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SYNOGPSIS

Full scale implementation of biological excess phosphorus removal by
means of the activated sludge process commenced in South Africa at

the Johannesburg Alexandra Plant in.1974 . Originally the plant was
designed to'operate in th; nitrifying extended aeration mode ; but by
switching off some surface aerators around the common inlet point

for the influent and underflow recycle, an anoxic zone was created to
induce denitrification. This operational modification worked very
successfully., Later additional aerators were switched off to create
an anaerobic - anoxic zone at the head of the aeration basin, in this
manner attempting to induce the prerequisite conditions for.excess

biological uptake of phosphorus as put forward by Barnard (i.e.

by stimulating P release under anaerobic conditions) . This revised

operational procedure was not successful due to difficulties experienced

in controlling mixing in the anaerobic - anoxic zone. However the

experience gained from this investigation together with research

findings at laboratory and pilot scale level at the National Institute

for Water Research, the University of Cape Town, and Johannesburg

instilled sufficient confidence into .City Council staff to proceed with

the design of the 150 M1/d Goudkoppie Plant, initially for nitrogen

removal and to subseguently modify it to a S5 stage Phoredox process

for both nitrogen and phosphorus removal. Before the plant was

ccmmissioned.(1976) it was necessary . .to proceed with extensions to the

Northern Works and these were also based on the 5 stage Phoredox process.’
All the Johannesburg activated sludge plants were comprehensively

monitored to determine tneir performance under cyclic flow and load

conditions. The data collected from the Goudkoppie plant were

particularly comprehensive and exhaustive.



(ii)

Concomitant with the monitoring program sxtensive research
into the single stage nitrification/denitrification/excess phosphorus

removal process was being undertaken by tha three agazncies mentioned

earlier, 0f particular interest was the development by the University
of Cape Town of a general kinetic model of the single siudge activated
sludge process that described carbonaqeous degradation, nitrification and
denitrification behaviour under cyclic flow and load conditions.
This dissertation critically evaluates the predictions of this model
against the observed responses on the Goudkoppie and Northsrn Works,

As new information and hypotheses on the mechanism of excess
biological removal became known from the three agencies checks werse
made on the ébove works to test compiiance against pbserved_perf&rmance.
Particular attention was given to the University of Cape Town's hypothesis
that a certain minimum concentration of readily biodegradable COD in
the anaerobic zone was necessary to stimulate excess phosphorus uptake.
Consideration was also given to the Johannesburg group's belief that any
deficiéncy in the readily biodegradable COD in the influent sewage could
be supplemented by pe?mitting thickened raw sludge to ferment under acid
conditions and returning the liquid phase direcfly to the anaqrobic zone,

The principle findings from these investigations are briefly -
as follows:
1. The general model predicted the cbserved response aof the

large scale plants with remarkable accuracy. It can alsa

be used for predicting the behaviour of a proposed plant

under a rénge of assumed influent flow and load conditions

and for the optimisation of sxisting works performance.

2, The readily biodegradable COD hypothesis for excess phosphorus

removal appears to be supported by the observed phasphorus

removal response of the Goudkoppie and Northern Works.



(iii)

Important corollaries to this conclusion are 3

(a) Any action that increases this C0D fraction in the

inflvent improves excess phosphorus removal, In this regard
incdustries discharging readily biodegradable CO0D in their
effluents should not be encouraged to carry out pretreatment,
(b) Any action that decreases this fraction in the influent
should be avoidea. ‘ﬁt the Goudkeopis Works it was found
that deposition and fermentation of solids tgok place in a
flow balancing tanrk, which was situated upstream of.the
biological reactors and readily biodegradable COD was lost

from the system as methane gas. Daily flushing of accumulated

sludge virtually completely eliminated this effect.

Oxygen and nitrate entering the anaerobic reactor via the
influent or the recycle from the final clarifiers enable
facultative anaerobic bacteria or dénitrifiers to metabolise
soma or all of the readily biodegradable COD available.
This situation does not permit an adequate release of phosphorus
and uptake in the subseauent aerabic process is detrimentally
affected.

This problem was present at both the Goudkoppie and
Northern Works and different procedures were adopted for
its solution. At the Goudkoppie WYarks nitrates. in the
clarifier underflow recycle were reduced by limiting the
oxygen input to the aerobic reactor, thus limiting the
nitrification capability of the plant. This method of
control however appeared to be a contributory factor to the
development of wvery - poor settling sludges., At the Northern
Works the readily biodegradable component of the infliuent COD

was supplemented by adding settled liquors frcm a digsster

operated ynder acid fermentation conditioms.



(iv)

From (3) above evidently the nitrification - denitrification
behaviour of a plant can have a crucial effect on its
propensity for excess phosphorus removal. In terms of the
kinetics of denitrification as ceveloped by the University
of Cape Town, the dsnitrification contribution per unit
volume of the secondary anoxic reactor is very minor compared
to that of the primary anoxic reactor. This was verified
on both the Goudkoppie and Northern Works. It was so
apparent that the secondary anoxic zone has been omitted
from the new WJorks at Bushkoppies. The volume previously
allocated to the secondary anoxic zone should preferably

be allocated additionally to the primary anoxic reactor.
However this reactor also has a denitrification capacity
determined principally by its volume, the mass fraction of
sludge it contains, and the magnitude and nature of the

influent COO, The nitrification capacity of the process

again is fixed largely by the TKN content of the influent.

A qualitative measure for judging the nitrification‘-
denitrification Behaviour of a process is the TKN/COD ratio

of the influent. Where this ratio is above a certain

value it may be impossible to attain adequate denitrification -
a situation that is present at the Northern Works. The
phosphorus removal probensity is therefore dependent not onl}
on the presence of an adequate level of readily biodegradabls
cob in the influent but alsc on the TKN/COD ratio which :

determines the denitrification capability of the plant.



The difficulties experienced in obtaining adequate
denitrification at the Goudkoppie and Northern Works suggest
that’the Phoredox process, in which the nitrate concentration
in the underflow recycle is the same as in the effluent,
limits this process tao TKN/COD ratios less than some upper
limiting value, It also suggests that alternative process
configurations, such as the UCT process, in which the nitrate
discharge to the anaercobic reactor can be controlled
independently of the concentration in the effluent, have
advantages over the Phoredox system when the limiting

TKN/COD ratio is exceeded.
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1.1,

CHARPTER ONE

INTROBUCTION

1. HISTORICAL BACKGROUND

Johannesburg was founded in 1866 when gold was discovered on the farm
Langlaagte, and soon became a thriving mining camp. Today it is

not only the largest city in South Africa buf alsoc the financial hub

of the country. It is surréunded by satellite towns which form the
Witwatersrand complex covering 17 000 square kilometres and accomodating
a population of approximately S million peoples.

The Witwatersrand at an altitude of approximately 1 800 m
above sea lsvel runs in an east -~ west direction and forms a natural
watershed, with drainage to the north to the Indian ficean and to the
south, the Atlantic Ocean. Before discharging to the oceans the
rivers draining the Witwatersrand are impounded in a number of dams,
two of which are in close proximity to Johannesburg, viz., the Vaal
Dam in the southern and the Hartebeespoort Dam in the northern drainage
basins respectively. In order to make use of gravity sewerage,
advantage has been taken of the natural drainage by the siting of
wastswater treatmept plants near the banks of rivers feeding these
dams, so that the treated effluents inevitably find their way to

the storage dams,

1.1, Johannesburg sewerace systems

From the turn of the century uantil the early 1930's the only form of

wastewater purification was land irrigation. From 1930 until the lats



1.2.

1960's most of the plants builﬁ in Johannesburg employed the
biological filtration process with an -anaercbic ‘digsstion of thez solids.

In 1960 the financial climate résulted in a shortage of
capital which led to a change in the type of treatment process :
activated sludge plants were predicted to be lower in overall costs
than biological filter plants, and were adopted as the basis for
future designs.

The first sctivated sludge plant constructed was a temporary
works situated at Palmietfontein on the southeastern outfall sewer
to the Olifantsvlei Works, designed as a modified Orbal extended
aeration plant. (1971) . This plant produced a well nitrified
effluent which discharged via maturation ponds into the Klip River,
and hence to the Vaal Barrage. Although the effluent was of a
high quality in tarms of BODO and ammonia removal, it soon became
evident that the presence of nitrates and phosphorus in the effluent
caused eutrophication in the Barrage.

A second installation (13974), also temporary, was the'
Alexandra plant constructed to relieve the overloaded Bruma sewer
flowing to the Northern Works. The plant was sited on a small
tract of land between the existing sewer and the Jukskei River,.
It was of the extended aeration type but due to space limitations
on the site, the waste sludge from the plant was returned to the sewer
for final treatment in the digesters at the Northern Works, thus
eliminating the need for sludge treatment faciliﬁies. The plant
produced a well nitrified effluent which discharged into the
Jukskei River and hence the Hartebeespoort Dam.

The first major permanent activated sludge installation,

a nitrifying extended aeration activated sludge plant, was thé

Olifantsvlei Works (1974) , Its design was very similar in principle



1‘3‘

to the Orbal pracess except thaﬁ the four orbal rings were converted
into four rectangular tanks in seriss, At the time, as far as is
known, this was the largest plant aof its kind in operatian. The
effluent discheargad into ths Klip River, fleowing into tha Vasl Barrage.
All the effluents from the plants described above found their
way tp.the two storags daﬁs, the Vaal Barrage and Hartebeespoort Dam.
from a study.of the historical development of eutrophication problems
in these dams it became apparent that thsse effluents were the major
cause, in particular in fhe Hartebeespoort Dam, of eutrophication.
Eutrophication in this dam caused, at various times, prolific growth
of algae and, at a later stage, an explosive growth of waterhyacinth

(E. CRASSIPES) , Scott and Steyn (1979) .

- Waterhyacinth was first noted in the tributaries of the
Hartebeespoort Dam in 1959 and from then on was controlled by mechanical
means (Ancn, 1971) . However, in 1971,vwhen the level of the dam
was increased the inundation of partially vegetated areas provided
a favourable environment for rapid proliferation. By 1976, weed
coverage was so large (i 70 percent of the surface area) that the
recreational use of the dam was seversly restricted. Chemical
methods of control had to be resorted to (Scott and Steyn, 1373),
but it was evident that the problem would be alleviated only be reducing

the inflow of nitrates and phosphorus to the dam.

1.2, Nutrient removal from Johannesburg gffluents

Johannesburg, being the main contributor of treated effluents to the
two basins draining the Witwatersrand, quite sarly on (1573) recognised
the importance of nutrient limitation in their dischargses. Earlier
attempts included the ceonstruction of large scale maturation ponds,

still exlstant., Although these ponds induced a considerable



improvement in some pollution paraﬁeters, particularly the bactericlogical
and volatile solid parameters, they contributed little removal of
phosphorus and nitrogen.

In 1974, Barnard reported that nitrate nitrogen cculd be remaved
in the activated sludge process by creating zones in the process where
no oxygen is supplied (anoxic zones) , the nitrate replacing the oxygen
as the hydrogen ion (or electron) acceptor = the Bardenpho process,

To Johannesburg this work presented the possibility of reducing the
nitrogen content in some of ths existing activated sludge plants, if
these could be suitably modified. Modifications were made to the
Alexandra and Qlifantsvlei plants in 1974 and by trial and error
operational procedures develaped to optimise the nitrogen removal.

The success attained in this endeagour verified the soundness of
Barnard's proposals and the Johannesburg City Council decided as a
policy that all future works should include nitrogen removal. Based
on experiencse gained on the Alexaﬁdra and Olifantsvlei plants, and
taking due account of thsoretical developments on biological nitrogen
removal elsewhere, the first plant designad specifically to incorporate
nitrogen removal was the one to be located at Goudkaoppie (1976)

While the Goudkoppie plant was under construction, Earnérd
announced furtﬁer developmants in nutrient removal. from research
reported in the literature and experience on a pilot plant he
hypothesised that if the organism mass in the activatsd sludge process
is stressed under conditions of no oxygen and no nitrate (anaerobic
condition) such that the release of phosphorus from the organism
mass to the bulk liquid takes place, then, if the mass is subsequently
aerated, the mass will take up the released phosphorus and soms
additional phosphorus from the bulk liquid, and thereby reduce ths
phosphorué content in the effluent. To achisve this he proposed a

modification to the Bardenpho process called the Phoredox process (Fig. 2.8.)
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Barnmard's proposal again was of great interest to the
Johannesburg City Council, but, befors embarking on a policy of
implementation in future designs, in the absence of full scale
experience and adequate evaluation of the hypothesis it was considered
essential to test Barnard's hypothesis at full scale.

A study of the Alexandra plant desigh indicated that by
suitable modifications and appropriate changes in operation, it should
be possible to evaluate the hypothesis. It was recognised that the
modifications necessary to the Alsxandra plant for both nitrogen and
phospborus removal were unlikely to induce optimal remogvals, because
it was not possible to implement the modifications strictly as required
by hypothsesis. Furthermore, monitoring of the plant was expected
to present some severe difficulties because the plant was not designed
with these objectives in mind. For example it was not possible
to measure readily, or to control, key process parameters governing
nutrient removal such as sludge age, rscycle ratio, oxygenation rate
control, and others. Conseqguently it was expected that the results
would be more of a qualitative nature lacking completemess and precision.

Despite the problems mentioned above evaluation of the process
capability was crucial to Johannesburg for two reasons, it would
(1) Establisk whether nutrient removal on a large plant is possible
by appropriate modification of the process or process operation,
particularly the latter, thereby to set an example of successful
application for other works . (2) Identify features in design and operation
that reguire the attention of designers of future installations to
cparate plants optimally. .

With objectives above in mind, and cocgnizant of the restrictions
inherent in the existing plant, the Alexandra plant was modified and

evaluated. The success achieved was considered by the City Council



to be sufficient to decide on a policy of implementation on all

future works, This policy was put into effect immediately.

At that time Goudkoppie morﬁs was already under construction ;

howsver, it was possible to make ad hoc changes to the design to
incorporate the Phoredox progeszls in so far as the physical limitations
imposed by construction already completed did allow. At that time
also the design of the Northern Works was in its initial stages ; it

was possible therefore to incorporate the Phoredox proposals more
completely, and this was accordingly dons,

The plants above have been in opsration noew for a number of
years and reflect the evolution of the biological nutrient removal
concept, starting with modifications of existing plants to induce
nutrient removal and culminating in the design of the plants at
Goudkoppie and Northern Works.

Over this period research greatly increased understanding
of the basic mechaﬁisms of, and the factors controlling biological
nitrogen and phosphorus removal.. As the information became available
so it was implemented by appropriate modifications to existing design
(where this was possible) and/or modifications 6f the operating
procedurss. The experience thus gained, the problems encountered
and procedures to resolve these all should be of interest to both
designers and operators cf such plants. Thase considerations

formed the main incentive for this enquiry.
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‘JOHAd(ESBURG

b = 0ld Bruma Works
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Fig. 1.1. Johaﬁnesburg Metropolitan Drainage Area



CHAPTER TWaQ

REVIEW OF NUTRIENT REMOVAL

1. INTRODUCTION

The primary objective of this investigation was to enguire into the
behaviour of large scale plants that either have been modified to
induce nutrient removal (i.e. removal of nitrogen and phosphorus)
or have been designed specifically towards this end. It is not
possible to describe the work done in this regard if there is no
uncerstanding of the basic principle on which these processes are
presumed to operate. Accordingly a review of these principles is
essential. It is not the intention here to survey, in depth, the
literature on nutrient removal associated with the activated sludge
process; this bhas been done guite competently by a number of authors,
Christensen and Harremods (1972, 1974), Stern and Marais (1974),
Menar and Jenkins (1970), Harold (1966), Dawes and Senior (1973),
Kulaev (1975) and van Haandel, Ekama anc Marais (4881) .
Rather the intention is to provide only such background as is necessary
to appreciate the basis for the modification in the design and aperation
of existing plants to induce nutrient removal, and for the desigm of
new plants with nutrient removal as an integral part.
The relevant literature review on nutrient removal is best set
out by SUpdividing the discussion into three parts:
(i) Nitrogen removal

(ii) Phosphorus removal

(iii) Modelling of the activated sludge process including

the removal of nutrients



NITROGEN REMOVAL

Nitrogen removal'by biological denitrification in the single sludge
activated sludge process will be considered as this is the method by
which nitrogen is removed in the activated sludge plants under
investigation. |

In the single stage activated sludge process, to remove
nitrogen and the free and séline ammonia in the raw wastewater,
ammonia first must be oxidised to nitrate. This 1s.accomp1ished
under aerobic conditions by the Nitrosomonas sp , which oxidise ths
ammonia to nitrite, and by the Nitrobacter sp , which oxidise the
nitrite to nitrate,

Considering the kinetics of nitrification in the activated
process, Downing, Painter and Knowles (1964) shswed that the conversion
of ammonia to nitrite is the rate limiting step because of the slow
rate of reproduction of Nitrosomonas . In order that this species
be retained in the process, the sludge age must exceed the replication
time of this oréanism. from a mass balance of the nitrifiers over
a completely aerobic process the minimum sludge age necessary to just

maintain this organism in the system is given by

‘R = ! | (1)

( Prmr = B )
where Rm = minimum sludge age in days
. .
MPamT = Mmaximum specific growth rate of Nitrosomonas at Tc {(d )

-1
bn = specific endogenous respiration of Nitrosaomaonas (d )

The magnitude of bp is small relative to /Uan at temperatures greater

than 12°C and consequently can be neglected for all practical purposes,

in which event, R = 1 //uan (2)
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The specific growth rate A  ; is temperature dependent and can be

expressed in terms of the simplified Arrhenius equation

AT = MNymg (1,123)7 7 20 (3)

where Alyp2g ©an have values ranging from 0,2 to 0,7 depending
on the source cof waste water.

Once nitrification has occurred it becomes possible to remove
nitrogen via denitrification.

*

2.1. Denitrification

Denitrification consists of a series of energy yielding biochemical
reactions in which the organic material serves as the electron donor,
and nitrate serves as the final electron acceptor. The pathways
involved in this reaction series have been reported extensively in
the literature and are summarised by Christensen and Harremols

(1972, 1974) .

If free oxygen is present, the enzymatic system for the
utilisation of nitrate or nitrite as an electron acceptor is inhibited;
consequently, in the activated sludgs process, if denitrification
is to be successful, it is essential that oxygen free zones arse
created. This may be achieved in a number of ways:

(i) Inclusion in the process configuration of a reactor

that is stirred but not aerated whereby the dissolved
oxygen concentration is maintained at zero.

(ii) Aeration at a number of points in the reactor chosen
such that the dissolﬁed oxygen concentration falls to
zero betwsen any two.

" (iii) maintenance of the oxygen concentration at approximately
0,5 mg/l at the surface of the reactor causing regions of

even lower dissolved oxygen concaentration towards the



bottom cf the aeraticn basin. At thesa low oxygen

tensicns it is possiole that the activated sludge floc

€an not maintain an aerobic condition throughout and

an oxygen free zone is created within the floc.
Quantitative expression cof denitrification in (ii) and (iii)
above is wvery difficult because the magnitude of the unaerated :zones
or the anoxic sfate in the particles is difficult to express in a

reliable manner, and hence, caonsistsnt results can not be guarantsed.

2.2, Denitrification processes configurations

The potential of biclogical denitrification using endogenous respiration
as thae source of electron donors was first racognised by Wuhrmann
(1957) when he incorporated a stirred reactor following the aeration

coasin {sae Fig. 2.1.)

AEROBIC - ANOXIC
REACTOR REACTOR

WASTE FLOW

SETTLER

INFLUENT | EFFLUENT

RECYCLE

Fig. 2.1. The Wuhrmann configuration for bioclogical nitrogen removal

wWuhrmann (41957) initially claimed that the denitrificatian
rate in the stirred reactor was 0,0017 mg N/mg ﬁLVSS/h , howaver
Christensen, Harremoss and Roed-Jansen (1975), on repeating wuhrmann's
~experimants, found that the rate of nitrate utilisation waa dspendent on
the COD adsorbed ontc the floc, and obtained rates ranging from

0,0001 - 0,0002 mg N/mg MLVSS/h .
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“Ludzack and Ettinger (1562) proposed an élternative mathod in
which raw sewage is utilised as the glectron source in the denitrification
reaction. A stirred unaerated reactor is placed ahead of the main
asration casin, the two reactors being in partial communication, the

nitrifisd slucge frecm the main aeration basin circulating through

this denitrification :gre Zy the stirring action of the mixers and

aerators (see Fig. 2.2.) Because of the ready availapility of Both

elactron donors and electron acceptors ennanced denitrificaticn was

acnisved; Ludzack ang Ettinger reported a denitrification rate of
0,0053 mg N/mg vSS/n .

ANOXIC AEROBIC

REACTOR REACTOR AW TE FLOW
{
|
!

INFLUENT EFFLUENT

A

! RECYCLE

The _ugzeck tttinger denitrification system

B8aseo on the ideas of Ludzack ang Ettinger anc Wunrmann,

Barnard (1973) desigrned a process which included a primafy denitrification
reactor tefore — anc a seccndary denitrificatiaon reactor affen the

main basin plus a further reaeration basin in series (Fig. 2.3.)

The primary genitrification reactor was separated completely fram the
aaration tasin ané a positive racycle ("a" recycle) instituted from the
aerobic reactor to the precenitrificatian reacter; the underflow racycle
discharged to the predenitrification reactor; the underflow recycls

This process

dischargeo to the predenitrification reactor (™s" rscycls).

was patented and became known as the Bardenpho pracess (Fig. 2.2.)



~ PRIMARY AEROBIC SECONDARY REAERATION
ANOXIC ' REACTOR REACTOR REACTOR
REACTOR

MIXED LIQUOR RECYCLE

SETTLER
EF FLUENT

INFLUENT

SLUDGE RECYCLE y WASTE SLUDGE
S i

Fig. 2.3. Layout aof *“he Bardanpha praocess

{

\

Barnard reported cenitrification rates in the primary and secondary

reactors of approximately 0,0036 and 0,0013 mg N/mg MLVSS/h respectively.
Investigations into the Bardenpho process at laboratory scale

by .Starn and Marais (1974) indicatec two danitrification rates in the

primary reactors a rapid rats and a slower rats, both zero order

reactions with rsspect to nitrate and propcrtional to the activs

mass Xa . The removal rates can be expressed as follows:

= 4
dNn/dt KX, v (8)
K, = denitrification rate constant (mg N/mg VASS/h)
"n = nitrate concentration (mg N/1)
X = active mass concentration (mg/1)

Investigating the tempsrature dspendency of equatian (4) Marsden
and Marais (19?7) incliuded a temperétura correction factor into the

rate equation exprsssed in the primary reactors



* First phase

N \T = 20
Kir = Kygg (152) (5)
where '
Kypg = 0,030 (mg N/mg VASS/h)

-

first rate constant K1 at 20 “c

* Second phase

. T .
Kop = Kppg (1,1)7 = 20 (6)
whers

Kyog = 0,0042 (mg N/mg VASS/h)

second rate constant Ky at 20 °C

Considering the second anoxic reactor in ths Bardenpho process,
Stern and Marais (1974) showed that thsre was only one denitrification

rate which 2lso could be expressad by eguation (6) with K having

the following temperature dependence:

- T - 20
K3T = K320 (1,03) (7)
where
Kzpg = 0,003  (mg N/mg VASS/h)

third rate constant K3 at 20 C

Two theories have peen proposed to explain the different
rates observed:

(1) Barnard (1975) suggested that the redox potential of
the activated sludge in the immediate vicinity of the
added raw sswage was lower than that in the rsmainder of
the denitrification reactor. This lower potential
resulted in rapid denitrification which continued until
the raw sewage feed and the activated sludge were evenly
dispersed, at which stage the second denitrification

stags became operative.



(ii) Dold, Ekama and Marais (1980) proposed a bi-substrate
theory in which it was postulated that raw sewage

contained two fractions aof different biodegradability:

* g readily biodegradable soluble fraction which is
absorbed and metabolised at ‘a wery high rate resulting

in a rapid utilisation of electron acceptors, in
this case nitrate.

* a particulate fraction which must first be adsarbed
onto the organism and solubilised by extracellular
enzymes prior to metabclism by the organism.

The solubilization stage is slow and consequently the

rate of nitrate metabolism is slow.

Depending on the mass of slowly biodegradable fraction available

in the pre and post denitrification reactors, the rates K2 and K3

differ correspondingly. Integrating equation (4),

+

N, = KX]R (8)

where R is the nominal retention time over which the reaction takes
place. Van Haandel, Dold and Marais (1g982) showed that the easily
biodeqgradable material is rapidly utilised, in a matter of minutes
i.e. R 1is very small; furthermore the mass concentration of
nitrate removed in this reacticn is propcortional toc the mass .
concentration of sasily biodegradable material. Consequently
provided the retention time in the reactor is longer than a few
minutes the removal of nitrate due to easily biodegradable material
is constant for a particular waste water. The removal rate of

nitrate due to the K2 and K3 reactions remains constant per unit of

retention time so that the mass concentration removed increases as

the retention time increases.
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As a consequence of this behavioural pattern, the eguation for

nitrate removal by the plant can be writtens

.y
Ns® = 5S4+ K, X_ R, + Ke X Ro . (9)
where

Ns’ = mass of nitrate removed (mg N/1)

Y = constant depending on the fraction of readily biodegradable

o

COD available in the incoming COD

S.; = biodegradable COD concentration (mg/1)
'KZ = second denitrification rate constant in the
primary anoxic reactor (mg N/mg Xa/h)
K3 = denitrification rate constant in the
secondary anoxic reactor (mg N/mg Xa/h)
xa = active mass concentration (mg/l)
R1 =" nominal retention time in the primary anoxic reactor (h)
R3 = nominal retention time in the secondary anoxic reactor (h)

Resesarch by Stern and Marais (1974) and van Haandel et al {1982)

showed:
(i) Equation (9) applies only if nitrate is still present
in the sffluent from the reactor.
(i1) Over a day the mean concentration of nitrate removed
is approximately the same irrespective of whether the

flow and load is cyclic or constant.

2.3. Nitrification in anoxic/aerobic systems

Denitrification can not occur if nitrification does not take place.
Van Haandsl, Dold and Marais {4982) analysed the conditions which

must be satisfied to ensure a high efficiency of nitrification in
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an anoxic - aerobic system. They found that when an anoxic zone

is present the minimum sludge age for nitrification is given by:

R, = 1 /(1 - f U = Bar (10)

where fx is the fraction of the mass of sludge in an anoxic state.
To ensure high efficiency of nitrification the sludge age Rg must be
greater then R;m and they found that provided Rg > 1,25 Rin

nitrification efficiency will always be high, greater than 95 per cent,
and stable under both cyclic and steady flow conditions. As R;m is
; .

affected by the value of

amT ? for design the lowest yp,t , at the

lowest temperature must be inserted.

2.4, Optimization of anoxic = aerobic plants

In design, if the sludge age Ry and the specific growth rate of the
nitrifiers /Uﬁh are specified, then the maximum anoxic mass fraction
allowable can be calculated from equation (10) . The critical

anoxic mass fraction is given by the smallest value of Mom s hence the
calculation must be done at the lowest temperature expected. By
choosing a number of sludge ages it is possible to develope a curve
reléting.the anoxic mass fractioﬁ f* to the sludge age Ry .

At about 30 days sludge age the anoxic mass fraction is about Q,S

if /Unméb = 0,35 , and Siebritz, Ekama and Marais (1980) found that
there is a limit to the magnitude of f,  ; for a f, greater than

0,5 poor ssttling sludges were observed. The empirical rule therefors,

is that under no condition should f _ exceed 0,5 - see Fig. 2.4,
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Fig. 2.4, Maximum permissible anoxic volume fraction or minimum
aerobic volume fraction required to sustain nitrification
versus sludge age for different maximum specific growth

rate constants of the nitrifisrs at 20 C and 14 C

Having obtainea the relationship bstween f, and R, ,

van Haandel, Oold and Marais {1982) then cderived an eguaticn whereby,

specifving the "a"™ and "s" recycles (Fig. 2.3.) ths anoxic mass fraction

can be subdivided into pre- ang post- denitrification sub-fractions.
This needs to be done at the maximum expectsa temperatures. The
reason for this is that at low temperaturss below 14 C K and Kz
become i1dentical. At th;s lowsr tsmperature bscauss K2,= Ki ‘the

division of f, into fy4 anc fyxy <can be as one pleases, but at the

higher tempsratures Kzf“ Kas and removals greater than at lower
temperatures ars achieved if fx1 and fo2 are appropriately seiacted.
Having divided fx into fx1 and sz , then by squating the denitrification
potential (van Haandel, Ekama and Marais , 1981) plus the nitrogen

required for synthesis to the influent TKN, the TKN/COO ratio the

plant can handle for complete'denitrification can be dstermined.
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In this manner a maximum TKN/COD ratioc versus sludge age can bs plottad -

sea Fig. 2.S,
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Fig. 2.5S. Design chart for selection of optimal

nitrogen removal configuration

N. = Nitrification capacity (mg N/1 influsent)

sbi = Biodegradable CQD concentration of the influent (mg/1)

N.; = Total nitrogen concentration of tne influent (mg N/1)
5,; = Total COD concentration of the influent (mg/1)
i

M, = Specific growtn race for Nitrosomonas (a™ "y
5 = Safety factor

f
a = MLSS recycle ratio
s = Sludge return ratio
(Nc/sbi)g = Maximum ratio for which completa nitrification is possible

(Nc/sbi)i = Maximum ratioc for kudzack Ettingaer type process



"It is now a simple matter, knowing the TKN/COD ratio and tha
minimum temperatures, to select the appropriate sludge age and the
anoxic mass fracticn fx . Knowing the maximum temperatures and

. e o . e
recycle ratios, f_ is subdivided into fx1 and x2

If the TKN/COD ratio to be treated is so hign that it does

not intercept the TKN/COO vs R, curve (Fig. 2.5.), one would select

the maximum allowabls fx = 0,80 , subdivide it into f 1= g,s ,
. X

fxz =0 i.e. a Ludzack - Ettinger process., The plant now no

longer can remgve all the nitrate generated but it will remgve the
maximum possitle.

The aescriction aoove gssentially containé the tasic ideas
for optimising nitrate removal from a single sludge nitrification =
cenitrification system; it allows a rapid assessment of an existing

plant as to whether the plant is cptimally designed.

3, BIOLOGICAL FHOSPHORUS REMOVAL

3.1, Introduction

Significant but unexplained removals of phosphorus in the activated
sludge process were first noteag at the Rilling Road plant at San

Antonio Texas oy Vacker, Connell and Wells (1967) . This appsared

to bs contrary to the findings of earlier workers such as Sauye; (1944),
wuhrmann (1957), Levin anc Shapiro (1965) who, investigating the

removal of phosphorus from wastswatsr by bilological means, concluded
that normal bacterial metacoclism could not bring about substantial

phosphorus removal.

The phoéahorus content of the activated sludge at the Rilling

Road plant, which gperated at a sludge age of 3,2 days, was found to
be S - 7 mg P/mg of dry sludge, which is 2 - 3 times that normally

found in similar plants, . Endeavouring to sxplain this high
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phosphorus cohtent, operational parameters at Rilling Road were
compared with other‘activated sludge plants and one major difference
was noteds &t the Rilling Road plant oxygen ccncentration at the
head of the plant was zero. Similar observations on high phosphorus
removal were made cn the Baltimore plant in Maryland USA by Séalf,
pfeffer, Lively and Witherow (1969) , where again the dissolved
oxygen concentration was virtually zero at the head of the asration
basin, Milbury, McCauley and Hawthorne {1971) in a detailed study
of the phosphorus removal behaviour in a conventional (i.s. semi plug
flow) activated sludge plant showing excess phosphorus removal, found
that the phosphorus profile across the length of the aeration basin
showed a high concentration at the influent end tailing off to very
low concentrations at the effluent point.

In order to explain excess phosphorus removal two main theories
have been dsveloped, both of which are sﬁill being debated by many
research investigators today.

il

3.2. Chemical precipitation theories

Menar and Jenkins (1970) and Ferguson ,Jenkins and fzstman (1973), from an
examination of solubility characteristics of various phosphate cdmpounds,
postulated that phosphorus could be precipitated at pH values of

7,5 - 8,5 as calcium hydroxy apatite Cas(OH)(P04)3 . They further

suggested that where the aeration intensity was low, large quantifies

of carbon dioxide wers produced which remained in solution, resulting

in a depression of pH and resolution of precipitated calcium hydroxy

apatite, Cansidering the precipitation of phosphorus further, De Boice
and Thomas (1975) developed a steady state computer model to predict

the conditions required for precipitation 6f a number of calcium and



phosphorus containing salts. Applying this data to the Baltimore
plant they showed that removal of phosphorus as an insoluble calcium
salt was theorstically feasible.

.working along somewhat different lines Arvin.and Christensen
(1979) showed experimentally that denitrification could initiate
the précipitation of calcium phosphate inside biofilms, This was
said to be a consequsnce of high pH values which can be created by
a combination of the production of alkalinity.and the diffusional

resistance to its export from the bactsrial cell.

3.3. Biological removal theories

Biological removal of phosphorus in the activated sludge process
implies the incorporation of phosphorus into microorganisms, and its
subsequent removal from the process with the waste sludge.

In general terms this may be achieved in two ways:

* phosphorus may be taken into the cell to meet normal

metabolic requirements
#  phosphorus in excess of that required for immediate

metabolism could accumulate within specific areas usually

as an osmotically insrt polyphosphate

3.3.1. Biological excess accumulation_of phosphorus_in microerganisms_

Phosphorus, an essential element in the lifs cycls of all living'

organisms, can enter or leave bacteria in only one form: ortho-phosphats.

Entry into the cell is generally by one or other of the following:
(Potgieter, 1980)
(i) Diffusion which requires that a concentration gradient
of phasphorus exists across the cell membrane; high

on the outside, low on the inside of the cell;



phosphorus will transfer from the higher to the

lower concentration across the cell wall.

