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Synopsis

A mathematical model describing the dynamic behaviour of
the completely mixed activated sludge process is presented.
The model includes nitrification.

From the study it has been found that in the activated sludge
process the COD is utilized in a two stage mechanism, (1)
COD is adsorbed onto the organisms (storage of COD) and (i1)
stored COD is metabolized.

From the dynamic modelling of the nitrification aspect of
the process it was found that the generally accepted nitrifica-
tion theory was inadequate. An alternative kinetic theory is
proposed which assumes that the influent TKN is split into
three fractions (i) an unbiodegradable fraction, (ii) a fraction
which is slowly biodegradable (probably proteinaceous nitro-
gen) and (iii) fraction of nitrogen immediately available for nit-
rification and synthesis (probably free and saline ammonia).

Experimental data is also presented against which the
mathematical model was calibrated. The experimental units
were operated at 2,5 and 20 day sludge ages at 20°C. It was
found that nitrification occurred in the 2,5 day sludge age units.

A sinesoidal input COD mass load was imposed on the calib-
rated mathematical model and from the results design charts
for sludge generation and peak oxygen consumption rates were
constructed.

Design examples for both settled and unsettled municipal
sewage are presented.

Introduction

In 1970, Lawrence and McCarthy presented a model describ-
ing the kinetic behaviour of the completely mixed activated
sludge process. Marais (1973) presented an extension of their
work, his model differentiating between active and inert frac-
tions of the sludge mass. Both models included nitrification.
Experimental verification of Marais’ model was done under
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steady state conditions only and it was found that the model
predicted satisfactorily the experimental behaviour. However,
when the model was applied to predict the behaviour of the
process under daily cyclic square wave input of nutrient and
flow (12 hours on, 12 hours off, Fig. 1), the predictions did not
conform to experimental observations:

(1) During the feed period the oxygen consumption was gen-
erally much lower and during the no-feed period the oxygen
consumption was generally higher than predicted.

(2) Total Kjeldahl Nitrogen (TKN) and nitrate experimen-
tal values indicated that less nitrogen was oxidized during the
feed period and more was oxidizing during the no-feed period
than predicted.

It was evident that there is a deficiency in the model in both
the oxidation of the carbonaceous material and the TKN.
These defects were not discernable under steady state condi-

1 1 1 LI | L L LA} 1 1 I
o
ok -
Q A Q B
-
A -
=L CONSTANT S, -
z L -
[}
8?_.- -y ] Qae
- ~ -
ol AREA ABCD=DEFG B
) ‘ [
p oy L1 i3 1 [ I LA
1100 1700 2300 0500 1100
TIME (hrs)
Figure 1

Influen! feed pattern of experimental units.



tions. In this state, if a series of sequentially dependent reac-
tions having different rates are present, the results are governed
by the lowest rate. Only an investigation under cyclic flow con-
ditions can expose the reactions governed by intermediate
rates.

To resolve the inconsistencies exposed in the Marais model
under cyclic flow conditions, the following hypotheses on pro-
cess behaviour were advanced:

(1) There appears to be a two phase process governing the
utilization of COD in the wastewater: (i) a phase of disappear-
ance of COD from the liquid onto the organisms, i.e. adsorp-
tion or storage of the COD, and (ii) a phase of metabolism of
the absorbed (stored) material by the organisms. The rates of
the two phases are apparently different. This hypothesis has
qualitative support from the behaviour of contact stabilization
processes.

(2) Experimental results on nitrification in cyclically loaded
completely mixed activated sludge units indicate that (i) a frac-
tion of the TKN (probably proteinaceous nitrogen) is not di-
rectly available for nitrification and synthesis of cell mass, but
must first be broken down to free and saline ammonia before it
can be utilized. This conversion to ammonia seems to be a rela-
tively slow process. (ii) The conversion from ammonia to nit-
rates appeared to take place at a rate so much faster than that
given by the theory based on the Monod function for nitrifica-
tion, that the maximum rate constant, K,,, in this function
must be increased by one to two orders of magnitude to obtain
the rates of nitrification observed. Indeed, for the purpose of
modelling, the conversion of ammonia to nitrates can be taken
as instantaneous.

(3) With COD storage on the organism, a certain mass of
nitrogen is also stored. This became apparent when calibrating
the dynamic model with the experimental data observed in cyc-
lically fed activated sludge units. No reasonable comparison
could be obtained for the TKN and nitrate values by splitting
the influent nitrogen only into fractions of slowly biodegradable
nitrogen and immediately available ammonia in the bulk solu-
tion. It was necessary to include some storage of nitrogen,
linked to the COD storage.

Marais and Ekama (1975) presented a model for the com-
pletely mixed sludge process under steady state conditions that
included the above hypotheses. However, as they were con-

cerned only with steady state behaviour, the storage
] i 1 ! I
Q)
M
>
=y
°
2]
R=)
~-—r FOR ALL S ~ I
~
~
o ] 1 | 1 ol |
) 0, 02 03 04 O5
Xs/Xy
Figure 2

Diagrammatic representation of Eq. (7).

mechanism was effectively by-passed and could be neglected
because in steady state the masses in storage remain constant.
Their equations of the model did not, therefore, include storage
effects. Their model is an improvement on the model presented
by Marais (1973) in that the effluent TKN can be calculated.
In the Marais model the effluent TKN had to be estimated
empirically.

In this paper an extension of the models of Lawrence and
McCarty and Marais is presented to describe the behaviour of
the activated sludge process under dynamic conditions for both
carbonaceous and nitrogen degradation. Experimental data
against which the model was calibrated is also presented.

Theory

Carbonaceous Degradation

1. Influent COD fractions

In unsettled municipal sewage the influent COD is composed
of three fractions:

(i) A soluble unbiodegradable COD fraction, .

(i1) An inert organic solid fraction, f;, which accumulates in
the process reactor if the sludge age is longer than the hyd-
raulic retention time. The fraction is measured in the reac-
tor as VSS.

(iii) A biodegradable fraction (the balance after (i) and (ii)
have been deducted) which serves as the energy source for
the biological process.

Let the total influent COD = S, )
Then unbiodegradable COD, S,; = £,S, (mg COD/¢)
Inert solids measured as VSS, X; = £S, (mg VS8S/¢) (2)
Equivalent COD of inert solids, S, = P £;S, (mg COD/¢)

(mg COD/¢

where

P is the COD/VSS ratio equal to 1,42.

The biodegradable COD, §;, is given by

S; =S, - S, - PfS,

= S,(1 —f,— f;P) (mg COD/2) (4)

In the experimental investigation using unsettled municipal
sewage, it was found that f, = 0,05 and f; = 0,09. Thus:

S; = S,(1 — 0,05 — 1,42%0,09)
= 0,822 S, (5)

.

2. Biodegradable COD removal

Andrews and Busby (1973) initially proposed Eq. (6) as the
rate function for COD entering into storage onto the organism,
i.e. COD disappearing from the liquid phase.

dS/dt = -K,X,(f; - X/X,) (6)
Multiplying out the right hand side of Eq. (6):

dS/dt = -K£X, + KX, (7)
A diagrammatic plot of Eq. (7) is given in Fig. 2. Equation (7)
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Diagrammatic representation of Eq. (9).

implies that (i) the rate of disappearance of COD from the
liquid phase is independent of the biodegradable COD in the
liquid phase, (ii) the rate is dependent on the MLVSS and (iii)
there is a limit to the COD that can be stored onto the or-
ganisms.

Andrews recognized that this model was defective in that it
did not incorporate the effect of the COD in the liquid. He
suggested that the influence of the COD in the liquid can be
incorporated by modifying f, in Eq. (6) to read:

das S X,

i —Kth(fr(Ks—_'_—S ) - Z) (8)

Expanding the right hand side of Eq. (8) and dividing by X,

dS/de S X
X, - Rgme)thyg

(9

A graphical representation of Eq. (9) is given in Fig. 3. This
relationship implies that the maximum mass of COD that can
be stored increases as S increases. The rate, dS/dt, increases as
S increases but reaches a maximum value.

In this investigation, experimental observation indicated
that the filtered efluent COD, S, remained substantially con-
stant in the units, whether in steady state or under cyclic load
conditions. Indeed, in the cyclically fed unit, no significant dif-
ference could be picked up in the effluent quality between the
feed and non feed period. Incorporating Eq. (8) in the
mathematical model, it was found impossible to predict this
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Diagrammatic representation of Eq. (11).

20 Water SA Vol. 3 No. 1 January 1977

Y T T T T
o s K=0,l2
i = e £ 2 | “
o <=2 ~ _:::0,05
~

(dS/dt)/Xq
8,0
i
7
%
o
7
1

~~"N\ =t
% issig \.\
~~\\~\

o 1 1 1 LY |
0 01 02 03 03 05
Xs/Xq
Figure 5

Diagrammalic representation of Eq. (13).

constant effluent COD, S. The following modification was
necessary to give a relatively constant effluent COD. In Eq.
(10), K; was replaced by a Monod type function:

ds KmS X

= 7 X (- =

it K. +5 ol Xv) (10)

Expanding the right hand side of Eq. (10) and dividing by X,

dS/dt K St N KnSXs (an
X,  (Kat8) (Kqt 98X,

A graphical representation of Eq. (11) is given in Fig. 4. Equa-
tion (11) has the following properties: (i) the rate of COD going
into storage increases with increasing COD in the liquid, but is
limited to a maximum rate K, (ii) at low COD, S, (the usual
case in wastewater treatment) the rate of COD storage is prop-
ortional to S.

Two further modifications to Eq. (11) were necessary:

(i) From the experimental data, the total soluble COD in the
liquid was low, about 40 mg/€, irrespective of the sludge
age. This meant that the biodegradable COD, S, was even
lower. The half saturation constant, K, has been reported
to be in the order of 150 mg COD/€. Thus K is very much
larger than S, so that a simplification of the Monod func-
tion is justified:

KnS

—&TS—Z K S (12)
where
Kml/Ksl = K

{i1) Andrews accepted that the total volatile mass is included
in the COD adsorption mechanism. It is very likely that
only the active fraction of the sludge can adsorb COD. In
Eq. (10), X, (MLVSS) was therefore replaced by X,
(MLVASS). Including the two modifications in Eq. (10),
(see Fig. 5):
dS/dt = — K 8X,(f, — X/ Xa) (13)

It was only by using Eq. (13) in the mathematical model that
reasonable correlation was obtained between experimental
data and the mathematical model.

