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ACTIVATED SLUDGE DYNAMICS I
BIOLOGICAL MODELS

gustaf Olsson

ABSTRACT

Dynamical models of an activated sludge system are presented.
They include biological activities for organic and nitrogeneous
waste degradation. Mass balance equations are formulated for
different configurations of aerators. Solids-liquid separation
dynamics is alsc discussed. | ‘
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1. INTRODUCTIOW

The purpose of this report is to derive and present dynamical
mnodels of the different biological and physicai phenonena which

take place in an activated sludge system. The models are only

formulated and no analysis or simulation is presénted in the

report. This will be the topic for forthcoming reports in the
same saries. The present report is part of a research program
concerning control of wastewater treatment plants. It has pre-
viously been reported in Olsson et al (1973) and Olsson (1974).

The activated sludge process is one of the major units in a'Waste—;,

water treatment plant. In the process a waste, usually domestic
sewage, 1ls stabilized biologically in a reactor under aerobié
conditions. The aerobic environment isg achieved by the use of
diffused of mechanical aeration. After the waste have been treated
in the reactor (or aerator) the resulting biological mass is sepa-

i
i
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|

rated from the liquid in a settling unit, see figure 1.l. A

portion of the setitled biclogical solids is recycled and the
remaining mass is wasted as sludge. A portion of the microorgan-
isms must be wasted; otherwize the mass of microorganisms would

keep increasing until the system could no longer contain them.

The microorganisms play a key-role in the activated sludge dynamics.
In the process the bacteria are the most important microorganisms

because they are responsible for the decomposition of the organic
material in the influent. In the reactor a portion of the organic

waste matter is used by bacteria to obtain energy into new cells.

While the bacteria are the microorganims that actually degrade

the organic waste in the influent, the metabolic activities of
other microorganisms are also important in the activated sludge
system. For example, Protozoa consume dispersed bacteria that have
not flocculated and acts therefore as effluent polisher.

It is not only important that the bacteria decompose the organic
waste as gquickly as possible. It is also important that the bacteria
form a.floc which can settle satisfactorily in the sedimentation




unit. It has been opservad, that the cell age is an important
parameter to determine tne settling propérties. Therefore a major
control problem is to keep the proportions between food and micro-
organisms at a suitable level.

The report is organized as follows. In chapter 2 and 3 some basic
properties of microorganisms and their metabolism are summarized,
The biological mechanisms are then described guantatively in chap-
ter 4. The equations for biological growth and decay are inserted
into mass balance equations for a well mixed yeactor in chapter 5;

In chapter & tie equations are generalized to a more complex planfl

configuration, and some other existing configurations are discus~ ¢

sed. The oxygen balance is essential in all aerobic treatment, and
the oxygen dynamics is described in chapter 7. In chapter 8 the
settler properties are discussed in some detail.
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Fig. 1.1. The activated sludge system.



2. MICROORGANISMS IN WASTEWATER

& wajority of chemical reactions occuring in water, particularly
those reactions involving organic matter, are mediated by micro-
organisms. Microorganisms play a dominant role in biological
waste treatment. Although aguatic microorganisms are of extreme
importance for water purification as well ag health and disease,
we shall consider only the role which they play in wastewater
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chemical transformations. In order to make the control engineer
]

AT

somewhat familiar with the basic phenomena of biological treat-
ment systems, microorganisms and their metabolism will be de-

scribed superficielly in this chapter and in chapter 3. -

There is a large number of standard texthooks available-covering
the material, presented in chapters 2 and 3.

The microbial population in wastewater is described in some sani~
tary engineering textbooks, such as Rich (1873), Fair et al (1%68),
Metcalf & Eddy (1972). Other books are Hawkes {(1963), McKinney
(1962) . The bocks by Stainer et al (1958), Oginsky -et al (1959),
Gunsalus et al (1962) and Laménna et al (1965} cover a wider range
of the microbial metabolism. Also Eingsele et al {1971) present a
good introduction into the problems of metabolism and transport
phenomena. Some of the basic'thermodynamics involved in the meta-
bolism reactions is described in Manahan {(1972). The report by
Hilmer et al (1964) gives a good sﬁrvey of the topic (in Swedish).

2.1 Clasgification

The organisms in wastewater can be classified in many different

ways. Here we consider the types algae, fungl, bacteria and proto-
Z0a. '

Algae are classified as producers, because they use light energy
and store it as chemical energy. In the abscnse of sunlight, how-
ever, algae utilize chemical energy for their metabolic needs.




Algae can therefore be considered as aguatic "solar fuel cells®,
Algae will not be considered further in the activated sludge
modelling, as the photosynthesis can be neglected in comparison

with other phenomena in the pirocess.

Fungi, bacteria and protozoa (except photesynthetlic hacteria)
are classified as reducers. Reducers break down chemical com-
pounds to more simple species., They thereby extract the energy
needed for their growth and for their metabolic needs. Reducers
can use only chemical energy. Therefore any chemical transfor-

)

mation mediated by them must involve a net loss of free enerqy.

-

In a sense fungi, bacteria and protozca can be considered as
enviromnmental catalysts,

2.2 Bacteria

Bacteria may be shaped as rods, spheres, oxr spirals. They may.

occur individually, or grow as groups ranging from two to mil-

lions of individual cells. Individual bacterial cells are very

small and-may be observed only thfough a microscope. Most bac-
teria fall into the size range of 0.5 to 3.0 microna. However,

considering all species, a size range of 0.3 microns to 50 mic-
rons is observed.

The metabolic activity of bacteria is greatly influenced by their
small size. Since bacterial cells are so small, their surface to
volume ratio is extremely large. Therefore, the inside of a bac-
terial cell is highly accessible to a species in its surrounding
medium. Thus bacteria may bring about very rapid chemical reac-
tions compared to larger organisms, for the same reason that a

finely divided catalyst is more efficient than a more coarse odne.

Bacterial cells have a number of separate components, see fig.2.l.
Some cells are surrocunded by a slime layer. The laver immediately
inside the cell wall is the cytoplasmic membrane, which controls




the nature and guantity of materials transported into and out of
the cell, The inside of the cell is filled with cytoplasm, the
medium in which the cell’s metabolic processes are carried out.
The nucleus is the "control center” of the céll, and controls
metabolic processes and reproduction. In addition to the above
features, the cell may contain "inclusion” of reserve food ma-
terial consisting of fats, carbchydrates; and even elemental
sulfur. Some bacteria possess movable flagella. These hair-like
appendages give the bacteria mobility.

cytoplasm
cytoplasmic

cell wall membrane

layer inclusions {fats,
carbohydrates, volutin
suifur} ,

Fig. 2.1 Schematic diagram of bacterial cell structure.

Although individual bacterial cells are invisible to the naked
eye, visible bacterial colonies arising from individual cells
are readily visible. A common method of "countjing” individual

bacterial cells in water consists of spreading a measured volume

of the water on a plate of agar gel containing bacterial nutrients.

Wherever a viable bacterial cell adheres to the plate, a bacterial
colony consisting of many cells will grow. These bacterial colonies
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then are counted and related to the number of cells present
initially.

Temperature and pH play a.vital ¥ole in the life and death of
pvacteria, as well in other microscopic plants and animals, It

has been observed that the rate of reaction for microorganisnms
increases with increasing temperature, doubling with about every
10° ¢ of rise in temperétura until some limiting temperature is
reached. Bacteria may be classified according to the temperature
range in which ﬁhey function best. The pH of a sclution is also,
a key factor in the growth of organisms. Most organisms cannot i
tolerate pH above 9.5 or below 4.0. Generélly the optimum pH for ‘
growth lies between 6.5 and 7.5,

Examinations of different bacteria populations in dilfferent
environments have shown, that the bacteria consist of about 80 %

water and about 20 % dry matter.
About 90 % of the dry matter is organic and about 10 % is inorganic.

The organic part of the bacteria use to be described by the empi-
rical formula C H,0,N.

2.3 Autotrophic and heterotrophic organisms

Bacteria may be classified in diffevent ways, e.g. into the two

maln categories

@ autotrophic bacteria

@ heterotrophic bacteria
Autotrophic organisms in general utilize golar energy to fix

elements from simple, non-living, inorganic material to the

proteins and other complex molecules composing living organisms.

Thus autotrophic bacteria are not dependent upon organic matter
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for growth, and may thrive in a completely inorganic medium.
They may use carbon dioxide or other carbonate species as a
carbon source. Autotrophic bacteria may use a number of Jdif-~
ferent enérgy sources, depending in the species of bacteria.
Nitrqsomonas,énd Nitrobacter (see 3.3} are typical autotrophic

bacteria.

In wastewater treatment heterotrophic bacteria are the most
important. They use organic substances as their energy source
and as the raw materials for the synthesis of their own bhio-
mass. Heterotrophic bacteria are the microorganims primarily
respongible for the breakdown of pollutant organic matter in
waters and of organic wastes in biclogical waste treatment proc-

esses (see further 3.1, 3.2}.

Algae are aﬁtotrophic organisms using C02 as a carbon source
and light as an energy source, Fungl are entirely heterotrophic,
deriving carbon and energy from the degradation of organic
mattef,

2.4 Aerobic and anaerocbic bacteria

The bacteria can also be classified upon the basis of their
requirement for molecular oxygen. Aerchic bacteria require

oxydgen as an electron acceptor

, + = 9
02 T 4H + de = 2&20
Anaerobic bacteria function only in the complete absence of
molecular oxygen. Melecular oxygen can be toxic to anaerobic

bacteria.

In the present paper we focus upon the aerobic environmment in
an activated sludge process. If the supply of oxygen is limited,
however, then oxygen depletion may occur with the subsequent
development of nuisance conditions fostered by anaerobiosis.




When orgaﬁic materials containing carbon, nitrogen and sulfur
are decomposed, the inorganic products developed in aerobic

and anaerobic enviromments are as follows:

Aeropbic _ Anaserobic
ocrganic C i COE COZ’ CH4
organic N NOB NH3
organic S SOE" H,8

The conversion of organic materials to inorganics requires a
hydrogen acceptor. In an aerobic environment, mig¢roorganisms
utilize molecular oxygen for this purpose. In an anaerocbic en-
vircnment they utilize sulfates, nitrates, carbon dioxide and

organic compounds.

2.5 Fungi

Fungi are non-photosynthetic organisms. Mosﬁ frequently they
possess a filamentous structure. The morphology (structure} of
fungi covers a wide range. Some fungi are as simple as the
microscopic unicellular yeasts, whereas other fungi form large,
complicated andstools. The microscopic filamentous structures
of fungi generally are much larger than bacteria and usually
are 5 to 10 microns in width. Fungi are aerobic organisms and
generally may thrive in more acidic media than bacteria. They
are also more tolerant of ‘higher concen£rations of heavy metal

ions than are bacteria.

Fungi have also a low nitrogen reguirement; about half of that
of bacteria. The ability of fungi to survive under low pH and
nitrogen limiting conditions makes them important in the hio-

logical treatment of some industrial wastes.

The organic part of the cell mass has the empirical formula
C10H1706N.~The nitrogen content is thus lower than in bacteria.