(ii)  Active transport in which phosphorus is forced into

the cell against a concentration gradient using
adenozine triphosphate (ATP) as an ensrgy source.

Normal domestic sewage contains organic phosphate, polyphosphate
and orthophosphate. The first two must be converted into the ortho
form by extracellular enzymes e g alkaline phcsphstase bafore they
can be utilised by the csll. Having entared the cell orthophaosphate
is involved in a large number of biochemical reactions, one of the
most important being the formation of adenosine triphosphate (ATP)
which serves as a source of highly utilisable energy to the organisms,
When ATP is converted in the metabolic process to adenosine diphosphate
(ADP) a large amount of energy, 16Kcal/mole is liberated.

In order to estimate this mass of phésphorus which has
entered the cell to satisfy metabolic requirements Marais and Ekama’

(1976) derived the following equation:

" YS,.;
P = _bi e Qs
(1 + oR) (£ + o f DR + Xy (11)
/P = concentration of phosphorus removed from the influent and
incorporated into ths sludge wasted / day
4
P = (pinf - peff) (mg/l)

s« = fraction of phosphorus as P in the active sludge mass,
normally about 0,03 but much higher if excess removal
takes place (mg P/mg VASS)

fpe = fraction of phosphorus as P in the endogenous residue

= 0,015 (mg P/mg VSS)
fPi = fraction of phosphorus as P in the volatile inert

fraction in the influent

= 0,015 (mg P/mg VSS)
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Y = growth yield coefficient
= 0,45 (mg VASS/mg COD)
sb. = biodegradable influent CQD
i
= Sgi (1 = fg - 1,48 fup) (mg/1)
where
fus = fraction of soluble unbiodegradable C£OD
in influent (mg COB/mg COD)
fup = fraction of particulate unbiodegradable volatile solids
in influent (mg VSS/mg COD)
S¢y = total influent COD concentration (mg/1)
i
b = specific endogenous respiration rate
= 0,24 (mg VASS/mg VASS/d)
R, = sludge age (d)
xi' = unbiodegradable influent volatile solids
i
= fupsti /1,46 (mg/1)
From equation (11) the concentration of phosphorus removed
is a function of influent COD concentration and sludge age. In the

case of normal domestic sewage, the A\B/ COD ratio can range fram

0,01 to 0,03, the higher valus being whsere excess phosphorus removal

takes place.

3.3.2. Non = metabolic accumulation of sxcess phosphorus in_bacteria
The most likely form in which phosphorus may accumulate within the
bacterial csll is as high snergy, osmotically inert polyphosphate

(Dawes and Senior, 1973). This combines with ribonucleic acid,

protein lipids and Mg2+ to form volutin granules. (A list of

some of the organisms known to accumulaté polyphOSphates is given

in Appendix A1). These volutins are spherical in shaps and vary

in size from 40 to 110 nm in diameter, the larger particles possibly
being aggregatss of the smaller. {Goodman, Sauér, Sauer and Rush, 19693;

as quoted by Dawes and Senior, 1873 , Buchan, 1981)



2.18.

From the literature (Harold, 1965; Dawes and Senior, 1973)

it appears that the main function of polyphosphate in volutin

granules is twafold:

(1)

(ii)

To act as a reserve "phosphate pool" . " Under
conditions where the phosphorus requirements aof the
cell cannot be satisfied by the exogenous supply, the
polyphosphates in the "phosphate pool™ hydrolyse,

releasing orthophosphate for use by the cell.

To serve as a ressrve "energy pool" . This can be
used to supply the cell with additional energy if
required; Dawes and Senior (1973) have shown that
the energy associated with the reactiocn given below
releases approximately. 9 Kcal/mole which is slightly

lower than the ensrgy associated with ATP .

(P)y —— (Pida -1+ P (12)

orthophosphats concentration (mole/1)

h -]
fl

3
[}

number of orthophosphate molecules in the polymer

In order to form these pools phosphorus must snter the cell and be

synthesized into polyphosphate.

Harold (1966) and Dawes and Senior (1973) reporting on

transportation of phosphorus within a bacterial cell suggest two

principles by which polyphosphate may accumulate in volutin granules:

(1)

In growing cells, incoming phosphorus is used in the
synthesis of new cells which requirses the formation

and utilisation of ATP . If growth is stopped because
of exhaustion of a nutrient other than phosphorus,

competition for ATP is relieved, and polyphosphate



2.19,

- accumulatas via a reaction catalysed Dy the enzyme

polypnosphate kinase, indicated in Fig. 2.5. by route 2.

This phenomenon is generally referred to as luxury uotake.

(ii)  In cells that have besn subjectec to prior phosphorus
starvation, very rapid synthesis of colyphospnats
results wnen pnosphorus is added, again using
polyphospnate kinase and route 2 in Fig. 2.6.

This is sometimaes raferred to as the cverplus mechanism .

The polyphosphates, having accumulated within the volutins,

may gegrade via two routsess

* using polyphosonate kinase (route 3 in Fig. 2.58.)
»* using polypnospnatase (route 1 in Fig. 2.6.)
outside inside
ceil ceil
hatase
Polyphospha poly phosphate
i ! granules
i 2
l kinase/ 3
ortho N ortho ATP
hosph el
phosphate phosphate nucleic
acig
ADP
membrane

fig. 2.6. Simplified piochemical pathways dsepicting

phosphorus accumulation
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3.3.3. Excess_phosphorus removal as_applied to the activated-

T Se e
-y

The theories offered above are not easily applied to the activated
sludge process because of the complex nature of sewage and the wide
variety of living organisms generated by the process. Yall,
Boughton, Knudsen and Sinclair (1970) and Garber (1972) have applied
theories to the activated sludge process but to date the precise
mechanism of phosphorus accumulation hés not been fully elucidated.
Neverthelesss research énd development in this field is continuing

and highlights from this work are presented,

3.3.3.1. Acinetobacter

Fuhs and Chen (1975) suggested that the bacterium Acinetobacter ,

a strict aerobe, and ons of the most abundant organisms in
sewage (Water Pollution Research, 1968), is the main micro-
organism responsible for biologicai phosphorus removal.
Using activéted sludge taken from a pilot plant removing
phosphorus, Lawson (1980) was able to identify 20 different

strains of Acinetobacter , some of which exhibited a marked

increase in size and change in shape (pleomorphism) concomitant
with phosphorus removal. Using electron microscopy to.
examine the sludge from a number of acﬁivated sludge plants
which were removing phosphorus Buchan (1981) also noted

pleomorphism in an organism strongly resembling Acinstobacter

which accumulated significant quantities of phosphorus in

volutin granules.

3.3.3.2. The anaerobic zone
A critical evaluation of the above data suggests that a
necessary prerequisite for phosphorus removal in the activated

sludge process is the presence of a non-asrated, well mixed zone
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which should desirably be free of nitratas. Davelaar,

Davies and Wiechers (1978) indicated in pilot plant experiments
that the organisms responsible for phosphorus removal are

always present in activated sludge and only nesd some form of
activation to enhance excess phosphorus accumulation.

fuhs and Chen (1975) suggest that the function of this zone

is to ferment-substrate into a form which can be readily

assimilated by Acinetobacter. fFurthermore Siebritz, Ekama

and Marais (1980) are of the opinion that 25 mg/l of readily
biodegradable COD must be present in the anaerobic zone in
order to triggsr the phosphorus removal mechanism, This COD
could well be in the forh of volatile acids which are the

end product of fermentation.

The degree of anaerobiosis regquired to achisve fermsntation
or to trigger the mechanism to a§Cumulate phosphorus was
considered by van Haandel et al (1979) who expressed it in
terms of an anaerobic potential which is an alternate method

for expressing redox potentials.

3.3.3.3. Release of phosphorus in the anaerobic zone
Good phosphorus uptakes in the aerobic zone has been found to
be associated with an adequate release in the anaerobic- zone.
This releasse was always associated with uptake of phosphorus
in the aerobic zone (Barnard (1974, 1976); McClaren and Qood
(1976); Simkins and MéClaren (1978). The last named suggested
that the release by itself might not be involvéd directly
in the phosphorus removal mechanism, but indicated rather that

appropriate caonditions have been created in the anaaerghic zane

which prometed phosphorus uptake in the aerstic zone.
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Van Haandel, Ekama and Marais (1979) and Siebritz, E£kama and
Marais (1980),endeavoured to define the anmaercbic state that
resulted in releass. They accepted that relsass is associated
with uptake but attempted to establish in terms of measurable
parametsers when release would occur.

Siebritz, Ekama and Marais (1980) examining the hypothesis
thqt the anaerobic capacity is the critical parameter, poserved
that phosphorus release could occur in the presence of nitrate

A
if a sufficiently large mass concentration of COD is added to
the mixed liquor; this tended to negate the hypothesis that a
redox effect was responsible for phosphorus release. From
further investigations they concluded that the conditions for
phosphorus release are:

(i) Nitrate must be absent

(ii) The concentration of easily biodegradable CQD,

sbsa in the anaerobic reactor must be greater

than 25 mg/1. The sbsa concentration in the

anaerobic reactor may be estimated using the

following equation (Sisbritz et al, 1980)

S..: @ = 8,6 Nnp Q

Sbsa = bSL. ’ nL I (13)
(@ +0.)
where
'sbsa = readily biodegradable COD remaining
in the anaerobic reactor (mg COD/1)

Sbsi = readily biodegradable COD in the feed (mg CoD/1)
Nar = nitrate concentration in the recycle (mg N/1)
Q = fesed flow rate (1/d)
Q = returned sludge flow rate (1/4d)
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The mass concentration of phosphorus released will

depend on (sbsa - 25) and the actual time of
residence in the anaercbic rseactor. Apparently
the higher the release the greater the uptake that
OCCULS. This led to ths estaplishment of a

phosphorus release factor Df defined as

P, = (s

4 bsa 20) F (14)

a
where fxa is the fraction of sludge in the
anaerobic reactor. Siebritz et al (1980) found

that a relationshnip existed bhetween pf and the

percentage caoncentration of phosphorus with respect

to the VASS, and plotted gbserved against Pf as

shown in Fig. 2.7.
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Fig. 2.7, Cosfficient of excaess phosphorus removal versus

phosphorus removal propensity factor observed in the UCT

{University of Cape Town) Process
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3.3.4.. Phosphorus_removal _in single_sludgs systems

A number of laporatory and pilot plant investigations have bean
conducted by various wartkers to develape a single sludgs pracaess ta
remove phosphorus. 8arnarc (1974) (Fig.'2.3.) in pilot plant
stucies using tne Barcanpho process, noted 8xcess phosphorus removal
when the nitrate concentration in the second anoxic zone fail to zero.
A release of nnasohorus in tnié z0ne was observed with suoseguent
uptake in the reaeration zone,. To obtain release in a most
expeditious manner he modified the Bardenpho process by the incorporation
of a nitrogen~ and oxygen- free anaerocic z2one at the head of the
primary anoxic zone 2s shown in Fig. 2.8. ang called thae system the

Phoredox arocess. He assumed that nitrates returned to this zone

in tne underflow from tne final clarifiers would be negligible,

ANAERCBIC PRIMARY AEROBIC SECONDARY  REAERATION
REACTOR ANOXIC REACTOR REACTOR REACTOR
REACTOR

MIXED LIQUOR RECYCLE
- 1

-
% WASTE SLUDGE
|

; SETTLER
EFFLUENT
—

INFLUENT

SLUDGE RECYCLE

I
E
i
L

Fig. 2.8. The Phoredox activatsd sludge process configuration
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Investigations into the behaviour of the Phoredox process
‘have indicated that ¢ (Simkins and McClaren, 1978; Marsden and Marais, 1977)
(i) when nitrate was not zero in the effluent excess |
removal of phosphorus declined sharply

(ii) the second anoxic zone removed virtually no phosphorus

In attempting to quantify this removal with the Phoredox
process, Marsden and Marais (1977) and-Hoffman and Marais (1977)
found that the combined effect of metabolic uptake and luxury uptake
is limited and related to the influent COD concentrations and the

sludge age.

P o= 5, (1= fus~ fup) Yp (&+ fp F ORT Rs) + fp fup (15)
(1 + th Rs) P
where
sbi = biodegradable COD (mg/1)

= fraction of phosphorus present in the active mass (mg P/mg VASS)

VASS = volatile active suspendsd solids (mg/1)
fp = fraction of phosphorus present in the inert and !
endogenous mass (mg P/mg VSS)
P = phosphorus concentration per unit influent flow discharged

with the waste sludge (mg P/1)

Siebritz, Ek;ma and Marais (1980) using the Modified Phoredox
i.e. a Phoredox system without a secondary anoxic zone, found that as
the TKN/COD ratio of the plant increased above about 0,07 the
nitrate in the effluent increased proportionally with the increase.
As the effluent nitrate concentration is also the concentration
recycled to the anaerobic reactor, if equation (13) is applied to

determine Sbsa in the anaerobic reactor, the Sysa Concentration in the
’ he
anaerobic reactor will be reduced to less than 25 mg/l if the nitrate
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concentration in the recycle attains a few mg/l in value, phosphorus
release will csase and asxcess uptake ufll terminate,.

In order to overcoms the situation where TKN/COD ratio is
" 30 high that the Modifieo Phoredox process can not sstablish the
minimum Sbsa‘For pnospnorus removal, Siebritz, Ekama and Marais (1980)
\

developed a further modification of the Phoredox process (fig. 2.9.)

calleg tne UCT process.

RECYCLE  MIXED LIQUOR
1] 1RECYCLE5

WASTE FLOW

A

INFLUENT EFFLUENT

T
|

|
y

SLUDGE RECYCLE's

Fig. 2.9. Ths process configuration of the University of Cape Touwn

Modification of the activated sludge process

By returning the underflow from the fimal clarifiers to the
priméry anoxic 2one the nitrate can be rsducad to zero by controlling
the "a" recycle. An additional recycle is introduced from the anoxic
20ne to the anaerobic zone and, because no nitrate is present in the
recycls, the Sbsa is noﬁ depletea, and conditions favourable for phosphorus
releass are established (see Fig. 2.9.) i.a. in terms of Sieoritz's
hypothesis the highest value of Sbsa will be maintained in the anaarobic.
reactor. This modification lends itself to a situation where the fead

wastewater has a TKN/CQO ratio higher than 0,07 to G,08.
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From the discussion above it would - -appear that in terms of the
findings_of the Cape Town group, the Phoredox five stage process is
~appropriate only if the TKN/COO ratio is less than about 0,07.

At higher TKN/COD ratios the appropriate system would appear to be
the UCT process.

The prerequisite conditions for phosphorus release and uptake
that have emerged are of great utility both for design of new works,
and assessment of the phosphorus removal property in existing works

and the effect of modification of such works.

4. ACTIVATED SLUDGE MODELS

The models described in the previous section for nitrificaﬁion and

denitrification, are derived from a general model, and, are strictly

valid only for the constrained conditions of constant flow and load.

The nitrification and denitrification behaviour can be analysed also

by means of the general model under constant flow and load conditions.

The response, however, of the general model is so similar to that

using the approximate model that there is little point in using the

general model when analysing constant flow and load conditions,

particularly when the general model requires the use of a large computer.
When cyclic load and flow conditions are imposed on the plant

then the theoretical response can be obtained only by the use ©f the

general activated sludge model. A gensral model, which will Be

used in analysis of the response of large scale plants is that developed

by Dold, Ekama and Marais (1980) for aerobic processes, and extended

to incorporate denitrification by van Haandel, Ekama and Marais (1981).

It is not the intention here to go into a detailed description of the

model. This is extensively discussed in two papers of Dold et al (1980)
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and van Haandel et al (1981) and in a report by van Haandel and
Marais (1981) . Use will be made of the model to simulate two
large scale plants, that of Goudkoppies and the Northern Works
respectively, these being the only plants where it was possible td
monitor all the important variables such as C0D, flow, TKN, recycles
(a and s recycles), and process variables (MLVSS, oxygen utilisation
rate, nitrate, ammonia, temperaturs, etc.). If the predicted
reponses correspond closely with the observed, not only will it
contribute to the reliability of the model but will allow both
assessment of the phosphorus removal property and the modifications

that would promote optimal removal of nitrate and phosphorus.



CHAPTER THREE
NUTRIENT REMOVAL AT THE JOHANNESBURG ALEXANDRA PLANT

INTRODUCTIGON

The main outfall sewers to the Northern Works generally follow the
river valleys as can be seen in fig. 1.1. ’ By 1970 it was evident
that the outfall connecting the now defunct Bruma Works to the
Northern Works was rapidly becoming overloaded and that urgent
remedial measures would have to be instituted. Relief was provided
by the construction of a temporary 27 Ml/d facility at Alexandra |
Township, after which the Works was named. The only available

site was a very narrow strip of land sandwiched between the outfall

 sewer and the Jukskei River, necessitating special design features:

* a small head loss through the plant
* compact design
* low capital cost as the plant was expected to

operate for only six years

* limitation of area and close proximity to a residential
area precluded the establishment of sludge handling
facilities. Sludge could however be returned to

the sewer for digestion at the Northern Works.

When all these points were considered there was no economic

alternative to the extended aeration activated sludge process.



2, DESIGN OF THE PLANT

The feed to the plant, which included nightsoil from the Alexandra
Township, was drawn cirectly from the 8ruma sewer, rough control
being éxercised Oy hand cperation of a penstock valve, and the rate
of flow being monitorsed by a flume type flow meter, Typical hourly
flow and daily flow charscteristics are presented in Figs. 3.1.

and 2.1, respectivaly.

I i ¥ i ks ¥ L T L 8 T T T L T i |
401|- .
Flow 30L -4 Flow 301
Mllhay Mli/day
20} ] 2(? -
10 - 10}
$ ) 3 1 X ] H H ' { i 1 L { ) 1 !
6amga 12 3pm 6 9 12 3am Sun Tues Thurs Sat
Time of day Day of the week
Fig. 3.1. Fig. 3.2,

Johannesburg Alexandra Plant

Hourly feed flow variatian Daily feed flow variation

to plant over a day to plant over a week

COD and TKN concentrations were monitored at 8 day intervals
by taking 0,5 1 grab samples every hour and compounding these over
24 hours, The plant, designed to nitrify completsly, consisted of
two mechanically aerated pasins in series, the first comprising 50%

k3

of the total volume. Plant layout is shown in Fig. 3.2., design

data in Table 3.1,
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ALEXANDRA PLANT

Table 3.1.

Flow D W F (M1/d)
Raw sewage compositiaon (mg/1)

(mg N/1)
AerationIBasin
Volume (both basins) (m3)
Retention period at de$ign flow (h)
Oxygenation capacity (kg 02/h)
Mixed liquor suspended solids (mg/1) \
Water depth in tank (m)
Easin number
volume (mS)

Number of aerators

Power per aerator at design flow (kW)

Energy density at design flow

Secendary Secimentation Tanks

Number

Qiameter

Side water depth

Surface loading at D W F

Volume

Retention time at D W F

Returned Sludge Fumps

Number

Power per pump

Maximum pumping capacity

Head

(w/m3)

(m)
(m)
(m/n)
(n3)
(h)

(kW)
(m>/sec/pumg)
(m)

CESIGN DATA

27

350

(98}
W

N
w

1562

500

3 50C - 5 000

4,57

290 450
147
37
27

26,7

13 050

30
21
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The rogtational direction of ths aeratcrs is shown in Fig. 3.4,
UNSCREENED SEWAGE

/
@@ | . . .
@ > - (@8
- QDY b
| = Py CXCEC)
A\ (& (9(9 . X
O RCECEC.
@@ ,
N

RETURNED SLUDGE
Fig. 3.4, Jaohannasburg Alexanara Flant

Direction of rotation of surface aerators.

Specific control features were provided as follows:

2.1, Dissolved cxygen control

Two methods were provided:

(1) A manual system accamplished by changing the depth
of immersion of the mechanical aerators Dy raising
or lowering a level control weir at the discharge snd

of the second aeration basin,

(ii) A semi-automatic system involving the connection of
12 aaratoré in the first aseration tasin to a tiﬁe
switch wnich allowed the appraopriate numoer of aeraté:s
to be switcned in or out in accordance with a pre-

determined load pattern.



2.2.- Sludge age control

The utilitarian dssign madg no provision for measuring the aass of
sludge wasted per day. Conéequently in the initial stages of plant
operation it was not possible to determine accurately the sludge age.
Limited control of sludge age was imposed by endeavouring to keep the
mixed liguor suspended solids (MLSS) at a constant value,. Initially
the best concentration was establizhed by changing the MLSS until a
sludge with optimal settling properties was obtained. However,

' because. the actual sludge ags was. indeterminate, "it was virtually
impossible to operate the plant in a scientific manner and data
obtained during this period is of little valus.

In 1976 improved control of the sludge age was made possible by
the installation of a pump to discharge a preselected volume of

mixed liquor from the aera%ion basin. With this method the sludge
age could be maintained at any selected value by simply adjusting
the flow to be abstracted for wastage each day, the sludge agse,

Rs , being defined by

R -~ Pplant reactor volume
s

volume wasted per day

The minimum sludge age for nitrification, Rsm was calculated from the

formula derived by Downing st al (1964):

(T - 20)
1/ Rgp = Mnm20 (23
where
u T = specific growth rate of the nitrifiers at T'C
nm
In the absence of any information on ,Uan it was dscided to
accept a very conservative, low value, fUnm2D = 0,3 . The lowest

mean water temperature expected during winter was approximately 12 C .



Substituting /Unm20 =0,3and T =12 in equation (2) , R,
was estimated at 7,8 days. For efficient nitrification, i.e.

95% conversion, the sludge age must be greater than Rsm ;3 Ekama and

Marais (1978) found that if a safety factor of 1,25 is applied to Rsm
the plant wi{} always nitrify efficiently even under cyclic flow
conditions. Applying this factor of safety, the sludge age was
specified at 1,25 X 7,8 = 10 days .

At the time the plant was put into operation it was already
decided to utilise it as an expsrimental facility for testing
denitrification behaviour,. In order to allow for the effect of an
anoxic zone of up to 1/3 total volume, the sludge age was increased

to 10/(1 - 1/3) = 15 days.

EXPERIMENTAL INVESTIGATION INTO NITROGEN REMOVAL AND RESULTS

The objective of the experimental - investigation was to determine the

effect of anoxic conditions on the performance of the plant.

Anoxic conditions were to be imposed by switching off one, two or
more aerators in the first or primary basin adjacent to the discharge
point of the raw sewage and underflow return. The investigatidn
consisted of four experiments, with zero, one, two and three aerators
switched off respectively.

When one, two or more aerators were switched off in the
primary basin, correspondingly an anoxic zone of increasing size was
created. Nitrates produced in the remaining aerated section of the
primary basin cycled through the artificially created anoxic zone by
the strong pumping action:of the ramaining aerators (as illustrated

in Fig. 3.5. (2) ancd (b) ) end were dsenitrifisd in.the anoxic zone.
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Preliminary tests, when operating the plant near the design
load conditions and at a sludge age of 15 days, showed excessively
high oxygen concentrations in the mixed liquor, particularly in the
second aeration basin. Partial disruption of the activated sludge
flocs was observed, resultiné in fine colloidal particles in the
effluent, higher than allowed by regulations promulgated under the
Water Act No 54 of 1956, Since the plant effluent must comply
with these regulations, corrective measures were taken by reducing the
oxygenation input to the second basin by switching off three aerators;
the dissolved oxygen concentration in the second aeration zone reduced
to 1 = 2 mg/l, flocculation improved and the effluent quality fell
below the minimum required. However, during the test in which
three aerators were to be switched off in the primary basin the
oxygen level reduced to zero in the second basin and it became necessary
to switch in two of the three aerators i.e..only one remained off

in the second basin.

3.1, Sampling procedure

Sampling in sach of the four expariments commenced only after the
plant had been operated in the particular mode for a period of one

month 1i.e. two sludge ages. Snap samples of influent just

N

before the discharge into the plant, and effluent just before discharge

into the river were taken hourly and compounded in equal proportions

at the end of a8 24 hour sampling period. Simultaneously hourly
samples of mixed liquor were taken fro; a site adjacent to one of the
aerators near the centre of the first basin and subssquently comppunded
to determine an average MLSS value. When the plant was sampled over
weekends the samples were preserved by the addition of 1 ml of

0,85 per cent mass/mass mercuric chloride.
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Results;

3.10.

A summary of the aerators which were switched in or out for each test

run is given in Table 3.2.

for the feed and effluent during the test period.

together with the summarised mean data

The raw data

obtained during the various éxperiments are to be found in

Appendix AZ2-.

Table 3.2,

Performance data for the Alexandra Plant with 0,1,2 and 3

aerators switched out in the first basin

1 {Soluble

Total Ammonis Nitrate Alkalinityl Tota Suspenaea o+
Nitrogen as N as N as (:a(:tl3 coo cop solids
mg/1 mg/1 ma/1 mg/1 mg/1 mg/1 mg/1
Fead 39,9 20,3 ntl 240 590 230 250 7,6
Effluent 32,3 4,9 23,5 150 74 52 .25 7,:
No aarators off
in first basin LSS 2 600 mg/l
feed ig,a 22,4 nil 240 520 270 230 7,8
£rfluent 24,4 4,4 16,5 120 82 58 31 7,2
aPnne One sorator off
in first baein mSS 2 560 mg/l
Fead 39,2 18,9 nil 240 480 220 290 7,4
£ff1luent 16,7 3,9 8,8 150 55 53 30 7,4
i Two serators off
in first basin mSS 2 260 wmg/l
et . 2183 4
" Feed 38,0 20,1 nil 220 590 280 310 7y
Efflusnt 12,4 3,0 6,6 130 56 a3 21 7,3
~ - Three aerators off
i~—g]
in first basin ALSS 3 100 mg/l
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DISCUSSICN

4.1. MLSS concentration

The MLSS provideo an opportunity to check the theoretical predictions
of the model of Marais and Ekama (1976) . A sample calculaﬁion of .
the concsntration of the various sluage fractions of the MLSS is
shown in Appenaix A3 ., A summary of the calculated and observed

mixed liquor concentrations is listed in Taple 2.32.

Table 3,3.
Average experimental and theoretical MLSS concentrations

during nitrogen removal sxperimaents

Experiment no.
Ave
1 2 3 4
ARerators of f
first casin ] 1 2 3
Sludge age (d) 15 15 15 15 15
Theoretical MLSS 26385 1878 1740 2753 22568
(mg/1)
Experimental MLSS 2520 2560 2260 3100 2635
(ma/1) :
¢ Difference N ~27 ~23 -11 —14




The calculated and observed concentrations consistently show
that the calculated concentrations were less than the observed.
It is not possible to check the validity of the results becausze in
1974 when these tests were done the importance of the oxygen
utilisation rate had not been realised and this measurement was not
undertaken, Consequently it is not possible to do an energy or
electron balance on the carbonaceous material 1i.s. check if the
daily (mass of COD in the effluent) + (mass of COD in the sludge
wastage) + (mass of oxygen utilised) equals the daily (mass of COD
in the influent) . Without a check on the COD balance it is nat
paossible to maks a comparison between the theoretical prediction
and the observed MLSS. In addition the mean daily influent sample

was obtained from grab samples, not compounded according to the flow

at the time the sample was taken, This can have a serious effect
when calculating the mass of COD that passes through the plant each
day. fkama and Marais estimated that, depending on the cyclicity

of both flow and load, the mass of COD determined in the manner
employed here, can rssult in underestimation of the load by up to 20% .
On this basis the apparent underestimation of 14% is not unexpscted.

.

4,2, Nitrification and denitrification

The introduction of an anoxic zone into the process configuration
did not affect final effluent quality detrimentally. Both
organically bound nitrogen and ammonia contained in the influent
sewage will pass through the anoxic zone unaffected, except for
dilution, to enter the downstream aerobic area where the organic
nitrogen is converted to ammonia. At the sludge age provided
(15 days) the major proportion of the bound and free saline

nitregen should be oxicdised biologically to nitrate.
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In particular the ammonia should be reducsd to bslow 1 mg/l .
Howsver the ammonia concentrations in the last basin ang effluent
were in the range 3 - 5 mg N/l; no acceptable explanation for
these high values can bs advanced.

‘The mass of nitrate removeag per day for each experiment is

listeg in Tatle 3.4.
Table 3.4, .

Johannesburg Alexandra Plant

Mass of. nitrogen removed psr mass of incoming COD

Experiment number
1 2 3 4
Numoer af
aerators off 0 1 2 3
in first basin
Mass N
removed
251 3380 314 201
(xg/d)
Mass N
removed / - o
Mass COD T8 30 T 52
(% removed)
Taotal N
(mg N/1)
Influent 39,9 38,4 39,2 38,0
Effluent 32,3 24,4 16,7 12,4
Dcop in _
alkalinity . 30 120 90 30
(ma/1 CaCUs)




It is clear that as an increasing number of aerators were switched
off, so the mass of nitrate removed increased. The degree of
nitrate removal from ths system is gepandsnt upon how much of the
nitrate enters the anoxic zone and to what degree it is then denitrified.
The nitrate entering the anoxic zone cepends on the directign of
rotation cf the asrators, the recycle flow rate, the number and
position of rotation of decommissioned asratcrs; whersas the deqgree
of denitrification depends oun ths fraction of nitratse entering the
anoxic zone and the concentration of COD in the influent, No
reliable estimation of the mixing into the anoxic zone was possible
so that ng quantitative prediction of the concentration of nitrate
entering the 2gne could te made, The only positive statement that
appears tc bes valid is that as ghe anoxic zone increased, the
concentration of nitrate in the foluent decreased. Conseguently
it would appear that the factor that limited denitrification was the
size of the anoxic zona.created. This was too small to denitrify
all the nitrates entering the zons - as the 2one increased so the
nitrate removal inﬁraased correspondingly, as indicated in Taple 3.4.
Surprisingly, from Table 3.4. , with one exception, thers was
no significant change in the loss in alkalinity through the proéess.
It is to be expecteg that with nitrification and denitrification
there will be a loss of alkalinity and this loss should dacre;ss

as the denitrification sffect increasss.

4.3, Saettling properties of the sludqe

The inclusion of a non-aeratsd zone into the original process

configuration did not appsar to produce any observable sffects cn
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on the settling properties of the sludge. At that time comparative
measurementg on sludge settling rates were not appreciated so that’
little can be said quantitatively with regard to the effect of the
anoxic zone on settling. Other effects were visible; over periods
in which anoxic zones were present a dark brown scum formed during
the cold weather an the surface of the aeration tank. Initially

it was believed to be due to the presence of o0il or fat but later

was found to be due to floating accumulations of an organism

Nocardia Spp. The reason why this particular organism should
flourish in anoxic/aerobic systems, éarticularly in winter, has not
yet besn established, but without doubt the possibility of gensration

of this organism is a factor to be considered in these plants.,

OPERATION OF THE PLANT IN A NITROGEN AND PHOSPHORUS REMOVAL MODE

Barnard {(1974) , in testing the Bardenpho system, noted that on occasions
when an anoxic rszactor contained no nitrate phosphorus releass was
observed in that reactor and excess phosphorus removal was obtained

in. the aerobic reactor. From these observations it can be suggested
that anaerobic conditions could be established by placing such a’
reactor at the head of the system to reéeive the influent flow and

the underflow recycle - Fig. 2.8. This reactor, because of the low
nitrate concentration in the underflow conceigably would utilise -the
mass of nitrate entering the reactor and establish an anasrobic
condition sufficiently intense to cause release of phosphorus.

This hypothesis was tested at the Alexandra plant by making due

modifications to the cperation of the plant,



3.16.

Before modifying the Alexandra plant so thzt it would reduce
phosphorus remaoval, it was necessary to examine a number of options
whereby it may be possible to create ‘'anaerobic conditions' such

that phosphorus will be released, Three options were investigated:

(i) Switch out more than three aerators around the
influent point of the main basin

(ii) Store the sludge in the secondary clarifier

(iii) Store the sludge on the flgor of the main aeration

basin.

It was not possible to monitor the system as extensively as
deemed necessary; provision was not avazilable on site for
research. investigations, only for essential monitoring required
by law. Because of these difficulties only the bare minimum testing,
to determine if denitrification and phosphorus removal took Qlaca{

could be undertaken.

5.1. Switching out of aerators

The plant was operated in the same manner as for the denitrification
experiments except that four and later six aerators were switched out
around the influent point.

Consider the experiment in which four aerators were switched
out; the configuration of aerators switched in and out are sthn‘in

Table 3.5, , also the effluent rssponse to the plant.



Table 3.5.
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Johannesburg Alexahdra Plant

Summary of operating Parameters and chamical analysis under conditions

where 4 aerators at the start of the aeration basin were off

feed 26.4Mi/d.

roturned sludge

X

Total nitrogan
Ammonia as N

Nitrate as N

Total COO
Suspandad solids
pH

0 - phosphate -

_Alkallnity as CaC03

(mg N/1}
{mg N/1)
(mg N/1)
{mg/1)

. (mg/1)

(mg/1)

offiuent
Waste sludge

Cancantration
Faed Effluent
42,5 6,5
25,0 2,5
nil 1,9
220 140
690 85

= 7,0
751 7,4
3,5 5,0

(mg P/1)

Nitrate removal was excellent, the effluent concentrations

ranged around 1,9 mg N/l Phosphorus removal was relatively minor,

indicating that the required anaerobic conditions for phosphorus

release had not been attained.

Nitrification was unaffected by the

anoxic zons. This was indicated by the low ammonia nitrogen

value of 2,5 mg N/1 .
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“ Notwithstanding ths fairly large unasrated volume there was
no significant deterioration of the settling properties. A typical

settling velocity curve over this period is depicted in Fig. 3.6.

MLSS T T [ T T LIS i
gi' 16
12
8
4
!
m1h
Fig. 3.6. Johannasburg Alexandra Plant

Relation between ssttling vselocitiss of sludgs

and sludgs concentration,

In order to increass the probability of anaerobic conditions
six aerators were switched off around the inlet point =~ see Fig 3.7.
This operational modification gave esxcess phaosphorus removal sporadically.
"The plant was opérated in this mode for four months; the influent

and affluent phosphorus over this psriod is shown in Fig. 3.8. /



3.19.

