESCRIPTION
2.3.1 System Configuration

The activated sludge process system considered in this study is
shown in Fig. 2.

The system consists of a primary clarifier, an aeration tank, and
a secondary clarifier; a part of the activatedvsludge separafed in the .
secondary clarifier is recycled to the aeration tank. The influent flow
rate is constaﬁt and the effiuent water quality is kept fixed at a set

standard in terms of its BOD,
2.3.2 Primary Clarifier

The primary clarifier plays an important role in most wastewater

treatment plants,and a substantial amount of the pollutant load is
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removed here. The removal rate of suspended solids obtained in the

primary clarifier operation is influenced by the plant désign, the settleable
solids characteristics, the degree of flocculation (natural or induced),

solids loading, and the hydraulic loading. With the aid of polymeric coagulant
at a controlled dosage to aid flocculation, the suspended solids removal
efficiency of the primary clarifier can be enhanced considerably. Voshel

and Sak [10] developed two empirical correlations for the removal of

suspended solids in a primary clarifier, based on ﬁlant scale experiments.,

The first correlation is for the case when no flocculation agent is used

and can be expressed as

. . - 0.5675 (xg + x§)°'27
(sz <3 K3P) = (Xz * K3)[1 - 022 ] (4)

(q/AP)

where the superscripts e and £ refer to effluent and influent, respec-
tively, and the subscript p refers to the primary clarifier. 1In eq. (4)

all concentrations have the units of ppm and

q = volumetric flow rate of influent wastewater (MGD)
A

= gurface area of primary clarifier (ftz)

The second correlation is for the case when a polymeric coagulant is

used at a dosage of 1 mg/l and can be expressed as

. . s 0.7788 (x + x5)°* "
(xzp + x3p) = (x2 + x3)Il - K ] (5)

(q/Ap)

Both expressions, eqs. (4) and (5), assume that the suspended solids re-

moval in the primary clarifier is proportional to a power function of the
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influent suspended solids concentration and is inversely proportional
a power function of the surface overflow rate of the primary clarifier.
It is assumed that the organisms and suspended waste have the same
proportional compositions in the influenf and effluent streams.

In this study the primary clarification operation is assumed to
have no effect on the concentration of soluble substrate in the waste~

water stream.
2.3.3 Mixing Point

The effluent from the primary clarifier and the thickened sludge
recycled from the secondary clarifier are assumed to be mixed together
and then fed as influent to the aeration tank. The material balances
for the soluble substrate, the microbes, and the suspended waste can

be written, respectively, as

0 1 f r r

i s R e (6)
0 l e, r _r

X, = THr *op T4t %2 @
0__1 e r .r :

X3 = Tar *3p T T 53 (®)

where r is the ratio of recycle flow rate to influent flow rate and the
superscripts £, r, and 0 refer to influent (feed), recycle and flow from

the mixing point, respectively.
2.3.4 Aeration Tank

The aeration tank is a key component of the activated sludge process

system since it is here that the organic nutrients are biochémically
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oxidized. As pointed out beforg, microbial oxidation rafes are affected
by the presence of suspended wastes due to the masking effect. The
performance of the aeration tank is predicted by using a homogeneous flow
model and the proposed new growth model which takes into account this
masking effect.

The kinetics for soluble substrate consumption, microbial growth,
_and suspended waste removal in the aeration tank are given in eqs. (1)
through (3), respectively. The completely mixed model (CSTR model) for
the aeration tank as advocated by McKinney et al. [11,‘12,_13] is often
used in designs. For a CSTR, the steady state material balances for
éoluble substfaté, microorganisms, and suspended waste can be written,

respectively, as

11
-0 . X.X
T S S 5o | )
SIE A Y. (K + xl + h xl)
1" s 1 373
" xlxl
0 m1*1%2 SO U S N
X, ~Ey + T Gy T hw T BT T kFp =0 (10)
1 33
-f xlxl : :
0 %352, .
Xy = X5 + TA ( Y3 ) =0 _ (11)
v
A B
TA = PYGERD) (12)

where superscript 1, refers to concentrations in the aeration tank and
TA = detention time of the aeration tank C(hr)

VA = volume of the aeration tank (MG)
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2.3.5 Secondary Clarifier

The performance of the secondary clarifier is estimated based on
a model developed by Naito et al. [14] on the assumption that plug flow
conditions prevail in it. According to this model, the rate of removal
of suspended solids in the secondary clarifier can be répresented by

the semiempirical relationship
&+ x%) = p (xh + x) exp [~yT_] | (13)
2 3 2 3 8
where p, o, and vy are parameters and superacript e refers to the clarifier

effluent; In eq. (13)

Ts = secondary clarifier detention time (hr)

The values of parameters p, o, and y depend-on the characteristics of
the sludge and equipment. It is assumed that the microbes and suspended
wastes have the same proportional compositions both in the mixed liquor
éuspended solids entering the secondary clarifier and in the recycle

stream. Therefore,-
N P | _ (14)

It is alsoc assumed that the concentration of soluble substrate is

not affected by the secondary clarifier operation. That is

x1 = x = x° (15)
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The material balances for the microbes and suspended waste around the

secondary clarifier can be written, respectively, as

(1 + r) x; 1 - w) xg + (r + w) xz ‘ (16)
(1+r)x§==(l—w)x§+(r+w)x; : (17)

where

w = sludge wasting ratio (

)

2.3.6 Effluent Quality

The total BOD in the effluent depends on the concentrations of

untreated soluble substrate, of microbes, and of suspended waste. The

effluent BOD is given by

e e _
+ Cl X, + C2 Xq = Cd _ {18)

where

effluent BOD concentration (BOD ppm)

(@]
fl

[
i

conversion coefficient for microbes (BOD ppm/microbes ppm)

(2]
]
L}

conversion coefficient for suspended wastes (BOD ppm/
suspended waste ppm)

In the simulation studies, eq. (18) is used as an effluent quality

constraint.
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2.3.7 Cost Functions

Construction costs of the units involved in the activated sludge
process system are estimated using correlations developed by Smith [15].
For the primary clarifier, the comnstruction cost (in dollars) has been

correlated to the surface area (in ftz) and is given by the expression

0.1

- C_=13.4 A + 2,600 A (19)
P P P

The construction cost of -the aeration vessel (in dollars) is correlated

to its volume (in millions of gallons) and is expressed by

-0.818

CA = VA (175,000 + 36,500 VA ) (20)

The capital cost of secondary clarifier (in dollars) can be estimated

from its surface area {(in thousands of ftz) by using the correlation

C =12,600 A + 5,350 A (21)
s 3 s

The total construction cost, CT, of the system can be estimated by
totaling the costs of the individual units and allowing 40% in excess

for engineering fees, that is

C.=1l.4 (C_+C
P

i +C) (dollars) (22)

A
2.4 SIMULATION

The equations presented in the preceding section constitute a mathe-
matical model for the activated sludge process system shown in Fig. 2.

This model may be used in simulation studies to determine the effect of
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primary clarifier size on system performance. By analyzing this system
of equations, the computational degree of freedom for the system is

f £ _f b

lr!x

determined to be one when the values of Cd’ 9y Xp5 xz, x3 1

*
+ xg) are specified , Hence, the performance of the system

, and
%X (or x-

2 2
can be simulated by fixing one remaining varlable AP. In this study,
the depth of the primary clarifier is fixed at 10 ft. The wvalues of Ap
range from O ft2 to 6000 ftz, i.e., the values of TP range from 0.0 hr
to 3.6 hr. For simplicity, only the case with flocculation in the

primary clarifier is considered.

The numerical values used in simulation are as follows

Mo = 0.1 hr'-1
K, = 100 ppm
Y, = 0.5 microbes ppm/BOD ppm
k; = 0.002 hr
B, = 0.000001 he L ppu !
Y3 = 0.5 microbes ppm/suspended waste ppm
h3 = 0.0
0f25
0.5
p=2.1
a = 0.5
vy = 0.74

c, = 0.5 BOD ppm/microbes ppm

*

If r and x! are treated as decision variables, an optimization problem
with 3 degrées of freedom is obtained. Only the simpler one dimensional
optimization problem is considered here.
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C2 = 0.2 BOD ppm/suspended waste ppm

C. = 20 EOD ppm

d
q = 3 MG/day
xi = 200 BOD ppm
f
X, = 0 microbes ppm
%L = 100
200 ppm
300 -
r = 0.35
xi = 11 ppm
r T T ..
X, {or X, + x3) = 8,000
10,000 ppm
12,000

2.5 RESULTS AND DISCUSSION

The results of simulation are presented in Figs. 3 through 17.
The results indicate that, in general, the size of the primary clarifie;
cén be based on the concentration and characteristics of the influent
suspended solids. The optimal size of the primary clarifier, which
leads to the minimum total volume or total construction cost, increases
as the concentration and the masking characteristics of the influent

suspended waste increase.
2.5.1 Primary Clarifier Performance

Figure 3 shows that the concentration of suspended waste in the

primary clarifier effluent is a monotonically decreasing function of
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the primary clarifier detention time, as expected. However, increasing
" the detention time of the primary clarifier beyond a certain point
results in only a very small increase in the suspended waste removal
efficiency. It should be noted that Voshel's model is not able to
predict the actual performance of the primary clarifier in the region
where the detention time of the primary clarifier is less than 0.5 hr.
This reglon is represented by the dotted line in Fig. 3 and also in

Figs. 4 through 17.

2.5.2 Influence of the Masking Effect on the Optimai Size of the Primary
Clarifier

Figure 4 shows the variation of the total system volume as a
function of the primary clarifier detention time with the masking effect
coefficiené h3 as parameter. It can be seen that the minimum toctal
volume of the system occurs as the primary clarifier detention time
approaches zerc in the case where the masking effect does not exist,
i.g., where h3 = (, Hovever, the optimal size of_the primary clarifier
increases with an increase in the masking effect coefficient. For the
case h3 = Q.S, the optimal primary clarifier'détention time is about
2.5 hr. TFigure 5 shows the variation of the total system cost as a
function of the primary clarifier detention time with the masking effect

coefficient h, as parameter. The optimal primary clarifier detention

3
time, for minimum total cost, increases with an increase in the masking
effect coefficient.