2.6 Protozoa

-

- In biclegical wastewater treaiment not only bacteria and fungi
occur but alsc different species of single cell organisms, which
could be called aguatic animals. The Protozoa family is the most
important representative of those animals. Protozoa are gener-
ally an order of magnitude larger than bacteria and often donsume
dispersed bacteria as an enerdgy source. In effect, the Protozoa
act as poliéhers of the effluents from bioiogical waste treatment
i_processes by consuming bacteria and particulate organic matter.
The chemical composition of the protoplasm is believed to be ',
C7H1403N.

;IProtozoa can be split up in different classes. One type of classi-

t fication follows here.

1). Amebiod protozoa (Barcodina). These extremely simple ahimals‘
are irregular in shape, naked or shelled, single or colonial.. They
are characterizedAby their pseudopods or false feet, which they

use for movement and the capturing of food.

- 2)}. Flagellated protozoa (Flagellata or Mastigophora). The Flagel-
lates possess flagella, which they use for their motility. They
occur singly or in colonies, naked or in cellulosic shells. They

. can be heterotroph or autotroph,

3). Ciliated Pyotozoa. (Ciliata or Infusoria). The Ciliated Proto-
~ zoa group is considered the most important group in the Protozoa
family in wastewater treatment. Movements by means of cilia is
characteristic of these Protozoa. The c¢ilia are hairlike exten-
sions from the cell membrane, used for both food capture and cell
:-mobility. Sanitary engineers usually consider the Ciliata to be
divided into two types, the free-swimming and the attached. The
free~swimming type must svim aftex bacteria. They regquire a great
deal of food, because they expend so much energy in swimming. One
type of free-swimming Ciliates is Paramecium. The attached Cili-
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ates are attached to something solid and must catch their food

as it passes by. Because their movement is limited, the

Y reduire
less food for enexgy.

The Vorticslla is a stalked Ciliate that
is important in biclogical treatment processes,
the activated sludge process.
aerobic,

especially in
Generally the Ciliates arae Strictly

4) . Suctoria. The Suctoria are Protozoa that have long tentacles,

which they use to capture other Protozoa and then dyaw the proto-

‘plasm of these Protozoa into their own bodies. During the early

stage of their life aycle the Suctoria have cilia, but later in
the adult stage they obtain their tentacles, ’

2.7 Biological flocculation

A special requirement for most biological processes used in waste-
water treatment is the production of flocculant microorganisms
that can he easily separated from the liguid stream in a’ concentra~

ted form by such physical processes as gravity sedimentation,

centrifugation or wvacuum filtration. From a pollution control

point of view the microorganisms produced must also be considered
as an undesirable product,

since, being organic matter, they can
place a pollutional burden

on the receiving waters. Ease of sepa-
ration from the liquid phase and self-destruction of the micro~

organisms through autooxidation .are therefore of considerable im~
portance.

McKinney (1963) sﬁowed that flocculation can be related to the

ratio food~to—microorganiéms. He showed that under certain con-

~ditions the organisms normally present in an activated sludge

unit. flocculated rapidly under starvation’éénditions. Other

authors, e.g. Anderson {1963} have shown that flocculation results

from a slime layer, built up by sticky Polysaccharides. Organisms
can then adhere to this layer. The slime formation does not cccur
during large food~to-microorganism ratios and requires excess
carbohydrates, see Eckenfelder (1966). .
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pecause of the settling properties not all microorganisms are
‘gdesired in an activated sludge unit, Because of their high sur-—
- face area/volume ratio filamentous. organisms (such as free-
?Swimming Ciliated Protozoa) may survive better under low oxygen
‘tensions that other flocoulated aerobic organisms,. Under those

“conditions non-settling flocs can result,

;?A good settling sludge must have high density. Bulking sludge
"can be a result of the growth of e.g. Fungi and other filamentous
“forms. Their growth is stimulated by aerobic conditions and an

i,

“available carbon source.

5The gettling of activated sludge is furthex considered in chapter
8.
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3. METABOLISHM

ﬁLiving matter is distinguished from non-living organic materials
.fby ite metabolism., Metabolism is defined as the chemical and

physical processes continuously taking place in living organisms

;and cells. Assimilated nutrients can be built up into proto-

plasm {anabolism) and protoplasm can be used and broken down into
simpler substances with the release of energy (catabolism). The

ioverall metabolism of bacterial cells can be thought of as con-

sisting of two biochemical reactlons: energy and synthesis. The .
first reaction releases energy so that the second reaction of )
¢ellular synthesis can proceed. Each reaction is a result of a
iong series of enzyme-catalyzed reactions. The discussion that
follows is centered arcund the bacteria, but the basic principles
are applicable for all living cells. '

3.1 Synthesis

?ell synthesis takes place when the organism uses e.g. oxganic
wastes aslfood. In the process coﬁplex oxrganics are broken down
into simple organics and inorganic materials. As the synthesis
requires energy it is an anabolic process. The cell synthesis

in an activated sludge process is aercbic, so oxygen is consumed.
Therefore the general form of the synthesis reaction is

rganic poilutants + bacteria + 02'+ energy - C02 + H20 + new
acterial cells

(3.1)
he reaction can take placé only if energy is added. In most
ages there are heterotrophic bacteria acting, and therefore the
nergy is taken as the free energy, boundedwchemically.

+2 Respiration

rganisms derive energy for their synthesis from organic materials
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“ip a process called respiration:
xternal substrate » metabolic products + energy.

Regpiration is an oxidation process, requiring a hydrogen acceptor.

iclecular oxygen serves as a hydrogen acceptor for aerchic organisms.

.The metabolic products resulting from respiration are inorganic
ompounds of carbon, nitrogen and sulfur. Respiration releases
nergy contrary to the synthesis and is consequently comple-
entary to the synthesis in metabolism, Therefore synthesis in
‘heterotrophic organisms must always be Ffollowed by respiration.
mfhe energy transfer from respiration to synthesis is carried by '
chemical compound Adencsine Triphosphate (ATP). The energy
aptured by this compound is used for cell synthesis, life
aintenance and motility. When the ATP molecule has expanded

ts captured energy to the reactions involved in cell synthesis

nd maintenance, it changes to a discharged state called Adeno-

ine Diphosphate (ADP). This ADP molecule can then capture the
energy released in the breakdown of organic or inorganic mattex.
Having doné this, the compound again assumes an energized state

8 the ATP molecule. The ADP-ATP cellular energy system enables

he chemical reaction cbmprizing respiration and syntheis to be
¢carried out at the ralatively low temperatures characterizing
:metabolic processes. The ATP-ADP mechanism also points to the
;importance of phosphates to living organisms.

The respilration can be represented by the reaction formula

external substrate + O, = 602 + H,0 + NH, + energy {3,2)

In absence of suitable external substrate it can be obtained
through catabolic degradation of the internal cellular materials
themselves. Such a process, called endogeneous respiration may
be represented by

cellular material + Oy =+ CO, + H,0 + NH, + energy {3.3)




The endogeneous respiration is therefore an oxygen consuming
reaction, where the cells undergo a decay. The metabolic products
and energy transfer mechanism are the same in endogeneous respi-
fation and the so called primary respiration, represented by
(3.2},

Tof the organic material varies with the nature of the compounds
lpresent. One quantitative measure of the relative amounts of
foxygen required 1s the respiratory quotient (RQ) which is based
;upon the relative amounts of €O, {totally oxidixed carbon) which
~can be produced from different classes of organic compounds by
‘use of the same amount of 0,. The RQ, moles CO, produced per
~mole O, used, is 1.0 for carbohydrates, 0.8 for proteins and 0.7
~for fats. Por a waste containing primarily carbohydrates which
ican be represented as CHZO the balanced eguation for oxidation
{RO=1) can be written

CH,0 + 0, = Co, + H,0 | | {3.4)

3.3 Nitrogen transformations by bacteria

The aerobic biolegical degradation of organic material is the
primary interest in this paper. In order to complete the text
for further model developing 'also nitrogen removal will be con~
sidered. Ammonia is the most important inorganic compound that
have an oxygen demand on the water. If ammonia is present in
the effluent water then the dissolved oxygen content in the
receiving stream can be lowered through the process of nitri-
fication. In this process ammonia is bioclogically oxidized to
nitrite. The nitrite is then oxidized by aﬁother group of micro-
organisms to nitrate. Nitrate is the final oxidation state of
the nitrogen compounds, and as such repregents a stabilized
product.

For the removal of nitrogen in the biclogical treatment the

~The amount of oxygen which would be reqguired for complete oxidation
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‘nitrification~denitrification proeess appears to be the most
promising. Nitrogen in the form of the ammoniiyn i¢n is converted
to nitrate in two steps, called nitrification. Nitrification
is catalyzed by two groups of bactexia, Nitrosomonas and Nitro-
bacter. Nitrosomonas bacteria bring about the transition of
ammonia to nitrite,

+

3 - -
NH, + 3 o2 H' + NO, + 320 + energy | {3.5)

whereas Nitrobacter mediate the oxidatlon of nitrite to nitrate:

¥

— l 3
N02 t 5 0, = NO, + energy {3.6) ¢
The overall nitrification reaction is then

+ - +
2 O, + NH4 = NQ3 + 2 H + H20 + enerqgy (3.7}
Both of these highly specialized types of bacterla are aerobes,
i.e. they function only in the presence of molecular oxygen. The
bacteria are also autotrophic meaning that they can utilize CO2
as a carbon source in the synthesis of their biomass.

If nitrification is to be accomplished in an activated sludge
system certain operational conditions must be satisfied. First,
additional oxygen must be added, Then a longer mean cell residence
time must be used compared to heterotrophic bacteria. The nitri-
fying bacteria have a growth rate that is much lower than that

of heterotrophic bacteria, and therefore  they reguire a longer

cell residence time to be effective, of the order 10 days or

more.

Denitrification is an important process iﬂ-nature. It is the
mechanism by which fixed nitrogen is returped to the atmosphere.
Denitrification is also becoming an ilmportéant process in advanced
water treatment for the removal of nutrient nitrogen. The water
is treated with a minimum amount of methapol .under anaerobic
conditions, and N, gas is evolved according to the following




reactionz

- ¥
SCHBOH + 6N03 + 6H = SCO2 + 3N2+ + 13H20 . {3.8)

Because nitrogen gas is a non~toxic volatile substance which
does not inhibit microbial growth, and since nitrate ion is a
very efficilent electron acceptor, denitrification allows the
extensive growth of bacteria under anaerobic conditions,

3.4 Oxygen demand

Oxygen is a vital component both for cell synthesis and respi-
ration, see 3.1 and 3.2. Unless the ?ater is reaerated effi-
ciently it rapidly becomes depleted in oxygen and will not sup-
port higher forms of aquatic life. Oxygen may also be consumed
in water by the bicoxidation of nitrogeneous material according
to eqg (3.7) and by chemical and/or biochemical oxidation of
chemical reducing elements; e.q.

e+2.