3. Synthesis of cell mass

A basic assumption in the model is that only stored COD can
be utilized by the organism for synthesis. The rate at which the



stored COD is utilized is assumed to be given by the usual
Monod relationship, with the difference that the COD sur-
rounding the organism is now the stored COD, §;, i.e.

dX

I (14)

K28

a_ m2s
Y (K82 + S, 1Xa
The Monod relationship relates mass synthesis to substrate
concentrations surrounding the organism. Mass synthesis is
measured as mg VSS/€ and substrate as mg COD/£. The sub-
strate surrounding the organism is stored COD, S;, measured

as mg COD/¢. However, it can be written in terms of
mg VSS/€ as follows:

S, = X,P

This is necessary as the stored COD adds to the VSS, i.e. the

stored COD is expressed as mg VSS/€ and is included in the

measured total volatile solids, X,. Replace S; by X,P in Eq.

(14):

dX, v K e XP
dt Kg+ X,P

Xa (15)

The simplification of the Monod function (Eq. (12)) cannot be
applied to Eq. (15). The half saturation constant for cell syn-
thesis, K, has been found empirically (by fitting the dynamic
model to experimental data) to be about 100 mg COD/€. The
stored COD varies over the daily cyclic period, the degree of
variation depending on the sludge age. At 2,5 days sludge age,
the stored COD varies about 280 mg COD/¢ (200 mg VSS/¢).
At 20 days sludge age, the stored COD varies about 70 mg
€0D/€ (50 mg VSS/€). These variations are of the same order
as Ky so that the simplified Monod function would be inap-
propriate. When Eq. (15) was written in the simplified form
and included in the model, a poor correlation between experi-
mental and predicted data was achieved; in the 2,5 day sludge
age tests, it was impossible to model the oxygen consumption
behavioural pattern over the period of seven hours after the
feed period terminated. However, when the full Monod rela-
tionship, Eq. (15) was included in the model, experimental be-
haviour could be satisfactorily predicted.

From Eq. (13) and Eq. (15) the rate of change of the stored
COD is found, i.e.

rate of change rate of COD rate of utiliza-
of stored COD ¢ = into - tion of stored
(as VSS) storage COD for synthesis
dX, Xs 1 K XP
=K e Y — T
T SX(f; <, ) K, + XP (16)

4. Endogenous respiration

Endogenous respiration is a phenomenon which manifests itself
by a nett reduction of active mass per day, when there is no
influent feed. There are two approaches in giving an explana-
tion to this phenomenon:

(1) In the first approach, a black box behaviour is proposed in
that the nett results only are modelled. A biodegradable
fraction disappears which is directly equated to the oxygen
consumption for endogenous respiration, and an inert un-
biodegradable fraction remains, accumulating as endogen-
ous residue.

(ii) In the second approach, an attempt is made to separate

out reactions which take place during endogenous respira-

tion. It is considered that a percentage of the live mass dies
and lyse biodegradable nutrient back into the liquid, leav-
ing the balance as unbiodegradable endogenous residue.
The lysed COD is added to the COD in the liquid, and
passes through the same phases of storage and storage
abstraction for synthesis. This approach in effect, implies
that endogenous respiration {cell maintenance) per se does
not exist, and that oxygen is consumed only for synthesis.

Approach (i): Let b be the nett endogenous respiration rate con-
stant per day. Then

dXp/dt = — bX, (mg VSS/¢/d) (17)

A fraction, f, of the live mass that disappears is unbiodegrad-

able and remains as endogenous residue, i.e.

dX,/dt = X, (mg VSS/€/d) (18)

The nett volatile mass that disappears from the system per day
(mg VSS/€/d) is directly equated to oxygen consumption for

endogenous respiration, i.e.

dO,/dt = P(1 - f}bX, (mg O/€/d) (19)
Experimentally, Marais and Ekama (1975) found that f = 0,20
and b = 0,24.

Approach (ii): Let the actual die-off rate constant of the actual

organisms be b’ per day. Let the actual unbiodegradable frac-
tion be f'. Thus

The active mass lost due to organism die-off

= b'X, (mg VSS/€/d) (20)
The mass of biodegradable COD released back into the liquid
= P(1 -{")b'X, (mg COD/¢/d) (21)
The mass of organisms synthesized from this COD

=Y P -1)bX, (mg VSS/€/d) (22)
The equivalent COD of the mass synthesized

= PYP(1 - f")b'X, (mg COD/¢/d) (23)

The oxygen consumption associated with this synthesis of mass
is the difference between Eq. (21) and Eq. (23):

dOy/dt = P(1 - [')b'X, - PYP(I - £")b'X,,

= (1 - PY)P(1 - [)b'X, (mg O/€/d) (24)
The build up of endogenous residue, X,, is
dX,/dt = f'b'X, (mg VSS/¢/d) (25)

Under steady state conditions, (ignoring storage of COD) both
approaches must yield the same results, i.e. the endogenous
residue given by Eqgs. (18) and (25) must be equal. Also, in the
second approach the nett mass lost is the difference between
Eqs. (20) and (22) and must be equal to that given by Eq. (17).
Two equations, with two unknowns, f' and b', are obtained:

fb=1b (26)
-bX, =bX,+ YP(1 -{")b'X, (27)
Solving for " and b’ in Eq. (26) and Eq. (27):

, _ b(1-YPH

., f(1-YP)

O == 29
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Substituting Y = 0,43, P = 1,42, f= 0,2 and b = 0,24 into Eq.
(28) and Eq. (29) yields:

b = 0,54
= 0,09

The oxygen consumption for both approaches should be equal.
Substituting the respective values for b, f; Y and P into Eq.
(19), the oxygen consumption for endogenous respiration (Ap-
proach (1)) is:

dO,/dt = 0,273 X, (mg O//d)

Substituting the respective values for b, f', Y and P into Eq.
(24), the oxygen utilization for cell synthesis from lysed COD
{Approach (ii)) is:

dO./dt = 0,273 X, (mg O/€/d)

The two approaches therefore yield identical results when
steady state conditions are considered (storage of COD neg-
lected). However, in dynamic modelling when all the COD
must first pass through the storage phase, the second approach
gives slightly different results from the first. There is little to
choose between the two approaches, although the second ap-
proach is intuitively more satisfying.

5. Carbonaceous oxygen demand

The rate of oxygen consumption is equivalent to the energy
(COD) lost during the synthesis of the cell mass.

S, _ oy KmXP

dt (Kg + X,P) (30)

The COD released from storage is given by the second term of
Eq. (16). The difference between this COD and that given by
Eq. (30) is the oxygen consumption for synthesis:

do, Ko X,P

& Ko ¥ X.P) 3D

= (1 - PY)
If Approach (i) is used to model endogenous respiration, then
the total oxygen consumption, for carbon removal, is given by
the sum of Eq. (19) and Eq. (31).

K XsP

(Kg + X,P) (32)

dOy/dt = (1 - PY) — X+ P(1 - HbX,
If Approach (ii) is used then only synthesis of cell mass occurs
and the total oxygen consumption for carbon removal is given
by Eq. (31). However, the values of K, K,» and Ky must be
replaced by K’, K',» and K’ respectively to take into account
the extra amount of cell mass that is synthesized from the COD
released by the lysing of the dead organisms. In this report the
analysis is based on Approach (i). A comparison between Ap-
proaches (i) and (ii) can be made by comparing Figs. 6 and 7.

Nitrogen Removal

1. Influent TKN fractions

The rate of synthesis of cell mass is given by Eq. (14). The Marais and Ekama (1975) suggested that the influent TKN
equivalent COD of the cell mass synthesized is: can be divided into three fractions:
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Comparison of 26 hour test number 1, 2, 5 day sludge age units, and theoretical model.
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Figure 7
Comparison of experimental data of 26 hour test 1 and the theoretical model for 2,5 days sludge age and modelling endogenous respiration as in
Approach (ii).

(i) A fraction, f,,, (about 2 per cent) is unbiodegradable in
terms of the time the TKN is exposed to the degradation
process.

(i1} A fraction, fyg, (about 80 per cent) is slowly biodegradable.
This fraction is probably proteinaceous nitrogen which
must be changed by the active organisms to free and saline
ammonia before it can be utilized for synthesis or nitrifica-
tion.

(iii) The remaining fraction (1l — f,,, — f4), is immediately
available for synthesis and nitrification. This fraction is
probably influent free and saline ammonia.

The following relationship can now be developed:

Let the total influent TKN by N; mg N/£. The unbiodegrad-
able soluble, TKN, N,;, in the influent is

Nui = fthi (mg N/g) (33)

A fraction, f,,, (about 10 per cent) with respect to the inert sol-
ids of the influent, X;; is nitrogen. Let N; be the concentration
of nitrogen in the inert solids of the influent:

Naiw = £:Xa (34)

The remaining nitrogen, Ng;, is available to the process as
slowly degradable TKN and immediately available ammonia

Ngi = Ni = Ny = Ny (35)

A fraction, fg, of Ny; is slowly degradable influent TKN, N,
and the balance (1 — f54), is immediately available ammonia,
Ny, viz:

Ny = fiaNa (36)

Npi = (1 - fsd)Nai (37)

Marais and Ekama (1975) proposed a first order decay rate for
the degradation of the slowly biodegradable TKN in the reac-
tor, Ny, as follows:

dNy/dt = K, XN, (38)

2. Nitrogen requirements for sludge

A fraction, f,, of the sludge is nitrogen as TKN. The value of f;,
ranges between 9 and 12 per cent with an average of about 10
per cent. Nitrogen requirements for cell mass synthesis is
abstracted from the TKN available to the process, Ng;. Let, f.5,
be the fraction of nitrogen required for cell synthesis taken from
the slowly biodegradable nitrogen, and the remaining require-
ment (1 — f,¢5) taken from the immediately available ammonia
fraction. (From the calibration of the mathematical model with
experimental data it was found that f.e = 0, i.e. all nitrogen
required for synthesis is abstracted from the free and saline
ammonia. )

When endogenous respiration occurs, a concentration of nit-
rogen, f,(1 — f)bX,, (see Eq. (17)), is released back into the
liquid. Assume that a fraction of the lysed nitrogen, fo,,, Is
slowly biodegradable, the remaining fraction, (1 — f,,s), is free
and saline ammonia. The nitrogen incorporated in the en-
dogenous residue, f,fbX,, remains as inert. Empirically, by
fitting the dynamic model to experimental data, it was found
that 80 per cent of the nitrogen released back into the liquid,
was slowly biodegradable nitrogen, the division being the same
as for the influent TKN, i.e. f,,, = 0,80.
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Mass flow dragram for the activated sludge process including nitrification.

