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PREFACE 

The work reported here is based on the results of the first part 
of a major project studying secondary sedimentation entitled 
IIStudy of Secondary Settler Dynamics for Controlling the Acti

vated Sludge Process" The goal of this initial study was to 

identify the limiting factors which control secondary settling 
at the Ryaverket wastewater treatment plant in Goteborg and to 

make initial studies of the dynamic behaviour of these basins 

Some of the work has been previously reported in Publication 
4:85 IIEftersedimentering vid Ryaverket. En analys av efter
sedimenteringsbassangernas funktion ll (Secondary Settling at 

Ryaverket. An analysis of the performance of the secondary 
settlers). 

Statistical analysis of the experimental data was made using the 

Statistical Analysis System program package and the figures were 

produced using the Tell-A-Graf graphics system. 

Performing full scale experiments is very dependent on the coop

eration of the plant operators and the assistance of Ryaverket's 

operators is much appreciated. I would also like to thank the 
staff of the laboratory at Ryaverket who performed the sample 

analysis. A special thanks to Peter Larson of the Ryaverket 

laboratory for his help and enthusiasm while preparing and 
conducting the experiments. 

I would like to thank Professor Peter Balmer for his interest 

and discussions of the work in this project. Finally, assistance 

from Monica Vargman and Inger Hessel in preparing final document 
is appreciated. 

October, 1985 

Goteborg 

Doug J. Lumley 
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SUMMARY 

With increasingly stringent effluent water regulations, it is 

necessary to closer examine the role of sedimentation in the 

activated sludge process. Measurements of effluent quality such 

as,BOD and phosphorus correlate well with effluent suspended 

sol~ds, a measure of separation performance, so that effluent 

quality improvements can be expected from increas separation 

efficiency. 

Mo~t studies of the activated sludge process have been concen

tra:ted to studying the biological oxidation of the subtrate 

org?inic matter and the formation of a settable floc. In order 
to model the dynamics of the activated sludge system it is 

nece~sary to be able to describe the separation, concentration 

and'recirculation of the biomass. 

Th~ design and operation of sedimentation basins is extensively 

discussed in the literature but less on the dynamics of sedi

mentcati on is found. As the use of computers becomes more common 

for~process control at wastewater treatment plants, a better 

undarstanding of settler dynamics is necessary to fully utilize 

their capacity to improve process performance. 

In this the project, the factors limiting the performance of an 

exi-s'ting secondary treatment plant are studied in full scale. 

Ex~eriments investigating the dynamics of sludge distribution in 

the~settler were also performed. 

It was found that the outlet zone conditions were the major 

faotor limiting good operation of the settlers because of the 

sensitivity to changes in flow and to the depth of the sludge 

blanket. Control afforded by the solids recycle rate was found 

beneficial to the operation of the settlers and a recycle ratio 

of 30 percent found to give good steady state settler perfor

mance. The effluent suspended solids were found to contain non-
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ble solids which can account for over 40 percent of the 
to~ I effluent solids when the plant is operating well. This 

mal:::' 'ial cannot be expected to be separated in any convention 

se~~ er and thus constitutes a limit to settler performance. 

volume of solids in the sludge blanket can be adequately 

mated by calibrating measurements of the sludge blanket 

depth at a central location in the basin. Further it was found 

that by including an average sludge blanket solids concentration 

for a location in the basin to the sludge blanket depth esti

mate, the sludge blanket mass could be estimated. These two 

estimates are useful in automatic control strategies where 

sludge distribution balances are desired for the activated 

sludge system. 
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1 INTRODUCTION 

All forms of life are dependent on water Man, who has come to 

dominate this earth is no exception but in comparison to other 

lifeforms has a grea influence on the quality of the water 

around him Manis influence is both positive and negative 

Pollution depletion of natural water resources and the deter

ioration of living conditions for other organisms are products 

of man's modern society. Nature's own self cleansing mechanisms 

have been adopted by Man to treat the wastes which are generated 

in his increasingly industrial society As abundant supplies of 

clean, fresh water become more scarce, the need to protect these 

sources becomes more acute. 

Modern cities utilize vast sewage collection systems to collect 

and transport all types of wastewaters from homes, business and 

industry to wastewater treatment facilities. Once at the treat

ment plant, the wastewater is exposed to different processes 

which can remove most of the pollutants. The degree to which 

the wastewater must be puri ed is dependent on the ability of 

the recipient to accept, without harm, the effluent. 

Modern wastewater treatment techniques have been in use for over 

a century. Many different processes have been developed and 

many variations of these tested The activated sludge process 

is one of the most common wastewater treatment processes. 

Almost all wastewater treatment systems use sedimentation at 

some stage in the treatment process, to separate the solid 

matter from the liquid in a suspension. 

1.1 

The activated sludge process utilizes a micro-organism popula

tion to digest the substrate found in the influent wastewater. 

The respiratory needs of the micro-organisms are accommodated by 

some form of artificial aeration, usually mechanical or with 



compressed air or oxygen, in aeration basins The micro

organisms are separated from the water phase in a separator 

often called a sedimentation tank or settler In the activated 

sludge process shown in Figure 1.1 the settling basin also 

thickens the suspended mass and can act as a buffer for the 

solid material in the system. A solids recycle system returns 

most of the separated ve mass to the aeration basins. A 

similar process not recycling the solids mass in the settler 

would have its biological population limited by the amount of 

substrate in the influent. By adding the recycle of the bio

logical mass from the settler, it is possible to increase the 

viable biological population and reduce the size of the reactors 

needed to house the micro-organisms This recycled biomass 
gives the process name activated sludge. It is possible to 

control the age of the activated mass by controll ing the 

sludge wastage. Many variations of the activated sludge process 

have evolved, among them pure oxygen aeration, contact 

stabilization, step aeration and step feed. 
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Figure 1.1 The activated sludge process. 
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After going through the separation process in the settling 

basin, the treated wastewater is released into the recipient or 
goes to further treatment (tertiary treatment). Achieving high 
solids separation and obtaining the necessary recycle solids 
concentration is most important if the activated sludge process 

to is operate at maximum efficiency. This is especially impor
tant if the treated water is released directly into the recip

ient but is also important for minimizing tertiary treatment 

costs. 

1.2 

The flow of wastewater to a treatment plant can vary diurnally, 

weekly and seasonally. The inflow to a large secondary treat

ment plant, shown in Figure 1.2, shows the flow peaks typically 

due to storm events. Small plants may experience even greater 

variations in flow. The plant performance results often reflect 

these flow variations as is seen in Figure 1.3. 

Many of the factors which influence effluent variability can be 

grouped into three categories. These are design factors, oper

ational factors and process factors. 

Design factors are often fixed by the design of the plant and 
include the type of treatment processes used, the size and 

placement of basins and conduits, pump and blower capacity and 

operational flexibility. These design factors are "built-in" 

when the plant is constructed and make major post-construction 

modifications prohibitively expensive. 

Operational factors are concerned with how the treatment plant 

is operated and how this influences plant performance. Some 

operational factors are the mean cell residence time maintained, 

solids recycle flow rate, air flow rate, sludge wasting rate, 

number of basins in operation and the addition of chemicals to 

enhance removal. It is with operational factors that the plant 
operator can exercise control over the plant and deals with 
plant upsets. 

3 
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Figure 1.2 Flow variability at a large secondary treatment plant. 
(Data from Ryaverket in Goteborg) 
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Figure 1.3 Effluent suspended solids concentrations at a large secondary 
treatment plant. (Data from Ryaverket in Goteborg) 
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Process factors are generally beyond the control of the designer 

and the operator and are often 

Examples of these are the 

regarded as given parameters. 

influent flow rate to the plant, 

influent wastewater temperature, strength and characteristics 

and the fundamental micro-organism growth constants. 

In order to operate a wastewater treatment plant as efficiently 

as possible it is necessary to consider these three factors. 

These same factors apply when studying secondary settling as a 

subsystem in the activated sludge process. It is necessary that 

the secondary settlers perform at the required level so that the 

activated sludge process can be operated as efficiently as 

possible. A project was initiated to study the factors limiting 

the performance of a large secondary treatment plant under 

steady and dynamic conditions. 

1 3 

In order to operate the secondary settlers in an activated 

sludge system efficiently, it is necessary to understand how the 

basins function under different conditions and to know which 

factors limit the performance of the basins for these condi

tions. The most direct approach is via a full scale investiga

tion. Long, shallow rectangular basins are examined and these 

are di icult to model at lab or pilot scale. Full scale inves

tigations are necessary to investigate spacial effects since lab 

and pilot models are essentially one dimensional. 

The full scale experiments were performed at the Ryaverket 

sewage treatment plant in Goteborg, Sweden. Since performing 

full scale experiments could adversely affect plant performance, 

the study was restricted to using two of the twenty four set

tling basins to minimize the risk of upsetting the whole plant. 

One tank served as the test basin, the other as a control basin. 

Only the flow to the test basin was altered thus the mixed 

liquor was not significantly affected by the testing. 
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A series of steady state experiments were conducted to identify 

the limiting factors in the secondary settlers. These were com

plimented with two studies of settler dynamics which were made 

to study settler reaction to operational changes. These exper

iments are described in Chapter 3 and their implications dis

cussed in Chapter 4. A review of the literature pertaining to 

secondary settling is found in Chapter 2 
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2 LITERATURE REVIEW 

2.1 

The need for what is known as Sanitary Engineering has been 

recogni for thousands of years. References are made in the 
Bible to sanitation laws and some ancient structures, such as 
the Cloaca Maxima build by the Romans over 2500 years ago, are 

still in use today (Fuhrman 1984). Epidemics like the Black 
Plague showed man's vulnerability to hygienic conditions. Sir 

John Harington's invention of the flush toilet in 1596 was a 

significant technical development in the quest for improved 
hygienic conditions but it's use was not common until much 

later. Prior to the mid-1800's there was little treatment of 

wastewaters as most utilities were constructed only for drain
age purposes. 

Wastewater treatment in the modern sense has existed for more 

than 100 years. Some of the early developments include the 

classic Imhoff tank and early physical-chemical systems (Alleman 

and Prakasam 1983). Trickling filters, first used in England in 

1893, were developed from contact filters (closed basins filled 

with broken stones and operated as fill and draw reactors) and 

became the most popular of the aerobic attached-growth treatment 
processes (Metcalf and Eddy 1979). Experimentation with sus

pended-growth processes began about 100 years ago although ini

tial tests with only aeration basins were not successful 

Various methods were tested to improve the aerator but it was 

not until 19 that the Englishman, G J Fowler, after visiting 

the Lawrence Experimental Station in the United , con

ceived the idea of a suspended biomass culture sustained by a 

bacterial Two years later, Fowler's students, Arden and 

Lockett, came upon the idea of recycling the active biomass by 

separating it from the water in a settling basin and returning 

the biomass sludge to the aerator. Early experiments with this 
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"activated sludge" process, in laboratory and full scale, used 

fill and draw methods. The process was quickly refined and 

became popular as a continuous treatment process. It is inter

esting to note that the fill and draw method, after being little 

used for many years, is finding new applications under the name 
sequential batch reactors. (Irvine, Breyfogle, Ketchum, Manning 
1985) 

Application of this new technique came soon after its introduc

tion and spread quickly both in Europe and America. Continuous 

flow activated sludge systems were common by the 1920 l s although 

they were not widespread until the 1950 l s (Alleman and Prakasam 

1983). Patent litigation, both in England and in the United 
States, caused a delay in the application of the activated 
sludge process. 