4F

+ 02 + 4H+ = 4Fe3+ + 2H20 ' {3.9)

3 §0°7 + 0. = 2 504 (3.10)

The parameter Biochemical oxygen demand (BOD) is a medsure of

the microbially-mediated oxygen consumptlon by contaminants in
water., The amount of oxygen required for oxidation of organic
material can be calculated by stochiometric formulas of the

type (3.1) where the cell mass is represented by organic molecules
of the type C_H O N.P_S , see e.g. Rich (1973). Generally BOD

abecdef
represents the amount of BOD utilized.

Consider fig. 3.1, which gualitatively describes the oxygen
utilized in water containing a flora of‘microorganisms and
nutrients. The curves consist of two different stages. In an
activated sludge system the first stage is the most important
one, and it extends over several days. The first stage is inter-




preted as resulting from oxidization of the carbon in the organic
materials being decompoged. The second stage iz considered to
reflect the oxygen utilized in the okidation of the nitrogen
compounds, the nitrliflcation, see 3.3. However, because of the
length of time generally elapsed before the onset of the nitri-
fication stage, the latter in many cases hak been considered as

having little practical significance in the standard BOD test.

BOD

I I i [ o i ¥

. i
0 10 20 30 40 50 60 70 time (days)

Fig. 3.1. Biochemical oxygen demand {utilized) as function of

time.

The first stage BOD follows a first order reaction

L _ {3.11)
where L is the oxygen remaining and kl a constant. Thus
- ~k.t .

BOD{t) = BOD {to)(l—e 17) . (3.12)

The value k; = 0.23 (dayspl) at 20°C can be used as an average

value in domestic waste.

The BOD parameter is commonly measured by the guantity of oxygen
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utilized by suitable aguatic organisms during a five day period
{BOD5) or a seven day period (B0D7). The limiting value for
infinite time i1s ealled the ultimate BOD (BODu). Mormally the
BOD,, does not include the nitrification stage.

Considering the time frame of the curves in fig 3.1 one has to
concliude that these BOD curves for most part refiect the endo-
geneous respiration. The more rapid synthesis may take place
only during the first few hours at {he most.

For control purposes it is completely unrealistie to use the BOD
takes several days to get the value. The chemical oxyden demand,
CoD, ig a much more easily determined parameter. Basically the
test consists of the chemical oxidation of material in water by
dichromate ion in 50% 52804;

+ 2-= 3+
3 CH,O + 16H + 2 Cr,0, = 4 Crx + 3C0, + 11H,0 {3.13)

After the oxidation of the oxidizable material in water, the
amount of unreacted dichromate is determined by titwation with

a standard reducing agent.

The COD of a water may differ appreciably from the BOD. The pre-
sence of poorly biodegradable compounds in water will result in
a Cop higher than the BOD. In some cases the BOD may be lower
than the BOD. For a specific plant it is often .possible to
establish a fair qorrelation between COD and BOD. For typical
domestic wastes the BOD/CQD ratio vary from 0.4 to 0.8.

It is common practice to measure the concentrations of different
microorganisms and substrates in terms of their oxygen equiva-
lents. Thus the concentration 1 mg/l of organic waste means,
that there is 1 mg demand of oxygen in a liter of water to com~
pletely oxidize the substrate (Total oxygen demand TOD) . Bio-
degradable organics have oxygen demand expressable in BOD. There

as a measurement variable of the biodegradable content, as it ¢
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is also non-biodegradable materials with oxygen demand. The
total oxygen demand TOD is one measure of the concentration too,
see Clifford (1967). Here all concentrations will be expressed
in TOD. The corresponding COD is about 0.8 times the TOD value
and BOD,, about 0.7 times the TOD.

Also the organism {viable and non-viable)} concentration c¢an be
expressed in oxygen equivalents. Stochiometric formula can in-—
dicate the oxygen requirements for cell synthesis, respiration
and decay. The concentration of viable and non-viable organisms

will therefore be expresseéed in TOD ag well,
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4. BIOLOGICAL MECHANISMS IN THE AERATOR

Thne activated sludge system is a very special aquatic unit.

pue to the turbulence and the circulation of the sludge the con-

dition are guite different to those of a natural stream.

tn this chapter the microbial fnetabolism will be more quantita-
tively described for an activated sludge s;stem. Fig. 4.1 gives
a scetch of the microbial transformations of organic waste in an
activated sludge system. One link of +he microbial chain at a
rime will be considered, and a gquantitative description of the

transformations will be suggested. ¢

in 4.1 the first contact between the organic ﬁollutant and the
microorganisms is described, the so callad biosorption. The
gsynthesis of organisms is discﬁsqed in 4.2 and the decay in 4.3.
The dissolution of cell material to substrate is mentioned in 4.4.

in 4.5 some numerical values for kinetic constants are given.

4.1 Biosorption

The wastewater must contain all the necessary nutrients for the
organisms in the sludge, if they should survive. When the waste-
water is brought into contact with the organisms a numbex of
initial mechanisms take place: Before the organisms can use the
substrate as a food source it has to penetrate the cell membrane
by a purely physico~chemical process. This transfer occurs by
several mechanisms which include adsorbtion, absorbtion and physi~
cal entrapment. This biosorptioq does not include any biological
oxidation, and takes place within an hour. ihe biosorption process
is made-useof intantionally in the contact-stabilizaticn process,
see 6.6.

1t could be observed in any wastewater treatment plant that it
is a rapid initial removal of organic pollutants. As an example
a step disturbance in organic 1oad very rapidly damped out. Jones
(1371} has descrlbed this process as a transfer of substrate from
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the quuid phase to the floc¢ phase.

The mechanism is described here in one equation, when either
suspended or collodial bicdegradable organic materials are
transferred to the bio~floc. Blackwell {1971} has suggested this

transfer mechanism as a driving force

ds ~
___I.n. == 5 —_— £ N
I rS CT [fs Ks+s LS} {4.1)
ds . _ Efﬁ (4.2) :
dt at ;
where

S, = concentration of stored mass

Cqp = concentration of total mixed liguour volatile suspended
solids (MLVSS) in the aerator, i.e. Cip is the sum of the
concentrations of stored mass, microorganisms, both viable
and non-viable. ’

fs = the maximum fraction of stored mass, that can be inéorporated
in the total MLVSS

£, = fraction of MLVSS that is stored mass, i.e. fs = sm/cT

r, = transfer rate constant (hbll

s = substrate'concent;ation

K. = adsorbtion ~ absorption coefficient,

&

The expression has been used by Busby (1973). The transfer mechanism
has also been studied by McLellan {1969}, Walters {1966} and Morris
- Stumm {1960},

As the transfer of substrate into the biological floc is dependent
of the substrate concentration, also the storage capacity in the




biological floc depends on the substrate concentration. aAs the
hiosorption is a rapid process, it can also be assumed that

equilibrium could prevail between stored mass and liquid substrate.

Neame and Richards {1972) have considered the problemns of membrane
carrier transprot, which can be applied in this context. They assume
the model, that substrate is adsorbed at one side, moved across the
membrang: and veleased at the other. The simplest equation which de-
scribes the carrier transport phenomencn is the Michaelis-Menten

egquation
vo=

where s = substrate concentration

s = maximum transport rate

max

v = transport rate

Km = saturation constant
Diffusion may contribute to transfer. The total rate of transfer is
then the sum of the separate rates, thus '

_Vmax L

v‘Kmﬁ-s D

where the last term ig the diffusion term.

Now the rate of carrier transport in each direction (vin) and (vout}
ig expressed as

iR |

! [ =}
. - __hmax = v - max m
in s + K' out + K"
s u “m g

where s = soluble and ¢ollodial substrate outside the cell

Sm = stored mass in the cell

Thus the- net transfer, including diffusion, can then be expressed as

vl = " .
max Y max ' ®m

- = i - Ti + K (S"'S }
out s + K 8 sm + Km D m

= v
vnet in
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The expression has many similarities to (4.1).

The bioscorption is neglected by most authors, describing activated
sludge &ynaﬁics, ag it is very rapid. Even if the dynamics of

the process could be neglected compared to the cell synthesis
dynamics it is very important to distinguish between stored mass
and soluble and collodial substrate. One reaszon is, that a COD
measurement only takes the liguid substrate into consideration.
Another reason ig, that a contact stabilization process makes use
of the biosorption mechanism (see further 6.6). No attempt is made
here to distinguish between soluble and collodial substrate. It

has been observed, that the transfer mechanismé could be gquite |
different, see e.g. Jones (1971). Here the coefficient Ty will be
adjusted to fit an actual plant. Quite a complex model is suggested
by Jaguart et al (1973) and Blackwell {1971). Collodial and soluble
substrate mechanisms are described by separate mechanisms and very
complex models result., In order to limit the complexity we stick

to the expression (4.1). Then the substrate mass balance in the
agrator can be represented by just one eguation. This simplifi-
cation is also justified by e.qg, Ford - Eckenfelder (1967) and
Busby (1973). |

4.2 Synthesis of microorganisms

In the model we will consider three different species of micro-
organisms, sludge bacteria (c | dlspersed bacteria {cy) ang
Ciliated Protozoa {cp), see flg. 4.1. Nitrification bacteria are
not included in the- figure,

The sludge bacteria can be flocculated and are concentrated in

the liguid-solids separator aftér the aerator. The dispersed
bacteria are also called sewage bacteria. They are defined as
those bacteria born in the sewage in considerable gquantities and
are able to use the soluble constituents of the wastewater. Unlike
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sludge bacteria, they are not considered to flocculate. They
remain in suspension in the reactor and the separator tank. The
dispersed bacteria are also available as a food source to Ciliated

Protozoa thal may be pregent,

It is assumed that the microorganisms considered are heterotrophic.
Therefore the synthesis eguations are similar for the three itypes

of organisms. It is assumed, that the sludge bacteria and dispersed
bacteria use either substrate or stoved mass as a food scurce. The

Ciliated Protozoa use the dispersed bactexia as a food source,

4.2.1 Sludge bacteria

The growth rate of the sludge bacteria is empirically assumed Lo
be

- (4.3)
where

sludge bacteria concentration

8]
I

it

i specific growth rate

X
where the growth rate W, can be described by different expressions.
Here we assume the Monod {(1942) function for the growth,

A s

_ m )
Px T My ¥ s , (4.4)
x 1 .

If no biosorption is assumed, then the substrate is used as nutrient,

‘1 1 s
o = u . {4.5)
X _X Ki+s

4

t

where My, = maximum specific growth rates of the organisms (h~

b
il

saturation constants.




other types of growth rate terms are also suggested.

Teissier (1236) proposed

o oA2) gk ®) ‘ (4.6)
UX ].lX {l-a 1
which is an approximation of the Monod curve. Ancther expression

is found in Eckenfelder - McCabe (1960).

H, = kg s for s < 8 (4.7}
. 243} *
UX ux 8 > 8

which is a gtraight line approximation of the Monod function (4.4).

Other approximations are listed in Mikesell (1971). The function

o4y oy n(4) )
U 7 Wy Ky o My o2 (4.8)
1+§d~+§~:‘ S‘*‘Kx'i“i{‘":"
1 i
52
has an inhibitory term 7 Egpecially in anaerobic digesters

{Andrews (1972)) this gr%wth term in adequate.