Influent
1
Q@ I
> @ ® 2
-
Effluent
Returned sludge Waste sludge
@ Aerator running continuously
E Aerator off )
B Acrator off except from 8hOO —12h00
: yUnaerated voiume
Fig. 3.7, Creation of an enlarged anaeronic zone
at the head of the first aeration basin
T T T T T ] T T T T T ¥ T T T T T L T L
J
Ortho P .
mgf;!ll'

6.6

33

120

Days
--~ Feed

€3 Ettivent

Fig. 3.8. Phosphorus removal data associated with an enlarged
anaerobic zons (6 aerators off) at the head of ths

* first aeration basin

Johannesburg ‘Alexandra Plant
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-~Qver this period the averags removal of ortho-phosphorus was
approximately 1,$ mg P/1. Nitrification efficiency deteriorated
slightly - compare the ammonia effluent concentration in Table 3.S.

with that in Table 3.6,

Taols 3.6.

Average analysis of feed and effluent when 6 asrators

were aff at the hsad of the aeration pasin

fFeed Erffluent

cgoo (mg/1) 540 58
TKN (mg N/1) 38 -
Ammonia as N (mg N/1) 17 6,1
Nitrate as N (mg N/1) - 1,9
3~ pnosphate as P (mg P/1) 4,7 Z,8
Suspended sglids {mg/1) 23
MLSS - (mg/1) 3 300

Accumulation of sludge in the seccongary clarifier

2
oL o

The sporadic naturs of the phosphorus removal, when six aerators were
switched off in the main basin highlighted the unstable nature of the
conditions created in the anoxic zone. It was than hypothesized
that if a fixed quantity of sludge could be brought into a state of
'deep>anaerooiosis' a more caonsistent phosphorus removal might be
accomplished. To induce such a continuous state of anasrobiosis

the underflow recycle was reduced so that sludge accumulated in the
settling tank. By regulating the recycle appropriately the ssttling

tank could be maintained approximately half full of sludge - fFig. 3.9.
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Influent
@99
] 9 DI
G I
Effluent
returned siudge ]
Waste sludge
34 | B
33 -
32 L ) _
Ortho P : Returned sludge
% ky 3
mgP/l
Tk B
;’
6l N
influent
5F -
4 - .
3 - -t
2L -
1 — —
(0]

Location in process

@ Aerator on

ﬂ Aerator off

7} Unaerated volume

Fig. 3.9. Johannesburg Alexandra Plant

Phosphorus profile when sludge stored

temporarily in final clarifier
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In monitoring the plant while operating in this mode a series
of phosphorus determinations on filtered samples was carried out
along the centre line of the plant and in the recycle (i.e. equivalent
to the bottom of the settling tank’) . The results are shown in
fFig. 3;9. It is clear that whereas very little ;elease hac taken
place in the anoxic zone per se , significant release did take place
in the settling tank. It is also evident that the stress conditign
caused substantial excess uptake of phosphorus in the aerobic region
of the plant. Indeéd 4 mg/1 of thSphorué was taken up.,
Unfortuneately in the settler the phosphorus was again partiélly
released so that the effluent phosphorus was only 1 mg/l less than
the influent. The mode aof operation therefore did nat provide for

a significant removal of phosphorus.

5.3. Storage of sludge on the floor of the aeration basin

It was hypothesised that release of phosphorus in the sludge could
be induced by allowing accumulation of sludge to form on the base

of the tank by switching off some of the aerators for a fixed period
to test this approach. All the aerators on one side of the first
aeration basin were switched off to encourage settlement of sludée
on the floor. Sludge accumulated for 24 hours, after which it was
resuspended by switching on the aerators, at the same time switching
off those in the other half of the basin (see Fig. 3.10.)

This procedure was repeated daily.

The response of the plant, for phosphorus and nitrate, as

measured along the centre line of the plant, is' plotted in Fig. 3.11.
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Second days operation

€ aerator on
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Fig., 3.10. Johannesburg Alexandra Plant

Creation of an anaerobic zone in each half
of the first aeration basin by sequential

turning off of aerators

3

-230
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=

Location in process
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Unaerated volume

— Phosphorus
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Fig. 3.11.

Johannesburg Alexendra Plant

>

20
18 Nitrate
16 mgN/l
14
12

10

Phaspﬁorus profile across plant with

anasrobic

zone cn side of first basin

3.24.
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Clearly phosphorus removal was negligible and the nitrate in the
-effluent was considerably higher than when aeratofs were switched
off around the influent point. From observation it would appear
that when the aerators were switched off on sn2 side of the plant
the intermixing of the aerated and unaerated sections was relatively
minor and this possibly was the reason for the low nitrate removal.
It is evident that this mode of operation has little to recommend it

both for nitrogen and phospharus removal.

6. GENERAL CONCLUSIOMS

The work on the Alexandra plant points to the following conclusionss .

(i) By switching off aerators around the point of entry of the

influent and recycle flows denitrification is readily achieved.

(ii) The mass of nitrate removed appears to increase as the number
of aerators that are switched off is increased. The number
of aerators that can be switched off can be increased only
to that number where tﬁe nitrification becomes affected.

In the Alexandra plant when 6 aerators were switched off.
nitrification efficiency commenced to decline. 0n any
plant this limit will need to be determinsed by trial and error
because of the difficulty in guantifying the fractional volume
of the plant that becomes anoxic when one or more aerators are

switched off.

(iii) If sufficient aerators are switched off (6 in the Alexandra
plant) apparently an anaerobic region can be developed of such
intensity that ohosphorus release will be cbserved and some

excess phosphorus removal obtained. Again the anaerobic



(iv)

(v)

(vi)

J.26.

region can not be defined and appears to fluctuate, resulting
in very 'variable phosphorus uptaks, In the Alexandra plant

phosphorus release commenced with 6 aerators off, hut at the

same time the nitrification efficiency cocmmenced to declineg;
phosphorus removal therefore may be ccnstrained by the

requirement that good nitrification must be maintained,

The operational modification in which sludge was stored in
the settling tank, gave rise to phosphorus release but due to
the fact that the settling tank also served as the finel
separator the phosphorus release to the effluent nullified
the excess uptake in the plant, It would appear therefore

that this method also has little value.

Storage of sludge on the base of the aeration tank by

switching off sections of the aerators did not appear to

work - phosphorus removal was minimal and denitrification

efficiency declined.

A general conclusion on ths work on the Alexandra plant is

that in most activated sludge plants it should be possible to
achieve fair to excellent removal of nitrate by creating'an
unaerated region around the area where the influent and recycle
flows meet. The degree of nitrogen removal needs toAbe found
by experiment, the limiting size of the region being given
either by the point at which nitrification efficiency commences
to decline or, the reduced asration capacity no longer can
supply sufficient oxygen for carbonaceous energy degradation

and nitrification.
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CHAPTER F QUR

THE GOUDKOPPIE PLANT

INTRODUCTION:

The Goudkoppie Works was proposed when it became apparent that the
Klipspruit Works, the cldest in the City, ctould not be extendsd any
further. The new works was to be constructed adjacent to the
biological filter plant at Klipspruit, as shown in Fig. 1.1.

At the same time a new tunnel sswer was to be constructed %c replace
two older sewers draining the central business area of Johszfnnssburg.
Most of the flow to the new works was of domestic origin, although

some light industries and the City Gaswarks also discharged into this

line; Effluent from the Gasworks, although small in volume, was
of very high organic strength and high in ammogia concentration.

The site chosen was sufficiently large to permit the
construction of works ultimately to treat 630 mil/d . Design -
objectives included the production of high quality effluent low in
nitrogen caontent, readily amenable for reuse without further treatment.
Treatment was to take place in three identicél modules each with the
capacity to treat 50 Ml/d . Each module was to be provided with
adequate metering facilities to permit large scale experiments ta te
carried out on the plant in order to determine the optimum mode of
operation, The concrete shell of a fourth 50 Ml/d unit also

was to be constructed but not to bs equipped with any aerators or
other auxitiary applisnces. The intention here was to medify and

complete this unit at some later date depending on the outcome of the

experimental program on the fully equipped units.



4.2.

At the time of construction there was uncertainty regarding the
best mode of treating the solids arriving at the works, 1i.s.
by the normal anaerobic digester route or via an aerobic digestion
route, the latter, if necessary, could be carried out in the fourth
unfinished basin. Pending a final decision on sludge treatment
it was decided that all sludge generated in the first 150 Ml/d
stage would be pumped to the adjacent Klipspruit Works for trsatment
in existing digesters there.

It was during the period of construction that the National
Institute for Water Research showed, at pilot plant scale, that
enhanced biological uptéke of phosphorus could be achieved in Bardenpho
type plants provided that the activated sludge was exposed to some |
degree of anaerobiosis during the process. The experiments at the
Alexandra plant and subsequently at Olifantsvlei Works (Venter,
Halliday & Pitman, 1978) confirmed that phosphorus removal could take
plasce on large plants provided that the active solids are passed
through an anaerobic zone placed ahead of the main asration basin,
Based on this evidence, albeit somewhat meaqre, a decision was taken
to modify the Goudkoppie Works while under construction by providing
an anaerobic zone at the influent end of the activated sludge plant,
Physical constraints such as the presence of existing pipes limited
the size of basin that could be added. This resulted in the.
construction of a zome having a retention time of one hour based on
the ADWF of incoming sewage. In terms of the critéria available
at that time the volume of the anaerobic reactor can be considered on
the low side.* (Barnard, 1975, proposed a nominal retention time

of 14 to 2 hours,)

* The additional cost of this modification was about R250 000,
compared to the total cost of the works of R410,7 million.

This amounted to 2,4 per cent.



- By incorporating the anaerobic reactor the Goudkaoppie plant
became.the first large plant in the world designed specifically for
the tiological removal of both nitrogen and phasphorus. It was only
natural that the plant subsequenily would be the subject of evaluation
to determine the degree %o uhich.the plant fulfilled the cesign

expectatians.

DESIGN FEATURES

\
The glant, as constructed, provided for primary and sscondary screening,

deqritting, orimary sadimentation using six tanks, and flow balancing, these

to serve . three ldentical modules in parallel each designed in
confarmity with the Phoredox system. A diagrammatical sketch of

the plant is shown in Fig. 4.1, , detailed design data are given in
Table 4.1, Some of the design features are discussed in more detail
detail below:

(i) Primary sedimentaticon followed by sludgs digsstion was

required on this plant as the City Council was unaer
contract to suoply AECI with sludge gas from the adjacent
Klipspruit Works for conversion to cyanide for use on
the gold mines; this contract was likely to be extended

to the Goudkoppie Works.

influsnt Flow Primary Pr imary Primary serobic Secondary - Secondery

Szreens Qualisation anserobic asnoric anoxic aerodic
P - _ /_\

Efttuent

b Primary studge

to gigestor MLSS recycle

Waste sivdge

returned stydon

Fig. 4.1.  Goudkoppie Works Basin Configuration



Table

GOUOKOPPIE PLANT

4.1.

DESIGN BATA

(m1/d)
(/1)
{mg N/1)
(mg/1)

(mg N/1L)

(kg BOD/kg MLSS)

Flow / module
Raw sewage composition EQD
TKN
Settled sewage compozition 80D
TKN
Sewage temperature )
BCO loading
mLSS (g/m3)
Sludge ags (days)
Volume (1)  Anaesrobic
(2) Primary anoxic
(3) Primary aerobic
(4) Secondarly anoxic
(3) Secondary aerobic
Total

B8asin number
Nominal retention time
Number of aerators

Power / gerator

Oxygenation capacity

Oxygen transfer efficiency

Number of mixers
Power per mixer

Number per module

(n)

(kw/aerator )

(kw)

Average nominal daily flow to Secondary

sedimentation tank (without rscycle)

(m°/n)

14 700
4 800

2 700

29 083

11 22,5

.12

110

205

15



Table 4.1.

continued

Secondary sedimentation

Ga factors baszed on nominal flow

i
=

Dry weather peak

Wet weather peak

Solid flux basecd on nominal flow
Winter

Summer

So0lid inflow based cn nominal flow
Winter

Summer

Surface loadings based on mean flow
Winter

Summer

Surface area required per tank
based on mean flow

Winter

Summer

Diameter of tank
Volume of tank

Side wall depth

(kg/m?/)

(xg/m3)

(m/h)

(m2)

(m)
(m?)
(m)

1,0

1 040

832

36,2

2 360
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(ii) The balancing tank was designed ta minimise the cyclic

variation in flow and load, and was located in line
between the primary sedimentation tanks and the activated
sludge process. | Since the influent to this tank

was to be settled sewege it was hypothesised that
settlement of solids would be minimal, and by installing
Cwarf walls a flushing action would be induced at low
flow ;3 this in turn should remove any solids which
might have settled, hence, no mixers were installed.
However, should it be found subseguently that settlement
is a problem provision was made for sparges, positioned
along the wall closest to the point of entry, to be
switched on to resuspend the solids.

The balancing tank scheme was justified by the
expected benefits, These were, smaller final settling
tanks, smaller hydraulic connections and lower peak
oxygen aeration capacity. The estimated saving was

considerable, approximately R1 O00 000 (Keay and Pitman, 1980)

(iii) The activated sludge process was based on the Pharedox

system (Fig. 2.8.) It consisted of five completely

mixed reactors in thses sequence: anaerobic - primary

anoxic - primary aerobic -~ secondary anoxic - seécondary

asrobic. Some of the more important features in the

process design are:

* All the zones. are physically separated by baffles
containing suitable openings to permit flow continuity,
the one exception being a solid wall with surface
overflow between the primary aerobic and secondary
anoxic reactors in order to allow for the installation

of a movable weir for oxygen control.



(iv)

(v)
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* The MLSS is recycled from the effluent end of
the primary aeration zone back to the influent
point of the primary anoxic reactor at recycle
ratios (recycled flow/ feed flow) that can be

varied from zero to 16.

* The aerobic reactors are aerated using 12 X 110 ku

surface aerators in the primary aeration basin
and 2 X 45 kW aerators in the seconcary aeration

basin.

* The sludge age is controlled by wasting a fixed
valume of mixed liquor each day from the secondary
aeration zone i.e. hydraulic contraol of the

sludge age is applied.

Final clarifiers , of which there are four per module,

each with a diameter of 36,2 m and a very shallow side
wall depth of only 2,4 m . Sludge removal is by

means of a rotating bridge carrying five syphons.

Flow metering

This plant has metering facilities at the following points:
* Feed flow from the balancing tank toc the process

is autbmatically controlled to a selected flbwrate

by activation of a Rotork valve. The flouwrate

is monitored by a flume type flow meter.

Provided the balancing tank does not empty during

the day or overflow, a fixed volume of feed

passes into the process each day.



(vi)

Underflow sludge from the final clarifiers to the

anaerobic zone is measured by a flume type flow
meter and controlled by means of a valve which
in turn adjusts the volume of sludge syphoned

from the clarifier floor.

Waste sludge control from basin S5 is exercised

through a hand operated valve and the volume
measured by means of a flow meter similar to

that for the underflow

The built in meters were checked against a portable

standardised meter and found to be accurate to within

10 percent of the indicated value.

Dissolved oxygen control

Two forms of control are available:

Manual control achieved by switching aerators in

and out as reguired.

Automatic control can be activated by any one

of a number of dissolved oxygen probes in the
primary aeration basin. The oxygen input is
increased or decreased by raising or lowering a
level control weir at the end of this basin,
thereby increaseing or decreasing the depth of
immersion of the aerators. ' Experience with this
system has shown that it is not effective or
reliable; for the series of experiments hereafter
it was nscessary to use only the manual control

method.
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The objectives of the experimental programme were:

To trace the response of a set of selected parameters in each

reactor under the conditions of flow and load set on the

To compare the observed performance with predictions by the

general activated sludge model developed at the University

Flow to the experimental modulc was to be constant and limited
to 30 m1/d. Compared with mean design flow - 30 M1/d the

flow to the plant was still well below the design flow.

Sludge age was to bs maintained in the range 20 ~ 25 days
which, according ta Pitman (1974) , was likaely tao give rise

tq a rapidly settling sludge. Notwithstanding this provision
immediately prior to the commencement of this experiment, the
sludge volume index (S V I ) was in the range 200 - 300,

so that the value of this provision is to be questioned.

Physical details of the process layout are given in

The MLSS recycle (s) ratio was fixed at 631 .

PLANT. PERFORMANCE EVALUATION
3.1. QObjectives
(1)
process
(2)
of Cape Town.
3.2.. Conditions of tsst
(1)
(i1)
(iii)
Fig. 4.2.(a) and Table 4.2,
(iv)
(v)

Ths underflow recycle sludge recycle was fixed at @,9 :1 .




ANAEROBIC PRIMARY AEROBIC SECONDARY  REAERATION
' REACTOR  ANOXIC REACTOR REACTOR REACTOR
REACTOR )

MIXED LIQUOR RECYCLE

WASTE SLUDGE

SLUDGE RECYCLE
0,91

Temperature 20°C Sludge age 72 d

Fig. 4.2.(a) The process layout of the Goudkoppie plant

during the experimental investigations

Table 4.2,
Physical details of the Goudkoppie plant

during the experimental investigations

4.10.

Primary Primary Secondary | Secondary
Anaerobic . :
Anoxic Aeraobic Angxic Asrobic
Reactaor number 1 2 3 4 5
Voluma (m3) 2 080 4 800 14 700 4 800 2 709
Nominal retention 0,069 0,160 0,490 0,160 0,098
time (d) : !
Mass fraction 0,072 0.155 0,505 0,165 0,093




(vi}
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Dissolved axvagen concentrations in both aerobic reactors

waers to be maintained in excess of 2 mg/l . Under the-
proposed conditions of low flow and load this concentration
could be achieved with only half the total numver of asrators

operational, as shown in fig. 4.2.(b)

Anaerobic Anoxic Aerobic Anoxic Aerobic

DX 9% & XK

Yoo ¥e

& Aerator on

ﬂAerator off

Fig. 4.2.{0) Operational aerators during experimentation

{vii)

on Goudkoppis Works

Sampling: In each reector "grao" samples were to be taken near
thé end of the reacter because these would reflect the
concentrations passing into the subsequent reactor, The
samples were processed by filtefing immeciately through

coarse filter paper into a bottle containing 1ml of 0,85%

(mass/mass) mercuric chlorids to inribit further bacterial

action. Samples were stored at ambient temperature and
collected daily for laboratory analysis. Sampling af the
feed and effluent were done by automatic samplers. The

sampling pipework was flushed with the liquid being samplédg

immediately prior to collecting the sample. The influent
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samples were to be collected immediately prior to the inlet
point, The effluent samples were to be taken at the
conflusnce point of the effluent from all four clarifiers.
Individual one litre samples were taken, treated with mercuric

chloride and stored in separate plastic baottles until analysed.

(viii) Oxygen utilisation measurements: Preliminary tests on

oxygen utilisation taken alﬁng the longitudinal centre line
of the reactors, at each reactor, indicated an oxygen
utilisation rate profile high at the influent end of the
reactor and falling to lower valuss at the effluent end,
indicating that completely mixed conditions were not present
in the reactors. The profile varied as the flow and
load on the reactor varied. Eventually it was decided

" that the most representative assessment of the mean bshaviour
of the reactors would be achieved by testing at three points
along the centre line of the reactors; between the first and
second, third and fourth, and fifth and sixth, and averaging

the results. The detailed procedure followed during a

utilisation rate test-is set out in Appendix A4 ,

PERFORMANCE DATA

Sampling of the feed, effluent and contents of 2ach zone was cérried
out at two = hoyrly intervals for a period of one week and samples
analysed for COD, TKN, ammonia, nitrate and phosphorus. Oxygen
utilisation rate tests were also taken at the same time.
Unfortuneatsly the results o% three of the seven days had to be

discarded due to the malfunction of one of the samplers.
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The results from the remaining four days,at sach time point, wers

averaged and are listed in Appendix AS . Plots of these averages

are shown in Figs. ¢.3, tc 4.10. as follows:

Fig. 4.3. Unfiltered COD concentration in the feed and filtered

effluent and reactor contents.

Fig. 4.4, Unfiltered TKN concentration in the feed and filtered
effluent
Fig. 4.5. Total phosphorus concentration in the unfiltered

feed and filtered effluent

Fig. 4.6, Oxygen utilisation rate in the main aeration basin

Fig. 4.7, Soluble COD concentration in filtered samples in each
basin

Fig. 4.8. Soluble ammonia concentration in filtered samples in

each basin

Fig. 4.9, Nitrate concentration in filtered samples in each
basin_ _
Fig. 4.10. Soluble total phosphorus concentration in filtered

samples in each basin

The consolidated daily average results over 24 hours of the above

data are given in Table 4.3.
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Fig. 4.3. Goudkoppie Plant

Total COD concentrations in the feed and
filtersd COO in thse effluentAtogetHer with

predicted values.
In addition the flow to the process during

the tast pericd is shown
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Fig. 4.4, Goudkoppia Plant
TKN concentration in the feed and

filtered TKN- in tne effluent together with

predicted values for the effluent
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Fig. 4.5, Goudkappie Plant
Total phosphorus concentrations in the fead

and filtéred effluent
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Fig. 4.6. Goudkoppie Plant

Predictad and measured oxygsn caonsumption rates

.in the primary aeration basin



4,18.

cOoD mg!’l 300

250

Feed Totai 200

150 f- 4
100 _{
50 4

Lees see ceaoseat Tttt iBe00eee0tt 0000000y, q000000, ,,,,

Anaerobic 1OOW
50 o . . . ‘

Filteread

Primary 100
anoxic
Filtered 50
Primary
aercbic
Filtered
Secondary
anoxic
Filtered
Seccndary
aerobic
Filtered
Eftfluent Totai 100 } . -
Fine filtered 'SOLT-Q'
< { i3 il i ! 1 [l L L I
’ 12C0 1600 2000 2400 2400 0800 1200

Time of day h

oo9owe mBasursd valuss
== —-predicted valusas

eeeovee Csrudicted values of readily bicdegradaole COD

Fig. 4.7, Goudkeppie Plant
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concentrations in each reactor of tre system
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- Taole 4.3.

The average perfarmance of the Gouckoppie Plant

during the experimental period

Feed 30,4 Mi/d

1

MLSS recycie 182 Mi/d Hinent
| A J E L]

Raturned sludge 26 8 Mi/d

P77 rnasrobic Sludge age 22 d
£374EXS Anoxie Temperature 20°C
) Asropic Volatite fraction of MLSS 0.72

*
I . sril EY: g
feeg Anserobic Primary Frimary ;econuari Secondary £Ffluent
Anaxic Aercvic Anaxic Aarcbic
Tctal COD 270 &3
Soluble COD 470 77 g7 73 S5 72 43
s ; '
cs 23
14N as N 15 z,c
Atmonia os N 25 1S ,1 1,3 1,5 ) 1,5
hitrate as N 1,1 I, H 13,4 12,5 13,3 13,5
NS EYFS- 5,8 17
2,7
Soluole F 3,6 10 5,0 3,3 3,6 3,2 3,6%%
Suspendsedg sollas 1 3a0
Oxygen consumption
@3/1/n 16,2

Unless otherwise stated all results expressed ss mg/l

Efflusnt samples were filtered thraugn Whatman 542

filter paper while the resactor samples were filtered through

coarse filter papser

Rgactaor samples wers filtered and test by means of the

orthophospnate test

= readily biodegradable COD concentration  mg/l
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4.1. Data validity

Before testing the plant data against model predictions it is necessary
to check if the data is acceptatle. A powerful check is to verify
if mass balances over the plant, of the COD and nitrogen, are achievable
within reasonable limits. Ekama and Marais {4978) concluded from )
a number of investigations that balances are acceptabls if these fall
within the range 96 to 104 percent. Their investigations, however,
were on laboratory and pilot scale facilities where close control
was exercised over the input to the plant and its operation.
Clearly control over a large scale plant can never be of the level
attainabls on a laboratory or pilot scale plant. At the Goudkoppie
plan{ every endeavour was made to achieve as high a lsvel of control
as possible, by héving an equalization tank anc setting a consistent
flow rate to the test modules. Even so the masses of C0OD and TKN
did fluctuate from day to day. These fluctuations can be smoothed
out by testing the plant over a number of days and averaging out the
results, to obtain a mean behaviour. It was for this reason that
" tha experimental period extended over 7 days {&f which, we. have sssn,
four days were acceptable)

Utilising the averaged daily values over the days of acceptable
readings , the mass balances achisvsd an the COD and nitrogen were
89,8 and 107 percent recoveries respectively.* These balances vary
likely are as good as can be expected on such a large plant and
indicate iﬂiﬂi.éiii that the sampling prccedure was consistent and

the testing accuracy acceptable.

*For details of the procedures faollowed to make these balances,

see fAppendix A6 .,
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MODEL PREDICTIONS

To test the validity of the bisubstrate death - regeneration model,

as developed in its final form by van Haandel, Ekama and Marais (1981),
it is necessary to establish values for certain parameters utilised

in the model. These are, firstly, the sewage charateristics which_w
are specific to the particular waste flow, and secondly, the kinetic
parameters; the latter in turn being subdivided into two groups:

(i) those that change with different waste water sources

(ii) those that are constant from cne waste source to another

5.1. Sewage characteristics

Parameters defining the physical and chemical characteristics of the
particular waste flow are the following:

(1) Total influent COD S, (mg 0/1) and total influent TKN

(mg N/1) together with the total flow.

(2) Temperatures in the reactgrs
(3) Magnitudes of variocus influent COD fractions:
(a) Soluble unbiodegradable COD fus i.e.

5us = fus = Sy

{b) Particulate unbiodegradable COD, Fup i.e.

1
= f . .
supi upi ° Sti

{(c) Biodegradable COD , fbi defined by

for = (1= Fugs = Funs)

i.e. S = f . .
bi bi*® Sti

(d) The biodegradable COD Spi in turn is subdivided into

two fractions, easily biodegradable COD , f defined by

bsi
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bsi bsi

bsi bi ti

= ési * sti
and particulate biodegradable COD ffpi i.e.
Sepi = Mopi * Soi
: = (1 - fbsi) Spi

= fbpi - foi - B

= fios - Sis
(8) Magnitudes of various TKN influent fractions
(a) Soluble unbiodegradable TKN frui

Noi = fnui + Nes

(b) Free and saline ammonia f__.
nai

(c) Organic nitrogen

N =(1-—fnu.-f ). N

orgi i nai ti

With regard to the various fractions above, these are ngt all independent

for example, once f_, 6 and f,, are known f can be determined from

orgi
(1 = fhai - Faui) and so on.

One parameter that can be of crucial importance, the Total
\
Alkalinity, was not measured, Total alkalinity is the principal

‘parameter forming the precipitate in an activated sludge plant.

If the alkalinity in the reactor drops below 35 mg/l CaCD3 then the

pH becomes unstable and may either.drop permansntly to velues below

pH-= 7 or fluctuate between 6 and 7,5 depending on nitrification.



Nitrification abstacts alkalinity and if it is reduced to less than
35 mg/1 CaCO3 the pH may drop below 7 which in turn inhibits
nitrification causing the pH to rise again, hence the fluctuation,
At Goudkoppie the alkalinity was relatively high ( 100 mg/1 CaCOz)

in the reactors, conseguently, the pH remained stable between 7 and

8 (mean 7,4) and nitrification was not affected, Hence alkalinity

measurements were not essential,

We shall now consider briefly the measurement of the key parameters

on the Goudkoppie plant,

The influent COD and TKN concentrations were measured at

2 houriy intervals over the entire period of the investigation.
At the same time the temperature was measured in the main
aeration basin because in this ﬁasin nitrification takes

place and the nitrification rate is most sensitive to

temperature.

Soluble unbiodegradable COD fraction (f _.)

For a plant operating at long sludge ages, the filtered:

effluent COD concentration (provided a fine filter is used)

is virtually identical teo the soluble unbiocdegradable COD
concentration. .From the average data over the day (Table 4,3.)

the average soluble COD in the effluent was 42 mg/l ;
the total influent COD , 272 mg/l . Therefore, f . = 42/272

= 15 percent, This value normally is approximately 10 percent
of the raw sewage COD value but at Goudkoppie an appreciable

fraction of the particulate C0D is removed in the primary sattler,



and a further fraction is removed in the balancing tank ;

in contrast, the soluble unbiodegradable fraction, Fus s

is not affected. Consequently the unusually high fus

. was not unexpected.

Unpigdegradable particulats £OB fraction (fyp;)
To determins Fupi reliably requires an extensive series of

tests on the same waste over a number of sludge ages.

The value of f is then determined by fitting the eguation

upi
for MLVSS / .unit COD against the observed data. In doing
this fit the specific yield constant (Y) and endogenous

respiration rate constant (b) are assumed to remain at their

standard values for the temperature in the plant (these

appear to maintain their values for widely divergent waste

characteristics). The best fit then is obtained by inserting

a series of values for fupi in the eguations describing

the process, the final equation being that describing the

mLysS / unit COD . The valus of fupi giving the best

overall fit over all the sludge ages forms an estimate of

f This value is then checked by utilising it to’

upi -°
predict the oxygen utilisation rate and comparing it with
the observed rates at different sludge ages. This
procedure has been found to give very good estimates Of.Fupi
when tested on influents (glucose) where it is known that
fupi equals zero.

In the investigation of Goudkoppie it was not possible

ta do the series of tests necessary to determine fupi reliably.

The only procedure possible was to accept the concentration of

MLVSS in the plant, and knowing the mass COD feed/day ,



4,28.

the value of f i found by trial and error to give the best
up

prediction of the MLVSS in the plant. This value was
verified to a degree by the close correspondence between the

simulated mean OUR against the mean observed OUR .

The value of fbs can differ depending on the source of the
sewage. At Goudkoppie a further complicatio% is that the
biological action of the sludge layer in the balancing tank

may either enhance fbs (by solubilisation of particulate COD)
or deplete it by fe;mentation. The only reliable approach
was to conduct a test to determine the value of fbs directly.
At the time this investigation was undertaken the test for

the estimation of Fbs had not yet been developed.

Subsequently Dold, Ekama and Marais {4580) provided an

experimental procedure by means of which fbs could be

determined. {(The reader is referred to van Haandel and
Marais (1981) for a detailed account on how to conduct such
a testy) A summary of this test is given in Appendix A7 .

When the test became available, a series of tests to determine
fbsi was undertaken on the balancing tank effluent.

The readily biodegradable COD was found to be approximately

29 mg COD/1 . Taking into account the f .

i and fu ; fractions

pi

1

the biodegradable COD equals (1 - fusi - 1,48 fupi) 5ti

= 0,67 Sti
= 0,67 . 272 = 182 mg COD/1 . Hence Spg = 29/182 = 0,16
Since the operation and influent conditions had remained very
stable for a long period the valug for S, ; = 0,16 was

accepted to have applied also over the period the plant was

evaluated.
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5.1.5.  [Fractign of TKN in ammonia form (fp,)
This fraction may differ betwsen waste flows from different
sources, Long sewer lines and any other conditions allowing
degradation of the proteinaceous material will increase the
fraction. For a particular Works it is determined by -

measuring the free and salinz ammonia and TKN of the unfiltered

influent. From such tests fna was found to be

approximately 0,72 for the effluent from the equalisation

tank.

5.2. Constants specific to a waste flow

The magnitude of the maximum specific growth rate of the nitrifiers,

/Unm s although a kinetic "constant™ can differ greatly in value

between sewage sources. Van Haandel, Dold and Marais (1982) have

measured values for Apng, ‘at 20 C in the range 0,33 to 0,65 g~ ;

this reange is ascribed in part to the hagnitude of the industrial
vcomponent in the waste flow, usually the larger the component the

lower the value of the constant. Accurate determination regquires a
specialised series of test (Sehayek 1981) . However, by curve
fitting to the observed TKN and nitrate (and to the alkalinity response)

quite good estimates of /Unm can bte obtained. Fortuneately when the
sludge age is very long (i.e., 22 days), the conversion to nitrate is
near compietion at 20 L even for A, = 0,33 , and the nitrate

concentration becomes relatively insensitive to /Unm . Under such

conditions any reasonable value can be utilised in the simulation
model, This was checked in the simulations on Goudkoppie, for /Unm
values ranging from 0,33 teo 0,5 . All the simulations indicated

very little difference in the effluent ammonia behaviour.’
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Eventually a vaiue of /Unm207: 8,5 was selscted, primariiy'becausa it

was felt that the industrial component in the waste flow to Goudkoppie
would not have affected thg/unm adversealy.,

‘The values 6f the influent characteristics specified for the waste

water at Goudkoppie at the time of the investigation ére listed in

Table 4.4,

Table 4.4.

