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Chapter 1
INTRODUCTION

Many chemical processes such as food processing operations,
pharmaceutical processes, biological waste treatment, and brewing
operations involve the use of microorganisms. The mechanism of
biological enzymatic reactions was investigated by Michaelis and
Menten (1)% who proposed the commonly used kinetic expression for
enzymatic reactions., In 1942, Monod (2) proposed a kinetic model
of biological growth based on the Michaelis-Menten equation. Al-
though Monod's model depends only on the cell and substrate con-
centrations, it is widely used to describe the kinetics of growth.

Batch processes have played an important role in the fermen-
tation industry. However, continuous processes are advantageous in
some applications and since 1950 researchers have begun to enhance
their effort to study and employ continuous processes. The tower
fermentor considered in this work may be operated either batchwise
or continuously; however, the emphasis of this work is on continuou
operation.

Recently, several researchers investigated a tower fermentor
for conducting growth processes (3, 4, 5, and 6). Prokop et al. (3)
investigated an eight stage tower fermentor with cocurrent flow of
air and medium from the bottom to the top of the column. Their
work consisted of an experimental study of the residepce time

distribution of liquid media and cells as well as a steady state

* Equations, figures, tables, appendices, and references cited

will all be found within the chapter in which they are cited
except where specific reference is made to another chapter.



investigation of the substrate and cell concentrations throughout
the fermentor. They found that the residence time characteristics
of the continuous phase and the dispersed (microorganisms) phase
are distinct. A mathematical model was developed and efforts were
made to evaluate the model parameters. Falch and Gaden (4) studied
continuous culture in a 4 stage tower fermentor, in which air and
medium were introduced into the column countercurrently. The
effects of plate and agitator design on backflow, oxygen transfer
rate and gas hold up have been reported by Kitai et al.(5). These
investigators found that excellent oxygen transfer rates (KLa

1 were reported) could be obtained in a

values as high as 400 hr~
tower fermentor. They also found that the cell concentrations in
the system were influenced by foaming and they introduced a deple-
tion factor to account for differences in cell concentrations
between the flow from a stage and the bulk concentration in that
stage.

A tower type fermentor which may be operated continuously
has several potential advantages; (1) high productivity, (2) redu-
ced operating costs, and (3) flexibility of operation and control.
The important factors which influence the operating performance
in a tower type fermentor are feed geometry, system dilution rate,
backflow, and sedimentation. The degree of mixing between stages
is influenced by the backflow rate, while the sedimentation great-
ly influences the cell concentration in each stage. The feed
geometry of a tower type system is also an important property

because it allows for a wide range of growth rates and cell

physiological states.



The tower system investigated in this study is assumed to
be constructed such that compartments are separated by perforated
plates. Air and influent enter the column and flow cocurréntly up
the column as shown in Fig. 1. Air bubbles, which are introduced
at the bottom, circulate the media. This circulation causes each
compartment to behave as an approximately completeiy mixed stage.
The oxygen for biological growth is supplied from air bubbles and
the transfer rate depends on the distribution of bubbles, bubble
size, and air velocity. Since the oxygen transfer and mass trans-
fer rate have been investigated by other researchers (5, 7, 8,
and 9), this factor will not be considered in this study.

Continuous processes can be classified into three different
flow models with respect to their macroscopic degree of mixing;
(1) plug flow (piston flow), (2) complete mixing, and (3) partial
mixing. Fortunately, flow behavior corresponding to each of
these three different flow models can be approached by properly
designing and operating the tower system. This flexibility of
operation which is due to a combination of geometrical and
hydraulic flow properties is one of the advantages of the tower
type system. Plug flow is achieved if the number of stages is
large and fluid backflow is prevented. When the backflow rate is
increased the system approaches that of complete mixing, Partial
mixing is the most general case found in the tower system, as it
is the intermediate case between the above two extremé.cases.

The present study includes three main topics which are; (1)
modeling of microbial growth in tower systems, (2) analysis of

steady state performance and the stability of growth processes in
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tower systems, and (3) optimization of biological waste treatment
processes using the tower system. Modeling the microbial growth
in a tower system which is operated continuously is an important
problem. The growth rate and cell distribution, which are both of
interest, are strongly affected by the backflow rate, cell sedimen-
tation, and flow geometry. The backflow rate depends on the gravi-
tational force, air flow rate and the design of the perforated-
plates. Falch and Gaden (4) noted that backflow between stages
is also influenced by the degree of agitation. In this study,
two different models to represent backflow are used; in the one
the backflow rate is assumed to be constant from stage to stage,
and in the other there is a constant ratio of flow rates. Cell
sedimentation is assumed to occur in each compartment of the tower
system. Previous research (3), (5) shows that the cell concen-
tration in the upward stream is more dilute than that in the bulk
liguid. This is because of the heterogeneity of the system and
surface behavior. The distribution of cells between the foam and
liquid phases and the tendency for the cells to sediment can all
be considered in modeling cell sedimentation; however, only a
simple empirical model is used in this work ( the details are
presented in Chapter 2). Increasing the backflow rate and the
sedimentation increase the cell retention time, i.e., é-higher
concentration of cells exists in each compartment.

To understand the performance of a tower system at steady
state, it is desirable to determine the cell and substrate

concentration distributions by solving a set of 2N nonlinear
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mass balance equations simultaneously for an N-stage tower system,
To solve these nonlinear simultaneous algebraic mass balance
equations, two computational schemes which have been usedf one is
a linearization scheme in which the nonlinear equations are linea-
rized to be linear equations, and the other is a method in which
the independent variables are substituted sequentiélly to obtain
a one dimensional problem which can be solved using the regula
falsi method (10). The cell concentration profiles which are
illustrated in Chapter 2 show that the cell concentration distri-
butions are influenced by hydraulic properties, feed geometry and

number of stages. In general, the cell concentration changes

rapidly at dilution rates near the washout point. Because of this,
operating instabilities may be experienced at dilution rates near
washout. Operation near the washout dilution is often avoided
because of these factors. Biological growth is the result of bio-
logical synthesis and metabolism. Although many biochemical reac-
tions are very rapid, the growth process is much slower and a
moderately long retention time is required to maintain growth in
a continuous fermentor because the cells may be washed out if the
dilution rate increases beyond a certain value. Since the tower
system is very flexible in its operation and control, a widg range
of washout dilution rates can be realized. The maximum dilution
rate (washout dilution rate) depends on the characteristics of
the system, especially the feed geometry, number of stéges; back-
flow rate, and sedimentation parameter. A detailed investigation

of the washout criteria for several different cases is presented

in Chapter 3.



In Chapter 4, the optimal design of a tower type system for
use in the activated sludge process is considered. The process
assumes the waste influent is fed to a tower aeration reactor
and the activated sludge or cells are recycled back. Since the
hydraulic behavior (fluid backflow and cell sedimentation, for
example) may greatly influence the rate of biological growth),
it ig fundamentally important to investigate its effect on the
performance of a biological waste treatment process. In Chapter
Ly, the process is analyzed by employing mathematical modeling
and optimization procedures to determine the optimal policy. The
objective functionrto be minimized is the total holding time.

To solve the optimum design problem, a search technique is
employed. Since the objective function and the process model

are only approximations, the obtained optimal policy will probably
deviate from the true optimum. In spite of this, studies of this
type of problem can give us a better understanding of the biolo-
gical waste treatment process.

A tower type biological system has certain advantages over
the conventional stirred tank system. Redispersion and circulation
of air bubbles make the individual stage almost equivalent to a
completely mixed tank. Appearance of backflow and sedimentation
sometimes are desirable in biological processes and these may be
realized in the tower system. The principal disadvantgge of a
tower system may be its relative instability and foaming which
may make control difficult. However, the great benefit of a tower
typesystem is its wide range of operation and the possibility of

varying feed position and substrate concentration. In addition,



a tower type system may require less space and land reguirements

and be easily integrated into an industrial complex.
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Chapter 2
MODELING AND ANALYSIS OF TOWER FERMENTATION
PROCESSES: I. STEADY STATE PERFORMANCE
2-1 INTRODUCTION

Continuous culture processes are being investigated and
employed on an increasing scale industrially. Many types of conti-
nuous culture schemes that might be used in biological processes
are classified by Herbert (1). A classification based on continuous
flow pattern could divide these schemes into three different
models; (a) plug flow model, (b) completely mixed model, and (c)
partial mixing model. These three different flow models depend on
the degree of macroscopic mixing of media. A plug flow fermentor
is difficult to construct because of aeration requirements. The
flow behavior of many reaction systems lies between plug flow and
completely mixed flow. The dispersion model or the multistage model
with backflow is an example of the partial mixing model,

In this chapter, a tower system similar to that investigated
by others (2, 3, 4, 5, and 6) is studied. The tower system is
separated into several compartments by sieve plates. Varying degree
of flow non-ideality, which have been experimentally observed, are
considered in modeling continuous culture microbial growth process-
es in the tower system. The mathematical representatiﬁn of a tower
fermentation system is considered by Prokop et al. (2) and the
concepts of backflow, bypassing and cell sedimentation—are intro-
duced. In this work, the mathematical representation of growth
processes in the tower system is investigated further and the

effect of the number of stages, backflow parameter and sedimentatior
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parameter on system performance is examined.

2-2 KINETIC MODEL

Many chemical processes, such as fermentation, biological was-
te treatment and brewing processes, involve the use of microorga-
nisms. Biological growth involves the biosynthesis and metabolism
of bateria and consists of a complex sequence of biochemical reac-
tions. In 1942, Monod (7) presented a model for the kinetics of
biological growth. The equation proposed by Monod (7) to describe
the relationship between growth rate and concentration of limiting
nutrient has the same form as the Michaelis-Menten equation, which
describes the kinetics of enzymatic reactions. This is a gross
oversimplification of the very complex phenomena that occur and
Gaudy (8) and Tsuchiya, Fredrickson, and Aris (9) have presented
the results of their effort for a more complete treatment. Since
much more work and information have to be gained before such a
representation process will be well developed, Monod's equation is
employed in this study. Although the constants in Monod's equation
are strongly dependent on the heterogeneity of the population
and operating condition, no attempt will be made to include the
effects of types of microorganisms involved in this mathematical
model of the growth process.

The growth of microorganisms will be expressed in terms of
a single growth rate equation which is at all times a function of
the concentrations of the growth limiting substrate (organic nutri-
ents) and organisms. If oxygen and trace nutrients are available
in sufficient quantities, the growth rate of organisms may be

expressed as follows:
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&

3t =MX (1)

where 4 1s the specific growth rate and X is the concentration of

bacterial cells. In 1942, Monod (7) showed that the value of M

is not constant, but depends on the concentration of growth limit-

ing substrate, S, according to the equation

S
M =M nax KS + S (2)
where
Mooy = maximum specific growth rate when the organic
concentration is not limiting the rate of growth,
—
K. = concentration of organics at which the specific

growth rate observed is one half the maximum value,

Substituting Equation (2) into Equation (1) gives

g._}{__/"maxsx (3)
dt = Kg + S

Sanitary engineers have modified Equation (3) by introducing an

endogeneous metabolism term. Equation (3) with this term added

becomes

d.X_/“maXSX

at ~— KSTS - kpX ' v ()
where

ky = specific endogeneous microbial attrition. rate, hr"l.

Monod (7) also showed that the relationship between the grow-

th of bacteria and utilization of substrate is given by

dX _ weight of bacteria formed _

dS = weight of substrate used * (5)
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where the ratio ¥ is the yield factor. From Equations (3) and (5)

we have the following equation for the rate of substrate utili-

zation.
as _ "umaxs X (6)
- dat Y(Ks+ S)

Simplified forms of Equations (4) and (6) result if Ky is
much larger than S or Kg is much smaller than S. When K >> 5,

Equation (4) reduces to

SX
ax _Mmax
at =T Kg — - kpX (7)

while when K 4KS, Equation (4) reduces to

ax
at ~MpaxX - kX
= Yl - T X ®)

Equations (7) and (8) show that the growth rate may be zero or
first order with respect to the concentration of organic nutrients
Similar simplifications can be written for Equation (6).

Biological growth is not a simple ordinary chemical reaction.
In fact, the growth rate is not only dependent on the concentra-
tion of substrate and organisms, but also dependent on the history
of the organisms. An advanced study of kinetics of microbial growt
and cell physiological state had been reported by Kono_ﬁlé;'l?).
The concept of growth activity is introduced and employed to

relate the theoretical growth curve to experimental work.
2-3 FLOW AND CONTINUOUS CULTURE CHARACTERISTICS

Several, researchers (2,3,4,5) have investigated the flow
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and continuous culture characteristics of a multi-stage continuous
tower system. Because of the vertical construction and hydraulic
properties, the performance of these tower systems is complicated
and additional research is needed to provide an adequate mathema-
tical representation. The behavior of a continuous tower fermentor
ranges between that of plug flow and complete mixiﬂg. Kitai (6)
reported that the degree of liquid phase mixing in each compartment
of a sieve tray tower fermentor is approximately that of complete
mixing. Prokop et al. (2) found that the residence time distribu-
tion of fluid in an eight stage fermentation process can be appro-
ximately represented by a CSTR!s-in-series systen.

The tower fermentor considered in this work is assumed to be
separated into compartments by perforated plates. Each compartment
is assumed to be a completely mixed stage. The media and air flow
cocurrently from the bottom to the top stage through sieve holes
in the perforated plates. Several experimental studies have reporte
that backflow and cell sedimentation appear in this type of tower
system. Before going into a detailed investigation of the tower
system operating performance, backflow and cell sedimentation
will be described.

(2) Backflow rate

The presence of backflow in the tower system is éxpectéd.

A portion of media in the upper stage will return to the lower
stages due to gravitational forces. The amount and variation of
backflow is difficult to determine quantitatively; however, the

exXistence of backflow in the tower system has been shown by tracer
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study (2). The multistage system with backflow has been investi-
gated by Haddad and Wolf (10), Miyauchi and Vermeulen (11) and
others (12, 13 ). For the schematic flow diagram shown in Fig. 1.

