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ABSTRACT

A detailed and critical review on the theoretical determination
of the process oxygen requirement of the extended aeration activated
sludge process was carried out. The theoretical carbonaceous oxygen
requiremnt (COR) can be calculated either from the influent
carbonaceous substrate ultimate BOD or by the traditional synthesis
and endogenous respiration equation. The former method was considered
to be more theoretically sound than the latter method. The latter
method was considered to be empirical in nature as the traditional
model failed to recognise a critical feature of substate limited
process such as the "conventional" and extended aeration modes of the
activated sludge process. It was argued by the writer that in a
substrate limited process, the active biomass is limited as well as
being directly proportional to the influent substrate mass. Based on
this argument, it was hypothesised that the actual process "F/M" ratio
based on the actual mass of substrate consumed and the active biomass
is constant regardless of the value of the traditional empirical "F/M"
(kg BOD5/kg MLSS.d) ratio or sludge age. The new hypothesis was
supported by reported literature data on the active biomass fraction
of MLSS.

An oxygen mass balance was conducted on a full-scale
intermittent extended aeration (IEA) plant to verify the process
oxygen requirement calculated by the two methods mentioned above. It
was found that the theoretical process oxygen requirement calculated
by the former method agreed with the measured value obtained by the
oxygen mass balance. The latter traditional method grossly
overestimated the process oxygen requirement when typical coefficient

values of the "conventional™ process were used.

In order to conduct the oxygen mass balance for the IEA plant,
aeration tests in clean water and dirty water (MLSS) were conducted.
A critical review was also conducted to determine the most reliable
method to interpret the aeration tests data. It was shown that the
non-linear least squares parameters estimation technique was the most

reliable as it provides the least squares estimates of all the oxygen
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transfer parameters - including the dissolved oxygen saturation value
which is not provided by other methods. Also, a new general aeration
test model applicable to both surface and submerged aeration tests was
developed. This new model allows the non linear least squares
parameter estimation technique to be used for interpreting submerged

aeration test data.
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LIST OF ABBREVIATIONS

ADWF Average dry weather flow
amm.N Ammonia Nitrogen

ATP Adenosine Triphosphate

BOD Biochemical Oxygen Demand

BWL Bottom water level

COoD Chemical Oxygen Demand

CODmn. Permanganate COD (P.V.)

cone. Concentration

COR Carbonaceous oxygen requirement
DNA Deoxyribonucleic acid

DO Dissolved oxygen

Eff. Effluent

ep. Equivalent person

Eq. Equation

F/M Food to Microorganism Ratio
IEA Intermittent Extended Aeration
Inf. Influent

MCRT Mean Cell Residence Time

MLSS Mixed Liquor Suspended Solids
MLVSS Mixed Liquor Volatile Suspended Solids
NOD Nitrification oxygen demand
NOR Net Nitrogenous Oxygen Demand
N.S.W. State of New South Wales
nte.N Nitrate Nitrogen

org.N Organic nitrogen

OTE Oxygen Transfer Efficiency (%)
OTR Oxygen Transfer Rate

OUR Oxygen Uptake Rate

Prim.sed. Primary sedimentation

P.W.D. Public Works Department

R.H. Relative Humidity

RLU Relative Light Unit

SOTE Standardised OTE
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LIST OF ABBREVIATIONS (Cont'd)

SOTR Standardised OTR

SS Suspended Solids
SVI Sludge Volume Index
temp. Temperature

Theo. Theoretical

tot.N Total nitrogen

TWL Top Water Level

VsS Volatile SS
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NOTATIONS

ACTIVATED SLUDGE

a = carbonaceous substrate respiration coefficient, kg Op/kg BODg
removed
b = endogenous respiration coefficient, kg 0o/kg activated
sludge
BOD, = available substrate BOD, mg/l
BODg = 5 day BOD, mg/1
BOD¢ = t day BOD, mg/1
BOD, = ultimate BOD, mg/l
BVSS = influent biodegradable volatile suspended solids conc., mg/l
COR = carbonaceous oxygen requirement, kg/d or kg/h.
fp = biodegradable cell fraction
fpyss = biodegradable MLVSS fraction
ISS = influent inorganic SS conc., kg/kl
Kk = BOD reaction time constant, d-!
kg = cell endogenous decay rate, a-1
kp = particulate substrate degradation rate, a-1
NBVSS = influent nonbiodegradable VSS, kg/kd
NOR = nitrogenous oxygen demand, kg/d
PpN = fraction nitrate denitrified
Py = fraction total nitrogen nitrified
Q = influent flow rate, kl/d
Qy = waste sludge (MLSS) flow rate, kl/d
R = oxygen consumption rate, kg/d
= carbonaceous substrate, kg/d
Sa = actual available substrate, kg/d
t = time, d
TOR = total oxygen requirement, kg/d or kg/h

tot.N = influent total nitrogen concentration, kg/d



ABVSS
AS

Ax
Ax,

(ix)

modified F/M, kg BODg/kg MLVSS.d

intermittent extended aeration plant volume at BWL, kl
activated sludge mass, kg

activate bacterial cell mass, kg

effluent SS conec., kg/kl

fraction of MLSS consisting of accumulated influent
nonbiodegradable VSS

bacterial cell growth yield coefficient, kg cell produced/kg
substrate utilised

sludge age or MCRT, d

rate of accumulation of influent biodegradable VSS, kg/d
carbonaceous substrate removal rate, kg/d

rate of change of activated sludge, kg/d

rate of change of active cell mass, kg/d



(x)
NOTATIONS

AERATION TEST

=3 = KLa'/KLa, ratio of MLSS to clean water KLa

}B = C; /C', ratio of MLSS to clean water DO saturation
contration

e = temperature correction coefficient

O’ = 'true' temperature correction coefficient

¥ = weight density of water, KPa/M

ﬂd = oxygenation coefficient

T = 1/k;a, time constant, min~! or n~!

T, = 1/k,, time constant for C in clean water test

?3_ = 1/k2, time constant for C' in clean water test

T, = 1/k!, time constant for C in MLSS test

‘t; = 1/k!, time constant for C.; in MLSS test

C = DO concentration in clean water. mg/l

céve = average DO concentration in a small time interval. mg/l

Co = DO concentration at t = o which is the start of aeration
testing. mg/1

Cm = measured (observed) DO concentration, MG/l

Cp = predicted (calculated) DO concentration, mg/l

C' = DO saturation concentration in clean water, mg/l

C: = C. at t = Q (start of test), mg/l

C:o = C' at t = 00 (end of test), mg/l

C' = C. at ¢ = o, mg/l

co

C;T = book value surface C' at 1 atmospheric pressure amd T°C

C;ZO = book value surface C' at 1 atmospheric pressure and 20°C

C:M = logarithmic C', mg/1

C:tm = C. at bottom of tank, mg/l

C:op = C' at top of tank, mg/l

C; = DO saturation in MLSS, mg/l



(xi)
NOTATIONS (Cont'd)

' %
C s = apparent C; achieved at the end of the 'dity' water
or MLSS aeration test, mg/l
C" C" tt 1l
so " s ® = o, mg/
#/ &/
c =C at t = oo, mg/l
800 s
d = water depth, m
de = effective saturation depth (correction of book value
#
surfacg C to this depth will yield a value equal to the
test Coo), m
Fo = dimensionsless exist gas depletion factor evaulated at
zero DO concentration
GF = air mass flow rate, kg/min.
H = Henry's Law constant, mg/l kPa
KLa = overall volumetric oxygen transfer coefficient
in clean water, min~! or b~
k = k a in short
L
k! = apparent k
k1 = 1/¢, (¢, = C time const.)
s
k, =z /7, (T, =C time const.)
Kﬁa = K;a in MLSS (or dirty water)
Ma = molecular weight of air, g
M = molecular weight of oxygen, g
o
n = number of residual readings
OTR = oxygen transfer rate in clean water, kg/h
OTR' = oxygen transfer rate in MLSS under field conditions, kg/h
Pb = test atmospheric pressure, kPa
Ps = standard atmospheric pressure, kPa
PVT = test saturated water vapour pressure, kPa

Pv20 = saturated water vapour pressure at 20° C, kPa



NOTATIONS

R
=R?

r

SOTE

SOTR

to

too

Subscript

T

20

(xii)
(Cont'd)
residual, difference between predicted and measured C, mg/l
sum of squares of R
MLSS DO uptake rate, mg/l min. or mg/l.h.
standardised oxygen transfer efficiency, percent oxygen
transferred from air feed to clean water at 1 atmospheric
pressure, 20 C water temp. and zero DO cone.
standardised oxygen transfer rate to clean wg;er
time, min.

time zero at start of test

infinite time at end of test when dynamic equilibrium is
established

test water temperasture, °c
test water volume, k1l or 1

mole fraction of oxygen in air feed

terms:-

test temp. values

20°C water temp. values

zero time values

infinity time values

MLSS or dirty water test values
C function values

)
C function values
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EXTENDED AERATION ACTIVATED SLUDGE

PROCESS OXYGEN REQUIREMENTS

PART 1: THEORETICAL DISCUSSIONS



1. INTRODUCTION

The selection of the aeration equipment is a vital component in
the design of an activated sludge plant. The aeration equipment must
have sufficient capacity to provide the process oxygen requirement.
However, oversizing the oxygenation capacity of the aeration equipment
can lead to operational problems as it would make it difficult to
maintain the anoxic conditions required for denitrification to
proceed. In the extended aeration mode of the activated sludge
process, nitrification is an inherent part of the process because of
the high sludge age - in excess of 10 days. Hence, in an extended

aeration process, denitrification is most desirable as it:

(i) Recovers part of the oxygen taken up during nitrification and

thus reduces aeration costs.

(ii) Recovers part of the alkalinity taken up during nitrification
and thus prevents lowering the Mixed Liquor Suspended Solids
(MLSS) pH to undesirably low levels.

(iii) Denitrification reduces the nitrogen level in the plant's
effluent.

Also, excessive aeration due to oversized oxygenation capacity
would add unnecessary costs to the plant's operation. The aeration
energy cost is a major component of the .operation costs of an extended
aeration plant. This is especially so for the intermittent extended

aeration plant where labour cost is reduced to a minimum.

In order to properly prepare the specification of the aeration
equipment the process design engineer has to firstly determine the
process oxygen requirement. The process oxygen requirement is
generally expressed as an oxygen transfer rate in kg of oxygen per
hour necessary to satisfy the peak diurnal process oxygen
requirement. The process oxygen transfer rate then has to be

converted to the standard oxygen transfer rate in clean (tap) water at



the standard conditions of 20°C water temperature, barometric pressure

of one atmosphere, and zero dissolved oxygen concentration in the

water.

There are several reasons for specifying the oxygen transfer

rate of the aerator in clean water. The main reasons are:

(i)

(ii)

(iii)

(iv)

It would be preferable to test the aerators before final
commissioning of the plant so that any modifications or
replacement of the aerators can be carried out before wastewater

is introduced into the plant.

Aerator manufacturers are more confident in giving aerator

performance guarantees in clean water than in MLSS because of:

(a) Uncertainties in the «¢ and B factors which can vary with
process conditions, wastewater characteristics and the

types of aerators.

(b) Aerators are generally developed and tested with clean
water due to the unavailability of treatment plants to

manufacturers for testing purposes.

The clean water aeration test is much easier to carry out than
MLSS or "dirty" water test. Process conditions are difficult to
control or to specify contractually for the dirty water aeration
tests. Also, there could be a delay of several months to years
between the installation and testing of the aerators under the
design and specified process conditions as most plants will be

underloaded in the early years.

The clean water test is better established than the dirty water
test.

The aim of this project is to determine the oxygen requirement

in the extended aeration process which is not as clearly established

as that in the "conventional™ activated sludge process. The great

majority of research and published literatures are on the conventional
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process with F/M ratios in the range of 0.2 to 0.4 kg B0D5/kg MLVSS.d.
The adoption or extrapolation of these conventional process kinetic
constants and mathematical equations to the extended aeration process
with F/M ratios of less than 0.1 can be fraught with danger. This is
because many of the mathematical relationships are empirically
established and the kinetic constants are empirical rather than true
constants. For example, the fundamental Michaelis-Menton enzymatic
kinetic equation which was applied by Monod to the substrate
utilization by microorganisms was derived empirically. Also, most
research is carried out in laboratory or pilot plant units using
soluble substrate whereas the substrate in domestic sewage is mainly

particulate.

Last but not least is the use of Volatile Suspended Solids (VSS)
as a measure of the amount of active biomass in the system. It is
easily recognised that the VSS in a municipal wastewater aeration tank
is an accumulation of active or viable biomass, non-viable biomass,
undegraded particulate substrate, and non-biodegradable organics
(eg. cellulose, lignin, plastic, etc.) and that the viable biomass is
only a small fraction of the VSS. Hence, the mathematical
relationships developed empirically for the activated sludge process
may be linear over only a narrow range of F/M ratios and not over the
whole range from the "conventional™ F/M of 0.2 to 0.4 to the extended
aeration F/M of 0.04 to 0.1. It can be shown that using the
traditional synthesis and respiration equation for process oxygen
requirements established for the "conventional™ process can result in
over estimating the oxygen requirement in the extended aeration

process.

This report is divided into two parts - Part 1 dealing with the
theory and Part 2 comparing the theoretical results with actual data
from full scale municipal wastewater plants. In the theoretical
section, the determination of the extended aeration oxygen requirement
through to the testing of aerator performance is examined. It will
be pointless to determine accurately the oxygen requirement if the
aerator cannot be tested accurately to see that it can meet the oxygen
requirement.
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2. PROCESS OXYGEN REQUIREMENT

In the extended aeration process oxygen must be supplied to meet
both the carbonaceous oxygen requirement in the oxidation of the
carbonaceous substrate and the nitrogenous oxygen requirement in the
nitrification process. From this can be substracted the oxygen
recovered in the denitrification process. The total process oxygen
requirement can then be used to determine the required oxygen transfer
rate of the aerator in kg of oxygen per hour. The hourly oxygen
transfer rate may be required to be increased to meet the plant's

diurnal peak loading.

2.1 Carbonaceous Oxygen Requirement (COR)

The COR can be determined from the theoretical oxygen
requirement of the substrate or from the traditional synthesis and
endogeneous respiration relationship which is derived empirically.

Both methods are discussed in Sections 2.1.1 and 2.1.2 below.

2.1.1 Theoretical COR

The reaction involved in the biological treatment of

carbonaceous wastewater is a combination of three stages as follows:

1. The first stage of the reaction is the transfer of the
carbonaceous substrate from the wastewater to the bacterial floc
by interfacial contact and associated adsorption and
absorptions. This operation is fast and is generally effected

in a matter of minutes (1 to 20 minutes).

