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ABSTRACT

Static analysis for an activated sludge system has been performed.
Models of different complexity have been analyzed in order to deter-
mine which model complexity would be needed to describe a plant for

control purposes.

Some basic phenomena are analyzed for very'simple models., Different
approximations of the hydraulics are made in order to describe the
influence of different flow patterns. It is also demonstrated that
the step load is an important‘control variable. The biosorption
phenomenon 1s analyzed in some detail and the comsequence of taking

biosorption into a model is demonstrated for different aerator systems.

The dissolved oxygen concentration is important to control out of
economical reasons. It is, however, also interesting as an indicator
of the biological activity. It is shown, that the oxygen profile provides

an interesting information that can be used to indicate completion of

the biological reaction.
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in the present report static analysis and computations have been
P formed for an activated sludge system. Models of quite different
-@ .plexity have been analyzed in order to determine which model com-

:p1exity would be needed to adequately describe a plant for control

p fbéses. |

| The present report is based on a previous report on biological

models in activated sludge systems, Olsson (1975). The latter is

ﬂréféreed to as 'part I'.

The first model approach is the simplest possible. Soluble

?gﬁﬁstrate and microorganisms are represented by one variable each in

‘a complete mix reactor. The steady state solution is simple enough

to calculate analytically, and the influence from different parameters

‘can easily be computed. The influence of different parameters give

good indications what to expect in more elaborate models. The con-

cept of sludge age is considered, and some discussion is performed in

order to clarify some misconceptions seen in the literature.

The flow pattern has a major influence on the plant behaviour, and
therefore an accurate model must reflect the flow pattern reasonably well.

A complete mix reactor behaves quite differently compared to a plug flow
reactor. There are several plants, which need a description somewhere
between the two extremes. It is shown, that a description withfé reasonable

number of subreactors in series approximating the aerator will be a useful

approximation in many cases.



1f an aerator is supplied with step feed loading, there is an

extra control variable available, which may be very valuable under
certain conditions. Some calculations have been made to show, under
what conditions it is preferable to use the step feed pattern to improve
the process.

In order to be able to explain the dynamical behaviour of a contact
‘stabilization process the phenomenon of biosorption has to be modeled.
:Two different approaches of biosorption modeling are analyzed, and it is
found that one of the approaches is not feasible, while the other is.
The biosorption phenomenon is applied both to plug flow reactors and

.io step feed reactors. In the plug flow case the substrate concentration
profile indicates clearly, how the biosorption acts in a biological
Teactor.

In many situations the dissolved oxygen (DO) concentration is a
limiting factor for the biological activity. The dynamics of the
dissolved oxygen is formulated and its coupling to the biological
equations is given. The profile of the DO concentration in a plug flow
reactor is analyzed and computed for some different cases. It is
fdemonstrated:how the DO profile is a very important tool to indicate;

how the biological reactions behave. Some analysis of the DO profile is

The DO concentration sensitivity to different disturbances and inputs
is also analyzed. It is shown analytically, and verified by computations,
‘that there is a maximum sensitivity of the DO concentration for changes
n the air flow rate. This maximum appears at DO levels at about 2 to
;4 mg/1, depending on other operational conditions of the plant. The

féﬁnsitivity to substrate or influent flow rate disturbances is also

analyzed. This sensitivity is always increasing with an increasing DO



level.

The emphasis throughout the report is placed at the biological reactor
and the effects of bioclogical parameters of the system, while using only
the simplest models for the settler. Throughout the report the operation
of the settler is represented by using a constant compaction ratio
petween the mixed liquor suspended solids concentration in the feed and
the underflow concentration.

Such a model is certainly inmsufficient to adequately describe a
final clarifier. For static analysis, however, the approach with a
constant compaction ratio may be adequate, as long as the ratio is
given a reasonable numerical value to fit the operational condition.

In most of the models the compaction ratio parameter is coupled to
other parameters, primarily the return sludge flow rate. Therefore
it is preferable to examine not primarily the influence from the compac-
tion ratio but rather the combination of return sludge flow rate and
compaction ratio. Those parameters are in turn strongly related to the
sludge age.

The material is organized as follows. The complete mix reactor with
basic kinetics is analyzed in chapter 2. Some considerations about the
sludge age concept are made in chapter 3, and the different concentrations
are analyzed with respecf to the sludge age. In Chapter 4 different
approximations of the hydraulics of an aerator are analyzed and computed.
The step feed calculations are performed in Chapter 5.

The biosorption is treated in two chapters. Iﬁ Chapter 6 some funda-
mental properties of the biosorption approaches are analyzed. Only a
complete mix aerator has been used here. In Chapter 7 more complex

reactor systems are analyzed. Different plug flow concentration profiles



‘are computed, and it is concluded which operational conditions will
'affect the biosorption behaviour. Step feed reactors are also considered,
‘and a contact stabilization plant is examined as a special case.

In Chapter 8, finally, the influence of DO limiting mechanisms on

the biological activity is computed and analyzed. It is shown how

different parameters influence the DO profile in a plug flow reactor.

‘“The DO concentration sensitivity to different disturbances is then

analyzed.
g




COMPLETE MIX AERATOR WITH BASIC KINETICS

Ii.is possible to gain a good insight into some basic phenomena of
;1ﬁated sludge dynamics by considering only the basic substrate and
croorganism equations. The results are of course not quantitatively
urate, but very often they will give qualitative indications about
parameter sensitivity, time constants and control possibilities.

- Static apalysis similar to the one given in this chapter can be
fgund elsewhere. Andrews (1971) has examined the basic kinetics in
géme detail and looked at parameter influences. = Some additional con-

‘clusions are made here. The model complexity is increased in the

“following chapter. Then comparisons are made with the simplest models.



Equations and steady state solution

The aerator is assumed to be a complete mix type and the kinetic

gquations are the simplest possible, only representing substrate and

microorganisms. The equations are derived in part I but are repeated

ﬁére for convenience. Referring to Figure 2.1 for the definitions

Sf the flows and to appendix for the terminology the eq. (5.18}, (5.19)
and (5.22) of part 1 are repeated here. Inert bacteria as well as

dispersed bacteria are neglected. The substrate equation is

‘ds  _ Yx cx
T D (si -8} - Yx . (2.1)

The microorganism equation is

dc
X _ 1o -
T D (ry-1-r) cy + (ux dx) <. | (2.2)

It has been assumed that the settler is characterized by a simple

compaction ratio Y,

cx,r = vC, (2.3)
S = s
T
The growth rate Uy is assumed to obey the Monod équation
= (2.4)

px b “x K + s
X

Elementary calculations give the steady state values for (2.1) and @.2}.

They have previously been calculated by other authors,

e.g. Andrews (1971),
DY (s, - s9) o
X i (2.5)

X



K. (Dn + d.)
s” = = {(2.6)
ux-dx-Dn

n=1+r1-71Y (2.7)

he parameter p must always be positive in a static condition. This
an be realized from the settler mass balance for the microorganisms.

ﬁ part I chapter 8.1 the mass balance is derived, and it is found that

ﬁe waste sludge flow rate w is

l1+r-1y -¢€
(2.8)

1

W
Yy - €

s w must be non-negative, n must be positive.

1-w)Q B

. v
v
———/// PPN
| 7 | =~

_—~"SEPARATOR

Fig. 2.1, Schematic flow diagram of a complete mix activated sludge system.



he relation (2.8) between w and r is linear and is shown graphically

figure 2.2 for some different values of the clarifier efficiency.n.

0.20

0.15 4

0.10 4

0.05 4

0.1 0.15 0.20 0.25 0.30 r

Fig. 2.2. Relation between the settler flow rates w

and v for different values of the settler efficiency



 Steady state analysis

The two steady state equations (2.5) and (2.6) for the complete mix

sy tem will now be analyzed, and the influence of the different parameters

W; i'be discussed.
grom (2.5) and (2.6) the wash-out time can be easily calculated,

" the minimum aerator detention time for any substrate removal. For

rention times smaller than the wash-out time 6 the bacteria concentra-
Qn Cy = 0 and from (2.5) it is concluded that s = S;, which means no
in {2.6) gives directly

ubstrate reduction. Imserting s; instead of s

(s, + K )
[ X (2.9)

“word of caution must be said here. The wash-out time is defined

as the minimal hold-up time 6 for substrate yemoval, where 8 is defined

8 = V/Q (2.10)
The real detention time for the aerator, however, is
v 6
T = = (2.11)
Q{1l+x) 1+
as a result of the return sludge flow rate.
e steady

In order to further study the parameter influence on th

state solution (2.5), (2.6) a simple Fortran program has been written.

Naturally all conclusions are only qualitative in nature, but they still

give a feeling for the essential features of the system behaviour.
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Figure 2.3 the substrate concentration has been plotted as function

quation (2.6) shows that the substrate concentration is indepen-

xceedg the wash-out time. Thus, if the influent concentration should be

stead of 200 mg/1 the upper 1imit of the curves are moved from 200

settler conditions are considered independent of the flow rate.
The higher the return flow rate the smaller is the substrate concen-
tion. Also observe, that the slope of the curve for small detention

imes gets higher for higher return sludge flow rates.
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compaction ratio are similar. Both of them appear in the term

ondition n z 0.
Bdr_an infinite hold-up time the substrate concentration approaches

e value

0 (2.12)

'h.is independent of r. For the actual parameter values

s® = 5.1 mg/l

The same limiting value is achieved for an infinite sludge age (see
apter 3}. 1In such a case no sludge is wasted, and it is also assumed
hat no sludge goes over the weirs in the clarified water, i.e.

e =0

l+r~-ry=n=20 (2.13)

The microorganism concentration (2.5) is also plotted against the
ictor hold-up time, in figure 2.4. For detention times greater than
hé wash-out time it is positive and then increases with the detention
;me. It actually has a maximum for a cer£ain detention time for every
onstant r. In figure 2.4 it is most clear for the large values of r.
or larger values of the hold-up time the organism decay becomes more
mportant, and consequently the organism concentration will be smaller.
or an infinife value of the hold-up time the organism concentration

approaches zero, according to equation (2.5) (D=0).
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The process loading intensity (PLI), sometimes called the food-to-

microorganism ratio F/M, will now be considered. Generally it is

defined as
- infiuent substrate concentration flow rate

PLI = (2.14)

» Organism concentration*reactor volume

With the actual symbols inserted (see appendix) this becomes

PLI = = (2.15)

PLI = (2.16)

vhere s° is given in (2.12). Observe that dx is expressed in days-l.

Fbr the parameter values used in figures 2.3 and 2.4 PLI approaches

PLI = 0.25 (days’l)

ﬁe PLI is plotted in figure 2.5 as function of the real hold-up time

or some different return flow rates. As for the substrate concentration
he PLI decreases with the detention time, and the slope decreases as well.
his means that the PLI is less sensitive to hiydraulic disturbances for
:arge values of the detention time. On the other hand it may be too low
for large detention times or for large values of r.

The microorganism concentration is actually a linear function of the
influent wastewater substrate concentration, see eq. (2.5) and figure 2.6.
In figure 2.7 it is also demonstrated that the organism concentration is
very sensitive to the reéirculation flow r at large recirculation values.

This is the same as to say that the concentration is sensitive to r at high
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e e ()
3 6 9 12 15

Y = Ly sizzoo mg /1

Process Loading intensity as function of the real aerator

detention time. The return sludge flow rate is a parameter.
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S (mgl¢)

Fig. 2.6. Microorganism concentration as function of influent
substrate concentration, The compaction ratio for the
settler is the parameter. TFor each value of the compaction
ratio there is a unique value of the substrate concentra-
tion, independent of the influent substrate concentration.

imglt)
2000

500

0.15

Fig. 2.7. Microorganism concentration as function of return sludge
flow rate. The acrator hold-up time (V/Q)} is the para-
meter.
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dge ages. The sludge age itself is inversely proportional to the value
nand is therefore very sensitive to r for small values of n, i.e. large
lues of T (see fig. 2.8). Consequently, if the organism concentration
alculated as function of the sludgesage, it is relapively insensitive

o the sludge age at high sludge age values. See further 3.2.