The over-all volumetric balance for each stage is

Fole f = F 4 f L, i=2, 3, ..., N1

O+ r = Fl . for stage 1 (9)

for stage N

If the backfloﬁ rate is assumed to be constant, the follow-

ing relationships are obtained.

f=1 =1f,=...=1f (10)

Fl=pr=,,, =1 (11)
and

rO = FY | (12)

In this case, a backflow parameter may be defined as the ratio of

backflow rate to the inlet flow rate, which is

ar = L _ .. (13)

FO
A flow rate profile for an eight stage system with recycle
is illustrated in Fig. 2. In this system a feed flow rate of unity
is assumed and a recycle flow rate of r = 0.25 is considered; there-
fore F¥ = 1.25. Figure 2 shows that when the backflow is assumed

to be constant from stage to stage, the forward flow is greater
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0 and FN for flow between stages.

than F
Instead of assuming the backflow rate to be the same at

every stage, we may assume a constant backflow ratio G where

6=t 2t (14)

-

and Fi is the total flow from stage i. According to the
definition of the backflow ratio, the expression of Fi and fi

can be written as follows;

Fi

]

F, (1-G) (15)

£, = F;0 (16)

Substituting Equations (15) and (16) into Equation (9), a
general expression for pt and fi in terms of r0 can be obtained

for systems which are fed at the first stage as

plo 5 Eood | (17)
j=0 (1-G)J
and
N-i+1 L0

ad
: 18)
ji=t (1-¢)7 - :

The detailed derivation is shown in Appendix 1.
A flow rate profile of an 8 stage system of constant
backflow ratio is illustrated in Fig.3. It can be seen that the

forward and backflow rates decrease in the last few stages and .
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almost remain constant in the bottom stages. The phenomenon is
indicated by observation of Equations (17) and (18) in that the
effect of the geometric terms in these equations diminishes
when j is increased.
(b) Cell sedimentation

Cell sedimentation is often observed in towerbsystems as
has been reported by Falch (5), Kitai (4),and Prokop et al. (2)
Sedimentation occurs because the density of the microbial cells
exceeds that of the liquid media. Flocculation of cells may also
increase sedimentation rates by decreasing the surface area to mass
ratio. One knows that each bacteria contains a net electric
charge on its own surface which will keep the bacteria dispersed
as long as bacteria remain in the log phase of growth cycle.
Flocculation will occur when bacteria are under the declining
growth phase. |

Consideration of cell sedimentation in the tower system is
important, but it is difficult to model because of thé many factors
which influence cell movement. Kitai (4) reported that the cell
distribution is also influenced by foaming; he defined a depletion
factor to describe the difference in cell concentration between
the forward stream and bulk liquid. Moreover, cell sedimentation
is also influenced by the operating conditions and types of cells.

The definition of sedimentation factor,$ , used in this study is

Xt =§X" (19)
where X' is the cell concentration in the ith stage and X' is

the cell concentration in the upward stream which is the stream
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leaving the ith stage.The cell concentration in the backflow stream
is assumed to be the same as that in the stage.

The parameter $ is assumed to be constant through out the whole
system. This assumption may not be valid; however, the assumption
of constant $ introduces only one additional parameter to describe
the system. This simplified model will be used to consider the

cell sedimentation in tower systems.

(c) Modeling the microbial growth in tower systems
For a tower fermentor in which liquid media is fed to the first

stage, the material balances can be written around each stage as

follows:
Stage 1:
1
dS” _ 040 1.l 2 M1
Vige = F S - F 87+ £,8°-XxV, (20)
v, &X' p040_ plgly o x2, M, - k) xtv
1dt ~ - 2 i 1

Stage i, i= 2, 3, otul, N—l

ast _ i-1.i-1 il i it Mii
v = pistto Pt loe ste r ST XY, (e

axt _ _i-1si-1 _isi i )
v, & =il e xter, x
i
+ (Mi - k) X7V,

and stage N

N
as” _ . N-1 . N-1 NN N Ay (22)
VN T = F S -~ B8 . fNS &= XNVN
v ax' _ -l gN-1 _ pNIN e N U ) xNy
N at = - - Ty N~ Kp N
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In order to make the equations as general as possible dimen-

sionless variables are introduced. These are defined as follows:

x : !
y1 = 8 dimensionless substrate concentration.
17 8
i_xt .
Yo = ==p dimensionless organism concentration.
XS
Fi
di =S dimensionless dilution rate.
Amax
B f:'L , dimensionless backflow rate.
: A v
AHmax
V.

v, = ?i s volume fraction.

In addition, the saturation constant KS can be made dimensionless

by dividing by S¥; that is
K, = o8
1= 5F

Equations (20), (21), and (22) may be rewritten using these

dimensionless group; this yields for

Stage 1
1
ay
1. .0 1 2 1
Vi qE T Q¥ - 44¥] F boyy - Tyy,vy
1
dy
2 . .0 -1 2 1 N
Vgt = Q¥ - dq¥o t Doy (g - k) vy vy o (23)

Stage il’ i = 2., 3" ey N—l

dyf

N i-1
1qE T 4. ¥g

v - a.yl _ i i+1 i
dlyl bj_y]_ + bi+1 ¥q - I‘iyz Vi

(24)
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-i-1 -3 i i+1
- by MLFTS R &

and Stage N
N
dy
1 N N N N
N aE = Qyo1¥p - OyYp - PyYy - TwYaVy
(25)
N
dy
2 ~N-1 - N N N
VWt T Gne1 Y2 - dyYy - by, + (g - k) y,y vy
yi
where ri = I
K1+y1

The performance equations at steady state can be obtained by
letting the left hand sides of Equations (23), (24), and (25)
equal zero. For an N compartment tower system there are 2xN
simultaneous nonlinear algebraic equations which must be solved
to determine the steady state performance. These are of interest,
but solving these 2xN simultaneous nonlinear equations may be
tedious and cumbersome work. Computation schemes are presented in
a following section.

(d) Limiting cases

(1) CSTR!'s-in-series model

This basic orsimplified flow model can be obtained from the
complex flow model of a tower system. If there is no backflow
between stages, the tower system may be represented by a CSTR's-in-
series model. The material balances for this model can be obtained

from equations (23), (24), and (25) by ignoring the backflow terms.
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This yields for

Stage 1
1
dy
1_ .0 1 1
Vige = %Yy - 44¥y - Ty
(26)
1
ay
2 .0 -1 1
vy o = Gg¥p - Ay + (v - Kp)y, vy
Stage i, i = 2, 3, eee, N-1
dyl "
) T i-1 i i
Vi gt = $3.9¥7 0 - d3¥7 - riVo vy
_ (27)
dys : i 3
2 =i-1 =1 i:
Vi gt = Q1Y - &yt ey - Ky vy
and stage N
N
dy
1 N-1 N N
VN gt = Ayo1¥1 0 - dy¥y - Yo Vy
(28)
1
dy
2 - N-1 _N N
T = Yo - q¥p t (g - K)oy

If the system is under steady operation, the left hand sides of
Equations (26), (27), and (28), which represent the accummulation
of cells and substrate inside each stage, are equal to zero.

If the system is composed of equal volume stages, then
V=V1=V2=.-.=VN

(2) Plug flow model
The plug flow model assWmes that the media passes through

successive portions of the reactor without mixing. Each element of
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media stays in the reactor for the same pefiod of detention time.

A plug flow reactor is impossible to build practically, but
a theoretical investigation of it can be useful in understanding
the characteristics of practical systems which approach plug flow.
Increasing the number of stages in a tower system and decreasing
the backflow rate to zero allows plug flow conditions to be appro-
ached.,

The growth of a microbial population in a plug flow reactor
is identical to growth in a batch reactor; however, the plug flow
system is continuous. The realizgtion of plug flow conditions in
the tower system has important implications for fundamental resear-
ch on growth processes and also for the continuous production of
enzymes and other cellular products.

(3) System with recycle

In biological growth processes, the system is composed of
several phases as the microorganisms form a separate dispersed
phase, In order to retain cells within the system to increase
the amount of microbial growth, either a semi-permeable membrane
or a sedimentation tank and recycle pump may be used to return
the concentrate cells back to the system.

In biological waste treatment, for example, biological metabo-
lism is neglected in modeling the secondary clarifier,'wherepéells
are settling down to form a concentrated sludge. The concentration
of substrate doesn't change significantly as the media passes
through the secondary clarifier. A cell separation parameter,(?,
is assumed and used in the cell balance

atl + r)xl= alr + wA@AXN+ (1 - w) x®
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around the clarifier which is shown in the schematic flow diagram
of Fig. 1. The sludge is concentrated to a bottoms concentration
@XN and a portion gw of the bottoms flow is wasted.

The cell balance around the mixing point where the influent

enters is

q(l + I‘)X0=(3I'qXN . (29)

and for substrate it is
q(1 + r)s® = rqSN5+ qu (30)

where r is the recycle ratio and a sterile feed is assumed in this

continuous feed-back system.

2-4 COMPUTATIONAL SCHEMES
The steady state concentration of cells and substrate in each
compartment of the tower system is important. These concentrations
can be obtained by solving the steady state simultaneous nonlinear
algebraic equations, Equations (23), (24), and (25), for an N
stage tower system. In this chapter, two computational schemes are
proposed that can be used.
(1) Linearization scheme (14)

The difficulty of solving these nonlinear simultaneous equa-
tions is due to the presence of nonlinear terms. The scheme
proposed here is to linearize these nonlinear terms to obtain li-
near simultaneous algebraic equations. To solve these linear
simultaneous algebraic equations, an IBM scientific subroutine
SIMQ is available, An iteration procedure is employed in this
proposed scheme in order to obtain an accurate solution. The

procedure is as follows:



(1)

(2)

(3)

(4)

(5)

af

Assume a set of initial solutions which is used as an ex-
pansion point in a Taylor series expansion, (yi 5 ?%)I ’

im 1, 2y awen Hea

Expand the nonlinear terms around the initial solutions

(y% ’ i% )I using a Taylor series expansion and ignore the
second order and higher order terms in the expansion.

Employ IBM SIMQ subroutine to solve these linear simultaneous
equations.

Compare the new solutions with the initial solutions.

If the value of

> N o

Z, U - 0] + 16520 - 73]}

is less than a satisfactory error value the computation is
terminated, Otherwise, iteration has to be employed as follows:
Adapt the new solutions as the new initial solutions. Then
return to step (2). This process is repeated until step (&)
is satisfied.

The procedure presented here works very well to golve this

type of nonlinear simultaneous algebraic equations provided a

reasonably good initial guess can be made.

(2) Regula Falsi (15)

The regula falsi one dimensional search technique héy be used

to find numerical values of the concentrations if the endogenous

phase is neglected and there is no recycle. An over-all material

balance at steady state for a system with sterile feed gives

=N N
Jo =1 -y (31)
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This equation together with Equation (19) in the form
3 =855 1=1,2, .00y, N - (32)

may be used with Equations (23), (24), and (25) in their steady

state form as follows:

(1) Assume substrate concentration of stage N, yf.

(2) Obtain cell concentration in exit, §§J3 from Equation (31)
and cell concentrations in stage N from Equation (32).

N-1

(3) Compute y, = and §§;1 using Equation (25).

(4) Using Equations (24) and (32), compute yg'l, yf-z, fgL'%

= N=2 ; 1. =1 1
Yo 9 eeesy Jqo yz:and- Yoo

(5) Calculate yg from Equation (23) in the from

0 1 2 1
do¥y = dy¥y + b¥y - ry¥y,vy =0 (33)

(6) Check to see if yg -1,0=0
(7) Use the regula falsi method to assume new values of y? until
a value of yf which gives a value of yg sufficiently close

to unity is found.

2-5 STEADY STATE PERFORMANCE

Employing these two computational schemes, the steady state
behavior of the tower system is investigated for several combina-
tions of the feed geometry, number of stages, and hydraulic
parameters. The conventional tower system, which is feq at the
bottom (Case 1) and the system proposed by Prokop et al. (2),
which is fed at the second stage (Case 2), are the two feed geo-
metries that are considered. The effects of cell sedimentation and

backflow rate on the cell concentration profile for 2, 4,
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systems are investigated for various values of b, §, and Kl = 0.1
in all cases. Some of the results are illustrated in Figs. 4 th-
rough 11 where the cell concentration distribution in the tower
system is plotted as a function of dilution rate.

The effects of backflow on the system performance are shown
in Figs. 4, 5, and 8 for 2 and 4 stage systems, respectively.

The results show that increasing the backflow rate increases the
operating range. This is because increasing the backflow rate in-
creases the degree of mixing which will produce a wider operating
range.

Washout occurs when the cell concentration decreases to zero.
Since the operating dilution rate must be less than the washout
dilution rate, increasing the washout dilution rate usually widens
the operating range and enables one to increase productivity. The
presence of cell sedimentation increases the washout dilution rate
and thus, allows a wider operating range and a higher output of
cells. A higher concentration of cells exits in the bulk liquid
when sedimentation is present, but it is the increased dilution
rate which allows productivity to be increased. Increasing the
concentration of cells in the bulk liguid allows the microbial
growth in each compartment to be increased by increasing the sys-
tem dilution rate. i h

For the extreme case of a very sméll dilution rate with a
relatively large backflow rate the cell concentration distribution

obeys a geometric relationship of the form

=N-1 =N
yz =$y2
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|

F-2 - ($)2 75

(34)

5t = (5) N1 g%
This relationship can be derived from the cell mass balance
equations (the detailed analysis is given in Appendix II). Since
the backflow rate is assumed to be constant, as the dilution rate
approaches zero in Figs.5 through 11, the dimensionless backflow
rate becomes much larger than the dilution rate and the values
given in Equation (34) as shown in Figs. 5 through 11. When the
dimensionless backflow rate b is much greater than the system
dilution rate the largest cell concentrations are in the bottom
stage as shown by the solid lines of Fig. 5, for example,

When the backflow rate is small relative to the dilution rate,
the largest cell concentration will occur in the top stage as in
the system with no sedimentation as shown by the dashed lines in
Fig. 5, for example, R

By comparison of the behavior of Cases 1 and 2 (see Figs. 10
and 11), it can be seen that a system with feed at the second stage
allows the system to be operated at a much wider range of dilution
rates. The cell concentration at the same dilution rate is iébger
for Case 2 than for Case 1 for the lower stages. The first stage
of Case 2 which is fed by backflow continuously inoculates the
second stage. The results shown in Figs. 9 and 11 for Case 2
indicate that the cell concentration in the first stage is always

greater than that in the second stage even when there is no cell
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sedimentation. For Case 2 there is a critical backflow rate at which
the cells will never be washed out if the backflow rate is less

than this critical value, A detailed analysis of this and washout
phenomena in general will be presented in Chapter 3.