3. Storage of nitrogen

In order to obtain a reasonable comparison between experi-
mental data and the mathematical model, it was necessary to
include some storage of nitrogen. It is likely that a certain frac-
tion of the stored COD is linked to proteinaceous matter, and
in this fashion links the storage of nitrogen to the storage of
COD. Let the mass of stored nitrogen be a fraction, fi, of the
stored COD. Of this stored nitrogen, assume a fraction, f,;, is
slowly biodegradable nitrogen and the balance, (1 — f,), is
stored free and saline ammonia. Empirically, by comparing the
mathematical model predictions with experimental data, the
fraction f,; was found to be 0,05, i.e. the storage of nitrogen was
5 per cent of the stored COD, and {j,, was found to be 1, i.e. all
the stored nitrogen was slowly biodegradable and is assumed to
be unchanged when the nitrogen comes out of storage.

A diagrammatic mass flow path for the complete model de-
scribed above, i.e. for carbon removal and nitrification, is given
in Fig. 8.

Process Kinetics

1. The mathematical model

The basic differential equations for sludge generation, COD
utilization and nitrification derived above are applied to the
particular. case of the completely mixed activated sludge pro-
cess (Fig. 9). The process equations are developed by doing a
mass balance on each particular variable of the process.

The general form of the mass balance equation is —

rateof rate of rate of rate of mass
mass ¢r=9 mass p-< mass }=*4 change due to
change input output process reaction
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(1) The biodegradable COD, S, in the reactor liquid:

rate of change of rate of biodegradable

biodegradable = COD
COD input
rate of biodegradable
- COD
output
. rate of release of
rate of

biodegradable COD

— 4 biodegradable COD ¢ + from the lysing of

going into storage

dead cells
ds
Fra Q(8; - S)/V — K X, S(f, - Xy/X,) +
{P(l- )b Xg*  (40)
(ii) Unbiodegradable COD in the reactor
rate of change of rate of gain
unbiodegradable = 4 from influent
COD in reactor flow
rate of loss
- through
efluent flow
dS,/dt = Q(Sui - Su)/V (41)

(iii) Active mass concentration, X,, in the reactor

rate of change
of active =
mass

rate of gain
from synthesis
of stored COD

*If endogenous respiration is modelled as in Approach (ii), then only is the
(39) term in brackets{} included and f, b, K, K., and K, are replaced by f', b,

K', K',» and K’ respectively in all kinetic equations.
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Diagrammatic layout of the completely mixed activated sludge process.

rate of loss rate of loss

- due to - in sludge
cell die-off draw off
dX, K X,P v
=Y X, -bX,-X,— 42
dt (Ket+XP) q (42)

(iv) The stored COD (as VSS) accumulated in the sludge

rate of change rate of COD
of stored = going into
COD storage
rate of COD rate loss of
released from stored COD
storage for in sludge
synthesis draw-off
dX, X5, 1 KX V
=KSXuli— &) 5 - oo Xg— Xs—
dt SXallr Xa) P (Ket X,P)77 g T
(v) Inert material accumulating through endogenous re-
sidue:
rate of change gain from loss in
of endogenous ¢ = cell - sludge
residue die-off wastage
dX,./dt = bX, - X.V/q (44)

(vi) Inert material accumulating from the inert material in
the influent:

rate of change rate of increase
of inert = through
material influent

*X V/q = mass drawn off for sludge wastage and is only correct if sludge is
drawn off continuously over the whole day. However, it can be
adapted for discrete interval draw-off in the mathematical model
by

X,V/q = 2 WHAX, AtV
i=
W; = waste flow (¢/d) over the interval i
where
n = number of draw-off intervals
= length of interval

rate of loss
- due to sludge
wastage

dXi/dt = QX”/V - X,V/Cl (45)

(vii) Rate of change of total mass (MLVSS) is the sum of the
rate of changes of active, stored, endogenous and inert
masses.

dX,/dt = dX,/dt + dX/dt + dX./dt + dX/dt (46)

(viil) Slowly biodegradable TKN in reactor
rate of change of rate of gain in
slowly degradable ¢ = + 4 slowly degradable

nitrogen N into reactor

rate of loss of rate of gain
— { slowly degradable ¢ +

N out of reactor die-oft

from organism

rate of loss
~ 4 due to organism ¢ +

rate of gain from
N being released

synthesis from storage

rate of loss due rate of loss due to N
— 9 to N going into ¢ — being converted to
storage immediately available N

dNy/dt = Q(fqNgi — Ng)/V + Lpfn(1 - )X,

K, K, X,
__"”283)&_ Lol —— 25 Xq
(Ka+ XP) (Ket X,P)

- fsnsfns K SXa<fr - Xe/Xa)/P - KrNqu (4'7)

- fncsfn Y

(ix) Unbiodegradable nitrogen in the reactor

rate of change of rate of gain

unbiodegradable = from
nitrogen influent flow
rate of loss
— from effluent
flow
dN/dt = Q(Ny; — Np)/V (48)

(x) The immediately available nitrogen in the reactor

rate of change rate of gain
of immediately ¢ = from

available N influent flow
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rate gain from
+ 9 slowly changed ¢ +
degradable N

rate of gain
from organism

die-off

rate of loss rate of gain from
—~4 due to organism ¢ +

synthesis

N being released
from storage

rate of loss due
—4 to N going into

storage
dNy/dt = Q(1 — fz) N/ V + K, NX,
K X P
(1= fene) u(1 = bXg = (1 ~ free) Y (_K;"%;(—SPT) a
KX
+ (1 -1, fH, ———
(1 Sn) ns (K‘Q-i- XSP) X.a

— (1 = e s K SXo(fr — X/ Xy)/P (49)
(xi) Stored nitrogen in reactor:

rate of change rate of change

of stored = fraction* of stored
nitrogen COD
dN,/de = £ *d X /dt (50)

(xi1) Nitrates in the reactor liguid:

Once the organisms have taken or returned all the nitro-
gen from whichever fraction they desire, the remaining
free and saline ammonia (immediately available nitro-
gen) is directly and instantly oxidized to nitrates.

rate of NQOy

gain from

rate of change
of nitrates in =

reactor liquid influent flow

rate of loss of
NQO, in effluent

flow

Nyg/dt = Q(Ny; — Ngg)/V + dNpg/dt

(51)

In general, for normal domestic sewage, the influent
nitrate concentration, Ng;, is negligible.

(xiil) Oxygen utilization
(a) Carbonaceous oxygen demand
If endogenous respiration is considered as in Ap-
proach (i), i.e. considering nett loss of active or-
ganism mass, then the oxygen utilization rate for
COD removal is given by Eq. (32).

If the actual loss of active mass is considered (Ap-
proach ii) then the oxygen utilization rate is given by
Eq. (31), but K, and K must be replaced by K’
and K’y respectively.

(b) Nitrification oxygen demand

Stoichiometrically every 1 mg/¢ ammonia as N
(I mg NH; — N/£) converted to nitrates requires
4,6 mg/€ of oxygen.

The free and saline ammonia oxidized to nitrates is
given by Eq. (49). Oxygen utilization for nitrifica-
tion is directly related to Eq. (49) by the factor
4,6 mg/€ oxygen required per mg (NH; — N/€)} con-

verted.
dO, _ dNjs
pralal (mgO,/e/d) (52)
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The equations above, Eqs. (40 to 52) and Egs. (31 or
32) describe the kinetic behaviour of the completely
mixed activated sludge process including nitrifica-
tion.

The total oxygen consumption, which corresponds
to that measured experimentally, is the sum of Eqgs.
(81) or (82) and Eq. (52).

. dOy/dt = dO./dt + dO,/dt (53)

2. Method of solution

The set of equations describing the process is solved numeri-
cally by a discrete step by step method. A finite time interval,
At, is selected and the equations written in discrete form, link-

ing the beginning and end of each interval, for example, Eq.
(41):
ASu/dt = (Su(i + 1) = Suli))/At (54)

Equating Eq. (41) to Eq. (54) and solving S,(i + 1), the un-
biodegradable COD in the reactor at time (i + 1)-is given by:

Suli + 1) = Su(i) + ALQENSw () — Su(i}/ V]

The values of each of the other unknowns at time (i + I) are

(35)

found in a similar fashion by using their respective discrete ap-
proximations of the differential equations. These values in turn
serve as starting values to calculate the values at (i + 2). The
solution of the set of equations (one for each unknown) is ad-
vanced, step by step, over the whole day, then repeated over
the next day until two consecutive days’ results differ by a pre-
selected amount. The system is then considered to be in
“dynamic steady state”.

An attempt was made to utilize more sophisticated methods
of integration (such as the 4th order Runge-Kutta method) to
allow larger integration steps, At. However, whatever the
method of integration used, the process showed instability
when the step At was greater than 1/240 day (6 min). Con-
sequently, the simplest integration procedure (Ist order
method) was used.

3. Description of the computer model

Two computer models have been developed for the completely
mixed activated sludge process, one which includes the concept
of COD storage and the other not. The model that does not
include COD storage is that presented by Marais and Ekama
(1975).

The computer models are versatile in that each can execute
the following as desired:

(a) Sludge wastage over any one or more intervals.

(b) Input data values can be read in individually or interpo-
lated linearly from hourly values read in.

(c) The length of the time interval of integration is pre-
selective.

(d) Storage of nitrogen can be any fraction of the stored COD
(0 < frs <1,0)

(e) Nitrogen from the influent, endogenous respiration storage
and synthesis can be split into any proportion of slowly
biodegradable and immediately available ammonia (0 <
fsns, f;zns: f‘ncs, fsd < 170)-
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Digital computer calculation procedure for the mathematical model.