The results given in Figs., 4 and 5 indicate that both the total

volume and total cost increase with the increase in the masking effect
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coefficient. This is attributed to the fact that the removal of
soluble substrate by microbes is inhibited by the masking effect due to
the suspended waste,and a greater detention time is required by the
aeration tank when the masking effect is enhanced.
2.5.3 Influence of the Suspended Waste Concentration on the Optimal
Size of the Primary Clarifier

Figure 6 exhibits the variation of the total system volume as a
function of the primary clarifier detention time with the influent
suspended waste concentration xg as parameter. The optimal primary
clarifier detention time for the minimum total volume increases with an
increase in the influent suspended waste concentration. As xg increases
from 100 ppm to 200 ppm, the optimal value of the primary clarifier
detention time‘increases approximately from 0.5 hr to 1 hr. rFurther
increase of xg to 300 ppm results in a value of the optimal primary
clarifier detention time of about 3 hr. The variation of the total
system cost is shown in Fig. 7 as a function of the primafy clarifier
detention time with the influent suspended wastg concentration x§ as
parameter, The optimal primary clarifier detention timé,for the minimum
total cost, increases as the influent suspended waste concentration in-
creases.

Again, the results given in Figs. 6 and 7 indicate that the two
economic models, both the total volume and the total cost, increase with

the increase in the influent suspended waste concentration, as expected,
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2.5.4 Size and Cost Relationships Among the Primary Clarifier, Aeration
Tank and Secondary Clarifier

Figure 8 illustrates the size relationship among the primary
clarifier, aeraticn tank, and secondary clarifier for certain influent
conditions. It can be observed that increasing the size of the primary
clarifier scarcely influences the volume of the secondary élarifier;
however, it results in a reduction of the volume of the aeration tank.
This is due to the fact that an increase in the primary clarifier
detention time enhances suspended waste removal, This directly diminishes
the masking effect and organic load in the aeration tank and, therefore,
reduces the required volume of the aeration tank.

Figure 9 shows the costs of the primary clarifier, aeration tank,
and secondary clarifier. The variations in the costs are similar to the
variations in the volumes of the respective units.
2.5.5 Influence of the Primary Clarifier Size on the Composition of

Mixed Liquor Suspended Solids in the Aeration Tank

Figure 10 exhibits the variations of concentrations of suspended
wastes and microbes in the.aeration tank with respect td‘the primary
clarifierrdetentiﬁn time for certain influent conditions. The underflow
organism concentration x5

2

that an incréase in the primary clarifier detention time brings about a

is fixed at 8,000 ppm. The results indicate

reduction in the concentration of suspended waste in the aeration tank.
The ratio of suspended waste concentration to microbes concentration in
the aeration tank decreases approximately from 0.5 to 0.1 as the primary

clarifier detention time goes from 0.0 hr to 3.5 hr. This implies that
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the viability or activity of the mixed liquor suspended solids (organisms
plus suspended waste) can Be enhanced by increasing the primary clari-
fier size.

In Fig. 11, the mixed liquor Suspended solids concentration in
the recycle stream (x; + xz) is fixed at 10,000 ppm. The variations in
concentration of suspended waste and of microbes in the aeration tank are
given as functions of the primary clarifier detention time. The ratio
of the suspended waste concentration to microbe concentration in the
aeration tank decreases approximately from 0.93 to O.;7 as the primary
clarifier detention time increases from 0.0 to 3.5 hr. Again, an in-
.crease in the primary clarifier detention time brings about an increase

in the percentage of microbes in the mixed liquor suspended solids.
2,5.6 Parallel Biochemical Oxidation Model Without Masking Effect

Figure 12 shows the varlation of the total system volume as a
function of the primary clarifier detention time for the case without
masking effect. The parameter is the influent suspended waste concen-

tration xf. Both x_ = 8,000 ppm and x; + % = 8,000 ppm cases are

3 2 3 .
compared. When X; = S,OOD ppm, the total volume is a monotonically
increasing function of the primary clarifier detention time. It can be
observed that the inclusion of a primary clarifier is not economically
advantageous in this case. This result is similar to that obtained by
Mishra et al. [1], Sedzikowski [16] and Parkin [17]. It can also be

‘seen that the effect of suspended waste concentration on the total

volume is not appreciable for this case where xg is fixed at 8,000 ppm.
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This result is supported by the plant scale study of Von der Emde [18].
He indicated that some activated sludge plants without primary sedi-
mentation have the same degree of purification as some plants with
primary tanks, for the same aeration tank detention time and same organic
load. However, for the case x; + xg = 8,000 ppm, the optimal size of
primary clarifier increases with an increase in the influent suspended
waste concentration., The total volume generally increases With the
increase in x§ in this case.

Figure 13 exhibits the variatiom of the total cost as a function of

the primary clarifier detention time with the influent suspended waste

r—-

2

lowest when the system does not contain the primary clarifier. Again,

concentration x§ as parameter. When x 8,000 ppm, the total cost is
the effect of suspended waste concentration on the total cost of the
system is negligible for this case. While for x§ + x; = 8,000 ppm,

the optimal primary clarifier detention time, for the minimum total cost,
increases with the increase in xg. The total cost also increases with

the increase in x§ when x; + xg = 8,000 ppm.

2.5.7 Influence of the Underflow Sludge Conéentration on the Optimal
Primary Clarifier Size, Total Vclume‘and Total Cost
Figures 14 and 15 présent the variations of the tofal volume and
cost of the system as functions of the primary.clarifier detention time
with x; as parameter for certain influent conditions. Tgé simulation
results indicate that an increase in xz reduces the optimal total volume

and cost of the system. This can be attributed to the fact that an

increase in xg reduces the required volume of the aeration tank and only
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slightly increases the required volume of the final clarifier. It can
also be seen that the optimal detention time of the primary clarifier
decreases with an increase in xz. For the minimum total volume, the
optimal primary clarifier detention time decreases approximately from
1.25 hr to 0.8 hr as xg increases from 8,000 ppm to 12,000 ppm as shown
in Fig. l4;and for the minimum total cost, the optimal primary clarifier
detention time decreases approximately from 1.5 hr to 0.75 hr as x; in-
creases from 8,000 ppm to 12,000 ppm as shown in Fig. 15.

Figures 16 and 17 exhibit the variations of the total volume and
cost of the system with respect to the primary clarifier detention time
when (x; # xg) is fixed at 8,000 ppm, 10,000 ppm and 12,000 ppm instead
of XE’ Again, the results indicate that an increase in (x§ + xg)
reduces the total volume and cost of the system. The optimal detention
time of the primary clarifier decreases with an increase in (x; + xg).
For the minimum total volume, the optimal detention time decreases
approximately from 2.0 hr to 1.0 hr as (xz ‘2 xg) increases from 8,000 ppm
fo 12,000 ppm as shown in Fig. 165 and for minimum total cost, the

optimal detention time decreases approximately from 2.25 hr to 1.25 hr

as sz + xg) increases from 8,000 ppm to 12?000 ppm as shown in Fig. 17,
2.6 CONCLUSIONS

The concepts of parallel reaction and masking effect are mathematically
modeled. The masking effect coefficient included in the model is estimated
based on the available experimental data, Major features of the modified

model appear to be consistent with the available experimental data,
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The proposed model can be effectively used for estimating the
optimal size of the primary clarifier in the activated sludge process.
The study points out that both.the concentration and the masking effect
of influent suspended waste are important factors for the determination
of the optimal size of the primary treatment‘system.

The results of this investigation also indicate that an increase in
the primary clarifier detention time gives rise to an increase in the
content of microbes in the mixed liquor inside the aeratiomn ﬁank.

The optimal primary clarifier detention time obtained in this study
is for the secondary waste treatment system with the recycle ratio and
exit soluBlé substrate concentration fixed. Optimization of the coverall
activated sludge process .including a primary clarifier is.treated in Chapter 4
with both tpe recycle ratio and exit soluble substrate concentration

relaxed as the design, or control variables,

2.7 NOMENCLATURE

AP Surface area of the primary clarifier, ftz.
AS : Surface area of the secondary clarifier, 1000 ftz.
C1 Conversion cﬁefficient for microbes,
BOD ppm/microbes ppm.
02 Conversion coefficient for suspended waste,
BOD ppm/suspended waste '
CA. Construction cost of the aeration vessel, $.
Cd Effluent quality criterion, BOD ppm.
Cp Construction cost of the primary clarifier, $.
C Construction cost of the secondary clarifier, $.
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Construction cost of the total treatment system, §.
Masking effect coefficient, dimensionless.
Endogenous rate coefficient, hr_l.
Saturation constant of soluble substrate., ppm.
Specific constant for secondary clarifier, dimensionless.
Volumetric flow rate of influent wastewater, MGD.
Sludge recycle ratio, dimensionless.
Aeration chamber detention time, hours.
Primary clarifier detention time, hours.
Secondary clarifier detention time, hours.
Aeration chamber volume, MG.
Primary ;larifier volume, MG,
Secondary clarifier volume, MG.
Total system volume, MG.
Sludge wasting ratio, dimensionless.
Concentration of soluble substrate, ppm.
COncentration.of microbes, ppm.
Concentratiop of suspended waste, ppm.
Yield coefficient of soluble substrate,
microbes ppm/BOD ppm.
Yield coefficient of suspended waste,
microbes ppm/suspended ‘waste ppm.
Specific coefficient for secondary clarifier,
dimensionless.

Removal rate coefficient of suspended waste,

1/hr microbes ppm.
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1

Y Specific constant for secondary clarifier, kr .
Fol Maximum specific growth rate of microkes on
soluble substrate, hr‘l.
2.7.1 Superscripts
g Influent to ageration tank from mixing point.
1 Effluent from aeration tank.
e Effluent from clarifier overflow,
£ Feed or inflow to primary clarifier. .
r . Secondary clarifier underflow and recycle flow.