Increasing the number of stages affects the range of operat-
ing conditions that can be attained in the tower system. When the
backflow rate is small, increasing the number of stages reduces
the range of dilution rates which give stable growth conditions,
especially for Case 1. This disadvantage can be overcome by
increasing backflow and cell sedimentation parameters. Moreover,
when the system is composed of a large number of stages a range
of residence time distributions from complete mixing to that of
the N-CSTR'!'s-in-series system (for a system with N stages) is
attainable by proper regulation of the backflow parameter. By
feeding media to the second stage of a tower system with a large
number of stages, suitable control of both backflow rate and
system dilution rate enables one to continuously obtain almost

any desired physiological growth condition.

2.6 SUMMARY

A mathematical model that can be used to describe cell
growth in a tower fermentation system with backflow and cell sedi-
mentation is presented. Two computational procedures to determine
steady state performance are described and some results are
obtained for 2, 4 and 8 stage tower systems. The effecés of feed
geometry, backflow rate and cell sedimentation on steady state

behavior are investigated. The results show that control of back-
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flow, and cell ¢edimentation within the tower together with control
of feed flow rate and feed geometry will allow a wide range of

operating conditions to be realized in a tower system.
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NOMENCLATURE

Dimensionless backflow rate,
Fi
(——=).

Dimensionless dilution rate, 7
Amax
Backflow ratio, ("ﬁ%)'

i
The upward flow stream leaving stage 1i.
The total flow rate leaving stage 1i.
The backflow rate coming from stage i.

The concentration of organic at which the specific growth
rate observed is one half the maximum value, mg/liter.
K

Dimensionless saturation constant, (——%).
' S

Specific endogenous microbial attrition rate, hr"l.

The concentration of organics in stage i, mg/liter.

The concentration of organics in the stream coming into
stage 1, mg/liter.

The concentration of organics in the influent, mg/liter.
The concentration of cell in stage i, mg/liter.

The concentration of cell in the stream leaving stage i,
mg/liter.

The dimensionless concentration of substrate in stage i,

i
( 2. |
S

i
The dimensionless cell concentration in stage i, 03£?)
Ys® °

The dimensionless cell concentration in the stfeam leaving
=1

stage i, (-KEH ;
¥s

The liquid volume of stage i.
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ax

Volume fraction, (_V& )
Secondary clarifier parameter,
Sedimentation parameter.

Specific growth rate.

Maximum specific growth rate when the organic
is not limiting the rate of growth, hr™ .

42

concentration
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APPENDIX I

DETERMINATION OF FLOW RATE IN EACH STREAM
FOR THE SYSTEM WITH CONSTANT BACKFLOW RATIOC

The schematic diagram of the backflow cell model is shown in
Fig. 1. In the case of a constant backflow ratio, the defining
relation between the flows leaving a stage is given in Equation
(14). To determine quantitatively the flow rate in each stream for
this system, the volumetric flow rate balances around each stage

are needed. These are

PO+ p, = B (A-1)
‘1 . o |
Ft +fi+1=Fl+f.l , i=2, 3, .., N1 (A-2)
and
N-1 N
F'moo= F o+ fy (A-3)
Equation (14) can be used to obtain
Ft = F,(1-G), 1 =2, 3, 00, N (A-4)
and n
G ;
fj.:FlG:m 3 1 = 2, 3, es oy N (A"S)
An overall balance gives
FN = O (4-6)

The total flow from stage N is obtained by rearranging Equation

(A-4) to obtain

Fy=1% =16 (A-7)
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Substituting Equation (A-7) into Equation (A-7) yields

0
FG_FG
'y =156~ 1 (Astl)
Substituting Equations (A-6) and (A-8) into Equation (A-3) gives

0
F =F + 5 (A-9)

Equations (A-5) and (A-9) can be used to obtain

0

FG 2
fy1 =16 F 0 e ) (A-10)

Equation (A-2) for i = N-1 is
-2 . 1"“N_1 +

Substituting Equations (A-8), (A-9), and (A-10) into Equation

- T

Ty = Ty (A-11)

(A-11) gives

N-2 .0 G G .2
=2 _ g [1 oo+ (1) ] (A-12)

Equations (A-5) and (A-12) yield

_ 0¢G ¢ \2
fhe=Flig* G+ s &3] (A-13)
The general form
. i 0.3
Pl y 26 (A-14)
i=0 (1-G)Y
and -
i+1 04 e
£, = & 8 (A-15)

N-1 =1 (1-0)9

can be verified by induction. Equation (A-2) may be written in

the form
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N-i-1 N-i

F =F 0+ Ty s - Tl
R Bl 050 1 500
=0 (1-6)9  i=1 (1-6)¢ =1 (1-G)J
_ 41 g0
=0 (1-0) (8-16)
From Equations (A-5) and (A-~16), one obtains
142 003
fyoio1 = AN (A-17)
j=1 fl-G)J

These results show that Equations (A-14) and (A-15) are valid
for i = 2, 3, +ee., N=1. It is easy to show that Equations (A-14)

and (A-15) may also be written in the form used to express Equations

(17) and (18).



b7

APPENDIX II
DETERMINATION OF CELL DISTRIBUTION IN
THE CASE OF VERY SMALL DILUTION RATE

The cell mass balances at steady state around each stage can
be obtained from Equations (23), (24) and (25) by letting the
accumulation term equal zero. In the particular case of an equal
volume system with constant backflow rate

d; =d+b,1=1,2, .0., N (A-1)

where d is the dimensionless system dilution rate, which is

defined as

If the endogenous metabolism rate is neglected, Equations (23),

(24), and (25) can be rewritten as follows:

1

=0 (A-2)

-2 =1
N6by2 - N(d + D) F, + ryy

N(d + B)Fy 1+ NbsF Tl - N(a + ©)F, - N$b§21+ rys =0,
1=2, 3 ess, N1 (A-3)
and
N(d + BIF, "1 - N(d + 8b)F, + ryyn = 0O (A=4)

If & =+ 0, Equation (A-4) becomes

N
-N-1_ .-N Tn¥o
yz - 63’2 - N b (A"'5)
N
rNyz

The term N5 is small if b is large compared to d, because
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ylf—v 0 as d = 0. Therefore, one can obtain Equation (A-6).

- N-1 =N
Following a procedure similar to that used to obtain Equation

(A-5), Equation (A-3) reduces to

.. o bl s ;
yzl 1+5y21 'yzl“éy21=0 ] 1=2, 3, LR I N—l
(A-7)
If i = N-1, substituting Equation (A-6) into Equation (A-7) gives

7o e=65)" (4-8)

Successive substitution of Equation (A-8) into Equation (A-7)

provides the desired result

. T § -1 . .
yl =$.Y ’ 1

i}

2‘, 3', llll’ N (A""g)
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Chapter 3

MODELING AND ANALYSIS OF TOWER FERMENTATION
PROCESSES: II. WASHOUT BEHAVIOR
3-1  INTRODUCTION

Recently, several workers (1, 2, 3, 4, and 5) have investi-
gated the performance of tower fermentation processes. Considerable
research has been reported; however, very little has been published
on prediction of fermentor performance. In this work a steady
state model incorporating backflow and cell sedimentation is invés-
tigated to determine the critical conditions which lead to wash-
out of the microbial population.

The tower fermentation system investigated in this work is
assumed to be composed of a number of stages or compartments se-
parated by sieve trays with the compartments arranged vertically
above one another. Experimental research has shown that backflowu
of culture media often is present (1, 3, and &) and that the
extent of backflow is influenced by the design of the sieve trays
(3, 4). Cell sedimentation or differences in mean residence time
of cells and liquid have also been observed (1, 3). It is, there-
fore, desirable that flow models which consider these nonidealities
be used to investigate system performance. .

A fermentation process is which a sterile feed is employed
is subject to washout; that is, if the steady state feed flow rate
is too lafge all cells will be washed from the system because the
system dilution rate exceeds the maximum specific growth rate of

the cells. Mathematically, at washout the cell concentration is
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zero and the substrate concentration is equal to that of the feed.
A detailed discussion of washout is presented elsewhere (6).

Herbert (7, 8, 9) discussed the washout dilution rate of
several different flow models such as the single completely mixed
continuous fermentor (chemostat), the multistage completely mixed
tanks in series system, and the plug flow continuous system. Ma-
thematical analysis and detalled comments are given in his papers.
Powell (10) investigated the washout of systems with feedback and
presented the comparisons of the multistage system with the plug
flow system. The effect of mixing on the washout and steady state
performance of continuous cultures is reported by Fan et al, (11).
A detailed analysis of washout for flow models which can be used
to model the tower system with backflow and sedimentation of cells,
has not been reported. The present study is concerned with the
prediction of washout conditions for a number of tower fermentor
feed geometries under various conditions of backflow and cell se-
dimentation.

The flow system of the present study and kinetic model will
be briefly described in Section 3-2, where a complex flow model of
a tower system is proposed and the kinetic model of Monod's equa-
tion is assumed. The washout criteria will be presented in Section
3-3, in which the concept of washout will be given, TheAchafébteris-

ic equation of washout is derived in Section 3-4 and the effect of

sedimentation and feed geometry on the characteristic équation are
also presented,

Finally, the results are presented and the effects of kinetic



51
parameters, backflow, sedimentation, and feed geometry ¢gn the cri-

tical washout dilution rate are examined.

3-2 SYSTEM DESCRIPTION

(a) Flow model

The tower system under consideration is assumed to be sepa-
rated into several compartments by perforated plates (sieve trays)
wheih have many holes., Although most of the experimental work has
been with equal volume compartments, the models developed here are
not restricted to be of equal volume. A schematic diagram of a
general flow model of the tower fermentation system is shown in
Fig. 1. The generality of this flow diagrm is that feed and with-
drawal streams may appear anywhere in the system. Here, fi, is
the backflow, from stage i to stage i-1. qg represents the feed
stream to stage i and q? represents the exit stream from stage 1i.
Feed may be introduced at any stage and similarly, products may
be withdrawn from any stage. The backflow, fi; depends on the
area of sieve hole, the number of sieve holes, hydrodynamic pre-
ssure differences, and foam formation. The upward flow is denoted
by (q; + f;,,) where q; is the net upward flow from stage i. For
the general case (Fig. 1), the flow model for stage 2 to N-1 has
the same general form and each compartment may be considered as
a homogeneous stage. The volumetric balance for the ith homogene-

ous stage can be written as follows

0 _ e
Q *olag g+ F) o+ fy = ap * (g £y ) F Ly, (1)

i=2, 3, LU ] N—l
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1

For the first and last compartments (heterogeneous stages) we may

write, respectively,

qf + £, = qf + (ay + £p) (2)
and

0 _ e (3)
ay * lag_q * fyy) = qg + Ty

The subscript indicates the stage number, while superscripts
0 and e denote feed and withdrawal streams, respectively. These
equations may be employed regardless of whether there is feed
and/or withdrawal at a particular stage.
(b) Kinetic model

The kinetic model has been described in Chapter 2. Although
many workers investigated the microbial growth rate by considering
environmental factors, the physiological state of cells, and other
factors, the basic kinetic model proposed by Monod (15) in 1942
is still very widely used. The growth rate of microorganisms is

expressed as follows

axX Mmax S X

——

dt 'KS + S

as shown previously in Equation (3) in Chapter 2. The microbial
growth rate is between zero and first order respect to the concen-

tration of substrate. The rate of substrate utilization is

as _Mmax S %
T at T Y(Kg ¥ 9)

which is also given in Equation (6) in Chapter 2. It is assumed

that these two equations describe the kinetics of microbial
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growth in the tower system considered here.
(c) Cell and substrate mass balances

Material balance equations to describe the doncentration of
cell mass and that of organic nutrients in each compartment at
steady state can be developed using the complete mixing concept
and the kinetic model of Monod.

The material balances for substrate and cells around the

first stage are, respectively,

0 <0 2 e 1 1 1 _
ay S +f25-(q1+q1+f2)s -§M XV, =0
(4)
and
0,0 2 e 1 1 _
qy X°+ £, X% = (a7 + qq + £,) X7 + M X vy =0 (5)

where/u1 denotes the specific microbial growth rate, which is

Aoy S*
equal to (——7).