Many new plants were built using the activated sludge process 

and they generally ignored the patent dispute until law suits 

were brought against some cities for patent violation. Some 

plants were shut down to avoid repercussions some paid the 

royalty some planned plants were modified to different 
processes and some waited until the patents expired before 

building (Alleman and Prakasam 1983). 

rly technical controversies included whether aeration systems 
should be mechanical or diffused and whether the fundamental ac

tivated sludge mechanisms are physical-chemical operations or 
biological processes. 

The activated sludge process performs three functions: 

a) biological oxidation of the substrate 

b) formation of a settable floc 

c) separation, concentration and recirculation of the 
biomass 
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The first two functions are biological processes whereas the 

third is a physical process. In practice most problems that are 
encountered are due to upset of the latter two functions but 

traditionally most research has concentrated on the first. 

Recently there has been a renewal of effort to study the for

mation of settable floc and separation of the biomass because of 

their importance in process control and process optimization. 

2.2 Fundamentals of Sedimentation 

The separation and concentration of the active biomass in the 

activated sludge process is performed by a settling basin, often 
referred to as a secondary clarifier, secondary settler or 

secondary thickener. The mixed liquor which enters the secon

dary settler should be sufficiently clarified so that the efflu

ent is of acceptable quality. The separated sludge should be 

sufficiently thickened so that the desired solids level in the 

aerator can be maintained through sludge recirculation and so 

that the waste activated sludge can be easily treated. 

The mixed liquor is a flocculant suspension in which larger par

ticles can be formed by the coalescing of particles which have 

collided. These larger particles generally enhance settling 

characteristics. The particle distribution is bimodal with pri

mary particles in the 0.5 to 5 ~m range and floc in the 25 to 

1 600 ~m range (Parker 1983). How well a particular sludge set

tles depends partially on the distribution of primary and floc 

particles and how easily the primary particles are entrapped. 

Other factors which influence settler efficiency are the basin's 

hydraulic regime, temperature, flow and feed variations and 

changes in sludge characteristics. 

Performance upsets associated with the secondary settler can be 

caused by poorly settling or bulking sludge, loss of solids in 

the effluent due to erosion of the sludge blanket, dilute return 

activated sludge due to poor compaction and rising sludge due to 

the existence of anoxic conditions in the tank. 
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Theories of sedimentation in the activated sludge process can be 

divided into three major 

approaches; solids flux 

approaches. 

categories: 

approaches 

continuous sedimentation 

and rigorous mathematical 

2.2.1 Continuous Sedimentation Approaches 

The foundation of sedimentation theory and especially of contin

uous sedimentation models can be traced back to the work of 

Hazen (1904). Hazen developed a theory for the continuous sed

imentation of discrete particles having the same settling velo

city. His models included both quiescent and turbulent condi

tions. For quiescent settling, Hazen found the fraction removal 

to be a discontinuous function with an inflection point where 

the settling velocity equals the overflow rate 

Vo = * ............................................... (2.1) 

where Vo = overflow rate (hydraulic loading rate) 

Q = flow into plant 

A settler cross-sectional area 

Hazen used a series of equally sized completely mixed cells to 

model removal under turbulent conditions. A typical result is 

shown in Figure 2.1. 
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Figure 2.1 Fractional removal for quiescent and turbulent conditions according 
to Hazen. 

Camp (1936) modified Hazen's quiescent settling theory to 
include discrete particles that have a settling velocity distri

bution as shown in Figure 2.2. Camp assumed an ideal basin with 

homogeneous horizontal flow, even inlet distribution, free set
tling and particle removal when they reached the bottom of the 

basin. He proposed that the removal of particles with settling 

velocity less than Vo be 

v 
fi = v··············· ............................. (2.2) 

o 

where fi = removal for fraction 
vi settling velocity of fraction 
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and the total removal" fT' expressed as an integration over the 

settling velocity distribution is 

F(vo) vi d F(v i ) ............ (2.3) 
o 

where F(v i ) = cumulative settling velocity distribution 

Eq. 2.3 can be rewritten as 

...................... (2.4) 

Eq. 2.4 is equivalent to Eq. 2.3 and is a form commonly used in 

practice. It is dependent only on the overflow rate and the 

particle settling velocity distribution and independent of depth 

and detention time (Camp 1946). Hazen's earlier work for qui

escent flow is a special case of Camp's generalization. 
£:: 

lin 

Figure 2.2 Cumulative settling velocity curve. (after Cordoba-Molina, Hudgins 

and Silveston 1978). 
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Dobbins (1944) developed a model for predicting concentrations 

in a settler for single velocity particles under isotropic tur

bulence with no bottom scour and starting from a uniform inlet 

concentration. He found the general steady state case to be 

...... (2.5) 

where C concentration of sediment in suspension 

U mean velocity at a point 

x horizontal distance in direction of flow 
y elevation above surface of bed material 
E kinematic turbulence 

By making simplifying assumptions Dobbins was able to reduce 

Eq. 2.5 to 

dC v i dy .. . . . . . . . .. .. . ............... ( 2 . 6 ) 

and gives a analytical solution for the one dimensional case. 

He found good agreement with lab scale tests using Lucite mold

ing powder as the suspended material. 

Cordoba-Molina, Hudgins and Silveston (1978) show that in the 

limit Dobbin's model reduces to Hazen's for both quiescent and 

turbulent conditions. They also extended Dobbin's model to in

clude a settling velocity distribution that is a property only 

of the sediment and independent of the turbulence. They found 

the removal fraction to be 

1 f ==-
T Vo 

00 

o 

and confirmed the model using diatomaceous earth as a sediment 
in a laboratory study. 
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The models of Hazen, Camp and Dobbin have the disadvantages of 

many assumptions such as ideal flow conditions, ideal basin 

design, no turbulence or infinite turbulence, no bottom scour, 

no tank depth effects, only discrete sedimentation, no cohesion 

between particles and no hysterysis effects. A major criticism 

is that thickening is overlooked (Dick 1970). 

2.2.2 Solids Flux Approach 

Using the continuous sedimentation theory as a basis for settler 

design ignores the thickening phenomenon prevalent in activated 

sludge systems. A settler used to separate flocculent, com
pressible particles, such as those found in activated sludge 

suspensions, can be divided into four zones: 

I ) discrete particle zone 

I I ) flocculent zone 

I I I ) hindered settling zone 

IV) compression zone 

as shown in Figure 2.3. The compression starts when the criti

cal concentration, a characteristic of the suspension, is 

reached (Eckenfelder and Melbinger 1957). Figure 2.4 shows how 

the critical concentration can be graphically determined. 

14 



Figure 2.3 Settling zones for activated sludge. 
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Figure 2.4 Graphical method for finding the critical concentration when 
compression begins. 

15 



Thickening is the opposite of sedimentation, that is, the re
moval of liquid from the solids in contrast to the removal of 
solids from the liquid. Some of the influences on the thick
ening of sludge (Ingersoll, McKee and Brooks 1955) are: 

They 

a) nature of the mixed liquor particles (density, shape, 

floc structure, type of micro-organisms, electrostatic 

charges) 

b) concentration of settable solids in the mixed liquor 

c) dissolved substances in the substrate 

d) temperature 

e) depth of the sludge blanket 

f) surface area of the sludge blanket 

g) time allowed for compaction 

h) modifications due to mechanical action, vibration or 

pressure 

state that factors a) , b) and c) are dependent on the 

wastewater, d) dependent on both the wastewater and the 

treatment plant and e) , f) , g) and h) are dependent on the 

treatment plant or more specifically the design of the settler 

Kynch (1952), making a theoretical analysis of sedimentation, 

made the assumption that at any point in a dispersion the vel
ocity of the fall of a particle depends only on the local con
centration of the particles and thus that settling can be deter
mined by continuity. This assumes that all other forces acting 

on a particle are in equilibrium. Dixon, Souter and Buchanan 

(1976) found that inertial effects cannot be ignored by compar

ing simulation models of Kynch's continuum theory and discrete 
settling theory and thus questions the validity of Kynch's 

assumptions. Hultman and Hultgren (1980) showed how flocculent 
suspensions did not strictly follow Kynch's assumptions. Dick 
and Ewing (1967) also state that Kynch's theory is highly ide
alized and requires an lIideal slurryll to be directly applicable 

which activated sludge cannot be said to be. 
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Transport of the solids to the bottom of the settler is due to 

two mechanisms The first is a gravitational component, vi' and 
the second a component due to withdrawal of solids in the 

underflow, Vue The settling flux, Ng, is 

Ng = C.*V. 
1 1 

and the bulk flux, Nu' is 

C.*v 
1 U 

where Vu QuiA 

.. (2.8) 

............................. (2.9) 

Q underflow rate 
u 

The total transport flux, Nt' is 

N + N g u 
C.*v. + C.*v e •••••••••••••••••••••••••••••• (2.10) 

1 1 1 U 

Ng is established by performing settling velocity tests at dif

ferent initial concentrations and plotting the hindered settling 

velocity against initial concentration (Figure 2.5a). The sol

ids flux curve due to gravitational forces can then be plotted 

by multiplying the axes as in Figures 2.5a and 2.5b. The under

flow solids flux is a linear function with slope Vu equal to 
the underflow velocity (Figure 2.5c). Finally the total solids 

flux curve can be draw by summing the curves in Figures 2.5b and 

2.5c to give Figure 2.5d. It is seen that there is a local 

minimum in the total flux curve and this establishes the limi

ti ng fl ux, NL, and the 1 imi ti ng concentrati on, CL. Thus the 

limiting flux, NL, is 

.............................. (2.11) 
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Figure 2.5 Constructing a solids flux curve. 
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Figure 2.5 Continued. 
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Yoshioka, Hotta, Tanaka, Naito and Tsugami (1957) developed a 
simple geometric technique to find the limit values as illus

trated in Figure 2.6. The settling solids flux curve is drawn 
and the limiting total solids flux found by drawing a line with 

slope -v u' tangent to the settling flux curve. 
crosses the Y-axis, is the limiting total flux 

Where this line 
and where it 

The point of crosses the X-axis is the underflow concentration. 

tangency is the limiting concentration. They also showed how 

the operating conditions could be determined on the solids flux 

diagram. 

n I i n & 

Figure 2.6 Yoshioka construction for solids flux curves. ( after Yoshioka, 
Hotta, Tanaka, Naito and Tsugumi 1957). 