The calculation procedure is given in the form of an algorithm
Fig. 10.

Calcomp subroutine plot programmes were written to plot the
response waves of the experimental data and the mathematical
models.

All programmes above were written in FORTRAN and exe-
cuted on a UNIVAC 1106 system.

Experimental Procedure

The experimental set consisted of two pairs of laboratory scale
completely mixed activated sludge units. One pair operated at
2,5 days sludge age, the other at 20 days. The units in each pair
had identical design parameters (Table 1). One unit of a pair
received a daily cyclic square wave feed (12 hours on and 12
hours off), the other unit received a constant feed rate over 24
hours (Fig. 1).

In each pair the units received the same mass of COD per
day. This was assured by filling the individual influent contain-
ers with the required volume of feed for the day. The feed
pumps of the cyclic units were calibrated to deliver this volume
of feed in 12 hours so that no feeding takes place over the re-

TABLE 1

DESIGN PARAMETERS FOR LABORATORY
SCALE COMPLETELY MIXED ACTIVATED
SLUDGE UNITS 1, 2, 3 AND 4

Parameter Unit 1 Unit 2 Unit 3 Unit 4
State Cyclic Steady Steady Cyclic
Sludge age (d) 2,5 2,5 20 20
Volume of reactor 6,73¢ 6,73 120¢ 120¢
Volume of feed (€/d) 180 180 140 140
Sludge wastage (€/d) 27 27 06 06

maining 12 hours. In the steady state units, the volume of feed
was delivered over 24 hours. For the cyclic units, the ervor in
the 12 hour feed period was at most a half an hour, due to
calibration error in pumping rates.

Unsettled municipal sewage was used as influent. In the first
3 sets of data, the influent COD was set at 600 mg/€ and at
500 mg/@ for the remaining 5 sets of data. The daily influent
batches were prepared from a stronger COD diluted to the re-
quired concentration. The influent containers were kept at 5°C
to reduce degradation action. It was found necessary to warm
the influent by coiling the feed pipe through a heating bath
before discharging to the unit, to prevent a daily temperature
variation in the cyclically fed unit (up to 4°C temperature vari-
ation was observed when preheating was omitted). The units
were operated in a temperature controlled room at 20°C.

In the cyclically fed units, sludge was wasted from the reac-
tors during the feed period only; if sludge was abstracted dur-
ing the non-feed period, the settling tanks were emptied. In the
cyclically fed 2,5 day sludge age unit, sludge was wasted on a
continuous basis over the 12 hours feed period by pumping
every five minutes to abstract every day 40 per cent (1/2,5) of
the reactor liquor. Sludge was wasted in a similar fashion in the
steady state unit but over 24 hours. In the 20 day sludge age
units, the total volume of mixed liquor required for sludge wast-
age was drawn off at one fixed time per day as the waste vol-
ume constituted only 5 per cent (1/20) of the reactor volume so
that single batch wastage per day had little effect on the process
variables.

The units were monitored for at least 1-1/2 sludge ages to
assure that steady state conditions were operative. Once
steady state was achieved, regular testing at one or two day
intervals was performed on all the units. The programme of the
tests is listed in Table 2. It was found that the VSS and effluent
COD were relatively insensitive to cyclic feed conditions and
gave similar results to the steady state tests irrespective of the
time the tests were taken, ie. during the feed or non-feed
period. These tests, therefore, give an overall view of the be-
haviour of the units over the entire testing period (Figs. 11 to
18). SVI tests were done at intervals to compare the settling
properties of sludges from cyclic and steady state units (Figs. 19
to 23).
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TABLE 2
PROGRAMME OF TESTS PERFORMED ON
CMAS UNITS 1, 2, 3 AND 4 GIVING GENERAL
PERFORMANCE OF UNITS OVER TEST
PERIOD
Test Cyclic Steady
1 Influent COD Influent COD
2 Influent TKN Influent TKN
3 Effluent COD Effluent COD
4 — Effluent TKN
5 VSS VSS§
6 — NO; NO,
7 — O, Uptake Rate

EFFLUENT TKN (mgN/h35 40

0 15

8

120
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20
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Results of SVI test 1 on sludges from 2,5 day sludge age steady and cyclic
stale units.
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Results of SVI test 4 on sludges from 2,5 day sludge age steady and
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At intervals, both units of a pair were tested continuously for
a 26 hour period. The programme of the tests during the 26
hour monitoring period is given in Table 3. Oxygen consump-
tion rates were measured at approximately half hour intervals
and at shorter intervals during the start and termination of the
feed period. pH was monitored during some of the 26 hour
tests, also the temperature of the mixed liquor was recorded.
(Fig. 24 and 25.)

Five 26 hour intensive tests were done on the 2,5 day sludge
age units and three on the 20 day units. The results of these
tests are given in Figs. 6 and 26 to 32.

Test methods

All tests, other than influent tests, were conducted on cen-
trifuged supernatant samples, except in the measurement of
MLSS and MLVSS. The methods for measuring the COD,
TKN, MLSS, MLVSS concentrations and SVI are those de-
scribed in “Standard Methods for the Examination of Water
and Wastewater” (1971). The nitrate and nitrite concentra-
tions were measured by the auto-analyser automated method.
The testing methods followed are given in Technicon Auto-
Analyser Methodology; these are Industrial Methods 33.69
and 35.69W.

The pH was measured within 0,05 pH units with a pH meter
Type 29 manufactured by Radiometer of Copenhagen, Den-
mark. Temperature was measured with a mercury bulb ther-
mometer graduated in 0,1°C divisions. The dissolved oxygen
concentration was measured with a Yellow Springs Oxygen
Probe.



TABLE 3
PROGRAMME OF TESTS PERFORMED ON CMAS UNITS 1, 2, 3 AND 4 DURING THE 26 HOUR
CONTINUOUS MONITORING PERIOD
State Cyclic Steady
COD NO, COD NO,
Time VSS TKN NO; VSS TKN NO,
Rea. Eff. Rea. Eff.
1100 X X X X X X X X
1300 X
1500 X X
1700 X X x X x X x
1900 X b3
2100 X
2300 X X x X X X X x x X
0100 X
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Figure 24

pH variation over a 24 hour period in the 2,5 day sludge age units.
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Figure 25

pH variation over a 24 hour period in the 20 day sludge age units.
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Figure 26
Comparison of 26 hour lest number 2, 2,5 day sludge age units, and theoretical model.
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Figure 27
Comparison of 26 hour test number 3, 2,5 day sludge age units, and theoretical model.
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Figure 32
Comparison of 26 hour test number 8, 20 days sludge age units, and theoretical model.

Oxygen consumption rate was measured as follows: The dis-
solved oxygen concentration in the aeration tank was raised
from the general operating concentration of about 2 to 3 mg/¢
up to 6 to 7 mg/¢. The aeration was then stopped and the
change in the dissolved oxygen concentration was recorded
with time for about six minutes, while the aeration tank was
still being fed and well stirred. The total oxygen consumption
rate was given by the slope of line (usually linear) of the dissol-
ved oxygen concentration versus time plot.

The COD and TKN tests on the influent were done on
unfiltered samples. Occasionally the influent was tested for
NO;-N and NO,-N concentrations which were always found to
be less than 0,1 mg/€.

Comparison of Experimental Data and the
Theoretical Model

The mathematical model (considering the nett effect in the
formulation of endogenous respiration) was programmed to the
same input forcing waves as those imposed on the experimental
units during each 26 hour test, i.e. steady state and cyclic state
of nutrients and flow conditions. From these inputs, the.compu-
ter model calculated both the steady state and dynamic steady
state response taking due account of the sludge wastage sequ-
ence. A Calcomp subroutine plotted both the results of the pro-
cess variables measured during the experimental 26 hour tests,
and the results of the corresponding process variables as calcu-
lated by the mathematical model (Figs. 6 and 26 to 32).

By comparing the predicted values of the mathematical
model with the experimental data, adaptive changes in the
model itself and the kinetic constants were made until a best
mean correspondence between predicted values and experi-
mental data was obtained. In this fashion the model described
above evolved.

The data from the 2,5 day sludge age units proved the most
useful for developing the model as the process appears to be
very sensitive at this sludge age to any input perturbation or
changes in kinetic constants. This sensitivity was so great that
it was possible to converge without undue trouble to the best
estimate of the parameters and formulation of the process.

Once a satisfactory correlation between the predicted values
and experimental data was obtained in the 2,5 day tests, the
model was applied without modification to the 20 day units, to
test the predictive power of the model at this sludge age. This
method of testing the model was not as good as originally
hoped for as the process response at 20 day sludge age is rela-
tively insensitive and appreciable deviations from the parame-
ter values giving a good fit at 2,5 days sludge age resulted in
small changes in the response at 20 days sludge age.

Using sewage as influent, it was impossible to ensure close
control of input COD and TKN every day. Inevitably daily
changes were encountered and especially when a new consign-
ment of sewage was received the constitution of the sewage
changed. The response on a particular day is not only depen-
dent on the input values of the COD and TKN at that day, but
also on the history of the process extending back two or more
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days. This was particularly evident in units operating at short
sludge ages. The influent COD and TKN measured in a par-
ticular 26 hour test constituted the input forcing wave for the
mathematical model, which assumes that these values are re-
peated every day until the model converges to the dynamic
steady state solution. Consequently, from this effect alone, the
response of the experimental units would show discrepancies
above and below experimental values.