~The substrate as a function of r is shown in the figure 2.9. The
rl?ontal lines 200 or 300 mg/l show the upper limits of the substrate
ceﬁtration for the two influent substrate concentrations 200 and 300
'/1'respectively.

;The substrate is a 1inéar function of Kx and éuite sensitive for small
iués of t, see figure 2.10. The organism concentration is also sensitive
but not as much, see the lower half of figure 2.10.

Another interesting parameter is the specific growth rate ;x' A higher

alue of My will of course favour a better growth of the organisms and a

etter removal of the substate, see figure 2,11.



t%éh)

Siudge age expressed as a function of the return
sludge flow rate, assuming compaction ratio and
constant settler efficiency. The Telationship
here is derived in eqs (3.11) and (3.12).

5
(mgil)

¥,20,2
K, =200

300

dx=0 005

Y, =8,5
T=4

si=200 ,300

200

Fig. £.9.

0.20 0,25 8,30 0.3% r

Substrate concentration as function of the return
siudge flow rate. The maximum value of the substrate
concentration is limited by the influent substrate
concentration. The aerator hold-up time (v/Q) is

the parameter.

i8
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¢y 50 100 150 2 K, (mgle)
0.3
5,=0,2
600 1 4,=0,005|,
¥ =0,5
=4
sl=2(}0
T =4
, 275 - -
m 47 . 0
0,25
200
0.2
° % 5 100 150 20 K ,{mgls)
Fig. 2.10. Substrate and microorganism concentrations respectively

as functions of the limiting constant Kx in the Monod

function. In both diagrams the return sludge flow
rate is the parawcter,
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s
{mgld) '
200
150 -
100
50 -
0% 01 ' ' y i
) 0’2 03 0.4 0's Ay
c)(
(mgl.£}
1500 - 0,32
¥, =200
a_=n,005
1000 e
1=200
0,31
500 0,275
0.25
0.2
1] 5 dl 0‘2 T T ~ -1
[ . 03 04 05 B0

Fig. 2.11. Substrate and microorganism concentrations respectively
as functions of the maximum specific growth rate.
The return sludge flow rate is the parameter in both

diagrams.
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SLUDGE AGE CALCULATIONS

The concept of sludge age (or mean cell residence time, MCRT)
s used often in the wastewater treatment literature as a design
'afameter. The sludge age can be a good indicator both of the biological
'ﬁdition in the aerator and of settlability conditions for the sludge.
~ The siudge age has also been used in control schemes, see e.g.
Fianagan (1974). Quasi-stationary control laws are constructed, so that
the sludge age is kept constant by means of the return sludge or waste
sludge flow rates. It should be emphasized, that the sludge age is
defined from steady state~conditions. Therefore the concept of sludge
age cannot be defined adequately in a truly dynamical situation. When
oncentrations and flows are varied on an hourly basis it is not adequate
to calculate a sludge age - which often is of the order of days - based

on varying flow rates and concentrations. This probiem, however, will

“be the subject for a forthcoming report.

In this chapter some basic definitions are discussed in 3.1, In 3.2

the steady state solutions from chapter 2 ave expressed in terms of the

sludge age.
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15 pasic definitions
. Basic definitiOns

geveral different definitions of the sludge age can be found in

heiliterature. It is sometimes unclear whether there is any rela-

onship between these different concepts. Therefore the different
"initions will be discussed in some detail here. A further discussion
.fhe topic can be found elsewhere, e.g. Deaner et al (1974).

Generally the sludge age is defined as

Total sludge volume

ex=r
Total wasted sludge per unit time

(3.1)

some  authors include in total sludge volume only that in the aerator,

e e,g. Metcalf & Eddy (1972). Some others include also the buffer

jolume in the settler. The sludge can be either purposefully wasted
"

(ﬁhe waste flow) or not purposefully(the sludge remaining in the clarified

water) wasted.
g

whether or not to include the sludge in the settler into the total

ass is unclear. Often it is claimed, that the sludge stored in the

séttler should not be included. The reason would be, that the oxygen

level is very low in the thickening zone. Therefore the organisms

are inactive, while they are trapped in the settler. Consequently

they do not synthesize, and should not be included in the sludge age

calculation.,

Here it is assumed that the aerator is a complete mix reactor with

‘the volume V. It is also assumed that the sludge volume of the settler

‘is VS with the homogeneous concentration st. Then four different

efinitions of the sludge age can be given
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Ve + V ¢
pd s X5
(1) ax=ch (3.2)
xr + (1-w) che
ch ’
(ii) Bx = (3.3)
chxr + (1-w) che
Ve +V e
X S XS
(iii) 9 = ' (3.4)
X wQe
Xr
Ve
X
{v) o, = (3.5)
X
wQc
XT

where 8 = sludge age (or MCRT)

X
c, = microorganism concentration in the aeratox
Cor " " return sludge flow

=" t in clarifier effluent

Xe

cxs= microorganism concentration in settler
V = aerator volume

Vs = settler sludge buffer volume

The other terms are defined in the appendix. In the nominator, ch
means the total mass in the aerator and Vscxs is the total solids mass
in the settler. The first term in the denominator is the purposefully
wasted sludgé while the second term is the sludge wasted by the clarified
water stream.

If there is a large buffer volume of sludge in the settler or if the

settler efficiency is low, then the four expressions may vary considerably.
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ypession (ii) seems to be the most frequently used one and is found e.g.

Metcalf & Eddy (1972), Roper-Grady (1974), and Sherrard-Lawrence {1973}
herrard-Schroeder (1973).

Now consider definition (iv) of the sludge age (3.5). This definition
ﬁivalent to (ii) if the efficiency is considered very high of the

i.e. £ = 0,

rd
8= (3.6)
£ Q4w '
is still assumed € = 0, then eq'(2.8) is simplified to
1 +71-71Y
W = [ (3'7)
Y \
l1+r
Y = (3.8)
T +w
£ it is assumed that w << r then y can be approximated
1+
Y E o (3.9)
hese approximations (3.6) can be rewritten as
8
Bx Slevar (3.10)

5 then easily verified, that (3.10) is equivalent to (3.5).

ve further with eqs. (3.11) and (3.12) below.
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3,2 Steady state expressed in sludge age

The definition (3.3) will be analyzed in some detail hére.
The concentrations of substrate and microorganisms will be expressed
“sn terms of the sludge age. The expression (2.8) is used here to

simplify the formulas. It can be rewritten,
wy + (I-w) € = 1 + =Ty = n (3.11)

If this expression is replacing the denominator in (3.3), then

v

3] = —— =

X
Qn n

L (3.12)

Now consider the equilibrium for sludge bacteria. It can easily
be derived from (2.2) and be expressed in terms of the sludge age. If
the term D (ry -1-1) is replaced by 1/8x according to (3.11) and (3.12)

it follows easily,

6 = —2 (3.13)
X u _a
D 4 X
vhere

ﬁxS
po= — (3.14)
x K + s

X

Combination of (3.3 and (314) gives an alternative expression for the
substrate concentration, expressed in siudge age, (¢f (2.6))
_I\x(1 " dxex)
s° = (3.15)

6 (n~d ) -1
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n alternative expression for the microorganism

Now use (3.15) to get a

oncentration as function of the sludge age. 1f (3.12) is inserted in

2.5) then

Yx(si—so) (8,)
(3.16)

X
(1+ds8) (6)

¢ observations can be made directly. As the sludge age is inherently

Som
the term r does not appear explicitly

lependent of the return sludge flow,
in (3.15) or (3.16). Figure 3.1 shows the graphs of s? and ci as functions
¢ ages more than about 100 hours

oF the sludge age respectively. At sludg

strate concentrafion is relatively independent of the sludge age.

Similarly it is demonstratep that the microorganism concentration is

y increasing with the sludge age.

n rate of waste sludge

Another parameter of interest is the productio

er unit time. The production corresponds to the denominator in one of

If the definition (3.3} is used, then

‘the expressions (3.2) to (3.5).
-the production rate Px is expressed as

X
(mass units/time) (3.17)

nit volume (g/hr/ms) is plotted as function of ex

- The value of Px per u
a maximum for 2

in figure 3.2. It-is shown that the production rate has

certain sludge age.

The PLI (2.14) can also be expressed as function of the sludge age.

Combining (2.15) and the (3.16) the PLI is expressed as



5
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o 440,005
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Fig. 3.1. Substrate and microorganism concentrations respectively
as functions of sludge age.
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- I
P |
. ' 4 b+ 0,2
A 15 k‘-' 200
X
) 10 -
5 -
0 ‘ 1
[ £h 100 150 200 H
-

Fig. 3.2. Sludge production rate as function of the sludge
age.
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1+d8 5,
X X
PLI = . (3.18)

Y 6 5. - S
X X i

Figure 3.3 then shows a plotting of the PLI as function of the sludge
age. It should be noted that the sludge age in (3.18) is expressed in

days. The term d is accordingly also expressed in daysﬁl.

2.0
flx= 0.2 7l
K = 200 mg/1
.51 / d = 0.005 h!
Y= 0.5
s;,= 200 mg/1
10L
0.5
O 1 I 1 i
0] 50 100 150 200 250
ex- ( hrs)

Fig. 3.3. Process loading intensity as function of sludge age.
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4, CONVENTIONAL AERATOR WITH BASIC KINETICS

In many plants the hydraulic behaviour of the aerator is not a
complete mix pattern, and the simple equations given in chapters
1, 2 or 3 do not apply. Neither is it a pure plug flow pattern but is most
often a mixture of both these extremes. Therefore the aerator dynamics
is often approximated with several subreactors in series. This type of
approach is quite common in chemical engineering. Levenspiel (1962)
has treated the same type of problem for the steady state behaviour of
chemical reactors with first order reactions.

In this chapter we will Lﬁ@k at the problem from a certain aspect.

It will be shown how the concentration of substrate and microorganisms
vary when the description of the aerator is changed gradually from
complete mix to plug flow. The discussion gives some background material
to discuss reasonable approximations of the hydraulics. It is of
particular interest to calculate the concentrations in the head and tail
ends of the aerator. It will be discussed how these concentrations vary
with the assumed number of subredctors representing the aerator.

In 4.1 the equations are given to describe the basic kinetics of an
aerator, fepresented by several subreactors. In 4.2 tﬁe most interesting
concentrations are calculated for different number of subreactors. The
sludge age definitions, made in chapter 3, do not apply for the conventional
aerator case, A corrected définition is given in 4.3. The plug flow case,

finally, 1is discussed in 4.4. It can also be considered as the limiting

case for an infinite number of subreactors.
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4.1 ggpgg§entation of the aerator by several subreactors

The kinetic equations for the conventional aeratoT are already
derived in part 1, chapter 6. For easy reference they are repeated
here (see part 1, eqs (6.7), (6.14) and the sum of (6.15) and (6.17)).

The activated sludge system is shown schematically in fig. 4.1.
The infiuent flow is shown as for the step loaded cases, but in this
chapter only the special case a; = 1, i.e. the conventional process,
will be considered. The same equations as below will be discussed
for the step loaded case (arbitrary ak) in chapter 5.

The kinetic equations are represented only by substrate (3),
1iving organisms (cx) and inert organisms (cz). No biosorption is
considered, . The consequence,éf the biosorption LeIms in the model
will be discussed in chapters6.and 7.