Keinath, Ryckman, Dana and Hofer (1976) describe the concept of 

a state point applied to solids flux theory. The state point is 

defined as the intersection of the two operating lines, a 

line with slope -vu passing through the underflow concentration 
and a line through the origin with slope Q/A The state point 

is shown in Figure 2.7 and this point defines the applied 
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solids flux, N, at the mixed liquor concentration, C Two 
o 0 

interesting examples typify how the state point concept can be 

used to for process control. In Figure 2.8a the case where 

the recycle solids rate is changed is seen. When the recycle 

rate operating line goes outside of the solids flux curve, there 

is the risk of solids accumulation in the settler which will 

eventually lead to a solids loss over the outlet weirs. 

Increasing the recycle rate would relieve this condition. The 

second example (Figure 2.8b) illustrates how increased flow can 

lead to settler failure if the recycle rate is constant. 

By defining the 

zone can be found. 

constraints on the system, a feasible design 

Operational strategies can be found by plot-

ting the state point to determine the system's operational state 

and then measures taken to prevent thickening or clarification 

failure Dixon (1985) criticizes this approach since it does 

not account for removal of solids from the system by the waste 

activated sludge stream. 

Figure 2.7 Finding the state point on a solids flux diagram. 
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Figure 2.8 Examples showing the use of the state point concept. (from Keinath, 
Ryckman, Dana and Hofer 1976). 
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Another design method is the Coe and Clevenger method described 
by Dick (1970). From a mass balance over the settler and 
assuming no loss of solids in the effluent, the underflow 
velocity is 

........................................ (2.12) 

where N = solids flux 
Cu solids concentration in underflow 

and substituting Eq. 2 12 in Eq. 2.10 and rearranging gives 

N = ........................................ (2.13) 

The limit solids flux is found by substituting values of Ci and 

v. for different underflow concentrations. These can be plotted 
1 

as in Figure 2.9 and the curve minimum defines the limiting flux 

that can be applied. This method is only valid for the sludge 
concentration which limits the solids handling capacity of the 

settler and can be used to size the required area but not for 
analyzing an existing thickener's performance (Dick 1970). Dick 

and Ewing (1967) state that the theory of Coe and Clevenger is 
the logical extension of Kynch's work even though Kynch's came 

much later. 

Vesi1ind (1968) reviewed the different solids flux methods and 

found that all are sensitive to the accuracy of the solids flux 
curve and assume that the initial settling velocities measured 

in batch tests are representative of the settling characteris

tics of a large settler. He states that the initial settling 

velocity is dependent on concentration, depth, test cylinder 

diameter, stirring and flocculation rates. 
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Figure 2.9 Cae and Clevenger method for finding the limiting flux. (Dick 1970). 

There is considerable discussion about the roles which clarifi 

cation and thickening have in a secondary settler. Dick (1970) 
states that the governing conditions must be determined and the 
settler designed accordingly. The hydraulic loading rate method 

is sufficient for dimensioning clarification needs (Dick 1976) 
or retention time can also be used. If the loading becomes too 

great then there is the risk of accumulation of solids and a 

thickening failure when solids are lost over the outlet weirs. 

Dick recommends that solids flux theory be used to dimension for 

the thickening function. Laquidara and Keinath (1983) found 
that a design based on the thickening failure criterion ensures 
that the clarification failure criterion is satisfied 

but that the continuous sedimentation theory be used to design 

for discrete settling to ensure a quality effluent. 
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2.2.3 Rigorous Mathematical Approaches 

The development of complex mathematical models to simulate set

tling phenomena is still in its infancy and is only introduced 

here. These models are more capable of describing the dynamics 

of sedimentation whereas continuous sedimentation models assume 

steady state conditions Alarie, McBean and Farquhar (1980) 

describe three types of settler models: hydraulic efficiency 

models of the continuous sedimentation type; regression models 

based on emperical data and mechanistic models where mathemati

cal formulation of the basin configuration and of the phenomena 

occurring with basin is used. 

The hydraulic efficiency models are those described in Chapter 

2.2.1. The regression type models are common but have the dis

advantage that extrapolation beyond the context of the investi 

gation often yields erroneous results. 

The mechanistic models can test dynamic conditions and the 

development of high speed computers has made it more feasible to 

perform the numerical calculations. Two main types of models 

have developed, the numerical models (most often finite element 

and finite difference models) and sophisticated mathematical 

models. Many of the numerical models address principally the 

hydraulics of settling basins and discrete settling problems 

Hindered settling has not yet been fully developed. 

Sophisticated mathematical models describe the physical configu

ration of the clarifier and model the phenomena of the settling 

mass. These are often dispersion type models and presently 

handle only discrete settling. 
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2.3 that Influence 

2.3.1 General 

The performance of the activated sludge process and consequently 

the secondary settler is influenced by many factors, both fixed 

and modifiable. The process factors described in Chapter 1 2 

are fixed factors and amongst these are the influent flow, 

strength and composition of the wastewater and temperature. 

Design and operational factors are modifiable factors and 

include the design of the plant, operational mode and random 
factors such as mechanical breakdown. 

broad and many interrelationships 

plant performance. 

Fixed Factors 

These categories are very 

exist which also influence 

Fixed factors are taken into consideration when a plant is 

designed. Older plants seldom operate under the same conditions 

that existed when the plant was newly built. A common example 

is industrial connections to municipal sewer systems. Some 

plants are overloaded due to urban expansion while others, 

designed for an exponential population growth, are underloaded. 

In most cases the influent wastewater characteristics are 

accepted as beyond the control of the designer or operator. An 

exception is where industrial wastewaters can be controlled or 

partially treated. 

Modifiable Factors 

Modifiable factors can be fixed with the design of the plant or 

they may be variables which can be used for control. The impor

tance of these is illustrated in a United States Government 

Accounting Office report which found that the three leading 

causes of noncompliance were operation and maintenance deficien-
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cies, equipment failures and deficiencies and plant over loading 

(Cafaro 1985). The major parameters that can be optimized are 
modifiable factors. 

Studies found in the literature investigate all aspects of sed
imentation. Four main areas can be identified: design para

meters; basin characteristics; operation and performance. All 

aspects of these areas have some influence on the final products 
from an activated sludge system, an effluent of the desired (or 
perhaps more often the required) quality and an easily managed 

sludge. Operation is often decisive for the fate of the fourth 

area performance. Since it is the performance that is the most 
important aspect of an activated sludge system, especially when 
there is no tertiary treatment, it can be useful to begin the 

discussion there. 

2.3.2 Performance 

The performance of the activated sludge system can be measured 
by the quality of its effluent and the manageability of the 

waste sludge. Both of the measures of performance are made at 

the settling basin and the overall performance of the system is 

highly dependent on the performance of the settler. Effluent 
suspended solids are often used as a measure of settler perfor
mance since the analysis is quick and easy. Many studies have 

shown that the effluent BOD or COD is highly related to the 

effluent suspended solids (Pflanz 1969, Dick 1970, Pipes 1979, 

Lumley and Balmer 1983, Parker 1983). Effluent suspended solids 

also influence the total effluent phosphorus (Lumley and Balmer 
1985). In general the effluent suspended solids will strongly 

influence the overall quality of the effluent. 

The physical design of the settler will in most cases determine 

the basin's hydraulic characteristics and these in turn may con

stitute constraints or limitations in their operation. The 
operation of the plant often has the most influence on the qual-
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ity of the effluent and an optimal control strategy should pro

duce the best possible effluent for the given conditions. 

2.3.3 Design Parameters 

Dimensioning of sedimentation tanks is usually based on the 

tling theories presented in Chapter 2.2. The design parameters 

estimated are surface area and depth from the hydraulic loading 

rate, solids flux rate and hydraulic retention time and weir 
sizing and baffling. 

Hydraulic Loading Rate 

Many have investigated the importance of the hydraulic loading 

rate, vo' as a design parameter. Cordoba-Molina, Hudgins and 

Silveston (1978) show that overall removal for turbulent con
ditions is dependent only on the hydraulic loading rate, the 

characteristics of the suspension and the degree of turbulence 
(Eq. 2.7). The exponential decay relation for settling of 

suspensions as a function of the hydraulic loading rate was 

shown to be representative and the turbulent model conserva
tive for designing quiescent settling basins. 

Many other studies look at the influence of hydraulic loading 
rate on effluent quality and often recommend a limit value 
(Metcalfe and Eddy 1979, Cashion and Keinath 1983, Chapman 1983, 
Parker 1983 and Tuntoolavest, Miller and Grady 1983). Dick 

(1970, 1976) warns about the inadequacies of the hydraulic 

loading rate and that it ignores thickening. Dietz and Keinath 
(1984) found that hydraulic loading rate did not significantly 

affect effluent quality for settling column tests using a slurry 

of calcium carbonate (CaC03). Using full scale settling data, 

Pflanz found the hydraulic loading rate and mixed liquor sus

pended solids concentration useful for dimensioning secondary 
settlers. The hydraulic loading rate is the most common design 

parameter but consideration must be given to other factors. 
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Hydraulic Retention Time 

The hydraulic retention time, 8, is another commonly used design 

parameter, especially in Germany. There is much discussion in 

the literature as to whether the hydraulic loading rate or the 

hydraulic retention time controls settling. Fitch (1957) using 

batch tests with calcium carbonate (CaC03) found both signifi

cant and that suspensions which coagulate or flocculate may be 

controlled more by the hydraulic retention time. Fischerstrom 

(1958) discussing Fitch (1957) argues that reduced detention 

times will improve settling efficiency and depth is not as 

important as the hydraulic loading rate. Fitch (1958) questions 

tank stability and its importance to measures of efficiency. He 
says that the hydraulic loading rate and retention time interact 

and thus both should be taken into account in design. 

Cashion and Keinath (1983) and Dietz and Keinath (1984) found 

that the hydraulic retention time was more influential than the 

hydraulic loading rate on effluent quality Dick (1976) criti

cized the hydraulic retention time for much the same reasons as 

the hydraulic loading rate. Tuntoolavest, Miller and Grady 

(1983) found that hydraulic loading rate and hydraulic retention 

time had about the same effect on the effluent but that the 

mixed liquor suspended solids concentration was more important. 

Long retention times can result in anoxic conditions and 

denitrification in the settler which may cause floating sludge 

and a loss of solids over the outlet weirs (Busch and Irvine 

1980, Stukenberg, Rodman and Touslee 1983) although Lin, Leen 

and Cooper (1979) found that septicity had little effect on the 

settling rate of activated sludges. 

Side Wall Depth 

Side wall depth is another commonly discussed parameter. Shal

low tanks were advocated in the 1950's (Fischerstrom 1958, Camp 

1953, Estrada 1953) often with the inlet near the bottom of the 
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tank. Such tanks were seen to be more efficient and less sus

ceptible to short circuiting and preflocculation was thought to 

be helpful. The trend in later years has been to deeper tanks 

to provide a buffer zone for solids from the aerator (Banerji 

1979). A minimum side wall depth of 3 m is recommended Parker 

(1983) recommends side wall depths from 4 8 to 6.1 m for larger 

diameter tanks. Dick (1976) names no strict minimum side depth 

but instead advises that sufficient depth be allowed for solids 

transfer from the aerator during overloading as well as for 

fluctuations in the sludge blanket depth to reduce the risk for 

loss of solids over the effluent weirs. This is also described 

by Johnstone, Rachwal, Hanbury and Critchard (1980) and Davis 

(1982). 