2,7.2 Subscript

p Effluent from primary clarifier overflow.
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CHAPTER 3
INFLUENCE OF SUSPENDED SOLIDS ON THE OPTIMAL DESIGN
OF THE SECONDARY WASTE WATER TREATMENT SYSTEM

3.1 INTRODUCTION

In previou§ optimization studies of the activated sludge process
[1-5], soluble and suspended substrates were considered as a single com-
plex organic substrate to be removed by treatment systems composed of

-an aeration chamber and a secondary clarifier. Takahashi et al. [6]
and McKinney [7] indicated that the removal rate of suspended waste™ is
generally much slower than that of soluble substrate. Takahashi et al.
[6] also reported that the adsorption activity of activated sludge is
reduced by the adsorption of colleids and 1s recovered by metabolizing
these colloids. Nakanishi [8] conducted a series of batch experiments
and showed that the removal rate of sbiuble substrate is decreased
when suspended wastes coexist. Recently, Kuo et al. [9] proposed a
parallel biochemical oxidation kinetic model to take into account the _
different removal rates of soluble and suspended substrate. as.well.as’
the masking effect of suspended wastes. The effects of suspended
wastes on the performance of sSecondary.waste water treatment systems-.:v
are not well understood. The rate of oxidation of bothlsoluble and

suspended substrate and the fraction of suspended solids that is

*In this work, the suspended wastes are nonviable suspended matter and are
composed of organic biodegradable solids (suspended substrate)} and non-
biodegradable solids, The term suspended solids contain viable biomass
and nonviable suspended matter (suspended wastes).
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viable may be significantly affected by the concentration of suspended
wastes.

The present study extends the earlier studies [2f5} by considering
the masking effect and lower removal rate of suspended waste "in L
the aeration chamber. The so-called parallel biochemical oxidation
kinetic model [9] is emﬁloyed to describe the removal kinetics of the
soluble and suspended substrates in the aeration chamber. A pattern
search technique [3, 10] is used to determine the optimal désign of the
secondary waste water treatment system depicted in -Fig. 1. The exit -
concentration of soluble substrate frpm the ageration chamber and the
slﬁdge réc}qle ratio are optimally selected so that the total construction
cost of the aeration tank, sedimentation vessel, and recycle pump is a
ninimum fo? a gpecified inlet sewage concentration and a fixed discharge

criterion (total exit BOD concentration) which conforms to the water

quality standard.
3.2 SYSTEM DESCRIPTION

Figure 1 is a schematic diagram of the segondary waste watexr treat-
ment system considered in this study. The system consists of an aeration
vessel, a secondary clarifier, and a recyclé pump; the Primary clarifier
is not included in this study. Part of the sludge separated in the
secondary clarifier is returned to the aeration vessel. The influent
flow rate ié considered constant. The effluent water quality is fixed

at a set standard.
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3.2.1 ¥inetic Model

As mentioned previously, a parallel biochemical oxidation kinetic
model [9] is employed in this work. The different removal rates of
soluble and suspended substrates as well as the masking effect of the

suspended wastes are taken into account. The model equations are

g, dx, e N W w
1778 TY & Fx +hgx,
dx u X, X
o2 __mi'1°2 _ .
%9 =" Ft K +x% +hx TB3EF3 R~k 2)
s 1 33 _

dx, ,

93 =3z = = By X3 %,/¥4 3

Equations (1), (2), and (3) give, respectively, the removal rate of
soluble substrates, the rate of increase of micro-organisms, and the
removal rate of suspended wastes. The masking effect coefficient h3
represents the specific degree of influence of suspended waste on the
adsorption activity of activated sludge. The product h3 Xq implies the

total masking effect.
3.2.2 Flow Model

In the aeration tank, a high degree of mixing is produced by the
aeration device, For such a type of flow system, the so-called diffusion
"model has been éuccessfully employed [3]. According to the diffusion
model, the set of differemtial equations governing the steady state
material balances for soluble substrate, mocroorganisms and suspended

waste can be given by



2
1 d xi dxi

dﬂ2 dn

+¢, =0 i=1,2,3 (4)

Pe i

For the simplicity of computation, the two extreme cases of the
miking in the aeration tank are considered in this study. One is the
perfect mixing case in which Pe - 0 and the other is the plug flow case

in which Pe » =,
3.2.3 Performance Equations

For the system shown in Fig, 1, the following system performance

equations can be formulated.
3.2.3.1 Mixing point

A mixing point préceeding the aerator is used to represent the
combination of the influent stream and the recycle stream from the
secondary clarifier. Complete mixing is assumed at this point.

Material balances around the mixing point result in the equations

xg =

Ly f
1+ %1

r r . '
+ G % o 1=1,2,3 (5)

3.2.3.2 Aeration tank

In the case of plug flow, the steady state material balances for

soluble substrate, microorganisms and suspended wastes can be given by

i=1, 2,3 (6)



subject to the boundary conditions at n = 0

For a CSTR, the steady state material balances for soluble substrate,
microorganisms and suspended wastes can be written as

0
X =% + TA ¢i =0 , . i=1, 2, 3 (7)

3.2.3.3 Secondary clarifier

Naito et al. [2] have proposed a model for the secondary clarifier
by assuming that plug flow conditions prevail in it. According to this
model, the rate of removal of micro-organisms and suspended waste in
the secondéry clarifier can be represented by the semi-empirical

relationship.
o+ S B IR .
2 XB) - P(XZ X3) exp (_ YTS) . ( )

In this expression, p, ¢, and_y afe specific constants whose values
depend on the characteristics of the sludge-ahd equipment. It should be
mentioned here that the mixed liquor suspended solids are assumed to be
composed of microbes and suspended wastes when applying Naito's modei.
It is assumed that the microbes and suspended ﬁastes have the same
proportional compositions both in the mixed liquor suspended solids

entering the secondary clarifier and in the recycle stream. Therefore,

2 % 5 ' (9)



It is also assumed that the concentration of soluble substrate is not

affected by the secondary clarifier operation; that is,
(10)

The material balances for the microbes and suspended waste around the

secondary clarifier can be written, respectively, as

A+r)x, = (L -w x;-l-(r-!-w) x; (11)

i

(1 f #) Xy (1 - w) xg + (r + w)‘xg {12)

3.2.3.4 Effluent quality

In this work, a constraint is imposed on the system performance in
terms of the qﬁality of the effluent. The total BOﬁ in the eféluent ié
composed of soluble substrate which remains untreated in the aeration
tank, microbes and suspended wastes which result from incomplete
clarification in the secondary clarifier. The total effluent BOD can be

expressed as
X +C,x0 +C.x5 =C (13)

In this equation, Cd represents the total BOD in the effluent, and Cl

and C2 are conversion coefficients which allow the microbes and suspended

‘wastes, respectively, to be expressed in terms of their BOD.
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3.3 PERFCEMANCE INDEX

In this study, the total construction cost of the aeration chamber,
the secondary clarifier, and the recycle pump are used as the performance
index. The cost function is the sum of the costs of the individual units
plus 40% of such costs to account for engineering fees._ Operating and
maintenance costs are not included. The capital cost considered for
each unit of the-system is based on unit construction cost correlations
as presented by Smith [11). Mathematically, the performance index can

be expressed as

Cp = 1.4 [Cy + Cg + Cppl | (14)

where CA’ Cg, and CRP account for the construction cost of the aeratiom
tank, secondary clarifier,and recycle pump, respectively. Acccrding to

Smith (1968), CA’ CS and CRP are given, respectively,by

-OI 818

Cy =V, (175,000 + 36,500 V, ) (15)
Cg = 12,600 Ag + 5,350 Ag | (16)
Cpp = 3,650 + 1,150 rq ' (17)

where VA’ the volume of the aerator, is in "million gallons"; AS’ the

surface area of the secondary clarifier, is in "1,000 ft2"; and q, the

"influent flow rate, is in "million gallons per day".



3.4 OPTIMIZATION PROBLEM

Equations (1) through (12) provide a mathematical model of the
secondary wastewater treatment systemlshown in Fig. 1. Eﬁuations (14)
through (17) represent the objective function that is to be minimized.
The minimization, subject to the equality constraints given by egs.
(1) through (13), can be accomplished when the values of q, xlf, xzf,

x3f and (x2r + xar) are fixed. The degrees of freedom for this optimi-

zation problem are two. Here, r and xlr
or decision variables. To accomplish the desired minimization, the

.simplex pattern search method [3, 10] can be used.

3.5 RESULTS AND DISCUSSION

The minimization calculations have been carried out for several
values of the masking effect coefficient h3 and infiuent concegtration.
of suspended wastes x3f both of which characterize the masking effect
within the aeration vessel. The value of masking effect coefficient

h, was estimated to be 0.289 based on Nakanishi's [8] experimental

3
data [9]. Four values of the masking effect coefficient,

h3 = 0.0, 0.3, 0.5 and 1.0, and three values of the influent concen-
tration of susbended wastes,’xBf = 10, 100, and 300 ppm are employed:
Optimal results are obtained for the influent soluble substrate concen-
trations xf ranging from 100 ppm to 500 BOD ppm.

The numerical values used for other parameters are as follows

0 ppm 2.1

]
]
=1
]

1

0.1 hr 0.5

jo4
N

11ml
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can be chosen as the independent



‘ Ks = 100 ppm y = 0.74
Y, = 0.5 , ¢; = 0.5
k, = 0,002 hr ' C, = 0.2
d ' 2
Y3 = 0.5 Cd = 20 ppm
H=10 ft . q = 3 MNG/day
T T _
(x2 + x3) = 8,000 83 = 0.0001
R |
10,000 ppm 0.00001 ppm ~ hr
12,000 0.000005

3.5,1 Influence of Suspended Waste on Optimal Design Policies

Figures 2 and 3 show surface contours of the objective function,

the total construction cost CT, with respect to the two independent

variables, the sludge recycle ratic r and the concentration of soluble

substrate leaving the aeration chamber x l._ Figure 2 is for the case

1

h, = 0.0, while Fig. 3 is for h, = 0.3. Comparison of Figs. 2 and 3

indicates that the optimal sludge recycle ratio r increases when the
masking effect increases, while the optimal concentration of soluble

substrate leaving the aeration chamber x 1 is hardly affected, The

1

optimal r increases from 0.45 to 0.58 as h3 increases from 0.0 to 0.3.