2. In the second stage the substrate is partially oxidised for
energy (respiration) and partially converted into new bacterial
cell (synthesis). This operation proceeds in a more leisurely
pace in the solid phase of the biomass and generally takes from

several hours to several days to complete.
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3. In the third stage, with continued aeration, the biological
cells that were synthesised undergo endogenous respiration to
oxidise the biodegradable portion of their cells for maintenance
energy required for survival. Thus the complete reaction

generally takes more than 20 days to complete.

The theoretical maximum carbonaceous oxygen requirement would be
the oxygen required for the above complete reaction. This is obtained
as the ultimate biochemical oxygen demand (BODu) in the bottle BODs
test where the reaction in the bottle is continued beyond the normal 5

days until the reaction is completed (normally 20 days or more).

Thus the maximum COR for any activated sludge process would be
equivalent to the BOD, of the influent wastewater to be treated.
Since the organic loading of domestic sewage is generally given or
measured as the five day BOD, the BODg of the sewage must be converted
to the BOD,; to determine the process maximum COR. The BOD reaction

can generally be represented by the following first order reaction.

BOD = BOD, (1 - 10-kt) - (1)

Where t
and k

BOD reaction time, T,

BOD reaction time constant, T-1.
Hence, the ratio between BOD5 and BOD, is given by
BOD5/BOD, = 1 - 10K5 - (2)

The value of k is dependent on the type of substrate with
reported minimum and maximum values of 0.07 and 0.3 da-1 respectively.
More readily biodegradable substrate would have a higher k value. For
sewage the reported values are generally between 0.1 and 0.17 a-1.

The lower k value would most probably be for sewage with a higher
percentage of particulate substrate (eg. unsettled compared to settled
sewage) as the particulate substrate is more slowly degraded than the
soluble fraction. If the k value of the sewage to be treated is
unknown, the lower value of 0.1 d-1 should be adopted so as to err on
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the high or safe side. Hence adopting the more conservative k value
of 0.1d-1, the ratio of BODg to BOD, is

BOD5/BOD, = 0.68

The ratio of 0.68 based on k of 0.1 d~1 agrees with the

generally reported literature value.

. . Maximum COR = BOD, = 1.46 BODg - (3)

The actual process COR would be somewhat less than the maximum
COR as a portion of the substrate is converted to biological cells
that are subsequently wasted from the system to maintain the design
sludge age or MLSS concentration in the plant. The chemical
composition of all biological cells is almost identical and can be
represented by the chemical formulae CgH7NOp. Therefore the BOD,
equivalent of a unit biological cell can be estimated from the

complete oxidation of a mole of cell as follows:
C5H7N02 + 500 = 5C0o + 2H0 + NH3 - (%)

113+ 5(32)

. . BOD,/unit cell mass = 160/113 = 1.42

Therefore, the process COR is the ultimate BOD, of the
influent wastewater less the oxygen equivalent of the biological cell
mass wasted from the system (and hence not oxidised) which can be

represented as:

COR = 1.46 (BODg) - 1.42 fp, (cell wasted) - (5)
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The factor fp, in Eq. 5 represents the fraction of the cell that
is biodegradable as it has been well established that a portion of the
cell is not biodegradable. The nonbiodegradable fraction of the cell
reportedly varies from a low of 8% by Dold et al (ref. 1) to a high of
23% by Kountz and Formey (ref. 2). A value of 10% has been reported
by Eckenfelder (ref. 3).

In practice, the biological cell mass is measured by the

volatile suspended solids (VSS) and Eq. 5 may be rewritten as:

COR = 1.46 (BODg) - 1.42 fpyss (VSS wasted) - (6)

The factor fpyss in Eq. 6 represents the biodegradable fraction
of the VSS and is generally less than fy due to the accumulation of
nonbiodegradable VSS in the system. The accumulation of non-
biodegradable VSS results from:

(i) The accumulation of nonbiodegradable biological cell mass due to

endogenous respiration and death-lysis of the biolgical cells.

(ii) The accumulation of nonbiodegradable VSS present in the influent
(eg. cellulose).

McCarty and Broderson (ref. 4) have shown that the biodegradable
portion of mixed liquor VSS (MLVSS) can vary from about 75% for a MCRT
of about 3 days to about 40% for a MCRT of about 30 days. The results
were obtained from laboratory studies treating soluble biodegradable
substrates and the VSS would, hence, represents biological cell mass
only. The biodegradable fraction will be further decreased by the
accumulation of influent nonbiodegradable VSS. The nonbiodegradable
portion of the VSS in sewage is very seldom reported. Eckenfelder
(ref. 3) stated that the nondegradable COD in domestic sewage is low
(usually less than 60 mg/L). Dold et al (ref. 1) found that a factor
of 0.025 VSS/mg COD for the nondegradable particulate fraction of the
influent COD fitted their general model for the activated sludge

process. Their model is based on a structured sludge mass consisting
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of active biomass, stored substrate biomass and an endogeneous biomass
as well as distinguishing between soluble and particulate substrate
and between biodegradable and unbiodegradable substrate COD (chemical
oxygen demand). Based on these limited data, it can be estimated that
approximately 10% of domestic sewage VSS is nondegradable. The
fraction of the MLVSS that is composed of accumulated nondegradable
influent VSS can be estimated by a mass balance at steady state. This
can be illustrated by the following example of a typical 4000
equivalent population (ep) intermittent extended aeration (I.E.A.)
plant, based on N.S.W. Public Works Department design criteria.

COR of 4000 ep I.E.A. Plant

Design Criteria:

70 g/ep.d (about 290 mg/L)
70 g/ep.d

75% of SS

52.5 g/ep.d

F/M = 0.04 kg BODg/kg MLSS.d

Sludge Age = 30 days

Sewage Volume = 240 1/ep.d at ADWF
(Average Dry Weather Flow)

(1) BODg of Sewage

SS of Sewage
VSS of Sewage

Effluent BODg = 15 mg/L

Effluent SS = 20 mg/L

BODg loading = 4000 x 0.07 = 280 kg/d
M.SS = 280/0.04 = 7000 kg
MLVSS = 70% MLSS = 4900 kg
VSS loading = 4000 x 0.0525 = 210 kg/d

Assume 10% influent VSS is nondegradable

. . nondegradable VSS loading = 21 kg/d



-9 -

Mass balance of nondegradable influent VSS at steady state is

given by:
x (MLVSS wasted/day) = (Nondegradable influent VSS/day)
Where x = fraction of MLVSS consisting of influent
nondegradable VSS
. . x = Nondegradable VSS loading/d

MLVSS wasted/d

For sludge age of 30 days, MLVSS wasted per day = 4900/30

. . x = 21/163 = 0.13

If it is assumed that all influent degradable VSS have been
degraded (reasonable for sludge age of 30 days), then the remaining
87% of the MLVSS would consist of biological cell mass (both active

and nonactive cells).

. . Biological cell mass in MLVSS = 0.87 MLVSS

Adopting McCarty and Broderson (ref. 4) figure of 40% degradable
cell mass for sludge age of 30 days, biodegradable fraction of the
M1VSS is:

0.4 x 0.87 MLVSS
0.348 MLVSS

Biodegradable fraction, fyyss
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Thus, for a sludge age of 30 days, only about 35% of the MLVSS
is biodegradable. This is quite an acceptable figure as it has been
shown by various authors that the active mass is generally less thén
20% of the MLSS for extended aeration process. Roe Jr. and Bhagat
(ref. 5) using adenosine triphosphate (ATP) as a measure of active
biomass found that as the MCRT increases, the active biomass fraction
of the MLSS treating a soluble synthetic waste decreases and levels
off at about 15% of the MLSS (MLVSS was found to be 89% of MLSS) for
MCRT greater than 25 days. Nelson and Lawrence (ref. 6) quoted
figures by other authors - Weddle & Jenkins (1971, ref. 15) reported
10 to 20% of MLVSS treating domestic sewage as being active mass;
Patterson, Brezonik and Putman (1970, ref. 24) reported 40% viable
MLVSS in a laboratory unit treating soluble synthetic substrate and 15
to 20% viability for MLVSS in a contact stabilization plant operating
on domestic sewage; and Hutton (1974) reported 20% live biomass in a
domestic sewage activated sludge. Nelson and Lawrence (ref. 6) using
ATP as a measure of active MLVSS fraction found that at a MCRT of 12
days, the MLVSS of a laboratory activated sludge unit treating a
soluble synthetic substrate consisted of about 75% degradable VSS (45%
viable biomass and 30% nonviable biomass). This compares well with an
estimate of 65% degradable MLVSS by McCarty and Brodersen (ref. U4).
The consensus of the above authors is that both the active biomass
fraction and degradable VSS fraction decrease with increasing MCRT.

In extended aeration plants, the active VSS fraction would generally
be less than 20% and the biodegradable VSS less than 40%.

With an estimated fpysg of about 0.35, the COR for this example

can be estimated from Eq. 6 as follows:

COR

1.46 (280) - 1.42 x 0.35 (163) kg 0,/d
328 kg 0o/day

Hence, the oxygen required per kg of BODs load works out to be
about 1.2 kg 0p/kg BODg applied.
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In this example, it is assumed that all the influent BODg is
removed and that the effluent BODg is due mainly to effluent VSS and
soluble effluent BODg is negligible. Also the sludge age of 30 days
is based on total MLSS wasted - ie. waste sludge stream SS plus
effluent SS.

2.1.2 Synthesis and Endogenous Oxygen Requirement

Traditionally, the COR is estimated in two parts being that
required for carbonaceous substrate respiration and for endogenous
respiration. This is most commonly represented by the following

equation:

=
n

aS + bX - (7
Where R = rate of oxygen consumption, kg/d

S = BOD5 removed (assumed to be all
metabolised), kg/d

X = mass of activated sludge in the system
(generally measured by M.SS or MLVSS), kg

a = empirical coefficient for carbonaceous

substrate respiration, kg 05/kg BODg removed

b = empirical coefficient for endogenous

respiration, kg 0o/kg activated sludge in system

The term X in Eq. T should strictly refer to the active
biological cell mass only. Because of the difficulty in determining
the active biomass in activated sludge, MLVSS and sometimes MLSS have

been used for the term X in Eq. 7. Dividing by X, Eq. 7 becomes

R/X = a (S/X) + b - (8)
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Eq. 8 thus presents an empirical correlation of the specific
oxygen uptake-rate (R/X = oxygen consumption rate per unit mass of
activated sludge) with the specific substrate utilisation rate (S/X =
carbonaceous substrate removal rate per unit activated sludge mass).
The specific substrate utilisation rate S/X, has also been defined as
the modified F/M ratio, U, defined in terms of BOD removed rather than
the BOD applied. The empirical coefficients 'a' and 'b' are usually
determined from a plot of R/X versus S/X with the slope of the
straight line being 'a' and the intercept being 'b'. The carbonaceous
substrate S is usually measured as BOD5 and the activated sludge X as
MLVSS. Values of a and b would be different if other measurements
such as COD and MLSS are used. Some reported values of a and b are

given in Table 1.

Table 1 - Kinetic Coefficients 'a' and 'b' Values

Substrate a b (FM) Ref
Settled combined 0.76/B0Dg 0.13/VSsS (0.1-0.4) T
domestic and
industrial
Unsettled domestic 0.75/BOD5  0.03/vss*  (0.12)* 8
Domestic 0.5/B0D5 0.1-0.15/VSS Conventional 9
Domestic 0.5-0.6/B0Dg 0.1/MLSS - 10

% converted from CODMy/BODg ratio 0.5; MLVSS/MLSS ratio 0.7.
Also, a and b values of references 9 and 10 are illustrative values

based on commonly quoted literature values.
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As shown in Table 1, the reported values for 'a' are quite
consistent with a range of about 50%. However, the reported values
for 'b' are not consistent with a range of over 400%. Reported range
for 'a' and 'b' quoted by Vasick (ref. 7) were 0.55 to 0.8 for 'a' and
0.03 to 0.17 for 'b'. Hence the COR calculated from Eq. 7 can be
quite different depending on the values of 'a' and 'b' adopted. This
can be illustrated by the example given in Section 1.1 for a 4000 ep

I.E.A. plant as follows:

280 kg/d (assumed all metabolised)

Influent BODg

FM = 0.04 kg BOD5/k5 MLSS d
MLSS = 7000 kg

MLVSS = 0.7 MLSS = 4900 kg

COR = R = a (BODg removed) + b (MLVSS) kg/d

a (280) + b (4900) kg/d

The calculated COR values using the 'a' and 'b' values in Table

1 are shown in Table 2.

Table 2 - Calculated COR Values

Ref. a b COR COR/kg BODg
(kg 02/d) (kg 0Op/kg BODs)

7 0.76/BOD5 0.13/VSS 850 3.035
8 0.75/B0Ds 0.03/VsS 357 1.275
9 0.5/BODs 0.1/VSS 630 2.25
0.5/BODs 0.15/VSS 875 3.125
10 0.5/BODs 0.1/MLSS 840 3.0

0.6/BOD5 0.1/MLSS 868 3.1
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As shown in Table 2, when the COR values are expressed in terms
load, all the calculated values
load. These

of kg oxygen required per kg BOD5

except for reference 8 are in excess of 2 kg 02/kg BOD5
high COR values are fundamentally incorrect as the oxygen requirement
cannot exceed the theoretical maximum oxygen requirement of 1.46 kg
Ozlkg BOD5 (as BODu = 1.46 BODS, Eq. 3, Section 2.1.1). It is
certainly difficult to accept that the process COR will exceed the
influent wastewater ultimate BOD. It can be seen that endogenous
respiration oxygen requirement makes up for 75% or more of these
exceedingly high calculated COR, and would be the main contributing

factor in over estimating COR.