Merkel (1971) describes a three zone system for slzlng side wall 

depth: a clarification zone, a buffer zone and a thickening 

zone. The buffer zone accommodates time variations in solids 

distribution in the activated sludge system. The pilot scale 

rig used by Chapman (1983) showed improved effluent quality with 

increased side wall depth. Laquidara and Keinath (1983) recom

mend deeper basins to help guard against clarification failure 

by providing a greater hydraulic retention time and that deeper 

basins provide more opportunity for aggregation of the biologi

cal floc. Yoshioka, Hotta, Tanaka, Naito and Tsugumi (1957) 

found that thickening depth and detention time had no substan

tial effect on underflow concentration and thickening capacity 

for the slurries tested. 

Outlet Weirs 

Weirs require proper sizing and location to prevent overloading 

and solids loss in the effluent (Anderson 1945). Anderson found 

that weirs not located in the upturn zone could be loaded higher 

and recommended maximum loadings of 10.4 m3/m/h for such weirs 

and 7.8 m3/m/h for weirs located in the upturn zone. Kin (1946) 

found that weirs were often located in the upturn zone where no 
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settling takes place and this could be reduced by 

increasing the weir length. He also found that baffles were of 
no aid in the upturn zone and often reduced settler efficiency. 
Ingersoll, McKee and Brooks (1955) found that the uprising flow 
caused a reduced weir length effect and that it is necessary to 
keep weir loading rates low 

Banerji (1979) states that weir loading has less influence than 

hydraulic loading rate on effluent quality although weir loca

tion can be significant. Crosby and Bender (1980) had similar 

findings as well and recommended weir leveling to ensure even 

flow distribution. Stukenberg, Rodman and Touslee (1983) recom
mend scum baffles in front of the overflow weirs of circular 
basins as well as flow baffles to retard undesirable currents in 

the vicinity of the weirs. Parker (1983) recommends that the 

effluent weirs be placed at about 75% of the tank radius in cir

cular basins to avoid the negative effects of density currents. 

2.3.4 Basin Characteristics 

The hydraulic characteristics of secondary settlers have a great 

influence on the quality of the effluent water. Other physical 
operations such as sludge collection, baffling and wind effects 

are also of importance. 

Stratified Flow and Density Currents 

The existence of stratified flow in settling basins is generally 

accepted. Much research has been done in this field since the 

1940 1 s. Typical basin behaviour is characterized by the forma

tion of a density current at the inlet, a IIdead ll or counterflow 

zone above the density current in the central part of the basin 

and a upturning of the density current as it strikes the outlet 
wall into the outlet weir area as shown in Figure 2.10. Ander

son (1945) found that there was negligible flow in the sludge 

31 



blanket compared to the flow in the density current and Townsend 
(1945) found that upturn and density currents retard settling 

especially in circular basins. 

Figure 2.10 Typical basin behaviour. (from Larsen 1977). 

Fischerstrom, Isgard and Larsen (1967) studied 20 plants using 

horizontal flow settling basins and found a relationship between 
the velocity of the bottom current and the basin load per unit 
width as shown in Figure 2.11. They found the effective depth 

of the density current to be about 60 cm, irrespective of the 
actual basin depth. Measures recommended to reduce the bottom 

current included placing the inlet near the basin bottom, sludge 

conditioning (stirring) and presettling of the mixed liquor 
possibly using a lamella tank to remove most of the sludge 
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Figure 2.11 Bottom current velocity verses hydraulic load over basin width. 
(from Fischerstrom, Isgard and Larsen 1967). 

Three flow patterns must be included in a flow model: short cir

cuiting flow; dead space; and circulating flow (Takamatsu and 

Naito 1967). Takamatsu and Naito (1967) present a model based 

on transfer function model theory from control engineering and 

found that it satisfactorily modelled sedimentation using cal

cium carbonate (CaC03) as a suspension. Experiments were also 

made to test the effect of wind induced interfacial shear stress 

and they found that wind effects become significant when the 

wind velocity exceeded 9 m/s. 
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Larsen and Gotthardsson (1976) and Larsen (1977) developed an 

ultrasonic current meter which allowed them to make accurate 
velocity estimates. Measurements 

showed distinctive density currents. 

in Figure 2.12. 

TURBULENCE INTENSITIES u' and v ~ 

made in rectangular basins 

Typical results are shown 

a 

b 

c 

HORllONTAl AND 
VERTICAL 

VELOCITY 

OVERFLOW RATE 2.5 m
3/rrl· h 

INFLUENT CONCENTRATION 0.86 kgl 

RETURN SLUDGE CONCENTRATION 2.6 

RECYCLING RAT 10 0.1. 

Figure 2.12 Typical velocity measurements from Larsen (1977). 

Crosby and Bender (1980), using dye measurements, consistently 

found parabolic flow profiles on top of the sludge blanket. 

They believed that this density current could be in part due to 

the inlet configuration and the mixed liquor quality. Others 
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have described this phenomena (Metcalf and Eddy 1979, Banerji 
1979, Schamber and Larock 1981, Imam and McCorquodale 1983, 
Imam, McCorquodale and Bewtra 1983 and Parker 1983). Hudgins and 

Silveston (1984) criticize the latter's findings because the 
model used in their study had the inlet at the bottom of the 

basin and that this would likely cause scour and a less intense 

density current than would normally be found in a more conven

tional basin. 

Experiments made by Fitch (1956) showed that dye tests cannot 

distinguish between short circuiting due to density currents and 

streaming flow (short-circuiting flow resulting from a non
uniform lateral distribution of flows). Fitch concluded that 
dye tests are difficult to use critically in evaluating settling 

basins and thus that the reduced longitudinal dispersion found 

in tracer studies of long, narrow basins is not a theoretical 

indication of superiority for sedimentation. Humphreys (1975) 
found that time tracer curves did not detect basin modifications 

in model studies and thus limited their usefulness. 

Turbulence 

Fischerstrom (1955) found that the theoretically ideal basin 

would be very wide, short and very shallow or very long, very 
thin and very deep to satisfy laminar conditions (Reynolds num
ber less than 2000). Baffles increase the wetted perimeter and 

reduce the hydraulic radius so that designs incorporating trays 

or multiple floors should be more hydraulically efficient. The 

Reynolds number decreased and the Froudes number increased which 

had been found to give a more stable flow. 

Turbulence in the basin can have both positive and negative 

effects on sedimentation. Most mixed liquors are under

flocculated and additional flocculation generally improves set
tler efficiency (Camp 1946). Some turbulent mixing in the inlet 

helps promote floc formation (Parker 1983) or separate floccu-
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lation tanks can be used. Camp (1953) found that flocculation 
due to turbulent eddies was greatest in shallow tanks and that 

velocity gradients and differences in settling velocity aided 

flocculation. After this initial mixing phase most turbulence 

is detrimental to effluent quality. Turbulence is quickly gen
erated but can take longer than the hydraulic retention time to 

die off (Crosby and Bender 1980) and this is used as an argument 

for reducing flow variations as much as possible. Fitch (1956) 
found that inlets and outlets do not affect basin performance 

except for the turbulence which can be created there. 

Modelling turbulence is a common difficulty for the numerical 

sedimentation models. In most cases the authors resort to lump 
terms which generalize conditions for the whole basin The 

scour parameter introduced by Takamatsu, Naito, Shiba and Ueda 

(1974) is used in many models to account for resuspension of 

solids from the sludge blanket into the clarified zone. 

Scour is a phenomena often observed in long shallow rectangular 

basins. This is apparent in the Pflanz (1969) study as pointed 

out by Parker (1983). Such basins are sensitive to flow varia

tions and often lose solids over the outlet weirs when the 

sludge blanket is high and easily scoured. 

Sludge Collection and Removal 

Sludge collection systems are generally of two types: mechani
cal scraper systems and hydraulic suction systems. Anderson 

(1945) states that sludge removal should be made as quickly as 

possible to keep a fresh sludge while at the same time maintain
ing a high sludge concentration. He found that the collection 

of sludge is due to a hydraulic flow induced by the sludge den
sity and that scraper blades collected the sludge that had 

adhered to the basin bottom. 
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Banerji (1979) states that scraper type collectors require that 

all the sludge pass through a small area near the removal point 

and that this could result in higher sludge velocities and the 

risk of resuspension. He felt that suction type collectors did 

not have this drawback and that the quick removal of sludge 

would reduce tendencies for rising sludge. Merkel (1971) found 

that the sludge hopper had little effect on thickening although 

long rectangular basins should have the hopper more centrally 

located in the basin. Dixon (1985) describes a funneling effect 

as the sludge moves towards the sludge hopper and that extra 

depth should be allowed to compensate for this. 

Stukenberg, Rodman and Touslee (1983) comment that although suc
tion systems were an improvement when first developed, modern 

suction systems are no more efficient than modern mechanical 

scraper systems. Mechanical scraper systems often have higher 

return sludge concentrations. Crosby and Bender (1980) describe 

"so lids waves" that were formed by a passing sludge header in 

circular tanks and felt that rotational speeds were too high. 

Reduced speeds improved the effluent quality. Chapman (1983) 

found rake speed in a pilot scale circular basin had no signi

ficant effect on effluent quality. 

Baffling 

Baffling can be used to control the flow at inlets and outlets 

in settlers so that the generation of currents is minimi 

Inlet baffling can help even out the initial flow distribution 

and reduce the density current and the counterflow current 

(Larsen 1977). Banerji (1979), Crosby and Bender (1980) and 

Parker (1983) also give recommendations for baffle placement and 

inlet and outlet configuration. The early work by Anderson 

(1945) found that inlet modifications had little effect on 

effluent quality but he stated that an evenly distributed influ

ent with low velocities is desirable. Fischerstrom (1955) recom
mends using more space in a settling basin for the inlet and 
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outlet and getting them to function well than to have the larg

est possible, but inefficient, settling volume. 

Temperature and Wind Effects 

Some other general external factors which can affect the per

formance of secondary settlers include temperature and wind 

effects. Lower temperatures usually result in lower removal 

efficiencies due to the higher viscosity of the water (Pflanz 

1969). Biological activity is also reduced at lower tempera

tures. Crosby and Bender (1980) found spatial temperature di 

ferences in a basin not to be important. Rises in the tempera

ture of the inlet water could have a significant effect when 

mixed with the colder water in the tank. 

Wind effects can sometimes be important especially in larger 

basins. A flow imbalance at the outlet weirs can result (Crosby 

and Bender 1980). This is perhaps more significant in large 

circular tanks although rectangular tanks can also be affected. 

An oscillating surface (seiching) can result which has a pumping 

or sloshing effect and can increase the solids in the effluent. 

Takamatsu and Naito (1967) found that the wind velocity needed 

to exceed 9 m/s before wind effects became significant. 

2.3.5 Operational Aspects 

The way in which an activated sludge system is operated has a 

significant influence on the quality of the effluent. Many dif

ferent parameters are used to gauge the level of performance of 

the secondary settlers while others can be used to control the 

process. 