It can also be observed that the optimal construction cost of the total

system CT also increases when the masking effect is enhanced. The
optimal C; is 2.08 x 10° dollars at h, = 0.0 and is 2.70 x 10° dollars
at h, = 0.3.

3

3-10



Concentration of soluble substrate leaving the aerator, x| , ppm

|60 | JCLX {07° dollars

140—

1201-

0.1 R T

Recycle ratio, r

Fig2. Surface contours of construction cost, C,,
with respect to r and x| . with xg +x;=10,000
ppm, xi =100ppm, x| =100 gpm, B, =0C0C00
pom ' hr’ and h,=00 (CSTR).
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T SRR

C X 10" dollars
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i
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Recyele ratio, r

Fig.3. Surfoce contours of construction cost,
Cy, with respect fo r and x| with
Xz + %y =10,000ppm, X, =100ppm, x;
=100 ppm, B,=0.C000Ippm™* hr' and
h,=0.3 (CSTR).
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Figures 4 through 9 show the variation of optimal design policies

with influent soluble substrate concentration xlf. Figures 4 and 5

exhibit the variations of the optimal sludge recycle ratio r, the
optimal aeration chamber detention time TA’ and the optimal detention
time ratio of the aeration chamber to the secondary clarifier TA/TS'

The parameters for Figs. 4 and 5 are h3 and x3f, respectively. The

results indicate that the magnitudes of r, T, and TA/Ts increase with

A

; £ : ‘
an increase in Xy . This is consistent with the previous results obtained

by Fan et al., [3]. Moreover, the optimal values of r, T, and TA/TS

A

increase with an increase in the masking effect. The changes are
substantial when h3 increases from 0.0 to 1.0 or x3f increases from
10 ppm to 300 ppm. For example, the optimal recycle ratio increases

about 70% when h3 goes from 0.0 to 1.0 and increases over 100% when x3f

goes from 10 ppm to 300 ppm. Similarly, the optimal value of ’I'A in-

creages approximately 80% with the increase in h3 and increases about

\ . . f . )
50% with the increase in x3 . Similar increases are also observed in

the values of the ratio TA/Ts'
Figures 6 and 7 show the variations of the optimal concentrations
leaving the aeration tank with respect to inlet soluble substrate con-
; f 1 1 ,
centration xl; 2y is soluble substrate, x2 is organism concentration,

and x,” is suspended wastes. The parameters are the masking effect

3

coefficient h, in Fig. 6 and the influent suspended waste concentration

3

xg in Fig. 7, It can be seen that the optimal values of both xi and xé

increase with an increase in xi, while the optimal value of xé decreases

, f . 1.
with an increase in x,. The optimal wvalue of X, increases as h3 increases,

1 2

The optimal value of x. decreases and xl is unaffected by increases in h3.

3 1
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The increase in xé is needed to consume the soluble substrate as the -
masking effect coefficient is enhanced. The reduction in‘xé results

from increased consumption of suspended waste because of the increase in

xl and the increase in T,. In Fig. 7, the optimal value of xt is

2 A 1
unaffected by a change in xg; however, both the optimal wvalues of x%
and xg increase as X; increases, The increase in xé can be attributed

to the need for microbes to consume the soluble substrate as the masking
effect is enhanced, while the increase in xi results from the increase

in xg.

Figure 8 shows the variation of the optimal total comstruction cost

CT with respect to inlet soluble substrate concentration xi.

The results indicate that

The param-

eter is the masking effect ceoefficient h3.
the optimal value of CT increases with an increase in h3. For example,
5

CT increases from 2,10 x 105 dollars to 3.25 x 10 dollars (about 55%)

when h3 goes from 0.0 to 1.0 at xi = 100 ppm. Figure 9 shows the

variation of the optimal wvalue of C, with respect to xf with the influent

T 1
: £ : :
suspended waste concentration x, as parameter. The . valde pf CT
increases with xg; for instance, CT increases from 2.20 x 105 dollars to

3.25 x 105 dollars (about 45%) when x§ varies from 10 ppm to 300 ppm at
x§-= 100 ppm. Since the aeration tank costs make upra gfeater portion

of the total cost as xi increases, the masking effect has a greater effect
on cost when the inlet soluble substrate concentration is higher. For
example, Fig. 8 indicates that the increase in CT’ due to.a change in h3
from 0.0 to 1.0, is 1.45 x 105 dollars at xi = 500 ppm and is 1.00 x 105

dollars at xi = 100 ppm. Similar results are also observed in Fig. 9.
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Figures 10 through 12 present the effect of parameter B,, the

3

metabolic rate constant for suspended waste, on the optimal design

.policies. Figure 10 indicates that the optimal walues of r, TA and

TA/TS increase as 83 decreases because the smaller suspended waste
removal rate results in a greater masking effect. TFigure 11 indicates

that the optimal values of both xl and xé increase as 83 decreases, but

2

the optimal value of xl is not affected by the change in 83. The in=-

1

crease in xl is the result of an increase in the récycle ratic, but the

2
increase in r can be attributed to the masking effect. The increase in
xé is due to the reduction in the specific.removal rate of suspended

waste and the iIncrease in recycle ratio. Figure 12 shows that the

optimal value of C., increases as B, decreuases, as expected.

T 3

3.5.2 Effect of Secondary Clarifier Performance on the Optimal Design
Policies

Figures 13 and 14 show the variation of the-obtimal design con-
ditions with inlet soluble substrate concentration xi at various under-
flow sludge concentrations (x; + xg). The resu}ts indicate how the
performance of the secondary clarifier affects the Optiﬁal design policies
for the overall system. Figure 13 shows that the optimal values of r,

T, and TA/Ts decrease as Cx; + xg) inqreases. Figure 14 indicates that

A

the optimal value of xl

1 decreases as (x; + xg) increases, while xé in-

creases with an increase in underflow concentration. The optimal value
of xé is unaffected by the change in (xz + xg). The increase in the

: 1 '
organism concentration leaving the aeration tank %, is directly due to

the increase in the underflow sludge concentration (;; + xg). The
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increase in xé leads to reductions in the aeration tank detention time

'1‘A and the exit soluble substrate concentration from the aeration tank

xl
1.

to be increased to clarify the larger concentration of microbes to meet

Meanwhile, the detention time of the secondary clarifier TS needs

the water quality in the effluent.

Figure 15 exhibits the variation of the optimal total construction
cost with respect to the inlet soluble substrate concentration xi at
various underflow sludge concentrations (x§ + xg). It can Ee observed

that CT decreases with an increase in (xz + xg). The effect of (xz + xg)

is higher. For example, the optimal value
5

on CT is more apparent when xi
of CT is 4.72 x 105 dollars for (XZ 4+ xg) = 8,000 ppm and is 4.07 x 10
dollars for (x; + xg) = 12,000 ppm when xi = 500 ppmn, x§ = 100 ppm,

h, = 0.3 and 53 = 0.00001 ppm_l hr_l. The results imply that the

3
thickening function of the settling vessel does influence the economics
of the whole treatment system. Although both the thickening and clari-
fication functions of final settling tanks influence the quality of
‘effluent produced by the activated sludge process, the thickening
function is commonly ignored in design [12]. Therefore, successful
optimal design of the treatment system depends upon the ability of the
final clarifier to withdraw thickened sludge at the desired concentration
for recycle,
3.5.3 Comparison of-Two Flow Regimes - Completely Mixed Fiow and‘Plug
Flow
Figures 16 through 18 pfesent the variation of the optimal design

i ) ; i
conditions with inlet soluble substrate concentration xl for two extreme
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flow regimes - completely mixed flow and plug flow. Figure 16 shows

; £
A and TA/Ts all increase as X, increases

for the case of completely mixed flow. For the case of plug flow,

that the optimal values of r, T

however, only r is a monotonically increasing function of xi, while both

TA and TA/TS exhibit maxima. The existence of these maxima may be due

to the increase in the viable fraction of suspended solids. It can also

be observed that the optimal values of r, TA

completely mixed flow are greater than those for the case of plug flow.

1
2’

and TA/TS for the case of

Figure 17 shows thé variations of the optimal values of xi, X
and xé as functions of xf for the two flow‘regimeé. The plug flow
"aeration tank has ‘a better efficiency for removing soluble
substrate than the completely mixed aeration tank. However, for a fixed
concentration of underflow sludge, (x; + xg) = constant, the ratio of
microbes to suspended waste in the completely mixed ageration tank is
greater than that in the plug flow aeration tank. For example, the
ratio xé/xé is 6.66 In the completely mixed aeration tank‘a?d 1.73 in
the plug flow aeration tank at xf

1

Figure 18 exhibits the variation of the optimal wvalue of CT with

respect to xi for both cases. .. It can be seen that for the case of

= 100 ppm.

plug flow C., is substantially less than that for the case of completely

T
mixed flow. For the case of completeiy mixed flow, the increase in the
optimal value of CT’ which accompanies the increase in xi from 100 to
500 ppm, is about 80%. For the case of plug flow, however, the cor-
responding increase is only about 40%. This means that the plug flow

aeration tank is less sensitive than the coﬁpletely mixed aeration tank

f . .
to the wvariation in Xy- Moreover, the difference in the optimal value
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of CT between the two cases 1s more apprecilable when xf is higher,

1

These results are consistent with those of previous work [2, 3].
3.6 CONCLUSIONS

The results of this investigation show that the maskling effect of
suspended wastes, which is quantitively expressed by h3 Xqs and the
feed concentration of soluble substrate and‘suspended waste to the
aeration chamber significantly affect the optimal design poiicies of the
secondary waste water treatment system.