The COR value of 1.275 kg 02/kg BOD5 based on the values of 'a'
and 'b' from ref. 8 compare very favourably with the theoretical COR
of 1.2 kg 02/kg BOD5 obtained in Section 2.1.1. The value of 0.75 for
'a' from ref. 8 is within the range of 0.5 to 0.76 reported in the
other references. However, the value 0.03 for 'b' is well below the
values reported in the other references. The values of 'a' and 'b'
are usually determined from a plot of Eq. 8 in isolation from the
determination of other kinetic coefficients such as the cell yield
coefficient, cell endogenous death/decay rate and substrate
utilisation rate. Also, the plot is based on laboratory or pilot
scale activated sludge units operating at different U loading rates.
However, in ref. 8, the values of 'a' and 'b' were obtained in
conjunction with the other kinetic coefficients based on data
collected over 2 years from a full-scale plant operating with sludge
age ranging from 10 to 20 days. The kinetic coefficients were not
obtained from individual straight line plots but were obtained in toto
for the complete activated sludge model using computer simulation and
least squares analysis to match calculated and measured (observed)
data. This is certainly a more rigorous and hence, more reliable
method for determining kinetic coefficients than from individual

straight line plots.
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It has generally been accepted that at the low F/M loading rates
of the extended aeration process, the COR is high and the majority is
required to maintain the MLSS endogenous respiration rather than to
treat substrate BOD. As shown in the above example, this concept
could be erroneous and leads to overestimating the COR. The wide
range in the values of kinetic coefficients reported (eg. four fold
for the value of 'b') is not only confusing to the design engineer but
also points to fundamental error in the traditional kinetic models.
The traditional kinetic models were mainly developed from small scale
activated sludge units treating a simple soluble biodegradable
substrate and the kinetic coefficients were mainly determined for the
'conventional' activated sludge loading rates over the limited range
of 0.2 to 0.4 kg BOD5/kg MLSS.d. Adopting these kinetic coefficient
values either directly or by extrapolation for the extended aeration

process will in most instances, lead to serious errors.

Several authors have recognised the limitations of the
traditional activated sludge model. For example, Clifft and Andrews
(ref. 11) and Gujer (ref. 12) included the effect of particulate
substrate in their kinetic models. Dold, Ekama and Marais (ref. 1)
considered the effect of particulate substrate as well as the
structured nature of MLSS. More importantly, these authors replaced
the endogenous concept with a death-regeneration concept. Hence,
recent developments of the activated sludge model recognised the
complex nature of domestic sewage in which up to 75% of the substrate
is in particulate form. Domestic sewage also contains inorganic SS
and also VSS which are unbiodegradable in the time frame of activated
sludge process. Also storage of substrate in biological cells as well
as death-regeneration from cell lysis have been introduced. This
led to a structured concept of the sludge mass consisting of an active
cell mass fraction, inactive or dead cell mass fraction, stored
substrate fraction (including unbiodegraded particulate substrate),
and accumulated undegradable VSS and inorganic SS fractions. However,
none of the new models has considered a fundamental aspect of the
activated sludge process which in the opinion of the present author is

the major weakness of the present models of the activated sludge
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process. It is considered by the author that the fact that the
activated sludge process is a substrate limited process has not been
correctly addressed in the development of the activated sludge model.
Because incorrect modelling of the activated process is a major reason
for overestimating the COR, a basic review of the activated sludge
process must be carried out. Although a rigorous review is beyond the
scope of this project, a general review is given in the next section.
It is hoped that this will lead to a better understanding of the
activated sludge process and thus avoid fundamental errors in

estimating the COR of extended aeration process.

2.1.3 General Review of Activated Sludge Process

The activated sludge process has evolved basically from the
batch process. The process basic concepts were developed from the
study of the growth curve of a batch culture of micro-organisms where
the organic carbon substrate is the limiting substrate (i.e. all other
nutrients and growth requirements are present in excess). A typical
batch growth curve is illustrated in Fig. 1.

(fram ref.9)
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FIG.1 The Batch Biological Growth Curve showing typical
ranges of operating points for continuous biological
treatment process.
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As shown in Fig. 1, initially when the substrate is in excess
the bacterial cell's increase at a logarithmic rate controlled only by
the cells inherent growth rate. The logarithmic growth phase will
continue until the amount of substrate remaining is insufficient to
maintain the logarithmic growth rate and the cell growth rate will
start to decline. Hence in the declining growth phase, cell growth
rate is limited by the availabiity of substrate. The declining growth
phase will continue until the point when all the substrate has been
exhausted. From this point onwards, the biological cell mass will
start to decline as cell protoplasm is degraded by endogenous
respiration for cellular maintenance. One implication arising from
the batch growth curve is that each point in time in the curve is
characterised by a particular value of both substrate and cell
concentrations. This ratio of the substrate to cell concentration
known as the "food-to-micro-organism™ ratio has been adopted as a
convenient measure of the organic loading rate of continuous activated
sludge processes. It was postulated that a continuous activated
sludge process may be represented as a single point on the batch
growth curve and the particular F/M ratio at that point will represent
the loading rate of the continuous process and hence determines its
operation characteristics. The F/M ratio has been accepted as the
main parameter in the design and operation of all activated sludge

processes.

The two biological reactions occurring in the activated sludge

process are as follows:

Growth reaction:

organic carbon + N+P+0Oo = cells + COo + Ho0 - (9)

Endogenous decay reaction:

cell + O = COp + Hp0 + N+P + nondegradable residue - (10)
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Based on the synthesis-oxidation reaction of Eq. 9, the cell
yield of bacteria can be determined. The cell yield will depend on
the type of organic carbon substrate. Reported cell yield values for
~ several types of substrate range from about 0.3 to 0.75 kg cell formed
per kg substrate BODg utilised. For domestic sewage, the reported
cell yield is typically between 0.5 and 0.7 kg cell/kg BODg utilised.
Therefore, for a domestic sewage activated sludge plant, a F/M of less
than about 1.5 to 2.0 kg BOD5/kg cell is a substrate limited system.
Hence the 'conventional' and extended aeration activated sludge
processes with F/M ratios of 0.2 to 0.4 and less than 0.1 kg BODg/kg
MLSS.d respectively can be accepted to be operating as substrate
limiting systems. Another implication of the batch growth curve in
Fig. 1 is that in the substrate limiting declining growth phase, the
rate of cell growth is a function of the limiting substrate
concentration. Egs. 9 and 10 for the biological reactions can thus be

represented by the following kinetic equations.
Cell growth:
AX =YAS - (11)
Cell endogenous decay (or death):

A X

kgX - (12)

Where AX

daily rate of change of cell mass,
kg VSS/d

S = substrate utilised/day, kg BODg/d
X = cell mass in process system, kg VSS

Y = growth yield coefficient, cell mass
produced/mass substrate utilised,
kg VSS/kg BODs

ky= endogenous decay rate, cell mass

oxidised/unit cell mass remaining/day, a-1
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The sludge production relationship was thus developed

emperically by combining Eqs. 11 and 12.

Net sludge production:

AX = YOS - k4X - (13)

Eq. 13 can be divided by X to give:

AX =Y AS -kg - (1)
X X

It can be seen that QA X/X is the reciprocal of the sludge age or
MCRT ©c and that &S/X is equivalent to the modified F/M ratio U = E
(F/M) where E is the percentage substrate removal efficience. Eq. 14

can thus be written as:

1

8c X

D
¢
=
]
g

- (15)

The kinetic coefficients are usually determined from the
straight line plot of Eq. 14 or 15 where Y is obtained from the slope
and kq from the intercept. Once values for Y and k4q are obtained, the
amount of excess sludge produced per day can be obtained from Eq. 13

or the operating sludge age obtained from Eq. 15.

It is from Eq. 13 that the concept of decreasing net excess
sludge production with decreasing F/M was derived. Eq. 13 shows that
for a fixed A S, a system operating at a lower F/M and hence higher X
value will produce less sludge than a system operating at a higher F/M
with a lower X value. This results from the term (-kgX) in Eq. 13.

If &S is fixed and X is increased for lower F/M, more sludge is
degraded due to the endogeneous term kyqX. Hence, it is generally
accepted that low F/M process such as the extended aeration process
will produce less excess sludge per day than the higher F/M

'conventional' process. This seems to be supported by the fact that
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the extended aeration process is operated at higher sludge age than

the conventional process.

However, it is the present author's opinion that the above
concept is faulty based on the following reasoning. Since the process
is a substrate limiting system, the amount of active cells that can be
sustained in the system is limited by the amount of substrate fed to
it. That is, the amount of active cell mass in the system is fixed by
the amount of daily substrate feed. Hence, for a fixed amount of
substrate feed, it is unreasonable to expect that the F/M can be
reduced by increasing the amount of active cells in the system under
the substrate limiting situation. This point can be illustrated by
considering the operation of the previous 4000 ep plant example. The
plant could be operated at a F/M of 0.4 kg BOD5/kg VSS.d (accepting at
present that VSS is a measure of active cell mass). The BODg load is
280 kg/d and hence the cell mass measured as VSS to be maintained in
the system is 280/0.4 = 700 kg VSS. If the plant is now to be
operated at a F/M of 0.04 in the extended aeration mode, the active
cell mass to be maintained in the system has to be increased to
7000 kg VSS. Under the substrate limiting condition, it can be seen
that it is quite impossible to increase the active cell mass by a

factor of 10 without increasing the substrate feed.

Similarly, the empirical Eq. 7 in Section 2.1.2 for determining
the process COR from the synthesis-endogenous respiration
relationship can be developed by combining the oxygen requirement in
Eqs. 9 and 10 representing growth and endogenous decay respectively.
Eq. 7 is repeated below:

R = aS + bX

Again, this equation shows that for a fixed value of S, the
oxygen required increases with decreasing F/M because of increasing
endogenous respiration as implied by the term bX in the equation. As
was demonstrated in Section 2.1.2, this concept can lead to grossly

overestimated COR values for extended aeration process. This concept
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is again faulty as it fails to recognise the constraint placed on the

value of X in a substrate limiting system.

It is considered by the present author that the concept of
separating activated sludge production and respiration into two parts
(one part for synthesis and the other for endogenous decay/
respiration) as represented by Eqs. 7, 8, 13, 14 and 15 is wrong. The
misconception arises because of the misunderstanding of the
endogenous metabolism which is still not fully understood by
microbiologists. According to Brock (ref. 13), there is probably a
minimum of energy required to maintain cell structure and integrity
(called maintenance energy) and the substrate used for this
maintenance energy is not available for biosynthesis and cell growth.
Thus, the fraction of substrate and oxygen utilised for maintenance
energy are included in the growth reaction as represented by the

following equation:

New Bacteria Cell

Organic + Bacteria - (16)
Substrate
+ Oxygen
Maintenance
Energy
Synthesis
Energy

To again include a separate term for endogenous decay or
respiration to the kinetic equations as in Eq. 7 and 13 would be
double accounting the maintenance energy requirements. Also
endogenous metabolism whereby cell protoplasm is degraded for

maintenance energy will only occur in the absence of substrate.
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Hence, in a continuous system at steady state conditions, endogenous
metabolism is not applicable and should not be considered.

Endogenous metabolism would only be applicable under dynamic
conditions such as are caused by diurnal load variations in municipal
activated sludge plants. The daily average active cell concentration
will reflect the daily average substrate loading. When peak diurnal
loading occurs, the active cell concentration could increase due to
additional growth. However, as substrate loading rate drops,
endogenous decay could occur as the reduction in available substrate
cannot sustain the peak loading cell concentration. The degree of
endogenous metabolism would be greatest during the minimum diurnal
loading period. Hence, it is expected that the active cell
concentration would vary over a 24 hour period in line with the
diurnal variation in substrate loading rate. However, the diurnal
variation in active cell concentrations could be greatly dampened by
substrate storage and the slow degradation of particulate substrate
(refs. 1, 11 and 12).

2.1.3.1 F/M Ratio

In practice, activated sludge plants treating sewage have been
successfully operated in a F/M range of from 0.04 to 0.4 kg BODg5/kg
MLSS.d. Based on the present author's postulations given above this
would be quite impossible for any substrate limiting system. This is
in fact not a real contradiction to the author's view if the
parameters used in measuring the substrate and active cell mass are
examined. In practice, the VSS is used as a surrogate measure of the
active cell mass and BODg as a surrogate measure of the substrate
mass. Hence F/M is in practice measured as kg BODg/kg MLVSS or MLSS
per day. MLSS has also been used because it was found that the
percentage of VSS in the MLSS is generally quite constant, usually
MLVSS is about 70% of MLSS.
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It is well known that the MLSS from a domestic sewage activated
sludge plant consists of various types of SS and not just active
bacterial cells. The MLSS also consists of dead bacterial cells, non-
biodegradable VSS, inorganic SS and partially degraded organic SS.
The active bacterial cells may make up only a small fraction of the
M.SS. Hence, MLSS or MLVSS would not be a suitable parameter for
active bacterial cell concentration unless the fraction of active
bacterial cells is constant in all activated sludge plants' MLSS.
Since it has been found that the active cell fraction of MLSS varies
with sludge age, definition of F/M ratios based on MLSS or MLVSS is
incorrect. F/M ratios should be based on the actual active bacterial
cell mass as treatment of the wastewater is due entirely to the
activity of the active bacterial cells.

As discussed in Section 2.1.1, the viable or active cell
fraction of activated sludge has been investigated by several
authors. All the authors found that the active cell fraction
decreases with increasing sludge age (i.e. decreasing F/M). Based on
laboratory and pilot plants studies on settled sewage, Weddle and
Jenkins (ref. 15) found that the percentage viability of MLVSS
decreases nonlinearly with increasing sludge age and levels off at
about 15% for sludge age in excess of 30 days (F/M about 0.17 kg
COD/kg MLVSS.d). ATP was used as a measure of active cell fraction in
the MLVSS. Similarly, Roe and Bhagat (ref. 5) found that viability
fraction of the MLSS of a pilot plant treating a synthetic substrate
(glucose and yeast extract) decreases with increasing sludge age,
levelling off at about 10 to 15% at a sludge age of about 30 days.
ATP was also used as a measure of active cell fraction in the MLSS -
operating sludge ages were 0.41, 2.78, 6.86, 9.52, 17.34 and 26.57
days. Similar observations were made by Benefield, Lawrence and
Randall (ref. 16) and by Nelson and Lawrence (ref. 6) except that the
percent viability of the MLVSS levelled off at about 40 to 45% at a
sludge age of about 12 to 14 days. Both teams of authors worked with
a synthetic soluble substrate. Benefield et al (ref. 16) used the
specific oxygen uptake rate and Nelson et al (ref. 6) used ATP as a
measure of sludge viability. The data from these authors provide an
opportunity to examine the relationship between F/M based on MLSS or
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MLVSS against F/M based on active MLSS. An example based on the data
from Roe and Bhagat (ref. 5) is given in Table 3. The MLSS viability
fraction versus sludge age was obtained from Fig. 3 of their paper.

F/M values were not provided but calculated from the kinetic
coefficient data obtained by these authors in their experiments (Eq. 2

and Table 2 in their paper): 1/6c = 0.35 TU - 0.00767.