38 



Sludge Settability 

A measure of sludge settability is useful when judging sludge 

characteristics. The most common are the sludge volume index 
(SVI), the initial settling velocity (ISV) and, more recently, 
the stirred specific volume index (SSVI). 

The sludge volume index, introduced in 1934, is the most widely 

used parameter for judging operational performance (Dick and 

Vesilind 1969). This batch test is made by settling a sample of 
mixed liquor in a one liter cylinder for 30 minutes and the 

sludge volume, i.e. the volume of sludge in millilitres of the 

total volume in litres, calculated. The mixed liquor suspended 
solids are also measured. The sludge volume index is then cal

culated as the ratio of sludge volume to suspended solids and is 

expressed in mL/g. Typical SVI values are less than 100 for 

normal sludges, 100 to 200 for moderately bulking sludges and 

greater than 200 for bulking sludges. 

White (1976) states that SVI is suitable only as an inplant 

parameter since it is highly dependent on plant conditions and 
operation. Other important disadvantages of SVI are its depen
dence on the suspended solids concentration of the mixed liquor 

used in the batch test, the effects that the wall of the small 

cylinder have on the settling of the sludge and poor 
reproducibility (Pipes 1979). 

Dick and Vesilind (1969) could find no relationship between SVI 
and such rheological properties as yield strength and plastic 

viscosity which they had found to have direct and measurable 

influence as sludge characteristics. They describe SVI as a 

non-specific, arbitrary measure of the physical characteristics 

of a sludge which is influenced by the different properties of 

different sludges and commend its use as an in-plant tool but 

not appropriate to research where they recommend the initial 
settling velocity as a more consistent parameter. 

39 



SVI is still consi~ered a good operator test and can be used for 
estimating the maximum underflow concentration and the recycle 

rate (Pipes 1979) for ideal conditions according to 

...................................... (214) 

where SVI sludge volume index mL/g 

and 

6 Qr 
Ci * 10- (Q + Qr) * SVI ........................... (2.15) 

These relationships assume that during the SVI test the sludge 

is able to thicken to its maximum concentration (Schaffner and 

Pipes 1978). 

Pipes points out that the secondary settler should be more 

efficient than the one liter test cylinder so that lower recycle 

rates can be used. Dick (1976) refutes these widely used rela

tionships since settling in the secondary settler is not equiva
lent to 30 minutes of settling in a small cylinder at only one 
mixed liquor concentration i.e. one point on the settling curve. 

Further it does not reflect the operators ability to adjust the 

solids distribution between the aerator and the settler. Pipes 

argues that the relationships are conservative and are still the 

most useful ones available. 

While comparing batch tests to non-ideal prototypes, Edde and 
Eckenfelder (1968) listed the factors which may affect batch 

tests as: 
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Vessel diameter 

Initial height of suspension 

Raking action 
Rheological properties of the sludge 

Sludge blanket depth 

Initial feed concentration. 

Using experimental data they obtained the relationship 

1 ..................................... (2.16) 

where F = mass loading 

k~n constants 

The constants k and n are found by plotting. k was shown to be 

affected by the height of the test column and the concentration 

of the inlet mixture and n a function of the rheological proper

ties of the sludge. It was also shown that a relationship 

between k for the batch test and k for the prototype is needed 

to apply Eq. 2.17 in design. 

Merkel (1971) found that a corrected SVI that used a standard of 

200 mLIL for the sludge volume gave a better estimate of set
tling characteristics. White (1976) went one step further and 

introduced a new method using a larger, four litre cylinder with 

a low speed stirring mechanism to reduce particle bridging and 

wall effects. Several initial mixed liquor concentrations are 

used and the sludge volume at a standard concentration of 3.5 

giL used to calculate the stirred specific volume index White 

found this new parameter to correlate better with sludge set

tling properties. In a test with over 2000 samples, Johnstone, 

Rachwal, Hanbury and Critchard (1980) found SSVI to be generally 

better that SVI for judging sludge settability and that it is 

applicable to all mixed liquor suspended solids concentrations 

whereas SVI gave erroneous results for higher mixed liquor 
concentrations. 
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The initial settling velocity (ISV) can be used in settler 

design as well as in operation. Wilson and Lee (1982) describe 

the I SV techn i que and compa re it vJi th so 1 ids fl ux theory. They 

used the empirical relationship 

vi = Ao * Ci
n ........................... (2 17) 

where Ao' n constants 

and found that both methods gave similar estimates for the set

tler surface area but that the ISV method was less tedious. 

They also describe how ISV tests can be used by the operator on 
a day to day basis to estimate the flow capacity of the settlers 

and compensate for changes in settling properties. 

Lin, Leen and Cooper (1979) describe a similar technique using 

settling curves and found that a combined first order kinetics 

relationship of the form 

where SV = sludge volume 

A1,A2,k1,k2 = constants 

adequately modelled the sludge volume in a one litre test cylin

der. The constants were fitted using regression techniques_ 

They found that kl represented hindered settling (the initial 

settling rate), k2 compaction and A2 the upper limit of the 
final settling volume. Tests made using flocculents showed only 

variation in k1- The resulting regression equation was applied 

to solids flux theory and found useful for finding the depth 

where the desired underflow concentration exists and making a 

better estimate of the ISV by observing the changes in k1. 

A retardation factor was described by Dick and Ewing (1967) when 

modelling initial settling velocities. The retardation factor, 
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K1, is a measure of the support which the sludge at the inter

face receives from the sludge below and thus a measure of the 

deviation from ideal settling. It is found by plotting the set

tling velocity, vi' against the initial depth of the suspension, 

Li' and finding the constants KI and k, the slope of the curve, 
by 

v. 
1 

L . 
1 ..............•........ (2.19) 

where Li initial depth of the suspension 

KI = retardation constant 
k = slope of curve 

They were also able to show that in the limit 

1 im 
L • ---l> 00 , 

v. , _ 1 
vmax - k ............................... (2.20) 

where vmax ultimate settling velocity 

which is the zone settling velocity for an interface with no 

support from the underlying sludge. The retardation factor was 

found to be related to the general nature of the sludge with 
sludges having low factors being judged as of good settability 

and bulking sludges having high retardation factors. Dick and 

Ewing (1967) also recommended that settling tests be conducted 

at depths and with mixing conditions which are comparable to the 

settler being operated and noted that stirring had some benefit 

for zone settling and could increase the solids transmitting 

capacity. Camp (1946) recommended maintaining a constant tem

perature to reduce thermal currents and avoid breakup of the 

floc when handling the suspension while preparing the test. 
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Hultman (1972) developed a similar relationship for relating 
solids concentration to settling velocity 

log vi = -k1 ( 1 + ........... (2.21) 

where k1' k2' k3 = constants 

The constant k2 is a measure of the deviation from Kynch's ideal 

settling and is o for the ideal case where only hydrodynamic 

forces act on a particle. The constant k3 is the settling 
velocity for a floc in a infinitely dilute solution (Ci=O). 

Particle Size Distribution 

Mixed liquor suspended solids are typically bimodally distri
buted (Parker 1983) and have significant particle interactions 
(Lawler, Singer and O'Melia 1982). Parker (1983) and Tuntoo
lavest, Miller and Grady (1983) found that high shear levels in 
the aerator cause breakup of the floc with a resulting higher 
proportion of small floc which are difficult to remove in 
gravity settlers. Removal efficiencies were significantly lower 
for the smaller fractions (Figure 2.13). 

The initial formation of an interface is dependent of the degree 
of uniformity of particle sizes in the suspension and has a sig
nificant effect on thickening behaviour (Lawler, Singer and 
O'Melia 1982). Particle growth by coagulation increases set
tling velocities and more uniformly distributed solutions form a 
well defined interface quicker. 
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Figure 2.13 (a) Typical mixed liquor suspended solids particle distribution and 
(b) settling efficiency under quiescent conditions for different 
particle sizes (from Parker 1983). 
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The fine particles are difficult to settle and contribute to the 

non-settable fraction of suspended solids in the effluent. Kin 
(1946) believed these light particles had been separated from 

the settling mass and easily transported by any currents. High 

dispersion in the mixed liquor could cause a loss of interlock

ing at the sludge blanket interface and the separated light floc 

then easily picked up by turbulent currents. Pipes (1979) found 

these non-settables to be related to flocculation. When the 

effluent suspended solids exceeds supernatant suspended solids 

measurements obtained in batch tests, a gross loss of solids is 

occurring and is indicative of some operating problem (Parker 

1983). 

Solids Concentration 

The concentration of the mixed liquor in the inlet to the set

tler does influence the quality of the effluent. Pflanz (1969) 

found that effluent suspended solids increased with increasing 

inlet concentrations. He developed a relationship between the 

solids surface feed and the effluent suspended solids 

(Q+Qu) 
k * * Ci ............................. (2.22) 

where k = constant 

Ceff = effluent suspended solids 

Tuntoolavest, Miller and Grady (1983) found that the mixed 

liquor suspended solids was the single most important factor 

influencing the effluent in their study which included hydraulic 

loading rate, sludge recycle ratio and air flow rate. The 

amount of dispersed particles had a significant effect on the 

effluent. 

Chapman1s (1983) pilot investigation showed a similar inlet/ 

outlet suspended solids relationship although sidewater depth 
and hydraulic loading rate were statistically more significant. 
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The mixed liquor suspended solids concentration can also be 
related to the underflow concentration for steady state con

ditions (Dick 1970) if solids in the waste actived sludge and 
the synthesis of solids in the aerator are ignored. From a flow 
mass balance assuming no accumulation of sludge in the settler 

(Schaffner and Pipes 1978), the relationship is 

C. 
1 

~ 
Qr 

Q+Q • • • • • • • • • • • • • • • • • • •• • ••••••••••••••••••••• (2 . 23) 
r 

Dixon (1985) adds a term accounting for the influent 

Q*C Q *C 
C. = _--:-_-=---_r __ u 

1 
................................ (2.24) 

where Cinf = influent suspended solids 

although Schaffner and Pipes (1978) dropped this influent term 
if presedimentation was used and included the waste activated 

sludge flow with the return sludge flow in the numerator of Eq. 

2.24. Both of these relationships show the effect recycle rate 
has on the concentration of the underflow sludge. 

Recycle Rate 

One of the most important control parameters for the activated 

sludge process and especially for the settler is the recycle 

rate. Most studies include some discussion of the influence of 

recycle rate on the solids level in the settler, the mixed liq

uor suspended solids level in the aerator, the sludge settling 

characteristics, the wasted activated sludge concentration and 

treatability and the effluent. 

A paradox for operational control by the solids flux concept 
where the recycle rate is used for process control is described 
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by Schaffner and Pipes (1978). If there is an increasing SVI 
then it is common to increase the recycle rate to combat the 
bulking problem and maintain the desired mixed liquor concentra
tion and prevent accumulation of solids in the settler. When 
the recycle is increased, the solids loading is increased 
and if the limiting solids loading is exceeded, then the under
flow concentration will decrease and solids will accumulate even 
more quickly in the settler. 