-

‘Influent characteristics specific to the balancing tank effluent

‘at the time of investigation at Goudkoppie Works

Name Symbol " Units Valus
Fraction of soluble unbiodegradable COD fus ) mg COD/mg coo 0,15
Fraction of particulate unbiodegradable COD Fup~ mg vSS/mg co0 | 0,12
Fraction of easily biodegradable COD fbs mg €00/mg bio~ 0,16
: degradable COD
£asily blodegradable COD concentration Sps mg COD/1 29
Fraction of TKN of feed in ammonia form fra - mg N/mg N g,72
Specific growth rate constant for nitrifiers Anm g”! g,5
5.3. "Constants invariant. for different waste flows
The constants in this group are listed in Table 4.5. Experience

in simulating response of processes indicates that these constants
do not vary in any significant way and have been used unaltered by

Marais and his groups for all their simulations.
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Kinetic constants invariant for different waste flows

Name Symbol Units Value
Substrate sdsorption rats coefficient K520 1/mg vsS/d 0,135
Maximun specific growth rate coefficient for heterotrophic organisms Kn 20 ﬁg €00/mg VSS/d 3,00
utilising stored particulate substrate P
maximum specific growth rate coefficient for heterotrophic organisms Kmszo mg COD/mg vss/d 20,00
utilising soluble substrate
Saiurgtion Foaf!iciant for hetsrotrophic cell synthesis from mg COD/1 0,04
stored particulate substrate 8p20
Saturation coefficient for heterotrophic cell synthesis from K mg C0D/1 5,0
soluble substrate 83820
Specific endogenous respiration rate for heterotrophic organisms thO /d 6,62
Yield coefficient for heterotrophic organisms vh20 mg VSS/mg COD 0,45
Unbiodegradable fraction of the active organisms 4 mg VSS/mg VSS- 0,08
Nitrogen content of the sludge fn mg N/mg VSS 0,10
CoD equivalent of volatile solids ) P mg COD/mg VSS 1,48
Fraction of nitrogen released through endogenous raspiration ¢ - 1,00
in the organic form os ’
fFraction ?f nitrogen required for cell synthesis in the ¢ mg N/mg VSS 0,00
organlc nitrogen form os
Maximum fraction of stored solids with respect to active mass fma mg VSS/mg \Vss 1,00
grganic nitrogen to ammonia conversion rate coefficient K24 /mg VSS/d‘ 0,015
adsorption on hsterotrophic orgenisms 'ha 1,200
General parameter for .
aynthesis by heterotrophic organisms hs 1,100
pH dependency coefficients
andogenous respiration oy haeterotrophic
n 1,029
organisms e
baturation coefficient for Nitrosomonas Kn20 mg N/1. 1,00
Specific endogencus rate for nitrifiers bn20 /d 0,04
Yield coefficient !o; nitrifiers vn20 mg VASS/mg N 0,10
General parsmeter for ~synthesis by Nitrosomonaa " ns 1,123
pH dependency coefficients -endogenous respiration by Nitrosomonas na 1,029
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S.4.  Simulated results

The simulated results of the Goudkoppie plant were obtained using the
constants listed in Tables 4.4. and 4.5. and the input data , flow

COD and TKN as listed in Table 4.6,

Table 4,6,

Goudkoppie Works

Input flow and COD and TKN concentrations used in the model predictions

Time Flou‘ cad TKN Time Flow CoD . TKN
no/d mg/1 mg N/1 ms/d mg/1 mg N/1
1200 31 500 180 24,0 0100 30 200 330 41,8
1300 32 100 188 26,0 0200 30 200 337 41,5
1400 32 700 195 27,3 ©1.0300 29 800 327 - 39,8
1500 32 200 209 27,8 0400 29 800 320 38,0
1600 31 8OO 222 28,3 0500° 29 100 305 35,7
1700- 31 300 244 32,0 0600 29 100- 278 32,5
<l 1800 31 600 273 39,3 0700 29 200 284 32,2
1900 31 600 290 43,6 0800 29 300 295 32,0
}OOG 31 700 310 46,1 0900 29 400 250 30,0
2100 30 800 A 320 47,7 1000 29 700 207 26,0
2200 29 500 342 47,8 1100 30 200 193 25,0
2300 29 800 330 46,0 1200 31 500 180 24,0
2400 |30 300 320 | 42,0 -

0

The simulated results are shown plotted in Figs. 4.3. and 4.4, and

4,6, to 4.9, and listed in tabular form in Tables 4.7. to 4.9.



Comparison of predicted and experimental COD concentrations in

Table 4.7.

Goudkoppie Plant
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each reactor

POSITION WITHIN PLANT

Tci:?e Feed Anaerobic Primary Primary Sécondary Secondary Cifluent
Day Anoxic Asration | Anoxic Aeration '
h Total Soluble Soluble Soluble Solublé Seluble Soluble | Total Seclubla

| E P £ P E P E P £ P
1200 | 180 110 73 36 40 a1 98 42 63 42 110 42 9 46
1400 | 190 110 72 35 | 56 39 76 40 63 41 180 41 63 -
1600 | 220 130 g4 37 83 39 72 39 55 40 89 40 61 45
1800 | 270 150 74 41 69 39 76 39 S4 39 66 39 s8 43
2000 | 310 170 | 100 46 45 39 g8 39 55 39 | 57 39 60 5g
2200 | 340 190 94 49 43 40 79 40 45 33 73 39 68 39
2400 | 320 210 S0 49 52 41 67 41 56 40 69 4D 53 48
0200 | 340 210 76 49 91 42 89 41 79 a1 86 a1 56 39
0400 | 320 210 | 67 49 61 43 43 a2 2 a2 56 41 57 41
0600 | 260 210 §7 47 62 43 37 43 37 43 51 a2 63 43
0800 | 300 170 58 46 | 110 43 56 43 47 43 43 43 68 44
1000 | 210 180 74 41 65 42 95 43 S8 43 61 43 60 41
Ave. | 270 170 77 a4 67 41 73 41 55 41 72 6 63 43

Notess - 1. All.results expressed in mg 0/1

2. € denotes experimental value obtained

3. P denotes predicted values

4, All reactor éamples ware filtered through

coarse filter paper
S, Effluent samples were filtered through

Whatman 542 filter paper



4,34,

Table 4.8,
Goudkoppie Plant
Comparison of predicted and experimental ammonia
concentrations in each reactor. In addition

the TKN of the feed is given

POSITION WITHIN PLANT
Tgl}la Feed - Al;!aerobic Primary Primary Secaondary| Secondary Effluent
Bay Anoxic Aeration | Anoxic Aeration
h TKN NH-x : Soluble Soiuble Soluble Soluble Soluble . TKN NH3I
E P | E P £ P E »p £ P
. 1200 24 18 11 10 4,33,0 | 2,1 6,31 2,0 0,5} 1,7 0,11 1,9 1,7
1400 . 27 21 12 11 4,2 3,2 2,0 6,354 1,7 0,6] 1,5 0,1 | 1,7 1,5
1600 28 22 | 15 12 5,13,3 1,9 0,4 { 1,7 0,6] 1,4 0,1 ] 1,6 1,4
1800 39 29 18 14 5,9 3,6 1,6 0,6 | 1,5 0,6 1,2 0,1 1,9 1,2
2000 | 46 34 18 18 6,4 4,7 | 1,5 0,6 | 1,1 0,8| 1,4 0,1 ] 1,8 1,4
) 2200 48 34 18 19 6,3 5,2 1,6 0,7 | 1,6 0,9 1,8 0,1 | 1,9 1,4
2400 42 37 18 18 6,4 5,1 2,8 0,7 1,5 0,9 1,4 0,1 | 1,8 ' 1,4
0200 42 31 17 17 5,54,7 | 2,1 8,6 1,3 0,9| 1,6 0,1 2,0 1,6
0400 38 28 15 16 | 3,0 4,4 | 2,4 0,6 [ 1,9 0,8] 1,7 0,1 | 1,9 1,7
0600 33 24 14 14 4,9 4,1 2,0 0,5 1) 1,5 0,7| 1,5 0,1 ] 2,4 1,5
0800 32 26 12 13 3,74,0 | 1,8 0,6 | 1,3 0,6} 1,7 0,1 ] 2,1 1,7
1000 26 20 10 1 4,0 3,3 1,8 0,4 [ 1,4 0,6 1,6 0,1 | 2,8 1,6
Ave, 35 gs‘ 15 14 | 5,0 4,0 2,0 0,5} 1,5 0,7} 1,5 0,112,8 1,5
Notes: 1; All results expressed as mg N/l
2, £ denotes experimental valus
3. P denotes predicted'value
4, Reactor samples were filtered through coarse filter paper

3, Effluent samples were filtered through Whatman 542
filter paper
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Table 4,9.

Goudkoppie Plant

Comparisonm of predicted and experimental nitrate concentrations

in each reactor

POSITION WITHIN PLANT
Téfpﬂ Feed | anserobic Primary Primary Secondary| Secondary £ffluent .
Day Angxic Aeration | Anoxic Asration
h ’ Soluble Soluble Soluble Soluble Soluble
E P E P £ P E P E P
1200 1,3 3,2{10,0 "9,2 12,5 12,0 ;13,0 11,6 {13,8 12,6 14,0
1400 ‘ 1,5 3,01 9,6 8,8[12,0 14,6 12,0 11,3 | 12,8 12,1 14,0
1600 0,7 2,7| 9,6 8,5[13,00 11,3 {11,4 10,9 12,8 11,8 14,0
1800 | ‘ 0,6 2,5] 9,5 8,313,3 11,2 [12,3 10,8 | 13,0 11,5 13,6
2000 8,5 4,7| 9,7 8,2 14,0 11,4 {12,8 10,9 | 13,3 11,5 14,0
2200 0,7 4,1 9,2 8,6 14,3 12,1 {12,8 11,5 13,3 11,9 14,0
2400 0,5 4,4 9,9 9,11n3,8 12,8 [12,8 12,2 }13,5 12,6 14,0
0200 7 0,7 2,7 | 4,6 9,5 h6,0 13,3 |1e,7 12,7 {11,0 13,2 12,0
0400 ‘ 1,3 2,9 9,1 9,918,7 14,4 [11,5 14,9 [ 14,4 13,5 13,6
0600 1,4 3,1 [10,5 10,5 pa,3 13,3 12,0 12,9 13,3 13,6 10,6
0800 1,7 3,2 1{10,6°-9,9{13,8 13,0 { 8,7 12,6 9,7 13,4 13,0
1000 ] 1,7 3,2 {10,1 9,6 13,5 12,6 [13,0 12,3 {13,8 13,0 14,0
Average ' 1,1 3,0 9,4 9,0 F 12,3 12,5 11,5 13,3 12,8 13,5
Notas: 1. All results expressed as mg N/1

2. € denotes experimental value

3. P denotes predicted value

4, Nitrate is absent from feed

S. Reactor samples were filtered through coarse filter paper

6. Effluent samples were filtered through Whatman 542
filter paper
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6. DISCUSSION

6.1, Model predictions

In comparing the observed and predictsd response one can procsed

by examining the daily mass response and the cyclic response separately.

6e1.1. _E_)aiil mass_response
The response of the plant, averaged over the day, observed

and predicted are shown in Table 4,10,

"Table 4.10.
Goudkoppie Works

Comparison of average predicted effluent results, oxygen
consumption rate and MLSS concentration, with

those obtained experimentally

' Average Average
Test
Model prediction Measured value

coo (mg 0/1) 40,8 43,0
TKN (mg N/1) 3,0 2,0
Ammonia (mg N/1) 0,1 1,5
Nitrate (mg N/1) 12,6 13,5.
nygen c?nsumptlon 17,7 16,2
main basin  (mg/1/h) .
MLSS (mg/1) 1950 1940
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Examining Table 4.10., the agreement is remarkably close,

the maximum relative difference occurring in the oxygen
uitlisation rate (QUR) in the main aeration basin where the
predicted exceeds the observed by (17,7 - 15,8) = 1,9 mg/1/h
i.e. about 11 percent.  With such a small difference, it
is indeed difficult to idemtify any single significant source
of error, but the most likely source is the experimental
measurement of OQUR ; it is seﬁsitive to the location of the
sampling point because the basin is not completely mixed ;
although this was countered by taking the averags from three

locations the likelihood of obtaining the true average is small,

Cyclic_response
Again the predicted and observed response appears to be

excellent. The first, and main difference, arises in the

_oxygen utilisatign rate (Fig. 4.6.) where the two curves are

slightly out of phase, This, wvery.likely, could "bes the
result of the fact that the model treats the main aeration

basin as a single completely mixed unit. More likely,

the basin should be treated as a semi - plug flow system
by, for example, subdividing the unit into two reactors in
series with perhaps a recycle betwsen them. However it
is doubtful if any further refinement in the predictibnAis
of real value,

A second and less important difference between the
predicted and experimental values is to be noted in Table 4.7.
The observed COD concentration leaving the second aeration
tank appears to be h%gher than that leaving the final clarifier,

whereas one would expect these values to be almost identical.
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Furthermore, the predicted COD concentration is virtually"
identical to that observed on the effluent from the clarifiers.
The higher value in the aeration tank is attributed to the
use of a different filter paper ; the tank samples were
filtered through coafse filter paper whereas the effluent
samples were filtered through Whatman'542 . The—-latter
paper is s very fine one that will remove additional fine
particulate material to that by the coarse paper.

.

Consequently the fine paper gave COD concentrations lower
than that using a coarse paper,  The fine filter paper can
be expected to be nearer the solublse COD fraction predicted
by the model, and this indeed is the case in Fig. 4.7.

It would appear that in future research, for the estimation
of the soluble COC fraction in the reactor contents and the
effluent, fine filter paper is mandatory, or, the samplse
should be centrifuged. However even if the fine filter
paper is used, the filtered fratticn in the sample fram the
aerobic reactor is unlikely to conform to the predicted
value, for in this reactor an appreciable fraction of the
soluble COD may consist of larger molecules or colloids that
can pass through a fine filter paper,

With the exception of the above two differences, which
are not considered serious, the simulated response by.the
model under the input data is in.very good agreement with that
observed. The general model, therefore, appears to provida
a reliable means for predicting the behaviour of plants at
the design stage, to obtain a rapid assessment of operating
plants and to investigate the effect on the response if the

flow and load conditions on an existing plant are changed.
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7. NITROGEN REMOVAL

Nutrient removal from the Goudkoppie plant wasvpoor. From Table 4.3.
the aﬁerage total nitrogen in the feed of 35 mg N/l was reduced to

18,5 total nitrogen (N03—N plus NH3-N), and the averaga total phosphorus
in the feed of 5,8 mg P/1 to 3,7 mg P/1 . The question arises as to
whether this poor performance was due to inadequate design, or whether
the process was working at maximum efficisncy but the input of nutriénts
was so high that it was not possible ta remove them substantially.

To resolve these questions it is useful to refer to the
theories on which nitrification / denitrification and excess phosphorus
removal are based. From the work of van Haandel, £kama and Marais
(1981) the mass of nitrate formed (nitrification capacity), is
approximately proportional to the influent TKN concenﬁration. The
concentration of nitrate denitrified (dehitrification capacity), for
any specific influent is approximately proportional to the influent
COD concentration. Consequently, very roughly, the TKN/COD ratio
proﬁides an approximate assessment of the ratio of nitrification to
denitrification capacities, The TKN/COD ratio therefors forms a
useful reference parameter against which the likelihood of compléte
nitrogen removal of a specific plant can be estimated. It can be
readily appreciated that if the COD is fixed, then for a specific
configuration and sludge age, the denitrification capacity is fixed,
and the process will have the capability of reducing the nitrate
formed only if the TKN/COD ratio does not exceed an upper critical
limit. For example, van Haandel et al (1981) showed that, for raw
sewage, an optimal Bardenpho design can not attain complete
denitrification if the TKN/COD ratio exceeds about 0,09 and in the

Phoredox process, an optimal design can not give complete denitrification
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if the TKN/COD ratio is equal to or greater than about 0,07 to 0,08 .
These ratios refer to raw sewags. For settled sewage the ratios
are slightly different principally because in primary settling, the
easily b;odegradable COD is only slightly affected, and magnitude

of this fractiocn has a significant effect on denitrification, It is

also evident from the work of van Haandel et al (1981) that the primary
anoxic reactor is significantly more efficient in nitrate removal per
unit volume than the seccndary anoxic reactor. Consequently, for a
specified TKN/CUD the primary anoxic reactor should be increased in
volume at the expense of the second anoxic reactor until zero nitrate
is attained, the total anoxic mass fraction remaining constant,
when the TKN/COD ratio attains a particularly high value this procedure
will show that the volume of the second anoxic¢ reactor eventually
becomes zero. At any higher TKN/CDD ratio it will be impossible
to achieve complete nitrate removal for the fixed total anoxic mass
fraction. Consequently in a particular plant, if nitraie is present
in the effluent and that plant has a second anoxic reacter, the removal
of nitrate could have been improved by increasing the primary anoxic
reactor at the expense of the secondary anoxic reactor.y to express it
differently, in an existing plant, if nitrate is present in the effluent
and a second anoxic reactor is present, then the plant has not been
optimally designed. The Goudkoppie plant, judged in terms of this
criterion can be taken to have a design not gptimal for the influent
as received,

The relatively poor reduction in nitrate achieved in the second
anoxic reactor is evident from the nitrate data in Table 4.3.
The difference between the influent and effluent in this reactor is

g,9 (NGS-N)/l . With respect to the influent doing a mass balance
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the removal is 0,9 . . Total flow / nominal flow = 0,9 (30,4 + 26,8)/30,4
= 1,7 mg (NO3=N) , A similar balance on the primary anoxic reactor
gives (13,5 . 26,8 + 182 . 13,4) - (30,4 + 182 + 26,8) . 9,8 / 30,4

= 15,0 mg (NOS-N) removed.

Was the design optimal with regard to the assumed influsnt
characteristics (Table 4,1.) ? To test this, the plant response was
simulated using the general model taking as sewage inputs the C0D and
TKN values assumed in the original design, and the same flo; value to
the modules as for the experimental investigations, 30 Ml/d . (COD was

‘obtained from the ratic BOO : COD =1 ¢ 2 ) . The results of this

simulation are summarised in Table 4.11.°

Table 4.11,

The predicted performance of the Goudkoppie

Plant wunder design load conditions

?eed Anaerobic Primary Primary Secondary | Secondary
Anaxic Asration | Anaxic AReration
coo 600 10 | 9 s | e0 s0
TKN as N 50 - 32,6 10,9 . 3,8 5,6 2,9
Ammonia as N 30,9 8,6 1,4 3,1 0,5
Nitrate as N 0 1,9 7,v6 ] 1,2 3,4
Oxygen consumption 47.5
. Tate mg/.\./h ?
MLSS v 6 500
Note: Flow 30 ml/d

An inspection of Table 4.11. indicates that nitrate removal
would have been virtually complete, and in terms of the theory for

excess phosphorus remaval, high removals would have been achisved.
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However, the influent TKN to COD ratio assumed in the design was
completely uncharacteristic of the value to be expected in settled sewage.
The assumed TKN/COD ratio is 50/600 = 0,083, whersas more .
characteristicaliy this ratio should be 0,1 or higher. The COD
concentration assumed in the design appears to be on the high side =
it would indicate that the designers expected an influent COD of
approximately BdO mg/l .

The analysis above points to an important conclusions
An appropriate design can be made only if the sewage characteristics,
in particular the TKN/COD ratio, are known within reasonable limits.
Should the TKN/COD ratio be more adverse than that assumed in the
design, the process may fail in its objectivs, |

These comments apply particularly to the Phoredox process.
Once the process cannot fulfill its design objectives by virtue of a
high TKN/CDD ratio there is, in fact, no operational procedurse whereby
it is possible to maké the plant operate in an improved fashion, with
ragard to phosﬁhorus removal for a specific sewage characteristic under

which it has shown failure,

PHOSPHORUS REMOVAL

Siebritz, tkama and Marais (1982) concluded that the mass of phosphorus
removed by a Phofedox’process ;g dependent upon three factors:
(i) The magnitude of the readily biodegradable C0D in
excess of 25 mg/l in the anaerobic reactor.
(ii) The actual retention time in the anaerobic reactor
(iii) The fractional mass of sludge in the system that is

raecycled through the anaerobic reactor each day.
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0f these three factors the first only is related to the influent COD,
but the concentration of readily biodegradable COD (Sbsa) in the

anaerobic reactor dspends alsb on the nitrats recycled to this reactor
via the underflow recycle.- For every 1 mg/l nitrate entering the

anaerobic reactor 8,6 mg/l of S_ g4 are used.

Taking these criteria into account there are two reasons
why the phosphorué removal is so low ; .
(1) The high nitrate concentration (13,5 mg N/1) in the
underflow would remove 116 mg/l1 of easily biodegradable
coo . The influent readily biodegradable CCD

concentration S_ is 29 mg/l (see Table 4.4.) and

consequently no Sbsa would be present in the anaerobic
reactor and no excess phaosphorus removal could be
expected.

(ii) Even if the nitrate in the récycla was zero this plant
would still not have Eemoved phosphorus, for the
concentration in the anaerobic reactor with a 0,9:1
underflow recycle would be 29 / (0,9 + 1) = 15,3
which is still less than ths critical 25 mgf/l required
for excess phosphorus removal. It would appear 4
therefpre that the Phoredox process is inappropriate
to give excess phosphorus removal for this influent.

This conclusion is borne out by a study of the pastv
history'of the plant over the two and a half years of
operation prior to this investigation - excess phosphorus
removal was observed only sporadically (see Fig. 4.11.)
even though the plant was aperated with deficient oxygen
input so that nitrification was only partial (the averags

recycle nitrate concentration was 4,5 mg N/1)
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S. POSSIELE ﬁODIFICATIUN 70 THE GOUDKOBPIE PLANT TO IMPROVE MNUTRIENT

SREMOVAL UNDER THE EXISTING FLGW AND LJAD

In view aof the poor nitrogen and pncsorcrus remoQal attained in the
Goudkuppie plant it was uscided in Julv 1980 io investigate possible
ways of imcroving plant serformance. Two approaches to the proplem
cf impreving plant performance were considsered :

(1) Changing prgcess configuration from a Phoredox to a

Modified UCT process
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(ii) Bypassing the equalisation tanks

(iii) Changing the operating mode of the equalisation tank

In each case the process model was utilised in the analysis
of the effects of different changes on plant performance, The model
servés a very u#eful purpose in this respect because the accuracy of
predictions obtained from the model can be regarded with confidence ;
this aspect has bebome apparent from the very close correspondence

between observed and predicted results presented in the previous section.

9.1. Changing to a Modified UCT Process configuration

Siebritz, Ekama and Marais (1980) have recommended the use of the
No&ified UCT process to a single sludge system where, firstly nutrient
removal is required, and secondly the feed TKN/COD ratio is high.

It would appear that the process uould lend itself to the conditidns
which exist at the Goudkoppie planﬁ provided fhe sewage characteristics

were more favourable ; the Sbsi of the feed to the process is so low

that it is doubtful whether any process modification would significantly
improve the mass of phosphorus remgved, Nevertheless in this section
the feasibility of modifying the Goudkoppie plant from a Phoredox
process to a Modified UCT process was investigated.

For optimal nitrogen removal in the Nodified.UCT process,
Siebritz st _al (4980) have recommended the anoxic mass fraction and .
recycled flows given in Fig. 4.12. The Goudkoppie plant could be
changed to incorporate these recommendations but it would.require
certain expensive modifications. The main modification would be to
increase the size of the primary anoxic reactor by converting the
existing secondary anoxic reactor into a new second primary anoxic
reactor. With this change the mass fractions of the various zones then
would be approximately within practical limits, the desired valuses given

«

in Fig. 4.12, (see Table 4.12.)
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ANAROBIC ANOXIC  ANOXIC . AEROBIC
11 '

1.1

Fig. 4.12, Layout of the Mogified UCT Process

Note: Values givan inside reactor denote mass fraction

Table 4,12,

The mass fractions of the various zones when the secondary anoxic

reactcr is converteg inta a srimary snoxic reacter

Bargenono Gauckoapie UCT Gouakcppie
Anaergoic H 3,zZ0
Primary anoxic 1 3,17 7,3
z 0,17 7,20
Aercoic g,51 G,50
Secondary anoxic g 0
Re aeration V g,a9 a
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A more detailsd explamation of the changes required to

convert the Goudkoppie plant from a Bardenpho to a UCT process is

given below :

(i)

(1i)

(1ii)

(iv)

With relatively minor changes the primary and secaondary
anoxic reactors could be interconnected using ths existing
MLSS recycle channels; the activated sludge could be
mada-to flow by gravity from the existing primary anoxic to .
the existing secondary anoxic reactors. Using a new
recycle puhp the sludge from the former secondary anaxic
reactor could be pumped back to the primary anoxic reactor.

In this manner the two reactors would be interconnected.

The MLSS recycle ratio could be contralled by allowing

the desired proportion of effluent to flow from thelmain
aeration basin into the newly created primary anoxic

reactor.  (Since there would be a head loss between these
two reactors no pumping would be required.) The remainder
of the effluent from.the main aeration basin could bypass

the new primary anoxic reactor and flow into the old
reaeration reactor. Again no pumping is required as there
is a head loss between the two reactors, but a new pumpiﬁg
main is required.

The Modified UCT process requires that the returned sludge

be returned to the primary anoxic rsactor and not to the
anaerobic reactor as is the case at present. Such a
modification would necessitate additional pipewsrk ; no

additional pumping would be required.

The MLSS in the first primary anoxic reactor should be

recycled back to the anasrobic reactof; one of the redundant



- MLSS recycle pumps could be used for this purposse in 1

conjunction with a new pumping main.

A summary of the suggested modifications is depicted in Fig. 4.13.

together with ths relative mass fractions of each reactor.

AMAEROBIC 15t PRIMARY iy AERUBIC 2na PRIMARY A EROBIC
ANORXIC i ANOXIC

® PUMP

Fig. 4.13. - Broposed modification of the Coudkoppis Plant

to a Moocified UCT Process

Such moaificatiocns as proposed aoove would involve consideracie

expense andvto estabnlisn whether such egxgenciture is juystified the

data gbtained during the intensive Zast Deriodvdiscussed earlier is
used in the model to predict the perfcrmance'of_the plant incarporating
the Modified UCT process. ) The constants used in the mogel pre&icticn
ueré the same as those used in the initial test run -~ sea Tapbles 4.4.
‘and 4.S. , and the input flow , CO00 and TKN cata the same as given in

Table 4.5.



-~ .The average results predicted by thq madel for the
'Goudkoppie plant when opsrating a modifiedbucf mode are given in
in Table 4.13. and the dynamic predictions of soluble Cao, ammonia
and nitrate in each reactor are given in Figs. 4.14. , 4.15. and

4,16, respectively.

Table 4,13.

Predicted parformance of Goudkoppie plant when changed to a

Modifisd UCT Process and fed with balancing tank effluent

First Secand First Second
Test Feed |Anaerobic Primary. P'rimary Aeraobic Aergoic
Anoxic ‘Angxic '
Tatal CCD 270 53 42 41 41 41
Scluble easily .
bioceqgracaols COD 23 1,7 0,8 0 ¢ 0
TKN . as N 35
Ammonia  as N 5 19,9 13,3 4,9 g,s " g,1
Nitrats as N o} ‘0 1,1 7,0 11,2 11,8
MLSS 1 740
Oxygen consumotion
rate mg 0/1/H 18,1
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‘ i ) i i ] I ] t 1
Feed Readily 100°I- ~
degradable 50 - ’ .
Anaerobic 100 _
50 B -
First primary 100 | -
anoxic 50 |- -
A2 & 2 8 8. 6.0 Q. 8. a.d
Secondprimary 100 - | | e
anoxic 50 = : ' =
First 100 |- -
aerobic 50 b -
P8 O—0—0—8—0—0—0—0—0—d—3
Second 100 ' ' -
aerobic 50 -
-1200 1600~ 2000 2400 0400 0800 1200
Time of day h
fig. 4.14. Process configuration : Modified UCT

The predicted readily biodegradablé coo

concentrations when the plant is fead

with balancing tank effluent
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Ammonia
Feed mgN/I
10 —
s - —
Anaerobic
10 |- . ' -
5 I
First primary 20 - : -]
anoxic 15 |- ' ‘ .
10 F
5} -
Second primary 10 : —
First 10 I~ -
aerobic 5} -
Second 10 L —
aerobic 5} _ - -
- T5Y TR URV N ST WL RS- - R
1200 1600 2000 2400 0400 0800 1200
Time of day h
Fig. 4.15, Process configuration : Modified UCT

The predicted ammonia caoncentrations when the

plant is fed with balancing tank affluent
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Nitrate ,
bic 5 ' -
Anaerobi gN/l | | . |
First primary 10 : -
anoxic 5 - ' R
P—O0—8—90—9_9o oo —8—0—90—03
.Second primary 20 - ' _ : ST
anoxic 15 -
10 ;;_5__;_;.__.__.__.__._.o-_o——o—.._:;
S : _ S
First 20 ‘ -
aerobic 15 - ; 4
10 ’__’_._\’/‘_V.—._Q—o__.——o\:’
5 L ]
Second 20 |- - -
aerobic 15 b » -~
10M
5 - ' ]
1! Pt } } ! i Lt 1
1200 1600 2000 2400 0400 0800 1200
Time of day h
Fig. 4.16. Process configuration : Modified UCT

The predicted nitrate concentrations when

the plant is fed with balancing tank effluent
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9.1.1. Discussion

From the analysis above it was apparent that ;
(i) The nitrate concentration in the first and second anoxic
reactors is 1,1 and 7,0 mg N/l respecfively, which is

not acceptable both from a nitrogen and phosphorus removal-

point of view. This lack of removal may be attributed tos
* the high TKN/COD ratio

* the low readily biodegradable COD concentration of"
the feed to the process, 29 mg/l |
(ii) As the average readily biodegradable COD concentration in
the anaerobic reactor is esﬁimated to be approximately
12 mg COD , no release of phosphorus is expected, with the
result that no or little excess phosphorus uptake is likely
to occur,

_Both the above factors show cleafly that, for this particular
situation, there is no merit in considering changing the process
configuration from that of the Phoredox to the Modified UCT process.
vWith regard to nitrogen removal, performance with the Modified UCT
brocess would be marginally only better than that attained with the
present Phoredox configuration. The cost of .implementing the ch;née
in configura;ion (in the region of R300 000) would definitely not be
juétified in the light of the slight improvement in effluent gquality.

Comparison of the pérformance of the Goudkoppie plant
(either in a Phoredox or Modified UCT configuration) with the
performance of other plants clearly showed that the principal cause
of poor nutrient removal was the low fraction of easily biodegradable
COD entering the process. An investigation into the causes for the
relatively low value led to the second approach to improving plant

performance i.e. changing the mode of operation.
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8.2. 8ypassing the settling tank

A schematic representation of the flow entering the plant is shown in
Fig. 4.1, Raw sewage aftér screening and grit removal enters the

primary sediméntation where approximately 45% of the influent COD is
removed in an underflow stream which cdnstitutes'only two pércent of
the inflow, dverflow from the primary secimentation tank passes ta

the bioclogical pfocess via the balancing tank.

tntiuent Flow - Primary Primery Primary 4 E Y

Screens owmilsstion wnaerobic snoaic

to gigestor MLSS reeycie

Waate siud 9o

7 ’ ) ! roturaed sivooe

Fig. 4.1. Goudkoppie Plant

Basin canfiguratian

Measurement over a period of time of the sewage characteristics
" of the unsettled (raw) , settled and equalised flows are given in

Table 4,14, - Tha concentration of easily biocdegradable CO0D Sbsi
can be expressed as a fraction of the biodegradable COD f__ by taking

due account of fus and fup in these influents. The S, was estimated

and is also given in Table 4.14,



-~ . Table 4.14,

Sewage characteristics of raw, settlsd and equalised

flows at the Goudkoppie piant.

4,85,

(mg £OD/mg COD)

‘l‘
Symbﬁl. Raw Scttlea Galancing tank
Sewage Sewaye effluent
Fracticn of rezoily biocdegradable
. ‘ . f 0,19 3,38 0,16
CGo (mg C0U/mg tiodegradable C0O) bs .
fFracticn of particulate undiodegradable
o 0,10 0,08 0,12
coo . (my y¥5S/mg CSD) up
fracticn of coiudle unbicdeqradable
f C.06 0,04 0,40
ceo (mg CG3/mg COD) us. : »Y G, 1
Casily tindegradable C0D concentration
S 114 114 232
bs

The following should be noted regarding the results given

in Table 4,14,

(i) Influent raw sewage had a f

bs value of

0,19 mg C00/mg COD.

This is only marginally less than that encountered at other

works in South Africa ;

usually fbs ~ 0,24 .

(ii) Approximately 45% of the raw influent C0O was removed in the

primary sedimentation tanks; and the COD removed consisted

principally of particulate matter; however this mass of

COD is removad in only 2% of the flow.

Therefors

it can

be sxpectad that the readily biodagradable fraction with

e g
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respect to the total COD in settled sewage should be almost
double that of the raw waste water, This was borne out

by the results which showed that fbs increased from 0,19

to 0,36 mg COD/mg biodegradable COD in passing through the
primafy sedimentation tank.

(iii) The value of fb for settled sewage and for balancing tank
]

effluent should be similar i.e. very little change in the

value of f__ should be expected because the function of the

unaerated balancing tank merely is to attenuate cyclic flow
and load rate variations. However, the results show that

the value of fbs was reduced considerably (by 56 percent).

In addition, it was found that there was approximately a

20 percent mass loss of COD across the balancing tank.

These aspects were a direct conseqﬁence of the operational

procedure applied to the balancihg tank, and merit further

discussion.

The Goudkoppie balancing tank is unmixed ; therefore settlement
of sewage solids on the base of the tank is to be expected. If the
tank is not drained regularly there will be a large accumulation of
solids in the tank. In practice, this was found to be the case ;.
in fact, the accumulation of solids was so large that plant operators
Spécifically avoided draining the tank because, if this happened, the
COD concentration in the stream leaving the tank rose to as high as’

6 000 mg/1 . This led to operational problems in the down stream
process. This operétional approach had severe consequences as regards
the performance of the Goudkoppie Plant:
» The accumulation of solids on the tank floor led to a
substantial degree of anaerobic activity in this sludge.

Evidence of this was the gas bubbles which rose to the
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surface of the balancing tank together'with masses of sludge.
The net result was that the fbs reduced significantly¥*,
In addition the TKN/COD ratio was increased from 0,10 to
0,13 because there was only a marginal lass aof TKN across
the tank. The consequence of both the above phenomena
was the poor nitrogen and phosphorus remoﬁal in the
subsequent activated sludge plant discussed earlier.
To avoid the reduction in fbs so as to enhance plant pefformance
- two approaches were considered:
(i) Bypassing the balancing tank
(ii) Operating the balancing tank so as to ensure no
accumulation of solids on the .floor.
The first approach was unlikely to Ee practical at the
Goudkoppie plant. Firstly, considerable expense would be required
to bypass the balancing tank, and secondly .the plant was designed to
handle only the equélised (or mean) flow rate i.e. smaller final
clarifiers, larger peak load concentration which would result in peak
asration capacities which could be greater than the maximum oxygen

_input allowed for in the design. In addition, operation under

* At one stage it was thought that the anaerobic activity would,
in fact increase fbs 3 it was hypothesisea that anaerobic degradation

of particulate matter would increase the amount of readily biodegfédable
material which in turn would improve the phosphorus removal capacity.
However; with the long retention time of the solids on the floor, the
fermentation was more than likely taken to .completiocn with methane and

not volatile acids as the end product. The gas produced was not

analysed because at that time methane fermentation was neot suspected
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unequalised inputs would lead to major operational and control problems.