If stored mass is considered as the organism nitrient, then s is
replaced by S Some assumptions have been made implicitly in the

growth egquation (4.3). The most important ones are

(i} There is enough oxygen available for the synthesis. The in~

fluence from oxygen limitation is considered in chapter 7.

(11}All the necessary nutrients for proper biological growth are
present. The oniy limiting substance is the biodegradable
organic matter. The pH and temperature are regulated for the

proper rate of ¢growth.

The temperature effect can be guantified due to the Arrhenius
equation. If the temperature differences are small, then the

egquation can be approximated to




. (T-Tg) (4.9)

where v, dg = maximum specific growth rates for the temperatures T

and T, respectively Yy

0
& = temperature éoefficient, ranging from about 1.03 to
1.067.

Growth and nutrient utilization are directly related. The vield
of the reaction can be calculated directly from stochiometric
relations. The substrate consumption can be written proportioral
to the c¢sll growth,

*C
ds X X (4.1.0)

whare Yi = yield factor, usually assumed constant about 0.5. In
the case stored mass, then the consunption of stored mass is

ds ¢

"‘““atm = - EE . (4.11)
Y
h:4

4,2.2 Dispersed bacterga

The growth equation for dispersed bacteria is completely analogous

to that for sludge bacteria,
X =y e (4.1.2)

where g T specific growth rate.

The specific growth rate is assumed to be of the Monod type,

~ 8

) m
U, = M, 0 et (4.13)
Y y Ky%sm
where ”y = maximum specific growth rate
Ky = saturation constant.
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There is a guantitative difference between sludge and dispersed
pacteria growth rate. Due to the large surfade-area-to-volume

ratio for dispersed bacteria, both nutrients and dissolved oxygen
can much more easily penetrate into the organisms. This means

that the specific growth rate is larger for the dispersed bacteria.
They can also synthesize in a lower dissolved oxrygen concentration.
in a poor oxygen enviromment therefore the dispersed bacteria
survive better than the sludge bacteria, thus creating a poor sludge

with bad settling properties, (see also 4.5).

The nutrient consumption of the dispersed bacteria corresponding
to eg {4.11) is ;

mo_ LYY (4.14)

where Yy = yield constant, about 0.5.
The dynamics of dispersed bacteria has been studied e.g. by Curds

(1971, 1973). In a recent article by Lee et al (1975) the kinetics

of dispersed bacteria together with sludge bacteria has been studied.

4,2.3 Ciliated Protozoa

Two different species of Ciliated Protozoa are considered

o free-swimming Ciliates (cpf)

o attached and crawling Ciliates (cpa)
The free-swimming Ciliates are considered to swim freely in the
mixed ligour and they are fed on the dispersed bacteria, but not
on the flocculated masses of sludge bacteria. It is further assumed

that they remain dispersed in the whole'system and are not sepa-

rated in the sedimentation unit. It is also assumed that they are
not present in the influent raw wastewater.




The attached and crawling Ciliates are associated with the sludge
floc. Therefore they will settle together with the sludge bacteria.
T+ is assumed that the attached and crawling Ciliates behave in
similar manney and ace therefore described with one state variable.
Tt is also assumed that they feed on the dispexrsed bacteria but

not on the floceulated sludge bactevia.

The growth rate of the free swimming ciliates (cpf) is described by

de

pf . L ¢ (4.15)
where LY = specific growth rate for free-swimming Ciliates.

The growth rate is assumed to be of the Honod type,

. c .
- . Y
i = p e ) {4.16)
£ f K_ .+
¥ P pE Oy :

where Kpf = gaturation constant

v = maximum specific growth rate.

!

The attached Ciliates (cpa) are assumed to grow similarly,

dc a : ' .
”E%“ = “pa . cpa , {(4,.17)
where ”pa = gpecific growth rate for the attached Ciliates
P C}r '
" =y — {4.18)
a a kK__+c
P p pa Uy
where Kpa = saburation constant
Voa = maximum specific growth rate

The Protozoa consume dispersed bacteria for their synthesis and

+he consumption is



|
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325—‘{_} - E%;CP (4.19)
where cp = cpf + cpa {(4.20)
. + boa {4.21)

XP = yield constant for Protozoa growth

The Protozoa are especlally sensitive to low oxygen levels in

the watex,

The dynamical behaviour of Protozoa has been studied e.g. by
Curds {1971, 1973); Canale et al (1973}, Varma et al (1975).

4.2.4 Nitrification bacteria

The nitrification bacteria Nitrosomonas and Nitrobacter are.
daescribed in section 3.3, The synthesis phase of those bacteria
follows the same type of growth pafterns as the heterotrophic
bacteria. The only difference is that the maximum growth rate

and the yield coefficient arve much smaller.

The substrate for the Nitrosomonas is ammonia nitrogen when new
cells and nitrite are produced. Witrcobacter uses nitrite produced

by the Nitrosomonas as substrate to produce new cells and nitrate.

The dynamics of the nitrification has been described by Smith -
Eilers {1970) and by Poduska - Andrews {19%74). The growth terms

are similar to {4.2). For Witrosomonas the growth is

dc
ns

3t HYns ° “ns {£4.22)

where
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Cha = goncentration of WNitrosomonas
- SK{ 3 s = : g
M =y =M. = gpeciflc growith rate for Nitrosomonas
ns ns KnS+SN
{4,23)

5y = concentration of ammonia nitrogen

For Nitrobacter the corresponding growth is

dcnb
“dt" 7 "ab © Cab (4.24)
where ;
Chp T concentration of Nitrobacter
» Sno2
u = u . = gpecific growth rate for Nitrobacter
nb nb Khb+SNO2
(4,25}
Sn02 concentration of nitrite

Ammonia nitrogen s is consumed by the Nitrosomonas and is

N

transferred to nitrite, Syo2
dsy _ _"ns * “ng {4.26)
3, - ’ °
at Yoo

where Yns = yield constant

The nitrite concentration 8 is increased due to the Nitrosomonas

NG2
activity and is consumed due to the Nitrobacter bacteria activity,

- A8y02 _Yns " Cas Ynb C Cmb :
dat Y - ¥ : (4.27)

ns nk -

where Yn = yield constant for Nitrvobacter.

b

The nitrite is transferred to nitrate NOS, and the consumption

term in {4.27) is corresponding to a production term of nitrate,
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a S ¢
*wo3 _ "ab " “nb (4.28)
dt Y *
nb
where SNO3 = nitrate concenltration.

4.3 Decay of microorganisms

The decay of microorganisms represent several differxent phenomena,
i.e. endogeneous respiration and death. Empirically these pheno-

mena together are assumed to follow a first order reaction kinetics,

H

dcx ,
dt = -‘d}{ ) CX - (4 |29) . {:'
ac

EEX = —dy . Cy . (4.30)

The value of the specific decay term (dx or dy) is influenced by
many of the factors influencing the specific growth rate.

The expression {4.29) has been empirically derived by many authors,
e.g. McKinney (1962}, smith {(1963) and Jaguart et al (1973}, Andrews
{197)). The relative importance of the decay term compared to the
growth term depends on the substrate concentration. The maximum
specific growth rate p is generally one or two orders of magnitude
larger than the decay term. If the water should have a very low
organic pollution content, then the decay term might be much more

of importance. '

The death of viable organisms transfers the viable bacteria into

non-viable or inert organisms, l.e.

dc .
z Lt . -
i - YZ {dx C, + dy cy) . {(4.31)
where ¢_ = concentration of non-viable organisms

Z

Y, = concentration of inert mass generated per unit concentra~

tion living organisms decayed.
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Thus the eq. (4.31) represents the formation of non-viable bacteria

from both sludge and dispersed bacteria.

In the endogeneous respiration the organisms are forced to meta-
bolize their own protoplasm without replacement. Westberg (1967)
has assumed that the decay term (dx or dy) depends on the available

concentration of nutrients. According to Westberg the organism decay

is
ch 1
I T s Sy {4.32)
where n = decay coefficient and corresponding'formation of inert .
bacsteria F
dcz . '

The relationship between the endogeneous resPifation and the avail-
able food is, however, not always so simple as the Westberg model
describes. Sometimes it has been found, see Ericsson et al {1970)
that the respiratioﬁ is instead proportional to the substrate con-

centration.

The decay of Nitrosomonas and Nitrobacter follows a similar pattern
as the Heterotrophs. Thus the decay terms are

dcns
~r f dns CLs . (4.34)
dc

. -l (4.35)

dt nb nb

for the Nitrosomonas and Nitrobacter respectively. Numerical values,
suggested by Poduska-Andrews (1974) are listed in 4.5. Downing {(1962)

has assumed the decay is zero compared to other terms.

4.4 Dissolution of cell mass

Tn a model derived by Westberg (1967) the redissolution of inert
bacteria into substrate is considered. The nutrients remaining in

the dead cells diffuse out to furnish the ramaining cells with food
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{know as cryptic growth). The dissolution is caused by enzymes and
the concentration of them is supposed to be proportional to the
living organisms concentration. Thus the dissolution is proportional

to both living and inert bacteria,

ds . ;
i m s '
dt Cx Cz {4.36}

where ¢ = constant.

Corresponding consumption of inert bacteria is then

(4.37)

m:“zy’cc . “
¥ Z \

4.5 Numerical values of kinetic constants

Municipal sewage represents, perhaps, one of the most complex
mixtures of carbon sources found in nature. Even undexr constant
conditions as far as pH and temperature is concerned there is a
wide spread in experimental data found for the kinetic constants
for the waste. also for heterogeneous mixtures of gynthetic waste
there is no such thing as "the" kiﬁetic constant. A

Table 4.1 gives a sample of numexrical values found in the literature
of different constants for the activated sludge equations. The waste
4is all the time domestic. It is clearly demonstrated that the con-
stants must.in most cases be determined for the actual plant underx
consideration, )

Sometimes there is some confusion in the definition of the constants.
In eg. (4.3} c, means the concentrations of viable organisms. In
some papers ¢ represents the MLVSS or MLSS_Qf,the aerator. There-
fore a relation between MLSS and concentratiosn of viable organisms
must be established. In a conventional activated sludge process
about 34 % is active, in a step feed process about 28 % is active,
see Busby-Andrews (1973). Smith et al (1970} has proposed that the

~

maximum rate congtant Mo, {4.4) is not a constant but varies with

something like loading,




p, = 5.5 ~ 2.9 In(1/L) (daysﬁl)

where L = process loading, kg BOD fed/day/kg sludge bacteria in
system,

Most ofiten the kinetic constants are determined experimentally.
The stochiometric constants can be Eheoretically determined con-
veniently by expressing them in electron equivalents. This hag
been done e.g. by Hultman {1975) and McCarty {1971, 19723,

35
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5. DYNAMICS OF A COMPLETE MIX AERATOR

The mass balances for a complete mix reactor will be derived in
this chapter. The purpose is to first show the equations in sim-
plest possible form and later take other hydraulic patterns into

consideration.