Initially, the mathematical model included the equations for
nitrification of the generally accepted nitrification theory,
(Downing et al, 1964; Andrews and Paduska, 1974). The equa-
tions were based on the Monod relationship for nitrosomonas
and nitrobacter organism synthesis utilizing nitrogen as sub-
strate. However, after many attempts to fit the total oxygen
consumption, effluent TKN and NO; curves of the model to
experimental data, it was found that the formulation of the
generally accepted nitrification theory was inadequate. Ini-
tially it was thought that the rate constants in the theory were
incorrect. A range of values for the constants are reported, dif-
fering by an order of magnitude. (Andrews and Paduska, 1974;
Stern, 1974; Lijklema, 1973). However, application of all of
these reported values in various combinations led to no sig-
nificant improvement between the experimental and theoreti-
cal values of the oxygen consumption rates. The clue to the
behaviour was found after careful comparison of the TKN,
NO, and O, utilization experimental and predicted curves;
from the cyclic load tests on laboratory units it seemed that
nitrification was not complete. It was eventually concluded
that the influent TKN consisted of three fractions, an inert, a
slowly biodegradable, and one immediately available for
synthesis and nitrification. This hypothesis has support from
the response of the oxygen demand rate at the termination of
feed when a precipitous decrease in the rate resulted apparently
from the termination of the supply of readily available am-
monia for nitrification in the influent. The magnitude of this
drop was indicative of the fraction of ammonia immediately
available. As nitrification continued in the process during the
non-feed period, at a rate greater than can be accounted for by
the release of nitrogen through organism die off, it was con-
cluded that a slowly biodegradable fraction existed. The major
fraction of influent TKN appeared to be of a slowly biodegrad-
able nature so that the rate of nitrification was in a large mea-
sure dependent upon the rate of conversion of slowly biode-
gradable nitrogen to immediately available ammonia for nit-
rification.

The most sensitive parameter to changes in the model or the
kinetic constants was found to be the oxygen utilization rate.
The yield factor, Y, with a value of 0,43 mg VS5/mg COD,
which was obtained from steady state tests, always gave rise to
an over-estimation of the oxygen utilization rate irrespective of
adjustment in the other constants. The best fit for the oxygen
utilization rate was obtained when Y = 0,49 mg V8S/mg COD
was used in the model, It is difficult to pinpoint the reason for
this higher value necessary for Y. It may be that the COD test
over-estimates the oxygen consumption potential of the waste
or that the value of b, (the nett endogenous respiration rate per
day) and P, (the COD/VSS ratio) are not quite correct. (The
stoichiometric value of P is 1,42 mg COD/mg VSS, but when
tested experimentally was found to range between 1,40 and
1,50 for the activated sludge processes with a mean nearer 1,45
(Marais and Ekama, 1975). The net endogenous respiration
rate per day was found to be 0,24 from tests on aerobic diges-
tion of sludge (Marais and Ekama, 1975)). It should be noted
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that the values of Y, P and b are mutually interactive; for
example, if Y is selected low, the value of P must increase to
give approximately the same oxygen consumption response.
Generally, it can be said that the product of Y and P should be
about 0,67 and b about 0,24 to obtain a good correlation be-
tween experimental and theoretical oxygen consumption rates.

Conformity between the experimental and theoretical oxy-
gen consumption rate was given precedence in developing and
calibrating the model. Inevitably this, in some instances, led to
lower correspondence between the other parameters. The
theoretical parameters showing the largest deviation from their
experimental counterparts are the effluent TKN and NO;. For
some yet unknown reason, the best fit for these parameters is
ohtained when no storage of COD is assumed, but then the
peak oxygen utilization rate is grossly overpredicted (compare
Fig. 6 and 33). The MLVSS also tends to be overpredicted at
the longer sludge ages (Figs. 29, 31 and 32).

It is clear that improvernents can still be made to the model,
but this will depend on more information on the biological
mechanisms in the process.

From this study it would seem that the Monod function
mechanism should be reassessed. It would appear that the rate
of metabolism is a Monod type function relating to the stored
substrate concentration and not the substrate concentration
surrounding the organism to the rate of synthesis. At steady
state the Monod function appears to be adequate because the
stored substrate concentration remains constant and in this
fashion is effectively bypassed to link the substrate concentra-
tion surrounding the organism directly with the rate of or-
ganism synthesis. Under transient nutrient input conditions
the stored nutrient concentration changes in a manner different
from the nutrient concentration in the liquid and leads to a
different rate of synthesis from that indicated by the nutrient
concentration in the liquid.

The storage mechanism presented in this paper appears to
give a reasonable account of the behaviour observed in the con-
tact stabilization activated sludge process. In the “contact”
phase mainly adsorption of substrate onto the organism occurs.
High COD removal rates with a disproportionately low oxygen
utilization rate are observed to occur in a very short contact
period. (The model presented in this paper indicates very high
adsorption rates.) The increase in VSS observed in the contact
phase is mainly due therefore to the volatile solid equivalent of
the substrate adsorbed (stored) onto the sludge mass. In the
stabilization tank, the storad substrate is metabolized. This is
indicated by the observation that very small changes in filtered
COD take place, yet the oxygen utilization rates are high.

Plant Design

In design, an important factor is the maximum daily oxygen
demand rate, in order to size the aerators and prevent un-
wanted anoxic conditions during peak oxygen demand periods.
The variation in oxygen demand will be different between
plants, depending on the cyclic variation of the COD and TKN
load, so that it is not possible to predict the oxygen utilization
behavioural pattern except in general terms.

At present these daily cyclic variations are estimated empiri-
cally, based on observations of large plant behaviour. Vosloo
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Figure 33

Comparison of experimental data of 26 hour test I and the theoretical model for 2,5 days sludge age assuming no storage of COD.

(1970) gave an account of such estimations. His estimations of
the probable peak to average and minimum to average influent TABLE 5
flow and BOD concentrations are given in Table 4. His conclu-
sions, as regards the peak, average and minimum oxygen re- CARBONACEOUS OXYGEN DEMAND PER MG
quirement per mg BOD used, based on a cyclic load, are sum- BOD USED (MG O/MG BOD USED) ACCORDING
m.ar_lzed in Table 5, but these values specifically exclude the TO VOSLOO, 1970
nitrification oxygen demand.
Ry(d) Mean* Peak/Mean  Min./Mean
1,0 0,65 2,5 0,5
1,3 0,68 2,4 0,5
1,8 0,74 2,2 0,5
TABLE 4 2,9 0,88 2,0 0,5
INFLUENT SEWAGE VARIATIONS AS A 4,0 1,00 1,9 0,5
'FRACTION OF THE MEAN ACCORDING TO ‘
VOSLOO, 1970 5,0 1,10 1,8 0,5
Parameter Minimum  Peak Peak 6,7 1,22 1,7 0,5
BOD (mg BOD/#) 0,50 1,0 1,5 10,0 1,38 1,6 0,5
Flow (£/d) 0,67 1,0 2,0 20,0 1,60 1,5 0,5
Load (mg BOD/d) 0,33 1,0 3,0 *To obtain approximate mg O/mg COD used, divide by 1,8.

Water SA Vol. 3 No. 1 January 1977 37



There are two aspects to be considered when evaluating the
peak design oxygen demand rates:

(1) The average cyclic COD load rate over the day varies for
ecach particular plant. This cyclic variation depends on
many factors — layout of sewerage system, i.e. whether the
peak load from different parts of the town reaches the plant
sequentially, or at approximately the same time, the inten-
sity and type of industrialization and so on.

There is a day to day random fluctuation in load about the

average cyclic load which results in occasional extreme

loading conditions. Correspondingly, the response of the
plant will be of a two-fold character:

(i) The average cyclic variation in load will lead to an
average response in cyclic oxygen demand rates.

(ii) The random fluctuation about the mean cyclic load
will result in a concomitant random fluctuation of the
oxygen demand rates about the mean cyclic oxygen
demand rates.

The average cyclic load variations over the day, giving rise to

TABLE 6

DESIGN PARAMETERS OF LABORATORY
SCALE COMPLETELY MIXED ACTIVATED
SLUDGE UNITS A AND B

Parameter Unit A Unit B
State Cyclic Cyclic
Sludge age (d) 21,5 10,7
Volume of reactor 12,0 ¢ 120¢
Volume of feed per day 14,0 £/d 17,6 €/d
Mean influent COD 600 596
(mg COD/#¢)

Mean influent TKN (mg N/€) 44,6 44,2

square wave

12 hrs. on/

square wave -

Mode of feed 12 hrs. on/

the dynamic response of the plant, have been investigated in
this paper. The random fluctuation however, has not been in-

vestigated.

The plant response to cyclic loading shows severe damping.
However, it is difficuit to assess the extent of damping of the
random fluctuations of the feed and the random fluctuations
generated in the reactor. Even when the feed is closely control-
led to be a constant value, to achieve average cyclic load condi-

12 hrs. off 12 hrs. off

For example, in the investigation two completely mixed acti-
vated sludge units were operated for a period of about three
months. The design parameters of both units are listed in Table
6. A flow variation in the form of a square wave was imposed
and an effort was made to feed the same mass of COD daily. All

tions, a random response is detectable.
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Experimental results showing the random fluctuation response at a sludge age of 10,7 days. Also shown is the average cyelic response of the
mathematical model.
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Experimental results showing the random fluctuation response at a sludge age of 21,5 days. Also shown is the average cyclic response of the
mathematical model.

period paying special attention to the oxygen consumption
rates. The experimental results for both laboratory units are
given in Figs. (34) and (35). A rather large fluctuation in the
oxygen consumption rates is observed. Incorporation of these
random effects in design will best be effected from observations
of full scale plant behaviour.

In order to give some guidance on the response of a plant
under average cyclic load conditions, two load patterns were
investigated using the mathematical model: a sinusoidal and a
square wave influent COD and TKN load variation over the
day.

1. Sinusoidal varying load

Figure 36 illustrates the sinusoidally varying influent COD
load. Different amplitudes of the sine wave, a, (as a fraction of
the average load) were imposed from a = 0 (steady state) to a
= 1, in which the peak load is twice the average and the
minimum load 1s zero.

In practice, the influent flow, COD and TKN vary indepen-
dently. Such variations can be simulated in the computer
model for a practical plant, but for general design purposes it
makes the design chart very complicated: For an influent flow
wave, Q;, with an average of Qgpe (£/d), and with a variation of
peak to average of say, x, and an influent COD wave of S,; with
an average of S,qpe, and with a variation of peak to average of
say, y, the average of the COD mass flow wave, MS,,,, in-
creases as x and y increase, i.c.

n
Soave = % 2 Soi (56)
1=1
n
Q(we = —Ill_ z Qi (57)
i=1
L T LI 1 I LI 1 'P— 1 ] 1
pd X -
o 8 2
b > 5 -
L. QxSq = -

i1 1 | I - | J 1 1 il
0600 1200 1800 0 0600
TIME (hrs)
Figure 36

Sinusoidal COD mass load imposed on mathematical model for the con-
struction of the design charts.
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(58)

Soaue*Qave < Msoave

Q; and S,; > O and both vary

n = number of intervals considered per day.