However to illustrate the effect which an increase in fbs

would

have on the performance, it was decided to simulate the behaviour of

the plant having as input the settled sewage flow before entry into

the balancing tank i.e. there would be no reduction in either the

readily biodegradable fraction of COD or the mass of COD leaving the

primary sedimentation tanks. The kinetic parameters used were the

same as those used previously, given in Tabls 4.5. , while those

kinetic parameters specific to this settled sewage are given in

Table 4,13, The plant operating conditions are the same as discussed

in section 2.2. with the exception of the flow to the procsess which

would not be equalised. The input data with respect to flow, COD

and TKN concentrations of the feed to the process (settlsd sswage)

is listed in Iable 4,16,

The results of this simulation are shown in Table 4,17. and

in Figs. 4‘171 9 4.18o and 40190

Table 4.185.

Kinetic parameters spscific to settled sewage at

Goudkoppie plant when balancing tank bypassed

Name Symool units .Value
Fraction of soluole unciccegradaals CCO Tus mg C03/ma COO g,08
Fraction of particulate unoiogegragaole COD Fﬁp mg VS5/mg CCOD g,08
Fraction of easily tiodegradacle COD f mg COD/mg oio= 0,36
bs geqradaole COD'
Easily oiodegradanle COD concentration Sb mg COD/1 113
s
Fraction of TKN of feed in ammonia form f mg N/mg N 0,76
. nu-
Specific growth rate for nitrifiers 0_1 g,s
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Predicted readily biodagradable C0D concentrations

when the balancing tank is bypassed
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fFig.
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4,18. Procsss configuration : Phoredox

Predicted ammonia concentration when the

balancing ‘tank is bypassed
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Anaerob Nitrate
naerobic
mgN/l

-.balancing tank is bypassed

Process configuration

Predicted nitrate concentration when the
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Fig. 4.19.
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- ) Table 4,16,
Input flow ang COD and TKN concentrations used in the model to predict

the bsehavisur af the process if the balancing tank were bypassed

;
Time Flow coo TKN Tima flow £co TKN
ms/d =g/l me N/1 . mj/c mg/1 mg N/1

1200 |31 800 420 37 g1 |25 oo 320 25

1300 |46 100 460 a1 0200 |23 300 280 22
1400 (40 300 500 a5 0300 |20 600 280 23

1500 |« 300 515 .| 43 0400 {17 900 280 | 24 ;
1500 |40 300 530 50 - | osco 17 600 285 23

1700 {a3 200 530 45 0500 |17 300 290 " 23

1800 s6 100 530 50 0700 22 200 255 21

1900  [¢1 800 545 " a6 0800 [27 100 220 19 '
2000 37 400 560 a2 0900 |38 000 240 24

2100 |37 400 520 a1 1000 |49 000 260 28

2200 |37 400 480 39 1100 © |50 400 340 32

2300 |33 100 | 430 a2 1200 |51 800 420 37

2400 {28 800 380 28 .

Table 4.7,

Predicted performance of the Goudkoppie

Plant when the balancing tank is bygassed

) Primary Primary Seccndary | Secandary
Test fesa- | Anasrooic B
Anoxic Aerobic Anoxic Aaragcic
Total COD 3.0 77,8 36,6 33,5 33,5 33,5
Soluble easily
niodegragable COD 113 44,7 3,1 0 0 Y
TKN as N 2a 3,1
Ammania as N 25,7 14,7 4,2 g,5 a,9 0,1
Nitrate as N a 0 0 3,0 2,1 3,0
MLSS - 3 060
Oxygen ytilisation
rate mg 0/1/n 27,4
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From these plots several factors are of interest. When the
balancing tank is bypassed, the model predicts
(i) Good nitrification in the primary aercobic reactor with ammonia

concentrations of approximateiy 0,5 mg N/1 leaving the reactor.

(ii) Denitrification'improves dramatically ; the mean effluent
nitrate declines from f3,5 mg N/1 for the equalised effluent
to épproximatély 3 mg N/1 if the bypass is instituted.

(iii) Even with a recycle nitrate of 3.mg N/l discharging to the
‘anaerobic reactor, the concentration of readily biodegradable
coo (Sba) 'in the anaerobic reactor increases ; zero when the
balancing tank iszin line to 45 mg/l when the balancing
tank is bypassed. The latter concentration is well above
that suggested by Siebritz et al (1980) (2S5 m§/1) necessary
to cause good phosphorﬁs release and effective phosphorus
removal,

‘Since the model predictions do not consider the relatively
high dissolved oxygen concentrations in the fegd entering the process,
the 45 mg/l readily biodegradable COD in the anaerobic reactor predicted
by the model would be lower than that hypothesised. 1f, for example,

the feed contained 4 mg/1 dissolved oxygen, then 2,86 X 4 = 11,4-mg/l

of readily biodegradable COD would be utilised by this oxygen, thus
reducing the readily biodegradable fraction to approximately 34 mg/1 ;

however this is well in excess of the limit suggested by Siebriti .

et al (1980) . Consequently appreciable phosphorus removal would
be expected. Since bypassing the balancing tank was not a practical
proposition, the discussion above is only hypothetical, However the

results serve the useful purpose of illustrating the positive effect

of ensuring no reduction in fbs .
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9.3.  Modification to operating the settling tank

An avenue to improve the phosphorus removal propensity would be to

avoid the reduction of fbs in the balancing tank. It was hypothesised-

that if .the operating mode of the balancing tank was changed such that
solids would not accumulate an the floor of the tank, then possibly
fermentation of the sludge might not take place, and the ;eaaziy
biodegradable COD concentration could preserve its value in the influent
to the tank. .At that time it became possible to test the validity
of this hypothasis. An on-line microprocesseor - based equalisation
tank control strategy, developed by‘ Dold, Buhr and Marais (1982) ,
was implemented at the balancing tank at Goudkoppie, and operated
very successfully. Amongst the important desirable features achieved
by the operation of on-=line control balancing tank strategy were :
(i) The efficiency of equalisation attained under control
strategy operation was far supefior to that achieved when
the balancing tank was operated manually. Previously,
problems of balancing tank overflows were encountered almost
weekly, whereas under the control strategy operation this
2 E did not occur. The improved equalisation performance
also reduced operation and control problems on the downstream
plant substantially e.g. aeration control, settling tank
control etc. .
(i) Under control strategy operation , the problem of solids
accumulation in the balancing tank was also overcome.
This was achieved by a feature of the control strategy .
operation, that each day the tank level was regulated to-
drop sufficiently to ensure flushing of any accumulated solids?

As a consequence, anaerabic degradation of the settled material

no longer took place in the balancing tank, with the result
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- that Ehere.was na significant decrease in the value of fbs
acrass the tank and, ering the hold Qp, the mass loss of
the total COD did ﬁot exceed one percent (As opposed to a
20 percent mass lass encountered under manual balancing
tank operation) 3 the net effect of these two éspects was
that there was no significant increase in the TKN/COO ratio

across the balancing tank.

THEQRETICAL EVALUATION OF THE EFFECT ON NUTRIENT REMOVAL WHEN THE

BALANCING TANK CONTROL STRATEGY WAS APPLIED

The successful operation cf the talancing tank under equalisation
control strategy aperation {Dold, Buhr and Marais, 1982) prompted
a simulation investigation on the possibls effects on the nutrient

removal capacity cf the plant. For the simulation the input data are

1listed below in Table 4.18. o .

Table 4.18.

Imput data fcr simulation under equalisatisn control strateqgy

Parameter Symool . units ) Value
Total COD . 5oy mg/1 ' 330.
KN Neg a3 N/1 i
Ungerflow recycle ratio ] 1¢1
Mixed li{quer rucycle ratio ) a 4zt
Sludqe age Rg l°] 22
Fraction of unbiodegradable particylate COD rup mg vs§5/mg CO0 . 0,08
fraction of soluble unbiodegradabls COO fis 1 mglCDD/mg coo 0,08
Fraction of reaaily biodegradable s mé Co0/mg biodegradasle COO g,36
flow _ m/d 3s
Temperature T f c 20
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-~ Tha other required constants and physical parameters are
the same as thoss listed in Tables 4.4, and 4.5. The process
configuration and volume of reactors are listed in Fig. 4.2.a

The simulated results using the abcve input data are

given in Table 4.19.

Table 4.%9,

"Input data for simulation under equalisation control strategy operation

feed Anasrobic Primary Primary Secondary Secencary £ffluent
Ancxic Aegrotic Ancxic Rercbic
Tatal COO : 230 77,8 . 35,6 25,8 33,5 33,5 12,5
Soluble COO 114
sba : 113 44,7 I g Q 0 e
TKN as N 34 ' 3,1 31
Ammonia as N 25,7 14,7 4,2 0,5 0,9 0,1 0,1
Nitrate as N : 0 o 0 1,0 2,1 3,0 3,¢
Tctal ¢
Scluble P
Suspended solids . 3 CEo
Oxygen consumpticn ) 274
“Ty
mg/1/n

Unless ctharwise stated all results expressed as mq/l : .

The theoretical concentration of phosphorus which could be

expacted to be removad by the plant when operating under the conditions

above may be estimated as follows :

(i) Biodegradable COD concentration S,

sbi = (1~ fus - 1,48 fup) sti

= (1-0,08 - 1,48 . 0,08) 394

= 315 mg COD/1

(11)
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(i1) -~ ~ Readily biodegradable COO concentration in the

anaerobic reactor S
bsa

sbsa = (Sy;fpe = &6 SN ) / (1 +5) (13)

(315 . 0,36 = 8,6 . 1 . 3,0) /(1 + 1)

(113 - 25,8) / 2

= 43’5 NG C:D/l

(1ii) The mass concentration of phosphorus that will be removed
and the anaercbic mass fraction is expressed by the. phosphorus

removal propensity factor Df ;

Pp = (Spg, - 25) f | | (14)

tsa xa

(43,6 - 25) 0,07

i

= 1,30
The propensity factor is related to .the percentage concentration
of phospnorus with respect to the volatile active

suspended solids VASS , , as F&llows :

0,35 - 0,29 e7 0,242 P¢
= 0,35 - 0,29 &= 05242.1,3
= 0,14

Haviﬁg sstimated o, the concentration of phosphorus which can

be removed is estimated using equation (15)

-

Sep (1= fus = Pfup) Yn (€ + fafoRa)) /. (19)

Ae

(1 +0Rg) + fof/p

~

= 394:((1 - 0,08 - (1,48 . 0,08)) 0,45
(0,14 +-(0,015 . 0,2 . 0,24 . 22))) /

1

!

(1 + 0,24 . 22) + (0,015 . 0,08) /1,48

= 394 (0,009)

3,5 mg P/1
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Hence provided the influent characteristics are éiven in

Table 4718, under equalisation control strategy, the Goudkoppié plant
could be expected to remove 3,5 hg P/l .

It is important to note tﬁat tﬁis removal is subject to thé
nitrate coﬁcentration in the affluent reﬁaining at or baslow 3 mg N/l .
If the nitrate concentration should increése thé rempval will decrease.
In effect the plant performance will be critically affected by the
nitrate conﬁentration. Clearly such a situation may be tolerateo,
but is not desirable for stability in operation.

Based on the consideration sxpressed above that if the
nitrate in the effluent could be limited to about 3 mg N/l‘, phasphorus
removal is achievable, the plant Qas opetated with some of the asrators
switched off near the point discharging the floﬂ from the prima;y anoxic
reactor. The aeration capacity in the rest of tne reactor was
appropriataly increased so that nitrification bould prgceed within this
region.

During the experimentai period the flow uas. dd M1/d and

the sewage characteristics ware as listed in Tablas 4.18. The mean

-~
Calia

observea effluent guality under these conditions is listeg in Taole

ang the daily response of the plant shown in Fig. 4,20,

Table 4.20.

Feed and effluent concentrations wnen the Goudkoppis plant

was operated with equalisation control stratsegy.

'

Tast Feeu Effluant
Total COO 300 20
TXN as N 32 G,3
Ammonia as N 21 8,:
Nitrate as N - 1,0
Tatal phospnorus  as P 6,1 1,2
Reacily ciouegrscable COO 86 -

Rl e
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mgli e
— 8
Qtho P
mg Pt
0
8 N —
Nitrate
mgNII
0
TKN a0
mg NII o
a6
Ammonia
mgN/l . g,
Total P
mqp|! 0 | st ————————— . e
1.12-1980 ' ' fead 8.12-1980

affluent

Fig. 4.20. Goudkoppis Works

The fesd and effluent concentrations of the more important

parametars when opefating under equalisation control strategy

-Thertheéretical phosphorus removal i.e. ( P =3,0 mg P/1)
was lowsr than the mean removal ovserved ( P = 1,3 mg-P/l) s but
because the plant was ndw no longer operated in a dafinable sense
kinetically tha ramoval could caviatse from the predicted. | At least
the theory cdid indicate successfully the direction to be taken to
achieve phosphorus removal. Examining Fig. 4.21. , the phosphorus
removal remained relativel; constant over the period of the expe;imentation.
which replaced the unstable removal situation of befors. Indeed, in as
far as the phosphorus removal aspects on the Goudkoppie plant is concern
concerned, tha remaval is probably naar the maximum possible tneofetically,

and no other operational procedure is likely to improve it. However

this efficiency was attained only by curtailing the aeration capacity
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at the beginning, of the main aeration basin, thereby effectively
increasing the anoxic zone. It was also possible to operate in this
fashion because the remaining mass fraction was lérge enough to

allow nitrification to take placs. i.8. this mode of operation

will be limited by the load to the plant.
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CHAPTER FIVE

NORTHERN WORKS

INTRODUCTION

As the name implies, this plant. treats the waste water discharged in

the watershed draining the north of Johannesburg. Originally thers
were three waste water treatment plants serving this area ; Bruma,

Cydna and Delta Works (see Fig. 1.1.) However by 1950 these plants
were surrounded by residenéial areas and were overloaded, As a result
a new treatment plant, the Northern works,.mas constructed on the

banks of the Jukskei river, approximately 25 km from the city centre
(ses Fig. 1.1.) . This plant is a metrppolitan one treating, not

only waste water that flowed to the old Bruma, Cydna and Delta plants,
but also thaose derived from the satellite towns surrounding Johannesburg
in the northern drainage basin,

The first Northern Works, commencad in 1961, comprised two
ideﬁtical units each with primary sedimentation, biclogical filtration
and sludge digestion. The effluent from these plants discharged into
the Jukskei river either directly or indirectly via Kelvin Power Station
(where the effluent was used as cooling water), These dischargss were
high in nitrate and phosphaée, and at times, caused saveraAeutropaication
problems in Hartebeespoort Dam located downstraam of the effluent
discharge points,

By the late 1970's both thess plants were overloaded and,
as a result, Northern Works Unit 3 was designed, constructed and
commissioned by the end of 1579. This new plant, located alongsidse
the existing plants, is of a similar type to that at Goudkoppis,

discussed in Chapter 4.
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Table 5.1

NORTHERN WORKS DESIGN DATA

Flow / module (m1/d) 50
Raw sewage composition BOD (mg/1) 380
TKN (mg N/1) 46
Settled sewage composition - BOD (mg/1) 265
TKN (mg N/1) 30
Sewage temperature (°c) 13
BOD loading (kg BDD/kg MLSS) 0,401
MLSS (g/m°) 5 250
Sludge age » (days) 25
Volume (1) Anaerobic (ms) 2 230
(2) Primary anoxic (ms) 4 575
(3) Primary- aerobic (m3) 15 300
(4) Secondary anoxic (ms) 4 575
(5) Secondary aerchic (m3) 2 500
Total (m3) 29 180
Basin number 1 2 3
Nominal retention time “(h) 1 2 7
Number of aerators - - 10
Power /- aerator (kw/h) 90
Oxygenatiaon capacify (kg 02/h per aerator) 186
Oxygen transfer efficiency (kg 0,/kwh) 2,03
Number of mixers 2 4 -
Power per mixer (kw) 15 15 -
Number per module 3
Design nominal daily flow to secondary:
700

sedimentation tank (without recycle) (m3/h)

22

22
45

1,94



Table 5.1, continued

Secondary sedimentation

Peak factors based on nominal flow
Ory weather peak

Wet weather peak

Solid flux based on nominal flow (kg/m2/h)
Winter

Summer

Surface loadings based on mean flow (m/h)

Winter

Summer N
Diameter of tank {(m)
Volume of tank ’ (ms).

Side wall depth : {(m)

1,2

4,6

5,5

0,61

0,95

38
3 740

3,25

5.3,



2, DESIGN FEATURES

The design of this plant provided for primary and secondary screens,

degritting, primary sedimentation using 8 rectangular tanks, flow
balancing tanks and 3 activated sludge modules in parallsl, esach
designed as aIPhoredox process, A diagrammatic sketch of the plant
is shown in Fig; S5.1. and the details of thé dasign data are given

in Table 5.1.

" mfivant Flow . Primery  Primery Primary serctiic Secondary Secondsry

Screens Quatisstion snescobic enozxic anogie asrobic

|  Primary shudge
t0 digestor

roturned shsdgy

Fig. 5.1. Northern Works basin configuration

Some design features are discussed below, and, in particular, are
compared with those at Goudkoppia.

(1) Primary ssedimentation The tanks at Northern Works are

rectangular whereas those at Goudkoﬁbia are circular,
The design upward velocity in these tanks on both plants
is 1,5 m/n , AHowever both plants were hydraulically
underloaded during the sxparimental period and the

upward velocities on both plants were lower.
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(iii)

(iv)

5.5.

Balancing tanks : the design includes three balancing tanks,

one for each of the three modules, not interconnacted in any
way i.e. they are completely separate units, each balancing
tank feeding to a specificrmodule. (This differs from the
design of the balancing facility at Goudkoppie wofks where
ons balancing tank serves all four modules);. At Northern
Works the balancing tanks are designed as long rectangular
basins with the floors sloping sharply to the longitudinal
axis of the tank, to a channel runniné along the same

axis of the tank. ‘Any solids deposited while the tank is
full are flushed out when the balancing tank empties. -

Process units : The process units are identical and based on

the Phoredox process. Each consists of five comp;etely

mixed reactors in sequence :; anaerobic = primary anoxic -

primary aerobic = secondary Anoxic -~ secondary aerobic .

The impoftant features in the process design ars very similar

to those listed for the Goudkoppie plant with the

following exceptions :

* The maximum MLSS recycle ratio is less than at Goudkoppie,
i.e. 10 ¢ 1 , compared with 16 ¢ 1 of Goudkoppis.

* In the design of the oxygenation requirements at the

.- .Northern Works; cognizance was taken of the BOD utilised

during denjtrification, with the result that the overall
available oxygenation capacity, per influent BOD in the
primary aeration basin is less than that at the Goudkoppie
plant i.s. 900/1 325 = 0,68 as against 1 320/1 410
= 0,94 kg 0/kg BOD/day

‘Final clarifiers ¢ There are three per module, each with

a diameter of 38 m and a side wall depth of 3,25 m .
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-~ Sludge is remaved by means of 10‘syphoﬂs located an a rotating

bridge spanning the diametsr of thq'clarifier. The mixed
liquor eﬁters the clarifier at the bottom, in the centre,
in a tangential flow patﬁern. In the initial design no
baffles, to reduce the kinetic energy of the incoming flow,
were provided ; coﬁsiderable shortcircuiting was observed .
In order to counter this, horizontal and vertical baffles

waere fitted which effectively have reduced this prooblem.

Flow metering : This plant has flow mestering facilities at tha

following points

* Feed flow to the process from the talancing tank is
automatically controlled to a selected flow rate by
a Rptork valve activated by a magnetic flou,ﬁeter.
Hence, provided the balancing tank does.not empty err
‘the day, an approximately fixed‘volume of flow should
ﬁass into ths process sach day.

. Sludge wastage, to control sludge age, is wasted
directly from ths sqcpndary‘aeratipn casin, The
volume wasted each day is. metered by means of a maagnetic
flow meter.

No metering facility is~provideq in the returned sludge line

consequsently underflou sludge flow raté has to be measured

indirectly by means af a solids mass balance across fns

sacondary clarifier,

PSR .



3. PLANT PERFORMANCE EVALUATION

3.1. - 0Objectives

Once the plant operated under stable conditions for a period of
approximately 3 sludge ages, it was planned to carry out a detailed
invqstigation>of the plant performance similar to that of the
Goudkoppie plant @

%#  An indepth svaluation of the performancé,of each zone

* Estimation of oxygen consumption rates under different

conditions in the primary aerobic reactor.

* Overall appraisal of nitrification / denitrification
efficiency .

* Assessment of phosphorus removal capability

* Comparison of actual performance data with prediétions

obtained making use of the mathematical model developed

‘by the University of Cape Touwn,

3.2, Conditions of test
(1) Flow to the experimental module was fixed at a constant

40 Ml/d (comparsd with design flow 50 M1/d) - the total flow
to the plant was still below the design flow.
(ii) Sludge age was monitored at 27 days which, as for the
Goudkoppie plant, was presumed to give rise to a rapid
settling sludgs.
(1ii) Physical details of the process layout are given in Fig 5.2.(a)

and Table 5,2.
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INFLUENT
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SECONDARY
REACTOR

SLUDGE RECYCLE

REAERATION
REACTOR

Fig. 5.2.(a)

Taple S5,2.

Physical details of the process layout:

The process layout at Northern Works

at the Northern Works

WASTE SLUDGE:

SETTLER

EFFLUENT

C Primary Prinary Sccangary | Secsnaary
Anaerooic .
Anoxic Aerocic Anoxic Aerooic
Reactar numoer 1 2 3 4 3
Volume {(m3) | 2 230 4 575 1S 300 4 375 2 500
Nominal retention time (d) 0,056 0,114 0,333 0,114 0,083
Mass fraction 0,076 8,157 0,524 0,157 0,086

Notse 1.

MLSS racycied from reactor 4

to reactor 2, ratio 4:1

2. Sludge rsturn cycled from settler to reactor 1, restio 0,431
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Dissolved oxygen concentration in both asrobic reactors was

maintained in excess of ' 2 mg/1 . Under the existing
conditions of low flow and load this concentration could ba
achieved with only half the total number of aerators

operational, as shown in Fig. 5.2.(b) .

Anaerobic Anoxic Aerobic Anoxic Aerubic

o o“,d.o

ﬁo;aoﬁ

® Aerator on

XAQratOf ot

Fig. 5.2.(b) Operational aerators during experimentation

(v)

(vi)

Sampling procedures during this investigation wers the same

as those in the Goudkoppis experiment, with ons important
exception ¢ The filter paper, when filtering the grab
sample from each reactor, was Whatman 542 . and not the

coarse paper used in the Goudkoppie tests - it was

evident from the Goudkoppie experimental results on thes

effluent that when fine filter paper was used, the fine filter
filtrate corresponded more closely to the soluble COD than
the filtrate of the rough filter papser.

Measurements of the oxygsen utilisation rate were done by means

of a respirometer identical to tne type used at Goudkoppise

" (ses Appendix A4) . During the experimental period the

respiromsters were positioned in ths following pasitions ;
Al
between the first and second aerator bridges, in line with the

third gerater bridge, and between the fourth and fifth bridges
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3.3, Performance data

Sampling of the influent, the effluent and the contents of each reactor
was carried out at two hourly intervals over a period of four days,
and samples analysed for .CDD, TKN, ammonia, nitrate and phosphate,
.The oxygen utilisation tates’were measured at the same time.
Unfortuneately the results of three of the seven &;;s had to be discarded
due to the maifunctioﬁ of one of the respiromsters. The results
of the remaining data at each time point are listed in Appendix A8.
These were averaged and are listed in Table 5.3. Plots of the average
values are shown in figs 5.3. - 5.10.
Fig. 5.3. Unfiltered COD concentration in the feed and

filtered effluent and.reactor.contents

Fig. 5.4, Unfiltered TKN concentration in the feed and

r filtered effluent

Fig, 5.5. Total oxygen utilisation fafe in the main aeration basin
Fig. 5.6. Totél phosphorus concentration in the unfiltered

feed and filtered affluent
Fig. 5.7. | Soluble COD concentration in filtered samples in

each basin
Fig. 5.8. Soluble ammonia concentration in filtered samples

in each basin
Fig. 5.9. Nitrate concentration in filtered sampias in each basin

Fig. 5.10. Soluble phosphorus concentration in filtered samplés

The reliability of the data was checked, as discussed earlier,

by conducting mass balances aover the reactor on COD and nitrogen.

(For details on the procedure see Appendix A9) .
Mass balances achisved are M TKN = '99 percent recovery
M CO3O = 90 percent r;tovary

These mass balances are very good indicating that the data ars accsptable.
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Table 5.3.

The average performance of the Northern Works during the

'experimental period

Feed 40M!/d

N

MLSS rocycle163‘M|/d o Effluént

Returned sludge

m Anaeroblc Studge age27d
SEESH Anoxic Temperature 20°C
1 Aeronic Volatile fraction of MLSS 0,75

Feed Ahaerobic Primary Primary Secondary Secondary £Ffluant
Anoxic Aerabic Anoxic Aercbic
-

Total COD 240 : 46
Soluble CDO 72 45 42 34 38 32
Sus 33
TKN as N . 39 ' 2,1
Ammonia as N 24 16 6,8 0,7 8,5 0,0 0,0
Nitrate as N 4,3 10 16 6 16 17
Total P 9,7 7,6
Soluble P 6,5 6,9 6,6 6,5 ¢ 6,6 6,5 6,5
Suspended solids 1 440
Oxygen consumption

mg/1/h 24,1

Unless othaerwise stated all results sxpressed as mg/l i

* All reacbor and effluent samples were filtered through Whatman
542 filter paper

*x Reactor samples were filtered and tested by means of the
orthophosphate test '

e S, = Feadily biodsgradable COD concentration mg cop/1
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Fig. 5.3. Northern uorks
Total Coo concantrafion in.the feed and filtered
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In addition the flow to the process during the

test period is shouwn.
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Fig. 5.4, Northern Works
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the affluent
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EVALUATION OF EXPERIMENTAL PLANT RESPONSE

The reponse of particular intersst is that concerned with nitrogen
and phosphorus removal. Removal of nitrogen and phasphorus over the
test period was relatively poor when one considers that the plant was
designed specifiqally to accomplish the elimination of these two
parameters. . The total nitrogen concentration reduced from 39 mg N/1
in the feed to 19,1 mg N/l in the effluent, a-removal of only
19,9 mg N/1, and the total phosphorus from 9,7 mg P/l to 7,6 mg P/l
i.e. 2,1 mg P/l only (see Tabls 5.3.)

The two most likely ;easons for the poor nitrogen removal are ;
the TKN/COD ratio, which was very high, equal te 0,16 (Table 5.3.)
and, the fraction of esasily biodegradable COD which was very low,
equal to 0,16 mg C0D/mg biodegradablé COD (Table 5.6.) The TKN/COD
ratio of the feed (equalised settled sewage) during the test period
of 8,16 was considerably higher than that ﬁormally expected from a
settled sewage 1i.,e. 0,10 approximately.  The nitrification capacity
in consequence was high per unit COD input. In contrast, the easily
biodegradable fraction was low (33 mg/l) and thisffraction contributes
significantly to the denitrification capacity of the .system, The
consequence of the combination of high nitrification and low denitrification
capacities was the high nitrate in the seffluent. Due to the high
nitrate concentration in the underflow recycle (17,0 ag N/l) s there
would have been no readily Qiodeg;adable coD (sbsa) in the anaerabic
reactor, because it would have the capacity to remove 8,6 ., 17,0 . 0,4
= 58,5 mg'CDD/l influent readily biodegradable COD, and the concentration
of readily biodegradable COD in the influent is only 33 mg/l (Tabls 5.3.)
Consequently there would have been no S,g, in the anasrobic reactor

and the phosphorus removal would be minimal. (Note when a primary
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anoxic reactor is present { (equation 15) has a minimal value of
+ 0,06 , according to Siebritz, Ekama and Marais (1982) , as against
0,025 for a pure aerobic system.)

Evaluating the plant design, it is clear that with the
influent as received, it is not possible, in terms of the excess
phosphorus removal theory, for this plant to remove phosphorus by
the excess phosphorus removal mechanisms under any circumstances,
because the influent readily biodegradable COD concentration (Sbs) is
too low ; even if complete denitrification was attainable the "
concentration of Sbsa in the anaerobic reactor would be
Sis /(1+5S) = 33/ (1+0,4) = 24 mg Spga/l , which is less than
the 25 mg/l necessary to initiate excess phosphorus removal, With
nitrates present in the recycle the ’Sbsa -in the anaerobic reactor
.reduces to zero and no possibility exists for excess remaval.

With regard to nitrogen removal; nitrate was present
throughout the system (see Table 5.3.) . This implies that the
anoxic reactors weres loaded with nitrate above their denitrification
capacities. Under these circumstances it has been shown by.van
Hasndel et.al (1981) that the maximum removal of nitrate will be
achieved if the secondary anoxic zone is excluded from the system;
and its volume combined with that of the primary anoxic reactor,
because the latter is much more efficient than the former. This
conclusion is verified by the experimental results 3§ Doing a ma§§
balance of hitrata over the primary and secondary anaxic zones :
respectively indicates the removal in the primary anoxic zone is
16,8 mg N/1 and that in the primary anoxic zone is nil .

‘Clearly from the above analysis the process design is not optimal

for this influent .
\
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= Although the design is not optimal.for the influent recsived
by the plant, it may ba that for the assumed characteristics (Table 5.1.),
the plant would havevbean adequate, To test this, the gensral model
was uysed to simulate the plant performanca_taking as sewage inputs the
C0D and TKN assumed in fhe original design (Table 5.1.) (It is assumed

that BOB : COD =1:2 ) . The rasults of this eimulation are

summarised in Table 5.4,

Table S.4,
The predicted performance of the Northern Works under design load

conditiohs, treating settled sewage.

_ . Primary Primary Secancary |Seccnagary
teed | Anaercoic
Anaxic derapic inoxic Aercoic

Cgo 338 148 -1 80 50 80
TKN as N . 3a 21,3 8,3 3,5 8,4 3,8
Ammonia as N 18,1 5,7 a,3 3,3 a,s
Nitrate as N nil © 0,1 3,0 nil - 2,0
Oxygen consumption
race mg/l/n Gd
MLSS ¢ 370

Evidenély the nitrate would hava been near zero in ths

effluent and consequently the nitrate in the underflow recycle would -
have been minimal if the normal situation existsd in that Spei = 0,24 Sty

{whera S¢q = settled sewage), the S,j would have equaled 120, and

i

and Sbsa;: 50 . Under these conditions the removal potential of

phosphorus would have baen approximately 10 mg/l (in terms of the
excess phosphorus removal theory) and an effluent phosphorus of

near zero should have been achisvable,.
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S. MODEL PREDICTIONS AND COMPARISON WITH PERFORMANCE DATA

5.1. Sewage characteristics

’To test the validity of the general model to describe the behaviour

of the Northern Works process, it was necessary first to estimate
the characteristics of the influent waste water, in this case, ths

discharge from the balancing tank.

(1) Soluble unbiodegradable COD fraction , f g

This fraction, as shown before, is astimated from the filtered
offluent from a plant with a long sludge age. The average
filtared effluent COD in this case was 3&‘ mg/1 ;s the total
influent COD concentration was 240 mg/l , hence

fie = '38/ 240 = 0,16 mg COD/mg COD

(ii) Unbiodegradable particulate CO0D fraction , fup

for the reasons aiready discussed in the investigation of the
Goudkoppie plant, the value of this constant was sstimated
by trial and error, curve fitting procedure to give
fup = 0,01 mg VSS/mg influent COD This value is considerably
lower than that fouﬁd for Goudkoppie (fup = 0,12) ; possible
réasons for the difference are
LA The primary sedimentation tanks at Northern Works werse
particularlyvefficient, whereas those at Goudkoppie
Qere not. n The efficiency of the primary tanks L
can be seen fraom Tabie S.5. , whers various parameters
are compared before and after the primary settling tank.
(The values listed in Table 5.5, are the annual average
values for the first year of operation). Principally
— for this reason the wnbiodegradable particulate fraction
| entering the process would be smaller than the values

found at Goudkoppis Works.
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Table S5.5.

Average annual analysis of raw sewage and settled sawage

(111)

(iv)

Estimation of the readily biodegradamle fraction of raw sewagse,

settled sewage and balancing tank effluent over the test period

Note:

5.24.