KS + S
Similarly, for any one of stages 2 through N-1, say the ith

stage, the substrate and cell material balances are, respectively

0.0 I=d i+1 e i
i < . -
q;S (ql_1 + fl)S + £, 8 (qi LK TR S ST fi)s
1 i .
_Y,u.lx Vi =0, 1=2,3, ..., N1 (6)
and
0%+ (q, , + ex lar X L (4 g+ or 4 o)
i i-1 i i+1 = Yy " By i+1 i

M xt V=0, 1=2,3, ..., N-1 | (7)
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\

For the last stage, the substrate and cell material balances

are respectively

ay 8O+ (q_q + £y )5 1 < (af + £)S" - g4 XV = 0
(8)
and
ag X0+ (qy_y + £y X7 o (aS g XN+ XNy = 0

(9)

In order to make the results as general as possible, dimen-

sionless variables are introduced as follows:

: i
yi = §3— dimensionless substrate concentration
S
; i
yL = - dimensionless cell concentration
2 ISO
d Y dimensionless diluti £
. == imensionless dilution rate
b AtV
fi
b.1 = v dimensionless backflow rate
Amax
Vi
v, =T volume fraction

In addition, the saturation constant KS can be made dimensionless

by dividing by S° ; that is,

K, = -3
1 g0
Thus, K, is the dimensionless saturation constant which is equal

to the dimensionless substrate concentration at which the specific
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growth rate observed is one half the maximum value.
0
)

Equations (4), (6), and (8) may be divided by (Eﬂﬁaxs

which yields,

0.0 2 e 1 L.
dy ¥y + byy] - (d1 +d, + Db, )y1 -r ¥V =0 fi)

0.0 11 i+1 e ' i
dyyy+ (Qy_ g+ by Jyy™  + by - (df +d; + by, + by yg

_riy;vi=o, 1= 2, 3, sesy Nol (11)
and
0.0 N-1 e N N _
dpyy+ (dyy + Bylyy ™ - Ay + Bplyy - ryyp vy = O (1)
12

Similarly, Equations (5), (7), and (9) may be divided by

(Yvm 5% o obtain

max
0.0 2 e 1 1. |
Ay ¥+ byys = (A7 + dy + by, + vy, v, = 0 (13)
a%y2+ (@, .+ byl e byttt (@®+ 4 + b, + D)yl
192 i-1 § 45 it192 = 4y i i+1 192
+riy§-v.1=o,i=2, By sang Hed (14)
and
0.0 L4 e N N
Ayt (G g + Bylyy™ - Ay + by Jyp + ryyp vy = 0
(15)
where
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Equations (10) through (15) describe the steady state behavior
of substrates and cells in a tower type continuous culture system.
One can obtain the substrate and cell concentration at a certain
steady state flow condition by solving thase equations simultane-

ously..
3-~3 WASHOUT CRITERIA

Herbert (7, 8, 9 ), Powell (10), and Fan et. al. (11) have
presented a detailed discussion of washout behavior for several
different kinds of flow models. Basically, when washout occurs,
there are no cells in the éystem, and furthermore washout can only
occur for systems with a sterile feed stream., The mathematical
solution of the system of equations at the washout condition is

as follows:

st = 5% = st i=1,2, «o., N (16)
and

x*=x%=0, i=1, 2, vau, N (17)

0 and X' approaches zero

A limiting process in which ST-»S
may be used to derive the washout dilution rate (11). Consider,
for example, a fermentor which is assumed to be a completely

mixed tank with liquid volume V with a flow rate, g, passing
through the system., A c¢ell balance around the fermentor can be

written as

ax
V*-TD-=—qX+VX (18)

at steady state, dX = 0, that is, no cells are accumulated in
dt
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the fermentor, and Equation (18) reduces to

._J-_—._=d=/‘ = S (19)
/“max v Amax KS + S

Here, 4 is the dimensionless dilution rate and it is equal to

which is characteristic of continuous culture at steady state

Mnmax

in a completely mixed fermentor. The specific growth rate at

washout,/&w, is

/uw - S0 (20)
/amax K + S0

since the concentration of substrate in the fermentor approaches
that in the influent at conditions near the wasgout point. No

cells will grow in the system if the dimensionless dilution rate,
My

d, exceeds , the critical value of the dimensionless growth

max
[Equation (ZO)J . As shown in Fig. 2, dw is the maximum dimension-
less dilution rate which will support growth at steady state; how-
ever, dw is a critical condition and operation at this dilution
rate is often unstable.

The complexity of the washout analysis increases greatly as
the flow models become more complex. Although many of the multi-
stage fermentation systems have superficial similarities in
construction, they may differ greatly in operating principles
and their washout conditions may also be quite different. In a
chemostat, the specific growth rate is equal to the dilution rate

as shown by Equation (19); however, for more complex flow systems,

the specific growth rate varies with position. In these complex
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flow systems, the system dilution rate can not generally be equated
to a meaningful specific growth rate. The system dilution rate

may be defined as the total flow through the system divided by

the total volume of all stages. In dimensionless form, it is

q a

= v
Mo (U Vot o+ V) Amax

d =

In the tower system the concentration of substrate varies
from stage to stage resulting in a different specific growth rate
in each stage. In the case of a system with backflow, the adjacent
stages directly influence each other and the entire system must
be analyzed to determine the washout conditions. Equations (16)
and (17) which are satisfied at washout may be used for any type

of flow system.
3-4 THE CHARACTERISTIC EQUATION OF WASHOUT DILUTION RATE

(a) Development of characteristic equation

At the critical washout dilution rate for the multistage
continuous culture, the conditions, yi = 1 and y% =0, 1=1, 2,
ves, Ny, will be satisfied. To determine the critical washout
dilution rate, Equations (13) to (15) need to be rearranged and
simplified. Since washout only occurs when a sterile feed is
employed, yg is assumed to equal zero, yg can be expressed in

terms of yg'l by rearranging Equation (15)

-1
v Qy_q T byly,
Vg m == - (22)

Substituting for yg in Equation (14) for i = N-1 enables
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yg'l to be expressed in terms of yg'z as
-2
N~1 _ (dy o+ by 4) ¥ (23)
g = By {8y 4 + B)
(Ay_y +dy_g+by+ by )- g R

e
(dg + Dyl-ryvy

Repeating this successive substitution, yé can be expressed in
terms of yé"l (see Table 1). Finally, the characteristic equation
for the washout dilution rate is obtained by substituting yg into
Equation (13) to obtain Equation (25) (see pable 2). Note that
yé is a common factor in the left hand side of Equation (25).

By eliminating yé, the characteristic equation for the washout
dilution rate takes the form shown in Equation (26) which is also
contained in Table 2.

Equation (26) is a useful general equation, in which by, d;,
and df are variables depending on system design parameters and
operational conditions. Note that at washout yi, s P P, [
which are included in r, are all equal to 1.0.

The volumetric flow rate balances are given by Equations (1),
(2), and (3). Generally, the values of bi and all except one of
the values of d? are controlled or fixed by the design of the
system. The volumetric flow rate balances allow the remaining
value of dg to be calculated once the feed flow rates are fixed.
Thus, in this work the feed flow rates are assumed to be the in-
dependent variables which are to be analyzed for their critical
washout values.

The first term of Equation (26) is a compound fraction.
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Careful observation shows that the compound fraction is a fraction
repeating from stage to stage, in order to account for the multi-
stage system behavior. The general term is of the form

bj+1(dj+bj+1) .
bj+2(d'j+1+bj+? N . j
. j+1V 5+

e
cFd+b,., +D, )=
(d5+d #by, 1 +0;)

b.

e
a jratPyag -

g1t gegtP

(a

Every component of the compound fraction has some significance.
The denominator of the compound fraction is composed of three

terms, (d? +dj +b +bj) are the streams leaving the jth stage,

i
the sub-compound fraction is the stream coming into the jth stage,
and the term rjvj represents the reaction term at the jth stage.
This characteristic equation can be used to examine the wash-
out dilution rate of most feed geometries. The specific equation
for each case can be obtained by making several simplifying assum-
ptions. Several specific cases will be discussed in the following
sections.
(b) Effect of sedimentation on washout
Sedimentation of cells often occurs in biological growth
processes as observed by several workers (1, 3, 4). It is often
an important factor which needs to be considered in modeling bio-
logical processes. The mechanism of cell sedimentation in continuous
fermentations is a very complex phenomenon. It is known that the
extent of flocculation, cell physiological state, and many other
factors influence cell sedimentation; however, a very simple model,
Equation (3) in Chapter 2, is employed in this study. The dimension-

less value of § is used to indicate the ratio of the concentration
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of cells in the bulk liquid in a compartment, Xf to that in the

stream flowing upward through the sieve plate to the next stage,

X*, that is,

. i
.
- ii =1
Y2

where the value of § is always greater than 1.0. In this analysis,
the exit stream from any stage is assumed to have the same con-
centration Ki as the stream flowing upward through the sieve plate,
Including the effect of sedimentation in the analysis of
washout in multistage continuous culture requires that the material
balance equations for microbial cells be modified. The mass balance
equations for the system with a sedimentation factor, §, included

in Equations (13) to (15) are as follows:

§b,55 - (af +d, +b,)F5 + r 8TV, = O (27)
(a, s+ )y ™" + $by, .75 | - (af+a+ byy 65 )73

+ri$yévi =0, 1i=2,3,...,N-1 | (28)

(dy_i+oy)T5 1 - (aS8b)F) + ry8Thvy = 0 (29)

These equations can be combined following the procedure used to
arrive at Equation (26) to obtain Equation (30) which may be found
i Table 3.,

Equation (30) is a general characteristic equation for predic-
ting the washout dilution rate in multistage tower system. If §$=1,
Equation (30) reduces to Equation (26). The following section will

discuss several specific cases which are all simplifications of
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Equation (30).
(c) Special cases

In.order to illustrate the washout behavior of multistage
tower fermentation processes, several specific cases which are of
practical importance are considered. The feed and effluent geome-
try for these cases is greatly simplified from the general case
considered previously. Only one feed location and one exit loca-
tion is considered for each special case. These special cases are
employed to obtain the numerical results which are presented in
this work.
Case 1

The schematic diagram for Case 1 is shown in Fig. 3. It is

the most basic case in that feed is introduced at the first stage,
while the outlet stream is withdrawn from the last stage. In
investigating the washout dilution rate for this system, it is
assumed that there is equal volume in each individual stage (vi =
%) and a fixed value of backflow., The flow rate can be determined

by solving equations (1), (2), and (3) in dimensionless form. If

the dimensionless influent flow rate is assumed to be dg, and if
0 . :
dj==0 for j # 1 (31)
and
d;::O for k¥ £ N (32)
it can be shown that
aY=a=aqa, = =d, = =d, = as
1 1= eee =4y = o0 =dy = ay (33)

In this case, the backflow rate is assumed to be a constant
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value, which might be dependent on the design of the system. The
characteristic equation for the washout dilution rate for this
case can be obtained by substituting Equations (32) and (33) and

b, = b into Equation (30). At the washout condition,

r=ry,=r,= ... =0y
where _
_ 1.0
TR+ 1.0 (34)

These simplifications allow the characteristic equation to be
written in the form shown in Equation (35) (see Table 4). For fixed
values of b, §, N, Kl} and vi, i =1, 2, ..., N, the critical wash-
out dilution rate can be determined using this equation.

Case 2 ’

The schematic diagram for this case in which the feed is in-
troduced at the second stage is shown in Fig. 4. Prokop et al. (1)
constructed such a system with 8 stages. They found that this par-
ticular feed geometry provides a wide operating range, because it
allows the first stage to produce microorganisms which can be
continuously used to inoculate the second stage.

At the washout condition, r = ry =Ty = ses = PN; where r is
defined in Equation (34). The characteristic equation for the wash-
out dilution rate is obtained from Equation (30) by noting that
feed is introduced only at stage 2 and that all effluent leaves
from stage N, It is shown in Equation (36) in Table 4. This feed
geometry modification greatly changes the washout characteristics
of the system, especially when b is small.

Case 3

In this case, the feed stream may be introduced at any stage
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and the exit stream is located at stage N. It is assumed that the
internal backflow rates below the feed stage are controlled of fixed
at the value b' and those above the feed stage at the value b by

the design of the system. Substituting these backflow rate relation-
ships into Equation (30), and noting the feed and exit geometry,

the characteristic equation of the washout dilution rate becomes
that shown in Equation (37) (see Table 5) The internal flow rate

b' below the stage ( the ith stage) might be equal to b. The effects
of differences between these two internal flow rates will be exa-
mined later by comparing results from this case with i = 2, which

is shown in Fig. 5, with those from Case 2.

Case 4

The schematic diagram for this case is shown in Fig. 6. It
is a general case for tower fermentors with one feed stream and
one exit stream. In this case two different backflow rates are
assumed with b' being the backflow above the exit stage and below
the feed stage and b being the backflow for those stages between
the feed and exit locations. The characteristic equation for the
washout dilution rate which is obtained for this case is shown in
Equation (38) in Table 6,

Equations (35) through (38) are the characteristic equations
which can be used to determine the washout dilution rate; however,
these equations are in implicit form. For fixed values of b, b!,
<, Kl’ N, and Vi i=1,2,...,N, the appropriate characteristic
equation can be used to determine the washout dilution rate d.
Examination of Equations (35) through (38) shows that one must

solve an Nth order polynomial to find the washout dilution rate
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for an N stage system. The regula falsi method (12) is used in °*
this study to solve this polynomial equation.
3-5 RESULTS

The characteristic washout equation for several different
cases have been presented in the preceeding section., Numerical
solutions of these equations have been carried out using the regula
falsi iteration method to obtain numerical results for various

values of b, §, N, and K,. Stages of equal volume are assumed in

1°
obtainning these results which are plotted in Figs. 7 through 18.

Three flow models are considered in this numerical study,
namely, Case 1, Case 2, and Case 3 with i=2. The results obtained
show that the washout dilution rate definitely depends upon the
flow geometry. The effects of the various physical factors on the
washout dilution rate will be discussed separately in the following
sections.
(a) Effect of backflow

The effect of backflow for Case 1 on the dimensionless wash-
out dilution rate is illustrated in Figs. 7, 8, and 9 for systems
with 2, 4, and 8 compartments, respectively. The results show that
the appearance of backflow in the system increases the critical
dilution rate.

The system with backflow can be analyzed by considering the
two extreme cases; one is that of no backflow and the other is
that of very large backflow. When the backflow rate in the system
is large, the system acts as one completely mixed tank. The result-
ing washout dilution rate obtained from Equation (35) shows that

the value converges to
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_ 1.0 (39)
dw - K1 + 1.0

for one completely mixed tank when b is large. Figures 7, 8, 9,
and 10 show that for different values of Kl’ and N, the washout
dilution rates converge to the values obtained from Equation (39).
When the system is without backflow, the model becomes the
N CSTR's-in-series model. Since the effluent from the first stage
becomes the feed for the second stage, organisms will be complet-
ly washed out only if organisms are washed out from the first
stage. Otherwise, the organisms will never be washed out from the
system. The results show that they are in agreement with the value
obtained from the equation for washout from the first stage of an
N stage equal volume system, namely,

_ 1.0 (40)
w o N(K1 + 1.0) '

d

Since this equation also applies to the subsequent stages when
the inflo to those stages is sterile, Equation (40) provides the
lower limit for dw as b approaches zero. The left hand side Figs.
7 through 10 converges to the value obtained from Equation (40),
which indicates that the washout dilution rate for the tower sys-
tem with no backflow rate converges to this limiting case.

The effect of backflow for Cases 2 and 3 on the dimensionless
dilution rate is illustrated in Figs. 11 to 14, A detailed discu-
ssion of the effect of feed geometry will be presented in part (b).
In general, except at low backflow rates the existence of backflow

in the system increases the critical dilution rate.