Therefore, if the influent flow and COD vary independently,
for variations in x and y about the means Qgype and S,qq, diffe-
rent masses of COD are fed per day, the greater the values of x
and y, the more mass of COD is fed.

The most important factor influencing the behaviour of the
plant is the COD mass load per day. The magnitude of the flow
has little significance: provided the cycle of the COD mass is
specified, the concentration at which it comes into the reactor is
not important. For this reason, in developing the design chart
the flow is kept constant and the COD concentration varied
sinusoidally so that the COD mass load per day thus also varies
stnusoidally (Fig. 36).

An example of the response to sinusoidal COD mass input is
shown in Fig. 37 (see p 45). In order to allow a comparison to be
made, the same input data, i.e. influent mass of COD and N,
and design parameters, i.e. volume and Qg, etc. as those for the
2,5 day sludge age units in Test 1 (Fig. 6) are used, except that
the COD mass rate input wave is sinusoidal with an amplitude
equal to 0,6 times the average. The flow is constant and sludge
draw is over 24 hours. The steady state results and average re-
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sults computed from the dynamic behaviour of both, are identi-
cal — as is to be expectad. The peak total oxygen demand is
38 mg/€/hr from the sine wave input, whereas it is 44 mg/¢/hr
for the square wave input.

To develop a design chart, the total mass of COD input per
day is taken to be constant. This value cannot be taken as unity
as the effluent COD is not a function of the influent COD, and
the model is only valid within realistic simulations. An influent
volume of 15,0 £ at a COD concentration of 600 mg COD/¢
(feeding a total mass of 9 000'mg COD/d) was selected to ob-
tain the results of the mathematical model responses in all
cases. (Fig. 38 is an example of one case, a = 0,8, Ry = 5,0
days). However, the results were generalized finally by dividing
the mathematical model responses by the COD utilized (SS).

The influent TKN is assumed to be 10 per cent of the equiva-
lent VSS of the influent COD, i.e.

N; = 0,1 S,/P (mg N/€) (59)

The amplitude of the influent sine wave is varied to give diffe-
rent values for the daily peak COD load. Amplitudes (as a frac-
tion of the base value) considered are 0,40, 0,60, 0,80 and 1,0 to
give maximum daily load values of 1,4, 1,6, 1,8 and 2,0 times
the average, and the corresponding minimum daily load values
of 0,60, 0,40, 0,20 and 0,0 times the average respectively.

The response to each of the four input sine waves is calcu-
lated for sludge ages 2,5, 5, 10, 15, 20 and 30 days. The results
of the oxygen requirements are recorded in Tables 7 and 8. The
results are also plotted in Figs. 39 and 40, these two figures
constituting the design charts for sinusoidal response wave.
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Figure 37
Response of the theoretical model to a sinesoidal COD mass load. Mean input data and design parameters the same as in 26 hour test 1.
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TABLE 7

MILLIGRAM OXYGEN REQUIRED PER MG COD UTILIZED IN THE ACTIVATED SLUDGE
PROCESS AT 20°C RECEIVING SINUSOIDAL COD MASS LOAD

Sludge Steady state Dynamic State — maxima and minima oxygen demands
Age

(days) a=0 a= 0,40 a = 0,60 a= 0,80 a= 10
R, Cx N* C N C N Cc N C N

2,5 | 0497 | 0,116 | max. | 0524 | 0,138 | 0,545 | 0,149 | 0,558 | 0,160 | 0,671 | 0,176
min. 0,419 | 0,083 | 0388 | 0066 | 0356 | 0047 | 0238 | 0,053
50 | 0,596 | 0159 | max. | 0,686 | 0,163 | 0,728 | 0,168 | 0,767 | 0,176 | 0809 | 0,187
min. 0,497 | 0,151 | 0446 | 0,145 | 0393 | 0,137 | 0338 | 0,135
100 | 0,692 | 0,196 | max. | 0,798 | 0,205 | 0849 | 0212 | 0900 | 0,220 | 0951 | 0,232
min. | 0579 | 0,176 | 0,523 | 0,167 | 0466 | 0,157 | 0,407 | 0,145
150 | 0,737 | 0212 | max. | 0848 | 0227 | 0902 | 0234 | 0956 | 0,243 | 1,009 | 0,254
min. 0,623 | 0,189 | 0565 | 0,177 | 0507 | 0,166 | 0448 | 0,153
200 | 0,763 | 0222 | max. | 0875 | 0238 | 0931 | 0247 | 0,985 | 0,255 | 1,041 | 0,967
min. 0,647 | 0,196 | 0589 | 0,184 | 0531 | 0,172 | 0473 | 0,158
30,0 | 0,792 | 0,232 | max. | 0906 | 0,251 | 0963 | 0,261 1,081 | 0270 | 1,013 | 0,287
min. 0,675 | 0205 | 0617 | 0,092 | 0,558 | 0,179 | 0499 | 0,162

*C = Carbonaceous oxygen demand per mg COD utilized.
*N = Nitrification oxygen demand per mg COD utilized.
C + N = Total oxygen demand per mg COD utilized.
Milligram oxygen demand/d/mg COD utilized for average mass of 1 mg COD/d with sinusoidal load variation =
1+ asin (2mx/24),0<sas<,0< x< 24.

TABLE 8

MILLIGRAM OXYGEN REQUIRED PER MG COD UTILIZED IN THE ACTIVATED SLUDGE
PROCESS AT 20°C RECEIVING SINUSOIDAL COD MASS LOAD

Dynamic State — maxima and minima oxygen demands

Sludge Steady a=04 a=106 a=0,8 a=10

Age State

(days) a= max. | max. max. | max. max. | max. max. | max.

R; T* T mean | min. T mean | min. T mean | min. T mean | min.

2,5 | 0,613 | max. 0,641 | 1,046 | 1,194 | 0,664 | 1,083 | 1,302 | 0,687 | 1,121 | 1,428 | 0,718 | 1,171 | 1,595
min. | 0,537 0,510 0,481 0,449

5,0 0,755 | max. [ 0,840 | 1,113 | 1,276 | 0,882 | 1,168 | 1,444 | 0,922 | 1,215 | 1,638 | 0,972 | 1,287 | 1,913
min. | 0,658 0,611 0,563 0,508

10,0 | 0,888 | max. | 0,996 | 1,131 1,298 | 1,051 1,184 | 1,482 | 1,105 | 1,244 | 1,694 | 1,169 | 1,316 | 1,981
min, | 0,767 0,709 0,651 0,590

15,0 | 0,949 | max. | 1,067 | 1,124 | 1,296 | 1,127 | 1,188 | 1,479 | 1,187 | 1,251 | 1,696 | 1,251 | 1,318 | 1,970
min. | 0,823 0,762 0,700 0,635

20,0 | 0,985 | max. | 1,106 | 1,122 | 1,294 | 1,168 | 1,186 | 1,475 | 1,229 | 1,248 | 1,688 | 1,296 | 1,316 | 1,961
min. | 0,855 0,792 0,728 0,661

30,0 1,024 | max. | 1,149 | 1,122 | 1,290 | 1,213 | 1,185 | 1,467 | 1,276 | 1,246 | 1,675 | 1,345 | 1,313 | 1,944
min. | 0,891 0,827 0,762 0,692

T* = Total oxygen demand/mg COD utilized.
Milligram oxygen demand/d/mg COD utilized for average mass of 1 mg COD/d with sinusoidal load variation = 1 + a
sin (2mx/24),0 < a< |,0< x < 24,
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Figure 38
Example showing the response of the mathematical model under sine wave input of amplitude 0,8 times the average at a sludge age of 5 days.
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estimated by Vosloo with those calculated by the mathematical model.



A comparison of the empirical carbonaceous oxygen re-
quirements of Vosloo (1970) and the corresponding carbonace-
ous oxygen requirements predicted by the computer model
under sine wave simulation, is given in Fig. 41.

2. Square wave load variation

Figure 42 illustrates the different loading conditions imposed
on the mathematical model in the investigation of the response
to square wave load variations. In all cases the same mass of
COD was fed per day (9 000 mg COD/d), the variation being
the length of the feed period which ranges from 6 to 14 hours,

the corresponding non-feed periods ranging from 18 to 10 hours
(Fig. 42).

The development of the oxygen demand design chart (Fig.
43) was done under the same conditions as those for the sine
wave oxygen requirement design charts.

The response to each of the five input square waves was cal-
culated for sludge ages 2,5, 5, 10, 15, 20 and 30 days. The re-
sults of the oxygen requirements are recorded in Tables 9 and
10. The results are also plotted in Fig. 40 (sludge masses) and
Fig. 43 (oxygen requirements), these figures constituting the
design charts for square wave response.

An example of the response to square wave input of the par-
ticular case where the sludge age is 20 days and length of the
feed period is 8 hours is given in Fig. 44.

In using the charts the following features should be noted:
(1) Nitrification is included.
(ii) Sludge wastage is continuous over the whole day. For de-
sign purposes the period of sludge wasting has negligible
effect.
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Figure 40
Design chart for estimating sludge accumulation in the aeration reactor for
any COD input wave.

(iii) The design charts (Figs. 39, 40 and 43) give the total peak
and minimum oxygen demand rate (mg 0/day) per aver-
age mass of COD utilized per day (mg COD/day). The
design charts can therefore be used for both settled and
unsettled municipal sewage, i.e. in the construction of the
design charts M(SS) is taken as 1 mg COD utilized/day
(Eq. (67)). Also given is the maximum and minimum
oxygen utilization for nitrification.
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Figure 42
Square wave load variations imposed on the mathematical model for the
construction of the design charts for square wave load patterns.
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Design chart for total oxygen demand per mg COD utilized per day as
predicted by the mathematical model under square wave input load.
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TABLE 9

MILLIGRAM OXYGEN REQUIRED PER MG COD UTILIZED IN THE ACTIVATED SLUDGE
PROCESS AT 20°C RECEIVING SQUARE WAVE COD MASS LOAD

N*

= Nitrification oxygen demand.
0* = Length of feed period of the square wave (Fig. 42).