Table 3 - Effect of Viability Percentage on F/M Ratios

Percent Total U U
Viability Sludge Age (kg COD/kg MLSS.d) (kg COD/kg viable MLSS.d)

65% 3d 0.96 1.48
55% 5d 0.58 1.05
35% 10 d 0.30 0.86
25% 15 d 0.21 0.8%4
15% 30d 0.11 0.73
F/M Range 9:1 2:1

As shown in Table 3, the F/M ratio based on MLSS has a range of
about 9 to 1 but reduces to a range of only about 2 to 1 when the F/M
ratios are based on the viable MLSS fraction. This thus lends support
to the view postulated by the present author that in a substrate
limiting system, the actual F/M ratio is not variable but should
remain relatively constant.

Although the F/M ratio range based on actual viable biomass of
2:1 is not great, it still does not fully support the author's view of
a relatively constant F/M in all substrate limiting systems. This
slight contradiction can be removed if the nature of the substrate is
also examined. Domestic sewage is a complex organic substrate
consisting of both soluble and particulate substrate with varying
degree of biodegradability. Each component degrades at a different
rate - simple soluble carbohydrates degrading at a rapid rate (hours)



- 25 -

and the larger or more complex particulate substrates degrading at
slower rates (days). Gujer (ref. 12) predicted that the degradation
rate for particulate substrates in settled sewage is about 0.06 a-1.
Clifft and Andrews (ref. 11) quoted figure from Balmat (ref. 18) that
degradation rate for particulates is about 0.08 - 0.09 d-! for
particulates greater than 1 um, 0.22 a-1 for particulates between 0.08
to 1 ym, and 0.39 d-1 for soluble substrate fraction. The observed
BOD curve for domestic sewage must be the summation of all the
individual component's oxygen demands. Since domestic sewage organic
substrate is mainly in the particulate form (about 75%), it can be
seen that the actual amount of substrate available to the viable
bacteria in the activated sludge process is dependent on the sludge
age of the system. Since the BOD of domestic sewage can be
approximated by a first order reaction, the amount of substrate
actually available at different sludge ages can be estimated by Eq. 1
in Section 2.1.1. Adopting a reaction time constant of 0.1 d‘1, the
fraction of the total substrate actually available at different sludge
ages can be computed and the true F/M ratio based on actual substrate
available/unit mass viable bacteria cell/d can also thus be computed.
Using the data from the example given in Table 2, the true F/M can be
computed by assuming that the substrate COD is equal to the ultimate
BOD. The results are shown in Table 4.

Table 4 - Effects of Percentage Available Substrate
and Viable MLSS on F/M Ratios

Sludge % Substrate FM F/M F/M
Age Available (BODp/MLSS) (BODp/Viable Mass) (BOD,/Viable Mass)
3 50% 0.96 1.48 0.74
5 68% 0.58 1.05 0.71
10 90% 0.30 0.86 0.77
15 97% 0.21 0.84 0.81
30 99.9% 0.11 0.73 0.73

F/M Range 9:1 2:1 1.1:1
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BODy = total BOD (or BOD,) = COD (reasonable for soluble
synthetic substrate used)
BOD, = actual BOD available

It can be seen that even with operating sludge age ranging from
3 to 30 days, the actual F/M based on kg available substrate/kg viable
cell mass/day did not vary by more than 10% and fully supports the
author's view of a relatively constant F/M value in any substrate

limiting system.

2.1.3.2 Sludge Age

Based on the new concepts of the activated sludge process
postulated previously, it can be seen that the traditional method of
determining excess sludge production must be revised. Essentially,

the new concepts state that at steady state:-

(i) The substrate actually availabe is dependent on the sludge age.
If the sludge age is 5 days, then the available substrate is
equivalent to the sewage BODg, if @c = 10 days, available
substrate is equivalent to BOD1g and so forth until for sludge
age of about 30 days or more the available substrate is the

sewage BODy.

(ii) In a substrate limiting situation, the daily production or
growth of active bacterial cells is a function of the daily
available substrate feed rate and the sludge yield associated
with the characteristics of the substrate and bacterial
population. At steady state, the growth of bacterial cells
cannot exceed the available substrate input and hence
endogeuous decay may be excluded in the mass balance on a daily

steady state basis.

Hence, it is proposed that the sludge age may be determined from
the following steady state mass balance equations where excess
sludge is wasted as MLSS from the intermittent extended aeration

tank as shown in Figure 2.
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Figure 2 - Intermittent Extended Aeration Tank
(1ss) Qw, X
(NBVSS) Q | VX Q - qw)y
(BVSS). Xe
Where ISS = Inorganic SS concentration in influent, kg/kl
NBVSS = Nonbiodegradable VSS concentration in influent,
kg/kl
BVSS = Biodegradable VSS concentration in influent,
kg/kl
Q = Influent flow rate, kl/d
= Reactor volume (at BWL), kl
X = MLSS concentration, kg/kl
Qw = Waste MLSS flow rate, kl/d
Xe = Effluent SS concentration, kg/kl

At steady state, the mass balance is given by:-

QwX + (Q-Qw)Xe = Q(ISS) + Q(NBVSS) + ABVSS + AXa - (17)

ABVSS = rate of accumulation of influent BVSS (kg/d) given by

the equation

A BVSS = Q (BVSS) (1 - 107KPt) - (18)
Where kp = BVSS or particulate substrate degradation rate a-1
t =6c, d
D Xa = growth of active cell mass (kg/d) given by:-
AXa = YQ (Sa) - (19)
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Where Y
Sa

cell yield, kg cell/kg available substrate utilised

available substrate concentration, kg/kl

The available substrate in Eq. 19 is related to the sludge age

and can be approximated by the first order BOD reaction as follows:-

Sa = BODy = BOD, (1-10-kt). - (20)

Where t
k

€c, d

BOD reaction time constant, a-1

Eq. 18 represents the portion of the influent BVSS that is not
degraded per day. Kp in Eq. 18 is not equal to k in Eq. 20 as kp
reflects the degradation of the particulate fraction of the substrate
only whereas k reflects the degradation of the whole substrate
(soluble plus particulate). Also Eq. (18) is on a VSS mass basis but
Eq. 20 is on an oxygen basis. Reported values of kp vary
considerably. For example Clifft and Andrews (ref. 11) gave a value
of 0.33 d-1 whereas Gujer (ref. 12) gave a value of 0.06d-1. 1In any
case, it can be seen that the BVSS will be almost completely degraded
with a sludge age of 15 to 20 days from both Eqs. 18 and 20. Hence

for extended aeration plants with sludge age in excess of 20 days.
O BVSS may be assumed to be zero and Eq. 17 reduces to:-
QwX + (Q-Qw)Xe = Q(ISS) + Q(NBVSS) + AXa - (21)
Eqs. 19 and 20 could also be combined to give
O Xa = YQ BOD, (1 - 10-kt) - (22)
Eqs. 21 and 22 can be used to estimate the daily sludge
production and hence the sludge age of an extended process. It can be
seen that the two kinetic coefficients required to be determined, Y

and K are much more established and the reported range of their values

is not as great as that reported for the endogenous respiration/decay
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coefficient. According to Vasicek (ref. T), reported range for Y is
0.5 to 0.8 on a BOD5 basis and 0.32 to 0.47 on a COD basis - a range
of 60% on BOD5 basis and 50% on COD basis. However, for the
endogenous decay coefficient, the reported range is 0.02 to 0.12
(650%) on a BODg or COD basis. It is considered that the true yield
coefficients for active cells reported by Ramanathan and Gaudy (ref.
17) are the most reliable. According to these authors, a useful range
of biological sludge yield values for carbohydrate wastes is 0.4 to
0.6 kg/kg COD. The conclusion is based on results obtained using
mixed bacterial culture from sewage in batch and continuous
experiments conducted over a period of 10 years. Since soluble
carbohydrates were used in all the experiments and cell yield recorded
at the peak solids concentration (before the start of endogenous
respiration), Y can be taken as the true yield for active mass. Also,
for soluble carbohydrate substrates, COD may be assumed to be
equivalent to BOD,. Hence 0.5 kg/kg BODymay be a reasonable Y value
to adopt for the extended aeration process (possible error of + 20%).
The higher Y values generally reported for activated sludge plants are

observed total sludge yield rather than true active cell yield.

In the 4,000 ep I.E.A. plant example given in Section 2.1.1, a
sludge age of 30 days was adopted to obtain a theoretical process COR
of 1.2 kg 0p/kg BODs. Eqs. 21 and 22 can now be used to check if the
adopted sludge age of 30 days is not too low such that the COR value

is underestimated.

Sludge Age Calculation for 4000 ep I.E.A. Plant Example

BOD5 influent load = 280 kg/d.

MLSS = 7000 kg (F/M = 0.04)

Since 8¢ > 20 days, all influent substrate would be degraded and hence

available to the active biomass. Hence, from Eq. 22:-
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0.5 x 1.46 x 280
204 .4 kg/d

AXa

Influent SS
Influent ISS

280 kg/d
25% Ss 0.25 x 280
70 kg/d
210 kg/d

21 kg/d

Influent VSS 0.75 SS
Influent NBVSS = 0.1VSS

204.4 + 70 + 21
295 .4 kg/d

.« o Excess sludge production

o . 6c = X = 7000 =244
AX 295 .4

It can be seen that the calculated and assumed ©c¢c are in close
agreement (-20% difference cf + 20% error for Y) and the assumed 30
days sludge age would not lead to an underestimated COR value. The €c
values are in close agreement with reported values for PWD's I.E.A.
plants published by Chong and Giles (ref. 18), and by Awad and King
(ref. 19) for operating F/M of 0.06 to 0.08.

The calculated and assumed sludge production rates when
5 are 1.06 and 0.83

respectively. Very few actual figures from operating extended

expressed in terms of kg sludge/kg BOD

aeration plants have been reported in the literature. But the
calculated value of 1.06 kg MLSS/kg BOD5
that reported by Johnstone (ref. 20) for two plants in U.K. The
actual MLSS production observed from careful monitoring at two

oxidation ditches was 1.0 kg sludge/kg BOD5 at a F/M of 0.036 kg

B0D5/kg MLSS.d and 1.3 kg sludge/kg BOD5 at a F/M of 0.055.

is in close agreement with
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Hence, it can be seen that Eqs. 21 and 22 proposed by the
present author provide an easy method for calculating the €c for
extended aeration plants which is in close agreement with reported
values measured from operating plants. However, it should be noted
that the equations are based on a simplifying assumption that all
influent substrates are used for cell growth hence excluding the
endogenous decay term in the continuity steady state mass balance
equation. The equations are considered to be valid for estimating
daily sludge production on a 24 hour quasi steady state basis. The
equations are, however, not applicable for describing the dynamic
behaviour of the activated sludge process such as under diurnal
variation of the influent. It can be expected that active cell growth
will follow the diurnal variation of the influent substrate loading
rate but will be dampened by the slow degradation of particulate
substrate. Active cell production is expected to be at a maximum at
peak diurnal load and the cells produced may later enter into
endogenous respiration during minimum diurnal load. Some cells may
die and lyse and be available as a substrate for other cells. Also,
aeration tanks in full scale plants are not 100% completely mixed
systems. Hence cells near the inlet may be in contact with sufficient
substrate for growth but cells further away may have just sufficient
substrate for their maintenance energy. Cells near the outlet may not
even have sufficient substrate for maintenance energy and hence
undergo endogenous respiration. Because cell degradation is much
slower than cell growth, accumulation of dead cell mass will occur in
the system which may explain the observations made by various
authors. The MLSS active cell fraction may be determined by ATP or
oxygen uptake rate measurements. But measurements of growing cells,
stationary cells and endogenous respiring cells are at present almost
impossible. Hence, the development of a "unifying" activated sludge
model is a most taunting task. This discussion is not intended to be
critical of recent developments of dynamic models which have taken
into account the "structured" nature of MLSS and the distinction of
soluble and particulate substrates. These models have in fact
provided us with a much better understanding of the dynamic behaviour

of the activated sludge process and hence make more accurate
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predictions. But caution should still be taken in applying the
methematical equations to systems with different conditions to those
in which the equations were derived. There are still considerable
variations in the values of the kinetic coefficients reported for

these new models (refs. 1, 11 and 12).

2.1.4 Closure for Section 2.1

1. The oxygen required for the complete biological oxidation of a
carbonaceous substrate such as sewage to end products is
measured by the ultimate BOD of the substrate. Hence the
theoretical maximum COR for any activated sludge process can be
obtained by converting the substrate BODg; to BOD,. For
untreated sewage the ratio of BOD, to BODg is about 1.46 to 1.
Hence the theoretical maximum COR can be estimated by the

following equation.
Maximum COR = 1.46 BODg - (1-1)

2. The theoretical COR would be less than the theoretical maximum
COR as a portion of the substrate is converted to cell mass
which is subsequently wasted from the activated sludge systgem.
Hence the theoretical COR would be equal to the BODyof the
substrate minus the BOD, of the cell mass wasted from the
system. Since the chemical composition of all living cells is
almost identical and the four elements C, H, N and O make up 98
to 99% of the cell, the bacteria cell can be represented by the
chemical formula CgH7NO>. Based on this cell chemical formula,
the oxygen equivalent or theoretical BOD, of the cell can be
estimated to be 1.42 kg 0o/kg cell. Hence the theoretical COR
of an extended aeration process can be estimated by the

equation.

COR = 1.46 (BOD5) - 1.42 fpysg (MLVSS/6c) - (1-2)
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biodegradable fraction of the MLVSS,

(which varies with ©c¢)

Where fgyss

ec = sludge age, d _
MLVSS/6c = mass of MLVSS wasted, kg/d

BODg = influent BODg, kg/d

COR = theoretical process COR, kg 05/d

For a domestic sewage extended aeration plant with a sludge age
of 30 days, the theoretical COR computed by Eq. 1-2 is about 1.2
kg Oo/kg B0D5(f BVSS = 0.35).

The traditional method of obtaining the COR for synthesis and
endogenous respiration has been found to grossly over-estimate
the process COR for extended aeration processes. In general,
the traditional method will give COR values in excess of the
theoretical COR of 1.46 kg O0o/kg BOD5 which is unacceptable.

In view of the failure of the traditional method to provide
reasonable estimates of the COR in the extended aerated process,
a review of the conéepts of the traditional activated sludge
model as represented by the following two equations was

undertaken.