The results indicate that the masking effect due to suspended
waste inltﬁe aeration chamber 1s undesirable and that efforts should be
made to minimize it. Primary clarification and settling of suspended
waste may be an economic way to reduce the masking effect.‘ Optimizaticn
of the overall activated sludge process including a primary clarifier

is-considered in the next chapter. Casd T E

3.7 NOMENCLATURE

As Surface area of the secondary clarifier, 1000 ftz.
C1 Conversion coefficient for microbes,
BOD ppm/microbes ppm.
C2 Conversion coefficient for suspended waste,
BOD ppm/suspended waste ppm
CA Construction cost of the aeration vessel, $,.
Cd Effluent quality criterion, BOD ppm.
CRp Construction cost of the recycle pump, §$.
C Construction cost of the sécondary clarifier, S.
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Construction cost of the total treatment system, §,
Masking effect coefficient, dimensionless.

Height of secondary clarifier, ft.

Endogenous rate coefficient, hrhl.

Saturation constant of soluble substrate;, PpPMm.
Specific constant for secondary clarifier, dimensionless.
Volumetric flow rate of-influent waste water, MGD;
Sludge recycle ratio, dimensionless.

Aeration chamber detention time, hours.

Secondary clarifier deteﬁtion time, hours.

Aeration chamber volume, MG.

Secondary clarifier volume, MG.

Sludge wasting ratio, dimensionless.

Concentration of soluble substrate, ppm.
Concentration of microbes, ppm.

Concentration of suspended waste, ppm.

Yield coefficient of soluble substrate, microbes

ppm/BOD ppm.

'_Yield coefficient of suspended waste, microbes ppm/

suspended waste ppmn.
Specific coefficient for secondary clarifier, dimensionless.
Removal rate coefficient of suspended waste, |
1/hr. microbes ppm.
Specific constant for secondary clarifier, hr—l.

Maximum specific growth rate of microbes on soluble

-1
substrate, hr .
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¢1 Soluble substrate consumption rate,.
¢2 Microbes growth rate.

¢3 Susﬁended waste consumption rate,

n Dimensionless aeration vessel length.

3.7.1 Superscripts

0 Influent to aeration tank from mixing point.
1 Effluent from aeration tank.

e Effluént from clarifier overflow,

f Feed or inflow to mixing'point.

r Clarifier underflow and recycle flow.
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CHAPTER 4
APPLICATION OF DYNAMIC PROGRAMMING T0O THE OPTIMAL DESIGN OF
PRIMARY CLARIFIER IN THE ACTIVATED SLUDGE PROCESS

4,1 INTRODUCTION

In earlier papers [1, 2, 3, 4, 5] the optimization of the activated
sludge process was studied. The system investigated was a subsystem of
the complete sewage treatment system and was composed of an aeration
‘chamber and a.sgcondary clarifier. The studies were carried out with
the hope that they would contribute to a better understanding and an
eventual optimal design of the total sewage treatment system. In these
earlier works, the primary clarifier was not included.

A parallel biocheﬁical oxidation model [6] which takes into account
the low oxidation rate and masking effect of suspended wastes, has begn
employed to investigate the influence of suspended wastes on the optimal
design of the activated sludge process [5]. The results indicate that
the masking effect of the suspended wastes in the aeration tank is un-
desirable and that removal of at least a portion of the éusPended wastés
before they enter the aeration tank may be desirable. Primary settling
appears to be an economical way to remove the suspended wastes. Primary
clarifier design, however, has usuaily been based on past experience and
subsystem performance rather than on the results of systems analysis.

The results of previous systems analysis studies [7, 8] indicated
that the inclusion of a primary clarifier is not economically advantageous

for the steady state operation of an activated sludge waste treatment



system. These results may not always be realistic because their work
was based on the assumption that the removal rate of suspended ..
waste by activated sludge in the éeration tank is the same as that of
stluble substrate and that Suspénded wastes have no influence on . wn
the removal rate of soluble substrate. =

By means of the parallel biochemical oxidation model, Kuo et al.
[6] showed that the inclusion of the primary clarifier might be econom-
ically advantageous when the masking effect is appreciable. The present
study is to extend this work., The dynamic programming computational pro-
cedure in conjunction with the -optimal results ofrthe secondary system
obtained in the previous work [5] is used to optimize the overali acti-

vated sludge process including the primary clarifier.
4.2 DYNAMIC PROGRAMMING
4,2,1 General Problem Formulation

The following is an outline of general problem formulation to which
thé conventiénal dynamic programming computational procedure applies,

A multistage decision process containing_K stages In sequence is
schematically shown in Fig. 1. The essential elements of the problem
are the system equations, the performance criterion, and the constraints.
The system equations are a set of relations between three types of
variables: ‘the stage variable, the state variables, and the control or
decision variables.

The stage variable is tﬁat variable which determines the order in
which events occur in the system., If 1t is discrete, it is defined as

the sequence k =0, 1, 2, ..., K,
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The state variables are a set of variables that completely describe

the state of a system. In general, the state variables of the system

form a n dimensional state vector, X.

1%
f

The control or decision variables are those independent variables

in the system that can be specified directly. In general, the control

variables of the system constitute a q dimensional control vector, u.

s a0 88>

e

The system equations describe the manner through which the state

variables at stage k are related to the state variables at stage k - 1

and the control variables at stage k. The system equations are generally

expressed as



xl(k)=gl[xlck"l): xz(k—l)) Lot Bl 2 xn(k_l): ul(k)’ uz(k)’ Ty uq(k)]

x, (€)= gyl (=1), %, (1), ooy % (k-1), 0y ()5 vy (), wvny u ()]

s e v e an
s amsee

x (k) =g [x; k-1), %, (k=1), «..s x (k=1), u)(k), u, (), ..., uq(k)}

or more compactly as

where g is a vector representing the n functional relationships,

The performance of a system resulting from a given control sequence,
u(l), H{Z); ..;,'HIK), is measured against the so-célled perfo}mance
criterion or objective function, S. This criterion is either a reward
function to be maximized, or a cost function to be minimized. The
performance criterion depends on the control vectors and the initial

state vectors, i.e.

s = 5[x(0), u(k)]

If the objective function is the summation of the stage costs, it can be

written as

K

S§= ¢ Rj x(-1), u@@), 1)
j=1 .
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where £j(§ﬁj—l),_3(j), j), the stage cost function, is a function of
the state, control and stége variables,

The constraints place restrictions on the values that the state and
control variables can assume. In general, the state wvector at stage k
is constrained to be in the set X(k). This constraint is expressed

mathematically as

x(k) € X(k)

Generally, the control vector applied at state x, stage k i1s constrained

to be in the set U(x, k), This constraint is written as

ufk) e U(x, k)

The optimization problem can then be stated as follows:
Given:

(i) A system described by

x(k) = glx(k-1), ulk), k]

(i1) Constraints that x(k) ¢ X(k), _gtk) e Uz, k)
(iii) An initial state x(0)
(iv) A performance criterion §
Find:
The control sequence, u(0), u{l), ..., u(X), that

minimizes S while satisfying the constraints.
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4,2.2 Principle of Optimality and Functional Equation

The foundation of dynamic programming is the principle of optimality
[9]. 1It states "An optimal policy has the property that whatever the
initial state and initial decisions are, the remaining decisions must
constitute an optimal policy with regard to the state resulting from the
first decision."”

When the principle of optimality is applied to a given system, the
mathematical transliteration yields the so-called functional equation
(see Appendix 4~1). The functional equation is related to the principle
of optimality in that the minimum cost in going from stage k [state
x(k-1)] to the end of the process is found by choosing the optimal
decisgion at stage k, ij), so that the sum of the stage cost of stage k
and the miﬁﬁmum cost in going from stage k + 1 to the end of the process
is minimized.

Mathematically, the functional equation can be written as

I(x(k-1), k) = Min {2[x(k-1), u(k), k]
ulk)el

+ Ifg(x(k=1), ulk), k), k +1]1} (1)

where 2[x(k-1), u(k)], which is the stage cost function at stage k, is a
function of the state variable x(k-1), control, variable u(k) and stage
variable k. " The minimum cost function, I{x(k~1), k), expresses the mini-
mum cost obtainable for the [K - (k~1)] stage process starting from state

x(k-1) at stage k and terminating at the last stage.



4.3 PROBLEM FORMULATION
4,3.1 System Configuration

The activated sludge process system, consisting of primary and
secondary treatment, as considered in this study is shown in Fig. 2.~
The primary treatment is accoﬁplished ﬁy a primary clafifief. The
secondary treatment subsystem consiéts of an aeration tank, a secondary
clarifier!and a recycle pump; a part of the activated sludge separated
in the secondary clarifier is recycled to the aeration tank. The in-
fluent flow rate is constant and the effluent water quality is kept

fixed at a set standard in terms of its BOD.
4.3.2 Primary Clarifier

The primary clarifier plays an important role in most wastewater
treatment plants and a substantial amount of the pollutant load is re-
moved here. The removal rate of suspended solids obtained in the primary
clarifier operation is influenced by the plant design, the settleable solids
characteristics, the degrée of flocculation.(natural or induced), the solids
loading, and the hydraulic loading. With the aid of a polymeric coagulant at a
éontrolled dosage to aid floeculation, the suspended solids removal
efficiency of the primary clarifier can be enhanced considerably.
Voshel and Sak [10] developed two empirical correlations for the removal
of suspeﬁded solids in a primary clarifier, based on plant scale experi-
‘ments. The first correlation is for the case when no flocculating agent

is used and can be expressed as
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£.0.27

f
0.5675 (xz + x3)

0.22
(q/Ap)

e
szp

e _f f _ *
+ x3p) —'@2 + X3)[l ] | (2)
where

xf + xg = concentration of suspended solids (organisms plus

2 suspended waste, respectively) in influent wastewater
(ppm)
x- 4+ x°_ = concentration of suspended solids in primary

2p 3 clarifier effluent {(ppm)

q = volumetric flow rate of influent wastewater (MGD)

Ap = gsurface area of primary clarifier (ftz)

The second correlation is for the case when a polymeric coagulant is

used at a dosage of 1 mg/l and can be expressed as

. . 8 = 0.7788 (xg + x§)0'17
(xzp +.X3p) = (x2 + x3)[1 - 013 1 (3)

(q/Ap)

Both expressions, eqs. (2) and (3), assume that the suspended solids
removal in the primary clarifier is proportional to a power function of -
the influent suspended solids concentration and inversely proportional

to a power function of the surface overflow rate of the primary clarifier.