Steady Dynamic State — maxima and minima oxygen demands
Sludge State
Age g* =24 2=6 2=28 ¢=10 0=12 =14
(days)
R, C* N* Cc N C N Cc N C N C N
25 (0493 | 0,117 | max. |0,553 | 0,410 | 0,577 | 0,345 ) 0,588 0,308 | 0,594 | 0,284 } 0,588 | 0,266
min. |0,182 | 0,000 | 0,195 | 0,000 | 0,209 | 0,000 | 0,226 | 0,000 | 0,246 { 0,000
50 [0602 | 0,159 | max. [0912 | 0,404 | 0,920 | 0,337 | 0,903 | 0,301 0,864 | 0,282 | 0813 { 0,275
min. 0,250 | 0,000 | 0,260 | 0,000 | 0,260 | 0,000 0,276 | 0,007 | 0,283 | 0,033
10,0 0,696 | 0,196 | max. |[1,212 | 0,415 1,177 | 0,346 | 1,103 | 0,307 | 1,014 | 0,284 0,930 | 0,275
min 0,338 | 0,000 | 0,348 | 0,000 | 0,355 | 0,022 0,362 | 0,061 | 0,308 | 0,086
150 [0,741 | 0,212 | max. [1,335 | 0,426 | 1,275 | 0,356 | 1,171 0,316 | 1,065 [ 0,292 | 0,977 | 0,280
min. | 0,380 | 0,000 | 0,389 | 0,000 | 0,397 | 0,048 | 0,404 | 0,087 [ 0,411 | 0,109
200 (0770 | 0,222 | max. 1,411 | 0,433 | 1,326 | 0,362 | 1,206 | 0,322 | 1,093 | 0,298 } 1,003 | 0,285
min. |0,404 | 0,000 | 0,414 | 0,006 | 0,422 | 0,063 | 0,429 | 0,101 | 0,436 | 0,122
30,0 10,790 | 0,232 | max. |1,560 | 0,441 | 1,375 | 0,370 | 1,241 0,329 | 1,122 | 0,305 | 1,031 | 0,291
min. | 0432 | 0,000 | 0,442 | 0,021 | 0,450 | 0,081 | 0,457 | 0,117 | 0463 | 0,135
C* = Carbonaceous oxygen demand.

TABLE 10

PROCESS AT 20°C RECEIVING SQUARE WAVE COD MASS LOAD

MILLIGRAM OXYGEN REQUIRED PER MG COD UTILIZED IN ACTIVATED SLUDGE

Dynamic State — maxima and minima oxygen demands
Sludge| Steady £=6 =8 2=10 2 =12 =14
Age State
(days) | €% = 24 max. ) max. max. | max. max. | max. max. | max, max. | max.
" T T |mean min.| T |mean| min.| T |mean| min.| T |mean| min. T |mean| min.
2,5 10,610 max.{0,847| 1,389 2,805 0,791 | 1,297 | 2,456 0,759 | 1,244 | 2,213 0,737 | 1,20812,019|0,716| 1,174 | 1,836
min. | 0,302 0,322 0,343 0,365 0,390
5,0 0,761 max.|1,152{ 1,514} 3,182 {1,103 1,452 12,915 1,066 | 1,401 2,692 | 1,024 1,346 2,473(0,962| 1,264 | 2,201
min. | 0,362 0,379 0,396 0,414 0,437
10,0 10,892 max.|1,446| 1,621 3,171 {1,381} 1,548 2,926 1,307 | 1,465 2,695 | 1,226 | 1,374 2,452 1,148 1,287 2,212
min. | 0,456 0,472 0,485 0,500 0,519
15,0 |0,953 max.|1,582] 1,660 3,114 | 1,498 1,572 2,870 1,402 | 1,471} 2,621 | 1,304 | 1,368 | 2,375 1,217 1,277 2,150
min. | 0,508 0,522 0,535 0,549 0,566
20,0 [0,992 max.| 1,658 1,671] 3,076 [1,561| 1,574 2,823 1,452 | 1,464 | 2,565 | 1,347 | 1,358 2,326 | 1,255| 1,265 2,109
min. {0,539 0,553 1,505 0,579 0,595
30,0 [1,022 max.|1,741| 1,704} 3,033 | 1,628 1,593 | 2,769 1,505 | 1,473 | 2,504 | 1,392 | 1,362 | 2,267 | 1,297 | 1,269 2,062
min. | 0,574 0,588 0,606 0,614 0,629

T* = Total oxygen demand per mg COD utilized per day.
¢* = Length of feed period of square wave (Fig. 42).
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Example showing the response of the mathematical model under square wave input load of an 8 hour feed period at a sludge age of 20 days.

Comparison of response data

The design chart values for the sludge in the reactor was found
to be independent of the cyclic input COD variations. This
bears out the fact that the mass of sludge generated is solely a
function of the mass of COD fed per day and the sludge age and
is independent of hydraulic retention time (Marais, 1973) i.e.
flow variations.

For the sine wave loading the peak oxygen consumption rate
occurs approximately 3 hours after the peak COD mass flow
(Fig. 37). Similarly, the minimum oxygen consumption rate
occurs about 3 hours after the minimum COD mass flow. The
variation of the oxygen consumption rate resembles a sine
curve (Fig. 37), the amplitude being about 33 per cent of the
COD mass flow amplitude.

This suggests a simple design rule to determine the peak
oxygen demand for cyclic load conditions: Calculate the aver-
age oxygen demand for the carbonaceous and nitrification load
according to the steady state equations. Estimate the peak/av-
erage COD load for the day. Increase the steady state total
oxygen demand by one third of the amplitude (peak-average)
of the COD load.

The peaks for nitrification and carbonaceous oxygen demand
occur at nearly the same time (Figs 37 and 38). For this reason
it is possible to assume that the peak total oxygen demand is
the sum of the peak carbonaceous and peak nitrification oxygen
demands. For sludge ages greater than 10 days, the assump-
tion that the carbonaceous and nitrification oxygen demands
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Figure 45
Ratio of the sum of carbonaceous and nitrification oxygen demand rates to
total oxygen demand rates for maxima and minima values under sine wave
input loading.
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occur stmultaneously, over-estimates the total oxygen demand

by not more than 1,5 per cent. (Compare Tables 7 and 8) (Fig. Figure 47
45). Ratio of the sum of carbonaceous and nitrification oxygen demand rates to
total oxygen demand rates for maxima and minima values under square
An overview of the total oxygen requirement data as pre- wave input loading.

dicted by the mathematical model under sine wave loading

conditions is given in Table 8. For each different case of sludge

age and input COD sine wave amplitude, the ratio of e e Vosloo

maximum/mean and maximum/minimum total oxygen re- — Poak/Mean }Modol
T

quirement is calculated. These values are plotted in Fig. 46. ===~ - Peak/Minimum
Also plotted are the values of the ratio maximum/mean car- 40 \"_ e vl
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nitrification oxygen requirement, i.e. that the two occur simul-
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commencement,

The maximum total oxygen requirement occurs at feed ter-
mination while the minimum total oxygen requirement occurs
just prior to feed commencement.

RATIO PEAK/MEAN or PEAK/MINIMUM OXYGEN DEMAND RATES

taneously. This assumption can lead to overestimation of the Figure 48
total oxygen requirements by 20% at the shorter sludge ages. Ratios of peak to mean and peck to minimum total oxygen demand rates for
(Compare Tables 9 and 10. Fig. 47.) square wave inpute loading. Vosloo’s values also given.
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An overview of the total oxygen requirements data as pre-
dicted by the mathematical model under square wave loading
conditions is presented in Table 10. The ratios maximum/-
mean and maximum/minimum total oxygen requirement are
calculated and plotted in Fig. 48. Also plotted are the values
suggested by Vosloo for carbonaceous oxygen requirement
ratios maximum/mean and maximum/minimum under general
cyclic loading conditions (Table 5).

The peak and minimum values of the oxygen requirements
predicted by the mathematical model result only from the daily
average cyclic loading variation. No attempt has been made to
model the day to day fluctuations of this daily average cyclic
loading. To include the extreme cases of loading due to these
random fluctuations about the daily average cyclic load, it is
suggested that a “factor of safety” be applied to the peak oxy-
gen requirements as calculated here.

Design Procedure

From a plot giving daily cyclic variations of COD and flow, the
COD mass flow can be calculated with Eq. (58). With the av-
erage flow calculated from Eq. (57) the effective average
influent COD can be found:

= MSue/Qave  (mg COD/E) (60)

Soave

1. Unsettled municipal sewage

The mass of COD utilized (requiring oxygen) in unsettled
municipal sewage is calculated as follows:

Let Syqpe = average total influent COD (mg COD/£). The
unbiodegradable COD, S,, and the inert solid COD, S, in the
influent are first calculated:

Sui = 6,5, (mg COD/g) f, = 0,05 (61)
X = fiS, (mg VSS/£) f; = 0,09 (62)
therefore

Spu = P Xy (mg COD/{Y) (63)

Therefore the biodegradable COD in the influent, §;, is given
by:

S, = Syl - f, - Pf)

The biodegradable COD in the effluent is calculated from the
steady state equations:

S = (I/R, + b)/(YK)

(mg COD/€) (64)

(65)
where
b = endogenous respiration rate (/day)
R, = Sludge age (/day)
Y 0,49 (mg VS8S/mg COD)
K = rate constant 0,07 (£/mg VSS/d)
Su = Su (mg COD/¢)

Hence the COD utilized by the organisms (COD degradation
requiring oxygen is given by (S; — 8). The average COD mass
load utilised per day, M(S; — 5), is given by:

i

Yield factor

(66)

t
M(S;-S) = ¥ QS«-8)/ X Q
t=1 t=1
= Qave (Sz - S)ave (67)
The total effluent COD, §,, is given by:
S;= S+ S, (68)

The total mass of solids generated in the reactor is the sum of
the active, endogenous and inert masses.

MX, = MX, + MX, + MX; (69)

2. Settled municipal sewage

The design procedure is identical, except that for municipal
settled sewage the inert volatile solids fraction in the influent, f;,
is zero. All Eqgs. (61 to 69) are applicable if zero is substituted
for f;. Equation (64) reduces to:

Si = So(l - 1£,) (70)

Design Example

A completely mixed activated sludge plant is to be designed to
treat an average expected flow of 10 M€/d. The sludge age is
set at 20 days. The anticipated peak COD mass flow is 1,8
times the average COD mass flow and varies sinusiodally.