Referring to appendix for the symbols and to fig 4.1 for the flows,

the microorganism equations are

d
cx,k

= (B *T) K, kel T (B, * T)C

Yo+ (u,, - 4¢
dt k xk x’ X,k

3
k=1, .....0n (4.1)
where k indicates subreactor number.
The inert organism equations are

ch’k

w D loe, 3+ By ™ ) ¢,y Bt r)e, y 3 ¥

Y (a0 i) - e 1ok K=1, ...n (4.2
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The substrate concentrations, finally, are

=D {as; * (B _y * 1) sy - (B + 1) i)

A}Cx,kcz,k - “xk°x,k%
X

k=1, ... n (4.3)
Q
a'[)O. |
. (1'\&')@
{1+r)Q I
n 2
, . o oz
Q. wQ —

Fig. 4.1 Schematic flow diagram of a step loaded activated sludge system.
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The subscript "o refers to the recirculation, and simple settler

equations are assumed, i.e.

Cr = Cx0 " Y Coq (4.4)
Cz,r B cz,o = Cz,n (4.5)
s, =S, =5, (4.6)

In order to achieve the steady state solution two approaches can
be taken. The stationary equations (4.1) - (4.3) can be solved by
algebraic methods., Alternatively the differential equations can be
integrated to steady state. Here the latter method has been preferred,
as a more general simulation gpbgram could be written for bdth static
and dynamical studies. The integration has been performed with a Runge

Kutta integration method. Variable as well as fixed step length has been

used,
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4.2 Concentrations as functions of the number of subreactors

It is crucial to describe the flow pattern correctly, since it
influences the concentrations of microorganisms and substrate signifi-
cantly. It is a great difference between the complete mix case and
the plug flow case, a fact that will be demonstrated in this section.

Many of the results can still be considered only qualitative in
nature. Especially the settler is poorly described. In the steady
state case, however, it is reasonable to describe the settler with
only a compaction ratio. In a dynamical case, however, the conclusions
made here have to be adjusted, as a more refined model of the settler
is needed in that case.

Simulations have been Rﬁ§formed in order to get steady state concen-
tration profiles as functions of the number of subaerators. The number
of subaerators has been varied from one to infinity. The total detention
time is the same for all cases.

Some variables have special interest. The substrate concentration
in the last subreactor is the same as the soluble substrate in the -
clarifier effluent. There is also BOD bounded in the suspended solids
in the effluent. According to Pflanz (1969) there is a correlation
between the clarified water suspended solids content SSe and the MLSS.

(Cx)’ i.e. in this case the sludge concentration in the last subreactor,

88, = k(l+r) Qc, ' (4.7)

constant

where k

Even if this expression is not accurate it gives an indication of the

influence from the organism concentration. In order to minimize the
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suspended solids in the effluent the tail end MLSS should be minimized.
On the other hand, a high total mass of sludge is needed in order to
get a reasonable value of the PLI (eq.(2.15))

In figure 4.2 the substrate concentration of the first (Sl) and
the last subreactors (sn) are plotted as function of the number of
subreactors (n). It is found empirically, that the difference to the
plug flow case is halved, when the number of subreactors is doubled.
This conclusion is demonstrated in figure 4.2, where the plots are
straight lines. If the results are extrapolated according to the
assumption (Richardson extrapolation) the effluent plug flow concen-
tration sﬁould be

y,

lim s, = 5.6 mg/l (4.8)
n —m—— w

A corresponding extrapolation for the concentration of the first

subreactor (see fig 4.2) gives

lim s, = 160 (mg/1) (4.9)

I ~——¥% w

In the next section the plug flow concentration profiles are calcu-
lated. Then it is shown that the tail end concentration of substrate is
5.6 mg/l, so eq {4.8) quite accurately predicts this value. The head

end concentration of the plug flow is 161 mg/1, which should be compared

to (4.9).




130

110

%0

36

iU R 5 n

Fig. 4.2. Substrate concentration in first and last subreactors
for different number of subreactors (n)
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In table 4.1 the mean values of the substrate and the microorganism
concentrations are displayed as functions of the number of subreactors.
It is shown, that the average value of the substrate concentration
actually increases, but as figure 4.2 indicates, the tail end substrate
concentration decreases when the flow pattern approaches plug flow.

Also the average microorganism concentration increases from the com-

plete mix case to plug flow case.

TABLE 4.1
Average concentrations of substrate and miéroorganisms as function
of the number of subreactors (n)
n s c E,/
x 7 e = omg/l
Z1
1 40.8 303 7.1 s, = 200 mg/1
2 48.0 324 7.1 r = 0.25
3 51.7 331 7.1 y = 4.0
4 53.8 334 7.1 | d_=0.005h7"
5 55.2 337 7.1 Yx - 0.5
6 56.2 338 7.1
& =4 hrs .
8 57.5 340 7.1 . 9
By = 0.2 h
10 58.4 341 7.1
12 58.9 342 7.1 K, = 80 mg/1
o 61.6 346 7.1 A = 0.0005
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In fig 4.3 the substrate spatial distribution is plotted for
different number of subreactors. For n subreactors the tank length is
divided into n parts. The concentration for each subreactor is plotted
in the center of the actual subdivision. The subreactor concentrations
are connected by straight lines. From the horizontal profile in the com-
plete mix case there is a significant change to the two subreactor case.
Then the differences become gradually smaller for increasing numbers of
subreactors. |

The profile for 8 - 10 subreactors is actually quite a reasonable
approximation for the plug flow case. (The plug flow case equations
are discussed in 4.4). On the other hand, a real plant is neither purely
plug flow ndr complete mix.J/It can often be represented by a dispersed
plug flow pattern, if the aerator is long and narrow. Fig 4.3 indicates
that four subreactors may often be a reasonable approximation of the
dispersed plug flow case.

Now consider the tail end substrate concentrations in fig 4.3.

The conéentrations f6r 8 or 14 subreactors are relatively close to the
infinity case. On the other hand, in the head end the concentration
differences are much larger. In the tail end the substrate concentra-
tions are so low, that because of the Monod type of growth there is a
first order biological reaction. A first order reaction case but for a
chemical reactor system has also been considered by Levenspiel (1962),
chapter 6. He indicates that 8 - 10 subreactors seem to be a reasonable
approximation of the plug flow case, |

In the head end, however, there is a zero order biolbgical reaction.

The substrate concentration is relatively high, so the growth rate is
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100 |

0 0.5 l

DISTANCE ALONG AERATOR

Fig. 4.3. Spatial distribution of the substrate concentration
in the aerator for different number of subreactors,
approximating the aerator.
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much closer to its maximum value, Therefore the approximation is
different in the head end.

Now consider the microorganism profiles for different numbers of
subreactors, fig 4.4, The figure clearly demonstrates that the average
organism concentration actually increases with n. The major change takes
part in the tail end, while much less of a change can be observed in the
head end. Compare this conclusion with the substrate profiles in fig 4.3

where the opposite conclusion could be made.

0 05 |
DISTANCE ALONG AERATOR

Fig. 4.4. Spatial distribution of the microorganism concentration
along the aerator for different number of subreactors.
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4.3 Sludge age calculations

The return sludge flow rate and the compaction ratio, given in table
4.1, correspond to a relatively small sludge age. According to eq. (3.12),
it is only 16 hours for the complete mix case.

The definition of sludge age must be adjusted when the aerator is not
a complete mix one. If the basic definition (3.1) is applied then the
term Ve in the expressions (3.2) to (3.5) should be replaced by V;X,
where Ex is the average sludge copcentration in the aerator.

The denominator in (3.2) or (3.3) is also adjusted slightly. If a
mass balance equation around the settler is made (see Chap 2), then the
expression (2.8) still holdé. The denominator of (3.2) or (3.3) can

therefore be written //

Q {wcx r

, + (l—w)cx’e} =Q {wch ot (l-w)ecx’n} =

>

ch’n{wy + {lI-w)el= ch,nn (4.10)

where n=l1+71r-71Y (=(2.7))

and Cen is the microorganism concentration in the n:th subreactor. The
3

sludge age definition, according to (3.1), therefore should be adjusted

slightly. The definitions (3.2) and (3.3) are changed to

Ve + V ¢
X S XS
(1) e = (4.11)
Q'?an i
Ve ecx
(i1) 8, = S (4.12)
anxn "Cxn

respectively. The definitions (3.4) and (3.5) are changed analogously.
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The sludge ages for the actual systems in 4.2 will vary slightly
Qith the number of subreactors. The definition (4.12) is used for
the calculation. Then the complete mix sludge age is 16 hours. For
two subreactors it is 15.5 hours, for four ones it is 15.2 hours. In
the plug flow case it is calculated to 14.9 hours.

These figures are sufficient to demonstrate that the sludge age

definitions must be used with some care.
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4.4 Plug flow aerator

The plug flow reactor is the extreme case of infinite number of
subreactors. The equations are derived in part I, Chapter 6.4 and are

just repeated here (see appendix for the terminology)

A~

RS 23 uxscx AT
—= ey (55 - +4¢c ¢ (4.13)
at oL K +s Xz
X
acx . ch uxscx
ot =-v Gg) * X 3s B dxcx (4.14)
acz Bcz
o=V Gt y de -,{Tcxcz (4.15)

where Eis the spatial coordinate. In the steady case the equations can
be solved as ordinary differgy%ial equations, where space instead of
time is the independent variable.
Thé boundary conditions are noi initial value conditions. Instead
the initial and final values (i.e. the concentrations in the head end
and at the tail end of the aerator) are related to each other by the settler
characteristics. A simple steady state mass balance relation for the head

end of the aerator gives (see fig 2.1)

Qsi + rer - (1+r)Qso- =90 {4.16)
chxr - (%.+ r) cho = 0 4.17)
chi + erzr - (l+r) cho = 0 (4.18)

The subscript "r'' refers to return sludge flow and "o' refers to the head

end of the aerator.
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When elementary settling properties are added,

Cxr © ¥ex (4.19)
Car © ¢ (4.20)
S, = 5 (4.21)

where the subscript 1 indicates the tail end of the aerator, then the boun-

dary conditions are

s, *+ I‘Sl
s = — (4.22)
Q
1+
TYC _
S & S (4.23)
X0
‘ 1+
c, ¥ ryc
¢, " Czi el (4.24)
1 +71 /

-

As the values of 550 %o and o are not known a priori, the ordinary

differential equations have to be solved iteratively. There arc two

possible solutions, the trivial zero solution(cz =0, = 0 and s = si)

and the real physical solution.

The equations have been integrated with a Rﬁnge Kutta method with
variable step length. The head end conditions are initially guessed. After
one integration new initial values are caiculated according to (4.22) - (4.24).
The calculated initial values are not used directly for next jteration, but
are corrected according to an over-relaxation method. For any component

concentration X the new initial values are adjusted as

X (1+1) = X

cal . r.cal (1)
+8 {xo - X } (4.25)

Q 0
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‘where the notations mean

g§l+l) initial condition for the(i+1)xh .integration
gél) = initial condition for thei:th integration
cal '  ss -

X, = the initial condition calculated from (4.22) -

(4.24) after the i:th integration
The value of the relaxation constant has to be tested out empirically
but generally §=0.2 - 0.4 has been used,
The integrations have been iterated until the changes of the initial
conditions have been sufficiently small.
Typical results are shown in‘figures 4.3 and 4.4 where the plug flow
case is indicated as the exyyéme value for infinite number of $ubaerators.

In this case the stream velocity v is

.Qo Q (#r) tank lengths
vs— = ——— =0.3125 _— {4.26)
A A hr

which corresponds to a hydraulic hold-up time

v
- 4 - 0.3125"1 hours.