*
In equations (2) and (3) the relative removal efficiencies of cells and
suspended waste may differ; in this work the assumption is made that

Xf xe

2 _ 2

xf Xe
3 3p



4.3.3 Mixing Point

The effluent from the primary clarifier and thickened sludge re-

cycled from the secondary clarifier are assumed to be mixed together and

then fed as influent to the aeration tank. The volumetric flow rate of

the effluent from the primary clarifier is assumed the same as that of

the influent to the primary clarifier. The material balances for the

soluble substrate, the microbes, and the suspended waste can be written,

respectively, as

where

xD
1

o

o

r

1 f r r

R : (@)
1 e r r
14r XZp + 1+ =2 )

concentration of soluble substrate (BOD ppm)
concentration of microbes (ppm)
concentration of suspended waste (ppm)

sludge recycle ratio (ratio of return flow to influent

and the superscripts f, r, and 0 refer to inflyent, recycle, and flow

from the mixing point, respectively.

4.3.4 Aeration Tank

system since it is here that the organic nutrients are biochemically

4-11

The aeration tank is a key component of the activated sludge process
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oxidized., Nakanishi [11] conducted a series of experiments and pointed
out that the removal of soluble substrates by microorganism is affected
by the presence of suspended wastes. Recently, Kuo et al. [5, 6] pro-
posed a parallel biochemical oxidation model to take into account the
masking effect and low oxidation rate of suspended wastes. In this
study, this model will be used to predict the performance of the
aeration tank.

According to Kuo et al. [5, 6], the kinetics for soluble substrate
consumption, microbial gfowth and suspended waste remo§al in the

aeration tank are given in eqs. (7) through'(g), respectively.

dx = M

R B ) .
dt YI(KS + x; + h3x3)
U
dx X.X
e T
at T K+ x, ¥ hax, T £3%3% T kg%y ®)
S 1 373
dx3 . - 63x2x3 ©
dt Y3
where
by maximum specific growth rate of soluble substrate (hr_l)
4 .
KS = saturation constant of soluble substrate (ppm)
kd = endogenous rate coefficient (hr_l)
Yl = yield coefficient of soluble substrate (microbes ppm/
BOD ppm)
By = removal rate coefficient of suspended waste
(1/hr - microbes ppm)
Y3 = yield coefficient of suspended waste (microbes ppm/
sugpended waste ppm)
h, = masking effect coefficient (--—— )
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Environmental design engineers often use the completely mixed
model for the aeration tank as advocated by MeKinney et al, [12, 13,
14, 15]. For a CSTR, the steady state material balances for soluble

substrate, microorganisms, and suspended waste can be written, respec-

tively, as
L™ xlxl
1
Xg-Xi"l'TA( 112 l)=0 (10)
Yl(Ks + Xy -+ h3x3)
Yo xlxl :
xo -x + T, ( LL2 + 8 xlxl -k xl) =0 (11)
2 2 A XK +x +h xl 37372 da”2
s 1 3’3
11
-B,X.%
0 3372, _
Xy = Xy + :A ¢ Y3 ) =0 (12)
where
VA
TA e a?i;;j-= detention time of the aeration tank (hr)
VA = volume of the aeration tank (MG)

and the superscript 1 refers to flow from the aeration tank.
4.3.5 Secondary Clarifier

The performance of the secondary'clarifier is estimated based on a
model developed by Naito et al. [1] on the assumption that plug flow
conditions prevail in it. According to this model, the rate of removal
of activated sludge and suspended waste in the secondary clarifier can

be presented by the semi-empirical relationship
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e e, _ L, oo
(x, + x3) = plx, + ;) exp [-yT ] (13)
where
p = parameter
¢ = parameter
Y = parameter (hr-l)
Ts = detention time (hr)

and the superscript e refers to the overflow stream from the clarifier.
_The values of parameters p, a, and y depend.on'the characteristics of
the sludge and equipment. It should be mentioned here that the mixed
liquor suspended solids are assumed to be composed of microbes and
suspénded waste when applying Naito's model. Tt is assumed that the
microbes and sﬁspended wastes have the same proportional compoéitions
both in the mixed liquor suspended solids éntering the secondary

clarifier and in the recycle and effluent streams., Therefore,

Xr xe x1

2 2 : : p
. (s Ak ‘ (14)
£y Bq Eg

It is also assumed that the concentration of soluble substrate is

not affected by the secondary clarifier operation., That is

xl = x5 = x° {15)

The material balances for the microbes and suspended waste around the

secondary clarifier can be written, respectively, as
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(1L +r) xg {1 - w) xz + {r + w) xz {16)

{1 + 1) xg a1 - w) xg + (r + w) X; | Qan

where w is the ratio of the sludge wasting rate qw to the influent flow

rate q.
4,3.6 Effluent Quality

.A constraint is impbsed on the system performancé in terms of the
quality of the effluent. The total BOD in the effluent is composed of
soluble substrate which remains untreated in the aeration tank, microbes
and suspended wastes which result from incomplete clarification. The

constraint can be expressed as

e e e
%] + Cl %, + C2 Xy = Cd (18)

where

o
It

effluent qualityrcriterion (BOD ppm)

]
L]

1 = conversion coefficient for microbes (BOD ppm/microbes ppm)

]
It

2 conversion coefficient for suspended waste
(BOD ppm/suspended waste ppm)

4,3.7 Performance Index

In this study, the total construction cost of the aeration tank,
the secondary clarifier, and the recycle pump are used as the performance
index. Specifically, the cost function is computed as the sum of the

costs of the individual units and 40% of such costs to account for
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enginzsering fees. Operating and maintenance costs are not included.
The capital cost considered for each unit of the system is based on
unit construction cost correlations as presented by Smith [16}. Mathe~

matically, the performance Index can be expressed as

CT = 1.4 [CP + CA + CS +

where CP’ C

x Cs,and CR

P account for the construction cost of the primary

clarifier, aeration tank, secondary clarifier,and recycle pump, respec-

tively. According to Smith (1968), C and CRP are given,

P’ CA’ CS’
respecfively, by

Cp = 1344 + 2,600Ap0'-l (20)
¢, - v, (175,000 + 36,500 v, ~0+58) | (21)
Cq =_1-2,60'o Ag + 5,350 47012 (22)
CRP = 3,650 + 1,150 r. ¢q : 23)

where A, the surface area of the primary clarifier,is in "sq. ft.";

VA’ the volume of the aeratiom tank, is in "million gallons", AS’ the surface
area of the secondary clarifier, is in "1,000 ftz”; and q, the influent

flow rate, is in "million gallons per ‘day".
4.3.8 Dynamic Programming Optimization Problem

In this study, the influent concentration of microbes is assumed to
be zero, The concentration of suspended waste is defined as the state

variable. If the primary clarifier is designated as stage 1, the
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secondary subsystem as stage 2, then the state variable at different

stages can be written as

x (0) = X3
x (1) = xgp
x (2) = xg

The primary clarifier detention time, Tp’ is selected as the con-
trol variable in stage 1; the sludge recycle ratio, r, and the exit
1
soluble substrate concentration from the aervation tank, Xy BEES the caontrol

variables in stage 2, i.e.,

u (1)

n
]

Trl
L4

=
-~
RS
e

I

The Voshel and Sak model for primary clarifier performance,
eqs. (2) or (3) with xg = 0 and xgp = 0, repreéents the systém equation
of stage 1, g (x (0), u(l), 1). -

The systeﬁ equations ofvstage 2, g (x(1), u(2), 2), consists of
a set of equations, egs. (4) through (18).

The objective function, S, is defined as the sum of the costs from

.stages one and two; that is,

5§ = E’(X(O)J 1.1(1), l) + Q’(X(l)) 3(2): 2)
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where

1.4 C

2x(0), u(l), 1) ;

2(x(1), u(2), 2) = 1.4 (G, + Cg +C

5 RP)

Hence the optimization problem for the activated sludge process
systeﬁ'including a primary clarifier is now in the form of a dynamic

programming optimization problem.
4.4 COMPUTATIONAL ASPECTS

In dyﬁamic programming, the computation is initiated from the last
stage, proceeding backwards to the initial stage. The optimal wvalue of
the object@ve function of stage 2 {i.e. the secondgry treatment sub-
gystem) corresponding to various initial states I(xgp, 2), at different
dissolved substrate concentrations xi and différent masking effect

coefficients h3 have been obtained by Kuo et al. [5] using a simplex

pattern search technique [2, 17]. Figures 3 and 4 show two typical

: e e f _
results of I(x3p, 2) vs. x3p with X, as parameter for the cases h3 = 0.0
and h, = 2.0, respectively. Specifically, the values of I1(10, 2),

3
I (25, 2), I (50, 2), I (100, 2), I (150, 2), I (200, 2), I (250, 2),
and I (300, 2) are read into the computer. A linear interpolation sub-
routine is written for interpolating any I (xgﬁ, 2) in the range
0 f_xgp < 300 ppn.