Chapman (1983) recommends that the minimum recycle rate that 
does not compromise the thickening function of the settler be 
used as an operational strategy_ He found that reduced recycle 

rates lower the flow rate (Q+Qu) into the settler thus improving 
the effluent and maintaining a high recycle solids concentra
tion. 

Operational upsets due to flow variations can be handled in dif
ferent ways. The simplest is to maintain a constant recycle 
rate and have the sludge blanket level vary as the solids dis
tribution between the aerator and the settler vary. The risk is 
that, during high flows, solids are lost over the weirs due to a 
thickening failure and rising sludge blanket. 

Maintaining a constant recycle ratio (Qu/ Q) is another often 
used strategy with the disadvantage that the flow rate to the 
settler increases even more than the flow to the plant because 
of the increased internal recirculation. At low flow the recy
cle rate will be too high and at high flow too low but it is a 
better estimate than constant recycle rate (Keinath, Ryckman, 
Dana and Hofer 1976). Deterioration of the sludge characteris 
tics can occur and the effluent be more turbid. Ghobrial (1978) 
found that higher recycle rates lowered the sludge blanket level 
but that they adversely affected the effluent quality due to 
increased turbulence in the settler and that the recycle solids 
concentration was reduced. Shock loads will overload the settler 
so that solids are lost over the outlet weirs since the state 
point is above the flux envelop. As the solids are lost the 
state point returns inside the envelope where a stable operation 
is again possible (Keinath, Ryckman, Dana and Hofer 1976). 
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White (1976) describes a critical rate of sludge withdrawal that 
limits the effectiveness of increased recycle rate. This cri

tical rate is found by increasing the slope of the recycle rate, 

v , in Figure 2.5d until the local minimum and maximum points 
u 

approach each other and become a point of inflection. White 

found that below this critical rate the critical solids loading 

rate is only dependent on the characteristics of the mixed li 

uor. Above this extreme critical rate the solids loading is 

dependent onthe mixed liquor suspended solids concentration and 

the settling velocity at this concentration i.e. sludge settling 

velocity must greater than the hydraulic loading rate to 

prevent loss of solids in the effluent. Thus the solids loading 

rate can be increased by increasing the recycle rate until the 

critical recycle rate is reached. White also warns that high 

recycle rates may upset the hydraulic balance of the settler and 

may change the characteristics of the mixed liquor. He recommends 

using low recycle rates of less than half the dry weather flow 

but to have reserve capacity which can be used when the settler 

is over loaded. White found the relationship 

N 
100 0.77 

8.85 * (SSVI) 
Q 0 68 

* (Au) . (2.25) 

to adequately describe the solids flux based on 50 sets of set

tling characteristics from 30 large full scale plants in Eng

land. Maximum solids loadings could be estimated using this 

equation to within +/- 20 percent Johnstone, Rachwal, Hanbury 

and Critchard (1980) had similar findings and they also found 

that solids flux theory often underpredicted the recycle solids 

concentration. 

When making solids profiles for secondary settlers, Pflanz 

(1969) found that recycle rates up to 200 percent had no sig

nificant effect on the effluent quality and only minor influ-
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ence on the distribution of solids in the settler. Tuntooloa 
vest, Miller and Grady (1983) found that recycle rate was not so 

effective for controlling their laboratory scale activated 

sludge system. Increased recycle rate resulted in reduced 

effluent suspended solids at average aerator turbulence levels 

but effluent quality worsened when recycle rates were increased 

when there were high turbulence levels in the aerator. 

Severin and Poduska (1985) extend the solids flux theory to get 

an expression for determining the minimum recycle rate that is 

required for a particular loading condition 

v - 1 
o - A(n-1) Q n

u 

................... (2.26) 

where n = constant determined for each sludge 

Knowing the settling velocity at a specific mixed liquor concen

tration and the constant, n, for the system, the minimum 

required recycle rate can be quickly calculated. They showed 

how operating curves can be constructed to make operational 

decision easier but that they need to be periodically updated as 

changes in n may occur. This is a common approach which makes 

remedial action more effective since the problem is revealed 

before an upset has occurred. 

Sludge Blanket Level 

The level of the sludge blanket varies with the changes in solid 

loading to the settler and with the rate of removal of solids 

from the settler by the underflow and by losses over the weirs. 

The depth of the sludge blanket can also effect the occurrence 

of floating sludge (Stukenberg, Rodman and Touslee 1983) due to 

nitrification and increased recycle rates to lower the sludge 

blanket can result in a dilute sludge. Ingersoll, McKee and 
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Brooks (1955) argue that shallow sludge blankets thicken more 
rapidly then deep blankets thus necessitating a larger floor 

area for greater thickening efficiency by comparing the thick

ening of sludge to the consolidation of clay in one dimension 
which is governed by the partial differential equation 

(2 27) 

where p = excess pore pressure 

Kv = coefficient of consolidation 

They suggested the use of inclined plates on the basin floor 

which promote the accumulation and compaction of the sludge and 

prevent scour of the blanket Such a basin is shown in Figure 

2.14. 

r------- Long Narrow Tank 

I Jiffusion 
Baffle 

Scum 

Figure 2.14 Suggested design of baffled tank to promote sludge accumulation and 
compaction after Ingersoll, McKee and Brooks (1955). 
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Hultman and Hultgren (1980) give a detailed description of the 
modified consolidation method for thickening and tests made at 

wastewater treatment plants showed good agreement. A disadvan
tage of the method is the difficulty in estimating parameters 

and the complexity of the mathematical solution. 

Ghobrial (1978) found that the depth of sludge blanket had a 

significant effect on effluent quality. He used the ratio of 

the volume of the accumulated sludge to the total basin volume 
in the settler as an operational parameter. The accumulated 

sludge volume could be adequately estimated by measuring the 
depth of the sludge blanket which could be made on-line for 

process control. He found the empirical relationship 

(2.28) 

where Vls sludge blanket volume 
Vl volume of settler 

(Vls/Vl)crit critical sludge blanket volume 
ratio 

k = constant 

valid for sludge blanket levels above the critical blanket level 
and Pflanz's relationship (Eq. 2.22) valid for sludge blanket 
levels less than the critical. The critical sludge blanket 

level is a function of the characteristics of the settler and is 
influenced by the tank configuration, inlet and outlet configu

ration, bottom slope and sludge collection system. He also found 
that higher mixed liquor suspended solids concentrations raised 

the sludge blanket, higher recycle ratios lowered it and that 

the hydraulic loading rate only slightly affected the sludge 

blanket level. A second relationship was suggested for estima
ting the solids volume ratio 
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(C ) Q n 
(Q u/Q) * (If) 

u 
........................... (2.29) 

where k1' n = constants 

and found good agreement with his data and with data from a U.S. 

Environmental Protection Agency study. 

The depth of the sludge blanket has an effect on the sludge com

pression limit (Dixon 1985) and sufficient sludge depth is 

required to maintain the desired underflow concentration. The 

recycle rate need not be greater than that which is necessary to 

hold the sludge blanket at a level which allows sufficient clar

ification depth. Funnelling effects near the sludge hopper may 

negate attempts to get a higher underflow concentration. 

2.4 Summary 

As seen from the above discussion, much research has been made 

on a whole spectrum of topics dealing with sedimentation in the 

activated sludge process. Still, no theory can adequately des

cribe the dynamics of sedimentation even though fundamental 

knowledge has increased. Design criteria are often based on a 

continuous sedimentation criteria for clarification and a solids 

flux criteria for thickening and extra depth for buffering. 

The current trend in operation is to utilize the few control 

parameters to maximum benefit. Recycle rates should be as low 

as possible but sufficient to prevent thickening failure. Mixed 

liquor suspended solids levels should be as low as possible for 

the given aeration basin volume. Outlet weir loadings should be 

as low and as evenly distributed as possible. Inflow rates 

should be as constant as possible to eliminate flow fluctuation 

which induces turbulence. Flocculation can be enhanced by 

preflocculation or using low level turbulence in the inlet. 
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Understanding the dynamics of sedimentation is useful for gain 

ing better control of an activated sludge system. First it is 
necessary to identify the controlling factors in the settler and 

then the dynamics can be more closely examined. Such an inves

tigation, described in Chapter 3, was made for an activated 

sludge system utilizing long rectangular basins. 
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3 STUDY OF SECONDARY SETTLER LIMITING FACTORS AND DYNAMICS 

3.1 on 

Many factors affect the performance of secondary settling and 

the degree to which they influence the quality of the effluent 

is, in part, a function of the design of the plant. In order to 
utilize the potential that a plant has to produce the best pos 
sible effluent under all conditions, it is necessary to esta

blish which factors limit the function of the different elements 
of the system For an activated sludge system, the secondary 

settlers to a large extent control the effluent quality, es 
cially at plants subjected to large variations in flowe 

A project was initiated to study the performance of a secondary 

treatment plant which uses the activated sludge process for bio

logical treatment. The long narrow settling basins used in this 

activated sludge system are investigated since they were judged 

to limit the performance of the system. Two goals were set for 

the project: 

a) to identify the limiting factors which control sedimen

tation at the Ryaverket treatment plant 

b) to investigate the behaviour of the secondary settlers 

under dynamic conditions 

In Chapter 3 the site, experimental methods and experimental 

results are presented and a discussion of these results found in 

Chapter 4 

3.2 

3.2.1 General 

The experiments were carried out at Ryaverket, the sewage treat-

55 



ment plant operated by GRYAAB, Gateborgsregionens Ryaverksaktie
bolag (Gothenburg Regional Sewage Works) which is owned by the 

Municipalities of Ale, Gateborg, Harryda, Kungalv, lerum, Maln

dal and Partille on Sweden's west coast. Ryaverket was built in 
1970-71 and taken into operation in 1972. It is dimensioned for 

680 000 pe and presently there are 660 000 pe connected of which 

130 000 pe are industrial. The design flow is 3.8 m3/s and the 
average flow was 3.4 m3/s in 1984 The sewage treatment plant 

is fed by an extensive tunnel system with a total length of 89 

km. The effluent is discharged into the mouth of the Gate River 
at Rya Nabbe. Figure 3.1 shows the sewerage system in the 

Gateborg Region. 

1 

Figure 3.1 The GOteborg Region showing the tunnel system and Ryaverket, the 
regional wastewater treatment plant. 
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The wastewater treatment process consists of bar racks, main 

pumps, primary clarification, aeration and secondary settling. 

Sludge treatment consists of thickening, dewatering and lime or 

compost treatment. Heat pumps are used to recapture waste ener

gy from the effluent One heat pump at the plant provides space 

heating while two at the Municipal Energy Department, located 

beside Ryaverket, supply heated water to the city1s central 

heating system. A sketch of the plant is shown in Figure 3.2. 

Figure 3.2 Sketch of Ryaverket showing the settling basins used in the study. 