TR 125
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5. STEP FEED AERATORS

If the influent wastewater is fed into the reactor along the length
of the reactor then it is called step feed. It has been shown earlier by
Andrews (1972) that the step feed flow pattern is an important control
variable. By means of that, the sludge mass can actually be moved in the
reactor-settler system in order to achieve a better distribution in the
system according to the loading and settling conditions.

The basic equations including substrate, microorganisms and inert
bacteria are shown in 4.1, and fig 4.1 shows the hydraulic flow pattern
in the system. j/

Here only the static relations will be emphasized, as the dynamical
properties are not within the scope of this report}

Some general remarks are made in 5.1 how to evaluate and compare the
different flow patterns. Most of the basic ideas can be demonstrated for
the case, when the aerator is represented by only two subreactors. This
is made in 5.2. This case can also represent a contact stabilization
plant where both the contact and the stabilization tanks are complete mix
reactors. In 5.3 the aerator is described by four subreactors, and the |
calculations and conclusions become more sophisticated. It is also dis-
cussed that it is essential to model the biosorption in order to achieve

a reasonable accuracy of the plant behaviour. In 5.4, finally, some

remarks are made about a plug flow reactor with a step feed load pattern.
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5.1 General remarks

The purpose of this chapter is to examine in some detail how the
step load pattern influences the activated sludge plant behaviour,.

In order to systematize the comparisons some specific items will be
discussed.

The substrate concentration in the last subreactor is related to
the effluent BOD content (except the BOD found in the suspended solids}.
This concentration varies significantly with the feed pattern.

The total mass of microorganisms depends to a large extent on the

feed pattern. It is here defined as
n
M =3I Vc / (5.1)

If all the subreactors have the same volume, the total mass is propor-
tional to the average concentration, The total mass naturally influences
the PLI for the system.

The sludge concentration in the last subreactor determines the settler

loading. The loading is proportional to the sludge concentration i.e.

L, = Qe A (5.2)
where Qn = total hydraulic flow in the last subreactor
¢ n” organism concentration
A = settler area
L = settler loading factor

S

According to Pflanz (1969) the effluent suspended solids concentration

is proportional to the loading (see eq (4.7))
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The sludge age (see eq. (4.12)) will vary with the step loading.
Both the average concentration and the last subreactor sludge concen-
tration depend on the step loading conditions.

We remark once more, that the settler is assumed to have a con-
stant compaction ratio. This will certainly influence the results,
but the general conclusions still hold qualitatively. In a forth-

coming report it will be considered how a more general settler model

may affect. the conclusions made here.
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:TWO subreactors

.The basic ideas of the step feed pattern can be illustrated with only
“Subreéctors. For a specific aerator the influent flow pattern has been
é& continuously from oy ® 1 (conventional aerator, see fig. 4.1) to

1 (211 the influent water is fed into the second tank) while all other

L}

or paramcters are held corstant. All parameter values are shown in

ration cx (i.e. the total mass) increases when a, is varied from G to 1.

irst reactor. This serves as a stabilization tank for the sludge,
d.almost all the substrate ig’consumed there. The sludge mass in reactor

o.decreases with an increasing o This means that the settler loading

9°
creases, and the effluent suspended solids quality would comsequently
'_mproved. The siudge age, defined as (4.12), also increases signifi-
ﬁtly when a, varies from 0 to 1., This is natural, as the average sludge
ﬁtentration increases, while the second subreactor mass decreases., In
specific case the sludge age is 15,5 hours for ay = 1, 20.1 hours for
0.5 and 41.3 hours for a = 0.

The effluent BOD is not equal to the substrate concentration in the
aéf subreactor. As discussed by Busby-Andrews (1975), part of the sub-
trate is captured in the floc (see further Chapter 6). Therefore this

ait of the substrate settles with the sludge, and a minor part is captured
n the clarifier effluent suspended solids. With better settler loading

ndition the effluent BOD bounded in suspended solids may decrease and

n compensate for a higher value of soluble substrate.
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: Substrate concentrations
mg), i

a, 0O 0.5 1

6001

400-

300

200

Fig. 5.1. Concentration of microorganisms for a two reactor system
as function of the step feed pattern. (a,=0 means
conventional plant). TFor other parameter values, sec
table 4.1.
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The PLI (or F/M ratio) can also be controlled by the step feed pattern.

é'average sludge concentration increases, the PLI decreases for an

ing Oy

Iﬁ this discussion we have neglected completely the process df bio-
ion. This will change the substrate concentration significantly

he contact tank. This will be discussed further in Chapter 6.

. The static analysis can indicate how to use the step feed pattern as

-oﬁtrol variable in a dynamical situation. Two different disturbances

i&iibe discussed. Andrews {1972) and Busby—Andfews {1975) have already

ndicated some consequences.

“Assume that a big hydraulic load is coming tothe plant. The loading

to the settler is consequently/increased, and more suspended solids go

it into the &ffluent., This also means that organisms are lost from the

_:tem. If step feed is not used as a control variable, only two control

Lériables remain. The waste activated sludge flow rate cannot be used.

iﬁ must be zero in such a situation, otherwise even more organisms are

lost from the system. The return sludge pump cannot either-help to keep

the organisms in the system. If the return flow is high, then the organisms

are pumped back into the aerator. The hydraulic flow gets even higher, and

finally the organisms still are lost in the effluent. If the return flow

is low, then the sludge blanket rises and the organisms are also lost from

Now if a step feed control variable can be used, then the organisms
can more easily be kept in the system. The influent can be led directly
;into the last subreactor. At the same time the return slhdge flow is kept
-at a maximum. Then a sludge storage can be kept in reactor one. Still
 0rganism5 arc lost in the effluent, but the process will not be destroyed,

~due to the storage of organisms in the first subreactor.
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Now consider a large organic load to the system. If it is known

a priori, that the disturbance will arrive, then the flow pattern can
be changed to prepare the plant for the disturbance. The influent
_ﬁater should be led into the last reactor., Then the mass of organisms
‘will be built up in the first reactor. When the disturbance arrives,
}then the influent can be led to the first reactor again. There the
snfluent is met directly by a large amount of organisms in the right

“condition, in other words, the PLI can be damped. It should be remarked,

that the step feed control is only useful in a long time scale - several

hours or more.
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5.3 Four subreactors

When the aerator is described by four subreactors there is of
course a more sophisticated flow pattern. Therefore the conclusions
are somewhat more complex. As for the two reactor case no biosorption
effect has been taken into account. The model iﬁcludés only soluble
substrate, viable and inert microorganisms, according to 4.1.

The general conclusions will be made from table 5.1. it shows
the steady state conditions for different step feed patterns and some
different operational parameters. The numerical results are achieved
by integrating the system differential equations to steady state.

The inert organism concentrations are not listed as they are very small
‘all the time (less then 10 mg!ﬁ).
. In the table the return sludge flow rate r is varied as well as

This is made to illustrate, that the general influence of the step

+

X
eed pattern is the same for some different parameter combinations. All

he operational parameters except the feed pattern are the same for all
ases indicated by A. The same is true for the cases B and C respectively. ;
First, consider the cases 1A - 8A, The "average" feeding point is
oved gradually towards the last reactor. The total mass, represented
;ﬁy the average sludge concentration first increases and has a maximum
r case S5A. Then it decreases again and the total mass in case 8A is
'imosf as small as in case 1A, There is a rational explanation for this
ehaviour. When the flow is directed into the last subreactors, as in
ases 7 and 8, there is a very short contact time between the substrate
énd the organisms, only 1 - 2 hours. The metabolism does not get enough-
me, and most of the substrate becomes lost through the effluent. Con-
sequently the organisms get less food for growth. In chapter 6 it will be

di._Scussed how the biosorption will influence the results.
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Table 5.1 Steady state concentrations for a step feed aerator with four
subreactors. Eight different flow patterns are calculated, and

for each flow pattern there are three different operational

conditions.
Constants: Tl = T2 = TS = T4 =1 hr y = 4 1
;x I A= 06,0005 mg “h-1
1 Yx= 0.5
dy = 0.005 h s;= 200 mg/1
K, G 0
3 %k mg/l =T Sk Cxk éx ex(h)
1 0 0 0 80 0.25 107 62 32 15 304 325 339 346 32§ 15.2
' 200 " 151 127 104 84 186 198 208 218 203 114.9

200 0.3 85 43 20 10 |781 800 808 811 | 800 |39.5

0.5 0.5 0 0 80 0.25 {44 62 32 15 |502 322 336 343 | 376 [17.5
200 " 96 ‘112 90 70 [350 221 232 241 | 261 |17.3
200 0.3 37 52 25 12 (1214 769 779 783 | 886 |[45.3

0.25 0.25 0.25 0.25{80 0.25 |19 24 30 35 ;641 453 357 299 | 438 [23.4
200 " 55 61 68 75 [489 346 272 226 | 333 [23.6
200 0.3 19 23 28 33 |1475 1034 803 661 | 993 {60.1

0 1 0 0 80 0.25 2 113 73 42 11126 248 267 281 | 481 |27.3
200 " 18 144 124 106 {702 150 159 168 | 295 |28.1
200 0.3 2 93 52 28 |2621 633 652 661 | 1142 {69.1
0 0.5 0.5 0 180 0.25 2 49 70 40 |[1133 417 269 283 ¢ 599 |33.9
200 " 15 92 115 96 |758 274 174 183 | 347 |30.3

200 0.3 3 42 60 33 [2497 973 618 625 | 1179 [75.0

0 0 1 0 |80 0.25 |7 1 129 99 716 708 156 171 | 438 |41.0
200 " {30 7 147 133 |496 499 107 113 | 304 |43.0
200 0.3 6 1 108 72 |1792 1769 430 446 | 1109 {99.5
0 0 0.5 0.51!8 0.25 | 6 1 64 871|785 775 291 190 | 510 |43.0
200 " |26 6 10 125 |542 543 197 126 | 352 {44.7
200 0.3 7 1 54 75 |1721 1699 669 428 | 1129 |105.5
0 0 0 1 |80 o0.25 lig8 2 1 141 {429 429 423 94 | 343 |58.3
2000 " |45 12 4 150 {363 373 371 79 297 |60.1

200 0.3 19 3 1 126 {964 958 946 231 | 775 |134.2
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the cases 1B-8B or 1C-8C are considered the same general conclusions

1f

can be made.

The total mass of sludge kept in the tanks before the first feed point

can be considered the mass in the tstabilization' tank. I1f this mass is

gpmpared for the A cases, then there is a maximum for cases 74, where
: *

76% of the siudge is kept in the stabilization part of the

M= k1560 kg, i.e.

erator. In case 8A, 93% of the sludge is in the stabilization part, but

the total sludge mass is less than in case 7A.

Now consider the sludge loading (5.2) to the settler. It has definitely

2 minimum for the feed patterns 8A, 8B or 8C. The soluble substrate

concentration however has a maximum for the case 8. This means that the

{effluent quality - suspended sé&ids plus soluble BOD - has a minimum for
some of the intermediate cases,

The sludge age (4.12) varies significantly when the step feed pattern

- changes, a factor of three to four from case 1 to case 8. It should be

observed, that the clarifier efficiency is taken into account in the

(4.10) and. (4.12).

separator

cerator

1Q return_sludge

Fig. 5.2. ©Step loaded plug flow aerator.
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5.4 Plug flow aerator

Some remarks will be made in this section about a step feed aerator
of the structure, shown in fig. 5.Z. If it is assumed that the reactor is
a plug flow type, then the differential equations (413) - (415) still

are valid. The boundary conditions however, are different.

For the microorganisms the boundary relations (4.17)
between the head and tail end concentrations still hold. For the sub-
strate the term Sy in (4.16) is replaced by a term %S5 where o is
the fraection of the influent wastewater entering the aerator at the head
end.