In many plants the aerators cowld in fact be described by a com-
plete mix model. The activated gludge process is illustrated in
fig. 5.1, where actual terminology is defined. It is assumed all

the time that the water ig in hydraulic eguilibrium, so all water

38

flows are determined statically. Moreover, as the concentrations °

of pollutants are so small the density of the water is not influ-
enced noticeably by the concentration. The hydraulic flows are
indicated in fig. 5.1. itoreover we define

V = total aeratoxr volume
r = fraction return activated sludge flow
v = fraction waste activated sludge flow

0 = influent flow coming from primary sedimentation

Indices are used in the chapter for following:

index r refers to the return activated sludge
w = yefers to waste activated sludge
e = yefers to effluent from separator

i = refers to influent to the aerator

The eguations for mass balgnces of the different compounds in the
aerator are derived in the rest of the chapter. The same type of
procedure is followed everywhere in the equations. Thus the terms
represents the following: )

Accunulated mass = incoming via influent + incoming via weturn
activated sludge - outgoing to sgeparator +
+ growth - decay (or consumption)
(5.1)
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AERATOR ~—~ ~ SEPARATOR

Fig. 5.1 Schematic flow diagram of a complete wmix activated
sludge system.

5.1 Sludge bacteria

The concentration of bacteria in the influent water can be neglected
in comparison with the concentration in the aerator. The growti of
the bacteria is defined by eg. (4.3} and thelr decay is likewise
defined by (4.29). In the separator the flocculated bacteria are
separated from the liguid and the bottom concentration in the sepa-
rator is therefore larger than the aerator concentration. The mass

balance eguation néw c¢an be written in accordance with {5.1)
'y = N . e 4 7 * - 0 19
v r*Q*c {1 r)ch+K[pX c, dx Cx] {5.2)

where c, = sludge bacteria concentration.

if the time © = V/Q is introduced ] (5.3)
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cr the dilution rate

D= 2 (5.4)

=5 = Dir cxrr~(l+r)cxj 4 “xgcx“dx'cx {(5.5)

The decay term dxcx can alsc be replaced by
EL
5 X n

]

according to eq. (4.32), If the biosorption is not taken into con- !
sideration, then m is replaced by s in n,, See eq. {(4.5).

5.2 Dispersed bacteria

The dynamics of dispersed bacteria was considered by Curds (1973).
It is assumed that their concentration is homogeneous throughout
the system as they do not flocculate. The mass balance equation is
formulated analogously to eg. (5.2), where the growth term is de-
fined by eg. (4.12) and-the decay from eg. {4.30). As the dispersed
bacteria are consumed by the ciliates, eq. (4.19) represent the
consumption. It is also assumed that the influent waste water con~

tains these bacteria. The mass balance equation is

ac p_*cC
Y - p_P
Ve = + - + o - s .6
4F Qcy,i chy (1+r)Qcy V[py cy Yp y cy] (5.6)
or
do pp-c :
= D L= * - - * . . 5.
EEX {cy;l cy} + By Oy .—§;~B ay cy (5.7)
where
Gy = concentration of sewage bacteria
cy ; = concentration of dispersed bacteria in the influent
7 -

water
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5.3 Ciliated Protozoa

The mass balances for ciliated Protozoa were formulated by Curds
{1971). For the free-swimming Ciliates the concentration is assumed

+o be homogeneous, as no separation takes place, i.e.

The mass balance for free-swimming ciliates is then derived from
(5.1), {4.15) and {(4.16).

dc
M»E..f_ = - . | =4
v 4t chPf (l+r)Qcpf + v ”pfcpf (5.8)
or
dcpf
ac =7 Dcpf + upf cpf (5.9)

For the attached Ciljiates the influent concentration is also zero.
As they will separate together with the sludge bacteria the return

gludge concentration cpa r is different from the aerator concentration
. ’
cPa.The mass balance is found from (5.1), (4.17) and (4.18),

doc
- ..—...EE = - — L3 s
v 95 T Qcpa,r (1+r)Qcpa + ¥ Mg c?a {5.10)
or
dc a
= — - - 15
3t D{rcpa’r (l+r}cpa} + Wy cpa {5.11)
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5.4 Inert microorganisms

The inert organisms axve formed through the decay of viable organ-
isms eg. (4.3l). They are also consumed by the redissolution de-

scribed in eg. {4.37). The mass balance equation is

g;i_z Dicz,i+rcz,r ~{1+r)cz} +- YZ=(chK+dy‘cy) mt?cxcz
(5.12})
where )
¢ = concentration of non-viable organisms ¢
cZfi = concentration of non-viable organisms in the influent

According to Westberg (1967) the decay term &X can bhe replaced
by n/s or n/sm {eg. (4.32)).

5.5 Organic substrate

The organic pollutant in the water is either in collodiﬁl or in
liguid phase. Here all substrate is described by jﬁst one state
variable (s). The substrate then is not separated from the liquid
in the sedimentation, so the concentration is considered homo-~
geneous throughout the system. Substrate is added by the influent
flow (Si) and is consumed by transfer to stored mass {eg. (4.2)}).
It ig also added new substrate by the redissolution of inert cell
mass, eg. (4.36),.

The mass balance then is

as

vV &t

s — . 1" - - » - .____..__.S _—
= Qsi+rQs {1+1)08-+V z?“cxc,z v r, c,l,[fs Ks+s fs] {5.13)

oxr
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i

- a _
D(Si"‘S}‘{'?j’cxcz ZSCT[fS HR_;'{’:TS“ fSJ (5.1@)

5.6 Stored mass

By definition the concentration of stored mass is zero in the in-
fluent water. As described in 4.1 the stored mass is formed through
a physical process and no respiration takes place. The stored mass
is then consumed by the synthesis of bacteria. As the stored mass
is included in the sludge bacteria it is natural to assume that it
has the same sedimentation properties as the sludge bacteria. Tﬁe
mags balance equation is easily derived from eqs. (5.1), (4.1),
(4.11), (4.14),

11PN - £ s - B
qr T Py, T e ) reoplhy gy - £
u_c u, vC
_ X Tx _ y b4 (5.15)
Y L4 '
X Y

If it is assumed that the stored mass is neglected, then all
suspended,  collodial and flocculated substrate is represented by

one state variable, S

8 = 8 + . ' {5.186)

If egs. (5.14) and {5.15} are added the result is

dsT EZ CX
P = Disi+r_‘ST,r“ {l+r)ST] + Zf’cxcz'“uy* Yy = My ?-;;- (5.17)

The term By still represents the total amount of substrate con-
centration in the influent wastewater. The dissolution of inert

bacteria is the same as before.

in the last term L ig a function of S instead of St Those au~-
thors which have not taken stored mass into consideration most
often assume that the substrate occurs only in suspended form,

and the concentration is homogeneous in the whole systen. The mass
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balance for the total substrate then is

das U+ C ..o

— = - - Y
TS D(si ST) + ﬁbxcz

X (5.18)

5.7 Summary of the dynamics with constant compaction ratio in
the settler

In order to get a first approximation of the CSTR activated sludge
process dynamics it is assumed that the compaction ratic in the

Liguid-solids separator is a constant y. It is assumed that the

sludge bacteris (CX), gtored mass (sm}, dead bacteria (CZJ and the ¢
attached Ciliates (cpa) are concentrated in the same way, indepen-

dent of flow rate, concentration or type of organisms, i.e.

[#]
}

X,x ¥ X
Sm’r o= 'Y 3
Cz,r R
c =¥ ., . Y
pa,r' cPa | {5.19)

On the other hand, the substrate {(s) and the dispersed bacteria

(cy} have a homogenecous concentration throughout the system.
The activated sludge dynamics for the complete mix system now can
be summarized. Because of the slow dynamics of nitrification bac-

teria, nitrificaticon is not considered here.

Substrate (s}

ds _ _ ; ; 2 g . _

ar = Di(s, s)+zfaxcz r eplfy -~—-KS+S £,] (5.20)=(5.,14)
Stored mass (sm)

ds N u_+C B, C

L - - LR X _ Y ¥

at Diry-l-rls troe,lf, R 55 £, ] 2 7,

(5.21)=(5.15}
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Sludge bacterla (cx}

= D[ryml~r}cx+ux-cx*dx*c {5.22)=1{5.5)

X

Inert bacteria (cz)

de -
7o R . . _ . )
g = Ple, gtley-1 1)02}-+ ¥, (dge td re) Yoo, (5.23)=(5.12)

Dispersed bacteria {cy}

“de. ¢ :

_..__X == — + - — _E...*..QB — . . = ."

AT D(cy;i cy) uy cy yp dy cy {5.24)=(5 2]
.0

Free-swimuing Ciliates (¢ .) |
pf
dcpf
LT T (“D+upf)0pf (5.25)Y=(5.9)

Attached Ciliates (c__}
pa

dc

pa . plry-1-ric, (5.26)=(5.11)

dt a+“pa'cpa

In case the stored mass is neglected, then (5.20) aﬁd {(5.21} are
replaced by (5.18). '

It should be emphasized, that the dissolved oxygen level 1is assumed
to be sufficiently high. If this concentration is limited then the
dissolved oxygen concentraticn has to be included. This has been
done in chapter 7. For the complete mix aerator with sufficient
digsolved oxygen there is only one control wvariable, the return
sludge flow rate x. The main disturbances are due to variations in
the influent flow rate 0, affecting D or the influent concentration
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6, DYNAMICS OF A STEP LOADED AERATOR

Tn the step loaded activated sludge process the organic load is
distributed along the length of the aerator. This arrangement will
even out the oxygen demand. Step loading results in relatively high
mixed liguor solids concentration at the head end of the aerator
tank and progressively lower concentrations along the stream. In the
step loaded process multiple aeration tanks in series are often used.
Such a system is illustrated by fig. 6.1. In other plants the acrator
is a long tank, and the influent water is led into the tank at 4if~
ferent points along the stream, £ig. 6.2. To describe the system it
is assumed, that the aerator can be represented by n subaerators,
fig. 6.3. Bach subreactor is a complete mix system with homogeneous
concentrations. The influent wastewater is fed into each subreactox
with the flow rate akQ into the subxeéctor k. The return activated

sludge is always fed into the head end of the system.

Several special cases of the activated sludge process can be derived
from the step loaded process. For n=l there is a complete mix system,
for n = ©» ‘the system is a plug flow process. A contact stabilization

process is another special case of the step load system.

6.1l Hydraulic mass balances

The influent water enters the subreactors in the proportion Gy yeoss

o_ , where
n

11
r e, =l ) . {6.1)
k=1 ¥

is always satisfied.

in order to simplify the notation we define Byt where

'k
B, = X o
k i:1.k
By = 0
ﬂ = l ’ ' (6-2)
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Fig. 6.1 Step loaded activated sludge systemn.
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Fig. 6.2 Step loaded activated sludge system.
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Ag the volume of subreactor k is Yy the hold~-up time T, is

Vi

T, = e {6.3)
k {Ek+r)Q

1t is assumed that the time delay in the return sludge flow can be
neglected in comparison with the hold-~up times of the subreactors.
"This is a reasonable assumption. The separator dynamics is a more
crucial problem. As a first approximation the same static relations
for the separator as in section 5.7 are assumed, i.e. constant com-

vaction ratic vy.

[aqQ ENe | O

5 B S— k _{pkj[_)__g___ n {1+r)Q

rQ

Pig. 6.3 Schematic flow diagram of a step loaded activated sludge
system.