3.2.2 Activated Sludge System Configuration 

The activated sludge system is operated in an conventional man
ner but can be operated as a contact stabilization system. 
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Aeration consists of two blocks working in parallel. The old 

block from the original plant has 16 basins of approximately 510 

m3 each, while the new block, taken on-line in 1982, has 15 

basins of approximately 2 060 m3 each. The total aeration 

volume is 39 060 m3. The detention time at Qdim is approximate
ly 2.9 h Air is fed from two sets of turbo-compressors, four 

old with a capacity of 30 000 m3/h each at 3.4 m head water and 

three new with a capacity of 25 800 m3/h each at 5.5 m head 

water. The maximum air flow is approximately 200 000 m3/h. 

Wastewater is transported from the presedimentation basins to 

the aeration basins by an aerated canal with an approximate 

volume of 2 300 m3. The inlet manifold to the aeration basins 

has an approximate volume of 1 500 m3. The recycle activated 

sludge is injected into the head of the inlet manifold. An 

aerated canal with an approximate volume of 3 420 m3 transports 

the mixed liquor to the settling basins. 

There are 24 secondary clarifiers, each 59.5 m by 7.8 m with an 

average depth of 2.75 m and a volume per basin of approximately 

1 300 m3• The total settler area is 11 138 m2 and total volume 

30 750 m3. The detention time at Qdo is approximately 2.3 h 
1m 3 2 

and the hydraulic loading rate about 1.2 m /m /h. Chain and 

flight scrapers with 28 flights per basin are used for sludge 

collection with available chain speeds of 0.6, 0.9 and 1.2 

m/min. Each basin is equipped with a frequency regulated 

recycle sludge pump with 0.13 m3/s capacity at 7.2 m water head. 

The total capacity is about 3.0 m3/s. The pumps operate at 950 

RPM at 50 Hz and are rated at 15 kW. The basins are constructed 

in pairs and each pair shares a common inlet gate from the 

aerated water transport canal. The flow through each basin is 

controlled by five outlet weirs that have a total length of 45 m 

and a weir loading at Qdim of 12 7 m3/m/h. The settling basins 
are shown in Figure 3.3. A summary of plant dimensions is found 

in Table 3.1. 
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Figure 3.3 Sketch of secondary settling basins at Ryaverket. 
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Table 3.1 Summary of plant dimensions 

Dimensioned flow 
Total users connected 
Industrial users connected 

Total lift pump capacity 

Canal to primary settlers 
Primary settler volume 

area 

Canal to aerators 
Aerator inlet manifold 
Aerator volume 
Aerator hydraulic detention time at Q . 

dim 
Air blower maximum capacity 

Canal to secondary settlers 
Secondary settler volume 

area 
hydraulic loading rate at Q . 

dim 
Recycle sludge pumps maximum capacity 

Sludge thickener volume 
Sludge filter band press capacity 

3.3 

3.3.1 Experimental Design 

3 
3.8 m Is 
660 000 pe 
130 000 pe 

3 
18.0 m Is 

3 500 m
3 

3~ ~~~ :~ 
2.9 h 3 
200 000 m Ih 

3~ ~~~ :~ 
11 13~ m~ 
1.2 m3/m Ih 
3.0 m Is 

3 20~ m
3 

90 m Ih 

Two types of experiments were carried out during the course of 

study. The first series was to investigate the factors limiting 

secondary settling at Ryaverket and the second was to study the 

dynamics of sludge storage when solids are transferred from the 
aerator to the settler. 

For the first series of experiments, flow conditions to a test 

basin were varied while a parallel basin sharing the same inlet 
served as a control. Flow through the basin was controlled by 

adjusting the outlet weirs and changing the recycle flow rate. 

Suspended solids profiles were made in the test basin and the 
flow rates in and out of both basins were measured under steady 
state conditions. 
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The studies of solids transfer dynamics were made by establish

ing steady state conditions and then initiating a step jump in 

flow to the test basin. The increased loading caused a thicken

ing failure and the accumulation of sludge and effect on the 

effluent was followed in time. 

3.3.2 Initiation of the Plant 

In order to establish steady state conditions when conducting 

the experiments, flow levels were held as constant as possible. 

The test basin was initialized by adjusting the outlet weirs and 

the recycle sludge pump to the desired flows. Deciding what 

these settings would be was based on the desired loading for the 

test and the antecedent flow. Under certain conditions it was 

not possible to carry out the experiment as planned so that some 

elements had to be improvised. The operation of the plant took 

precedence over the experiments and if the plant reached criti

cal conditions, the experimental procedure had to be modified. 

In most cases where the plant operation had to be changed, the 

sampling could be completed first. In all experiments, the 

chain and flight scrapers were held at 0.9 m/min. 

3.3.3 Sampling 

The sampling program consisted of taking suspended solids grab 

samples at various locations in the basins and in the mixed 

liquor, the effluent and the recycled sludge. 

Suspended solids samples were taken in the test basin so that 

suspended solids profiles could be established. Sampling loca

tions A, B, C, 0 and E were 5, 10, 20, 35 and 50 m respectively 

along the length of the basin from the inlet end as shown in 

Figure 3.4. Samples were taken at depth using a specially con

structed 0.127 m diameter, 3.5 m long Plexiglas pipe. Nipples 
with rubber hoses and clamps were placed every 0.25 m along the 
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length of the pipe to facilitate sampling. A cork, impregnated 

with silicon sealant, was used to seal the bottom of the pipe. 

The cork was weighted by a 0.01 m thick steel plate fitted with 

an eye bolt to allow the Plexiglas pipe and water column to be 

lifted out of the basin. The Plexiglas pipe and peripherals are 

shown in Figure 3.5. 

A D E 

Figure 3.4 Sampling locations for the test and control basins. 

The sampling procedure was as follows: 

A small portable crane with an extended boom was used to 
hold the Plexiglas pipe about two meters out over the test 

basin. Ropes were attached to the cork and to the pipe to 

facilitate lifting. To take a sample the cork was lowered 

to the basin floor and left for one minute. The sampling 

pipe was then lowered through the water onto the cork thus 

sealing the column of water inside By drawing on the rope 

attached to the cork the pipe was lifted out of the water. 

Samples were taken from the water column as it was lifted 

and were collected in 100 mL bottles held in specially con

structed trays that helped to speed the sampling process and 

minimize settling during sampling. It normally took one to 

two minutes to take the samples. After sampling, the water 
column was released by holding the Plexiglas pipe and 
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releasing the cork A tape measure was fastened to the pipe 

so that the water depth and the sludge blanket level could 

be quickly measured 

Grab samples for mixed liquor and effluent suspended solids were 

taken using a 15 L sampling pail set on the end of a 1.3 m long 

shaft with a 0.025 m hole drilled in center of the pail IS bot

tom. A composite sample of the effluent was taken by filling 

about one fifth of a one litre bottle at each of the five weir 

outlets. The pail was shaken when filling the bottle to keep 

the particles suspended. A composite five litre mixed liquor 

sample was made from four samples drawn from below the surface 

of the inlet diffusers in the test and control basins. One 

litre recycle solids samples were taken at the inlets to the 

return sludge pumps at eXisting spigots 

Non-settable suspended solids samples for the test basin where 

taken by drawing a profile sample with the Plexiglas pipe and 

then hanging the Plexiglas pipe beside the basin for one to two 

hours to allow the solids to settle out. Samples were taken at 

the spigots after the quiescent settling period. For the con

trol basin, a sample was taken from under the water surface near 

the outlet using the pail. The sample was allowed to stand at 

least one hour in a two litre graduated cylinder and then a sam

ple taken after the top 100 mL were drawn off to remove floating 

particles. 

Sludge blanket level measurements of the control basin were 

taken with a light sensitive turbidity meter with an accuracy of 

approximately +/- 0.05 m. 
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Figure 3.5 Plexiglas sampling pipe. 

3.3.4 Flow Adjustment and Measurement 

The flow to each basin could be regulated by moving the outlet 

weirs up or down on adjustment screws. The test basin recycle 

sludge flows were reduced by throttling a gate valve located 

after the recycle pump. If recycle flows greater than the net

work system flows were desired, the frequency controlled network 

was bypassed and the pump connected directly into the power 

mains to obtain the maximum capacity. The desired flow could be 

sought by throttling the gate valve. 
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Flow into a basin is found by summing the outlet flow with the 

recycle sludge flow. Initial tests to measure the outlet flow 

were made using lithium chloride (L iCl) as a tracer. There was 

difficulty in obtaining consistent results, probably due to the 

short weir length (4.5 m) which did not allow complete mixing. 

Not having direct results was also considered a disadvantage. 

Time-volume methods were tested using a 450 litre barrel (0 58 m 

10 by 1.78 m long) to collect the effluent water and the time 

needed to fill the barrel taken with a stop watch. A holder 

device was constructed to allow the barrel to swing in under the 

outlet weir opening and assist with emptying the barrel The 

method proved to be reliable if sufficient trials were made at 

each weir until consistent results were obtained. The barrel 

and peripherals are shown in Figure 3.6. 

Recycle sludge flows were measured by turning off one recycle 

sludge pump of the basin pair, closing the common inlet gate and 

draining the water surface below the outlet weirs. Once below 

the weirs, water level measurements were recorded at 0, 5 and 10 

minute intervals while pumping continued. The basins were then 

refilled and the procedure repeated for the other pump. Knowing 

the area of the basins and the change in depth per time, the 

flow rate for each pump could be calculated. 

65 



Figure 3.6 Outlet flow measuring device. 

3.3.5 Procedure for the Study of Limiting Factors 

Basin 10, shown in Figure 3.5, was used as the test basin and 

basin 12 as the control bas i n vi h i c h was usually operated the 

same 
to: 

as the rest of the plant. The normal test procedure was 

a) Set the basin outlet flow and recycle sludge flow on the 

afternoon preceding the planned test. 

b) Hold the plant under as constant a flow as possible for 

the test to establish as near steady state conditions as 

possible 

c) Measure outlet flows for basins 10 and 12. 

d) Sample locations A-E of basin 10 with the Plexiglas 

pipe 
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e) Measure the sludge blanket level at locations A-E of 
basin 12. 

f) Take effluent and recycle sludge grab samples for basins 
10 and 12 and a mixed liquor grab sample for the two 
basins. 

g) Take samples for non-settable suspended solids in basins 
10 and 12. 

h) Measure return sludge flows for basins 10 and 12. 

i) Measure water and air temperatures. 

j) Return the plant to normal operating conditions. 

It should be noted that under certain circumstances it was 
necessary to change the order of steps c, d, e and f above. 

3.3.6 Procedure for the Study of Basin Dynamics 

The basin dynamics studies required that the flow of solids in 

and out of the basins as well as the mass of solids stored in 
the basin be closely monitored. The experimental procedure was: 

a) Maintain the plant at steady state conditions for 24 

hours before the start of the test. 

b) On the day of the test, effluent suspended solids sam-

ples and sludge blanket levels at locations were 
taken every 30 minutes. 

c) Make a step increase in flow through the test basin by 

lowering the outlet weirs. 
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d) Take recycle sludge solids and mixed liquor suspended 
solids samples at the end of the test. 

e) Measure flows through the test and control basins and 

recycle sludge flows at the end of the test. 

f) Measure water and air temperatures. 

g) Return the plant to normal operating conditions. 