At each feed point it is assumed, that the influent wastewater is
completely mixed with the mixed/liquér just before it enters the aerator.
“At the feed point number ki the intermediate boundary condition for the

 substrate is calculated by a simple mass balance

: N )
Bst = Bk-IQS + asti k=1,...., N (5.3)
-‘where s~ = substrate concentration just before the feed point
5+ = . t 't 1 after 1y 1" "
o, = fraction of influent flow entering at the feed point
-1
Bor ™ B %
. j=o
_ k
J=0

N = number of feedpoints
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The microorganisms are diluted at every feed point. With a similar

ass balance théir concentration is changed stepwise,

To- . 4
BQey = Br-1%y (5.4)
N _ Bk-l
c = C (5.5)
X X g
k
+ . . . . .
here c, = microorganism concentration just after the feed point
C; = 1t 1 " hefore " | n

ﬁThe boundary conditions for the inert organisms are exactly similar to

. (5-5). . J

The boundary conditions a£ the feed points show, that both the sub-
:étrate and the organism concentrations actually undergo step changes at
the feed points; Especially for the substrate concentration those steps
:én have a very large value. In any practical situation it is impossible
to verify any sudden concentration changes of that magnitude. The peaks
of substrate or steps of organism concentrations at the feed points are
‘attenuated quite significantly. Therefore an adequate description of

step feed in a long tank should not be by plug flow equations.

| One better description of step feed for long aerators may be to assume,
“ﬁhat the feed points are not point sources, Rather they have a continuous
distribution along a finite part of the tank. The other way is to assume
that the flow is disperéed. Then the dispersion causes an attenuation of
the peaks, The third way to overcome the problem is of course to describe

the tank by several subreactors, as done in the previous section.
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g. BIOSORPTION IN COMPLETE MIX AERATORS

In order to adequately describe the contact stabilization process
it is necessary to include the biosorption dynamics into the activated
sludge equations. This fact has been explained by Busby-Andrews (1975).
:The biosorption process was also discussed in some detail in part I
chapter 4.1. |
When the contéct time between substrate and microorganisms becomes
very small there is too little time for the metabolism and the substrate
removal due to synthesis is very small, Therefore the domiﬁating
rocess in the contact tank oﬁ/a contact stabilization process is not
etabolism, but the physical-chemical phenomenon when soluble and
collodial substrate is captired in the floc phase. This is a process
with a typical time constanf of the order of 15 - 30 minutes.
It will be demonstrated in this chapter, that the biosorption process
;must be modeled primarily to explain the dynamical behaviour of a plant.
;1n static conditions it has much less importance and could probably
‘be excluded in many static models, Its relevance for the dynamical case
s clearly demonstrated in the static analysis of plug flow reactors,
Those will be considered in chapter 7.
The basic equations for the biosorption are repeated from part I in

chapter 6.1. The complete mix reactor is analyzed for two different

orms of the growth rate expression, in 6.2 and 6.3. It is found, that
T one growth expression it is possible to find two steady state solutions.

is fact makes the first approach not feasible.

Some parameter sensitivity calculations are finally performed in

der to find adequate numerical values of some parameters.
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6.1 Equations

*In this section the basic equations for the complete mix reactor are
repeated for convenience. For the symbols we refer to the appendix. All
equations afe derived in part I, chapter 5, and are given there as egs.
(5.20) - (5.22).

The substrate in liquid phase (cf. eq (2.1)) is_now described differently
from eq (2.1). Instead of the consumption term due to synthesis, there is
a transfer rate from liquid phase to floc phase substrate. According to

Busby-Andrews (1975} the equation is

-~

(£,

ds °
Fra D (s.1 - s5) - r ¢

- £) (6.1)
T K +s s
_ S
where the last term is the transfer rate.
The dynamics of the stored mass (or floc phase substrate} contain
the same transfer rate term. Moreover it includes a consumption texm due

to the organism synthesis,

dsm ~ 5 M xSy
;;— =D {ry -1 -1) S + 1*’S Cr (£ -fs) -

Y
X

sK +s
5
(6.2)
Two different forms of the specific growth rate'ux will be analyzed

in this chapter. The first obeys the Monod form,

— - m :
= ¥y (6.3}

and is further analyzed in 6.2. In 6.3 it is motivated further, that a

modification of eq (6.3) has to be done,
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o=y —— (6.4)

The model with the growth rate (6.4) included is further analyzed in

The microorganism concentration is the same as (2.2)

, c'Icx *
-2 = D -1- - .
" (ry -1-7) c, * noe, dxcX (6.5}

nit My is now given by (6.3) or (6.4).

The complete mix model thus includes the equations (6.1), (6.2), and
(6'5) with either the growth rate.(6.3) or {6.4). In the model the inert
yrganisms are not included for the moment. It is found, that for the
sﬁ'édy state behaviour of the process they play a minor role. Moreover,

é analysis becomes significantly easier with three instead of four state

variables, describing the complete mix system.
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6.2 Steady state analysis 1

It is possible to find an analytical expression for the steady state
solution of the equations (6.1) - (6.5), but the expression becomes
extremely tedious., The calculation is, however, straightforward.

There is always the trivial solution, cx=0’ in (6.5) but this is not
considered.

From (6.5) the steady state stored mass can be solved uniquely

K, (On +d)
5 = = {(6.6)
m
L dX—Dn
where n = l+r-T ¥ : (6.7)

By combining (6.1) and (6.2) a linear relation between s and .
is found, ' :/

\ c, =2, s+a, a1<0 ‘ (6.8)

When (6.6), (6.8) and (6.1) are combined it is not always possible
to find a unique solution, because a quadratic equation in s or . has to
be solved. Therefore for some realistic parameter combinations only complex
roots are found, which means that no steady state solution exists. In a
few cases there is only one positive real root of s and Cx respectively.
In most cases two positive solutions of both s and . exist. As both solu-
tions are positive it is generally very difficult to neglect one of them.

The fact that there can exist several solutions is of course disturbing.

In the cases of two real solutions figure 6.1 indicates the nature of them.
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~—

Fig. 6.1 Phase plane of substrate and microorganisms for
a complete mix reactor.

One solution generally lieyfwithin a region A as indicated by fig.
6.1 and the other one lies within the area B. A seems to be the desired
solution, with a relatively low substrate concentration and a correspond-
ing high sludge concentration. The solutions B are generally stable for
local disturbances, which means that also B is a truly steady state
solution. As it has never been reported two different steady state solu-
tions in any experiments the approach (6.1) - (6.4) is apparently not
feasible, an@ some other dynamical description has to be looked for.

Another more physical argument can also be applied. It is not reasonable
that the stored mass concentration is independent of the microorganism
concentration, as in (6.6). The '""B" solution then gives a steady state
where the ratio of stored mass over total mass is much larger than the value

of %S (see eq. (6.1)).

Independent of the author, Stenstrom (1975) has discovered some pro-

blems in the approach, as described by Busby-Andrews (1975).




63

6.3 Steady state analysis II

Because of the analytical problems discovered with the approach
in 6.2 the growth rate expression {6.3) has been changed slightly to
the form (6.4), according to a suggestion by Andrews (1975).

The practicval motivation for (6.4) is the following. The concentra-
tion sm represents a macroscopic measure Qf the total stored mass concen-
tration in the tank. The organism growth rate does not primarily depend
on this ovefall concentration. Instead the concentration ratio fs represents
a microscopic concentration measure within the floc. The organisms only
use this stored mass for their growth,

If (6.4) replaces (6.3) in the description of the complete mix reactor,
it is in fact possible to show, that for any pgrameter combination there is
a unique steady state solution. To be feasible, all concentrations of
course must be positive. It can be shown by tediocus but straightforward
calculations, that there always exists a linear relationship between the

concentration of substrate in liquid phase and viable organisms,

$ =5, + azc, a, <0 (6.9)

Similarly there is always a linear relation between the stored mass concen-

tration and the organism concentration,

Sm = 4% a, > 0 (6.10)

The numerical value of the constants in the growth rate expression
will now be considered. It is clear, that if the growth rate equations

(2.4), (6.3) or {6.4) are compared the numerical values of the constants

must be different.
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First consider the maximum specific growth rate ;x' In order to
get a consistent comparison between the models with and without biosorp-
tion the organism maximum specific growth rate should be the same. There-
fore it is assumed, that ;x is the same in (2.4) and in (6.4).

It is much more complex to establish a comparison between the Kx
values of (2.4) and (6.4). In order to avoid confusion, let us call Kx
of (2.4) K!, while K of (6.4) is called K.

In order to be able to make a reasonable comparison between the models
with and without biosorption, it is here assumed; that the microorganism
concentratioh should be the same in both cases. This implies that ﬁx
would have the same numerical value in (2.4) and in (6.4).

The numerical value of K; igfof the order 75 - 200 mg/l. In order to
make (6.4) equal to (2.4} the value of K; must ?e much smaller. As the value

of the stored mass fraction does not exceed 0.3 a 0.4 and is often much

smaller a reasonable value of K; would be of the order 0.03 - 0.7 (dimension-

less).
Table 6.1
Numerical values of the plant parameters
r = 0.25 - 0.32 = 0.2 ht
vy = 4.0 (Kx = 0.15)
- - -1
5,= 200 mg/1 dx 0.005 h
r = 3.0 Y =10.5
s X
f = (.45 8 =V/Q=4nh
S
KS= 150 mg/1
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In order to examine the paraméter influence the steady state solutions
have been calculated for different parameter combinations. As the para-
meter K; is essentially unknown the sensitivity with respect to K; is
first examined. In the figures 6.2 - 6.4 the soluble substrate, the
stored mass and the viable microorganism concentrations respectively have
been plotted against the parameter K;. The other parameter values are
found in table 6.1,

Looking first at the sensitivity it is deménstrated, that for small
sludge ages the sensitivity is relatively large for variations in K;.

In order to determine a probable numerical value for K; we compare the
figures 2.10 and 64, If it is assumed that the microorganism concen-
trations in fig 210 and 6.4 shqﬁld be the same, then a value of Ki
between 100 and 200 mg/l corresponds to Kg of the order 0.1 to 0.2.

As the behaviour of stored mass as function of K is quite complex
(fig. 6.3) we discuss what happens, when K; increases. For an incregsing‘
K; the specific growth rate of the organisms decreases. Therefore less
stored mass is consumed, and‘consequently the ratio fS increases. This
causes the driving force (seé eq (6.1) - (6.23) from liquid phase substrate
to stored mass to decrease, thus giving a higher liquid phase substrate
concentration. For very large values of K; the steady state concentration
of the microorganisms becomes very small, at least for small sludge ages.
Consequently the stored mass concentration must become smaller, as the
floc cannot hold as much stored mass. The transfer rate from liquid

phase substrate to stored mass is consequently decreased, so the liquid

phase substrate concentration is increasing.
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Fig. 6.2. Soluble substrate concentration as function of

the growth limiting constant Kx for different
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Now consider the sensitivity with respect to the maximum specific
growth rate ﬁx, fig 6.5 - 6.6. Qualitatively it is found what is
expected. The microorganism production naturally increases fig. 6.6.,
and therefore more stored mass is consumed. Consequently more soluble
substrate can be transferred to stored mass. It should be obhserved,
that the sensitivity is very high for growth rates less than 0.2 h—l.
Compare these results with the diagrams 2.11.

Another observation can now be made from the diagrams 6.2 and 6.3.