YS -KdX - (1=3)
aS + bX - (1-4)

AX
R

One of the unsatisfactory aspects of the traditional model is
the endogenous decay and respiration terms in Eqs. 1-3 and 1-4
respectively. The concept as illustrated by the two equations
incorrectly implies that all the cells undergo endogenous decay
although cell synthesis is also occurring. But more
importantly, the limitation placed on the amount of active
biomass that can be sustained by the limiting substrate is not

recognised.
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The other unsatisfactory aspect of the traditional model lies in
the use of the parameters BOD5; and MLVSS as measures of
carbonaceous substrate and active biomass respectively. BODg is
only a measure of a portion of the substrate and MLVSS is a
measure of all VSS including inactive biomass, NBVSS and
unbiodegraded particulate substrate. Both BOD and the active
fraction of MLVSS vary in a non-linear fashion with sludge age
and hence the linear Eqs., 1-3 and 1-4 are not valid over a

wide F/M range such as from the "conventional" F/M of 0.4 to the
extended aeration F/M of 0.04 kg BODg/kg MLVSS.d.

The consequences of the misconceptions of the endogenous factor

and linear relationships incorporated in Eqs. 1-3 and 1-4 are:-

(i) Underestimation of sludge production in low F/M extended
aeration processes as evidenced by the negative intercept
generally produced by the straight line plot of Eq. 1-3

Negative sludge production is impossible.

(ii) Overestimation of the COR for the low F/M extended
aeration process. COR in excess of the BOD, of the

influent carbonaceous substrate in impossible.

The following new concepts of the activated sludge process are

proposed by the author:-

(i) For domestic sewage in which about 75% of the carbonaceous
substrate is in particulate form, the amount of substrate
actually available for cell metabolism is related to the
sludge age of the process. Hence carbonaceous substrate
loading should be measured by the available substrate
rather than an arbitary value such as BODg or the total
substrate concentration such as COD or BOD,. The proposed
available substrate loading parameter can be approximated

by the first order BOD equation as follows:-
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(ii)
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Sa = BODy = BOD, (1 - 10kt) - (1-5)
Where Sa = available carbonaceous substrate, M/L3
k = BOD reaction rate coefficient, -1
t = 8c, sludge age of process, T.
In a substrate limited process such as the conventional

and extended aeration activated sludge processes the
quantity of active cells sustainable in the process is
directly related to the quantity of substrate available to
the cells. It is unreasonable to postulate that the
active cell biomass can be significantly increased in the
process without also increasing the amount of substrate.
Hence it is unreasonable to assume that an extended
process with F/M of 0.04 will have ten times the amount of
active biomass than a conventional process with F/M of 0.4
when receiving the same amount of substrate. In fact, it
will be more reasonable to assume that the true F/M for
any substrate limited activated sludge process to remain
substantially constant. Hence sludge loading rates should
be measured by the true F/M rather than by the surrogate
F/M represented traditionally as kg BODg/kg MLVSS.d. It

is proposed that the true F/M can be represented as

True F/M = BODy/Xa - (1-6)
Where BODy = available substrate (Sa), M/T
t = sludge age (8c), T
Xa = active biomass in system, M

It can be concluded from the new concepts proposed above that

the sludge age is a more accurate parameter than F/M in

distinguishing between substrate limited processes such as the

conventional and extended aeration modes of the activated

process. This will provide a better explanation of the



- 36 -

differences between the two modes of the activated sludge

process in the following two major areas:-

(i) The more stable or less active nature of the sludge from
the extended aeration process compared to that of the
conventional process is due primarily to a more complete
oxidation of the particulate substrate because of the
longer sludge age. Also, the amount of active biomass in
the two modes would be about the same if treating the same
amount of substrate - but the MLSS active biomass fraction
would be smaller in the extended aeration mode because of
the greater accummulation of inorganic SS and
nonbiodegradable VSS in the sludge. Consequently, the
sludge from the conventional process will have a greater
fraction of bio-degradable VSS and hence needs further
biological treatment before disposal. This is a more
plausible explanation than the traditional "starvation"
explanation of a greater degree of endogenous respiration
in the extended aeration process being responsible for the
greater stability of the extended geration process

sludge.

(ii) The greater process oxygen requirement in the extended
aeration mode compared to the conventional mode is due to
the more complete oxidation of the particulate substrate
and also to the nitrification oxygen requirement. This is
more plausible than the traditional explanation of a much
higher degree of endogenous respiration demand in the

extended aeration mode.

2.2 Net Nitrogenous Oxygen Requirement (NOR)

Under favourable conditions, the maximum growth rate for the
nitrifying bacteria has been reported to be about 0.4 to 0.5 d -1
(ref. 9, Bliss). In practice, it is generally accepted that a sludge
age of betwen 8 to 10 days is required if over 90% nitrification is to
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be achieved. In the extended aeration process with sludge age in
excess of 10 days, over 90% nitrification is a general occurrence. In
nitrifying plants it is desirable to also incorporate denitrification
to reduce oxygen requirement. In soft water areas, denitrification is
necessary to maintain the MLSS pH at levels required for efficient
biological reactions - pH as low as 4.5 to 5.5 has been noted in

nitrification only plants.

2.2.1 Nitrification

Biological nitrification involves the sequential oxidation of
ammonia nitrogen (amm.N) to nitrite then to nitrate by the chemo-
autotrophic bacteria Nitrosomonas and Nitrobacter respectively. The

two sequential reactions can be represented as:-
2 NH3 + 302 — 2 NOo™ + 2H* + 2H.0 - (1)
2 NOo™+ 0p —» 2 NO3™ - (2)

Egqs. 1 and 2 can be combined to give the overall reaction for

oxidation of NH3 to N03‘:-
2 NH3 + 405 —»2 NO3' + 2H* + 2H,;0 - (3)

Compared to carbonaceous substrate oxidation, the nitrification
process is a rather straight forward reaction involving the oxidation
of a single substrate by two forms of bacteria. Hence, the oxygen
required for nitrification can be simply obtained from the
stoichiometric relationship in Eq. 3. It can be seen from Eq. 3 that
about 4.6 kg. of oxygen is required to oxidise each kg of amm.N.

Some authors only consider the influent amm.N while others
consider the influent total nitrogen (tot.N) in determining the
nitrification oxygen requirement. The amount of organic nitrogen that
is available for cell metabolism will depend on the sludge age as the

hydrolysis of organic nitrogen (generally protein) is a slow process.
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In the extended aeration process it may thus be prudent to base the
nitrification oxygen requirement on the tot.N. Some of the nitrogen
will be used for cell synthesis and removed from the system in the
excess sludge. Estimates vary from about 5 to 35% of the influent
tot.N lost this way. A part of this nitrogen will be returned as
supernatant ffom sludge lagoons etc. This need not be considered if

it is included in the influent tot.N concentration measurement.

According to Eckenfelder (ref. 3) active biomass contains
about 12.3 percent nitrogen (based on the cell formula CgH7NOp) but
after endogenous oxidation contains about 7% nitrogen. This will
provide an estimate of the nitrogen lost from the system as excess
sludge. Based on the previous 4000 ep I.E.A. plant example, the
percentage influent tot.N lost in excess sludge can be obtained as

follows:-
Influent tot.N = 10 g/ep.d

. . total tot.N = 40 kg/d

MLSS

7000 kg.

MLVSS

0.7 MLSS = 4900 kg

Biodegradable cell fraction = 0.35 x 4900 (as per Section 2.1.1)
1715 kg.

0.52 x 4900
2548 kg

Nonbiodegradable cell fraction

Sludge age = 30 days.

. . Biodegradable cell wasted/day = 57 kg.

. . Nonbiodegradable cell wasted/day = 85 kg.
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0.12 x 57 + 0.07 x 85
12.79 kg/d.

. « Nitrogen lost in excess sludge

Based on the above example, it would be reasonable to assume
that about 30% of the influent tot.N will be lost in the excess sludge
for extended aeration processes. But as previously noted, part of

this may be fed back as lagoon supernatant.

It has generally been reported that to sustain 90% or more
nitrification, a dissolved oxygen (DO) concentration between 1 to
2 mg/L must be maintained in the aeration tank. However, Pitman (ref.
21) stated that at long sludge ages of 20 days or longer, DO levels in
the range of 0.5 to 1 mg/L will sustain nitrification. This is in
agreement with the present author's observation that low DO values of
about 0.5 mg/L during part of the day do not affect the I.E.A. plants

in achieving nitrification.

2.2.2 Denitrification

Under anoxic conditions (DO levels less than 0.5 mg/L) some
heterotrophic bacteria can use nitrate instead of oxygen as the
terminal electron acceptor. This denitrification process can be

represented by the following stoichiometric equation.
4 NO3~ + 4H * —» 2Ny + 50 + 2H0 - (%)

As shown in the above equation, 2.9 kg of oxygen is recovered

for each kg of nitrate nitrogen (nte.N) reduced to nitrogen.

In the extended aeration process, 70 to 95% nitrogen removal can
be achieved by the nitrification - denitrification process. 1In the
WD I.E.A. plant 80 to 95% total nitrogen removal can be readily
achieved (refs. 18 & 19). The lower percentage removal values are
generally due to increased organic nitrogen in the effluent. In terms

of denitrification, generally over 90% of the nitrates are reduced.
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2.2.3 Net Nitrogenous Oxygen Requirement (NOR)

Based on the nitrification - denitrification reaction the NOR
for an extended aeration process can be obtained by the following
equation.

NOR = 4.6Py (tot.N) - 2.9Ppy Py (tot.N) - (5)

Where tot.N

influent total nitrogen, kg/d.

fraction tot.N nitrified

Py

fraction nitrate denitrified

PpN

The NOR for the 4000 ep I.E.A. plant example can thus be

obtained as follows:-
Influent tot.N = 40 kg/d
% tot.N nitrified, Py = 0.7

¢ nte.N denitrified, Ppy = 0.9

. . NOR (4.6 x 0.7 x 40) - (2.9 x 0.9 x 0.7 x 40)

56 kg/d.

2.2.4 Closure for Section 2.2

1. The determination of the extended aeration process NOR is rather
straight forward compared to the determination of the COR

involved in the oxidation of the complex carbonaceous substrate.

2. The theoretical NOR can be obtained from the following

equation:-
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NOR = 4.6PN (tot.N) - 2.9P (tot.N) - (2-1)

pN Py

2.3 Total Oxygen Requirement (TOR)

The TOR can be obtained as a combination of the theoretical COR
and NOR as represented by Eqs. 1-2 and 2-1 respectively.

For the 4000 ep I.E.A. plant example, the COR was found to be
328 kg 0z/d and the NOR was 56 kg/d. TOR is thus 384 kg/d or 1.37 kg
Oz/kg B0D5. The average hourly TOR is thus 16 kg/h.

In order to meet the diurnal peak process TOR the capacity of
the aerator must be sized to satisfy the diurnal peak TOR. For a 4000
ep plant the diurnal peak flow is about 200% of the average and the
diurnal peak substrate (BOD5 and tot.N) concentrations is about 150%
of the average. Hence peak diurnal subtrate loadings could be 300% of
the average loadings. However, it is generally accepted that there is
‘considerable damping of the diurnal peak oxygen requirement and also
that the peak oxygen requirement lags the peak substrate loading by a
few hours (refs. 11 and 22). The damping effect is due to the
combination of the following factors:-

(i) Particulate substrate oxidation is a very slow process with

reaction time constants of several days. According to Clifft
and Andrews (ref. 11), the metabolism of particulate substrate
occurs at a nearly constant rate because of the hydrolysis
rates' being independent of particulate substrate
concentration. Since sewage contains about 75 and 40% of the
carbonaceous and nitrogeneous substrates respectively in
particulate form, the peak diurnal oxygen demand will be
considerably damped. Clifft and Andrews (ref. 11) found that
the oxygen uptake rate was independent of particulate substrate
concentrations.
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Intracellular Substrate Storage Substrate storage material can

be present as either particulate substrate absorbed or emmeshed
in the activated sludge floc or as intracellular stored
substrate. The damping effect of stored particulate substrate
has already been discussed in (i) above. The intracellular
storage of influent soluble substrate can also have a
considerable damping effect on the peak oxygen demand. When
substrate absorbtion into the bacterial cell exceeds the rate of
metabolism (as limited by DO concentration) the absorbed
substrate is converted into intracellular storage products such
as glycogen and poly-B-hydroxybutyric acid (PHB). The stored
substrate can then be oxidised when influent substrate loading
drops off - thus damping the peak oxygen demand or utilisation
rate. From laboratory experiments conducted with a soluble
yeast extract, Selna and Schroeder (ref. 22) found that the
oxygen uptake response through the transient loading period
(square wave transients) is much less than would be predicted by
steady-state parameters. They concluded that for municipal
treatment plants with quasi-sinusoidal transient wave loading of
amplitude 1.5 to 2 times average, the assumption of mean daily
parameter values based on steady state conditions is a
satisfactory explanation. Based on model simulation of
substrate storage activated sludge models, Clifft and Andrews
(ref. 11) found that for soluble substrate influent the total
oxygen uptake rate lags substrate removal by 2 to 3 hours and
oxygen utilisation rate was significantly damped by a factor of
about 1.6.

Dilution Effect Chen, Roth and Eckenfelder (ref. 23) reported

that in a laboratory activated sludge unit treating soluble skim
milk, the response of the oxygen uptake rate to transient
loading indicates a slow mechanism reaction rate due to the
dilution effect of longer hydraulic residence time in the

aeration basin.
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(iv) Sludge Age It has generally been accepted that the response of
oxygen uptake rate to diurnal substrate load variation is
significantly damped in extended aeration process with high
sludge age compared to the conventional process. The
traditional explanation of high constant endogenous respiration
rate is less acceptable in view of the previous discussions in
Sections 2.1.3 and 2.1.4. Possible reasons could be the higher
hydraulic residence time (hence higher dilution effect) and
sludge quantity in the longer sludge age process. This could
result in reduced contact between active cell and substrate.
Gujer (ref. 12) found that the maximum to average respiration
rate of activated sludge subjected to a ratio of maximum to
average COD removal rate of 1.5 reduces with increasing sludge
age as well as with the increasing ratio of particulate to
soluble COD substrate.

In the case of the 4000 ep I.E.A. plant example, the diurnal
peak to average oxygen requirement for a diurnal peak to average
substrate loading ratio of 3 to 1 can be estimated from the

information discussed above.