1. Unsettled municipal sewage

Assume the mean total influent COD, Syqp = 600 mg/€. The
unbiodegradable COD in the influent is given by Eq. (61):

Sy = 0,05%600 = 30 (mg COD/£)
The solid inert material in the influent is given by Eq. (62):
X = 0,09*600 = 54 (mg VSS/¢)
The solid inert material equivalent COD is given by Eq. (63):
Spi = 1,42*%54 = 76,7 {mg COD/¢@)
The biodegradable COD in the influent is given by Eq. (64):
S; = 600 ~ 30 - 76,7 = 493,3 (mg COD/¢)

The biodegradable and unbiodegradable COD in the effluent is
given by Eqgs. (65) and (66):

S = (1/20 + 0,24)/(0,49*0,07) = 8,5 (mg COD/¢)
Sy = 30 .
(Si—S) = 493,3 - 85 = 484,8 (mg COD/¢)

The total effluent COD is given by Eq. (68):

S, =85+ 30= 385 (mg COD/Z)
The mass of COD utilized per day is given by Eq. (67):
M(S, - S) = 10*10°%484,8 = 4,85*1(° {mg COD/d)

From Fig. 37, the mass of oxygen consumed in utilizing 1 mg
COD at 20 days sludge. age, for a peak organic load (including
nitrification for an influent TKN (given by Eq. (59)), is
1,23 mg O per mg COD utilized.

Therefore, assuming a factor of safety of 1,3 the peak
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maximum oxygen uptake rate expected (including nitrifica-

tion) is:

dO/dt (max) = 1,3*1,23*4,85*1("

= 7,75*10°
= 322,1
The mass of sludge generated in the reactor is found from Fig.
38:
X, = 1,71*4,85%10° = 8,28*10°
X, = 1,60%4,85*%10° = 7,76*10°

X; = 2,18%4,85*10° = 10,57*10°
5,50%4,85*10° = 26,66*10°

&
Il

Assume the concentration of sludge has been specified at
3 000 mg VSS/£, then the volume of the reactor, V, is MX,/X,.

26660*10°
The hydraulic retention time, R, is V/Q.
R= 8—;?* 24 = 21,3 hours

Peak oxygen utilization rate is:

322,1%10°

§80F 1P o0

2. Settled municipal sewage

Assume the expected average total settled influent COD is

600 mg COD/.
S, = 0,05%600 = 30

Xu=0

S;= 570

§=85

S;= 385

{S; —S)= 5615
M(S; — S) = 10%10°%561,5
= 5,62*10°
Factor of safety =13
S.dO/dt (max) = 1,3%1,23%5,62%10°
= 374,1

Xy = 1,71%5,62%10° = 9,60*10°
X, = 1,60%5,62%10° = 8,98*10°
X;=0

X,= 3,31%5,62%10° = 18,58*10°

18,58%10°
V= T 6,19 M¢
The hydraulic retention time, R, is V/Q.
R = —f;igi *24 =" 14,9 hours.

Peak oxygen utilization rate is:

374,1*10°
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APPENDIX

List of Symbols

Description Units
endogenous respiration
rate per day

fraction of inert

volatile solids in

influent

fraction of
unbiodegradable soluble
COD in the influent
fraction of cell mass
which is unbiodegradable
maximum ratio of stored
solids to active

volatile solids

fraction of
unbiodegradable TKN in
the influent

fraction of availeble
biodegradable TKN (Ng;) as
slowly biodegradable
fraction of sludge as
nitrogen

fraction of stored

solids (X;) which is
stored nitrogen

fraction of stored
nitrogen as slowly
bilodegradable

fraction of nitrogen
gained from endogenous
respiration as slowly
biodegradable

fraction of nitrogen
required for cell
synthesis as slowly
biodegradable

rate constant for
substrate entering into
storage

saturation coefficient mg COD/¢
for substrate entering

into storage

substrate transfer /d
coefficient

rate of degradation of
slowly degradable TKN
maximum rate coeflicient
for COD entering into
storage

saturation coeflicient

for COD entering into
storage

mg N/mg VSS

mg N/mg VSS

mg N/mg VSS

mg N/mg VSS

£/mg VSS/d
£/mg VSS/d

¢/mg VASS/d

mg COD/
mg VSS/d

mg COD/¢

Value
0,24
0,54
0,09

0,05

0,20
0,09
1,0

0,02

0,80

0,10

0,05

1,00

0,80

0,00

0,12
0,20

150,0

3,0
0,01

12,0

150,0

Symbols marked ' have revised values to model endogenous respiration as
in Approach (ii).
*After Andrews & Busby (1973).



Qave

Description

maximum rate coefficient
for COD released from
storage for cell

synthesis

saturation coeflicient
for COD released from
storage for cell
synthesis

prefix indicating
masses, not
concentrations, are
considered

general parameter for
TKN concentration

total influent TKN
unbiodegradable TKN in
influent

inert TKN bound in the
inert volatile solids

in the influent
biodegradable TKN in the
influent

biodegradable TKN in the
influent which is

slowly biodegradable
biodegradable TKN in the
influent which is
immediately available
slowly biodegradable TKN
in the effluent
unbiodegradable TKN in
effluent

total effluent TKN
ammonia which is .
instantaneously converted
to nitrates

nitrates concentration

in influent

Nitrates concentration

in effluent

general parameter for
oxygen consumption
oxygen consumption for
endogenous respiration
oxygen consumption for
carbonaceous material
oxidation

oxygen consumption for
nitrification

total oxygen consumption
COD/VSS ratio

influent flow '

influent flow wave

mean of influent

flow wave

waste flow

Units
mg COD/
mg VS8S/d

mg COD/¢

mg

mg COD/mg VSS
2/d
e/d
2/d

2/d

Value

3,0
3,75

100,0
100,0

Sym-
bol Description Units
R hydraulic retention time d,hrs
R, sludge age d
_ mass of solids in system
mass of solids wasted/d
= VX,/qX, = V/q
S general parameter for mg COD/¢
substrate concentration
— filtered biodegradable
COD in the effluent
Sy filtered unbiodegradable .
COD in the effluent
S total efftuent COD "
S, total influent COD "
Sui unbiodegradable COD in .
the influent
Sz equivalent COD of inert .
volatile solids in
influent
S; biodegradable COD in the .
influent
Se stored COD '
Sy equivalent COD of active mg COD/¢
volatile solids
synthesized from
stored COD
Sei total COD influent wave ’
Seare  mean of total COD ,
A influent wave
t general parameter for d
time
At length of integration d
time interval
v volume of reactor ¢
X general parameter for mg VSS/€
sludge solids
concentration
X active volatile solids .
Xe endogenous residue .
volatile solids
X inert volatile solids '

Xy total volatile solids
X, stored COD as volatile
v solids

Xii inert volatile solids in
the influent

Xe active volatile solids
lost due to endogenous
respiration

X maximum variation (as a
fraction of the
average) in Q;

Y organism yield factor

y maximum variation (as a
fraction of the
average) in Sy;

mg VSS/mg COD

Value

0,49
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The size of the journal is A4. Full page type area is 210
mm X 300 mm. Column width is 85 mm. Printing is
Litho offset.

GENERAL

Papers will be accepted in English or Afrikaans.

Papers should deal with the following: scientific aspects
of water; water resources development; industrial and
municipal water and effluent management; environ-
mental pollution control; hydrology and geohydrology;
agricultural water science; limnology and the hydrolog-
ical cycle.

Papers should be accompanied by an abstract. In pre-
paring abstracts, authors should be brief but not at the
expense of intelligibility.

Authors may recommend that some sections of their
papers should be printed in smaller type, or in an ap-
pendix if they deal with technicalities which are chiefly
within their own discipline. Such an arrangement helps
the general reader make use of the paper.

“State of the Art” review articles and reports on meet-
ings and conferences will normally be prepared by invi-
tation, but authors may submit such papers or sugges-
tions for consideration to the Editor.

The submission of a paper will be taken to indicate that it
has not, and will not, without the consent of the Editor,
be submitted for publication elsewhere.

Fifty free reprints of each paper will be provided. Any
additional copies of reprints must be ordered with re-
turn of proofs and will be charged for. A reprint order
form will accompany proofs.

Manuscripts should be submitted to:
The Editor,

WATER SA,

P.O. Box 824,

PRETORIA, 0001.

3.

3.1

3.2

3.3

SCRIPT REQUIREMENTS

Authors are asked to submit an original typed copy in
double spacing with one carbon copy or photocopy to
avoid delay in refereeing.

Photographs should be on glossy and not matt paper,
enlarged sufficiently to permit clear reproduction in
half-tone. These must accompany the manuscript, pref-
erably mounted on separate sheets. If words or numbers
appear on photographs two copies are requested, one
clearly printed and the other without inscription. If line
drawings are already well drawn, it may be possible to
reproduce them direct from the original, but in this case
it is essential that the original drawings or good photo-
prints should be provided. All illustrations should be
provided with descriptive legends (captions). The
legends should be typed on a separate sheet. Please pack
photographs carefully, with cardboard backing, to avoid
damage in the post.

References to published literature should be quoted in
the text as follows: SMITH (1950) - the date of publica-
tion, in parentheses, following the author’s name. All
references should also be listed together at the end of
each paper and not given as footnotes. They should be
arranged in alphabetical order (first author’s surname)
with the name of the periodical abbreviated in the style
of the World List of Scientific Periodicals (4th edn, Butter-
worths, London, 1963-1965, 3 vols) and appear as fol-

lows:

CURTIS E.J.C. and HARRINGTON D.W. (1971)
The occurrence of sewage fungus in rivers in the
United Kingdom. Water Research Vol. 5, no. 6,
281-290.

THRING M.W. (1975) Awr Pollution, p. 132 Butter-
worths, London.

It is particularly requested that (a) authors’ initials (b)
title of the paper and (c) the volume or part numbers
and page numbers both beginning and end are given in
every case.

HOW TO SUBSCRIBE

If you would like to receive a copy of “Water SA” kindly write direct to The Editor,
“Water SA”, P.O. Box 824, PRETORIA, 0001. Subscription is free.
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