Let us compare two cases, with and without biosorption respectively,

where the ofganism concentration is the same. Compare the figures 6.2

and 6.3 with fig., 2.10.In the biosorption case the sum of the stored mass
and substrate in liquid phase ié bigger than the substrate concentration

in the case without biosorption. This means that the total food concen-
‘tration is assumed to be bigger in the biosorption model. The reason for
this is quite natural Without biosorption it is assumed that all the
substrate is soluble. Consequently it does not settle in the sedimenta-
tion unit. The stored mass however, will settle together with the organisms.
Therefore it is kept longer in the system, and the total food concentrétion
therefore becomes higher in the biosorption model.

It is easy to show analytically, that the total food concentration
is higher in the biosorption model. If the eq. (6.1) and (6.2) are

added, than an equation for the total food concentration, defined by

Sp =S * sﬁ ' (6.11)
is achieved, i.e.
d
ST uxcx
— =D (s, -s+TrYs - s -7T8 ) - (6.12)
dt i m m m y :
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Fig. 6.5. Substrate (s) and stored mass (s_) concentrations
respectively as functions of maximum specific
growth rate for different return sludge flow rates.
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By rearranging the terms in (6.12) we get
dsT X X
—— =D (s:.L - sp t ¥ {(y-1) sm) - — : (6.13)

dt Yx

The concentration S5 Tow indicates the total influent food concentration.

Now compare eqs (2.1) and (6.13)}. We assume that the organism concen-
tration and its growth rate are the same for the two cases. Then there is
a positive term in (6.13) {r (v-1) sm} which is missing in (2.1). This

term makes the steady state value of Sip larger than corresponding value of

s in (2.1).




7. PLUG FLOW AND STEP FEED AERATORS WITH BIOSORPTION

For a complete mix aerator it is not crucial to include the biosorp-
tion phenomenon into the model description. The reason is that both bio-
sorption and synthesis have to take place in the same basin. Therefore
the tank has to be big enough to make metabolism possible. Consequently
the domiﬁating time constant for the tank is determined not by the bio-
sorption Eut rather by the synthesis time for the bacteria.

There is a more significant need to include the biosorption in a
model of a plug flow reactor or & series of well mixed subreactors. The
contact stabilization process]%as already been mentioned. There the
contact time is very short between the influent wastewater and the mixed
liquor in the contact tank. The only way to describe the substrate reduc-
tion in such a planf is to model the biosorption. Similarly in a step
feed aerator the concept of a contact stabilization process can often be
applied. Therefore the biosorption is also important in a step feed
aerator model.

For a plug flow aerator the biosorption will significantly influence
the profile of liquid phase substrate. The rapid uptake of substrate into
stored mass is reflected in the fact, that the substrate level can decrease
significantly within a short distance from the inlet. Such a phenomenon
must be explained by the biosorption terms in the model. Moreover, many
COD and BOD tests reflect the soluble substrate concentration and not

the total food concentration. A model without biosorption is therefore not

consistent in this case.
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In this chapter the consequence of the biosorption terms in the different
models will be discussed. In 7.1 the plug flow aerator is considered, and
the profiles are compared to the ones discussed in chapter 4.4, The step
feed aerator equations including the biosorption are given in 7.2. The
results for two subreactors describing the aerator are discussed in 7.3.

As a special case the contact stabilizatioﬁ unit is considered, where both
the contact tank and the stabilization tank are assumed well mixed. The

four subreactor step feed plant is finally considered in 7.4 and the con-

clusions are compared to those of 5.3.




7.1 Plug flow aerator

The influence of the biosorption is clearly demonstrated in the
plug flow case. The reason is, that it is possible.to give a dynamical"
interpretation to the concentration profiles. As the mixed liquor flow
has a constant velocity the distance from the aerator inlet can be
interpreted as a time variable.

When raw wastewater enters the aerator it is brought into contact with
the organisms. The biosorption then causes the substrate concentration to
fall rapidly along the tank. At the same time the stored mass concentration
will be built up along the tank.

The plug flow equations (4.13) - (4.15) are changed to include a bio-
sorption term. Analogously to (6.1) and (6.2) the biosorption gives the

following dynamics

9s 1 3s n s

SRS A I & -f ) (7.1)
N SL s

BSm 1 'c)Sm ~ s UXCX 7.2)
——-—=—-—-——+rSCT(f -fs)- ’
: v o5 5

ot 1 Ks+s Yx

écx 1 acx

e e —— 4+ pec -dc (7.3)
ot Y X x X X ,

where is given by (6.4)

The stationary equations are solved in a way similar to that described

in section 4.4. The poundary condition for the stored mass 1is of the same

form as for the organisms, €q. (4.23).
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The substrate and stored mass profiles are calculated for three
different return sludge flow rates, corresponding to different sludge

ages. The latter ones are calculated according to (4.12).

- c 6. (h) figure
T c x/ x1 *

X
0.25 290 0.91 14,5 7.3
0.30 815 0.98 39 7.2
0.32 1640 1.00 100 7.1

The other parameter values are found in table 6.1.

Consider fig 7.1. The soluble substrate concentration rapidly
decreases to a low value within a short distance. Considering the
real hold up time to be 4/1.32 = 3.0 hours it is noted that the bio-
sorption takes place within some 10 - 15 minutes. Consequeﬁtly the
stored mass concentration rises very rapidly in the upper part of the
tank. Soon the synthesis consumption of the stored mass becomes greater
than the biosorption from soluble substrate, and the stored mass concen-
tration decreases along the tank. The broken line in fig 7.1 indicates
the substrate concentration when no biosorption is taken into consideration,
i.e. the model (4.13) - (4.15).

Fig 7.2 shows the corresponding profiles for a shorter sludge age.
As the total sludge concentration is lower in this case, the forcing
function for the biosorption is lower. Consequently the biosorption is

not as fast as in the previous case. The 10 - 15 minutes in the previous

case now correspond to about 20 - 50 minutes.
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In fig 7.3 no rapid removal of substrate can be néticed. The reason
is, that the sludge age is so low, that the metabolism does not have
enough time. Consequently the stored mass concentration at the tail end
of the tank is relatively high. This stored mass is partially recycled.
This means, that the floc already contains a relatively high concentration
of stored mass, when it is brought into contact with the influent raw
wastewater at the head end. Consequently there is no significaﬁt driving
force for the biosorption, and the substrate remains for a relatlvely long
time in the liquid phase. Its concentration at the tail end is consequently
relatively high.

Fig 7.4 illustrates what happens when the tank volume is increased,

while all other parameters are the same as for figure 7.3.  Here
V/@ =10 h

which corresponds to a velocity of
0.125 tank lengths /hour

The stored mass is almost complctely removed at the tail end through the
synthesis. Therefore the flocs contain very ‘little stored mass at the head
end and the biosorption is more emphasized than in fig 7.3.

Some comparisons of the stored mass profiles in figures 7.3 and 7.4
can now be made. The maximum values are approximately the same and are
reached af'about the same time, i.e. about 50 minutes after inlet. The
reason, that the maximum amplitudes are the same is; that the organism
concentrations are almost equal. The biosorption driving force in the
first case is somewhat smaller, as the stored mass concentration

initially is larger than in the second case. Therefore the initial

offect of the biosorption amplitude is more notable in the second case.
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To summarize the results of the profile calculations there are two
essential conditions that have to be satisfied in order to achieve an
effective biosorption. The first condition is, that the organisms
should be in the right condition. By this we mean that the stored mass
concentration in the flocs must be small, when the mixed liquor meets the
influent wastewater. This can be achieved only by a sufficiently long time
for metabolism of the organisms. The second (and even more important) condi-
tion is, that the sludge concentration should be large enough. With a
high sludge concentration two goals are reached. The synthesis becomes
more rapid so more stored mass is consumed, and there is more ''storage
volume" available for the stored mass in the flocs.,

Both the mentioned conditions for good biosorption are reflected in

the second term of eq (6.1}.




7.2 Step feed aerator equations
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The step loaded aerator equations (4.1) - (4.3) have to be adjusted

in order to incorporate the biosorption equations.

formulated analogously to (6.1) - (6.5).

The equations are

The derivation of the equations

can be found in part I, chapter 6.2. We refer to fig 4.1 and appendix for

definition of the symbols., The substrate in soluble and collodial form

obeys the differential equations

dsk
— =Dy Loy (B ) sy g (BT -
dt
~ Sk
—rscT,k {fsk K + _fsk} k=1, .....
S
s "k
As the substrate does not settle the relation
s =5
T n
holds, i.e.
s =5 =35
0 T n
The stored mass dynamics is formulated from (6.2)
'dsm,k
=k LB 1* sy pog ~ (B3, o3
A Sk Uxk ©x,k
T (£ - £ .} - =1,
s T,k SkK +5 sk v
s 'k X
where Bk is given according to (6.4),
£ k
5 s
= . k=1,

Hyk Mk

K + £
X S

k

’n (7.4)
(7.5)

. 1 (7.6)
.,n (7.7)
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Like before the settler equations are the simplest possible

s =5 = y5 (7.8) -

The microorganism equation is identical to (4.1) but Mok is instead
given by (7.7).
As in chapter 6 the inert microorganisms are not included in the model,

as their influence upon the actual phenomena are considered marginal.

7.3 Step feed of two subreactors

The examination in this section will be a comparison toﬁthe two
reactor cases without biosorption, in chapter 5.2. Two different
operational conditions have been considered, and the parameter values are
given in table 6.1.

First a system will be examined which corresponds to the one considered
in 5.2. The total retention time (V/Q) is 4 hours and r = 0.25. Figure
7.5 shows how the steady state concentrations depend on the flow pattern.
The microorganism concentrations in fig 7.5 are quite similar to the omnes
in fig 5.1, In chapter 6 the value of Kx was chosen in order to get similar
microorganism concentrations with and without biosorption, so the result
in fig 7.5 is expected.

Now consider the soluble substrate concentrations 4 and s, in fig 7.5.
Because of the biosorption one would expect a lower substrate concentration
S, compared to the one in fié 5.1. This is, however, not the case. The

reason is, that the stabilization time in tank 1 for the synthesis is too

short. Therefore the stored mass concentration in the floc is large enough

to make the biosorption smaller. Compare the plug flow case, figure 7.3.
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For the case a4, = 1, the flow pattern corresponds to a contact
stabilization configuration. Here the contact time is 2 hours. The
contact time seems to be too small. This is however not the case. The
reéson why too little biosorption takes place is, that the stored mass
concentration must first be consumed by the synthesis. There has been
too little stabilization time in tank 1 to consume enough amount of
stored mass, only 2/1.25 = 1.6 hours, why the organisms are not in the
proper condition.

Now look at the stored mass concentrations, fig 7.5. The concen-
tration in tank 2 (smz) does not vary very much with 0y despite the
fact that s, becomes very large. The microorganism concenfration has
become so small in tank 2, that the biosorption forcing function (which is
almost proportional to the organism concentration) has approximately been
halved, compared to the conventional configuration (a2 = 0).

In fig 7.6 the return sludge flow rate is larger, v = 0.32, increasing
the sludge age from about 16 to 100 hours for the conventional configura-
tion (a2 = 1). The microorganism concentrations are consequently much
larger and more substrate is consumed in the synthesis.

The behaviour of the microorganism concentration as function of o,
is the same as in previous case. The biosorption is, however, somewhat
larger in this case. This can best be seen from the stored mass curve
for tank 2 (smz). The stored mass increases significantly‘with ¢, in
contrast to the previous case. It is actually larger than the soluble

substrate concentration S, The reason is, that the biosorption driving

force is larger in this case, mainly because of the high microorganism

concentration.
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The fact that too short stabilization time gives a pooreT result in
contact stabilization has been known for a long time. Eckenfelder - O'Connor
(1961) as well as Busby - Andrews (1975) have discussed this topic. It is
an important design task to find the right proportion between the contact
and stabilization basins. Also the return sludge flow rate is crucial.