Test ‘ . Raw Sewage Settled Sewaqe
coD 510 330
TKN as N 37 34
Ammbnia as N 19 22
fatal oNO30NOCUS 8,4 7,3
Susgénded solias 190 &6
TKN/COD 0,073 0,103

fraction of TKN in the ammonia form,

FﬂU

This fraction was found by analytical measursment of the TKN

and ammonia concentrations in the influent to the process and

found to be aoproximately 24/33 = 0,62 mg N/mg N

Readily bicdeoradable COD fraction of the feed, fug

The procedure Fgr measurement of this fraction in raw and

settled sewage and balancing tank effluent is set out in

Appendix A7 , and the values messured are listed in Table 5.6;

Table S.6. -

!
Symool Raw Sattlea -Balancing tank
’
Sewage Sewage affluent
Fraction of rsadilv Siodegrasaole COOD 'bs 0,15 0,23 0,15
€00 (mg COD/mg tiodeqracable COD)
Concentration of readily bicdegradable 5 57 &6 33
ba - :
co0  (mg/1)

In order to express as Sbs the

Raw saswage _ fus
Settled sewage fus

Balancing tank affluent fus

B

= 0,12 fup =

=0,12 f =

[«)

0’ 12 fup =

0,09
0,01
0,01

following constants were used H
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The inc;ease in the fraction of readily biodegradable
COD in the primary sedimentation tank effluent, compared to
that in raw sewage is to be expected since a considerable
mass of particulate Cab is removed in the primary sedimentation
tanks, whereas virtually no readily biodegradable cob is
removed, The decrease in readily biodegradable COD
coneentration across the balancing tank followed the same trend
as across the tank at the Goudkoppie Works where the tank was
oﬁerated not to flush the 'solids, At Northern Works, the
balancing tanka are not emptied, so that sludge accumulates
and fermentation will similarly reduce the readily biodegradable
COD concentration, The following remarks are important rav

the fraction of readily biodegradable COD in the raw influent,

the settled and balancing tank effluents ¢

* The readily biodegradablelfraction of the raw influent
was correspondingly lower than that at the Goudkoppie
Works i.a. 0,15 (mg COD/mg biodegradable COD) as
against 0,19 (mg COD/mg biodegradable COD) at Goudkoppie
Works, One explanation for this decrease is that excess
sludge generatsd at the Alexandra plant is returnéd to
the sewer and forms part of the raw sewage being treated
at Northern Works ; any active mass content in raw
sewage will ‘cause oxygen, entering the sewer, to be
utilised immediately, by the active material, to
metabolise the readily biodegradable COD at tha .

rate 1 mg O metabolises approximately 3 mg readily

biodegradable COD .
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.Tha increass in the reédily biodegracable fraction

across the primary sedimentation tank again is to bs
expected because particulate CUD‘i{ removed but

not soluble readily biodegradable COD .

At the Northern Works, over a day's operation, the .
balancing tanks did not“ampt; sufficiently to flush the
sludge accumulating on the_slohing floor of the tank,
so that very likely ferﬁentatidn in these tanks causad
ﬁhe fraction of readily biodegracable C0D to bs reduce&
during the tank holdup. To check if settiemant and

COD reduction in fact did occur in the tank, the COD

concentration at the inlet and outlet, and the flow,
were monitored every two hours for one week.,  Using this
data (see Appendix A10) , the loss in COD mass per day

i

was calculated and is given in Table S.7.

Table 5.7.

The mass of COD lost across the balancing tank

kg COD/d
Average mass aof CQ00 entering
tne balancing tank 13 834
Average mass of CQ0D .
leaving balancing tank 11 450
Loss of COD : ’ 2 394
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From Table 5.7. a considerable loss (z 17 parcent)
occurred in the waste flow during its passagae through.
the tank - a figure very similar to that obtained at

Goudkoppie Works (+ 20 ﬁaréen;) . Doubtless, the
sccumulation of this COD on the floor caused the

reduction in the readily biodegradables COD concentration.

A summary of the values of these and other constants necessary
for simulation is set out in Tables 5.8.(a) and 5.8.(b) .
g Table 5.8.(a)

Kinetic parameters specific to the balancing.tank effluent at the

time of this investigation at Northern Works

Name Symool Units ] Value

Fraciion of soluble unbiodegracable CQ0 fus mg CQ0/mg COD 0,12

Fraction of particulate undiooegracaole CQQ f 0 mg VSS/mg CaD 9,01
u =)

Fraction of easily biodegracanle CGD fb mg £00/=a Sio- 0,18

¥ : s cegracaole CCC

Easily tiodegracaole C0D concentration S:s mg CO3/1 32

Frection of TKN of feed in ammonia form £ mg N/mg N ' 0,62
nu

Soecific growth rate for nitrifiers a~! 0,s8

Aemn




Table 5.8.(b)

5.28.

Kinetic constants invariant for different wastae flouws

Name Symbol units Value
Suostrate adsorption rate coefficient K 120 1/mg vsSS/d 0,135
Maximun specific growth rats coefficient for heterotrophic organisms K mg CUD/mg VSS/d 3,00
utilising stored particulatg substrate mp2a
Maximum specific growth rate coefficisnt for heterotrophic organisms K2 mg CUD/mg vSSs/d 20,00
utilising soluble substrate ms20
. . ¢ .
Saturation Foaf!xcient for heterotrophic cell synthesis from K mg CUD/l 0,04
storeu particulate suybstrate sp20
. e . ’ is f
Saturation coefficient for heterotrophic cs8ll synthesis from X mg COD/l 5,0
solubie substrate: 8s20
Specific endogenous respiration rate for heteratrophic organisms bh20 /d 0,62
Yleld cosefficient for heterotrophic organisms thn mg VSS/mg coo 0,45
Unbiodegradabla fraction of the active organisms - f mg VSS/mg 'EE) 0,08
Nitrogen content of the sludge f mg N/mg VSS 0,10
€00 squivalent of volatile solias P mg C00/mg VSS 1,48
fraction of nitrogen released through endogenous respiration r _ 1,00
in the organic form - oe ’
Fract%on 9! nitrogen ragquired for cell synthesis in the ¢ mg N/mg vsSS 0,00
organic nitrogen form as
Maximum fraction of stored solids with respect to active mass fma mg VSS/mg VSS 1,00
Organic nitrogen to ammonia conversion rate cosfficient Kr21 /mg VSS/d 0,015
adsorption on heterotropnic organisms "ha 1,200
Ganeral parameter for
synthesis by heterotrophic organisms hs 1,100
pH dependency coafficients
endoganous respiration by heterotrophic .
n 1,029
organisms a
Saturation coefficient for Nitrosomonas KnZD mg N/1 1,00
Specific endoganous rata for nitrifiers i bh2g /d 0,04
Yleld coafficiant fo; nitrifiers Ynzn mg VASS/mg N 0,10
General parsaster for synthesis by Nitrosomonas " ns 1,123
pH dependency coefficients endogenous respiration by Nitrosomonas ne 1,029
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" The simulated results of the Northern Works waere obtained using the

Simulated results

5.29.

constants as listed in Tables 5.8.(a) and S5.8.(b) and the input data 3=

feed flow rate, COD and TKN concentrations as listsd in Table 5.9.

Input flow and COD and TKN concentrations used in model predictions

Taole 5.9.

Time Flow cco TKN Time Flow oo TKN

m1/d na/1 |mg N/1 m1/d mg/1 |mg N/1
07co0 40,0 238 36 2000 4g,0 252 a3
0800 40,0 230 36 2100 40,0 260 62
6900 40,0 220 | 38 2200 . | <0,0 265 41
1000 40,0 208 34 2300 ¢0,0 270 1
1100 40,0 193 33 2400 40,0 280 40
1200 | ¢0,0 | 1863 34 0100 | 40,0 293 a8
1300 | 40,0 170 3s 0200 0,0 293 23
1400 40,0 190 40 0300 40,0 - 293 27
1500 40,0 210 44 0400 40,0 287 e
1500 40,0 217 4 0500 40,0 293 s
1700 40,0 223 4s 0600 40,0 260 e
1800 40,0 235 48 6700 40,0 238 36
1900 40,0 245 a4

Tables 5.10. , S.11. and 5.12, , and are shown plotted in Figs 5.3.

The simulatad rdsults are listed in tabular form in

to 5.5. and S5.7.

to 5.9.
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Table 5,10.

Comparison of predicted and expsrimental CCD concentrations

in sach zone of the Northern Works Plant

POSITION WITHIN PLANT
Ti ) i
é?s feea Anaerabic Primary Primary Secondary | Secondary Effluent
Qay Angxic Aeration { Anoxic ~ Reration
h Total Soluble Saluble Soluble Soluble Soluble Soluble Total Solunle
. £ P £ P £ @ £ p £ P
1300 170 110 53 32 38 35 44 35 32 37 41 38 4a 8
1200 210 130 €3 34 32 34 4Q 35 41 5 ad 37 (A 38
1700 220 150 70 356 42 34 41 34 35 35 33 15 23 35
1300 | 240 1¢€0 ?7 38 39 35 38 34 29 3S 25 35 41 . 34
2100 | zeg 170 71 40 | 40 35 | 40 35 | 33 s % 34 35 | 45 34
. 2300 270 180 €5 42 8 36 45 35 38 33 is 35 45 29
5100 250 180 HI  4e g1 37 44 36 35 33 39 35 a9 43
0300 230 200 | 81 46 47 38 &3 37 36 36 8 35 &8. 35
0500 230 180 75 43 S¢ 39 38 38 23 37 3g 37 4a 35
0700 240 170 75 41 44 39 48 38 31 38 38 37 S0 36
0300 220 169 &9 38 44 38 45 38 29 33 40 38 57 39
1100 130 150 53 35 41 37 43 38 31 33 33 38 a5 36
ave. 240 160 72 39 45 36 42 36 34 38 18 36 46 37
Note: 1. All results expressed as mg/l
2. £ denotes experimental value
J. p denotes predicted valuse
4, Reactor and effluent samples were filtered through

Whatman S42 filter paper
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Table 5,11,

Camparison of predicted ana experimental ammonia concentrations

in eacn zone of the Northern Works Plant

S.31.

POSITION WITHIN PLANT
Té?e Fega Anseropic Primary Primary Seconaary SécanUary Effluent
Day Anoxic Aeration | Anoxic Aeration
n TKN NH3 Soluble Soluble Soluble Scluole Soluble TEN * NH-
E P E o E P £ 9 £ & i
1300 1 35 21 14 16 5,9 4,8 g,6 0,3 |g,ec 1,7 |o,0 0,2 2,0 0,0
15¢C | <4 23 18 19 €,6 5,4 ¢,7 0,4 j0,0 1,8 { 0,0 Q,2 2,2 c,0
1700 | 45 29 19 22 7,7 6,1 ¢,7 0,5 |C,0 1,9 | 0,0 0,2 2,1 9,0
150C | ¢4 23 19 21 7,6 6,3 ¢,s ¢,5 |.c,6 1,9 {0,0 0,2 2,1 ga,a
2150 | 42 26 15 20 7,0 6,1 1,3 0,4 {0,9 1,9 { 0,0 0,2 1,9 2,0
2360 | 6 25 17 20 7,6 5,4 0,9 0,4 |{D0,6 1,3 | 0,0 0,2 5,2 c,0
c1eo | 38 23 16 19 7,6 5,7 1,4 0,4 (1,0 1,9 { 0,1 0,2 1,7 a,0
0300 | 37 23 16 18 6,9 5,3 1,1 0,6 (0,6 1,8 | 0,0 0,2 2,3 3,1
€300 | 26 22 13 18 6,5 5,2 0,8 0,3 {0,5 1,8 } 0,0 0,2 2,2 G,2
0700 | 26 22 16 17 646 5,2 ¢,4 0,3 {o0,6 1,8 10,1 0,2 2,3 2,0
0300 (| s 21 15 16 6,4 5,0 0,5 2,3 |0,5 1,8 | 0,0 ¢,2 2,5 0,0
1100 | 33 20 15 16 6,0 4,8 0,2 0,3 {0,0 1,8 { 0,1 0,2 2,3 g,0
Ave. | 33 24 16 18 6,9 5,5 t,s 0,4 |0,5 1,8} 0,0 a,2 2,1 a,0
Nota: 1. All results expressed as mg N/1
2, E denotss experimsntal value .
3. P denotes predicted value
4, Reactor and effluent samples were filtered through

Whatman 542 filtar paper




Table £.12.

Comparison of predictea ang experimental nitrate concentrations

in each 2one of the Northern works Plant

5.32,

POSITION WITHIN PLANT
Tci,r?e Foeq Anaerosic Primary | Primary | Seconuary| Seccnuary £ffluent
‘Day Anoxic ~eration | Anoxic Aeration
n .Salunla Soluble Soluble Solutle Soluble .
£ r | £ »° [ £ P £ P
1200 0 4,6 0,4 10 10,8 16 ;15,5 16 12,8 18 14,7 19
1500 0 44 0,31 10 10,7| 16 15,7 | 16 12,7 | 15 14,5 16
1700 ] 46 T, 11 11,1 17 16,3 | 16 13,1 | 15 14,7 1‘6
1300 ‘0 4,7 0,1 | 11 11,6] 17 17,2 | 16, 13,7 | 18 15,2 18
2100 ] 4,2 0,1| 10 12,0 1'} 17,8 | 16 14,31 16 15,5 15
2300 0 5,0 0,11 11 12,24 16 17,3 | 16 1a,7] 17 16,4 17
0100 0 4,6 0,1} 10 12,2 17 17,8 | 18 14,5 ] 17 16,7 17
€300 ‘0 3,3 0,11} 5,9 11,9 186 i?,s 15 1@,7 17 16,6 17
0sou 0 3,6 0,1 ] 10 11,51 16 16,9 | 16 14,3 | 16 16,3 17
8700 0 4,6 0,11 10 ”,2, 17 16,4 { 17 13,8 | 18 15,8 17
0900 0 4,0 0,1 | 16 10,94§ 17 16,0 | 16 13,¢ | 17 15,3 15
1100 0 ¢,3 gy2 | 11 10,7 | 16 15,7 | 15 13,8 | 16 14,9 16
Ave, 0 4,3 0,1 ] 10 11,4 16 15,7 { 16 13,3 | 15 15,8 19
Note: 1. All results expressed as mg N/1
2. £ denotes experimental value
3. P denotes predicted value
4, Reactor and effluent samples were filtered through

Whatman 542 filter ﬁapar




6.

DISCUSSIEN .

6.1. Madel predictions

The model pradictions are snalysed under two headings

(1) Average daily mass response

{1i) Cyeclic daily mass raesponse

6.1.1. _ﬂv_a_r_.qg_e_ daily response
Tha average daily observed and ﬁradicted responses of the plant are
shown in Taols 5.13. Comparing these it can be seen that ths

predictive apnility of the model was excellent,

Taole 5.13.
Northern Works : Compariscon of gvaraga predicted effluent and other

results with thoss observed

Average Average
Test
Model praediction Measured value

coo (mg 0/1) 5 37
TKN (mg N/1) 3,3 2,4
Ammonia (mg N/1) 0,2 9,0
Nitrate (mg N/1) 15,6 16,4
Oxygen cansumption .
main oasin  (mg/1/n) 25,3 24,1
MLSS (mg/1) 1 542 1 240
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6.1.2, Cyclic_response

Inspection of Figs 5.3. to 5.5. and 5.7. to 5.9. shows excellent
agreement between the predicted and observed response of the most
significant parameters thereby indicating that the modsl preaicted

the dynamic behaviour of the plantrexceadingly well. Thae differences
that are present are so slight that it is unliksly that ons could

ascribe a specifié reason for those differences, Compared to the

predictions of the Goudkoppie plant, those at Northern Works were closer

to the observed data.

OPERATIONAL CHANGES TO ACHIEVE HIGHER PHOSPHORUS AND NITROGEN REMOVAL

At the Goudkoppie plant the existing process configuration was analysed

for the settled flow bypassing the balancing tank, ard it was shouwn
that phosphorus removal could be achieved. provided the denitrification
capability was increased by creating an anoxib zone in the aerobic

reactor (by switching off appropriately selected aerators),

Efficient nitrification was insured by switching in extra aerators in

the remaining aerobic zone. It is very likely that a similar
operational modification at the Northern Works may also allow phosphorus

removal, Although success is not as likely because the fraction of

'readily biodegradable COD in settled sewage at Northern Works is less

than that at Goudkoppie WOtK;. A more fruitful possibiiity fdr:the
Northefn Works would be to model the process assuming that raw sewage
could be added dirsctly teo the bioreactors. This is a feasible
proposai for, at Northern Works, in contrast to the situation at
Goudkoppie , the primary sludge is not totally committed to gas

production. Both at Goudkoppie and Northern Works phosphorus removal
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to 1 mg P/1 in the effluent is mandatory so that the proposed change

" in the influent feed composition to the Northern Works proéess may

be an acceptable means of achieving this objecﬁiva.

Using the modsl to predict effluent guality when raw sewage
is used as the feed to the process, the kinetic constants used were
the same as those givgn in Table 5.8.(b). The opefational parameters
uséd were thersame as those given in Table 5.8.(a) with the following
exceptions

(i) raction of readily biodegradable COD , f,g was estimated

ysing the method described in Appendix A7 and found
to be 0,15 mg COD/mg biodegradable COD

(ii) Fraction of particulate unbiodegradable COD, fup;

the same value was used as that determinmed by Ekama
and Marais (1978) for raw sewage i.e. 0,09 mg VSS/mg COD .

. (i1ii) Fraction of soluble unbiodegradable COD, f,g ;

using the annual avérages the COD concentratiqA of the
feed and effluent were found to be 570 mg/l and
68 mg/l respectively ; hence the fraction could be
estimﬁtad by assuming that all the effluent COD was
soluble and unbiodegradable i.e. 63/570 = 0,12 mg coo/mg COD .
A summary of the kinetic parameters specific to the raw sewage used
in this investigation is given in Table 5.14.
The daily input d;ta for raw sewage flow and load is
.given in Table 5.15, _ :
The average daily model predictions using the above data are

given in Table 5.16. and the daily cyclic variation of biodegradable

C0D concentration, ammonia and nitrate are given in Figs. 5.11. ,

$5.12. and 5.13. respectively.
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5:36.

Kinetic parameters specific to raw sewage at the

time of this investigation at Northern Works

Name Symooi Units VYalue
Fraction of soiuble unbiodegracaole CO0D fus mg COD/mg CcQoo 0,12
Fraction of particulate unbiocegracacie COD fuo mg VSS/mg COD 0,03
Fraction of easily bicdsqracaonle CQ0 fb' mg C00/mg oio~ 0,15
- s degradacle CCO

Easily tiodegradaczle COD concentration Spe mg C00/1 64
fraction of TKN of feed in ammonia form f o mg N/mg N 0,65
fera - ‘ cemsps -1 c
Specifi¢ growth rate for nitrifiars A mn d 0,50

Table 5.15.

Input flow and COD and TKN concantrations used in the model prediction

when raw sewage was fad to the procsss

Time Flow Cco TKN Time flow Coo TKN

m1/d mg/1 mg N/1 m1/a mg/1 |mg N/1
0700 25,9 520 21 2000 26,4 580 46
0800 26,4 370 31 2100 27,0 460 45
0300 24,4 375 31 2200 27,6 640 44
1000 24,4 380 30 2300 27,0 635 42
1100 25,0 475 31 2400 26,4 530 33
1200 25,6 570 72 0100 25,8 645 42
1200 25,6 535 §2 0200 27,2 550 a3
1400 | 25,8 520 53 0300 27,4 575 41
1500 25,0 650 | sa 0400 27,6 600 41
1600 26,0 680 56 0500 27,2 535 37
1700 26,2 670 1 0600 26,8 470 32
1800 26,4 660 46 0700 25,6 520 31
1500 | 26,4 620 46




The average predicted performance of the Northern Works when

both the balancing tank and primary sedimentation tanks are bypassed

Note

Tab

Feed 26 My/d

le 5.16.

5.37.

A\

MLSS recycle 104 MY/d
y -t V Effluent
Returned sludge

Y7 Anasrobic Studge age27d_

HEETR Anoxic Temperature 20°C

/1 Aerobic

- .
fead Anasrobic Primary Primary Secondary Secondary £Ffluent
Anoxic Aerobic Anoxic Aeraobic
Total COD 575 *
Soluble COD 429 110 70. 69 69 69
S.s 64 41,6 0,9 0 o o
TKN as N . 44 24,8 8,5 3,5 5,4 3,2
Ammonia as N 29 22 5,9 0,3 2,8 2
Nitrats as N 0 0 5,6 0 2,5
Total P !
Soluble P
Suspended solids 3 690
Oxygen consumption
mg/l/h 25,1
Unless otherwise stated all results expressed as mg/l
st 1. Unless otherwise stated all results expressed as mg/l

2. Spg = readily biodegradable COD concentration mg COD/1

3. The underflow sludge return ratio is 0,421

4, The MLSS recycle ratio is 4,0:1
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fFig. 5.11. -Northern Works

Predicted readily biodeqradable C00 concentration
when both the balancing tank and primary

sedimentation tanks were bypassed



Feed Ammonia
lnghﬂ
10} ]
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Fig. 5.12. Northern Works

Predicted ammonia concentration when both the

balancing tank and primary sedimentation

tanks were bypassed.
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Fig. 5.13. Northern Works

Predictsd nitrats concentration whsn both ths

balancing tank and primary sedimentation tanks

were bypasssed
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From the average predicted performance (Table 5.16,) it
is clear that the Northern Works process as designed would not fulfil
- its design objectives completely. The effluent total nitrogen would
Ea reduced from an influent concentration of 44 mg N/1 to 5,7 mg N/l,
the ammonia and nitrate concentrations being 0,2 and 2,5 mg N/1
reSpectiVely. 'Ekama, Siebritz and Marais (1982) have shown that
if the TKN/COD ratio of raw sewage is not greater than 6,07 - 0,08 ,
the five stage Phoredox process can be designed to bring sbout virtually
complete nitrification for tehperathres greater than 14 °C .

The simulated data'for this plant verifies this conclusion so that,

if raw‘seQage is treated, the five stage process is indicata&} When
one compares the performance of this plant treating raw sewage with that
treating settled sewage after passing through the balancing tank, it
highlights the conclusion .of Ekama-et al (1982) that the process
configuration for optimal treatment of a épecified iffluent is
goverﬁ;d.byithe influent sewage charactgristics;

The phosphorus removal capacity of this plant can be readily
assessed. The concentration of readily biodegradable COD in the
anaerobic reactor is 41,6 mg/l . .Applying equations (13),(14) and
(15) ‘the concentration of phosphorus which can be removed is estimated
to be 6,2 mg/l . The measured influent phosphorus concentration is
9,7 mg P/l s, which is artifiﬁially high due to the recycls of digester
liquors from digesters fed with primary and waste sctivated sludge.

From the above, the process -should remove 6,2 mg P/l , hence the effluent
quality should be approximately 3,2 mg p/1 . If the sludge age uwere
reduced from 27 d to 15 d and equations {13) to (15) again applied,
the concentration of phosphorus which could theﬁ:be removed.is estimated

to be 8,1 mg P/l ; which means that the estimated effluent phosphorus

-

concentration. would be approximately 9,7 - 8,% = 1,6, mg P/1 .
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Since the plant was designed assuming a feed COD. of 600 mg/1
(see Table 5.1.) and a flow of 50 Ml/d, the process should have
sufficient asration capacity available to oxidise both the COD and
TKN in ths raw sewagse. A simulated raw sewage feed to the biological
reactor\can be achiéved by re—bignding primary clarifier sludge with
the effluent from these same clarifisers, In the original design
of this plant-prov;sion was made to accomplish this., Hence, should
this scheme be acceptable, no additional cost need be incurred in

modifications to the plant. However, the additional load entering

the process would increass the power consumption sharply.



CHAPTER SIZX

CONCLUSIONS

The objectives of this dissertation were 3
(1) to investigate whether the operation of an existing large
scale activated sludge plant' could be modified to induce
both nitrogen and excess phosphorus removal. The
Johannesburg Alexandra Plant was selected for this purposs..-
(ii) to evaluate the applicability of the nitrification /
denitrification bi-substrate death-regeneration activated
sludge model of Dold et al (1980) and van Haandel et al (198Q)
at full scale. For this objective the Johannesburg Goudkoppie
and Northern Works were selected for evaluation.

Conclusions drawn from these investigations are summarised as follows:

6.1. Enhanced nutrient removed from conventional activated sludge plants

Experiments carried out at the Alexandra Works showed that it was

possible to create an anoxic zone by switching off selected surface
aerators at the influent)end of the aeration basin, Adjacent operating
aerators served to recycle some of the nitrates produced lower downstream
in the first aeration basin to the anoxic area, Sludge deposition .

in the unaerated area uas.pravented by periodically operating the

decommissioned aerators to resuspend the solids.

This simple modification to normal operating procedures

proved to be remarkably effective. A necessary prerequisite for
success in this regard was that the remaining operational aserators in

in the primary aerobic basin were capable of sustaining high dissclved

oxygen levels to ensure . . nitrification.



6.2.

~ Enhanced phosphorus removal proved to be possible when

'additiéﬁal aerators were switched off at £hé head of the aeration basin,
making certain areas of the non-aerated zone completely anasrobic.
Sustained successful operation proved to be difficult.to maintain and
it was dependent on having a sufficient degree of anaerobiosis to inducé
'phosphdrus release in the non-aerated area.

EQperience gained duriﬁg these experiments showed that the
_inﬁroduction pf'nonfaeréted zanes into conventiahal activated sludgs
systems may give rise to instability of the mixed liquor if the overall
dissolved oxygen level fell below 1,5 to 2,0 mg/l . Copious growths
of the.floating filamentous organism Nbcardia alss‘gava warning of

a possible snift in bacterial population dynamics.

6.2, Applicability of model predictions to full scale plant performance

The data presentad in this dissertation has shown that the model generated
‘by the University of Cape Town Group could accurately predict the
performance of the Johannesburg Goudkoppie Plant. Computed and
actual maess balances cf-selected key parameters. showed a very close
dagree of similarity. This successful practical application of the
modél promoted confidence in its uﬁe, and it was subsequently us;d to
examine the reasons-for the short fall in phosbhorus removal at the
Johannesburg Northern Works, and the likely performance of the city's
new Bushkoppie plant.

During the day to cay monitoring of the Johannesburg
activated sludge plants performance was continually compared
with certain key criteria such aé TKN/COO ratio , amount
Bf readily biodegradable substrate in the influent atc. ,
Aand the limits proposed by the UCT group to ensure good

plant performance were genarally confirmed.



6.3.

with this reassufing beckgrouna it became possible to make
predictions why many of the nutrient removing activated sludge plants
in South Africa as reported by Paepka (1982) were not performing as
well as expected. Failure may be attributed to one or a combination

of the following

1. Less than 25 mg/l of readily biodegradable COD in the

anaerobic zone

Experience has shown this requirementvis indepandent-of the
TKN/COD ratio. Under such conditions excess biological
uptake of phosphorus will not be possible, even if nitrate
addition to the anaerobic zone is limited by discouraging
nitrification in the aerobic zone,

Concentrations of readily biodegradable COD in the
influent to the biological reactors less than 50 mg/l
{to allow for 1¢1 dilution in tﬁe anasrobic zone) may arise
where 3
(a) the strangth of the influent sewage is weak i.e.
COD is less than 150 - 200 mg/l
'(b) the readily biodegradablse COQ is depleted due to some
biological interaction before the flow reaches the reacéors
e.g. fermentation in balancing tanks containing deposited

solids or where the influent flow originates from septic tanks.

2. TKN[QQD ratio such that complete denitrification is impossible

In such cases, even if the required minimum amount of SO mg/l
of readily biodegradable COO is present in the influent,
‘this will all be assimilated by denitrifiers in the anasrobic

zone before the necessary free, residual of 25 mg/l can be

achieved to induce phosphorus release and subseguent uptake under

aerobic conditions, Such conditions exist when TKN/COD>> 0,13



- Bgadily hiodegradable COD greater than S0 mq/1 and

TKN/COD ratio 0,08 - 0,13

In such cases it is possible to prevent nitrate from entering
the anaerobic zone by adopting the UCT process with its

auxillary denitrifying reactor.

Readily biodeqradanle C0D greater than S0 mg/l and

TKN/COD ratic less than 0,08

"Ungsr these circumstances it is likely that the S stags

Phoredox process will achieve phasphorus removal provided the
PBCYCle liquors from the final clarifiers contain zera
nitrates. However axperience gained at the Johannesburg
works has clearly demonstrated that if the measured TKN/CDD
ratio is higher or the readily biodegradable COD is lower

than. the values used in the design, nitrates will appear in

the effluent and hence in the sludge returned from the clarifier
which yill in turn adversely affect phosphorus removal.

A prior knowledge of the influent sewage characteristics is
obviously highly desirable. Should this data not be a
available and very conservative values be allocated to these
parameters at the design stage, plant efficiency will suffer
accordingly. If there is any doubt about sewage characteristics
the adoption of the Phoredox process appears to bs contra-

indicated.

Lack of dissolved oxygen control

The operation of large scale nutrient removal activated sludgse
plants has clearly shown the need to match oxygen supply against
oxygen requiremsents. If not adequately controlled excessive
asration may cause tﬁﬂ plant not to give the expected phosphorus

‘

removal and under aeration may causa inadeauate nitrification

and the production of sludges with poor settling ¢&haracteristics.
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APPENDIX A1

LIST OF VOLUTIN FORMING BACTERIA WHICH ACCUMULATE POLYPHOSPHATE

Acetobacter suboxydans Rhodopseudomonas palustris
Aerobacter asrogenes Rhodosprillium rubrum
Azotobacter agilis ' Serratia marcescens

A, vinelandii Thiobacillus thioxydans
Bacillus subtilis | Nitrobacter

Bacterium aerogenes | Micrococcus denitrificans
8. cloacas ' Staphylococcus denitrificans
8. friedlanderi Chlamydomoda

Caulobacter vibroides | - Mucor racemosus

Chlorobium thiosulphatobhilum Claviceps purpurea
Chromatium - Acinetobacter
ClostridiumISpp : Zoogloea ramigera
Corynebacterium diptheria Nitrosococcus

C. xerosis Beggiato

£. coli

Hydrogenomonas spp
Mycobacterium spp
M. chelonsi

M. phlei

M. smegmatis

M. thamnapheos_

M. tuberculosis 2

Kuhl (1960) , Harold (1566) , Fuhs and Chen (1975)



APPENDIX A 2.1.

A.2.

Raw data obtained whsn the Alsxandra plant was operating

with all the aerators closest to the feed on

Ammonia TKN - Nitrate Total Solubla Suspended
Flow mMLSS

as N . as N as N CooD coo solids
m1/d mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1

F E F 3 E F E F 3 £
34,3120,6 {6,2 | 38,4] 12,0 23,0 500 { 84,6} 315 49,9 40,4 2481
35,31 10,3 | 4,2 39,41 10,0 18,0 623 96,11] 238 | 80,7 11,6 -
31,01 23,4 ]8,2 48,21 12,01 19,0 462 88,5} 292 | 61,5 39,2 -
26,5 (24,2 |5,0 | 43,4 7,4 19,0 438 | 69,5{ 215 80,7 38,8 2240
37,2} 21,0 |3,0 | 40,1 9,4 19,0' 534 | 39,8 - 11,9 33,6 2646
37,2} 22,0 |5,3 | 44,0 s5,3| 26,5 57 66,0] 160 { 30,0 42,0 2800
37,7119,9 {8,6 | 39,1} 11,4} 27,0 498 | 72,0} 215 | 34,0 26,0 -
32,4 } 21,0 t3,0 {3s4,0] 6,81 26,0 sa4 | 60,0f 216 | 20,04 20,8 -
28,2 } 30,0 {3,0 {38,0| 3,0/ 29,2 510 | 88,0 200 { 39,0 12,4 -
40,3 1 18,2 }5,0 | 32,0 8,0} 21,0 669 | 97,0] 300 | 66,0 15,0 2422
39,2 | t0,0 }0,5 | 36,0} 11,5 25,0 875 | 64,0 227 | 64,0 14,8 2812
41,1 | 22,8 |7,8 }39,0{10,0] 29,0 1018} 89,2] 137 | 78,1 26,4 2624
39,5 {23,0 {6,7 | 46,0 11,0} 31,9 583 65,0 210 | 60,0 14,0 2680
21,8 1 18,4 11,6 } 41,0 5,6 16,0 382 55,8 250 | 52,9 20,4 -
* f = feed

£ = effluent




APPENDIX A 2.2.

A3,

Raw data obtained when the Alexandra plant was operating

with one aerator off in the first -basin

Ammonia TKN Nitrate Total Soluple Suspended
Flou as N as N as N Ccao cao solids mLss
Mmi/d | mg/1 ma/1 mg/1 " me/1 mg/1 mg/1 mg/1

F E F £ E F £ F E 2
22,8 18,4} 2,2 - 10,31 21,2 - - - - 44,0 -
20,5 | 23,6 2,8 | 35,2} 6,2| 29,0 | 1007 }116 | 410 | 31,0 24,0 -
30,4 | 24,4 3,0 | 36,0 | 6,4 29,0 961 |93. 1| 470 | 31,0 64,0 2572
30,8 | 25,215,2 | 41,0 | 6,3] 13,0 255 | - {232 - 32,0 -
29,8 | 20,0{6,0 |32,8 | 9,2| 19,0 | 492 |108 | 284 | 73,0| - 34,0 2218
| 28,3 | 20,6 (5,8 |32,8 ) 9,2] 19,0 382 |66 | 312 | 86,0 20,0 2592

27,6 |21,2 | 4,4 | 32,8 | 8,4| 17,0 388 | - | 226 | 75,0 21,0 -
22,2 |30,0) 4,1 |37,0 | 6,5{ 14,1 420 {132 | 306 | 72,0 32,0 2900
22,3 (17,01 3,6 |43,4 | 5,4{ 12,5 409 {73 {215 | 73,0 30,0 2370
30,1 [27,6{5,6 | 41,2 | 9,6[ 12,0 - lsa |78 - 57,0 2518
28,1 [11,8]5,0 | 43,4 | 6,8 14,4 567 {83 | 197 { 31,0 43,0 2396
30,8 | 21,6,6,8 {42,8 | 6,0 11,6 494 |69 | 320 | s3,0 32,0 2602
28,7 |22,2 16,0 |43,2 | 8,8] 7,6 535 |71 | 272 | 67,0 25,0 2792
28,4 {23,6 3,0 |3s,6 | 8,8 10,5 437 |s9 | 228 | s1,0 10,0 -
25,6 |19,0 (3,6 |39,0 | a,a{ 14,0 465 |sa | 220 | 55,5 17,0 -
23,4 |36,0| 4,3 {36,0 | 8,6 17,8 497 | - |10} = 16,0 -
32,6 {20,0 | 4,2 | 42,0 {10,0] 18,0 spa | - lage | - 27,0 2644

F = feed

£ = effluent
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A.4,

Raw data obtained when the Alexandra plant was operating

‘with two aerators off in the first basin

™m
[

effluent

Ammonia TKN Nitrate Total Soluble Suspended

Flow MLSS
’ as N as N as N £0o cgo solids

Ml/d}{ mg/l mg/1 mg/1 mg/1 mg/1 ma/l mg/1

F £ F E € F £ 3 £ E
18,0 | 23,0 | 1,2 | 38,0 } 4,0} 10,0 453 }67,6|147 | 35,8 25,6 -
16,6 | 17,4 | 2,2 | 52,0 |15,0| 13,6 318 | 47,1} 147 | 32,3 74,4 1738
28,8 | 11,4 2,6 | 47,3 |10,3] 15,0 | 369 |50,2{ 134 35,7 18,4 1458
30,0 (17,4 4,0 | 31,0 | 6,6 12,0 433 | 62,5 216 | 42,6 25,9 2352°
28,9 | 22,0 3,2 | 44,0 6,6 11,2 597 | 42,6219 | 36,9 20,3 2294
29,7} 25,22,0 | 40,2 | 7,0 11,6 sp6 | 53,91290 | 42,6 19,2 2346
30,3 24,0} 5,0 | 41,0} 8,1 0,0 23 {101 | 240 | 85,0 25,0 2970
23,9 24,2} 4,0 §39,21 8,0] .7,8 356 {100 |222 | 103 29,1 -
"23,0(17,2}2,0 41,2 | 3,8| 7,6 398 ] 81,4225 | 40,7 32,7 -
32,4119,2}1,8 | 40,0 | 3,9| 7,0 |6a0 |98,2 260 61,8 43,6 2502
29,7 | 14,0} 7,5 | 34,4 - 3,0 S44 | 103 | 309 | 36,0 -14,0 -
30,7 | 12,0} 6,6 | 33,01} 8,8 7,0 846 .| 69,8 381 | 41,3 33,2 2252
30,5 | 20,4} 6,0 | 34,0 | 8,2 - 434 ) 40,4 | 214 | 40,4 16,0 2322
31,6 |'12,0| 5,4 | 35,0 |12,8 , 311 | 47,71 175 | 40,4 19,2 -
25,1 | 24,015,0 |38,0| 7,9 ,3 472 | 22,0}150 | 37,0 43,0 2350
F = feed
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APPENDIX A 2.4.