COR = 328 kg/d
NOR = 56 kg/d
TOR = 384 kg/d
Average TOR = 16 kg/h
Soluble Substrate COR = 0.25 x 328 = 82 kg/d (25% soluble)
Soluble Substrate NOR = 0.6 x56 = 34 kg/1 (60% soluble)
Soluble Substrate TOR = 116 kg/d
Average Soluble '
Substrate TOR = 4.8 kg/d

Damping factor for soluble substrate stored intracellularly
assumed to be 1.6 (ref. 11 - Clifft and Andrews)

. Peak soluble substrate TOR = 3 x 4.8 = 9 kg/d
1.6
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Assume peak to average particulate substrate TOR =
1:1 (ref. 11)

. . Peak particulate substrate TOR average particulate TOR
16 - 4.8

11.2 kg/d

. + Peak TOR = 9.0 + 11.2 = 20.2 kg/d

. . Peak to average TOR = 20.2 = 1.26
16.0

In view of the long sludge age (30 days) and hydraulic retention
time (38 h at ADWF) of the 4000 ep I.E.A. plant, it is possible that
provision for diurnal peak oxygen requirement is not necessary. Also
operation of the plant on the intermittent basis with effluent
decanting after a 3 or 4 hour cycle would provide further damping of
the peak hourly oxygen requirement. However, as a prudent measure to
take account of changing sludge age etc. a factor of 1.25 may be
applied.

2.3.1 Closure of Section 2.3

1. The extended aeration process TOR can be obtained as the sum of
the theoretical COR and NOR.

2. A factor of 1.25 may be conservatively applied for the diurnal
peak hourly TOR for sizing the aeration equipment hourly
oxygenation capacity.

3. For the PWD 4000 ep I.E.A. plant example, TOR can be estimated
by a simple rule of thumb figure of 1.7 kg 02/kg BODsg (includes
a factor of 1.25 for diurnal peak TOR).
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3. AERATION TESTS

In the previous sections, the theoretical derivation of the
oxygen requirements in the activated sludge process and in particular
the extended aeration variant of the process was discussed in detail.
It was shown that the traditional synthesis and endogenous oxygen
requirements method can grossly over-estimate the process oxygen
requirements for the extended aeration process. For example, the
traditional method can yield COR values exceeding the theoretical
maximum COR which is equal to the carbonaceous BODu of the substrate.
However, these excessive oxygen requirement figures are still commonly
quoted in the literature and used in the design of extended aeration
processes. One of the reasons for the continuing use of the excessive
values in process design is that aeration tests to determine the
actual oxygen usage in full scale plants are seldom conducted or
reported. In addition to the difficulties in conducting aeration
tests in operating full scale plants, misinterpretation of aeration
test data can lead to over-estimation of the oxygen transfer
capability of the aeration equipment. The over-estimated oxygen
transfer capability of the aeration equipment could be misinterpreted
as a high process oxygen requirement - hence giving false support to

the excessive process oxygen requirement design figures.

It can be seen from the above discussions that accurate
assessment of the oxygen transfer rate and efficiency of aeration
equipment is not only important for verifying contractor's guarantees
but also for checking the validity of the adopted design process

oxygen requirements.

Reported oxygenation capacities of aeration equipment are
generally for oxygen transfer rates in clean water. The clean water
oxygen transfer rates are then generally converted to transfer rates
in mixed liquor by adopting literature values for o« and B8 .

Aeration tests in activated sludge mixed liquor are seldom carried out
because of difficulties in controlling the test conditions such as
the MLSS oxygen up-take rates. The present published mixed liquor or
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"dirty water" aeration test models rely on the assumption of a
constant MLSS oxygen uptake rate for interpretation of the oxygen
transfer rate. Also, the present models are generally based on
surface aerators where oxygen transfer takes place above the surface
of the water. At present, aeration tests models for submerged aerators
where oxygen transfer takes place under the water are not as well
developed. The main drawback of existing submerged aeration test
models is in the method of determining the DO saturation concentration
which lies between the surface and mid-depth saturation values.
Because of the factors that have been just disucssed, accurate data on
actual oxygen transfer and usage in operating plants are seldom

reported in the literature.

In the following sections, aeration tests in clean and
'dirty' (mixed liquor) water will be discussed for both surface and
submerged aerators. Also, the development of a new submerged aeration
test model will be presented which hopefully will provide a simpler
and better method for calculating oxygen transfer rates for submerged
aerators. In addition a new model for interpreting dirty water
aeration tests under varying MLSS oxygen uptake rate condition will be

presented.

3.1 Clean Water Aeration Test

The clean water aeration test for both surface and submerged
aerators will be discussed in Sections 3.1.1 and 3.1.2. Since the
surface aeration test model has been well developed and established,
Section 3.1.1 will concentrate mainly on the methods of interpreting
the test data which have gained a lot of attentions in recent
literature. In Section 3.1.3, the theoretical derivation of a new

submerged aeration test model will be presented by the author.
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3.1.1 Surface Aeration Test

The rate of oxygen transfer in the unsteady-state clean
water aeration test is presented by the familiar two-film model linear

first order differential equation

de = K;a (c' - C) -(1)
dt

Where dc = oxygen transfer rate, M/L3t,
dt

KLa= overall volumetric oxygen transfer

coefficient, t-1, hereafter noted as K for simplicity

C = dissolved oxygen (DO) saturation concentraton
under the test conditions of temperature and
pressure, M/L3,

and C = DO concentration at time t, M/L3.

#

In the surface aeration test C is constant and equal to
#
Coo, the saturation concentration at infinite time. Therefore, for an
initial DO value of Co at time zero (to), the integrated form of Eq.1
is

Ln SC'-CO2 = Kt -(2)
(c’- c)
or c=c - (C. - Co)e-Kt -(3)

All three Egs. 1, 2 and 3 can be used to estimate the oxygen
transfer parameters K and C'. The advantages and disadvantages of the
three different parameter estimation techniques have been reviewed by
Boyle, Berthouex and Rooney (ref. 1), by Stenstrom, Brown and Hwang
(ref. 2), and by Brown and Baillod (ref. 3). Briefly, the main
disadvantage of the differential or direct method based on Eq. 1 is

that the noise in the data is magnified. The process of approximating
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the transfer rate dc/dt by taking differences between successive DO
concentration values results in a variable with larger error than the
error in C itself. The main disadvantage of the log deficit method
based on Eq. 2 is that a value of C. has to be either assumed,
measured or determined from book values. An incorrect selection of C*
will bias the estimate of K. Selection of a low C' will overestimate
K. It is considered that the best method for selecting C. is to
estimate a value which gives the "best™ straight line (or correlation
coefficient) or the minimum residual sum of squares. This subject has
been well discussed by Kayser (ref. 4). The only disadvantage of the
"exponential®™ nonlinear least squares method based on Eq. 3 is that

the method requires the use of a computer or advanced scientific
calculator. This is the method recommended by Brown et al. Also,
Stenstrom et al stated that the consensus of all investigators quoted
by them is that this is the most desirable of the 3 methods discussed
above. The main advantages of this technique summarised by Stenstrom

et al and Brown et al are:

1. The nonlinear least squares technique fits the exponential
equation directly to the test DO concentration-time data to
estimate the oxygen transfer parameters. The other methods
require transformation of the test data (i.e. to de/dt or
log deficit values).

2. Truncation of the test data is not required.
&
3. C is estimated directly from the test data without
)
introducing error by incorrectly estimating C from book
values.
y, The residuals (differences between calculated and measured C

values) are more uniform than other methods.

5. Least squares estimates are provided for all 3 parameters K,
#
C and Co.
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6. The parameter estimates appear to be more precise than
those obtained by the other methods.

3.1.2 Submerged Aeration Test

One of the basic difference between surface aeration and
submerged aeration is in the value of C.. As defined by Henry's Law,
C. varies with the oxygen partial pressure of the air in contact with
the water. For surface aerators, oxygen transfer occurs at the free
water surface. Hence C' is taken as the saturation concentration
corresponding to the atmospheric oxygen partial pressure. This C' is

)
commonly referred to as the "surface®™ C value.

For submerged aerators, oxygen transfer occurs at the
#*
air/water interface of the submerged air bubbles. Hence C is taken
as the saturation concentration corresponding to the average oxygen

partial pressure of the air bubbles in the water.

The main difficulty in interpreting submerged aeration test
data is that C' cannot be obtained from standard tables as in the case
of surface aeration tests because the oxygen partial pressure of the
air bubbles varies with water depth as well as with the oxygen
transfer rate. Hence in submerged aeration C' varies with tank depth
as well as with the oxygen transfer capability of the aeration
equipment being tested and must be estimated for each individual test.
The methods that can be used to estimate C' are listed below in

increasing order of advantage.

( 1) Ignoring oxygen partial pressure reduction due to the
transfer of oxygen from the air bubbles to the water, C' can
be taken as the saturation concentration corresponding to
the pressure at mid depth (ie. the atmospheric pressure plus
the water hydrostatic pressure at mid-depth). This C' is
commonly referred to as the "mid-depth"™ C. value.
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( ii) Correcting the "mid-depth™ C. value for oxygen partial
pressure reduction by assuming an oxygen transfer efficiency
(ie. percentage of oxygen in the air bubbles being
transferred into the water). A trial and error solution must
be used to find an assumed oxygen transfer efficiency that
will agree with the eventually calculated oxygen transfer
efficiency. This C* is commonly referred to as the
"corrected mid-depth" C. value.

(iii) Adopting the logarithmic mean saturation value of the tank
&
bottom and surface saturation values. This C is commonly

&
referred to as the "log mean™ C value.

#
( iv) The C value can be measured by running the aeration test
until a constant DO concentration is obtained (ie. no change
in DO for say 10 to 20 minutes). However, only the final

#
saturation value Coo is measured.

#
( v) Estimating C by the nonlinear least squares estimation
technique from the actual DO concentration-time data of the

aeration test.

The other basic difference between the surface and submerged
aeration test is that C. is constant throughout the surface aeration
test but C. changes throughout the submerged aeration test. In the
surface aeration test the atmospheric pressure remains constant and
hence C' will also remain constant. However, in the submerged
aeration test the oxygen partial pressure of the air bubbles changes
throughout the test due to the transfer of oxygen from the air bubbles
to the water. The oxygen partial pressure reduction is the highest at
the start of the test when the oxygen transfer driving force is great
because of the low DO concentration in the water. The driving force
decreases as the DO concentration rises and hence the oxygen partial
pressure reduction falls off throughout the test. Hence C' increases
throughout the test until the final C:o value is reached.
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It can be concluded from the previous discussions that the
exponential nonlinear least squares technique is the most desirable
parameter estimation technique. However, in the case of the
submerged aeration test C* varies with time during the unsteady test.
Hence an analysis based on Eq. 3 which considers C' to be constant and
equal to C:o will yield an apparent volumetric oxygen transfer
coefficient K', instead of a true K. According to Brown et al, the
surface aeration Egs.1 and 3 could be modified as follows for

submerged aeration unsteady tests.

de =k’ (Coe - C) -(%)
dt
/
and cC = C:o - (C:o - Co)e-K t -(5)

/
The relationship between the true (K) and apparent (K )

transfer coefficient is given by the following equation:

K = K!'
1 -K'/20, -(6a)
Where ﬂd = (Mo/Ma)GF Yd -(6b)
#
Coo V
and Mo and Ma = molecular weights of oxygen and
air respectively, M/mol;

GF = mass flow rate of feed gas, M/T;

Yd = mole fraction of oxygen in dry feed gas;

\') = volume of test water, L3.

Generally, for systems where the oxygen transfer (stripping
or absorption) efficiency is in the order of 0.2 (ie. 20% of oxygen in
the air feed is transferred to the water), the true K would be about
10% greater than the apparent K. However, for high efficiency
submerged aeration systems, the oxygen transfer efficiency (OTE) may
approach 0.5, and K could differ from K/ by more than 30%.
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Therefore, it is considered by the present author that in order to
apply the exponential nonlinear least squares parameter estimation
technique for all submerged aeration tests, an exponential equation
which is not based on an assumed constant C. should be developed. The
development of such an equation by the present author is presented

below.

3.1.3 Development of a New Submerged Aeration Test Model

As discussed in Section 3.1.1, the non-linear least squares
technique provides an elegant and accurate method for estimating the
oxygen transfer parameters in the exponential Eq. 3 for the surface
aeration test. The technique could also be applied for submerged
aeration tests by adopting the modified exponential Eq. 5 which
assumes a constant C. and provides an estimate of the apparent rather
than true K. Although the use of Eq. 5 can provide reasonable
estimates of the oxygen transfer rate, it is not an accurate model of
the submerged aeration test in which C. is not constant but increases
during the test. It is considered by the present author that
a varying C. cannot be ignored in the submerged aeration test model.
Submerged aeration test models such as the log mean saturation or log
mean deficit models which account for a varying C' during the test
have been presented by Lakin and Salzan (ref. 5) and by Frazer (ref.
6). However, the non-linear least squares technique cannot be applied
to these models and the less accurate differential-direct method must
be used to estimate the oxygen transfer parameters. Thus, it is the
present author's aim to develop in the following sections a new
submerged aeration test model which not only accounts for the varying
C. value but also allows the oxygen transfer parameters to be obtained
by the better and more straightforward non-linear least squares

parameter estimation technique.
#
3.1.3.1 C _Function

In the submerged aeration test, oxygen transfer takes place
from the rising air bubbles released below the free surface of the
water being aerated. As the air bubbles rise from the plane of

release to the free surface, their oxygen partial pressure will be
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reduced due to the reduction in total pressure (change in hydrostatic
pressure with depth) as well as the depletion of their oxygen
content. The average total (or hydrostatic) pressure of the air
bubbles in the aeration tank is constant throughout the aeration test
as the water depth does not change. Therefore, the rate of reduction
in oxygen partial pressure during the aeration test will be directly
proportional to the rate of oxygen depletion from the rising air
bubbles. Thus, a time function for C' may be developed along the
following lines:-

#

( i) Since oxygen obeys Henry's Law, C is directly
proportional to the average oxygen partial pressure
of the air bubbles in the aeration tank.

( ii) The average oxygen partial pressure of the air
bubbles increases throughout the test as the rate of
oxygen depletion decreases during the test.
Therefore C. must also increase during the test in
proportion to the increase in oxygen partial

pressure.

(iii) As the rate of increase in C during the test is equal
to the rate of oxygen depletion, the rate of increase
in C’ must be in proportion to the rate of increase
in C. Hence, the time function of C' must be
exponential and similar to the time function of
C as described by Eq. 3. Also, since C. amd C arrive
at the maximum value C:o at the same time, both C*
and C must have the same time constant T
(where T = K™ ).

#
Therefore it is considered that C could be approximated by
the following first order exponential equation:-

& # 8
C =Coo - (Coo - Co)e Kt

-(7)

K ]
At t=0, C =Co = DO saturation concentration at the
start of the test, M/L3.
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{ 20K )

At t=00, C =Co0 = DO saturation concentration at the end
of the aeration test when dynamic

equilibrium has been established,

M/L3.