Those optimization criteria have also been discussed by Gujer - Jenkins

(1975) in static design of contact stabilization plants.

7.4 Step feed of four subreactors

If the aerator is described by four subreactors the same qualitative
conclusions can be made as for the two subreactor cases. The quantitative
.results are of course more complex. The influence of the biosorption
for different operational conditions is examined in this section and
compared to the results of section 5.3.
Table 7.1 summariies the results of the steady state calculations.
As in table 5.1 there are eight different flow patterns compared.
Looking first at the microorganism concentrations we find, as in 5.3,
that case 7A gives the largest sludge mass of the system when r = 0.25.
For the case r=0,32 case 6B gives a slightly higher sludge mass than case
7B. Case 7A and 8A stiil give a very high effluent substrate concentration.
It seems as if the biosorption does not help to sufficiently quickly reduce
the liquid phase substrate concentration in the last tanks. This is in
fact true. The biosorption driving force depends both on the microorganism
‘concentration and the stored mass concentration ratio in the floc. Here
the microorganism concentrations are too small (due to a too small sludge
age) and the stored mass ratio has not been sufficiently reduced by syn-
thesis. The biosorption in the cases 7B and 8B is significantly larger

than in the cases 7A and 8A, because the sludge age is larger in the B

cases. Still the biosorption is, however, not sufficiently large. With a

longer stabilization time the results would look better.
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8. DISSOLVED OXYGEN

In the previous analysis it has been assumed that the biclogical
reactions are supplied with the proper amount of dissolved oxygen (DO)}.
It will be considered here what happens when the DO concentration is a

limiting factor for the cell synthesis.

The equations for the dissolved oxygen dynamics are derived in part I

chapter 7, but will be repeated here for easy referemce. In 8.1 the

eqﬁations are discussed for the plug flow and complete mix aerator cases.
Some numericél calculations of dissolved oxygen profiles are discussed in
8.2. The equations for the oxygen profile are analyzed in 8.3 to further
illustrate the character of the solutions. In 8.4 the sensitivity of the

DO concentration to the air blower flow rate is analyzed.

8.1 Dissolved oxygen equations

The plug flow form of the dissolved oxygen dynamics can be written

{see part I, eq (6.22) and ch. 7)

ac 3c : -
;;' = ;;‘ ¥ ¢ prod - Scons. (8.1)
The production term is
Cprod ~ Ky Yair (Chs ™ o) (8.2)
where the overall-o¥ygen transfer coefficient kLa is written
as k1 Yair.
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while the consumption terms for biological uptake is

1-Y, _
B _;___—- Mx®x T kdeCx (8.5)
X

C
cons

In the models no biosorption has been included. The reason is that no
oxygen consumption takes place because of the biosorption. Therefore
all substrate is assumed to be in soluble form, like the models in chapters
2 - 5. A biosorption term in the model would not change the conclusions
as far as the DO profiles and-concentrations are concerned.

The specific growth rate Wy is a function of both the substrate concen-

tration and the DO concentration,

~ S
b= uy £le)) —— (8.4)

K + s
X

where the function f(co) is some limiting function due to the DO concentration.
Qualitatively it resembles a Monod function, and can be expressed in a couple

of different ways, either

£ (c)) = - (8.5)
K +c¢c '
o 0
or
£ [co) =1 - exp (-KCO) (8.6)

where the parameters KO and k are constants. Which equation to choose may
be a matter of taste. Here we prefer the form (8.6) because the exponential

function approaches its limiting value faster than the function (8.5). In

Mueller et al (1968) some data are presented for the oxygen limiting function.
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O % ' '
0 l 2 3

Co (mg/1l)

Pig. 8.1. Illustration of the function f(co) (8.6)

Table 8.1,

Parameter values for the oxygen profile calculations

6 = V/Q = 4 hrs W= 0.2 ol k, = 0.25

r = 0.25 or 0.32 Kx = 80 or 200 mg/1 Cos™ 10 mg/1

= - -1 =

vy = 4 dx = 0.005 h  Coi 0.5 mg/1

s.= 200 mg/l Y = 0.5 x = 1.0, 2.0
: 1 X -1, -1
' e, ;=0 A = 0.0005 mg h "1 kju .< 10
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For a municipal biological sludge it is generally recognized, that
the biological activity approaches its maximum for DO levels larger than
about 1-2 mg/l. The DO limiting conditions are illustrated in fig 8.1,
where the function f(cO) (8.6) hés been plotted for two different values :
of the constant x. The numerical values of the parameters used for the |
parameters are listed in table 8.1.

For fhe DO profile calculations the equations (8.1) - (8.4) are
combined with theAbiological equations (4.13) - (4.15). The boundary

conditions are still (4.22) - (4.24). For the DO concentration there is an

L initial condition given, as the influent flow DO concentration is assumed to
be known. The DO content of the return sludge flow is assumed to be negligible.
The DO concentration dynamics for a complete mix aerator is derived from

a mass balance over the aerator shown in figure 2.1. The production term is

described by (8.2) and the biological uptake term by (8.3). The DU concen-
trations are now representing the homogeneous tank concentration. Neglecting

the DO concentration in the return sludge a simple mass balance for oxygen

gives
dc
0
dt - P (Coi-(l+r) CO) ¥ 1(l Yair (Cos_co) -
I-Y 5
X .
———— - 8.
. My B . f(co) k2dxcx (8.7)
X X
Eq (8.7) can be combined with the eq (2.1) and (2.2} to achieve the basic

kinetics and DO dynamics.
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8.2 Calculation of oxygen profiles

The DO profiles for different reactor conditions have been studied.
The model for the plug flow reactor case, given in 8.1, has been used in
the calculations. It has been assumed all the time that the air flow is
distributed uniformly along the aerator. This type of aeratiom is quite
common. Nevertheless it is not suitable in all cases, and a poor performance
might result from such an air flow profile,

In the head end of the aerator there is a very high biological uptake
rate. This is clearly seen in (8.3) where Hy is large in the beginning.

The high uptake causes the DO level to remain at a relatively low value.
In the tail end, on the other hand, the biological uptake is reiatively‘
small, as most of the substrate would have been cohsumed at that stage.
Therefore the oxygen level rises generally towards the tail end, conditioned
that the air inflow is sufficiently large.

Fig 8.2 .shows some different DO profiles for a plug flow reactor. The
air flow rates have been varied from the value kluair = 10 down to kluair
= 2.5, In order to easily refer to the different cases we simply call them
by the numbers, e.g. ”10"¢ The corresponding substrate profiles are shown
in the lower figure.

First consider the "10" curve which has the highest air flow rate.

The DO profiie has the typical S-shape which is found in many plants, see
e.g. Jones et al (1969). At the head end there is a low DO level, and the
synthesis is actually okygen limited (see figure 8.1). After some 20% of
the distance from the inlet the DO concentration is high enough to allow a

maximum synthesis rate. Towards the tail end the DO concentration approaches

its saturation value (10 mg/l) and the DO profile becomes almost horizontal.
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r=0.232
k=2

K, =200

3

0 05 I
DISTANCE FROM INLET

Fig. 8.2. DO and substrate ccncentration profiles respectively
for a plug flow aerator. The value of klu i is the

parameter. Other parameter values are given in table
8.1.




The broken line among the substrate profiles shows the substrate
concentration in the case, that mo oxygen limitation occurs. The "10"

. substrate concentration is somewhat higher in the beginning, because the
substrate removal has been limited. Towards the tail end, however, both
the substrate profiles converge to almost identical concentrations. The
reason is, that even if the synthesis for the 110" curve has been slowed
down there is enough time available to complete the reaction along the
tank. The almost horizontal slopes of boththe DO and the substrate concen-
trations towards the tail end are good indications, that the biological
reaction is completed.

Now consider the different profiles for different air flow rates.

The DO profiles in the "7.5" and N5 cases also approach a horizontal
slope. As for the '"10" case the biological reactions are completed towards
the tail end, and the substrate concentration becomes almost the same as
for the "10" case. When the air flow rate is decreased further the oxygen
limitation for the synthesis is getting significant. In the '"3.75" case
the DO profile has a large positive slope at the tail end, which indicates
that the synthesis is not completed. For another decrease of the air flow

to 112 5" there is a large change in both the substrate removal and in the

DO level. The synthesis is oxygen limited along the whole tank.

Now consider the sensitivity of the DO concentration to changes in
fhe air flow rate. In the beginning and towards the tail end of the tank
the DO concentration éhanges are relatively small compared to the changes
in the middlé.part. This is particularly clear when the cases nignt, "7.5"

and "5" are compared in fig 8.2. The reason for the different sensitivity

will be further analyzed in chapter 8.4.
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The mentioned differences in the sensitivity to the air flow rate
is important, when the problem to place a DO sensor is considered., Figure
8.2 indicates that it may be easier to detect changes in the DO level in
the middle of the tank than in the tail end.

Now consider an operational condition, when the sludge age is
considerably lower, only about 15 hours. Figure 8.3 shows the DO profiles
and corresponding substrate concentrations for this case. For kluair = 5
the DO concentration is sufficiently high along the whole tank to allow a
maximum synthesis rate. This is further illustrated by the lower figure,
where the "5" substrate profile is close to the substrate profile without
‘any oxygen limitation (broken line). On the other hand neither the DO
concentration nor the substrate concentration profile becomes horizontal at
the tail end. This is an indication, that the synthesis is not sufficiently
completed, and a higher sludge age should be needed {e.g. by increasing the
return sludge flow rate). For lower air fiow rates the DO profile becomes
even lower, and the substrate removal becomes deteriorated.

The examples in figures 8.2 and 8.3 clearly indicate, that with a
uniform air flow distribution along the tank, there is a large waste of
compressor energy to keep the synthesis at a reasonable level, The biolo-
gical activity can not make use of the abundant concentration of oxygen at
the tail end. This is of course the reason why tapered aeration is used
in some plants. There is an important design optimization problem to find

the best air flow distribution along the tank, so the air flow is suffi-

cient but not more for an adequate biological uptake.
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r=0.25
Kx=80
k=2

100

50

0 05 |
DISTANCE FROM INLET

Fig. 8.3. DO and substrate concentration profiles respectively
for a plug flow aerator. The value of k Lot is the

parameter. Other parameter values are given in
table 8.1,
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8.3 Analysis of the oxygen profile

i

The DO equation will be analyzed here in order to illustrate some
features which are well-known for the practitioner. Consider the situa-
tion when the DO profile is horizontal, or almost horizontal, which can
‘happen either at the head end or close to the tail end of the aerator.
For the horizontal profile the spatial derivative is zero, and a

simple equality expression is derived from (8.2) - (8.4).

1-Y

(c -co) -

KMair (Cos ne, - kyde =0 (8.8)

Y X X

X

where Hy is given by (8.4) and f(co) by (8.6). First it will be shown,
that there exists only one solution to eq (8.8), and the proof is made
graphically. |

Consider the order of magnitude of the parameters. The DO concentra-
tion can never be négative. Therefore the spatial derivative in (8.1) must
be greater or equgl to zero for zero DO concentratiom, i.e.

k.d c_ >0 (8.9)

k.u . ¢ -
17air os 2°xXx x -

This means that the oxygen support to the aerator must have a smallest
value which is corresponding to the endogeneous oxygen uptake rate. Often

the coefficient k,u . is written
1l air

ko * KUsp (8.10)

to take this into consideration, where ko is the oxygen transfer when no

blowers are in use. To make the analysis simpler, the equation (8.9) must

instead be satisfied.
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Now, assume that the substrate and microorganism concentration and
c respectively are given in the actual space point. Then the equality

(8.8) can be written

Cog G T alf (co) *a, (8.11)
k ; c 1-Y } _
where a_ = XX ———E——-, k.= X (8.12)
1 3
u .. K + s Y
1 air X X
k2dxcx
a = —— {8.13)
2 x
i u .
1 air

The equality (8.11) can be represented graphically by the two curves cos-co
and alf(co) *a,. The principal result is shown in fig 8.4, and it is
demonstrated that at most onec solution can exist. The inequality (8.9)

furthermore tells that

(8.14)

C >a
0s - 2

so there always exists one unique solution to {8.11).

in fig. 8.5 some numerical examples are given, The air flow and
oxygen transfer are assumed to be constant and oniy the biological uptake
is varied. For a high substrate concentration the biologiéal uptake rate
is very high and therefore the equilibrium concentration is low. FYor a
small substrate concentration (close to the tail end) the biological uptake
rate is comparatively small and the DO concentration is relatively high.