T+ is also assuméd that the dissolved oxygen content is high enough,
i.e. no dissolved oxygen dynamics is added. See further chapter 7.

6.2 Concentration equations

The mass balances can now be formulated analogously to those of a
complete mix aerator, so the eguations from chapter 5 can be genera-~

itized. The sludge bacteria equations is generalized from eq. (5.5).
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With terminclogy from fig. 6.3.the mass balance eguations reads

dc
Xk “y O -
Vg S R T o T SR I

from tank k-1 to tank k+1

d. Jec

+ ngux,k" %1%,k XK= 1,.c; I {(6.4)

where index ¥k refers to reactor no k.
By definition the index "o" refers to the recirculation,

c. _=c¢ _ (6.5)

k Dy {6.6)
then {(6.4) is simplified to
dcx X _ :
¥ p— m _ - —
go = DB toiey g~ Betdey b Bugmdd oy x
kK =1,.0., n - (6.7)
The decay constant dx can be replaced as in (5.5) by nk/sk.
The dispersed bacteria equations are (see (5.6))
do X
2; = .. - -
at Dylogey, 37 By yFmloy TRy o b vy Cy x
{
]_[ oc M
_ MR%m”EﬁK ~a e (6.8)
bk Y ¥« :
where ¢ E ! = g ) {6.9)

¥.:0 Y/t v, n

The Ciliated Protozoa equations are, for free Ciliated Protozoa
(eqg. (5.8)),




fyli ‘ - i 1 . .
-EEE- Dk{{8k~1+r)cpf,k~l (Gk+r’cpf,kj Hofk Cpf,k (6.10)
where
. _ 6.11
Cpf,o Cpf,r Cpf,n ( )
and for attached Ciliated Protozoa {5.10)
ac a.k
—Eg = B ~ (R, AT 6.12
ax R G e A )Cha, %0 Tipak Cpa,k (6.12)
where
.C = {6.13)
Pa .o pa,r

For inert bacteria the relation is found from {5.12}

Z . K - . | -
at D layoy (B y+rle, g = (8T Sz, %t

+Yz(dx.c }” ‘k:l’ P n : (6:14}

+ a
%,k dy Cy,k z}chxi,kcz,k

The substrate mass balance is formulated from fig. 6.3 and
eqg. (5.13).

ds

k = -~ E— -
qE = DologS t (B +rsy = (yr)s, +70, 3C, y
H *C N 5, -
S L5 2T S >k .
Yy rscT,k fsk Ks+sk fsk (6.15)

As the substrate does not settle the relation

holds, i.e.

8 =285 = g _ {(6.16)




The stored mass eguations is analogous to (5.15}),

d

5 ]
m,k _ e —ia . p kL -
B, C
,ﬂ%ﬂ k=}, ..., n (6.17)

>

6.3 Special plant configurations

The step loaded process can be specialized to different existing
plant configurations. The complete mix reactor is already reqardeé
in chapter 5. There are several other configurations described in ;
the literature. The conventional process is the special case when ‘
&l:l’ i.e. all the influent wastewater is entered at the head end

of the reactor. Here we will generalize the step loaded process into
the plug flow reactor, when the number of subreactors grows to in-
finity see 6.4. A common type of plant is the contact gtabilization
plant, which is noted in 6.6. Other configurations, less common, has
been described by Stewart {1971} and also in standard text books,
such as Metcalf & Eddy (1972).

6.4 Special casel:Plug flow reactor

Thig reactor is the extreme case when the mumber of subreactors in
the step loaded process goes to infinity. It is assumed, that the

influent wastewater enters the reactor in one point, see fig. 6.4.

(1-w) G,

r(

Hwi

Fig. 6.4 Schematic flow diagram of the conventlonal activated sludge
system, |
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& gmghﬂﬁ

Fig. 6.5 Cross section of a plug flow aerator.

Consider a volume element with cross section A and length A & in ¢
the long reactor, fig. 6.5, As no diffusion or backmixing takes

place the mass balance equation is easily derived. For any component
the concentration ¢ is function of the spatial variable & and time t.

c = c{g,t} _ (6.18}

. ac .. _ . - .
ATAE 3¢ 7 QOC(E) ro{g+ag)+Aag Cproduced Abg “consumed (6.19)

By Taylor expansion we get for small AL,

c(E+AE) me(E)+ g—‘gaa (6.20)

Eg. (6.19) is then simplified to

Q
8¢ . . 9 . 2¢ -
3t A 5t T Cprod. ~ Scons. (6.21)

which is a generalization of (6.7) with n=« and al=l.

Q
KQ is the stream velocity v.
B0 _ . y. BC 3 '
It MY “orod. ~ Scons. (6.22)
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Maturally eqg. (6.22) can represent any component in the aerator,

if the adeguate production and consumption terms are inserxted.

6.5 Special case 2; Plug flow reactor with dispersion

The plug flow is inadeguate in wany cases as the stream is not uni-
formly flowing in one gdirection. It is instead a certain amount of
mixing and dispersion in the aerator of tne waste. The mass bhalance

eguations c¢an be formulated analogously to the plug £low case, pro-
vided a term is added that takes the effects of dispersion into

¥

account. The dispersion effect can be described by following term, ¢

M gpall (6.23)
o

i

where 3M/st nags flow

35c/3f = concentration gradient
A = ¢grossa~sectional area
5 = goefficient of eddy diffusgion {or turbulent mixing)

. oM .
i.e. the mass flow TE oceurs in such a way as to reduce the con-

- centration gradient.

- The mass-balance equations can. now be formulated from fig. 6.6.

e

2, F
Q {c o %o O5)

ig, 6.6 Cross section of a pluy flow aevator with diffusion.
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me is

Ll
N

The inflow per unit

0 cle) - EA' as (6.24)

and the outflow 1is

+ _%_C_:. ¥ - W .d.‘g. :cf‘(}‘ E= E-_c- s -
0 (et 22 a5) - EA 37 [c+ X ag] o, (c+ 22 ab)
. 9 .
. aC 3 ¢ - -
2B, Y + agz AE {6.25)

The total mass balance fox a component with concentration ¢ 1is !

A-AE %% = @, C-ER %% = 0,079, %% LE + EA g% + %z% Agy f
+{?produaed : cconsume%]ﬁ‘ég {6.26)
ox
%% = f 22 ] %%'% B %z% N Cpro&uce‘ ~ Coonsumad .20

where ¢ = cf{f,t)
QO )
v is the stream wvelocity

In the sanitary engineering literature +he amounkt of diffusion is

often characterized by the Peclet number P,

oo
St

vh -
= S L2
P = (6

[

%

which is a dimensionless guantity, where

v = stream velocity

IH

tank length

oo
i

diffusion constant

The diffusion egquation {(6.27) can be written in a normalized manner.

Tntroduce the dimensionless length coordinate




p = E/L ' (6.29)

Then {6.27) can be rewritten in the forn

g e L(

1
§; sz p +.§ ®prod. ®cons.’ (6.30)

A plug flow reactor without dispersion is characterized by E = O

~or equivalently P, = = A complete mix reactgr ls the other extrdme
case with P_ = O. '

The spatial boundary conditions of the partial differential equation
{6.30) are called the Danckwert’s boundary conditions, ‘

At p=0: %ﬂ e 32 o oo (6.31)
ap -
@
At p=l: = » 28 = ¢ : (6.32)
P ap

<

where ¢” is the concentratlon at the mixing point just preceeding
the aerator vessel. :

Empiricall? it has been found, that many aerators have quite a
low Peclet number indicating that a considerable axial dispersion
takes place. One expression is glven by Murphy et al {1966}, where

Po= (6.23)
where t = hold-up time for the aerator.

}, The expression is derived for a laboratory set-up. Based on four

“ full scale aerators Mﬁrphy {1970) presented a correlation of the

: Peclet number in an aerator to the detention time, geometric con-

F figuration and the air flow rate of the pasin. The correlation was
ﬂ expressed as

(L/W)2
0.346

F P = 0.3125
. € £ Q
: ‘ air

where




ot
i

length of basin (m)

W = width of basin {m}
T = gerator hold-up time (hrs)
Qair: air flow rate (HmQ/min/IBGO m3)

special cases of the equation {6.30) have been used to predict the
pOD and dissolved oxrygen relationships in streams. Thomann (1967},
pella~Dobbins (1%68) and presnack-Dopbins {1968} have derived similar
"giffusion equations as (6.30).

6.6 Special case 3: Contact stabilization

Formally a contact stabilization. tank is achieved from f£ig. 6.3 if
the influent of raw waste watexr is zero for the first subaerators, i.e
if the first oy = 0. By this arrvangement the volumetric loadinq
(measured in kg BOD/day/m3 of aeration tank) can be~significaﬁt1y
increased compared to the conventional type of plant. In the absence
of food supply the organisms get hungry and therefore the sludge 1is
highly absorbtive when it is brought into contact with the raw sewade.
When the substrate (food) is present in collodial or suspended fomm
the contact stabilization tank is ideal. The suspended BOD will be
abgsorbed raplidly in the relatively small aeration tank by the well-

activated organisms.

The retention time in this so called contact tank may be very short,
1/4 hour to 1 hour. puring such a short time very Little oxidation
of the organics can take place (sce 4.1). Therefore the sludge enterin
the settling unit ig composed of organisms and adsorbed BOD. In the
stabilization tank (here répresented by the first aerators) no raw
sewage is added and the adsorbed organics are oxidized and thus
stabilized. The stabilization time correspoﬁdiﬁg to 1/4 hour contact
time may be 2.5 hours, according to Eckenfelder {1966, p. 164}. At

a contact time of maybe 4 hours no stabilization is reguired since
all oxidation can take place in the contact tank. This is then a
conventional activated sludge process. Stationary analysis of the
kinetics of a contact stabilization process has recently been per-—
formed by Gujer et al (1975). '
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7. DISSOLVED OXYGEN DYNAMICS

in previous discussions it has been assumed that the biological
activity is supplied with the proper amount of oxygen. In a practical
cituation thie means, that the dissolved oxygen (DQ) concentration

in the aerator is more than 1 - 2 mg/l. The boundary between adeguate
amount and insufficient DO depends on the type of organisms and might
be as low as 0.5 me/1l for filamentous bacteria with a large suxface

area/volume ratio.

The oﬁygen which is used by the organisms must be in digsolved foxm{
and therefore many mechanisms determine the content of DO. The oxygén
which is added through aeration have to be transported in many phases

before it can be used by the organisms. It should be

f

transferred from gas to dissolved phase

diffuse to the floc surface

penetrate the cell membrane

be coupled to the electron transpoxt ¢hain
The oxygen transport is simplified significantly by turbulent mixing.

Tn this chapter we will consider four different mechanisms which

determine the mass balance of DO in the aerator,

- mass transportation by the liguid flow

- aeration from the blowers

- oxygen consumption due to SynLhESlb. .

~ oxygen consumption due to endogeneous respiration

Cell synthesis generally requires much more:oxygen than the respiratio:
Tn the literature the relation of 2 to 20 between these two phenomena

is found.
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7.1 heration of water

The transfer rate of oxygen from gas phase to dissolved phase is

a function of the partial pressure in the gas phase and its con-
centration in the dissolved phase in the liguor. The saturation con-
centration in the liguid phése is determined from Henry's law.