82

ANOUSDM

4

(12990) 1'0= "M ‘oo uounpp

U0 S3DDJS O Sslequinu .. PuUD  MO[IDG  Jo 081 Q! Did
¥ow
T.bdrl..q;u ‘iapswniod  mO|)4008
(o]e] _ aQ’l 1’0 IGO0
T . T 0
=10
g
20 4
m..q
-
¢o o
<
=
vo °
c
an
90¢& ia
<

ke
(@]

@
O

60




83

obp1s

v 10j 8101 uounjp

00l

(

A XOEQ
i

JNOL30M

) ‘sejewciod
o'l

(2 9500

Uud  MCii¥%

15"

MO| %008

206G

—
'

1 { | | !
— @] & @ ™~
it . — O O (@]

ol
oJ

rall

11ys4g

vopnjip

‘a0

!‘:D‘.Ul—f
__b_.___)



84

aboys {40y Aut,uh uoun|Ip

00l @

(

(€ @s0)) "100= 3 °
INOYSDM UO  MOJLYIDG - 1O

>xDED. 2o
——) © J3jswosod  mojyo0g

o I'0 100

I

=S

=81

102




85

oDD}S

| | (€ ©s0Q) "I 'O=" "WeisAs
4 40} ©JD4  UOCIN|ID JAOYSDM U0 MOODG - JO  jSay2 '€l Gid
ADW
h||>|,ﬁlav ‘Jaiowoiod  mopxong
0l ok 1'0 0’
o . 9%0

P waysig

uoyn

o)
xow
(_A_b_.ﬂ) ‘8101

o i

9]

vl



86

oDis

v

- o n e . * ¢ e oy g~
Aml mv(.UU\ m —] ..V“ CL@.N.U?M\
3
*

o'l

10} 9iD4  uoynpp iNOYsSDM U0  MmOjBPCg 10 Sl
Xow . :
ﬁ> qu ‘13jswoiod  mojyo0g
00l - O_ I'O I00

. T [ : — O~

- 10
@D
€0 =.
=
20 B
=)
=
S
&

0f |

<

(]
-

L]
L)

cn
L.



87

(b) Effect of feed geometry

In the numerical results for Cases 2 and 3, the feed stream
is introduced at the second stage of the tower system. The advan-
tage of this feed geometry is that it allows the first stage to
produce microorganisms which can be used to continuously inoculate
the second stage. This growth of microorganisms in the bottom
stage is beneficial in preventing complete washout of microoganisms
from the system, When the feed is introduced to the second stage,
the range and flexibility of operation are greatly increased, es-
pecially when flow rates to the first stage are controlled. In
this study, two different cases of feed to the second stage are
considered; Case 2 (see Fig., 4) assumes that the backflow between
the first and second stage is the backflow rate in the other stages;
Case 3 (see Fig. 5) assumes that the backflow between the first
and second stages can be fixed independently of the backflow rate
in the other stages. Some results for Case 2 appear in Fig. 11
while results for Case 3 are presented in Figs. 12 to 14. The Case
2 results in Fig. 11 show that at low backflow rates to the first
stage, the system will not wash out for any feed flow rate. This
same result also occurs for Case 3 when the backflow between the
first and second stages is sufficiently small.

The critical value of backflow between stage 1 and 2 is able
to be examined by investigating the material balance around the
first stage. For backflow rates below this value the system will
never be washed out. This critical value of backflow can be deter-

mined as follows:
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A cell material balance around the first stage gives

2

by,

1.1 .1
- by, + {r¥y,;=0 (41)

where b,is the backflow coming from the second stage, which becomes

2
b for Case 2 or b' for Case 3. The most dilute cell concentration

coming from the second stage that can be assumed at washout is

yg = 0; therefore Equation (41) becomes

1 1 1
292 F §r1Y2
where the critical backflow parameter b2 is defined as

- b 5 il (42)

2= | (43)

If the backflow parameter, b, (or b'), is less than this cri-
tical backflow parameter is plotted against the number of stages
in Fig. 15. The critical backflow parameter decreases as the num-
ber of stages increases because of the existence of N in Equation
(43).

Because of the effect of feed geometry, the critical washout.
dilution rate of Case 2 behaves a convex curve with respect to the
backflow parameter as shown in Fig. 11. The critical washout dilu-
tion rate increases rapidly as the backflow decreases to the cri-
tical backflow value below which the cells always reproduce in the
first stage and continuously inoculate the second stage. As this
critical backflow rate is approached, the washout dilution rate
approaches infinity.

In both Cases 2 and 3, at large backflow rates the washout

dilution rate increases with increasing backflow rate. The degree
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of mixing in the system is increased as the backflow rate increa-
ses, and at large backflow rates, the system may be assumed to be
one completely mixed tank., Equation (39) can, therefore, be used
to predict the critical washout dilution rate for these systems
with large backflow rates. As shown at the right hand side of
Figs. 11 through 14, the results are in agreement with the value
obtained from Equation (39).

The critical washout dilution rate for Case 3 depends on the
values of both b and b'. The results shown in Figs. 12 to 14 are
for the values of b' of 0.3, 0.5, 1.0, and 10. These constant back-
flow rates, b', are all greater than the critical backflow para-
meter of 0.247 (I{1 = 0.01, N = 4) at which there is no washout
because of continuous inoculation from the first stage [see Equa-
tion (43)]. Because of this, these results show a monitonically
increasing relationship between the washout dilution rate and the
backflow parameter b. Figures 12 to 14 also show that the critical
washour dilution rate increases as b' decreases.

(¢) Effect of sedimentation

The appearance of cell sedimentation is a natural phenomena
of multiphase processes in which there are density defferences
between the solid and liquid phases. In tower fermentation process-
es, there are three phases (solid, liquid, and gas). A continuous
liquid phase contains the liquid media of disslved organic and
inorganic nutrients. Oxygen is supplied through the gas phase and
cells are suspended in the liquid phase. The cells may sediment
due to density differences or pass up the column with air bubbles

due to surface forces. A higher washout dilution rate is predicted
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for a system with sedimentation. while accumulation of cells in a
foaming effluent may reduce the washout dilution rate. The numeri-
cal values used in this investigation assume that sedimentation
is the primary factor influencing the deviation of the cell flow
behavior from the liquid flow.

The characteristic equations to predict the critical washout
dilution rate for several defferent cases are given in Equations
(35) to (38). The sedimentation parameter, $, which appears in
these equations accounts for the cell sedimentation which is con-
sidered. The results in Figs. 16 to 18, which assume that is equal
to 1.2, show that the critical dilution rate is larger when sedi-
mentation is present. Increases in the critical washout dilution
rate are expected for systems with sedimentation; however, the
specific effects of the sedimentation on the system are of consi-
derable interest, especially, the extreme cases of the system at
large and small backflow rates.

Mathematical analysis of the effect of sedimentation on a
multistage tower fermentation process for Case 1 is based on the
cell mass balances around each stage in the system. These dimen-
sionless cell mass balance equations are described by Equation
(27), (28), and (29), in which the parameter, 9, is employed to
account for the sedimentation of cells in each stage. A good un-
derstanding of the interaction of sedimentation and backflow on
the critical washout dilution rate can be obtained through analy-
sis of the extreme values of no backflow and very large backflow

for the system with sedimentation,
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Small backflow rate, b0

Essentially, the system becomes an N CSTR's-in-series system
when backflow approaches zero. The critical washout dilution rate
can be determined by substituting the limiting value of backflow

rate b = 0 into Equation (27) which reduces to

i 1
$
- dyg + ] Yzl =0 (L)
I\I(K1 + ¥,)

At washout, yi = 1.0 and Equation (44) reduces to

a' = § (45)
w o NTKl + 1.0)

where d&; is the critical washout dilution rate when sedimentation
is present. It is related to the system washout dilution rate, dw,
for an N stage system with no sedimentation as follows;

i
d,=8d, (46)

Obviously, d‘;> dw if §»1.0, i.e.,the critical washout dilution
rate for N-stage systems with sedimentation at small backflow
(b*»0) is § times that for the system with no sedimentation.
Large backflow rate, b-—»os

The degree of mixing between stages is increased as the back-
flow parameter increases. but according to the model there must
be a difference in cell concentrations between stages when sedi-
mentation is present. The cell concentration distribution in the

system when b-»oce may be expressed by a set of relations
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_N-1 _N
¥, =87,

oN-2 ¢ =N-1 _ 2N
¥, =85, = (6) Vo

’ (47)

1 =2 _ _ N-1-N
yz _$y2 - e [] e = (8) yz

The deailed derivation of these relations is presented in
the Appendix to this chapter. The Appendix also gives a detailed

derivation of the critical washout dilution rate when b-»e0 ; that

is, .
! 1,0 N N-1 2
N .

N(K1+ 1.0) 1=

This critical dilution rate is related to dw for the same system
with no sedimentation by the relation
N .
i
! iél(s) dw

dW =5 (49)

Equation (45) and (48) represent the eritical washout dilut-
ion rates for N-stage systems with sedimentation at large and small
backflow rates respectively. Tables 7 gives the critical washout
dilution rates for limiting backflow rates for several values of
Kl’ N, and § . Figures 16 and 17 show that the extreme values of
the critical washout dilution rate for large and small backflow
rates in agreement with those in Table 7 (%= 1.2). For Case 1,

the critical washout dilution rates for other intermediate backflow



Table 7. Critical washout dilution rates for limiting backflow rates

for several values of Kl, N; ‘and 6, for Case 1.

b=0 boex
N Kl -
§=1.0 §=1.2 " §=1.0 §=1.2
1 0.01 0.990 1.188
0.1 0.909 ~1.090
0.5 0.666 0.800
2 0.01 0.495 0.594 0.990 1.306
0.1 0.454 0.545 0.909 1.200
0.5 0.333 . 0.400 0.666 0.800
4 0.01 0.247 0.297 | 0.990 1.594
0.1 0.227 0.272 0.909 1.463
0.5 10,165 0.200 0.666 1.073
8 0:01 0.123 - 0.148 0.990 2.443
0.1 0.113 0.136 0.909 2,243
0.5 0.083 0,100 .0.666 1.645
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rates lie between these extreme results. For the case of very large
backflow and no sedimentation (b=>®, §= 1,0), increasing the stage
number doesn't affect the critical washout dilution rate, because
the system acts as one completely mixed tank., However, when sedi-
mentation is present (b=, $§>1.0), the critical washout dilution
rate increases with increasing stage number, because the distri-
bution of cell concentration is not uniform from stage to stage
in these cases, as is discussed in Equation (47). The sedimentat-
ion parameter appears in the form of a geometric series in the
system with sedimentation and large backflow rates [see Equation
(h8)], and because of this a change in the number of stages
results in a change of performance as predicted by this sedimen-
tation model.

For Case 2, the critical backflow rate can be derived using
the same procedure as that discussed previously, for Case 2,
except that the sedimentation parameter has to be taken into
account, Upon introducing the sedimentation parameter, Equation
(43) which predicts the critical backflow rate for washout of the

first stage reduces to

)

2 = N(K, + 1.0) (30)

b

Because of the behavior of the first stage, for nonzero back-
flow rates the system will never be washed out when the backflow,
bz} is less than that obtained from Equation (50). Thus, as shown
in Fig. 18 the critical washout dilution rate approaches infinity

as b2 approaches from above the critical value given by Equation
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(50). A convex curve, as shown in Fig. 18, results for the same
reasons as those presented for the case of no sedimentation; how-
ever, because of the effects of sedimentation this convexity is
more pronounced in Fig. 18. When the backflow rate approaches in-
finity, the critical washout dilution rates for Case 2 are in
agreement with those shown in Table 7. Equation (48) for b@»®™can
also be used for Case 2.

In summary, the general effect of cell sedimentation is to
increase the critical washout dilution rate. In Case 2, the criti-
cal backflow rate governing washout of the first stage is also
increased by sedimentation.

(d) Effect of kinetic constants

The nonlinear kinetic model used in this work" indicates that
the microbial growth rate depends not only on the cell and subs-
trate concentrations, but also on the kinetic constants,,umax and

KS. Determination of these kinetic constants,umax and KS, which

is often based on batch kinetic data, is important as these cons-
tants affect system performance. The maximum specific growth rate,
/“max’ affects the dimensional critical washout dilution rate,

because the dimensionless dilution rate is defined as

d = w2— 1
2. (51)

Therefore, the dimensionless critical washout dilution rate is
independent Of/“max because/umax does not appear in Equation (19).
But/"max linearly affects the dimensional critical washout dilu-

tion rate in that
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Kol

7= Ypax (52)

The constant K, (K, = KS/SO) also plays an important part,

1 1
but it does not have as great an effect on washout asM__ . In
general, the dimensionless critical washout dilution rate decreases
as K1 increases, because a large Kl indicates a slow dimensionless
specific growth rate. In contrast, a higher dimensionless critical
washout dilution rate is obtained when K1 is small. The value of

K1 is determined by the value of KS and the initial substrate
concentration (SO). The various values of Kl used in Figs. 7
through 18 show that the dimensionless critical washout dilution

rate is increases as Kl decreases.
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3-6 CONCLUSIOHNS

In a chemostat, the critical washout dilution rate is direct-
ly related to the maximum specific growth rate because the growth
rate is assumed to be everywhere the same within the system. In
the tower system the specific growth rate varies from stage to
stage and the liquid and cell mean residence times also may vary
from stage to stage because of choice of flow geometry, backflow
rate, and sedimentation rate. The results show that feed geometry,
cell sedimentation, backflow rate, and the growth kinetic constants
all influence the critical washout dilution rate.

The feed geometry can greatly influence the critical washout
dilution rate, especially at small and moderate values of backflow.
When the backflow rate is small, changing the feed geometry can
prevent washout from occuring as is shown by the analysis of Cases
2 and 3. By feeding to the second stage, the first stage may be
used To continuously inoculate the second stage. This allows for
great operating flexibility in that large feed flow rates can be
used to obtain growth rates near the maximum specific growth rate
in the stages above the feed point, for example.

The influence of backflow rate on the critical washout dilu-
tion rate depends on the feed geometry at low backflow rates, but
it becomes independent of feed geometry at very large backflow
rates, For Case 1 the critical washout dilution rate increases as
backflow and sedimentation increase; however, for Case 2 the back-
flow parameter has an opposgite effect at low backflow rates because
of the stable operation of the first stage that is created under

these conditions.
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NOMENCLATURE

i

Dimensionless backflow rate, (——i;v—).
max
Fi

Dimensionless dilution rate, (———).
max

Washout dimensionless dilution rate.

The backflow rate coming from stage i, liter/hr.

The concentration of organic at which the specific growth
rate observed is one half the maximum value, mg/liter,

The dimensionless organic concentraion at which the
specific growth rate observed is one half the maximum value.

Influent flow rate.

Influent flow rate to stage 1i.
Effluent flow rate from stage 1i.
Dimensionless specific growth rate.