Now consider the case, when the DO profile is not horizontal. It is

desired to keep the air flow rate high, so that the oxygen transfer is

ac
higher than the biological uptake rate. The derivative —2 must conse-
_ 14
quently be nonnegative, i.e.
Cos ~ %0 2 %1 fle) + 3, (8.15)
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0| f (Co) + do

Fig. 8.4. Illustration of the graphical solution of eq (8.11}.

O

C,(mg/1)

Fig. 8.5. Graphical solution of the eq. [8.11) for two different
operating conditions.
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The DO concentration, which is marked cé in fig 8.4 corresponus
to a horizontal profile and satisfies the equality in (8.15)}. For
DO concentrations smaller than c! the inequality in (8.15) is satisfied,
and the DO profile is then positive. If it is desired to increase the
DO concentration in steady stéte and still keép a positive slope, then
the intersection point cé in fig 8.5 must be moved to the right in the
figure. The intersection can be moved by changiﬁg either the value of
a  or a_. According to (8.12) and (8.13) a, and a, are primarily

1 2

influenced by the air flow rate. For an increasing air flow rate both

1
right.

a. and 32 will decrease, and the intersection point c| will move to the

This conclusion is of course not original. The analysis can,
however, give more insight into the quantitative importance of the
different parameters, which determine the necessary air flow rate for

the process.

8.4 Analysis of the oxygen sensitivity to air flow rate changes

It was shown in 8.2, that the DO concentration is less sensitive
for air flow changes at concentrations close to zero or close to the
saturation value, compared to concentrations in the intermediate range.
The reason for this will be analyzed in this section. For the analysis
a complete mix aerator will be considered, but the conclusions can be
extrapolated into other aerator configurations as well.

The DO concentration dynamics is described by (8.7) together with
for example (2.1} and (2.2).

The DO concentration dynamics has a typical dominating time con-

stant of about 10 - 15 minutes. Therefore the DO changes can take

place significantly faster than other dynamical changes due to either
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hydraulic manipulations or biological activities. It is therefore
reasonable to assume, that both substrate and microorganism concentra-
tions remain constant in the fast time scale, when the DO concentration
is changing dynamically.

_ The oxygen transfer constant kla may also be varying with time and
operafional conditions, but for the present analysis it is considered
constant.

For the analysis eq (8.7) is considered, where the substrate
concentration (s) as well as the microorganism (cx) are considered
constant in the actual time scale.

In order to simplify the notations eq (8.7) can be written

dc0
;;—- = a; - a.c f kluair (cos—co) - an(co) -3, (8.16)
where

a; = CoiD {(8.17)

a, = (1+1)D {8.18)
1-Y, o« o

a, = X 5 c (8.19)
Y YK +s X
X x

a, = k2dxcx (8.20)

The function f(co) is defined by (8.6).
As eq (8.16) is nonlinear it will be linearized around an operating
point with DO concentration Eb and air flow rate aair' The actual

variables can be written as

¢ =¢C_ + Ac (8.21)

o
1l
=
o>

o

(8.22)

Considering only small variations around the operating point eq (8.16)

is linearized to the form
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— etz

d(ac ) E
9 - _apc +k, (c_Au-TCAu-T , A} - ?
d 20 1 03 0 air o0
t
df
aq {—1 Ac, (8.23)
dc
° ¢
Q

The static gain G of changes in oxygen concentration with respect
to air flow rate changes 1s calculated from (8.23). The time deriva-

tive is set to zero. By definition G is

Ac k, (c. . -T)
G=—2- =10 O (8.24)
Au 8 K Wiy as{d_c;}
T
o
where
df -kc
{(—3 = xe ° (8.25)
de
o] —
C
4]

The concentrations of substrate and microorganisms influence only the

term a, in (8.24). For small values of the DO level the values of

these concentrations have a significant influence upon the sensitivity.

For large DO values, thé influence of (8.25) and.as is negligible, and the air
flow to DO sensitivity is only dependent on the oxygen transfer rate.

The appearance of G as function of the DO concentration is best illu-

strated by a diagram. Two numerical examples are considered.

Example 1. The parameter values are shown in table 8.1.

Particularly,

¢ = 1000 mg/l
X

s = 150 mg/1

r = 0.25
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Fig. 8.6 curve 1, shows the gain as function of the DO concentra-

tion. The maximum 6 is found for

3.0 mg/1

<
0

n

If instead k 1 the maximum will be at

1

C

o 4.5 mg/l

Examgle 2

In this example the substrate concentration is instead
s = 20 mg/1
Then the curve 2 in fig 8.6 shows corresponding gain as-function of
DO level. The maximum is now found for

¢, = 2.3 mg/l

For « = 1 corresponding maximum is achieved for

c, = 3.2 mg/l

It is easy to verify analytically, that G has only one maximum,

The derivative of G with respect to SR is

5 = KT,
- -KC P
e k1 (a2+k1u0+asKe o) + kl (cOS'EO),K e
= (8.26)
dtb (DN)2
where DN means the denominator of (8.24).
The derivative is zero if
—KEO _
e .Kag ( K(cos—co) -1) = a, + kluair {(8.27)

It is easy to verify (by a graphical representation of (8.27)) that there
exists one and only one solution to (8.27) as long as K is large enough.

For all physically reasonable values of k (0.5 - 2} there is a unique

'solution of (8.27}.
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03

4 6 8
Co (mg/1)

¢ the DO sensitivity
eq (8.24).

Fig. 8.6. Graphical yepresentation 0
- with respect to air flow changes,
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The solution of (8.27) always gives a maximum, For large vélues
of Es the derivative {8.26) is always negative, as the exponential
function in the nominator approaches zero. If a solution for (8.27)
exists, then the derivative must be positive for small values of EB.

Consequently the zero derivative indicates a maximum of G.

8.5 Analysis of the oxygen sensitivity to disturbances

The major external disturbances to the DO concentration level are
changes in substrate concentration and in influent flow rate. 1In this
section it will be analyzed how the DO concentration is changed at
different operating levels due to disturbances of this nature. As
in the previous section the Sensitivity will be analyzed by linearizing
the DO equation. Only small disturbances will be considered.

As before the microorganism concentration is considered constant,
and the air flow rate is also unchanged. Also here a complete mix aerator

is considered and eq. {8.7) is rewritten in the form

dco cOi l+r
dt = v B v QC0 ¥ kluair (Cos h Co) -
l—Yx i s
- _;H_. ny x - f(co) - k2dxcx {8.28)
X X

where the flow rate Q is shown explicitly instead of the hold-up time.

The eq (8.28) is simplified in notation to

dc
_° _ N . _ 5 -
" = le bZQCo + b3 (Cos co) b4 Kx+s f(co) b5

(8.29)

where bl,..., b are constants.

5




As in 8.4 we make a linearization around the operating point

Q=0Q
c =c_
0 0
s = §

and consider small changes in s’ s, and Q, 1.e.

€, = Sy * Ac (8.30)
Q =T *MQ
s =5 + As

After linearization (8.29) becomes

d{ac )
° b.AQ - b_QA b.c AQ - b_A b s (df )
= - c - b, - c - -
dt 1 270 270 3 0 4 ¢ +5 dcg__ be
K X o
- X
-b f{c ) As (8.31)
4 +] (K +§)2
X
Under static conditions (8.31) can be written
ac, = GIAQ + GzAs ' (8.32)
where —
by - by &
G, = (8.33)
B df
b,Q + by + By s (G
p 0
K
— x 0
o Iy
G, = _ (8.34)
? b.Q + b, + D s {g—
2 3 4 de’—
K *s c
X o)

The constants G1 and G2
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are the static gains of the DO concentration change with

respect to disturbances in influent flow rate and substrate concentration

respectively.
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To illustrate what G1 and G, looks like for some typical paraucter

2
values, the numerical values from examples 1 and 2 respectively in 8.4
are used. Fig. 8.7 and 8.8 show the gains as functions of the DO level.

The flow rate semsitivity (fig. 8.7) increases with the DO level.
In the calculation of G1 it was assumed that V=1. Therefore G1 has to
be divided by the real vélue of :V in order to show the real sensitivity.
Tﬁe actual operating value of the substrate has very little influence on the
sensitivity, which can be seen at comparison of the examples 1 and 2 in fig.
8.,7.

Considering fig. 8.8 the sensitivity with respect to substrate distur-
bances also increases with the DO level. The sensitivity is larger for
large substrate levels (example 1) than for small levels of substrate {exam-

ple 2). This conclusion is quite natural. At high substrate levels the

biological uptake rate is relatively high. Therefore all disturbances at

this level will be more amplified than for a small biological uptake rate.
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- _ - C.{mg/])
0 5 o °

Fig. 8.7. Semsitivity of the DO concentration to distur-
bances in influent flow rate for a complete mix
aerator.

0.15 L

0.10

0.051

O H 1 i | I | 1 i
L Co(mg/l)

Fig. 8.7. Sensitivity of the DO concentration to disturbances
in influent flow rate for a complete mix aerator.
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APPENDIX
LIST OF SYMBOLS

Concentration variables

c, = microorgénism concentration (sludge bacteria)
<, = dissolved oxygen concentration
c, = inert microorganism concentration
S = soluble substrate concentration
S, ' = stored ‘mass concentration
Cp "~ = total sludge mass concentration (MLVSS)
=5
fs m/cT

Kinetic constants

u = specific growth rate of microorganisms

= maximmm specific growth rate

X A

Kx = growth limiting constant for microorganisms

Yx = Yield constant

g = dissolution constant

dx = decay constant for microorganisms

Y = unit mass of inert bacteria per unit mass of viable bacteria

decayed

Biosorption constants

Ts ' = transfer rate constant

fs = fraction of MLVSS that is stored mass
fs : = maximum value of fs

K = limiting constant for the biosorption




Aerator and settler constants

Subscripts
T

w

v

= refers to return activated sludge flow

= refers to waste activated sludge flow

= refers to clarified water, effluént of settler
= refers to influent flow

= refers to settler

refers to subreactor no k

flows, see fig 2.1 and 4.1

]

aerator volune

= yolume of the sludge mass in the settler

.= influent flow rate

= return activated sludge flow rate
= waste activated sludge flow rate
= fraction of influent water entering subreactor k

o
1

t
n o=

. i
i

retention time

v/Q

1/6
v

-k . real hold-up time of subreactor k

QB +T)

dilution rate

= sludge age (mean cell residence time)
= stream velocity in a plug flow reactor
= distance along aerator from inlet (normalized to 1)

= compaction ratio = cxr/cx

- = settler efficiency = ¢ /cx

Xe

= 1 + T-T.Y

11}
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Dissolved oxygen constants

c, = dissolved oxygen concentration
0s © saturation value of DO concentration
k.a = oxygen mass transfer coefficient = k. -u_,
L : 1 Tair
u ., = air flow rate
air ~

= constant
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