Raw data obtainéd when the Alexandra plant was operating

with the three aerators closest to the feed off

) Ammonia TKN Nitrate Total Soluble Suspahded
Flow mLSS
as N as N as N Coo _ coo saglids
mi/d} mg/1 mg/1 mg/l |  mg/1 mg/1 mg/1 mg/1
F € F E £ F £ F £ £

36,1 19,0} 3,0 | 44,0} 8,1 11,0 500 | 26 - - 30 2100
34,9{18,4 12,8 - - 2,6 624 | 68 304 | 56 12 2844
40,3 17,4 | 3,6 | 34,0{ 6,4 2,2 | a0 40| 216} 36 46 3002
31,71 18,4 11,0 | 33,0f 1,8 17,8 448 | 52 176 | 32 9 2982
37,3 117,46 12,0 | 29,6} 3,8 6,8 |'810 | 44 380 | 36 40 2088
35,9 } 10,2 { 1,6 | 31,0{ 5,1 5,6 432 | 72 104 § 60 7 3196
36,3 | 20,6 | 4,2 | 44,2| 7,6 8,2 704 | 28 332 | 13 13 3092
33,8 20,4 4,0 | 37,0] 7,0 4,0 416 | - 220 - | 10 3338
34,8 {20,0 | 4,0 | 41,0{ 4,6 3,3 520 | s6 210 { 51 8 3200
34,5 {10,3 | 2,6 | 36,8{ 3,0 7,2 400 | 48 280 | 44 45 3276
27,8 | 26,0 | 0,5 | 49,0 3,8 11,4 1152 | 55 223 | 39 .8 3158
36,4 126,0 | 4,0 - | 6,0 9,0 1198 | 34 503 { 34 5 3360
35,8 |41,0 {3,6 - - 3,0 674 | 98 - - 64" 3354
30,8 17,0 |1,5 | 24,4} 3,0 7,3 420 | 62 - - 17 3500
27,3 {18,2 |2,6 | 37,0} 2,4 8,0 423 | S5 - 47 " 3328
35,7 [16,4 |2,0 | 32,0| - 7,2 - |- - - 13 3255
33,1 21,4 |3,0 | 42,8] 4,8 - S84 | 48 260 | 40 - -

34,7 {20,0 {3,0 | 45,0} 5,0 5,0 250 | 46 - - 12 3178
38,3 21,0 |1,6 | 37,0} 8,0 9,0 632 | 76 272 | 52 17 3230
36,3 21,0 {4,6 - - 1 2,a S52 | 52 24D | 52 a0 3293
37,6 |20,3 4,4 | 37,6] 8,8 - 512 | 56 280 | 29 29 3058
37,6 |19,2 (4,6 | 43,2 9,0 1,0 792 | 80 296 | 64 20 3216
41,3 123,2 14,6 | 43,012,4 7,0 728 | 72 4p8 | 48 14 2908

* F = feed

effluent

m
[}




APPENDIX A 3

EXAMPLE CALCULATION OF MIXED LIQUOR SUSPENDED SOLIDS CONCENTRATION
USING MARAIS EKAMA (1876) EQUATIONS

Flow = a = 346x10° (1/d)
Feed COD , = 5,; = 590 (mg/1)
Volume ’ = V = 33,5 X 106 (1)
Sludge age = R = 15 (d)

Volatile fraction - = 0,72
of sludgse

Process constants

Y = 0,45 (mg vsS/mg COD)
b = 0,24(1,03)7-20 (@~
sxii = unbiodegradable particulate influent CCD
o f‘up sti
1,48
= 0,13 5, . (mg COD/1)
ti
Su = unbiodegradable soluble influent COD
= f‘us Sti
= 0,07 S, (mg C0D/mg VSS)

Calculation of the biodegradability of the COD

Spi = Sgi ~ X35 - Sy

590 - 0,13 (590) - 0,07 (590)

472 mg/l1 cop _




Calculation of the mass fractions of the MLSS

Active mass = MXa

M SbiYRs
1 + bRy

= 34,4 x 186 472 . 0,45 . 15

1 + (0,24 ., 15)

= 23 825 kg/d

\ §

Endogenous mass = mxe

MX_ 0,2 bRy

23 825 . 0,2 . 0,24 . 15
17 154  kg/d

Y

Inert mass mx,

ii
0,13 RSM Sti
1,48

il

0,13 . 15 . 34,4 X 10° . 590

1,48
= 26 781  kg/d

Mxv = an + I'|Xe + mxi
= 67 720 kg/d
mX; = SXv
0,75
= 67 720
0,75
= 90 293 kg/d
~ 6
X _ 30293 X 10
T 33,5 x 106

2 695 mg/1

\j

¥y

A.7’
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- APPENDIX A 4

MEASUREMENT OF OXYGEN CONSUMPTION RATE

In a preliminary exploratory investigation it was founa that the oxygen

consumption rate was nighest at the influent anag lowest at the effluent
end of the “aeration zone, indicating that the basin could not be

regargea as completely mixed,

These results indicated that it was necessary to carry out measurements
at a numoer of points along the Dasin. Three respirometers were
therefore tuilt as indicated in Fig., A 1 , and positioned at the

start, middle and end of the primary aeration basin.

Stirrer

——f —

DO maeter Recorder

y SN

Diffuser blower

-

Centrifugal
~ pump

fFige A 1 Respirometer design



A.g'.

When measuring oxygen consumption in a reactor, the sample must be
removed from the reactor, oxygenated and the oxygen reduction with
time then measured. This introduces an error as the sample does not
'receive the influent substrate while it is outside the reactor,
possibly resulting in a reduction in the rate of oxygen utilisation.
In laboratory scale units this error can be made zero by cutting off
the oxygen suﬁply, leaving the influent and effluent flows unaltered
and gently stirring the reactor contents, On the plant the error
can be minimised by arranging minimum time lapse between collection
of the sample and measurement of the rate. Td reduce the time
effect as much as possible, a special respirometer, as shown in

Fig. A 1 was desigend containing the following features:

* A 0,4 m> tank into which mixed liquor was pumped every

half hour, thus permitting determinations to be done.

* The pumping rate was approximately 10 m3/h so that the

respirometer was filled every 2,4 minutes, the liquor

displaced being returned to the aeration basin.

* The pump was so controlleﬁ that the volume of the tank

was replaced 4 times.

* During the pumping stage, and for 5 minutes thereafter,
the sludge was aerated by compressed air discharging through
a fine stone diffuser. The dissolved oxygen concentration

at the end of the aeration period was usually'above 4 mg/l .

* The air compressor was then switched off automatically,
and the dissolved oxygen meter (coupled to a recorder)

switched in.



A.10.

The subseguent decrease in the dissolved oxygen cancentraticn
with time was recorded. The gradient of the oxygen - time

graph gave the utilisation rate.

During the entire cperation i e taking in a new sample,
aerating it, and measuring the oxygen consumption rate, the
’ ~

mixed liquor in the tank was stirred. The stirring rate

was designed so that no-8ir was drawn into the mixed

liquor by means of vortices.



The raw data

G1
G1
G1

G1
G1
G1

G1

APPENDIX AS

GOUDKOPPIE PLANT

obtained during the experimental period

CobE
B E Balancing tank effluent
Z 12 Anaerobic zone
Z 22 Primary anoxic zone
Z 32 Primary aeration zone
Z 42 Secondary anoxic zone
Z 52 Secondary aeration zone
E 2 Effluent

A.11.



APBENDIX AS _ ' A.12,

P -

CHEMICAL DXYGEN DEMAND AS O

G1BE 61712 612 61132 Glz42 (1252 G1E2

DATE - TIME D&Y

1979-10-21  1ZHOO SN 150 - - - - - 41
1979-10-21  14HO0 SN 110 - - - - - 3t
1979-10-21  [£HOD SN 120 - - - - - 2
1979-16-21  13H00 SIN 130 - - - Co- - 26
1979-10-21 20HOG SUN 210 - - - - - 25
1979-10-21 22HOG SIN 240 - - - - - 3%
1979-10-21  24HO0 SUN 240 - - - - - a1
1979-10-22  ZHOO MON 290 - - - - - 38
1979-10-22  §HOO MON 240 - - - - - A
1979-10-22  EHOO MON 250 - - - - - 25
1979-10-22  FHOD MON 720 - - - - - 2%
1979-10-22  10HO0 MW 120 - - - - - 2
1979-10-23 12HO0 TUE 210 - - - - - 110
1979-10-23  14H00 TUE 230 - - - - - 97
1979-106-22  1eHMD TUE 280 - - - - - 97
1979-10-23 19HOO TUE -3 - - - - - 37
1979-10-23 Z0HOO TUE 290 - - - - - 2
o 1979-10-73 22HOO TUE B - - - - - 37
1979-10-23  28H00 TUE 480 - - - - - 37
1979-10-24  7HO0 WED 410 - - - - - 37
1979-10-23  4HOO WED 420 - - - - - 77
1979-10-28  &HOG wED 360 - - - - - 97
1979-10-24  5HOO wED 350 - - - - - &7
1979-10-24  10HOO WED 210 - - - - - 100
1979-10-25  {2HOG THU 140 - - - - - . 55
1573-10-25  18HO0 THU 190 - - - - - 80
1979-10~05  L6KO0  THU 0 - - - - - 7t
1979-10-25 13H0O THU ) - - - - - 80
1975-10-25  ZOHOO  THY) 320 - - - - - -
1979-10-25 22H00 THU 20 - - - - - 71
1979-10-25 24HO0 THU 230 - - - - - 50
1279-190-26  2HOO FRI 330 - - - - - 44
1979-10-26 4400 FRI 330 - - - - - 44
1979-10-26  6HOO FRI 260 - - - - - 8
1979-10-26  SHOO- FRI 320 - - - - - 7
1979-10-25 L0HOO FRI 270 - - - - - 80
1979-10-25 12HOQ FRI 200 - - - L o- - -
1979-10-26  14HOO FRI 200 - - - - - -
1979-10-24 18H00 FRI 250 - - - - - -
1979-10-26 18H0O0 FRI 220 - - - - - -
1979-10-2% 20HOO0 FRI 2 - - - - - -
1979-10-26 22H00 FRI 340 - - - - - -
1979-10-26 24H00 FRI 27 - - - - - -
1979-10-27 2HO0 SAT 270 - - - - - -
1979-10-27  3HOO SAT 240 - - - - - -
1979-10~27  &HOO SAT 230 - - - - - -
1979-10-27  2HOO SAT 290) - - - - - -
1979-10-27 10HO0 S5AT 220 - - - - - -
NO. RESULT3 18 9 0 0 0 0 5
MEAN 270 - - - - - 43
STD. DEVIATION 3 - - - - - R



APPENDIX AS

Aq13\

R kM

CHEMICAL DOXYGEN DEMAND (SOLURLE) AS O
G1BE 61112 G1122 61232 61742 61152 GLE2Z
DATE TIME DAY
1979-10-21 12H0O N 23 73 -9 170 37 120 4
1979-10-21 13H0O TN Al 129 78 130 S 18 3
1979-10-21 1&HOQ SN 2 160 130 37 i 120 2
1979-16-21 13H0O 3N 93 73 126 26 41 5% 20
1979-10-21  Z0HOO LN 110 150 44 a7 45 S6 35
1979-10-21 22HOD SN i 120 44 71 % 97 21
1979-10-21  24H00 ZUN 150 73 44 &b 41 4 3
1979-10-22  ZHOO MON i40 - 160 200 140 130 2
1979-10-22  3HOO MON 150 62 45 3 - - 5
1979-10-22 ~ &HOO MON 130 37 35 4 - - s
- 1979-10-22  SHOO  NON 150 7 41 41 b 3t 29
1979-1G-22 1OHOO  MON 150 2 46 44 44 77 20
1979-10-22 12H00 TUE 71 37 b 100 6 77 &
1979-10-23 1400 T 140 5| 41 3z 37 37 b
1979-10-23 16HOO TUE & &7 97 52 56 8 &
1379-10-22 13H0O0 TiE 130 7 - 120 77 71 71
1979-10-23 ZGHOG TUE 210 - 140 - 120 77 =6 77
1979-16-23 Z2HOO TLE 30 97 56 110 5 &b 71
1979-10-23 24HOO TUE 90 110 3 7 10 100 7.
1979-10-24  ZHOO WED 300 140 - 7 37 87 T
1979-10-24 . 3HOO WED 310 116 77 71 77 77 71
1979-10-24  &ROO  WED 220 130 2 4 3l 37 L1
1979-10-24  3HOO WED %0 R 240 77 é1 &b 7t
1973-10-24 {0HOO WED 00 110 a7 7 a7 n 7
1979-10-23  12H0D THU i1 76 76 74 ] a2 7
1979-10-25  14HO0 THU 100 54 N E RE ! kY]
1979-10-25  {6HOO THY 170 49 =4 43 3 50 =
1979-10-25 13HOO THU {20 & 33 & RX] 44 49
1979-10-25 I0HCO THU 140 a2 44 74 3 2 &0
1975-10-25 22HOO THY 150 44 %4 32 o] 38 3
1979-10-25 2HX THU 193¢ 4 & 47 3 2 44
1973-10-26  ZHOO FRI 240 27 78 33 i 43 I
1979-10-26 4400 FRI I 28 a2 27 16 a4 2
1979-10-26  5HOO FRI 210 L 74 R 15 3 47
1979-10-26  SHOO FRI 120 49 78 44 3 R 437
1979-10-26 10HOO FRI 210 32 32 130 &0 38 . 2
1979-10-26 [2H0O FRI 140 4 R 22 78 7 49
1979-10~26 18H0O FRI 130 &0 xR B 7 78 44
1979-10-26 16HOO FRI 170 &0 49 &0 7 a1 i
1979-10-26 13H0G FRI 720 71 39 &3 45 ¢ 3
1979-10-26 20HOQ FRI AL 74 44 45 £ 2 27
1979-10-26 Z2HOO FRI 230 119 R 49 4 Ly ’
1979-10-26 24H00 FRI 230 78 39 4 44 91 38
1979-10-27 2HOO GAT- 170 a0 = 44 R 4 n
©1979-10-27  3HOO SAT 150 54 i) 22 3 47 38
1979-10-27  &HOO GAT 166 3 44 27 43 e B
1979-10-27  €HOO AT 160 44 K £0 3 n 7
1979-10-27 10HOO SAT 160 49 4 76 k-] < 3
NO, RESULTS 48 iy 3 43 44 46 53
MEAN 170 77 &7 7 ] 7e 43
STD. DEVIATION 61 . 34 41 37 2 3 18
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AMMONIA AS N

G1BE G112 G112 61132 GlI42 G1732 GlE2

DATE TIME DAY

1979-10-21  12HOO SUN 13 7 4,7 2.4 2,8 22 22
1979-10-21 14HGO SN i7 12 4,3 2,9 . 1,6 1.7 1,7
1979-10-21  1&HOD SN 17 13 5 30 2,0 11 11
1979-10-21  15HOO SN 2 5, 0,0 0,8 05,0 G
1979-10-21 20HI0 3N @7 17 5.7 0:0 0,9 1,0 1.0
1979-10-21  Z2H00 ZUN i 1% 5.4 0,0 0.2 11 1,1
1979-10-21 24H00 il 2 15 5,5 3,7 0,0 0,9 0,9
1979-10-22 00 MON 23 19 - - - - -

1979-10-22  4HOO MON - 12 4,4 2,4 - - -

1979-10-22  {HOO MON n 12 4,3 N - - -

1979-10-22  ZHOD  MON 20 10 2,0 S Db 0,0 156 1,6
1979-10-22  10HOO NOM 15 %2 33 45 1,3 1:1 1,1
1979-10-23 12HOO T 16 14 41 1,9 1,9 1,5 1,5
1979-10-23 14H00 TLE 20 ! 4,0 1,9 1,6 1,4 1,4
1979-10-23  14H0Q U i 16 4,7 LS 1,5 15 1,5
1979-10-22 1EHCO TUE 25 19 - 1,5 1 1,2 1,2
1979-10-23 20H0O0 TE s 3! - 1,5 1,8 1,8 1,5
1979-10-23 22HOO TIE 2 21 5,2 21 1,5 1,4 1,8
1979-10-22 24H00 TIE ) 2t 5,8 1,5 1,6 1.5 1,5
1979-10-24  ZHOO WED 22 19 5:5 1,7 2,1 2 2,0
1979-10-23  4HOO WED -7 19 4,9 1,9 1,7 2,0 2,0
1979-10-24  ¢HOO WED 25 17 4,3 1,5 1,5 1,5 1,5
1979-10-24  EH00 WED 2 15 % 157 1,5 1,5 1,5
1979-10-28  10HO0 WED 17 13 3,4 1,6 1,4 16
1979-10-25 12400 THU 5 15 2,7 1,4 1,5 ;5 1,5
1979-10-25  14H00 THJ n tg % 1,7 1.7 1,4 1,4
1979-10-25 16HO0 THU 22 12 4,4 1,5 44 1.4 1,4
1979-10-25 13H0O MU 32 2 5.9 1,9 1,7 1,5 1,5
1979-10-25 ZCHOO T X% 23 '3 21 0,0 1.4 1é
1979-10-25 22400 THY 27 - 7,0 21 1,3 1.4 L&
1979-10-25 24HO0 THU 25 e 7,0 1 2,0 1,5 1,5
1979-10-26  2H00 FRI 22 19 5.5 17 1,9 G0 0,0
1979-10-26  4HO0 FRI v 19 5.9 {9 2,1 1,5 1,5
1979-10-26  ¢HOO FRI 20 13 .8 1,9 1,7 1,7 1.7
1979-10-24  EHOO FRI 2 15 48 1,5 1.7 1,6 tié
1979-10-26 10H0O FRI 23 13 4,1 1,4 1,6 15 16"
1979-10-26  1Z2H00 FRI 2 7,0 3,4 1,5 1,4 1,6 1hd
1979-10-2% 14H00 FRI S 7.3 3,3 1,5 2,0 1,4 1o
1979-10-26 16HO0 FRI 27 2,0 52 1,58 1.8 1,7 1,7
1979-10-26 13H00 FRI 5 §! 53 20 1,5 2, 2,0
1979-10-26 Z20HOO FRI 43 12 T2 2,2 1,7 'S 1,5
1979-10-26 22HOO FRI 43 13 7,5 2,0 1,5 1,6 1é
1979-10-26 24H00 ERI 33 12 7,2 2,7 2,2 1,8 1,8
1979-10-27  ZHOO AT 27 11 - 2,8 2,3 2,8 2,8
1979-10-27  2HOO SAT 32 1 - - - - -

1979-10-27  6HOO SAT 28 9,8 5.3 1,5 1,3 1,5 )

1979~10-27  SHOO CAT 26 82 4,5 1,5 2,0 1,9 )9
1979-10-27 10HOO ZAT 2 7.0 4,1 1,8 1,2 2.2 ’

NO. RESULTS 43 48 13 45 44 44 44
MEAN 24 15 i1 1,9 1 1,5 1S
STD. DEVIATION 7.1 4,6 1,2 0,3 0,6 0,5 0,5



APPENDIX AS _ . AL1Se

NITRATE AS N

GIBE Gi712 61222 G132 G1142 G11352 G1E2

DATE TINE DAY

1979-10-21 12HOO N - 2,6 i 13 15 - 16 15
1979-10-21 13H00 SN - 2,3 — it 12 12 14 15
1979-10-21  14H00 SN - 1,4 { 1 N3 14 1%
1973-10-21  13H00 N - 1.3 12 15 12 14 ié
1979-10-21  ZOHOO 5L - 1,1 13 15 14 14 1
1979-10-21 22400 2N - 1,4 11 15 14 14 16
1979-10-21 24H00 SN - 1,9 13 15 14 14 16
1979-10-22  2H00 MN - 0,0 - 14 15 16 15
1979-10-22  3H00 MON - 37 14 - - - 14
19791022 AHOO TN - 2,9 14 14 - - -
1979-10-22  SHOO MON - 4,7 13 16 - - 15
1979-10-22 10HOO MON - 51 12 15 14 7 17
1979-10-23 1Z2HO0 TUE - 1,3 11 14 .15 15 15
1979-10-23 i3HOO TIE - 0,7 10 14 13 13 13
1979-10-23 14400 TUE - 0,4 { 13 13 14 13
1979-10~23 18000 TUE - 0,0 - 14 14 14 13
1979-10-23 20H00 THE - 0,3 - 14 14 14 13
1979-10-23 22Ho0 TUE - 0,3 %5 5 14 14 14
1979-10-23 28400 TUE - 0,0 10 15 14 15 14
1979-10-2%  2HOO W - 9 2,8 14 14 15 13
1979-10-24  4HOO WED - 00 %5 14 14 14 13
1979-10-28  £HOO WED - 0,4 9.2 14 13 14 13
1979-10-28  GHOO WED - 0,5 b 13 12 ‘14 i3
1979-10-24  {(HOO0 HED - 0.4 %ié 12 13 14 i3
1975-10-25  12HOO  THU - 0,8 2,2 12 12 13 12
1979-10-25 14H0O THU - N 7,3 16 12 2 12
1979-10-25 16HO0 THU - 0,0 24 1 12 12 12
1979-10-25  13H00  THY - 0.8 %3 13 {2 12 i
1575-10-35 ZOHOO THU - G 7,3 14 1t 13 i2
1979-10-25 Z2HOO THU - 0,6 36 14 12 13 - 12
1979-10-25 24H0O0 THU - 0,0 5 13 i2 13 12
1979-1G-26  2HOO FRI - th1 5.7 14 12 i4 2,7
1979-10-26  3HOO FRI - 1,4 2,8 14 12 13 12
1979-10-26  &HOO FRI - 0,3 5.1 13 2 13 12
1979-10-26  SHOO FRI - 0.8 7,5 13 {1 13 11
1979-10-26 10HOO FRI - 0,3 9 2 11 . 12
1979-10-26 {2HO0 FRI - 0,5 2,9 1 10 1 -
1979-10-:5  14HO0 FRI - - 3,7 i 11 11 -
1979-10-26 - 16H00 FRI - 1,0 &6 12 it 11 -
1979-10-25 18HOO FRI - - a1 1 i1 12 -
1979-10-26 20HX FRI - 0,7 2,3 13 12 2 -
1979-10-25 22HO0 FRI - - 2.3 13 1t 12 -
1979-10-25 24H00 FRI - 0,2 2,0 2 1t 12 -
1979-10-27  2HOO AT - 0,0 - - - - -
1979-10-27  4HOO zAT - 0,0 28 7.0 %6 7:3 -
1979-10-27  5HOO AT - 0,6 3.7 14 11 13 -
1979-10-27  SHOO . SAT - 0,7 9.4 13 12 13 -
1979-10-27 10HO0 ZAT - 0,6 7 13 12 12 -
NQ, RESULTS 0 45 34 45 44 44 35
MEAN - Tt 2,8 13 12 13 14
STD. DEVIATION - 1,3 1,9 1,6 1,5 1,6 1,7



TOTAL PHOSPHORUS AS P

APPENDIX AS

A.16.

GIBE Gi112 612 GiI8z  G1IS2  GIE2
DATE TIME DAY
1979-10-21 12HO0 3L 7 - - 33
1979-10=21 14R00 SN 2,9 - - 3,3
1979-10-21  LEHOD SN £ - - 8,4
197%-16-21  1GHO0 SiM b - - 3,4
1579-10-21 20HOO GUN Sid - - 4,4
1979-10-21 22HOO N bl - - 3,5
1979-10-21  23H00 N 4,9 - - 4,4
1979-16-22  2HO0 MOW b1 - - 4,3
1979-10-22  4HOO MON &0 - - 4,4
1979-10-22  &HOO MON 5,4 - - 4,3
1975-10-22  GHOO MON 4.6 - - 4,8
1979-10-22  10HO0 MON 22 - - 3,5
1979-10-23 12H00 TUE &0 - - 5,7
1979-10-23  14H0O T 5,5 - - 5,4
1979-10-22 16HOD TUE 50 - - G
1979-10-23 18HO0 TiE 6:7 - - 51
1979-10-23 ZOHOO TUE 6+0 - - 5.0
{379-16-23 22HO0 TUE 6,7 - - 5,2
1979-10-23 24H00 TUE 7,5 - - 5,0
1979-10-24 200 WED 7,0 - - 5,0
1979-10-24  3H00 <ED a6 - - 51
1979-10-24  ¢HOO WED 510 - - 5.2
1979-10-24  SHOO WED 4,9 - - 52
1979-10-24 10HOO WED 4.1 - - S
1979-10-25  {2H00 THU 440 - - 1
1979-10-25  14HO0 THU 3,7 - - 7
1979-10-25 18HOO T .1 - - 23 .
1379-10-25 18H00 THU 62 - - 27
19791025 20HO0 THU 7,0 - - 27
1973-10-25 22H00 THU 704 - - 2,8
19791025 24K00  THI 71 - - 2,9
1979-10-25 2HOO FRI 6, - - 2,3
1979-10-26  4HOO FRI br5 - - 29
1979-10-26  &6H00 FRI 3,7 - - 29
1979-10-26  BHOXO FRI 5,9 - - o9
1979-10-26 10HOO FRI 5,2 - - ni
1379-10-26 12HO0 FRI 3,7 - - 27
1979-10-26 13H00 FRI 5,9 - - - - 2,5
1379-10-2% 16H00 FRI 54 - - - 1,3
1979-10-26 18HO0 FRI 7.4 - - - 1,7
1979-10-26 20HOO FRI b - - 1,3
1979-10-26  22H00 FRI el | - - - 2,0
1979-10-26 24H00 FRI 7,8 - - - - 2,4
1979-10-27  2HOO 3AT 7.4 - - - - 2,8
1979-10-27  4HOO ZAT 58 - - 2:4
1979-10-27  4HOO SAT 512 - - - - 2,4
1979-10-27 SHOO SAT 5,7 - - 22
1979-10-27 10HOO ZAT 5,4 - - - - 2,0
NO, RESULTS 48 0 0 0 0 43
MEAN 5,8 - - 7
5TD,. DEVIATION 1,3 - - - 1,2
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APPENDIX AS

A0170

5TD. CEVIATICN

Glee 61212 61222 G132 61242 61252 51E2
DATE TIME TAY
1979-10-21 1ZHOO N 2 4,2 28 34 23 2,2 ch
1979-10-21 14H0O SN 1.? 4.3 37 3 31 2.9 28
i979‘!f."21 IEHOO E:UN 2;3 5!6 3! 313 312 3)0 313
1979-10~21  20H00 SUN 29 %3 cH 57 37 1 7
O 1979-10-21 ZEHGO SN 'S 4,8 £ 4,0 3.6 3,0 3.8
1779-10-21 Z4HOO SUN 30 50 ki%| 4,0 3.2 27 3,8
1979-14-22 ZHOG MON 33 2:6 2,4 3l 2,2 o1 28
1979-10-22  2HO0 MN 2,9 4,2 4,4 4,3 - - 2.8
1979-10-22 &0 MW 32 $:3 4,2 3.4 - - 0,4
:979"10‘:2 E;HOO HDN 2: 31 4!‘ 412 3) 3!9 C',é
-1979-10-22  10HOO MON 19 316 4,2 33 3.9 3,9 338
1979-10-23 12HO0 TLE 2,0 S %S 50 & 5.4 5.2
1979-10-23 13H00 TUE K 2,4 %2 4,5 4,9 4,9 St
1979‘10‘23 IéHOO TUE 3! '.O 513 415 415 4!4 4!9 '
1979-10-23 1GHOO T §.2 13 - 4,5 4,3 4,2 4,6
1979-10-23 Z0HOO TUE 4,8 7 - 4,8 4,1 4,2 ]
1979-10-23 22400 TUE 51 18 59 5.3 4,8 3,3 4,4
1579-10-23 2400 THE 4.9 19 7.1 5.4 4,9 4,3 4,5
1979-10-24  HO0 4ED 4,2 17 7,7 &0 332 4.7 4,4
1979-10-24  4HOO " WED 42 18 W6 3.4 52 4,8 4,5
1979-10-24  4HOO WED 3:8 13 &Y 54 5,2 4,3 4.4
:."779"1.0"24 E’HOO %D 316 11 3v7 418 415 4'4 416
1979-10-25 (2HOO THU 2,8 7,3 %4 © 2,4 20 2,6 1
1979-19-15 14400 TH 21 10 E 245 2.5 24 2,7
1979-10-2% Z0HOO THU 4,6 17 37 &S 2,8 2,4 2,3
1979-10-2% ZZHO0 THY 4,7 19 e &9 21 2,6 2.8
1979-10-25 24800 THY 4,4 20 &S 41 4 32 7
1979-10-26  2HMO FRI 46 18 7,0 4:5 57 32 2,8
1"79‘!0’:/} 4H00 FRI 414 17 712 4)6 3:9 311 :19
1979-10-26 00 FRI 3t 19 7.4 4,7 4,0 %3 2,9
1979-10-26  ZHOO FRI i 13 6.4 1,4 39 24 2,9
1979-10-26 10HOO FRI I 11 31 %8 2,8 3t . 3l
1979-10-26 12H00 FRI 28 L 4,z &2 33 2.7 -
1379-10-26 (300 FRI KIT) 52 37 2,9 2,8 pe -
1979-10-2& 14400 FRI 39 &6 4,3 Y 23 1,3 -
1979-10-26 15HQG FRI 49 9,3 50 33 2:5 1,7 -
1979-10-26 Z3HOQ FRI 4 2.5 Sié 3l 2,4 1,8 -
1979-10-26 2200 FRI S0 10 59 32 25 1L? -
1979-10-26 24H00 FRI 4,7 2 6,1 X7 9 2,2 -
1979-10-27  2HO0 GZAT 4,5 &2 %5 2.4 33 37 -
1979-10-27  4HOO GSAT 9 &3 34 32 1 2,9 -
1979-10-27  &HOO SAT 3t 8,2 Sy 24 3,0 2,3 -
1979-10-27  SHOO SAT 5H2 &3 4,9 27 30 2.2 -
1979-10-27 10HOO ZAT 48 53 4,5 2, 2,4 1,5 -
NO, RESULTS 48 18 4 43 1 44 3%
MEAN 3é 10 S0 3,9 .S 2,2 5Hé
™9 55 1,4 0,9 0,9 LO 1O



APPENDIX AS

OXYGEN CONSUMPTION RATE

A.18.

Oxygen Consumption Rate Oxygen Consumption Rate
Time mQ/l/h N Time mg/l/h
of of
Dats Day Position in Aeration oasin Date Day Position in Aeration basin
h Start Mmidgdle £nd h Start Mmiddle €nd
21/22 1200 19,3 9,8 | 8,s 23/24 1200 11,9 10,2 2,0
Octobsr 1400 9,8 8,8 | 8,0 Octobsr 1400 13,9 9,2 7,7
1979 1600 18,9 . 9,7 7,2 1979 1600 16,4 12,1 7,7
1800 29,5 12,1 7,7 1800 21,3 13,5 7,7
2000 20,5 14,1 7,2 2000 23,0 18,1 8,8
2200 19,7 11,3 6,8 2200 20,5 22,3 8,9
2400 13,9 10,6 8,3 2400 19,7 19,5 8,3
0200 10,3 9,2 8,4 0200 20,5 20,3 3,8
0400 9,8 8,5 8,8 0400 20,5 14,8 8,8
0600 8,9 8,5 7,7 0600 16,4 10,6 9,3
0800 8,4 7,8 7,2 0800 8,2 19,7 8,8
1000 7,8 7,1 7,9 1000 10,0 22,6 8,3
25/26 1200 24,6 19,7 5,9 26/27 1200 18,0 10,6 9,3
Octobsr 1400 25,5 21,2 6,2 Octobsr 1400 21,1 11,3 9,3
1979 1600 29,8 18,3 9,3 1979 1600 29,9 16,9 9,8
1800 32,3 21,2 9,8 1800 29,5 24,0 9,3
* 2000 30,6 28,2 10,3 2000 32,8 31,0 11,6
2260 42,5 28,2 16,5 2200 31,2 21,2 21,7
. 2400 32,3 25,4 11,1 2400 35,9 28,2 21,2
0200 34,0 28,2 10,3 0200 35,7 29,6 14,0
0400 | 34,0 15,6 9,8 0400 35,4 28,3 9,3
0600 30,6, 18,3 9,6 0600 | 30,6 18,3 9,3
0800 27,2 12,0 9,0 0800 22,1 12,7 10,3
1000 20,6 10,2 9,3 1000 17,2 11,3 9,8
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APPENDIX A 6.1.°
GOUDKOPPIE PLANT

CALCULATION OF NITROGEN BALANCE

a) Nitrogen loss due to denitrification

Primary anaerobic/anoxic zZones

- j 7,8 (9,8)
,l 3
{ ‘ 0,8 (13,5)

Figures in brackets depict the nitrate concentration and the other

6,0 (13,4)

figures depict the flow relative to the incoming flow

Nitrogen loss in first

NOS/Nin - NUS/Nout
anaerobic/anoxic basins '

= 6,0 (13,4) + 0,88 (13,5) - 7,88 (9,8)
= 80,4 + 11,9 - 77,2

= 92,3 - 77,2

= 45,1 mg N/1

Secondary ancxic zone

Nitrate loss in the secondary anoxic zone due to denitrification

is depicted below.