The concentration of organics in a feed stréam, mg/liter.
The concentration of organics in stage i, mg/liter.

The liquid volume of stage 1i.

The total liquid vo%ume of the system,

Volume fraction, (—vl).

The cell concentration in stage i, mg/liter.

The cell concentration in the stream leaving stage i, mg/liter.

The dimensionless concentration of substrate in stage i,
_§i)

st .
X,

yst

The dimensionless cell concentration in stage i, (
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The dimensionless cell concentration in the stream leaving
=i,
YS

= Maximum specific growth rate when the ogganic concentration

is not limiting the rate of growth, hr—-.
Specific growth rate.
Secondary clarifier parameter.

Sedimentation parameter.
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APPENDIX

The degree of mixing between stages is increased as the
backflow rate increases. A multistage system acts as one complete-
ly mixed tank when the backflow rate is large, and there is no
sedimentation of cells. When sedimentation is present, the cells
concentrations are defferent from stage to stage, but the subs-
Strate concentration is the same in each stage. The cell concen-
tration distribution predicted for systems with sedimentation at
large backflow rate can be obtained from a mathematical analysis
of the following equations which are the cell mass balance equa-

tions for Case 1

1_-1
V.85
§b75 - (@ + D)y + ——2— = 0 (A-1)
N(K1 + yl)

i,-1

; . . Yy ey

@+ )7t 4+ gu7itl L (@ + b+ Sp)FE + —L2
2 2 2 i 1

N(K1 + yl)
i = 2', 3‘, --.l’ N"‘l ) (A-z)
and
N, =N
~N- _ Y, 67Y
(a + b)ygl-(d+€b)yg+ 1 2N =0 (4-3)
N(Kl + yl)
If Equation (A-1) is divided by b
1,-1
_ . Nt 54
5 - S+ Fle 12 o (A1)
Nb(K1 + yl)

As b approaches infinite, Equation (A-4) reduces to

Fp =572 (A-5)
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Similarly, Equation (A-2) can be divided by b to obt:in

s+l (d
= VB

d =i-1 =1
(E—+1Jy2 +855 +1.+s)y2+

which reduces to

y%-l +S}—f§+1 - (1 +$)§; — D, e 2 Fimeni N-1 (A...?)

as b . When i = 2, Equations (A-5) and (A-7) can be combined to
yield

75 =853 (A-8)
Similarly, a general relatiinship of the cell concentration be-
tween stages can be obtained by repeating this process for i = 3,
4, ..., N-2, and then employing Equation (A-3) when i = N-1. we

can write

3 _.+ , .
y; =$y; 1 3 1= 1, 2, 80y N—l (A—g)

The cell concentration at each each stage can be expressed
in terms of ?g. These linear relations with respect to ?g are
given in Equation (47).

The critical washout dilution rate for N-stage equal volume
system(Case 1) with sedimentation and large backflow rate can be

obtained by adding up Equations (A-1), (A-2), and (A-3) to obtain

1,-1 2 - N-1, =N-
-dy~ + , Wl g= T see =T
N(K, + y;)  N(K + yD) N(K, + yi 1)
W, =N
Yy, 8y
1772 _ 9 (A-11)

N
N(Kl + yl)
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At washout, since the substrate is not consumed at all in the

system, we have

12 _N-l _ N _
Y] =¥1 = eee =y =y =1 (A-12)

When the backflow rate is large, Equations (A-12) and (47) may be

substituted into Equation (A-11) to obtain the critical washout

dilution rate as

' 1.0 N N-1 2
4, = me oy [+ 9T a2 ]

1.0 N i
= N(K, + 1.0) 151(5) (A-16)
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Chapter 4

MODELINC AND OPTIMIZATICN OF A TOWER

ACTIVATED SLUDGE SYSTEM

-1 INTRODUCTION

As efforts are made to reduce the quantity of pollutants dis-
charged into receiving streams and to improve the performance of
waste water treatment systems, an increasing emphasis will be
placed on the design, control, and performance of waste treatment
systems, New or modified processes which reduce capital or opera-
ting costs, give better control, or provide improved performance
will be introduced, Cocurrently aerated multistage tower type
activated sludge waste treatment processes such as those shown in
Figs, 1 and 2 may give improved performance at reduced cost and
at the same time provide opportunities for good process control.

Although not much has been published on experimental aspects
of microbial growth in tower type systems (1, 2, 3, 4, and 5),
the tower type systems have been employed industrially (12) and
appear sufficiently promising to warrant further investigation,
In most of the experimental work (1, 2, and 4) sieve plates have
been used in the tower to induce dispersion of the air bubbles
which pass up through the tower. This together with the jet action
of the fluid provides agitation of the fluid, This tower system
which is dividéd into several compartments by sieve plates may be
considered to be a multistage system. The multistage system with
backflow model which was proposed by Miyauchi (6) and Haddad (7)

may be used to describe the complicated flow patterns which occur
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in the tower,
Sedimentation of organisms within the tower has been reported

(1, 2, 4) and excellent oxygen transfer rates have been noted (4),
The advantages of a tower type biological waste treatment systerm
which can be visualized include reduction in aeration tank volume
because of some sludge sedimentation within the aeration tank and
better control of desired mixing patterns within the aeration tank,
Good oxygen transfer and improved oxygen utilization can be obtain-
ed because of the sieve plates, The repeated redispersion of air
by the sieve plates enable volumetric mass transfer coefficients
of up to 400 hours~! and yet the method of providing for these
high oxygen transfer rates also allows the solids in the system

to settle, Since experimental studies have shown the highest cell
concentrations to be in the lower part the tower, improved oxygen
utilization can be obtained besause oxygen concentration profiles
in the gas phase are similar to those of the active mass.

In addition to the primary advantages cited above, a tower
type biological waste treatment system may require less Space and
land requirements and be easily integrated into an industrial com=-
plex, The flexibility of operation may enable the process to be
controlled at a variety of operating conditions with the best ope-
rating condition depending on the feed condition,

The purpose of this work is to present mathematical models
which can be used to characterize a tower type activated sludge
system and then to investigate some of the design implications
of these models, Optimization procedures are used to find optimum

values of certain design variables,
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A tower type biological waste treatment process in which

compartments are separated by sieve plates is shown in Fig, 2.,
Substrate and air flow are cocurrent from the bottom to the top

of the column, In this study, varying degrees of flow nonideality,
i.e., fluid backflow and cell sedimentation are examined, The for-
mer seems to be due to interaction of the cocurrent gas and 1li-
quid flow (1), It is particularly dependent upon sieve plate hole
void area and fluid flow rates. Sedimentation is probably a func-
tion of plate design as well as cell size and density.

In this work, the tower type biological waste treatment pro-
cess with feeding patterns as shown in Fig, ; is considered, In
all of the cases considered here, all of the influent is fed to
the first stage. Cases with backflow and sedimentation between
each stage are compared with cases without backflow and sedimentz-
tion under optimal conditions. The effects of recycle of organisms
and endogeneous respiration are included in the model used in this
investigation; however, sufficient oxygen is assumed to be present
for the biological oxidation and the oxygen concentration is not
considered in the mathematical model,

The process is analyzed by employing mathematical modeling
and optimization procedures to determine the optimal policy of
geveral of thedesignvariables. A mathematical model which descri-
bes the growth kinetics of the biological WaStétreatment and a ma-
thematical model which represents the hydrodynamic behavior of the
flow system are included in thec systems model,

In the system approach, simulation and mathematical optimi-

zation procedures are used to find the optimum of the mathematical
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design problem, However, since the model is only an approximation
of the system, the optimum of the mathematical problemprobably
will deviate from the true optimum. Because of this and shortage
of experimental information, engineering judgement and experience
must be used in evaluating the results which are presented.
-2 KINETIC MODEL

The growth kinetic model used here is the same as that used
previously (8, 9, 10), It is a modified form of Monod's equation
(8) which was based on Michaelis-Menten enzyme reaction, The
additional assumptions are that oxygen and other trace nutrients
are available in sufficient quantites and that growth is limited
only by the organic which provides the carbon substrate for cell

growth, The kinetic model for cell growth is

SX
axX _Hmax
d.t"KS+S'kDX (1)
where
5, S, .
g% = &rowth rate, mg/liter-hr,
S = concentration of organic nutrients, mg/liter
X = concentration of active microoganism, mg/liter

Apax= maximum specific growth rate, hr-l,

Ke

n2

saturation constant, mg/liter,
kp = specific endogeneous microbial attrition rate, hr-l,

When growth occurs according to Equation (1), the organic nutrients

are being consumed at a rate
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as _ _/‘maxsx (2)
at —
Y(Kg + S)
where
as @ i . : .
- 3t = rate with which organic nutrients are consumed,
mg/1iter=-hr,
Y = yield factor, dimensionless,

-3 MATHEMATICAL REPRESENTATICN OF THE PROCESS
(a) Flow parameters

A1l feed is assumed to be allocated to the first tank where
it is mixed with a recycle stream with high concentration of orga-
nisms, The hydraulic model that is considered in this work is
shown schematically in Fig. 2. The model for a system with N
compartments is composed of a sequence of N completely mixed stages
connected in series followed by a secoﬁdary clarifier, A portion
of the sludge from the bottom of the clarifier is removed and sent
to the sludge disposal system, and the remainder is recycied. In
Fig., 2, q 1s the volumetric flow rate, qr is the recycle flow
rate and qw is the flow rate to the sludge digestion system, The
concentration of the food or organic waste in the nth stage is

represented by S". b

is the concentration of the active microor-
ganisms in the nth stage, and 3 is the separation concentration
efficiency. f,, is the backflow rate from the nth stage to the
(n-1)th staze, Fn is the volumetric flow rate leaving the nth stage,

i,e., the flow rate F" plus the flow rate fn due to backflow %o

the (n-1)th stage, The backflow parameter G which iz a measure



115

of the flow leaving each stage which flows down the column is de-

fined in terms of fn, F and Fp as follows

f f
L (6)

T oan
n F o+ fn
When G = 0, there is no backflow and the system reduces to

Q
I
3
1

the simple case of the CSTR's-in-series model, while as G becomes
large the system approaches one complete mixing stage.

Delta (8) is the sedimentation factor in each stage., For
simplicity, a uniform cell concentration, X1, is assumed throughout
the nth stage; however, the cell concentration in the upward flow
leaving that stage, in, is assumed to be less than X" because of

sedimentation, The sedimentation factor, ® which is defined by the

equation

=

& = (7)

N1P<
]

is always greater than or equal to one, For simplicity, the back-
flow ieaving each stage is assumed to have a cell concentration
equal to that in that stage,
(b) Analysis at the inlet

As shown in Fig, 2, the influent is mixed with the sludge
recycle stream at the inlet and introcuced into the first stage.

A balance of the volumetric flow gives

0
Fi=q+qr (8)
where 0 ig the volumetric flow rate coming into the first stage,

The organic balance at this point isg
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qst+ qrs¥ = q(1+ r)s° (9)

where ST is the concentration of the organic waste in the influent
fed to the system., If the cell concentration in the influent is

assumed to be equal to zero, the organism balance is

g(1 + r)X0= qrﬁXN (10)
or
N
rpaXx
0 _ 2
K" = (11)

(c) Analysis at each stage
A substrate balance around the first stage as shown in Fig. 2
gives
gly!
0 .0 2 1.1 max _

F'S"+ f,8°- F'S ‘Vl{_Y(ES_—*'_Sl))—O (12)
where the growth kinetics are those described before in Equation
(2). Similarly, an organism balance around the first stage gives

-1 S
x4 r . x?_ FlX + vlt}-i"—’@-’-‘——-—l—— - ka1)= 0 (13)

2
KS + S

A volumetric flow rate balance around the first stage yields

2 (14)

Similarly, organic substrate, organism, and volumetric flow

rate balances around the ith stage can be obtained as follows:
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i1
. . - _stx
pl-lgi-ly o oi*l pigl _ pgl oy fmax” T, o (15
1t . Vy(rg + sb)
. . . glxl ,
pioigi-lyp i+l _plgd g xley EmeX_ T oxh
i+l K.+ st
S
=0 (16)
and
vty g =Fl 4 1=2, 3, see, N-1 (17)

i i :
Balances on the organics, organisms and volumetric flow rate

around the Nth stage are of the form

N (N

sM x
pii-1gN-1 _ glgN _ £y sV _ Vy Lnax ) = 0 (18)
Y(K +s)
N, N
pi-1gN-1 _ pHyN _ fo + Vg (”max - kaN) = B (19)
Kg + sV
and
A L B (20)

(d) Analysis of secondary clarifier
The flow entering the secondary clarifier is denoted by
a(1 + r); the effluent flow from the clarifier is q(1 - w) and
the bottom flow is q(r + w). This is schematically represented in
Fig. 2. Since the organic waste is assumed to pass through the
clarifier unchanged, the concentration in the effluent and bottoms
N

is given by S, If the sludge is concentrated in the clarifier %o

a bottoms concentration of(BXN, the organism balance around the
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clarifier 1is

a(1+ )XY = q(1 = wx® + q(r + w)px! (21)

where X® is the organism concentration in the effluent stream and
(Sis the separator concentration efficiency, For any given set of
influent flow rate and concentration, recycle flow rate, and wacte
sludge flow rate, the value of @ is assumed constant in this inves-
tigation,
(e) Dimensionless variables

In order to make the results as general as possible, the
concentrations are put into a dimensionless form, The organic waste
concentrations are made dimensionless by dividing them by the con-
centration of the organic wast2 in the influent, Sf, and the orga-
nism concentrations by the product, YSf. This gives rise to the

following dimensionless variables.

Y1 = =F » Yo = ¢ (22)

where y% and yé are the dimensionless concentrations of the organic
waste and organism respectively in the ith stage.