“om T *n'Po | (7.1}
where
Com = saturation concentration of dissolved oxygen (DQ)

constant in Henry's law

il

partial pressure of gaseocus oxygen

The value of c_  can be found in standard textbooks such as Ecken-
felder {(1966) and Metcalf & Eddy (1972). Typical values are'c . =
10 mg/1 at 15 ©c and 9 mg/l at 20 °C. The constant Ky is consequently
& function of temperature and depending on other compounds dissolved

in the ligour.
‘The oxygen transfer from gas to dissolved phase can be described

O _ L . _
aT T Kpralegmey) ' ' ‘ (7.2)

where KLa = oxygen transfer coefficient.
The coefficient is depending'bn a number of factors, e.g.

o temperature; the coefficient increases with increasing
temperature -

o turbuluence; the more turbulent mixiné the larger coefficient

o depth of liguid. According to Eckenfelder (1966, p.66) the
depth dependence can be written



In
$L,a(hl) . Ei
KL.ath} h

{7.3)

n

where h, and h

1 5 are different depths, and the exponent n = 0,7

o the character of the raw wastewater

In our application, where the oxygen transfer is caused mainly by

diffusers of air compressors the transfer coefficient can be written
KL a =k, + k2 u

1 air (7.4)

whare
kl = mass transfer without blowers
k2 = @ proportionality factor, depending on the special plant
configuration :
U, i~ alr flow

'Numerical example

‘Typical values found in Kiéppala, Stockholm are

_ 3
uair ".50 Nm™ /min and aeraﬁor

For six aerators thisg means

- 3
Upsy = 18000 Nm™/hour

With respect to the known efficiency in the plant the oXyden transfer

s 30 g oxygen/m3' hour, or

(kl + k2 uair)(com—co) = 30

If it is assumed k. = c, éo 2,5 mg/1, Com = 10 mg/1




- -1
2 Yair T 4 h
3

k, = 0.22 107 3

(Nm™ )

Wells~Stepner (1972) givés the values for the Palo Alto wastewater

treatment plant, '

k1 = 0
1

k2

u = 0.73 h”

alr
u = 1500 ¢fm = 2500 Nm3/hour

which gives

k, = 0.29 107 (3

7.2 Oxygen consumption due to cell synthesis

The amount of oxygen needed for cell synthesis can be related directly
to the amount of consumed substrate, i.e. removed BOD or COD. The
eéxpected amount of oxygen consumption is about 0.5 times the amount
of BOD removed. If the substrate is given in COD the flgure is some-~
what lower. According to Eckenfelder (1566, p. 145) the oxygen re-
quirement for synthesis ig directly related to the growth term, repre-
sented by egs. (4.3) or (4,123, (4.15), (4.17). Here we only consider
sludge bacteria synthesis. '

dco l-YX

e R (7.5)
X

This relation is also used.by Busby (1973). sSimilar expressions are
-also derived in earlier papers, e.g. Eckenfél@er et al (1960) and
- McKinney (1963) . )

~The growth rate i, 18 not only substrate dependent. It is also
 *elated to the DO content. This fact is easily demonstrated in a
Tespirometer test. In the beginning of the respirometer test the test



61

water 1s aerated so that the oxygen level is close to satufatipn.

In the short time scale the organism concentration is constant,

and the oxygen consumption rate is constant, i.e. a Zero order re-
action. At a certain level, éay Co1? the oxygen consumption is a
first order reaction, so the growth rate is approximately proportio-
nal to the oxygen concentration.

DO &

Con

g time
Fig. 7.1. Oxygen consumption in a respirometer test.
The resplrometer test is illustrated by fig. 7.1. From the respiro-

meter test the organism growth rate My could be described approxi-
mately according to fig, 7.2.

iy Ho

L l

|
|
|

= %D
Co! 0

Fig. 7.2. Specific growth rate related to DO content for constant
substrate concentration.

The oxygen consumption has been studied by e.g. Mueller et al {1968),
who have given a somewhat more sophisticated expression for n, as

function of DO concentration, see fig. 7.3.

The curve could be approximated with an exponential function
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o) (7.6)
where

K = constant

#M o

? .
I L

D0

Fig. 7.3. Specific growth rate related to DO content for constant

substrate Cconcentration.

The oxygen concentration €1 Where the activity gets constrained,
depends significantly on the floc size and is larger for larger flocs.
In a normal plant cOl,is somewhere between 0,6 angd 2.5 mg/l. The '
oxygen demand 1s much lower for dispersed bacteria, as remarked before.
The Cy1 vValue can be as low as 0.1 mg/1 for dispersed bacteria. There-
fore these compounds may dominate at low oxygen levels. As & secondary
effect then the sludge has pooier Settling properties andg bulking
slu&ge may result,

7.3 Oxvgen consumption due to respiration

The endogeneous respiration is a function of the amount of living
nass, see eq. {(4.29). The oxXygen consumption due to endogeneous
respiration is directly proportional to the concentration of living

Organisms, i.e.
dco
g = " dye : (7.7

The coefficient d is independent of the substrate concentration and
. o
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of the DO concentration. The reported rate of endogeneous respiration
for sludges varies quite a lot. Eckenfelder (1966, p. 146) gives the

values

do = 8§ - 27 mg oxygen/{hour) {4 V85)

where V8S = volatile suspended solids.

"If it is assumed that 50 % of the VS5 consists Of viable organisms,

then

a_ = 0.016 - 0.054 hrs ™ ;

Busby (1973} has used the value

a_ = 0.023 hrs ™t

It should be remarked, that if the do value is related to V585 in-

stead of viable organisms, then a low value of.dO usually reflects
a high nonviable content of the sludge.

7.4 Oxygen mass balances

The oxygen mass balance equatlons fﬁr a step loaded activated sludge
process are now derived. They ére.fqund in complete analogy with the
mass balances in chapter 6. The definitions of the streams are found
in fig. 6.3. The inflow of DO comes from raw sewaée and from previocus
subreactor k-1. The outflow goes to subreacter k+l. DO is added
according to eq. (7.2) and is consumed by synthesis (eg. (7.5)) and
by endogeneous respiration (eq. (7.7)}. The conditions in the settler
and in the return sludge are septic, so the D0 concentration there is
assumed to bhe zero, )

c =c¢c =0 . . (7.8)

" The mass balance for subreactor k then is




64

dc
ok _ " - ; - -
gt " DklopCoit By ytrhe, g (ByFnle g b+ {kytkou ) (e e )
(1~-¥, )
— 5 * uxoc -..{i -cx (7-9}
x s
where
Coi = DO content in raw sewage
Co = DO content in subreactor k
My = ﬂx(sr?o) or u, = u,{s ,c.)
c, = sludge bacteria .

Nitrification is not considered here. Otherwize if nitrification '
occurs, the conversion of ammonia nitrogen to nitrate can represent
a considerable oxygen demand on the system(see 3.4).

If dispersed bacteria and Ciliated Protozoa should be considered,

then a corxresponding term due to cell synthesis of these species
should he added to eq., {7.9). '
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8. SETTLER DYNAMICS

The behaviour of the settler is crucial for the whole activated
sludge operation. The settler has two completely diffevent tasks
in the process chain. An ideal settler should give

- a high compaction ratio
- low effluent suspended solids concentration
- high buffer volume of sludge

The ultimate goal of the treatment should be to produce an effluéﬁ;
with minimal BOD and suspended solids content. Therefore the whole
biological operation should be maintained in such a way as to produce
a sludge of desirable settleability'pxoperties, Actually very little
is known how to produce such a sludge under dynamical conditions,

A high compaction ratic is desirable from the sludge treatment point
of view. Moreover, it makes it possible to keep a large ﬁass of
sludge as a buffer in the settler, in order to meet influent distur-

bances. On the other hand if the sludge blanket level is too high,
then the effluent will be deteriorated.

In this paper only the thickening properties of the settler are

considered, as those are the factors that directly influence the
biclogical aerator dynamics. Of course also the effluent guality
must be considered for the total plant behaviour.

The hydraulic mass balances for a settler with constant compaction

ratio are derived in 8.1l. Some empirical and semi~empirical results
on static conditionsof a settler are described in 8.2, Dynamical
properties are discussed in 8.3.

As so little is known about settler dynamics in'general the compaction
ratio is often considered as an input variable in later simulations.

In a real plant control situation probably the mest realistic approach
is to update the compaction ratio by on-line measurements.
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8.1 Mags balances

Mass balances under static conditions are now considered. It is
assumed that the compaction ratio y and the settler efficiency ¢
are constant. Those parameters are the only ones used here to
characterize the settler behaviour. The compaction ratio is definegd
as the concentration of suspended solids in the underflow stream
from the settler divided by the mixed ligour suspended solids con-
‘centration. The efficiency is the concentraticn of suspended solids
in the effluent water divided by mixed ligour suspended solids con-
‘centration. '

It can be assumed that hydraulic equilibrium is achieved all the
time. Fig. 8.1 defines the flows in the different streams around
the settler. The indices ¥efer to

r = recirculation
w = waste actived sludge
e = effluent stream

Now consider the mass balance eqguations for the sludge, here repre-
sented by the sludge bacteria. The solids concentrations are

el = yeg
x,r %

c = g+

X, e X

C = . *
X,Ww - X,r {(8.1)

The mass balance eqguation for the sludge is given for the stationary
case to

+ L .
e T EQ Cx,x +w. Q Oy (8.2)

{(1+r)Q S (1-w} 0 cxr
With egs (8.1) inserted the eguations is

L+r= (l-we + (r+w) y | (8.3)

or




Fl+r-3.‘ YoEe 7 (8.4)
Y -E

w =

The efficiency ¢ is of the order 9.01-0.1 and {he compaction ratio

v of the order 3-5. Therefore (8.4) is often simplifled to

w = l+r-ry (8.5)

f

Observe, however, that if the recirculation r is large, then this

approximation is doubtful.

' 5 f1-wia
{1+ Qs LS
B Cxe
c 4
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8.2 Empirical results

Westberg (1972) has described an empirical expression for the com-

relation

v

. 5 .4 -
Y =4t s TS (8.6)

volyume .of the settler

®
s
6]
=
©
<3}
[
I

A
i

hold up time in the aerator (hours)

The explanation for the formula goes as follows. The compaction
atio 4 is considered an average value for “normal" operations in
M"normal® plants. The second term depends on the nominal hold-up

time in the settler, VS/(r+w)Q {swe fig. 8.1). The last term cor-

Fig. 8.1. Definitiong of flows and concentrations in the separator.

paction ratio y. By experience it is found, that y follows a static




responds to the load in the reactor. If the load is high then a
higher sludge mass must be held in the system. The compaction

decreases with increasing sludge concentration and mass.

Example: If the settler hold-up time is 1 hour and v = 4 hours,
then v = 3.5.

Some values of the compaction ratio found in the literature ave
listed in tsble 8.1.