By means of the functional equation eq. (1), and the optimal

objective function of stage 2, I (xgp, 2), a one dimensional Golden

Section search method [18] is used to determine the optimal primary
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clarifier deteation time, T_, at stage 1 (i.e. the primary treatment

P
subsystem) for different values of the influent suspended waste con-

; £ s , ; ; s
centration, x A one dimensional exhaustive search technique is used

3"

for checking the ahsolute minimum among the multiple relative minima.
In this optimization study, the depths of the primary clarifier

and secondary clarifier, are both fixed at 10 ft. The concentration of

recycled sludge, XE + xg, ig fixed at 10,000 ppm. The numerical values

used for the parameters are as follows:

b= 0.0 hrt

1
KS = iOO ppi
Y. = 0.5 microbes ppn/BOD ppm
k, = 0.002 hr L
B, = 0.00001 hr + —
Y3 = 0.5 microbes ppm/suspended waste
p=2.1
a = 0.5
Yy = 0.74
Cl = 0.5 EOD ppm/microbes ppm
C2 = 0.2 BOD/suspeﬁded waste
Cd = 20 BCD ppm
q = 3 MG/day

4,5 RESULTS AND DISCUSSION

The resulis of optimization are presented in Figs. 5 through 1l4.

In general, the optimal degree of primary treatment depends on the
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concentration and masking characteristics of the influent suspended
wasté, as well as the concentration of the soluble influent substrate.
Figures 5 and € show the variation of optimal primary clarifier
detention time Tp with respect to the Inlet suspended waste conéentration
with the masking effect coefficient h

xf
3 3

the case without addition of é floccuient while in Fig. 6 a flocculent

as parameter. Figure 5 is for

has been added. ' It can be seen from both figures that the optimal Tp

increases with an increase in xg when h3 = 1.0 or 2.0. TFor the case

without masking effect, i.e, h, = 0.0, the optimal primary clarifier

3

detention time is zero for the whole range qf concentration of inlet
suspended waste, Figure 5* indicates that thg optimal value of Tp in-
creases from 0.50 hr to 2.26 hr (about 350%) when xg increases from

100 ppm to 300 ppm for h3 = 2.0 and x{ = 500 ppm in the case without
flocculent. Figure 6 éhowa that the optimal value of Tp increases from
0.75 hr to 4.60 hr (about 500%) if flocculent is added. The change in

the optimal value of 'I'p with respect to-xf is greater in the case with

3
flocculent than in the case without flocculent. Figures 5 and 6 show
that the optimal value of Tp also increases as.b3 increases. . When the
masking coefficient is large, the change in the optimal ﬁaiue of Tp

is greater than when the masking effect coefficient

3

is small. A comparison of Figs. 5 and 6 shows that the optimal primary

A £
with respect to X

clarifier detention time in the case with flocculent is greater than

that in the case without flocculation. Since the operating cost of

*

Voshel's model cannot predict the actual performance of the primary
clarifier in the region where the detention time of the primary clarifier
is less than 0.5 hr. This region is represented by the dotted line in
Fig. 5%,
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adding fiocculent is not considered, the optimization results are
properly reflecting the relative effectiveness of the two systems based
solely on their capital costs. Because the ciarifier with flocculent
can remove suspended solids very efficiently, a larger system is indi-
cated to take proper advantage of the good separation characteristics
of this part of the total system. For example, when h, = 1.0 and

3
xg = 300 ppm, xgp = 139 ppm without flocculent addition and xo

3p = 43 ppm
with flocculent addition. '

The effect of influent soluble substrate concentration on the vari-

ation of the optimal clarifier holding time with respect to xg is shown

in Fig. 7. Figure 7 shows the variation of the optimal value of'Tp

with respect to xt The parameters are masking effect coefficient h

;3 3
and soluble substrate concentration xi. It can be seen that the optimal

D s .o ] . £ . .
value of 1P increases with an increase in x; in case h3 = 2.0, while

the optimal wvalue of Tp is not affected with the increase in xi

case h3 = 0.0. It can also be observed that the change in the optimal value

in

Uf.Tp with respect to xf_is more revealing when xf is higher. For example,

3 1
the optimal value of TP increases from 0.75 hr to 4.75 hr (about 530%)

when x§ increases from 100 ppm'to 300 ppm for,xi = 500 ppm and h3 = 2.0,

While the optimal value of Tp increases from 0.60 hr to 2.80 hr (about

367%) correspondingly for xi = 300 ppm and h3 = 2.0. Generally the com-

putation results also indicate that the change'in the optimal value of

Tp with resﬁect to xf is substantial when the masking effect coefficient

1
is large.

Figure 8 shows the variation of the optimal total construction cost

CT with respect to xg with h3 as parameter. Both the flocculation and
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nonflocculation are compared. It can be seen that the optimal value of

CT increases with an increase in xg when h3 = 1.0 or 2.0. For the case

without the masking effect, i.e. h3 = 0.0, the optimal value of CT only

increases slightly due to the increase in xg. When x§ increases from

100 ppm to 300 ppm in the case without flocculation, the optimal wvalue

of CT increases from 5.60 x 10~5 dollars to 6.80 x 105 dollars-for

= 2.0; increases from 4.95 x 10° dollars to 5.80 x 10° dollars for

=2
I

= 1.0; increases from 3.75 x 105 dollars to 3.85 x 105 dollars for

=
|

with respect

=
]

0.0. Generally the change in the optimal value of CT

f . . . . '
to x, is greater when the masking effect coefficient is larger. It can

3

also be observed that the optimal value of CT in the case with flocculation

is less than that in the case without flocculation except when h3 = 0.0.

The difference in the optimal value of CT between the flocculating
and monflocculation cases is greater when the masking effect is larger.
z dollars for h3 = 2.0
and is about 0.60 x lO5 dollars for h =.l'0 at xg = 300 ppm and xi

In addition, there is no difference between the flocculating and non-

For instance, the difference is about 1.30 x 10

= 500 ppm.

flocculation cases at h3 = 0.0. This implies that the reduction in the

optimal total construction cost by flocculation is substantiai when the
masking effect is large. |

Figures 9‘and 10 show tﬁe variation of the optimal primary clarifier
construction cost Cp with respect to the inlet suspendedlwaste concen-

tration xg with the masking effect coefficient h3 as parameter, Figure 9
.is for the case with flocculation and Fig. 10 without flocculation.
Both figures indicate that in the absence of masking effect, the optimal

primary clarifier construction cost remains fixed at zero for the whole
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range of inlet suspended waste concentration. Furthermore, increases

in both xf and h, result In increases in the optimal value of Cp'

3 3
For example, Fig. 10 shows that CP increases from 2.20 x 104 dollars to
1.10 x 105 dollars (an increase of approximately 400%) when xf increases

3
from 100 ppm to 300 ppm for h, = 2.0, while Cplincreases from 1.60 x 104

3
dollars to 5.40 x 104 dollars (an increase of approximately 237%) for

h3 = 1.0. It can be seen that the change in CP with respect to xg is

greater in the case with flocculation than in the case without flocculation.

*
For instance, Fig. 9 indicates that the optimal primary clarifier cost

increases from 1.70 x 104 to 5.70 x 104 dollars (an increase of approx-

imately 235%) when xg

and xi = 500 ppm in the case without flocculation. Figure 10 shows that

the optimal primary clarifier cost increases from 2,20 x 104 dollars

increases from 100 ppm to 300 ppm for h3 = 2.0

to 1.10 x lOS dollars {an increase of approximately 400%) for the
corresponding case with flocculation. A comparison of Figs. 9 and lb
shows that the oftimal primary clarifier construction cost in the case
with flocculation is greater than that in the case withoutiflocculation.
Figure 11 shows the variation of the optimal sécond stage con-
struction cost I (xgp, 2) with respect to xf

3

the case without flocculation (solid line)}, the optimal second stage

with h3 as parameter. In

: ;i ; ; : f i 4
construction cost increases with an increase in x3. While in the case

e
3p’

is appreciable. The existence of such maxima is due to the fact that

with flocculation, I (x 2) exhibits maxima when the masking effect

a larger primary clarifier is needed for the optimal design of the

* .
The dotted line in Fig. 9 represents the region where Voshel's model
cannot predict the actual performance of the primary clarifier,
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total system when the influent suspended waste concentration is high,

masking effect 1s significant, and flocculation is employed. It can also

e
3p?

in the case with flocculation is less than that in the case without

be observed that the optimal second stage construction cost I (x 2)

flocculation except when h3 = 0.0. The difference in the optimal

second stage construction cost due to use of a flocculating agent is
greater when the masking effect is larger. For instance, the difference

is about 2.0 x 105 dollars for h3 = 2,0 and is about 1.0 x 105 dollars

_ £ _ f
for h3_— 1.0 at X, 300 ppm and X

Figure 12 exhibits the variation of the optimal primary clarifier

= 500 ppm.

construction cost Cp with respect to the influent suspended waste con-

centration xg. The parameters are masking effect coefficient h3 and

i 1 ;
influent soluble substrate concentration X The computational results

as iliustrated in Fig. 12 indicate CP increases with an increase in X

and remains fixed at zero when no masking effect exists. It can be
observed that the change in the optimal value of Cp with respect to
xq is larger when xi is higher. For example, Cp increases from 0.22 x 105
dollars to 1.10 x 105 dollars tan increase of approximately 4007) when

x§ increases from 100 ppm to 300 ppm for xi

while Cp increases from 0.19 x 105 dollars to 0.69 x 105 dollars (an

= 500 ppm and h3 = 2.0,

increase of approximately 250%) correspondingly for xf

1 = 300 ppm

_and h3.= 2.0.

Figure 13 shows the variation of the optimal suspended waste con-

-centration in the primary clarifier effluent xgp

with the masking effect co-

with respect to the

influent suspended waste concentration x§

efficient as a parameter. It can be observed that the optimal value of
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e
3p

in the absence of a masking effect, the optimal xgp is equal to xg, because

the optimal primary clarifier detention time is zero in this case.

x. decreases as the masking effect coefficient increases., Furthermore,

e
3p

respect to x§ with both h3 and xi as parameters. When no masking effect

e . ’ . f
exists, x3p is invariant with respect to Xy

results, as illustrated in Fig. 14, indicate that the optimal value of

Figure 14 exhibits the variation of the optimal value of x. with

In addition, the computational

%o is reduced by an increase in xf in the presence of the masking effect.