The saturation constant Kg may also be made dimensionless
by dividing it by Sf. that is
K

K, = —
L= o (23)

wn

Thus, Ky is the dimensionless organic concentration at which the

specific growth rate observed is one half the maximum value.
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(f) Dimensionless material balance equations

Equations (12) through (19) can be rewritten in terms of
dimensionless variables by using the dimensionless groups
introduced in the previous section, The dimensionless organic ma-

terial balance equations are

ylyl
0.0 1 172
rOy0 + £ y2 _ Flyl _ vy, Mmax ) =0 (24)
1 25l 1 h K. + 1
17 Y
ial_i-1 1 M Y1 v
-1 i- bz 5 < A i max“1v2
1+t
where 1 = 2, 3,¢.., N=1 and
yNyN
=t N1 gNN o Ny Shmax’1V2 (26)
1 1 NY1 N N
K1 + ¥q
Similarly, the organism dimensionless balance equations are as
follows:
T
0.0 2 1.1 ax 1’2 1, _
Kl + ¥
1
M Yiyi
ettt i+l Li-i i max” 17 2 iy _
By ¥y F - vtV 1 ~kpyp)= 0 (28)
K1 + Yy
where i = 2, 3, ..., N=1 and
M yivy
N-1-N-1 N-N N max” 1Y 2 Ny _
Py, = Py, = Oy, + V(=5 - kpy,) = 0 (29)
Ky + 74

(g) The mathematical objective function
The mathematical objective function for this problem which

is to be minimized is the total holding time of the biological

rrowth chamber,
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N V. N
i -
J = '151 P B 151 £, (30)

for a fixed degree of treatment (fixed value of y?) where Vs is
the liquid volume of the ith stage and t; is the mean residence
time of the fluid in that stage. Although this mathematical objec-
tive function is rather simple, it can be used to obtain useful
information about the effect of hydraulic flow pattern on the
performance of the system,
-4 COMPUTATION

Analytical expressions for the oréanic substrates and organisms
for each stage are represented by Equations (24) through (29).
The flow rate relationships are given by Equations (14), (17), ard
(20). In order to minimize the total holding time, the number of
degrees of freedom in this system must by known. The result of this
analysis, which follows that of Erickson and Fan (9), shows that
(N-1) decision variables need to be considered in optimizing this
N stage system, For example, in practice the relative volumes of
individual stages could be selected so as to implement the optimal
design, The optimal policy can be determined by solving 2 x N simul-
tancous equations with search techniques. The techniques employed
in this study are the Golden section search and Simplex pattern
search techniques. Optimal results are obtained for one, two, and
three stage systems,

Additional details on the computation scheme used to obtain
the optimal policy of the tower type bioclogical treatment system

are given in the Appendix I.
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-5 RESULTS AND DISCUSSION

Optimal results are obtained for 90, 95, 98, and 99% treat-
ment for several values of the backflow and sedimentation parameters
and K4 . The following values for the constants and parameters are

used in this investigation.
2
Yo = 0

M. = 0,1 hr!

kp = 0.002 hr!
r = 0,25 dimensionless
B = 4.0 dimensionless

K4 = 0.01, 0.02, 0,05, 0.1, 0,2, 0.5 dimensionless

0,01, 0.02, 0,05, 0,1 dimensionless

<
=
1]

¢ = 0,0, 0,05, 0,10, 0.15, 0.20, 0,25 dimensionless

$ =1.0, 1.1, 1.2 dimensionless

The results of this investigation are presented in tables in
Appendix IIand Tigs, 3 through 16, For all cases investigated, the
required holding time (the optimal total holding time) increases
as the percentage of treatment increases; however, this increase
in required holding time becomes much more rapid as the percentage
of treatment approaches 100 . As the number of aeration stages in
the system is increased, the total required holding time decreases
for a fired percentage of treatment. This reduction of the required
total holding time is partially the result of an increase in the
number of degrees of freedom,

The variation of total holding time with percent treatment,
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K, (saturation constant), C (backflow parameter), and § (sedimen-
tation parameter) as parameters is shown in Figs., 3 through 5 for
the two stace system, and Figs, 6 through 8 for the three stage
system, The results show that the total holding time increases

with increasing values of K This is due to the fact that the

1
specific growth rate decreases as KI increases, In Fig., 3 and 6
where there is no sedimentation, the total holding time increases
when backflow zppears in the system. Because of the appearance

of backflow in the system, a higher concentration of organisms is
created in the lowest stage (see Fig. 13), along with a more dilute
concentration of substrate (see Fig. 14), If one carefully examines
the growth medel of Monod's equation, increasing the backflow in
the system with no sedimentation decreases thé specific growth rate
in the earlier stages., Thus, although the organism concentration

in the earlier stages increases, the required total holding time
increases because of the change in substrate concentration. The
effect of backflow, therefore, is undesirable in the case of the
system with no sedimentation,

As shown in Figs., 4 and 7, the effect of backflow may reduce
the total required holding time when sedimentation is present in
the system.Backflow still reduces the specifiec growth rate; however,
the increase in the concentration of organisms through the system
is more enhanced than when no sedimentation is present because of
the combined effects of sedimentation and backflow (see Pige 13),

Comparison of the effects of the sedimentation parameter and
backflow on the total holding time of the two and three stage sys-

tems with certain values of saturation constant are shown
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respectively ir Figs, 5 and 8, The results show that the sedimen-
tation parameter definitely reduces the total holding time. On the
other hand, the backflow may be either desirable or undesirable

as the effects of backflow on the total holding time of the systen
with sedimentation become favorable only when the sedimentation
parameter is greater than a certain value.

In Figs, ¢ and 10, the optimal total holding time is plotted
as a function of the sedimentation parameter, $ . The results in
Fig. 9 for the two stage system and those in Fig. 10 for the three
stage system show that the total holding time decreases as the
sedimentation parameter increases for all values of XK; and G, The
results also show that the effect of backflow depends on both K4
and § with each set of curves showing a point of intersection
where equal performance is obtained with either amount of backflow,
On the left hand side of the intersection increasing backflow in-
creases the total required holding time, while on the right hand
gide increasing backflow reduces the required total holding time,
These two figures show that the point of intersection shifts with
changes in the saturation constant. These figures also show which
combination of values of the sedimentation parameter and saturation
constant is favorable to improved operation by increasing backflow.

The influences of backflow on the total holding time of the
system are shown in Figs. 11 and 12 in which sedimentation parameter
and saturation constant appear as parameters., Again, the effect
of sedimentation is greater than that of backflow on the total
required holding time., As shown previously, there are some cases

in which the total holding time is decreased by backflow and others
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where it is incresced by backflow,.

The change in the concentrations of organisms and substrate
in each stage of the system with backflow and sedimentation are
shown respectively in Figs, 13 and 14. At high values of the back-
flow and sedimentation parameters, the highest concentration of
organisms is present in the first stage and the concentration de-
creases from the bottom to the top (see the case of G = 0.25, § =
1.2). For some combinations of sedimentation and backflow, 2 higher
concentration of organisms appears in the middle stage (see the
case of @ = 0,25, = 1.1). With no sedimentation, the concentration
increases from the bottom to the top. Figures 13 and 14 show not
only the distribution of the concentration of organisms and subs-
trate in the system, but also the effects of backflow and sedimen-
tation on the distribution of the concentration of organisms,

The effect of number of stages, sedimentation, and backflow
on required volume is illustrated in Figs. 15 and 16 by examining
relative volume requirements, The effect of the number of stages
on the required volume relative to that required for a one stage
system is shown in Fig. 15. Increasing the number of stages in the
activated sludge system reduces the total required volume., The
effect of sedimentation and backflow is also important. As shown
in Fig. 15, a two stage system with backflow (¢ = 0.25) and sedi-
mentation (%= 1,2) requires less volume than a three stage system
with no backflow and no sedimentation, Fipure 16 illustrates the
effect of backflow and sedimentation on the volume requirement
relative to that of a threce stage system with no backflow and no

sedimertation, It shows that sedimentation ic desirable for
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optimal performance and that it reduces the total required volume,
Howover, thoeffect of backflow depends on the value of the sedimen-
tation parameter znd the saturation constant, For the case of no
sedimentation, more volume i35 required for optimal performance as
the backflow and saturation constant increase; however, for the
cases with sedimentation, backflow becomes desirable as it reduces
the total required volume. The effect of backflow on reducing the
volume ratio is small,

Since it may be possible to achieve the optimal pattern of
flow and mixing within an activated sludge system without greatly
affecting the costs of separation and sludge disposal, it is desi-
rable to increacse one's knowledge about the effect of the hydraulic
regime on the performance of the system., Although the results pre-
sented here indicate that the backflow and sedimentation can be
used to reduce the volume requirements under some conditions, one
should remember that the mathematical model used here to describe
the biological waste treatment process is only an approximation
of the actual process., For example, the model does not consider
either the physiological state of the organisms or the heteroge-
neity of the population. If, for example, a lag in growth occurs
when the sludge from the third tank is recycled back to the first
tank, the required volume will be greater than that predicted and
the advantage of multiple stages will be less than that predicted,
The backflow parameter may be adjusted by increasing or decreasing
the number of sieve holes, the sieve plate hole void area, and the
geometry of the holes. The sedimentation parameter may depend on

organism physiological state, hydraulic position, and surface
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behavior; however, a uniform sedimentation parameter throughout
the entire system is assumed in this work. The results presented
here can be employed for achieving optimal performance by adjust-
ing backflow and sedimentation parameters; however, additional
work is needed to determine specific values for these parameters,
k-6 CONCLUSIONS .

The present work presents a mathematical mod=21 which can be
used to describe a tower type biological waste treatment system,
Fluid backflow and cell sedimentation are included in the model
which is used to investigate system optimal performance for various
values of percentage treatment, saturation constant, fluid backflow,
and cell sedimentation, The results show that the percentage treat-
ment, saturation constant, and cell sedimentation significantly
affect the optimal volume requirements,

Some of the advantages of a tower type activated sludge pro-
cess that can be visualized are the reduction in aeration tank
volume because of sedimentation and optimally controlled backflow,
better control of desired mixing patterns within the aerafion tank,
and improved oxygen transfer and utilization. The tower system -
will also require less land space and be easily integrated into

an industrial complex.
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NOMENCLATURE

The upward flow stream leaving stage n.

The total flow rate leaving stage n, (F© + fn).
The backflow rate coming from stage n.
Backflow ratio, (%) ’

Objective f'unction.1

The concentration of organic at which the specific growth
rate observed is one half the maximum value, mg/liter.

The dimensionless organic concentration at which the
specific growth rate observed is one half the maximum value,

Specific endogeneous microbial attrition rate, hr?,
Volumetric flow rate of feed to the overall:system, liter/hr,
Recycle ratio,

The concentration of organics in stage n, mg/liter.

The concentration of organics in the feed, mg/liter.

The holding time of stage n.

The liquid volume of stage n.

Total liquid volume of the system.

The concentration of organisms in the feed, mg/liter.

The concentration of organisms in stage n, mg/liter.

The concentration of organisms in the upward stream leaving
stage n, mg/liter,

The dimensionless concentration of the organic waste in the
nth tank ( Sl/Sf)

The dimensionless concentraion of organisms in the nth stage,

X2
ysT

Dimensionless concentration of organisms in the upward
stream leaving stage n,
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’“hax = Maximum specific growth rate when the organic concentration
is not limiting the rate of growth, hr-1,

3 = Secondary clarifier parameter.

$ = Sedimentation parameter.
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APPENDIX

The schematic diagram of a tower system with recycle is
shown in Fig. 2. Influent, q, mixed with recycle of activated
sludge, qr, comes into the first stage. The volumetric flow rate
at the inlet mixing point can be written as

F0=q+q1"

q(1 + r) (a-1)

i

At steady state, the flow rate leaving the top stage is
M = 70 = g(1 + r) (A-2)

The volumetric flow rate balances around each stage are

O 4+ £y = Fl (A-3)

Feler = F 4 £, m= 8 By eey Nod (A=)
and

-1 - gl oy £ (A-5)
Let

F, = 4 o (4-6)

The backflow ratio, G, which is assumed to be constant is

defined as

f

n
G = ﬁ; (A-7)

Therefore,

F? = F (1 - G) (A-8)
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The flow rates at the last stage may be written in the form

I

N
F Fy(1 - G) (A-9)

and

= F G (A-10)

£ N

N
Substituting Equation (A-2) into Equation (A-9) yields

po=a(l+ r)
N 1 -G (A=11)

The backflow rate, which can be obtained by substituting Equation
(A-11) into (A-10), is

£o= a(1 + r)G

N~ 1-G (A-12)

Substituting Equations (A-11) and (A-12) into Equation (A-5)

gives

q(1 + r)G
T - (A-13)

N-1

F =q_(1+1‘)+

Using the relations given in Equations (A-7) and (A-8), one obtains

a(l1 + r) L a(l + r)G
F ” + (A-14)
and.
a(1 + r)e . a(l + r)G?
f = + (A~15)
N-1 =T 1 -G T 5

Substituting Equations (A-12), (A-13), and (A-15) into the volu-

metric balance equation of the (N-1)th stage yields

2 .
-2 - ¢ 31141*3% gl (A-16)
i=0 (1 - @)
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and

= 2 a1 + r) o] (A=17)

f
N-2 551 (1 - 6)d
By successive substitution into the volumetric balance equations,

the flow rate relation for the nth stage is obtained as
Fn = Nz-n gﬂ».'."_rl_l Gi B n=2, 3, ..." N-1 (A-18)
1=0 (1 - ¢)*

and

N~ <
f = :ni.lg.(l_j'_L)_GJ

=1 (1-a) n =2, 3, «er, N-1 (4-19)
= :

Substituting Equations (A-1) and (A-20) into Equation (A-3) gives

N-1
Fl=q(1+r)+ £ q(1+7) ol (A-20)
9= g L g)d

which can also be written as

N-1 .
pl= g all+r) 4t (a-21)

i=0 (1 - @¢)*

Equations (A-1), (A-2), (A-12), (A-13), (A-18), (A-19), (A-20)

and (A-21) allow the flows to be written in terms of g, r, and G.
The objective function which is to be minimized is given by

Equation (30). The equality constraints may be written in dimen-

sionless form as follows:

o_ 1
Y1 =T+ 1

0 54 N
vy = T y) (A-23)

(ryf+ 1) (A-22)
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1 1
- - - T ¥
B iyt - gl =
K1 + Y1
yiyl
pl-1,i-1 5 i+ g i _ g, (Hmax’1'2y _ o (A-25)
i+1 i=1 Yk o+ 1
17V
N_N
sk Y.y
FN-l N-1 _ B yN - E (“hax 1 2) =0 (A-26)
1§ NY1 N K. + 1
R
ylyl
yo+ £yl - Pgl e g AMEXTIS2 g uly D0 (a2p)
K1 + ¥y
(P (W T - +1 = =
e T A A Rt
i i
Y3y ;
+ E.(”max 12 _ kDyl) = 0 (A-28)
1" % 4+ y1 2
1 1
N N
and
adlesdime B 1 =N=N = N Mmax Y192 N
oy - Fly, - fyy, + tN(—*‘-"T - Dy2) = 0 (A-29)