Eq. 7 can now examined to see if it can model the physical
phenomenon of the submerged aeration test. Eq. T shows that
C. increases from an initial minimum value, C:, to a final maximum
value, C;o, in an exponential manner. This fits the physical model
of the submerged aeration test where at the start of the test, C is at
a minimum and the driving force (C' - C) and, hence, air bubble
oxygen depletion rate are at the maximum. Therefore, the air bubbles'
oxygen partial pressure is at its lowest value at the start of the
test and C' must also be at a minimum. As C increases during
the test, the driving force and oxygen depletion rate also decrease -
resulting in increasing average oxygen partial pressure and, hence,
also increasing C'. Both C and C’ will increase toward the maximum or
equilibrium saturation value C;o during the aeration test. The
dynamic equilibrium state will be reached after an extended period of
aeration. At the dynamic equilibrium state, both C and C' will be
equal to C;o and the driving force and net oxygen transfer rate will
be nil. Thus, it can be seen that Eq. 7 is a much more accurate model
for C' in the submerged aeration test than the constant C:o adopted in
Eqs. 4 and 5 of the modified surface aeration model.

3.1.3.2 C Function
#
Substituting EqQq. 7 for C in Eq. 1 gives

de =K (Coo - (Cao - Co )e¥P_c) -(8)
dt

Rearranging Eq. 8 gives

dec + KC = KA - KBe ¥t -(9)
dt



where:

variation

(a)

(b)

where

or

)
Coo

# )
B = Coo - Co

>
]
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EqQq. 9 can now be integrated by Lagrange's "Method of

of parameters®™ as follows:-

The homogeneous solution of Eq. 9 is

de = -KC

dt

-(10)

Integration gives:-

c = e-kt

-(11)

The general solution of Eq. 9 can now be obtained by putting

C = uv -(12)
u = f(t)
v = homegeneous solution = ekt
... de =C’ =u'v+uv’
dt

¢’ = u’e®® _ gue* -(1%)
Substituting Eq. 14 for C’ and Eq. 12 for C into Eq. 9 gives
we ™ _ gue™*t 4 gue¥t - ka - kBe7KY -(15)
... u’e™¥® - ga - kBe*® -(16)
. u’/ = xae*® - kB -(17)
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Intergrating Eq. 17 gives
kt

u=Ae" - KBt + D -(18)

Substituting Eq. 18 for u in Eq. 12, the general solution

becomes: -

gives: -

or

or

t -kt

C=A- KBt.e-k + De -(19)

Applying the boundary conditions of C = Co at t=0, Eq. 19

Co =A+D -(20)
D =-(A - Co) =(21)
Substituting Eq. 21 for D into Eq. 19 gives:

A - KBte XY _ (4 - co)e ¥t -(22)

Q
"

# # - # # -
Coo - (Coo - Co)e kt _ K(Coo - Co )te kt

Q
]

-(23)

Eq. 23 is, thus, the new model proposed for the submerged

aeration test. It can be seen that:

(1)

Eq. 23 shows that the rate of increase in C is less than
that predicted by the modified surface aeration model of

Eq. 5 by a factor equal to K(C:o - C;)te-kt. This factor
accounts for the lowering of the DO saturation value due

to the gas-side oxygen depletion in the submerged aeration
test. In the submerged aeration test, the initial DO
saturation value Cg is less than the final saturation value
C;o; whereas in the surface aeration test, the DO
saturation value is constant and equal to C:o throughout the

test.
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# | 2
Also, the factor K(Ceo - Co)te kt decreases with time and is
consistent with the fact that the gas-side oxygen depletion

rate also diminishes with time.

#
(2) The boundary conditions C=Co at t=o and C = Coo at t=co are
# )
satisfied by Eq. 23. Also, if Co is equal to Coo, Eq. 23
reduces to Eq. 3 which is the exponential equation for the

surface aeration test.

Therefore, it can be seen that the submerged aeration test
is more correctly modelled by Eq. 23 than by Eq. 5. Also, Eq. 23 is a
much more general model as it can also be used to describe the surface

# #
aeration test because it reduces to Eq. 3 when Co = Coo.

Egs. 3 and 23 can also be derived from the principles of the
transient response of a simple first order system. The unsteady-state
surface aeration test could be considered as the transient response of
a first order system to an input step function which is equal to C:o.
The unsteady - state submerged aeration test could be considered as
the transient response of a first order system to the input function
C;o - (C:o - C;)e-kt which is a combination of a step function C;c and
an exponential function (C;o - Cg)e-kt. The derivations of Egs. 3 and

23 as a transient first order system are given in Appendix 1.

3.1.4 Numerical Examples

Whether Eq. 23 is in fact a better model of the submerged
aeration test than Eq. 5 can be examined by the following numerical
examples. If Eq. 23 is a better model than Eq. 5, it should provide
lower residuals - i.e. provide a better fit to the test data.

In the following two numerical examples the parameter
estimates obtained by the 'exponential' nonlinear least squares
estimation technique using Eq. 5 and 23 are compared. In addition, the
calculated Standardised Oxygen Transfer Rates (SOTR) are also compared
to that obtained by the log mean saturation method presented by Fraser
(ref. 6). The different methods are briefly described below.
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3.1.4.1 Method 1 - Nonlinear Least Squares Parameter Estimation
Based on Eq. 5

In the nonlinear least squares method referred to as the
'complex' method by Stenstrom et al, the parameters C:o, Co and k’ are
estimated by fitting Eq. 5 directly to the observed DO concentration
- time data. The 'best' parameter estimates are considered to be
the set that provides the least residual sum of squares, Z.RZ. The
residual, R, being the error or difference between the observed and
calculated DO values. The exponential search for the 'best' set
begins by evaluating the residual sum of squares of four (guessed)

initial sets of parameter estimates.

One of these four sets will provide the greatest £ R2 and
represents the poorest set of parameter estimates. This becomes the
first set to be rejected and be replaced by a new and better set
with a lower'zxz. A new set can be generated by calculating the
centroid of the remaining three sets (by averaging the remaining three
estimates for each parameter) and then projecting from the rejected
parameter estimate through the centroid a specific distance. The
initial projection distance (called gamma) beyond the centroid is
selected at 1.3 times the distance from the rejected parameter
estimate to the centroid. If the new set obtained in this manner has
greater ZR2 than the rejected set, gamma is then halved to reduce the
projection distance. This process is repeated until a replacement set
with lower sz than the rejected set is obtained. The next worst set
is then selected for replacement by another new and better set and the
whole process is continued until a termination criterion is obtained.
Generally, the termination criterion is an error improvement criterion
- the search is terminated when significant improvement in the error,s
R2, cannot be achieved by further iterations. This condition will
occur when the four sets of parameter estimates converge to the
optimal values.

#
When the best estimates for Coo and K' with the least
TR? have been obtained, the SOTR can be calculated as follows:
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K’ is corrected to the Standard temperature of 20°C as

follows:
/] - / (20—T) -
K 20 = K T e (24)
/ 0 -1
Where K20 = apparent K at 200C, h ,
K'T = apparent K at test temp. T°C, n!
and @ = temp. correction coefficient = 1.024
The effective saturation depth is then obtained as follows:-
CooT P P (25)
de = 1 - b+ VT -
¥ HpY,
where de = effective saturation depth, m,
¥ = weight density of water, kN/m3,
&
CooT= average saturation concentration at test
conditions, mg/L,
HT = Henry's Law constant, mg/L kPa,
Yd = Mole fraction of oxygen in air feed,
Pb = test atmospheric pressure, kPa,
and PVT = test saturated water vapour pressure, kPa.

#

The saturation concentration Co020 at standard temperature
and pressure (20°C and 1 atmosphere respectively) can then be
obtained by:

0020 = CooT §s_20_ Ps_+ ¥de - Pv20 -(26)
i C'ST % % Pb + Jde - Pv20 g
where C's20 = book value surface saturation at 20°C, mg/L,
C;T = book value surface saturation at T°C, mg/L,
Ps = standard atmospheric pressure, kPa,
Pv20 = saturated water vapour pressure at 20°C, kPa,

and the other parameters as defined previously.
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The standardised oxygen transfer rate can then be calculated

as follows:

# -

SOTR = K’ .C0020. V.107.60 -(27)
Where \'f = test water volume, m3

SOTR = kg oxygen transferred / h at standard conditions

of 20°C, one atmosphere and at zero DO

Concentration.

The standardised oxygen transfer efficiency (stripping or

absorption efficiency) can then be obtained,

SOTE = SOTR -(28)
oxygen supply rate
where SOTE = % oxygen in air feed absorbed or transferred

under the standard conditions of 20°C,1 atm. and
nil DO(C=0).
and oxygen supply rate = air flow rate (m3/h) X air density
(1.205 kg/m3) X weight fraction
of oxygen (0.232).

SOTR can also be calculated from the true K as given by Eq.
6a and 6b as follows:-

ﬂdT= (Mo/Ma) GF Yd

C:oV -(29)

where )]

oxygenation coefficient as defined by Eq. 6b

dT ,
KT = KT -(30)
’
1 - KT/Z ﬂdT
where K., = true transfer coefficient at T°C and defined by Eq. 6a.

T
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#
The true temperature correction coefficient € can be

obtained as follows:

(_'_3_‘_)(20‘1') ( csT )( 20 dT - k'T )
‘9 = \c% 20 20420 - 8 (ZO'T)K'T -(31)

#
where @d20 = @dT % C sT ; -(32)

#
C s20

Finally, SOTR is obtained as follows:

) -
SOTR = K, Fo Co020 V.10 360 -(33)
Where Fo = dimensionless exit depletion factor evaluated at
zero DO
)
= 1 - (K 20/20d20) -(34)

3.1.4.2 Method 2 - Nonlinear Least Squares Parameter Estimation
Based on Eq. 23

The nonlinear least square technique for estimating the
parameters in the exponential Eq. 23 is the same as those for
estimating the parameters in Eq. 5. The only difference is that four
parameters k, Co, C;o and Co are to be estimasted instead of three.
Also the true K and not the apparent K’ is estimated. When the best
set of parameter estimates which provides the least EZRZ has been

obtained, SOTR can then be calculated as follows:

The true transfer coefficient at 20°C can be obtained as

follows:

K20 = KT e -(35)
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It should be noted that depending on the test data and
whether data at the beginning of the test have been truncated, the
DO concentration Co at time t = o is not necessarily equal to zero.
Hence C: at time t=o0 also does not necessarily corresponds to the
saturation value at C=0. The saturation value at C=0, C:o, can be
obtained from Eq. 7 and 23. Eq. 23 can be used to determine the time

)
teo for C=0. teo can then be substituted into Eq. 7 to find Cco. The

saturation value at standard conditions of 20°C, 1 atmosphere and nil
DO can then be obtained as follows:

C. C' 6 P 0 Pv20 (36)
020~ ~ coT % 520 ( 3 g * 0-5d¥-Fv { -3
#
CST Pb + 0.54¥-Pv20
s
Where ccozo = DO saturation at standard conditions of 20 C?

1 atmosphere and zero DO, mg/L,

CcoT = DO saturation at test temperature,

pressure and at C=0, mg/L,
0.5d¥ = average or mid-depth hydrostatic pressure, kPa,
d = water depth, m, and the other parameters as

defined previously.
SOTR is then calculated as follows:
& -3
SOTR = k c V.10 60 -(37 )

20 co20

The standard oxygen transfer efficiency SOTE can be
calculated by Eq. 28.

3.1.4.3 Method 3 - Log Mean Saturation Direct Method

The log mean saturation method presented by Fraser is based
on a stepwise integration method to determine the change in the
#
saturation value C during the submerged aeration test.
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Basically, the method involves the determination of the log
mean saturation values at various time intervals of the submerged

aeration test, where,

# # &
Coy = Cbtm-C top -(38)
# #
1n (C btm/C top)
#
Where CLM = log mean saturation, mg/L,
#
Cbtm= saturation value at bottom of tank, mg/L,
#
ctop= saturation value at top of tank, mg/L,

#
cbtm is constant throughout the aeration test and is

estimated from the surface saturation value (obtained from standard
tables) and pressure of the air bubbles at the tank bottom.

#* *

btm
C'top varies during the aeration test due to reduction in
the mole fraction of oxygen (or oxygen partial pressure) as oxygen is
transferred out of the air bubbles during their rise to the top. C:op
for each sampling time interval can be obtained by firstly estimating
the oxygen transfer rate OTR, from the change in C during the time
interval. The oxygen transfer efficiency, OTE, and Y for the time

top
interval can then be obtained as follows:

0.T.E. = OTR/(oxygen supply rate) -(40)
Ytop = (1 - OTE)/(4.76 - OTE) -(41)
* *
and finally ctop =C ST Pb Ytop/0.21 -(42)

The driving force (C;M - Cave) for each time interval can
then be obtained from the log mean saturation value and average DO
value for each time interval. It can be seen from Eq. 1 that a plot
of the oxygen transfer rate, de/dt, versus the driving force,

C;M - Cave, for the respective sampling time intervals will yield a
straight line with a slope equal to the mass transfer coefficient, K.



- 66 -

It should be noted that in this case, K is the mass and not the

volumetric transfer coefficient and has the units of kg/h.(mg/L).

The log mean saturation method accounts for the change in c*
due to the reduction in the oxygen partial pressure in the rising air
bubbles during the submerged aeration test. Hence, in this respect it
can be considered to be a better model of the submerged aeration test
than Eq. 5. However, as discussed earlier the direct method of
analysis can introduce significant error in the parameter
estimates. The main disadvantages of this method compared to the

nonlinear least squares method are:-

( i) It does not provide least squares estimates for Cﬁm.

( ii) Cf'p has to be estimated from book values of C§.

(iii) The test concentration - time data have to be
transformed to de/dt and Cfm - Cave variables which
magnify the noise in the data. The transformed
variables can have substantially larger error than

the error in C itself.

( iv) The method of curve fitting used to smooth out the
noise in the test concentration - time data could

produce bias in the parameter estimates.

Because of the above disadvantages, the direct method is not

recommended by the authors quoted in references 1, 2 and 3.

In the log mean saturation method, SOTR has to be obtained
by trial and error. The log mean saturation value at the standard

temperature of 20°C, Cszo, has to be calculated from an assumed SOTR
value. Kpg and CfMgo are then multiplied to obtain the final SOTR

value which must be the same as the initially assumed SOTR value. If
it is not, then the assumed SOTR value is incorrect and a different

value must be selected.
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In the following two numerical examples, the three different
methods discussed above are compared. In the computer programme
written for the nonlinear least squares methods, the exponential
search for the 'best' parameter estimates is terminated when the
error cannot be further improved after fifteen consecutive halvings of
the gamma factor. Also, the computer programme is applicable to both
methods. The first method is selected by entering C:o = Cg whereby
the general Eq. 23 is reduced to the modified surface model Eq. 5.