3p 1

Generally, it can be said that the decrease in xgp

in x{ is enhanced when the masking effect coefficient is increased.

caused by the increase

4.6 CONCLUSIONS

The results of this study indicate that the optimal detention time
of the primary‘clarifier increases as the concentration or masking charac-
teristics of the influent suspended waste is enhanced. This is to be
expected; the masking effect caused by suspended waste in the aeration’
tank has been known to inhibit the removal of soluble substrates. A
larger primary clarifier is also needed when the cqncentration of soluble
substrate is higher, because of the masking effect. |

In addition, the results indicate that the- optimal priﬁary clarifier
detention time in the case with flocculent is greater than that in the
case without flocculation. The reduction in the optimal total con-
struction cost by flocculation is substantial when the masking effect
-is large. The optimal second stage construction cost in the case with
flocculent is less then that in the case without flocculation except

when no masking effect exists.
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The dynamic programming technique can be effectively used in the
optimization study of the activated sludge process, in which the system
can be easily divided into several serial discrete stages such as
primary treatment, secondary treatment, and tertiary treatment.

The primary clarifier has may other advantages, such as damping
a dynamic change in the influent load and reducing the operating cost.
However, it also has some disadvantages, e.g., degradation of the
settling characteristics of microbes in the secondary clarifier,

These advantages and disadvantages cannot be directly explained by
the model employed here, even though the present modél predicts the
necessity'df the primary clarifier under practical condition in contrast

to all the well known conventional models for waste treatment plants.

4.7 NOMENCLATURE

AP Surface area of the primary clarifier, ftz.
As Surface area of the secondary clarifier, 1000 ft2.
C1 Conversion coefficient for microbes,

BOD ppm/microbes ppm.
c Conversion coefficient for suspended waste,
BOD ppm/suspended waste‘ppm.

c, . Construction cost of the aeration vessel, §.



]
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Effluent quality criterion, BOD ppm.
Construction cost of the primary clarifier, $.
Construction cost of the recycle pump, $.
Construction cost of the secondary clarifier, §.
Construction cost of the total treatment system, $.
Masking effect coefficient, dimensionless.
Height of secondary clarifier, ft.

Second stage optimal construction cost, S$.
Endogenous rate coefficient, hrﬂl.A

Saturation constant of soluble substrate, ppm.

First stage (primary clarifier) construction cost, §.
Specific constant for secondary clarifier, dimensionless.
Volumetric flow rate of influent waste water, MGD.
Sludge recycle ratio, dimensionless.

Object function (performance criterion), §.

Aeration chamber detention‘timé, hours,

Primary clarifier detention time, hours,

Secondary clarifier detention time, hours,

Aeration chamber volume, MG.

Primary clarifier volume, MG.

Secondary clarifier volume, MG,

Control (decision) vector.

Set of constraints for control vector.

Sludge wasting ratio, dimensionless.

State vector.

Set of constraints for state vector.
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Concentration of soluble substrate, ppm.

Concentration of microbes, ppm.

Concentration of suspended waste, ppm.

Yield coefficient of soluble substrate,
microbes ppm/RBOD ppm.
Yield coefficient of suspended waste,
microbes ppm/suspended waste ppm,
Specific coefficient for secondary clarifier,
dimensionless.

Removal rate coefficient of suspended waste,
1/hr-microbes ppm.

Specific constant for secondary clarifier, hrnl.

Maximum specific growth rate of microbes on

soluble substrate, hr—l.

4.7.1 Superscripts

4.7.2 Subscript

Influent to aeration tank from mixing point.
Effluent from aeration tank.

Effluent from clarifier oyerflow.

Feed or inflow to primary clarifier.

Secondary clarifier underflow and recycle flow.

Effluent from primary clarifier
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APPENDIX 4-1

Derivation of Functional Equation

The minimum cost function, I (x(k), k), can be mathematically

defined as

Min K
I (x(k-1), k) = u(@ eV {r af[x(3-1), uld), 11}
j=k, k+l, ..., K j=k

(A-1)

where 2[x(3), u(j), i1 is the cost function of stage j.
Split the summation inside the braces in eq. (A-1) into two parts:as

follows_

Min
T (x(k-1), k) = u(j) eU {alxk-1), ulk), k]
j=k, k+1, ..., K

K
j=k_+l :

Splitting the minimization operation in eq. (A-2) into two parts. a

minimization over u(k) and a minization over u(k+l), E(E+2), eeey u(K), gives

Min Min :
I.(x(k-1), k) =u(k) U u(i) e U {alx(k-1), u(k), k]
j=k+l, k+2, ..., K

K
3=l ‘
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It can be seen that the first term in brackets in eq, {A-3) depends
only on u(k) and not on any u(j), j=k+l, k+2, ..., K. Therefore, the

minimization over u(j), j > k, has no effect on this term, and

Min Min _
u(k) U u{j) ev {2lx(k-1), k]}
3=k+l, k+2, ..., K

Min

= u(k) el {2[x(k-1), u(k), k]} - (A-4)

The second term in braces in eq. (A-3).does not depend explicitly
on u(k). However, u(k) does determine the -state x(k) through the system

equation

x(k) = glx(k-1), u(k), k]

Using this relation and recalling the definition of the minimum cost

function from eq. (A-1), then

Min Min _ d -
u(k) €U u(d) v { z elx@-1), u(), I}
j=kt+l, k+2, ..., K j=k+l

" M'
= w0 ey TEEGD, w0, ©), k) (A-5)

Substituting eqs. (A-4) and (A-5) into (A-3) results in the so-called

functional equation of the principle of optimality

I (x(k-1), k) = u(gnsﬁ{n[g(kul), u(k), kI



CHAPTER 5

CONCLUSIONS AND DISCUSSION

A newly proposed paralled biochemical oxidation kinetic model for
soluble substrate and suspended substrate removal in the activated
sludge process is considered in the present research. The effect of in-
cluding a primary clarifier on the performance of the activated sludge
process, the influence of suspended solids on the perfromnace of a secondary
wastewater treatment system, and the optimization of the overall activated
sludge process Indluding both primary and secondary treatments are invest-
igated based on the newly constructed model.

The major features of the newly constructed model, which takes into
account the low metabolic rate of suspended substrate and the masking
effect of suspended waste, appear to be consistent with the available
experimental data.. This new model can be effectively used for esﬁimating
the optimal size of the primary clarifier in the activated sludge process
system. The results show that an increase in the primary clarifier detention
time gives rise to an increase in the content of microbes in the mixed
liquor inside the aeration tank.

The studies of the influence of suspended solids on the optimal -design
of the secondary wastewater treatment system reveal that :the masking effect
due to suspended waste in the aeration chamber is undesirable and that
efforts should be made to minimize it. The results also indicated that
the masking effect of suspended waste and the feed concentration of
soiuble substrate to the aeration chamber are two factors which'éignifi—
cantly affect the optimal désign policies of the secondary wastewater

treatment system.



The application of dynamic programming to the optimal design of an
overall activated sludge process including a primary clarifier indicates
that the optimal detention time of the primary clarifier increases as
the concentration or masking characteristics of the influent suspended
waste is enhanced. A larger primary is also needed when the concen~
tration of soluble substrate is higher, because of the masking effect.
The results also Indicate that the optimal primary clarifier detention
time is the case with flocculent is greater than that in the case with-
out flocculation. The reduction in the optimal total construction cost
by flocculation is substantial when the masking effect‘is large. The
‘ctpimal secon& sfage construction cost in tﬁe case with flocculent is
less than that in the case without flocculation except when no masking
effect exists.

In this study, the operating and maintenance costs are not included
in the objective function; only the construction cost is considered. The
operating and maintenance costs, such as the power cost, labor cost and
material cost, may be as important as the construction cost. Inclusion
of the operating and maintenance costs in the objective function may
predict the optimal results closer to the practical economicgl optimum,
However, this study can be useful in predicting the effect of specific
parameters and variables on the performance and design of the system.
Further optimization studies, which also take into'account the operating
and maintenance costs are recommended.

The system considered in the present study does not contain a solid
waste handling and disposal subsystem and tertiary treatment subsystem.

These two treatment subsystems may account for a large portion of the



total construction cost. In order to optimize the total waste treatment
plant, various process models for these subsystems need to be developed
and incorporated into the system considered im the-present study.

The present model predicts the necessity of the primary clarifier
under practical conditions in contrast to other conventional kinetic
models. The primary clarifier tends to minimize the'dynamic change
in the influent to the secondary waste water treatment system, Failures
of a treatment plant, e.g., the bulking of activated sludge,rand daily
va;iations in treatment plant efficiency are frequently due to variations
in waste water flow and composition. Further studies of the dynamics
and contrél.of a waste water treatment plant including a primary clarifier

are recommended.
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Activated sludge processes are widely employed in the field of waste
water treatment. Conventionally a primary clarifier has been attached
to this process for the removal of suspended solids. However, most of
the primary clarifier designs have been based on past experiences rather
than on the results of system analysis. An attempt has been made in
this research to develop a new approach for the optimal design of the
activated sludge process system including a primary clarifier.

A new parallel biochemical oxidation kinetic ﬁodel, which takes
into account the low metabolic rate of suspended substrate and the
mésking effect of suspended waste, has been constructed based on the
available information. The simulatioﬁ and optimization studies of the
activated sludge system have been carried out based on the newly
derived kinetic model.

The m;jor features of the newly proposed kinetic model appear to
be consistent with the available experimental data. With this new model
the optimal size of the primary clarifier in the activated sludge process
‘system is predicted for_several values of influent suspended solids
concentration.

The studies of the influence of suspen&ed-solids on the optimal
dezign of the secondary wastewater treatment system reveal that the
masking effect of suspended wastes and the feed concentration of soluble
substrate to the aeration tank are two factors which significantly affect
the optimal design policies of the secondary wastewater treatment system.

The application of dynamic programming to the optimal design of a
primary clarifier followed by an activated sludge process indicates that
the optimal detention time of the pfimary clarifier increases as the
concentration or masking characteristics of the influent suspended waste

is enhanced.