Table 8.1.

values of a constant compaction vatio y, found in literature o

Andrews (13972) 4.85, 4
Curds (1971,73) 1.9

Oott (1971) 4

Smith (1%70) 3.48

Other expressions for the compaction ratio has been derived e.g.

by Naito et al (1969}. The model is derived from empirical data

and assumes plug flow in the separator. The semiempirical medel

is derived for a rectangular separator with horisontal flow. The -
compaction ratic is only a function of sludge concentration leaving
the-aeratoi and the underflow concentration..ln principle the ratio

decreases for increasing MLSS concentration.

McKinney (1962) has shown that the sludge settleability is dependent
of the growth rate of the process. If the system is operated at a
high growth rate, éhe relative energy level is sufficiently high to
keep all the micrborganismé completely dispersed. At lower growth
ratés, ithe energy of the system is lower, and qells lack energy to
overcome the forces of attraction once they"ﬁave collided. Thereby

they promote floc formation.

Those statements have been verified through experiments by Bargman
et al (1973) made at the Hyperion plant in Los Angeles. The authors
have shown that suspended solids removal in the settler depends on
net growth rate in the aerator, on substrate loading and on settler
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hydraulic loading. A definite corzelation was found to exist bet-
ween net growth rate { or substrate loading) and suspended solids
in secondary effluent. A good correlation was also found between
hydraulic loading and secondary effluent guality. The suspended

solids removal increases due to decreasing substrate loading, de-

creasing net growth rate or decreasing hydraulic load.

Tn a study by Bisdgni et al (1971)a relationship between mean cell

residence time and sludge volume index SVI and zcone settliﬁg velocity
76V has been found. The results are given in fig. 8.2. Based on these
results it may be concluded that sludge settling properties are best.

at higher values of o, where the SVI is min and %8V is max.

8.3 Dynamical models

During the last five or six years the dynamical models fox the
aeration chamber in an activated sludge process have evolved to
relatively structured status. Nonetheless they lack verification
at both the pilot and full scale levels, Dynamic models for the
secondary clarifier/settler have not yet attained this level of
development. PFurther none of the existing models have been used
as part of the control strategies that currently are employed in
full-scale systems.

Any dynamlcal model of the secondary clarifier must be able to
nredict the concentration of suspended solids in the overflow as

well as the concentration of the following

-~ concentration of the biological solids in the underflow
- solids blanket height : |
~ solids concentration profile in the settler

- concentration of solids in the overflow {effluent)

in response to dynamic changes in the influent and underflow rates,

of flow and the influent solids concentration. @f

Many modern-works in thickening theory and dynamical.models are
based on the work by Kynch (1952). Kynch proposed a theory of sedi-~ ;f
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mentation which lead to the conclusion that the various thickended
sludge concentration layers rise at constant velocities, i.e. the
settling velocity of a layer is a function of the particle con-
centration within that layer.

Dick~-Bwing (1867) have made a comprehensive rewiew and evaluation
of current thickening theories. Even if thickening theory contains

a number of contradictions and disagreements it appears that the
Kynch theory can be used as a ratilonal basis for dynamical model
developement. This has been done e.g. by Alkema {L971), Dick-Javaheri
{(1972), Bryant (1%72) and Tracy~Keinath (1373). The settler model ?
presented here was derived first by Bryant (1972) and Busby {1973) ¢
who have based their work on the previous Kynch theories. Consider
the schematic figure of the settler in fig. 8.3. The feed to the
settler consists of the mixed liguor from the aervator. It is assumed
that the clarifier has a plug flow, so that it is no intermixing of
the basin contents as the mixed liquor enters the baéin. It is fux-
ther assumed that the basin can be considered to have two distinct
layers, the clavification zone and the thickening zone. Here we con-
sider only the thickening zone.

When a slurry enters a solids-liquid separator where there ig re~
moval of the thickened solids from the bottom (fig. 8.3) two forces
act on the solids transported to.the bottom of the vessel. One of
these is the bulk movement of the entire slurry downward which trans-
fers the solids downward at a velocity proportional to the with-
drawal rate. The solids settling mechanism is the other mode which
carry solids into the sludge thickening zone. In fig. 8.4, the
settling flux 1is shown as a function of the solids concentration.
‘According to the Kynch theéry the settling curve is the bellshaped
curve. The solids flux due to the withdrawal rate is a straight line
with the slope dependent on the bulk velocity. The total flux curve
is achieved as the sum of the two curves. The minimum of the total
golids flux represents the maximum solids handling capacity of the
final clarifier at a given underflow velocity, If the underflow

velocity is decreased, the minimum in the total solids flux curve
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will shift to the right; If the underflow velocity 1s increased,

the minimum in the total solids flux moves to the left. Under steady
state operation conditions at a constant undexfliow velocity a solids
concentration layer-corresponding to the minimum in the total solids
flux curve will form in the sludge thickening zone. BLl solids would
be reguired to pass through this concentration layer hefore they could

leave the basin in the clarifier underilow.

A mass balance for a thickening layer can now be derived. The two

mentioned maechanisns are considered. According to fig. 8.5 a solids

mass balance can be written

3
¢

do -
EEE c B, v oap o= A Lo (z) ~ o (orar) + v, v oclr) -
-~ v_ c(ctsg)] (8.7
Vs h (1)

cg LT}

Al

Vg ¢ 05 0+a )
Cg (g-r-ﬁ,g)

Fig. 8.5. Schematic cross section of a separator sludge thickening

A0,

where

cg = total suspended solids concentration in the thickening

zone (kq/m33
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As = cross section area

r = wvertical distance in the settler

by = gravitational solids f£lux (kg/hr/mz)
v, = bulk (downward) flow velocity

The terms are expanded idn a Taylor series and .the layer thickness

ig assumed infinitesimally small. Then {8.7) is written as

T

3c 3 2 '
,m% - _f_.s_ - . ,...f._?_ (8_8) 5
at 0L 8 at {
or
g 3¢ o
S _ s, , S
TE {vg * acs} 5T (8.3)

The boundary conditions at the bottom is
—=2 -0 ' {(8.10)

ag the solids cannct gettle through the impermeable basin bottom.

At the feed level it is assumed that the influent solids have the
settling flux assocclated with the influent concentration. The partial
differential equation {8.9) was solved by Bryant (1972} and later

by Busby {1973} by spatial lumping into ten ordinary differential.

eguations.

It is clear that a solution of the settler dynamical eguations can
be achieved only when an appropriate expression for the relation
;§§ is available. Bryant (1972), Alkema {197%) and Tracy (1973} ob-
tained expressions for this term by experiméntally determining a
relation for the initial interfacial settling velocity as a function
of the concentration of suspended solids. A detailed expression for
Eﬁé was derived by Dick (1970). In an activated sludge process, how-
géer the settling characteristics and therefore the term ng change

continually. Conseguently, if a dynamic model of the activated sludge
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process is to be Fully useful from a contxol point of view, it is
imperative that the expression for 3¢S/ac be updated continuously,
This could be done either by (i) offline measurement of the settling
properties of the biological slurry or (ii) prediction of the set-
tling properties by reference to various biological process para-
meters. The latter approach is of course preferable as a control

law can include the settling properties. On the other hand, the

former approach also provides a means for feedback control.

Considerable research has been directed towards deternining the
piclogical factors that affect sludge settling relationships, both,
clarification and thickening. These have focused on delineating the'
effects of organic loading and oxygen tension on sludge settleabilily
and on effluent clarity. A recent survey has been given by‘Keinath
{1974). It must be emphasized that all studies conducted regarding

the effects on biological factors on sludge settleability and effluent
clarity were made under pseudo steady-~state conditions. Consequently,
these studies pan only be emploved to indicate trends, Essentially

no studies have begn conducted to get dynamic relationships between

sludge settleability and various process parameters.
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APPENDIX
LIST OF SYMBOLS

VARIABLE WNAMES
KINEBTIC CONSTANTS

¢ = concentration of microorganisms or oxydgen

s = concentration of substrate

The equation numbers refer to the first time a specific symbol is

used. Subscripts . .

X = sludge bacteria

y = dispersed bacteria

z = inert bacteria

pa = attached ciliated protozoa |
pf = free ciliated prctozca

ns = Nitrosomonas

nb = Nitrobacter | ;
m = stéred mass ’ :

i

I ammonia nitrogen
NO2 = nitrite
NO3 = nitrate

o = oxXyden
" Miecroorganism concentrations
cx{4.3} = sludge bacteria

cy(&.lZ) = dispersed bacteria
cPf{4.15) = free ciliated Protozoa

cpa(4.17) = attached Ciliated Protozoa .
cn8(4.22) = Nitrosomonas - f
cnb{4.24) = Nitrobacter '
cz(4.3l) = inert bacteria

Cq = €y + c, + 8 {4.1)




Substrate conc

g{d.2) = s

Sm(é.l) =
(5,16}

i

T

ﬁr{4.23)

=]
s
SN02{4.25)
8 {(4.28)

i

NO3

Kinetic consta

entrationsg

oluble substrate concentration

stored mass

total substrate concentration (:s+sm)
ammonia nitrogen

= nitrite

i

nitrate

nts

Specific growt

My My Mo

Maximum

i

specif

"~

X “y upf

Growth limitin

1
KS KX KX K

Yield constant

X Y

dx dy dns
rs(4.1) =
fs(é.l} ==
fs(4.l) =
n{4.31) =

714.36) =

h rate constants

pa Fns Ynp

ic growth rate constants

u {see table 4.1)

Fpa "ns Ynb-
g constants

5 Ky Kpa Kpf Kns Knb {see table 4.1)

5

Yx Yy ¥ Y ¥ Y Yz {see table 4.1)

p “ns " nb

Decay constants

a (see table 4.1)

nhb
transfer rate constant

fraction of MLVSS that is stored mass
maximum of fS

decay constant

digsoliution constant

{see further tablg 4.1)

17
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Aerator constants

Subscripts )
r = refers to return flow
w = refers to waste activated sludge
e = refers to effluent from separator
i = refers to incoming influent to the aerator
) s = refers to separator
Hydraulic flows { see fig. 5.1 and 6.3)

V = aerator volume . ¢
¢ = influent flow coming from pronary sedimentation ;
rQ = return activated sludge flow :

wQ) = waste activated sludge flow

H

by = ﬁraction of influent water entering subreactor k.
B, = % 4,

k 1= +

Constants

8{5.3y .= v/Q = hold-up time

D{5.4) = 1/7 = dilution rate

v{5.19) = compaction ratio in the settler

LY
= k — . .

tk{6.3) = 5?5;$§T = hold-up time of subreactor k
A(6.18) = cross section of plug flow reactor
v{6.22}) = stream velocity in plug flow reactor
E{(6.23) = Diffussjon constant

?e(6.28} = Peclet number

Oxygen constants

co(7.2} = Dissolved oxygen concentration
com(T.l) = saturation value of DO concentration
KL-a(7.2} = oxygen transfer coefficient
uair{7’4) = air flow
(7.6) = constant
do(7.?) = coefficient for oxygen uptake due to respiration




Settler constants

y(8.1) = compaction ratio

£(8.1}) = settlier efficieﬁcy
08(8.7) = total 88 in settler
AS(8.7} = gross section in settler
ﬁs(8'7) = golids flux

VS(S.?} = bulk flow velocity

79
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