K1 + ¥y
In these equations,

_ v,

_ i (A-30)
ti gl + r) 2

is the mean holding time in each stage and

ST e IR T G WA=31)

are the dimensionless flow rates.
The mathematical problem of minimizing Equation (30) subject

to Equations (A-2), (A-9), (A-12), (A-18), (A-19), (A-20), (A-21)
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and (A-22) through (A-29) for fixed values of yf,@, r, G, and §,
can be accomplished by using direct search optimization procedures.
If the concentraion of organics in each stage, yi, are taken to

be the independent decision variables of the optimization problem,
the optimization problem can be put in a form in which the object-
ive function, J, can be computed for various values of the design

variables. Equations(A-24) through (A-26) may be written in the

form
Hnax Y195
_ ¢(pi-1_i-1 - i+1 = i ax 172
17
i = l, 2’ .I.. N (A-BE)
where
FO- 1
1 = 0

Equation (A-32) can be written as

A,
- 1
ti = — (A-33)
i J2
and
= f.l , = 141 3
Ay = Fy v 7 F fyyy 7 - Fyyg
and i
1
g AMnax Y1
il i
K, + ¥

Substituting Equation (A-33) into Equations (A-27), (A-28)

and (A-29), one obtains
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A,
=i=l=i+1 = i+1 =i-1 i 1 i 1§ o
FUy T r Ta¥e T - By - Ty v (ByYy p¥z) = 0
Y
iv2
1 = 1, 2, s 00y N (A-Bi,‘)

Rearranging Equation (A-34) yields

)
Bj,

=%t i-1 , = i+1
o o V8N ¥ Tyaadg By
2 - = =
(F,/6) + £,
oo ooi-1 i+1
= Biyy T+ Tiyp T+ Py, i=1, 2, eoey, N (A=35)
where
% 1-""1_1
]
F@'+ § T,
T = Tivq
i =1
(F/8) + T
and
- E—D-)
i Bi

Py = =1 -
(F'/8) + T,

There are N simultaneous equations of the form of Equation
(A-35) for an N stage tower system. Eliminating y% from the first
two equations of Equation (A-35), which represent the organism
balances around the first and the second stages, followed by suc-
cessive elimination of y; by using Equation (A-35) for the third
and following stages leads to an equation for yg in terms of yg.

In order to simplify the resulting expression, the following new
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notation is introduced

Wy = 1
Wl =1
W, =W - WTR
2 1 07172 (A—Bé)
Wy = W, - W,T R,
Wo=W ., -W T R, n=2 3 .., N
Q) = WyPyRy
Q, = R3(Q1 + W,P,)
Q3 = RLF(QZ + WZPB) (A-37)
Q, = Rn+1(Qn_1 + wn_lpn) sy H=2, %, siagl
and
Z. = R.y°
1 1¥2
Z. = R,R.y° + Q
2 172¥2 1
75 = RiRRyy0 + Q, (A-38)
:n "
Z, = R¥o+ Q15 B=2,3, cou, N

i=1
By using these redefined parameters and Equation (A-35), the

. n . .
general expression Y, is obtained as

W
= n—l(T yn+1 + P )

" wn n’2 n° '’

n=1, 2, ..., N (A-39)
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Since TN = 0, yg is obtained in terms of yg and the substrate

concentration of each stage as
N_ N, _N-1

Substituting Equations (A-23) and (A-38) into Equation (A-40)

yields

(A-L1)

Now, yg becomes a function of substrate concentrations only,.

N
» ¥1 is fixed. Selecting

For a desired degree of treatment
values for the variables y?, n=2, 3, .., N-1 is sufficient to
specify the values of the dependent variables and the objective
function, J.

The suggested computational procedure to compute J is as
follows;

1. Assume y?, n=1, 2, ..., N-1,

2., Compute yg using Equation (A-41).

3. Compute yg using Equation (A-23)

4. Compute yg using Equation (A-35), n = N-1, N-2, ..., 1.

5. Compute t, using Equation (A-32).

6. Compute J using Equation (31).

To obtain the minimum value of J, the vélues of y?, n=2, 3,
+oe, N must be the optimum values; that is values which allow J

to take on its minimum value must be selected. A direct search
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optimization procedure may be used to systematically assume sets
of wvalues y? , =2, 3, 0., N until the optimum values of these
design variables have been found. The simplex pattern search tech-

nigue (10) has been used as an optimization subroutine to determine

the optimum values of these design variables.
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APPENDIX II
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Table 1. Optimal results for one stage systems with 90, 95, 98,
and 99 per cent treatment, B = 4.0, § = 1.2

Ky yi ‘Yg Y% Y; k
0.01 0.01 3.034 3,792 4.550 3.472
0.02 3.026 3.783 4.540 2.577
0.05 2.928 3.660 4,392 2.049
0.10 2.738 3.423 4.108 1.875
0.02 0.01 2.970 3,713 4.456 5.319
0.02 2,995 3.764 4.693 3,472
0.05 2.916 3.645 4.374 2.401
0.10 2.733 3.416 4.099 2.049
0.05 0.01 2.781 3,476 3.171 11.36
0.02 2.902 3.627 4.352 6.272
0.05 2.880 3.600 4,320 3.472
0.10 2.716 3,395 4.076 2.577
0.1 0.01 2.465 3.081 3.697 23.50
0.02 2.746 3.432 4.118 11.36
0.05 2.820 3.525 4.230 5.319
0.10 2,688 3. 360 4.032 3.472
0.2 0.01 1.833 2.291 2.769 60. 34
0.02 2.434 3.042 3,650 23.50
0.05 2.700 3,375 4.050 9.259
0.10 2.632 3,290 3.948 5.319
0.5
0.02 1.498 1.892 2.246 90.28
0.05 2. 340 2.925 3.510 23.50
0.10 2.464 3.080 3.696 11.36
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Chapter 5

FUTURE PROPLEMS

In large scale industrial fermenfations, continuous processes
are increasing in importance. Tower fermentation systemg which can
be operated as either continuous or batéh processes have a number
of unique characteristics that may lead to ﬁuéh greater use by
biochemical industries and also in bioloszical experiments. The
most important characteristics of the tower system are related to
the presence of backflow, cell sedimentéti?n, and‘adjustable geo-
metry., Essentially, a tower system has the same advantages as a
multistage continuous culture system and those of a chemostat, In
addition, it has several unique features which the conventional
systems do not have.

Recently, a few experimental papers have been published on
the tower system; however, knowledge of this system is still ra-
ther incomplete, The topics which have been studied in the present
work give people a better understanding about the performance of
the tower system, but in order to know how to operate and control
the tower system in various applications‘the following topics
need to be investigated,

(1) O©Oxygen transfer

An aerobic growth process needs oxygén to use in microbtial
matabolism and biosynthesis., The oxygen transfer rate may be the
rate controlling factor in biological growth, The oxygen transfer
rate depends upon temperature, bubble surface behavior, oxygen

demand and the degree of mixing. Investigating the oxygen transfer
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rate has becn a popuvlar biochemical engineering topic and Kital
(1) has studied oxygen transfer in the tower system,

The bubble size distribution and bubble detention time‘grea%—
ly influence the oxygen transfer rate, If the controlling step is'
the interfacial mass transfer process the surface renewal rate may
play an important role in the oxygen transfer process, From the
microscopic stant point the interfacial mass transfer rate is de-
pendent on the surface renewal rate and bubble size distribution,
The correlation of the microscopic mass transfer coefficient with
the macroscopic mass transfer coefficient in order to estimate the
total amount of oxygen transfer in a tower system should be inves-
tigated, Also, the effects of bubble size and the degree of mixing
on cperating performance are of interest,

(2) Control in tower systems

Biological processes are often designed to operate on the
basis of an optimal policy, but the process variables may fluctu-
ate due to environmental conditions. The microbial growth rate
'depends on secveral process variables which may cavse the operating
performance to deviate from the optimal policy. Gaden (2) listed
the important process variables to considered; (a) temperature,
(b) pH, (c) nutrient supply, (d) oxygen supply, (e) agitation,

(f) flow rate, (g) product concentration., Some of these variables
are hard to adjust quantitatively, and qualitatively, only the
measurable variables can be considered as control variables,

The most popular control variables are temperature, pH, and
flow rate. The response function to a disturbznce or forecing

function in the flow to the tower aystem, and a study of the
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necessary controller to maintain a tower syétem at the optimal
oPerating conditions are of interest, Productivity or precent
treatment may be selected as a state variable to be optimized, The
general process involves developing the system performance equa-
tions, system simulation and optimization in order to find the
optimal policy, development of the dynamic equations needed for
control, selection of a control system, and optimal adjustment of
the controller,
(3) Craphical evaluation of the substrate and cell concentration

in tower systems

Determination of the concentration of substrate and cells in
the tower fermentation system by solving 2N simultaneous eaquations
is described in Chapter 2, A graphical method might be employed
to determine the concentration of substrate and cells in each
compartment of the tower system. Graphical methods have been
used to predict the performance of a2 continuous culture by
Luedeking and Piret (3) who used a graphical method to predict the
concentration of cells, in which the cells in continuous culture
are in the same "physiological state" as those at the correspond-
ing stage of batch cultivation.

The complexity of the flow pattern of a tower system is due
to the backflow and cell sedimentation flow nonidealities, The .
m2es balances around each stage are given in Equations (23), (24),
and (25) in Chapter 2, The interaction between two ad jacent stages
because of backflow results in the concentrations in stage 1 being
influenced by the concentrations in the two adjacent stagen, Lelli

(4) reported a graphical method to solve the backflow cell model
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associated with a chemical recactor, Concepts employed in solving
distillation, adsorption and extraction problems are used to
determine the concentration distribution in the reactor, The
operating line and equilibrium line have to be identificd before

a stepwice procedurc can be followed to predict the concentrations
in each éompartment. An effort should be made to develop a gra=-
phical stepwise procedure that might be employed to estimate the
concentration distribution in a tower type biological system,

(4) Residence time distribution analysis in tower fermentation

The fluid dynamics play an important role in tower fermen-
tation systems, Unfortunately, the analysis is complicated by the
fact that the biological growth process is a hetergeneous system
with three phases, The residence time distribution of each phase
is different and cach must be investigated to construct a model
of the process. The microorganisms may be considered as the dig-
persed phase, Their aggregation into large particles, their micro-
bial metabolism, and their sedimentation can be considered in
modeling their flow behavior, The experimental study of Prokop et
2l, (5) indicates that the dispersed phase residence time digtri-
bution differs from that of the continuous phase in the “ower
systen,

Many researchers (6, 7, 8) have investigated the residence
time distribution of the continuous phase for the backflow cell
model, In the case of a large number of stages, the laplace trzns-
form functions of the system equations can be obtained systemati-
cally; however, the inverse transform functions are difficult %o

obtain, MNumerical methods provide an effective technique t5 inte-
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grate the simultaneous differential equations which describe the
response of the system to an inprt of tracer, The time consumption
required by the RKGS IBM scientific subroutine may be quite sub-
stantial, Other solution techniques such as that of employing
collocation methods (9) should also be investigated, The residence
time distribution of the dispersed phase in a multistage tower
system should provide a very interesting area for further research,
(5) Consideration of the effect of the physiological state on
modeling microbial growth processes,

Monod's equation to describe microbial growth assumes that
all cellg are in the same physiological state; however, the
activity of a cell may be influenced by its age and physiological
state, The microbial growth rate may depend not on the concentra=-
tion of cells and substrate, but also on the history (or physio-
logical state) of the cells, Kono (10) has reported his study
which considers physiological state in modeling microbial growth
by introducing a coefficient of activity which depends on environ-
mental conditions, retention time, and competition behavior,
Population balances and other stochastic models should be usecd to
analyze the effect of cell age and cell history in modeling micro-
bial growth processes. By properly controlling conditions in various
parts of the tower system specific changes in cell physiological
state may be continuously obtained to experimentally verify theo-
retical results,

(6) Modeling hydrocarbon fermentations in the tower system,

Hydrocarbon fermentations in which a second liquid phasc is
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present have not been thoroughly investigated in a tower system,
The introduction of an additional liquid phase and the very unique
character of many growth processes when two liguid phaces are
present suzgest a number of interesting residence time distribu-
tion and flow behavior investigations that should be conducted,

The optimal feed geometry and operation of a tower system can be

investigated after the flow behavior is adequately modeled,
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ABSTRACT

This work investigates the microbial growth process in a
tower type continuous culture system. Media and air are assumed to
flow cocurrently through a multistage tower type aeration system.

A mathematical model that can be used to describe cell growth in
tower fermentation systems with backflow and sedimentation is pre-
sented, Two computational procedures to obtain steady state simula-
tion results are described and some results are obtained for 2, 4
and 8 stage tower systems. The effects of feed geometry, backflow
rate and cell sedimentation on steady state behavior are investi-
gated, The results show that control of backflow, and cell sedimen-
tation within the tower together with control of feed flow rate and
feed geometry will allow a wide range of operating conditions to

be obtained in the tower system.

The washout behavior of tower fermentors with different
hydraulic characteristics (backflow, cell sedimentation, and feed
geometry) is investigated. General characteristic equations for
washout are developed for a variety of feed and discharge geome-
tries, Results show that it is possible to greatly increase the
operating range by adjusting the hydraulic parameters and feed
geometry; however, increasing the number of stages usually decreases
the washout dilution rate., A detailed analysis of washout for
several different cases is presented,

A tower type activated sludge waste treatment process is
investigated, Air and influent are assumed to enter the column at

the bottom and flow cocurrently up the column. A part of the



activated sludge from the sedimentation tank which clarifies the
effluent leaving the top of the tower is recycled, The optimal
design of tower type activated sludge waste treatment processes

is investigated using mathematical models in which flow nonideality
due to sedimentation of sludge and fluid backflow are considered,
Mathematical optimization techniques are used to select the volume
of each stage which minimizes the total volume required for
aeration to a fixed degree of treatment., Optimal results have been
obtained for two and three stage system for several values of the
backflow parameter,_the sedimentation parameter, the degree of

treatment, and saturation constant.