13,4 12,5




R.20,

In this case the flows entering and leaving the second anoxic zone
L
are the same. The figures depict the nitrate concentration in

and out of this zone,

Hence the nitrate nitrogen loss NOS/Nin - NUS/Nout

= 13,4 - 12,5

= 0,9 mg N/1

>

b) Total laoss of nitrogen

The total loss of nitrogen due to denitrification = 145,14+ 0,9

16,0 mg N/1

Nitrogen balance

TKN influent = 35 ma N/l
TKN effluent = 2,00 mg N/l
NO; in effluent = 13,5 mg N/1
Nitrogen in waste sludge = TnX,Y
RgQ
Fn = nriitrogen fraction of the sludge = 0,1
XV = VS5 wvolatile fragtion af MLSS = 0,72 MLSS
V = volume of process C (1)
Q = flow to plant (1/d)
Rs = Sludge age (d)

0,1 . 0,72 . 1940 . 29,080 X 10°

22 . 30400 X 10°

1

Hence nitrogen loss in waste sludge

= 6,1 mg/l

-



Nitrogen loss due to denitrification = 16,0 mg N/1

Total concentration of nitrogen remeved = 2,0+ 13,5 + 6,1 + 16,0

37,6 mg N/1

Hence nitrogen recovery = 37,6 x 41pg
35

107 %

i

>
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APPENDIX. A 6.2,

GOUDKOPPIE PLANT

CALCULATION OF COD BALANCE

One mg/l of nitrate nitrogen is equivalent to 2,85 ma/1l of oxygen. .

The equivalent oxygen demand for denitrification for the process

is denoted by Odp

2,85 (nitrogen loss due to denitrification) Q

24 X V

Hence 0O =

= 2,85 ( 15,1 + 0,9 ) . 30,4 X 108
24 . 29,080 X 106

= 1,99 mg/1/h

For every 1 mg N/l of ammonia converted tc nitrate 4,57 mg 0/1 of

oxygen are consumec, The nitrification oxygen demand for the

process is denoted Onp'

Hence GO, = 4,57 (NO3 loss during denitrification + NO3 in effluent) Q

24 XV

= 4,57 (16,0 + 13,5) . 30,4 x 10°

24 . 29,08 X 105

= 5,88 mg/l/n

>

The oxygen consumption rate for the two aeration zones is as follows:

Primary aeration zone = 0pq = 16,2 mg/1/h

Secondary aeration zone = Ogp = 9,5 mg/1/h
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The total oxygen demand for the process is denoted by .Utp

0t1(Vol. primary aeration basin) 4 9,5(Vol. secondary aeration basin)

tp Total volume

16,2 (14,7 X 10%) 4+ 9,5 (2,7 x 106)

29,08 x 108
= 238 + 26
29,08

9,1 ma/1/h

Equivglent carbon oxygen demand for the process is denoted by Ocp

O, = O+ Oy = O

cp np

9,1 + 1,99 - 5,88

5,21 mg/1/h

>

Carbonaceous material balance

Influent COD = 270 mg/l Effluent COD = 63 mg/l
Oxygen cemand = EEEL:_Ef_E
Q

5,21 . 24 . 29,08 X 105

30,4 x 10°

119,6 mg/1

i

COD loss in waste sludge v P = 1,48

R Q X, = 0,72 MLSS mg/1

Hence

6
Loss - 1,48 . 0,72 . 1S40 . 29,08 X 10

22 . 30,4 X 10°

89,9 mg/1 .




A0240

Total COD recovered 63 + 119,6 + 89,8

273 mg/1 COD

% recovery = EZE X 100

272
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APPENDIX A7

CALCULATION QOF READILY BIODEGRADABLE INFLUENT COD FRACTION

1. Réactor configuration

Single reactor (aerocbic) with return af settled sludge.

Stirrer

Air  sparger

5 {ntermittent stirrer
: rotation 2revs min
s
11
intermittent wastage Eftluent
2. Operation
1) Each day collect the volume of waste to be fed over 24 hours (Q litres)

at the same time each day -~ place in a feed container which is stirred
enough to keep solids in suspension, but not too much or else oxygen

is taken up.’

2) The feed pump must be set to feed the volume Q litres over 34 hours
(+ 1/2 bour) It is convenient to start the feed at, say, 9 a.m.

Take a sample tor COD analysis (Sti)'



3)

4)

5)

1)

2)

3)

Several hours after feed has started (say 2 p.m,) measure the
Oxygen Utilisation Rate (OUR) as follows:

With additional air supply, raise D.0. in reactor to about

7 - 8 mg 0/1 With feed still an, suitch.off air supply and

monitor drop in D.0. with time.  Call this "OURg .mg 0/1/h

After first OUR tesf raise B.0. again to about 7 - 8 mg 0/1

Switch off feed pump. After about 3 minutes switch off air
supply and measure QUR again Call this
: 0/1/h
OUR . g mg 0/1/
Restart feed. After about 1/2 hour steps 3 and 4 could be

repested to obtain more data.if required.

Calgulation

feed rate (1/d)

o
i

<
]

reactor volume (1)

A0 = (OURy = OUR,, q) mg 0/1/h

Easily biodegradable COD concentration
AQD +# V « 3,33 « 24
o

sbsi =

Fraction of .total COD which is easily biodegradable

= Spsi / Sti

\

or Fraction of total bicdegradable COD which is easily

biodegradable

= = - f -
fbs f‘(:a Sbsi / sti(1 us pFup )
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4, Example calculation for Goudkoppie data
BTE data:

Q = 50 - 1/d

v = 7,5 1

Sy = 370 mg C0D/1

ORy = 24,1 mg 0/1/h

OUR = 20,1 mg 0/1/h

no Q
A0 = 24,1 -20,1 = 4,0 mg 0/1/n
5 = _4,0 « 7,5 + 3,33 « 24
bsi
50,0

48 mg COD/1

Therefore fraction of total CO0D which is easily:biodegradable

= 48 /370 = 0,13 - mg COD/mg CCO

3. Advice about loading rate

In order to obtain accurate results it is desirable that 0OUR is not too
small i.e. 4 mg 0/l/h . The load on the plant should be such that

the QUR is about 35 - 40 mg O/l/h . This can be obtained if

Q

the loading rate 1is about

S, 36 '+ 500
Bes o ——— = 2500 nmg Cob/1 reactor/d
v

However, if St’ is well below 500 mg COD/l, then @ may have to be very
i ,

large to obtain this load. Q must not be so large that the retention

time is less than about 0,15 day. i e v/@ not less than 0,15 day
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APPENDIX AB
NORTHERN WORKS

The raw data cbtained during the experimental period

CGDE
N3 éE 3 ‘ Balancing tank effluent
. N3 Z 13 Anaercbic zone
N3 Z 23 Primary anoxic zone
N3 2 33 Primary aeration zone
N3 Z 43 Sgcondary anoxic zone

N3E3 ' Effluent



APPENDIX A8 - o A.29.

CHEMICAL OXYGEN DEMAND AS O

N3BE2 N3112 N3IZ3 N3I33 N3I43 N3153 N3E2

WTE TIME DAY
1980~ 5-10 THOO N 250 - - - - - 50

1930~ 2-10  9HOO U <)) - - - - - 80
1920~ 8-10 !1HOO SN 200 - - - - - 0
1780~ 310 {7H00 . 180 - - - .- - =0
1920~ 3-10 {5HOO ZUN 190 - - - - - =5
930~ 9-10 ${7HOO UM 190 - - - - - 35
50~ 2-10 19HOO SN 220 - - - - - 40
580~ 3-10 21HOO SUN 220 - - - - - 40
1930- 8-10 Z3HO0 SN %0 - - - - - =0
1980 3-11  1HOO MON 300 - - - - - 45
1920~ 2-11  3HOD MON 310 - - - - - 0

1780~ 3-11  SHOO MON 230 - - - - - 45

G- 3-11 THOO MON 220 - - - - - 45
1960~ 2-11  SHOO  MON 210 - - - - - 80
1980 2-11 [tHUO MON 120 - - - - - 8B
20~ 1-11 12HOO MON 170 - - - - - )
980~ 3-11 {5HOO MON 230 - - - - - 40
80~ 3-11 i7HDO MON 230 - - - - - .55
1990~ Z-11 (SHOO MON 260 - - - - - 20
1~ 5-11 21HOO NON 290 - .. - - - 40
1920~ 3-11 Z3HOO MON 200 - - - - - 40

1989~ 3-12  (HOD THE 290- - - - - - 2!
1920- 2-12 GH0O TUE 270 - - - - - N

20~ 512 SHOO TUE 230 - - - - - 15
980~ 3-18  THOD THU 250 - - - . - 40
330~ 3414 MO0 THU 2 - - - - 45
1980~ 3-14 (1HOO THU 210 - - - - 15
1930- 5-14  {GHO0 THU 130 - - - , - 35
920- 2-14 (SHOO THU - - - . - 0
1950~ S=14  17HOO THU 210 - - - - ;5
530~ 3-14 {9HOO THU 230 - - - - 45

1730~ 2-14 21HOO THU 240 - - - . - A

—
R
S
T
1
)

1280- 3-14 2300 THU 250 - - - - 45

530~ 3-15  {H00 FRI 300 - - - - - %
1580~ 215 3H00 FRI 28 - - - - - s
1930~ 3-15  SHOO FRI 280 - - - - - 45
1930~ 2-15  7H00 FRI 220 - - - - - 56
1930~ 8-15  9HOO FRI 210 - - - - -
1980~ &-15 1{HOO FRI 130 - - - - - 10
1930- S-15 13H00 FRI 150 - - - - - 51
1950~ 315 15400 FRI 22 - - - - - i5
1930~ 2-15 17HO0 FRI 260 - - - - - 45
1990~ 315 19H00 FRI 270 - - - - - 10
980- 3-15 21H00 FRI 230 - - - - - 5y

23H00  FRI 280 - - - . . 15
1HOO AT 230 - - - - - 45
3OO SAT 290 - - - - - 51
SHOO AT 290 - - - - - 51

[)
o O O~

233

5 !
TYT

[y} s B RN oo O O
,L e »L —

NO, SESWLTS 48 0 0 9 0 48
MEAN 240 - - - . - 44
5T0. DEVIATION 43 - - - - 3



DATE

1920~
1730~
1920~
1720-
1980~
1920~
1980~
1990~
1920-
1730~
1920~
1920~
19”0~
1984~
1920~
- 1980~
1980~
1960~
1980-
1780~

1980- :

1780~

1980~

19230~
1760~
1780~

1980~ ¢
1980~ 3
1980~ 2
1950~ 2
i92¢- 2
1930~ 2

1780~
1780~
1920~
1720~
1980~

1280~ ¢

1780~
1980~
1930~
1930~
1730~
1930~
1930-

1980~ ¢
1930~
1920-.

2-19
=19
a-19
319
=10
2-10
3-10
3-10
=10
3-11
2-11
a-11
2-11
3-11
8-1
2-11
3-1

2-11

D)

1
. b e e e e et bt e ha b e e b e
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CHEMICAL OXYGEN DEMAND (SOLUBLE) AS Q

TIME DAY

7H ZUN
OO 3

1HHOO SN
LD N

LSHGO  ZIN
17HOG S
I3HOD I
21H00 SN
Z3HOO UM
1HG0
T
SHOO
THOG
FHH0
1 LHOO
13HOO M
1SH
17HO0
L9HGE M0
ZLHGO
Z3HOO
1RO 7
ZHDO
SHOG
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FHOG
11500
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ZIHO
23HOO
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SHOD
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1R
1 3H00
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< Cn o

a

£ W
o

Vel a3 Gy el
<R s

AW

[
L

£
[S)

£
wn

+»
o

£
L

a

8 &

(18]
<

80

Py
KA
e
P
-~
B
Pl

N~

ac
e

40

N3

3 s
QLoD

oo

g O3 N 0D
mchnsS 3o

L]
o O~ = O~ N

o

=

n
[ 28

e R B I e T T i
Do [."'l'.hi—-'-.\?*'.'r‘-'

~-q
wn

~1
L=

B

-
i

\
&ij

et

-—

L]

e 0N
P

N3I23

P 3
. AE KD A

e
<>

1

St

)|

40

40
30
45
40
39

3

0
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cc
-
i
)

40

-~
i

20
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AMMONIA AS N

N3BE3 N3113 N3I23 N3733 N3Z43 N3253 N2E2

JATE TIME BAY

1930~ 2-10  THOO SN 24 34 .4 0,0 040 0,0 00
1920- Z-1G  SHOO SN 2 14 OF N 0,0 0,0 0,0 8,0
1920~ %-10 11HOO ZIN 24 14 %2 Y 5,0 0,0 30
1980~ 2-1G {3HOO0 N 4 14 2 0,0 1)) S 0.0 0,0
1920- %-10 1SHOO SUN- 25 14 52 2,0 ;0 0,0 0,0
1920- 210 {9HOO SUN 29 15 - £44 o 0,0 00 )
C1936- 2-10 21H00 AN 0 15 2 0.9 0,0 0,0 0,0
1980~ #-10 Z3H00 =N 29 14 L8 0,0 8,0 0,0 0,0
1930~ &-11  HO0O MON s 2 12 259 KR 0,0 0,0
1920- 2-11  ZHOO MON 24 21 11 2,0 ) 0,0 0,0
1980~ 3-11  SHOO MON 3 21 i 1.5 2,0 0,0 1.0
FA0- E-11 THOO MW 3 23 12 13 15 0.0 0.0
1920~ 2-11 KON MON 21 23 iz L3 3,5 0,6 0,0
1920- 3-11 11HOO MON 3 21 11 0,0 3.0 0,0 0,0
1930~ 5-11 13HOO0 MON 2 2 11 1,3 0,0 0,0 0,0
1920~ Z-11 1THOO MON o P 12 2,0 0,0 0,0 0,0
1930- 2-11 (7H00 MON 27 T 14 2, 0,0 0.0 - 0,0
1930~ 3-11 19H00 MON 3 24 14 S 5 0,0 00
1930~ 3-11 Z21H00 MON 27 29 12 3 R 0,0 0,0
Y?So‘ 151‘1'2 ] TUE 4 16 i10 1,3 $,0 0,0 01.0
1920~ 2-12  2H TUE 22 13 7,0 1,1 0,0 0,0 00
1(;3')" ':“"12 EHOO n_E :3 14 0,3 111 nsv“.\l 0)0 Ov{’
1720~ 3-14  THOO THU 19 12 8,5 4,0 0 0,0 M0
1920~ 2-14  THOO  THU 19 {1 32 TG 3,0 0.6 0,0
$9R0~- 2-14 [{HOQ THO 7 2 Y 0,0 0,0 0,0 30
1930~ 2-14 1SHOO THU 28 135 1.4 20 &,Q 0,0 AR
1980~ 2-14 17H0O THU 28 S 416 0,0 G:0 0.0 0,0
1930~ 3-14  15HOO THU b 1% 4,7 0.0 0,0 0,0 0,0
1980~ 2-14 21400 THU 21 16 %0 0,0 00 0,0 0,0
1930~ 5-14 Z3HO0 THU 24 16 53 0,0 0,0 0,0 0s0
1980~ 2-15 1HO0 FRI =2 13 4,9 11 0,9 0,3 0
. 1930~ 3-15  3HOO FRI 20 13 1,4 4,5 %0 M0 0,4
1980~ 3-15  SHOO FRI 20 12 4,1 0,0 0,0 0,0 0.7
1930~ 3-15 7HOO FRI 20 14 3,4 0,0 mQ 0,2 0,0
1980~ 3-15  SHOO FRI 20 12 L1 IS 5.0 0,0 0,0
1930- 2-15 {1HOO FRI . 13 12 3¢ 0,7 0,0 0,2 00
1920~ 3-15 13HOD FRI 20 11 3.8 0,§ 0,0 0,0 2,0
1730~ 2-15 1SH00 FRI e 15 - 4,2 0h 0,0 0,0 3,0
1980~ 3-15 17HOO0 FRI 28 16 5,0 0,6 0,0 0,0 0,0
1980~ 3-15 19HOO0 FRI 24 16 53 s &0 0,0 0,0
1980~ 3-15 21HOO0 FRI 26 13 4,3 0,9 00 0,0 0,0
1980~ 5-15 23H0O FRI . 2 14 5,3 1,1 0,0 0.0 0,0
1980~ 3-154  1HOO ZAT 24 12 Shb 0,0 0,0 0,0 0,0
1930~ 2-14 SHOQ AT L 14 %1 0,8 0,0 . 0:0 0Q
1?80- 3-16 SHOO SAT 2 12 4,5 0,7 (1] 0,0 0.0

NO. RESWLTS . 48 43 43 48 43 42 48

MEAN 24 16 &8 07 0,5 0,0 0

5TD. DEVIATION 2,9, 4,4 3,3 0,9 1,1 0.1 0,1



APPENDIX A8 A.32.
NITRATE AS N
N3BE3 . N3213  N3IZ3 N3 N3I43 NBISZ  M3ER
DATE. TIME D&Y
19%0- 2-10  7HOO S - 526 7 16 17 15
1930~ 2-16  HOD  SUN - 27 7,7 16 15 15 15
1930~ 5-10 11HOO SN - 57 2,7 15 15 15 i5
1980~ 2-10 13400 SUN - - 08 %8 15 is 1S 15
1926~ 3-10 15HO0 SUN - 450 9,8 15 15 15 15
1980- 2-19 17HOO SN - 54 1t i5 15 15 15
1980~ 3-10 15H00 SUN Co- 4,3 7,6 i6 16 15 15
1780~ 3-10 ZIHOO SN - 4,0 4,3 16 16 15 15
1930~ ©-10 23HOO0 SUN - 5,0 12 - 14 i5 17
1980- 2-11 1HOO MO - 3,7 1 17 17 13 19
1920- 8-11  3HOO MON - 4,7 10 17 16 17 1
1920~ 8-11  SHOO MON -4 1 16 15 15 15
— T1730- 8-11  THOO MON - 5hi i2 12 18 18 i8
1580~ 2-11  THOO N - 3,6 12 17 18 13 13
1990~ 3-11 ilHIO N - 5,5, 12 13 17 i2 18
1980~ 3-11  13HOO MON - 1 12 12 17 17 18
1980~ S-11 ISHOO MON - 8,8 12 13 17 17 1
1930~ 2-11 {7HOO MON - 55 12 17 17 18 18
1920~ 3-11 {7HOO MON - 4,9 13 19 17 13 i3
1980- 3-11 Z21HOG MON - 48 13 ¢ 18 19 12
1920~ 3-11 23H00 MON - 5,5 2 12 13 19 13
1930~ 3-12  {HOO TUE - 2 8.6 15 14 15 15
1980~ 312 3HOO TUE - 2,2 53 15 14 15 14
19%0- 3-12  SHOO TUf - 02 3,4 15 1 15 14
1920~ 2~14  7HGO THU - 32 7.4 15 15 13 14
1930- 3-14  FHoO THY - 2, 3:6 15 is . 15
1920~ 314 {1HOQ THU - N1 i5 14 i5 15
1990- 3-14 13H00 THU - 3,4 338 15 14 i5 15
1930~ 2-14 [5HOO THU - 3hé 9,5 15 14 13 15
1980~ 3-14 {THOO THY - 2.5 9,7 15 14 i4 15
1980~ 3-14 {9HOO THU - 2,2 2,2 18 15 15 15
1920~ 8-1; ZIH0O THJ - 3.2 8,6 14 15 14 ‘5
1980~ 8-14 23HO0 THU - 41 11 13 16 17 16
1980~ 3-15  1H00 FRI - 4.5 11 13 17 18 13
1980- 3-15 IHOO FRI - 4,3 11 17 16 17 17
1930~ 3-15  SHOO FRI - 3.2 1t 17 16 17 13
1930- 9-15  7HOO FRI - ' 1 17 17 17 17
1930- 2-15 OO FRI - 4,6 1 t7 16 17 17
1980~ 8-15 11HO0 FRI - 4,9 12 17 17 17 t
1930- 2-15 13H00 FRI - .4 11 16 16 17 17
1980- 2-15 15HOO FRI - 5,0 1 16 16 {7 17
1930~ 2-15 17H00 FRI - . 50 1t 17 16 17 17
1920- 3-15 17HOQ FRI - &2 12 18 16 17 17
1980~ 3-15 21HOO0 FRI - 4,9 1 13 16 17 17
1990- 2-15 Z23H00 FRI - 5,3 12 18 17 13 18
1980~ 316  1HOO AT - 4,6 10 17 16 17 16
1980~ 3-16 3HOO 3AT - 3.3 10 17 16 17 17 .
1980~ 3-16  SHOO AT - 4,1 Ui 17 17 17 17
NO. RESWLTS 0 43 43 47 43 4] 43
MEAN - 4,3 10 17 16 14 17
aTD. DEVIATION ‘ - . 0,9 1,1 1,3 1,2 1,5 . 1,4
P .

B L TV



APPENDIX A8 A.33.

TOTAL PHOSPHORUS AS P

N3BE3 N3ZI2  N3IZZ NI N3243 N3253 N3E3

ATE TIME DAY

1930- 2-10  7HOO <IN 2,0 - - - - - 7,
1330~ 3-10  9HOO =il 2 - - - - - 7,
190- 3-10 (1HO0 SN 1 - - - - 7
1980- 3-10 1ZHOO 3 3,0 - - - - - 7,
1930~ 210 {SHCO =W 54 - - - - 7,

1980- 3-10 17H00 SN ) - - - - - 75
1980~ 3-10 {700 3N 3,8 - - - - - 7
1986~ 3-10 2{HOO0 SN %16 - - - - - 7,
1920~ 2-10 23H00. 3 2,8 - - - - - B
1980~ 8-11  1HOO MON ! - - - - - 7
1920- 2-11  ZHOD MON 15 - - - - - 7
1730- 2-11  SHCO MON 15 - - - - - 7y
1920~ 3-11  7HOO MON 2,0 - - - - - 75
1980~ 3-11  SHOG  MON %4 - - - - - 7
1980= 3-11 {LHOO MON L) - - - - - 7
1980~ 3-11 13400 MON 74 - - ~ - - 7,
1930- &-11 13HOO HON %é - - - - - 7
1930- 3-11 17H0O MM v {1 - - - - - 7

1980~ 8-11 15H0O 3N 3 - - - - - by
1990~ 3-11 21HO0 M 14 - - - - - 4
1990- S-11 Z3H00 MON s - - - - - 7,
1930- 2-12  1HOO I3 1 - - - - - 7,
1930~ 9~12  3HOO - TUE 8.8 - - - - - &
1980~ 8-12  SHOO T 9,2 - - - - - 7,
1920- S-14  THOO THU 250 - - - - -
1930- 8-18  OHOD THJ - - - - -
1920~ 214 1iHDO THU 816 - - - - -
1930- 314 100 THI &2 - - - - - 3
1930~ 814 1SHOO THU 7.2 - - - - -
1980~ 8-14 (7HOQ TH 2,0 - - - - -
1920~ 3-14 15HO0 THU 8.8 - - - - - 7\
1980- 8-14 21HO0 THU 7,4 - - - - - 7
1980- §~14 23HO0 THU 10 - - - - - 7,
1980- 3-15 1HO0 FRI 12 - - - - - 7
1980~ 215 3H00 FRI 19 - - - - -

OO B N O LD T B R R O DN ) DG D WD B DR LY R D D) ot B LD G 4

1930~ 315 SHOO FRI oo - - - - - B
1980~ 315 7THOO FRI - - - - - 3,5
1980~ 3-15 MO0 FR} T - - - - - 2,7
1930~ 2-15 11HOO FRI 802 - - - - - 7,5
1980~ 3-15 13H00 FRI 44 - - - - - 7.2
1980~ 8-15 1SHOO FRI 2,0 - - - - - 7,3
1930~ 3-15 17H00 FRI 10 - - - - - 7.
1980- 8-15 19HOO FRI gy - - - - - 7,0
1980~ 8-15 21H00 FRI 12 - - - - - 7,0
1580~ 8-15 23H00 FRI 2 - - - - - 7.2
1980~ 8-16 1H0O ZAT 1 - - - - - 71
1980~ 8-16  3H0O GAT 1 - - - - - 1

7?8

1930- 2-16 THOO SAT 2.4 - - - - -

#

NO. RESULTS 13 0 0 9 0 9
MEAN- 9,7 - - - - -
STD. DEVIATION 24, - - - - - 0.5

P
o



-

ORTHO ~ PHOSPHATE AS P

APPENDIX AB

N3143

N3HEZ N33 N3123 N3I33 N3153 N3E3
JATE ~TIME ORY
1980~ 3-10  7HOO ZN &d 750 6,8 =27 &4 £oid bl
{920- 3-10  9HO0 =UN et b3 5rb sd 720 642 512
1980~ 2-10 11HOO <N 194 &b 46 I3 b8 &g %
17230~ 2-10 {3HOO U ¢ 30 64 by b 6:4 6,0 53
1930~ 3-10 1SHOO SN 4,8 5,8 &0 by £ 0 Y &3
1920~ 3-10 [7HO0 3N 52 58 50 S8 6,0 5.3 hrd
1930~ 2-10 {9HOO SUN Y 54 1Y &0 &:2 Sé 63
1980~ 5~10 21H00 TUN &2 6,3 3,8 o 6:2 Wb b:4
1920~ 2-10 23H0O SN &6 L6 618 e &2 b %%
1930' 8"11 IHOO :"ﬂN 9:0 91 775 711 711 710 613
- 1980~ 9-11  THOO MON 9,4 b 2,0 b 7 & &3
1920~ 3-11 SHOO MON 7,4 23 2,0 7.9 7.9 7,7 6:2
1920~ 2-11  7HOO MM 52 S b4 &4 &1 L) &l
1980- 3«11 11400 MON &2 57 &0 &1 &4 &ad 4.3
1980~ 2-11 1SHOG MON £:0 I +7 %8 £, Q LTS b2
1930~ 2-11  17HO0 . DN 716 £:3 41 53 6,0 6,0 &,2
1990‘ 8‘11 I?HDO MON 8,4 7:0 &vd 12 &1 6!0 41
1990- 3-11 21HOO MON 23 7.2 53 Y 5.4 6.4 b2
1920- 8-11  Z3HOO 0N 9.4 7,9 7:3 & &7 57 42
1930- 3-12 (KOO TE 2,2 21 726 7,3 7.4 7.4 1,2
©1930- 23-12  CHOO TUE 7+4 7§ 7+é 73 7.4 7,3 7.3
1930~ 3-12 SHOO TIE &8 7.7 b 7,5 77 7.4 7rd
1980~ 23-14  7HOO THU &0 e 71 751 7.0 7.1 78
1920~ 3-14  7HOG THU S:4 7.3 7.4 7.1 7.0 1 G
1230- 2-13 {1KOO0 TR 4,6 L6 &7 £y 69 Tl et
1780- 3-14 12HOG TH! L& £.8 5,4 tab 57 &3 5.9
1920~ 2-14 1SHOO THU &2 43 55 £, & 59
1930- §-14 {THO THY $2 42 54 2 8,3 8.8 5,7
1920~ 2-14 [5HOO THUY 498 73 0)5 S £,3 3 3 a4
1980~ 3-14 2CH0O THU 7:6 713 bd &4 6,3 52 A1 3
1930~ 3-15  1HX FRI 3,0 713 619 8,2 5,5 YY) 223
1930~ 3-13 SR FRI 2 7.3 7.3 720 b7 &3 4.8
1930- 3-15 SHOO FRI 7.4 16 71 8.9 &9 7:0 £,9
1980~ 2-15 . 7HOC FRL b0 7.0 &7 &b &1 &rd £
1980~ 3-15  9HOO FRI 50 a4 6:6 &9 '3 823 £,3
1290~ 8~153 IHCO FRI 40 &3 brd L2y 5,4 &é bio
!'?30' 8‘15 ISHOO ":RI 516 5;‘: \‘.\51 "v;:' C\,l ':'-': \‘.15
1930~ 3-1S 17H00 FRI 6.3 &3 bl 12 4.1 &:9 6,4
1930~ 8-13 19H0O FRI 7.8 &9 &4 &2 bs1 & &4
1930~ 3-15 21HOO0 FRI 82 1,8 4,8 &b 6+ 4 63 &4
1920~ S-15 23H0O FRI 3.8 7,5 6,8 b b4 &3 b d
1980~ 3-16  |HQO 3AT 3:0 7.3 7,0 56 - 5:7 4,4
1980~ 9-16 2HOO GZAT 7,8 7:7 C 69 59 LYY &6 b7
1980~ 3-16 SHOO GSAT 742 1 7:0 5,9 &7 6,3 &7
NO. RESULTS 13 13 43 43 43 43 43
MEAN &3 b9 &b 5,5 b6 brS &5
$TD. DEVIATION 1,6 Lo 0.7 .5 0,5 0t 0,

A.}a‘



DATE

1930~
1930~
1520~

1980~ 3
19%0- 3
1980~ ¢
1980~ 3

1980~

1730- &
1980~ 3
1580~ :
1930~

Z-11.

1930~
1980~
1980-
1580~
1920~
1930-
1920~
1730~
1920~
1920~
1920~
1930~
1220~
1980~
1920~
1930~
1730~
1980-
1920+
1920~
1930~
1950~
1930~
1930~
1930~
1920~
1920~
1930-
1930~
1980~
1980~
1920~
1930-
1380~
1980~

1920~

A-10
5-10

2-11
2-11
2-11
2-11
2-11
3-11
a-11
2-11
2-12
2-12
2-12
2-14
a-14
o-14
£-14
a-14
2-14
5-14
a-14
8-14
2-15
3-13
3-13
#=-19
3-15
2-15
3-13
a-1s
3-15
5-15
3-1%
a-15
3=-14
8-16
2-14
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APPENDIX A8
OXYGEN CONSUMPTION RATE

"~ NORTHERN WORKS

Oxygen Consumption Rate Oxygen Consumption Rate
mg/l/n - mg/1/n
Time- Time
Date of Position in Aeration Basin Date of Position in Aeration Basin
Day Day .
h Start middle End h tart Mmiaodle End
10/8/80 0700 34,2 22,4 9,6 14/8/80 | 0700 32,4 29,8 8,7
- 0900 34,2 22,4 8,7 0900 34,2 29,8 6,3
1100 34,2 34,0 7,8 1100 32,4 27,2 4,8
1300 33,4 ' 28,1 7,8 1300 32,4 23,8 5,3
1500 32,4 22,1 6,9 1500 36,0 26,4 S,4
1700 34,2 26,4 7,5 1700 36,0 29,8 6,0
1900 34,2 28,1 7,5 1900 36,0 28,9 10,2
2100 36,0 30,6 10,5 2100 32,4 30,6 14,7
2300 36,0 26,4 13,2 2300 32,4 29,8 13,8
11/8/80 0100 36,0 29,8 - 1s/8/80 | 0100 34,2 29,8 12,6
0300 36,0 31,5 7,5 0300 32,4 28,9 1,7
0500 36,0 32,3 10,5 0500 34,2 27,2 12,3
0700 36,7 31,5 9,0 0700 34,2 28,1 7,2
0900 34,0 28,9 8,7 0500 34,2 26,4 6,0
1100 33,4 27,2 7,8 1100 37,5 23,0 S,1
1300 34,0 23,8 7,2 1300 37,5 27,2 5,1
1500 31,6 13,0 ) 6,3 1500 40,5 26,4 4,8
1700 28,2 21,3 7,5 1700 39,0 28,9 7,5
1900 34,0 31,5 13,5 1900 39,0 - 10,8
2100 35,2 32,3 18,5 2100 39,0 30,6 12,9
2300 36,0 26,4 13,2 2300 | . 39,0 30,6 11,7
12/8/80 0100 36,0 29,8 - 16/8/80 | 0100 36,0 28,9 13,2
0300 36,0 31,5 7,5 0300 36,0 28,1 15,6
0500 36,0 32,3 10,5 0500 36,0 28,9 3,6




TKN influent

TKN effluent

APPENDIX A 8

NORTHERN WORKS

NITROGEN BALANCE

Nitrate nitrogen effluent

Total nitrogen in waste sludge

Nitrogem loss due to denitrificatioh

Total nitrogen rscovered

% racovery

Influent COD
Effiuent Coo
Oxygen demand
C0D in waste sludge
Total COO recovered

% Recovery

COD BALANCE

(mg N/1)
(mg N/1)
(mg N/1)

(mg N/1)

(mg N/1)
(mg N/1)

(mg/1)
(ma/1)
(mg/1)
(mg/1)
(mg/1)

39
2,1
17
2,9.
16,8
38,8

99

240

46 -
128

43 -

247

90

A.37.



COD concentrations; raw sewage N3I, settled sewage N3TE,

APPENDIX A10

balancing tank effluent N3BE2

19 JUL 1983
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