The computer programme is given in Appendix I.

3.1.5 Discussion of Results

The first example is based on data presented by Brown and
Baillod (ref. 3). The data were obtained from a clean water field
test conducted on a coarse bubble submerged aeration system installed
in a 13.1 m diameter tank. The test conditions are as follows:

°C; Barometric pressure = 97.8 kPa

3

Ave. water temp. = 14.5
Tank depth = 6.16 m ; Tank vol. = 830 m
Diffuser submergence = 5.55 m

Air flow rate = 0.426 m3/s at 1 atm., 20°C and 0% R.H.

The second example is based on the clean water submerged
aeration test data presented by Fraser (ref. 6). The test conditions
are as follows:-

Water temp. = 19.1°% ; Barometric pressure = 0.986 atm.
Water depth = 9.15 m ; Water vol. = 1323 m3
AMr flow rate = 15.57 m3/min at 20°C and 1 atm.

3.1.5.1 Comparisons between Method 1 and Method 2 parameter
estimates

Three separate computer runs were conducted using the
modified surface aeration model Eq. 5 (method 1) to estimate the

]
parameters Coo, Co and K’/ by the nonlinear least squares technique.



- 68 -

Different sets of initial parameter estimates were used in each of
the computer runs. In Example 1, Table 1A shows that all the three
computer runs converged to the same final or 'best' set of estimates.
This indicated that the unique or global optimal values for the
parameters were obtained. The final set of parameter estimates gave
a residual sum of squares, }:Rz, of 0.01617. The estimated error for
C is 0.030 mg/L (=\/£R:/n, where n equals the number of residuals).
Similarly, for example 2, all three computer runs converged to the
same final or 'best' set of parameter estimates as shown in Table 2A.
The final set gave a 2:R2 of 0.03768 and an estimated error of
0.058 mg/L for C.

In method 2, the parameters C:o, C:, Co and K in Eq. 23 were
estimated by the nonlinear least squares technique using the same
initial sets of estimates as used in method 1. Tables 1B and 2B
showed that for both examples, the computer runs did not converge to
the same final or best sets of parameter estimates. However, all the
computer runs provided better estimates with lower 2:R2 than obtained
by method 1. In Example 1, Run No. 3 gave the best set of parameter
estimates with the lowest S.RZ of 0.01251 and an estimated error of
0.026 mg/L for C. This is a substantial improvement of 29% for ZRZ
and 15% for the estimated error in C over those obtained by method 1.
Similarly for example 2, Run No. 3 provided the best set of parameter
estimates with the lowest‘ZR2 of 0.0273 and an estimated error of
0.050 mg/L for C. This also represents a substantial error
improvement over method 1 - by about 38% for SRZ and about 16% for the
estimated error in C. Tables 1C and 2C show the comparisons for the
predicted DO values, Cp, and residuals, R = Cm - Cp, obtained by
methods 1 and 2. It can be seen that Method 2 provided a marginal
improvement in the distribution of the residuals over Method 1.
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TABLE 1A EXAMPLE 1 - METHOD 1 - (MODIFIED SURFACE MODEL EQ. 5)

Coo Co k',
(mg/L) (mg/L) (min.” ")
Run No. 1 10.12 0.784 0.1130
Initial sets of 11.40 1.120 0.0869
estimates 12.30 1.360 0.0848
13.40 1.520 0.0711
Run No. 2 11.35 1.19 0.1150
Initial sets of 11.37 1.25 0.1070
estimates 11.39 1.28 0.1010
11.41 1.32 0.0952
Run No. 3 11.36087 1.310969 0.112803
Initial sets of 11.37454 1.242567 0.10865T74
estimates 11.41373 1.118648 0.09525541
11.41689 1.131725 0.09437152
Final sets of 11.42645 1.121553 0.08691792
estimates " " "
n n n
n " n

Residual sum of squares of final estimates = 0.01617168




TABLE 1B
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EXAMPLE 1 - METHOD 2 (NEW SUBMERGED MODEL EQ. 23)

RUN 1
# : ]
Coo Co Co K -1
(mg/L) (mg/L) (mg/L) (min. ')
10.12 0.784 8.51 0.1130
Initial Sets of 11.40 1.120 10.90 0.0869
Estimates 12.30 1.360 11.90 0.0848
13.40 1.520 12.20 0.0711
11.41373 1.118648 10.49029 0.9525543
Final Sets of " " " "
Estimates " " " "
n n n n
Residual sum of squares = 0.01501388
RUN NO. 2
11.35 1.19 8.85 0.1150
Initial Sets of 11.37 1.25 9.05 0.1070
Estimates 11.39 1.28 9.71 0.1010
11.11 1.32 10.70 0.0952
11.38701 1.196382 9.432811 0.104677
Final Sets of " " 9.432809% "
Estimates " " 9.432814 n
" n 9.43281 "
Residual sum of squares = 0.01251846%
RUN NO. 3
11.36087 1.310969 8.523885 0.112803
Initial Sets of 11.37454 1.242567 8.99288 0.10865T4
Estimates 11.41373 1.118648 10.49029 0.09525541
11.41689 1.131725 10.5715 0.09437152
11.38711 1.200221 9.407058 0.1048809
Final Sets of " n n n
Estimates " " " n
n n n n

Residual sum of squares = 0.0125089
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TABLE 1C EXAMPLE 1 - MEASURED V's PREDICTED D.O. VALUES

METHOD 1 - MODIFIED
SURFACE MODEL

METHOD 2 - NEW

SUBMERGED MODEL

Time Measured Predicted Residual Predicted Residual
t Cm Cp Cm-Cp Cp Cm-Cp
(min. ) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
2 2.77 2.766 + 0.004 2.791 -0.021
4 4.15 4.148 + 0.002 4.145 +0.005
6 5.35 5.309 + 0.041 5.294 +0.056
8 6.25 6.285 - 0.035 6.267 -0.017
10 7.08 T.106 - 0.026 7.091 -0.011
12 7.80 T.795 + 0.005 T.786 +0.014
14 8.34 8.375 - 0.035 8.371 - 0.031
16 8.85 8.862 - 0.012 8.864 - 0.014
18 9.28 9.271 + 0.009 9.279 + 0.001
20 9.62 9.615 + 0.005 9.627 - 0.007
22 9.93 9.904 + 0.026 9.919 + 0.011
25 10.24 10.253 - 0.013 10.270 - 0.030
30 10.70 10.667 + 0.033 10.681 + 0.019
35 11.00 10.935 + 0.065 10.943 + 0.057
40 11.14 11.108 + 0.032 11.108 + 0.032
45 11.20 11.220 - 0.020 11.213 - 0.013
50 11.25 11.293 - 0.043 11.279 - 0.029
55 11.30 11.340 - 0.040 11.320 - 0.020
Residual Sum of Squares }:Rg s 0.016171/68 0.0125089
Estimated error, (=R“/n) 0.030 mg/L 0.026 mg/L

N.B. The Cp and Cm -~ Cp results have been rounded to three decimal

point significant figures.
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TABLE 2A EXAMPLE 2 - METHOD 1 (MODIFIED SURFACE MODEL EQ.5).

(mg/L) (mg/L) (min.” ")
Run No. 1 9.8 1.7 0.34
Initial sets of 13.0 2.3 0.27
estimates 15.0 2.6 0.24
17.0 3.0 0.20
Run No. 2 9.0 1.7 0.40
Initial sets of 11.0 2.0 0.34
Estimates 13.0 2.3 0.21
16.0 3.0 0.18
Run No. 3 9.0 1.7 0.25
Initial sets of 11.0 2.0 0.22
estimates 14.0 2.6 0.20
16.0 3.0 0.18
final sets of 12.73754 2.218277 0.1990204
n n n

estimates

Residual sum of squares of final estimates = 0.03768371
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TABLE 2B EXAMPLE 2 - METHOD 2 (NEW SUBMERGED MODEL EQ. 23)

RUN No. 1
# #
Coo Co Co K -1
(mg/L) (mg/L) (mg/L) (min.” ")
9.8 1.7 6.0 0.34
Initial sets of 13.0 2.3 9.0 0.27
estimates 15.0 2.6 10.4 0.24
17.0 3.0 12.0 0.20
12.69987 2.221248 11.39023 0.2265716
Final sets of " " " "
estimates " " " "
n n n n
Residual sum of squares = 0.03614324
RUN NO. 2
9.0 1.7 5.0 0.40
Initial sets of 11.0 2.0 7.0 0.34
estimates 13.0 2.3 9.0 0.21
16.0 3.0 12.3 0.18
12.30866 2.290798 8.422061 0.3085176
Final sets of " " " "
estimates n " " "
n n n n
Residual sum of squares = 0.02889214
RUN NO. 3
12.69987 2.221248 11.39023 0.2265717
Initial sets of 12.30866 2.290798 8.422061 0.3085176
estimates 12.26994 2.307475 8.148417 0.3166945
12.26911 2.325237 8.191678 0.3152863
12.37773 2.26703 8.928765 0.2931828
final sets of " " 8.928768 # 0.2931827#%
estimates " " 8.928768 0.2931827
" n 8.9287T71 0.2931826

®# Residual sum of squares = 0.02738562
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TABLE 2C EXAMPLE 2 - MEASURED Vs PREDICTED D.O. VALUES

METHOD 1 - MODIFIED

SURFACE MODEL

METHOD 2 - NEW

SUBMERGED MODEL

Time Measured Predicted Residual Predicted Residual
t Cm Cp Cm-Cp Cp Cm-Cp
(min. ) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
0 2.29 2.218 + 0.072 2.267 + 0.023
0.05 3.21 3.215 - 0.005 3.209 + 0.001
1 4.06 4,117 - 0.057 4.082 - 0.022
2 5.58 5.672 - 0.092 5.628 - 0.048
3 6.91 6.947 - 0.037 6.923 - 0.013
it 8.07 7.992 + 0.078 7.996 + 0.074
5 8.93 8.849 + 0.081 8.876 + 0.054
6 9.59 9.551 + 0.039 9.592 - 0.002
8 10.54 10.597 - 0.057 10.634 - 0.094
10 11.26 11.300 - 0.040 11.300 - 0.040
12 11.79 1.772 + 0.018 11.718 + 0.072
Residual Sum of squares zng o.&  0.03768371 0.02738562
Estimated error (=R“/n) 0.058 mg/L 0.050 mg/L




3.1.5.2 Comparison of SOTR obtained by Methods 1, 2 & 3

In calculating the SOTR and SOTE, the following values

were used or calculated:

Method 1

T, °C

’ 1

T’
) -1
K20’ min ,

#
CooT, mg/L

K., min~

H, mg/L kPa
Yd
Pb’ kPa
PvT’ kPa
1, kPa/m (or kN/m3)
de, m

* L
Cgo07 W&/

s
CsT’ mg/1l
Ps, kPa

P kPa

va20,
&
Coe20, mg/L

Mo, g/mole
Ma, g/mole

GF’ kg/min

v, 1x1o‘6

1
gd

K., min~

7 min~
1

Example 1

14.5
0.0869
0.0990

11.43

0.489
0.21
97.8
1.65
9.8
1.55
9.07
10.18
101.3
2.34

10.51

32

28.97

30.84

0.83
0.754
0.0922
1.024
1.0242
0.105
0.846

0-9“1

Example 2

19.1
0.1990
0.2033

12.74
0.445
0.21

99.88

2.21

9.8

3.49

9.07

9.24

101.3

2.34

12.64

32

28.97

18.76

1.323

0.258

0.3239

1.024

1.026

0.3315

0.263

0.6135
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Method 2
Ky min™"! 0.1049 0.2932
-1
K20’ min 0.1195 0.2995
Time t when C=o0, min -1.32 -1.08
#

CcoT, mg/L 9.11 7.64

0'0020. mg/L 8.35 T.57

d, m 5.55 9.15

The values for CSZO’ c ST? Ps’ Pb, ¥ and Pv20 are as

given in Method 1.

Method 3

)
The values for C

&
$20° Cc ST’ Ps’ Pb and d are as given
in Method 1.

TABLE 3 METHOD 1 - COMPARISON BETWEEN K AND K'

Example 1 Example 2
Apparent Kéo, min~! 0.0990 0.2033
True K,,, min”' 0.1050 0.3315
SOTR based on K’, kg/h 52 204
SOTR based on true K, kg/h 52 204
SOTE based on K/, % 12 78
SOTE based on true K, % 12 78

It can be seen from Table 3 above that in Example 1 where
the SOTE is a moderate 12% the true K is greater than the apparent K’
by about 6%. In Example 2 where the SOTE is a high 78%, the true k is
greater than the apparent K’ by about 63%. However, the SOTR
determined from the true K is identical to the SOTR determined from
the apparent K’ for both examples.
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TABLE 4. COMPARISON OF SOTR BETWEEN METHODS 1, 2 & 3

Example 1 Example 2
Method 1 SOTR, kg/h 52 204
Method 2 SOTR, kg/h 50 180
Method 3A SOTR, kg/h 56 185
Method 3B SOTR, kg/h 56 197
Method 3C SOTR, kg/h 55 190

Table 4 shows the SOTR values obtained by Methods 1, 2 and
3. The three versions of Method 3 (ie. 3A, 3B and 3C) are
differentiated by the different concentration - time values used.
The measured Cm values (column 2, Tables 1C and 2C) were used in 3A,
but the predicted Cp values obtained in Methods 1 and 2 were used in
Methods 3B and 3C respectively. (However, it should be noted that the
Cm values in example 2 were obtained from a smooth curve of Cm Vs t
as the actual test data were quite scattered - especially near the
beginning of the aeration test. The curve fitting method used was not
stated by Fraser.)

It can be seen from Table 4 that the SOTR values obtained by
Method 2 are less than those obtained by Methods 1 and 3. In the case
of Example 1 where the SOTE is moderate (12%) the difference between
the SOTR values of Method 2 and 1 is quite small, but the difference
between Methods 2 and 3 is quite large - about 4% and about 10 to 12%
respectively. However, the opposite is observed in Example 2 where
the SOTE is high (69%) - the difference in the SOTR values obtained by
Methods 2 and 1 is greater (about 13%) than the difference between
Methods 2 and 3 (about 3%, 9% and 6% for 3A, 3B and 3C respectively).
Therefore, the results show that for a submerged aeration system with
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