3.3.7 Sample Analysis 

Laboratory analysis was performed by Ryaverket's lab personnel 

on the day of the test. ~uspended solids analyses were made 

according to SS 02 81 12 (SIS 1973). Glass fibre filters (Munk
tell MGA 55) were used with a maximum vacuum filtration time of 

one minute. The samples were dried at 105 degrees Celcius for 

two hours and then weighed. Stirred sludge volume analyses were 
made using White's (1976) cylinder although White's SSVI was not 

calculated. 

3.4 

3.4.1 Study of Limiting Factors 

Nine experiments to identify the limiting factors were performed 

and a summary of the hydraulic conditions for each test is found 

in Table 3.2. In the following, experiments will be referred to 
by the test date. The experiments conducted in the fall of 1983 
were made when the plant was operated as a normal activated 

sludge system. Test 840403 was made when the plant employed 

pre-precipitation using iron(III) chloride and test 841031 made 

when the plant used simultaneous precipitation with iron(II) 
sulphate. 
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Table 3.2 Hydraulic conditions for the limiting factors 

experiments. 

Test Test basin Control basin Total for plant 

date outlet recycle outlet recycle inlet recycle 

flow flow flow flow flow flow 

831012 244 39 174 38 3.6 0.8 

831020 241 36 254 36 4.8 0.7 

831025 154 24 146 38 2.9 0.7 

831102 227 23 104 37 2.3 0.7 

831116 231 33 148 37 3.0 1.1 

831124 168 134 111 58 3.0 1.2 

831201 237 93 139 48 2.8 1.2 

840403 241 110 126 36 2.8 0.9 

3 
is 158 L/s per basin and max flow to the Note: Dimensioned flow (3.8 m Is) 

3 
activated sludge system (6.0 m Is) is 250 L/s per basin. 

The results of the suspended solids samples taken with the Plex

iglas pipe are interpolated to produce iso-curves at given con

centrations. Heavy solid lines, marked iSB 10 1
, indicate the 

sludge blanket level in the test basin (No. 10) and heavy dashed 

lines, marked ISB 12 1
, indicate the sludge blanket level in the 

control basin (No. 12). Concentrations are in mg/L. The left 
hand concentrations at location 0 show the non-settable sus-

pended solids. It should be noted that the suspended solids 

concentrations given at location A are only approximate due to 

the intense mixing at the inlet. The ambient conditions for 
each test are also given 
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Test 831012 

For the first test, the flow to the test basin was increased 
while the recycle rates were held the same for both basins. The 

average inflow for the week proceeding the test was approximate

ly 3.5 m3/s. Flow during the night proceeding the test was 4.3 

m3/s until 8 a m when it dropped to 2.5 m3/s and then stabi 

lized at 3.7 m3/s for the duration of the test. Two settlers 

were not in operation. The increased flow through the test ba

sin built up a thick sludge blanket but the effluent was not 

affected. The plant effluent was higher, around 20 mg/L and was 

more than double that of the two preceding days. The iso-curves 

are shown in Figure 3.7. 
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Figure 3.7 Experimental results [or limiting factor test 831012. 
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Test 831020 

Test 831020 was similar to test 831012 except that higher 

inflows, with an average of over 5 m3/s, had proceeded the test 

date. Since the flows were expected to remain well above aver

age, no weir or recycle rate adjustments were made. During the 

night the flow was 7.1 m3/s and this was lowered to 4.8 m3/s at 

8 a.m where it remained for the rest of the test. The activated 

sludge system treated a maximum of 6 m3/s and the rest was 

released by an overflow after primary treatment. Two basins 

were not in operation. As expected both basins show similar 

behaviour as seen in Figure 3.8. Sampling was delayed until 

sludge blanket level measurements showed steady state condi

tions. Many fine floc were noted in the effluent. 
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Figure 3.8 Experimental results for limiting factor test 831020. 
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Test 831025 

For this test the recycle rate was reduced in the test basin 

which operated under normal flow conditions. The storm condi
tions prevalent in the previous test had passed and flows 

returned to normal, i.e. 3.5 m3/s. The night flow was 3.8 m3/s 
but reduced to 2.9 m3/s after 8 a.m. A higher sludge blanket 

was found in the test basin and many fine floc were seen in the 

effluent. High winds caused seiching of the water surface which 
made recycle rate measurements difficult. The suspended solids 

profiles are shown in Figure 3.9. Two basins were not in opera

tion. 
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Figure 3.9 Experimental results for limiting factor test 831025. 
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Test 831102 

The antecedent flow 3 period was below normal (3.1 m Is) so the 

flow to the test basin was increased while the recycle rate was 

lowered as in the previous test. Flow during the night was 4.0 

m3/s and was lowered to 1.8 m3/s from 4 a.m. until 6 a.m. when 
it was raised to 2 3 m3/s and then remained at that level for 

the rest of the test. Two basins were not in operation. Since 

the behaviour of the test basin could not be anticipated when 

such extreme operating conditions were applied, the outlet weirs 

were not changed until the morning of the test Samples were 

taken more than five hours later. As seen in Figure 3.10 the 

sludge blanket level was very high and a loss of solids over the 

weirs resulted. 
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Figure 3.10 Experimental results for limiting factor test 831102. 
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Test 831116 

This test was a repeat of the previous test except that the out

let weirs were adjusted the day before according to the normal 

procedure. Flows into the plant were still below normal at 3.0 

m3/s for the days before the test. During the night the flow 

was 2 7 m3/s and was raised to 3.0 m3/s at 7 a.m. and held con

stant. Figure 3.11 shows a solids distribution in the test 

basin similar to that found in the previous test although the 

loss of solids in the effluent was less. 
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Figure 3.11 Experimental results for limiting factor test 831116. 
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Test 831124 

The effects of increased recycle rate were studied in this test 

The antecedent flow period was again below normal (3.2 m3/s) and 

the night flow was 3.5 m3/s. At 8 a m. the flow was lowered to 

2.8 m3/s and at noon was raised to 3.3 m3/s. Difficulties were 

encountered when the outlet canal level was lowered to facili 

tate flow measurements. An alarm at the heat pump water intake 

caused the main pumps to shut down so that the flow measurements 

could not be completed and the flow in one weir had to be 

estimated. The test basin recycle sludge pump was connected 

directly into the power main to achieve the maximum available 

pumpi ng capac i ty. Pl ant recyc 1 e rates had also been ra i sed to 

1.2 m3/s from the previous level of 0.75 m3/s. Figure 3.12 shows 

how the sludge blanket was lowered and the effl uent of good 

quality. 
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Figure 3.12 Experimental results for limiting factor test 831124. 
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Test 831201 

For this test high outlet and recycle flows were tested. The 
flow for the days preceding the test were below normal (2.8 
m3/s) and the night flow was 2.7 m3/s which was maintained 
throughout the test. Conditions in the basin are shown in 
Figure 3.13. Effluent quality was very good. 
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Figure 3.13 Experimental results for limiting factor test 831201. 
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Test 840403 

The previous test was repeated, the only exception being that 

pre-precipitation with iron(III) chloride was being tested at 

the plant and it had been noted that the settling qualities of 

the mixed liquor had deteriorated. The antecedent flow period 

was below normal at 3 m3/s and the night flow of 2.8 m3/s was 

held for the duration of the test. The outlet flow and recycle 

rate were adjusted early on the morning of the test and the sam

ples taken more than six hours later. The risk for loss of sol

ids over the outlet weirs was great due to the poor settling 

qualities and the pre-precipitation full scale experiment being 

conducted at the same time would be negatively influenced by 

high effluent solids levels thus the decision to delay the start 

of the test as much as possible. The resulting iso-curves are 

shown in Figure 3 14 
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Figure 3.14 Experimental results for limiting factor test 840403. 
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t 841031 

The same type of high flow-high recycle experiment was repeated 

when the plant tested simultaneous precipitation using iron(II) 

sulphate. A rainy period had resulted in above normal flows of 

5.5 to 9 m3/s the preceding week. The night flow was 5.4 m3/s 

and this flow was held for the duration of the test. The test 

basin flows were adjusted the preceding day. The resulting sol
ids profiles are shown in Figure 3 15 
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Figure 3.15 Experimental results for limiting factor test 841031. 
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3.4 2 Results for Basin Dynamics Experiments 

Two special experiments were conducted to study settling basin 
dynamics. The hydraulic conditions of the tests are summarized 
in Table 3.3. 

Table 3 3 Hydraulic conditions for basin dynamics experiments. 

Parameter Test date 

Test basin outlet flow after adjusting (a) L/s 
Test basin recycle flow before adjusting L/s 
Test basin recycle flow after adjusting L/s 
Control basin outlet flow L/s 
Control basin recycle flO\v 
Inflow to plant 

231 

30 

168 

29 
3.5 

299 
48(b) 

124 

99 
48 

2.5 

Notes: (a) Test basin outlet flows assumed approximately equal to control basin 
before step jump made. 

(b) Assumed equal to recycle flow in control basin. 

Test 840412 

As for test 840403, pre-precipitation using iron(III) chloride 
was being tested at the plant. Inflow the preceding day varied 

from 2.5 to 4.0 m3/s and from midnight was steady at 3.5 m3/s 

until the end of the test. The sludge blanket levels at loca
tion D were measured using the Plexiglas sampling pipe while the 

turbidity meter was used at locations A, B, C and E. The 
changes in sludge blanket level are shown in Figure 3.16. The 

numbers in the outlet end of the basin indicate the time at 

which the sludge blanket profile was measured and the small dia

grams above the basin show the change in sludge blanket depth 

with time during the experiment. Figure 3.17 shows the varia

tion in effluent suspended solids for the test and control 

basins. The breakthrough point, when the massive of solids 
began, occurred at 2.30 p.m., seven hours after the step change 

in flow. 
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Figure 3.17 Effluent suspended solids for the test and control basins for test 
840412. 
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Test 841206 

The second dynamic test was to be a repeat of the first except 

that the plant operated using simultaneous precipitation with 

iron(II) sulphate. The inflow the preceding day was steady at 

3 5 to 3.8 m3/s. On the morning of the test there was a main 

pump stoppage for 15 minutes and thereafter the flow was held at 

2.5 m3/s for the duration of the test. It was not possible to 

measure the changes in sludge blanket level at locations A~ B, C 

and E due to repeated breakdown of the turbidity meter. Thus 

the results are given for only location D where the sampling 

pipe was used and these are shown in Figure 3 18. The effluent 

suspended solids levels with time are shown in Figure 3.19 where 
an initial washout was observed after 30 minutes in the test 

basin. This subsided after about 90 minutes. After three hours 

the washout increased aga in and surgi ng waves of so 1 ids were 

observed going over the outlet weirs. Most solids appeared 

to escape near the outlet wall and less at the inboard weirs. 

It was then decided to increase the recycle rate for the test 

basin to the maximum flow possible. After ten minutes a 

not i ceab 1 e improvement in the effl uent was noted and the 

sludge blanket level stabilized. 
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Figure 3.18 Experimental results for basin dynamics test 841206. Due to an 
instrument breakdown, it was not possible to measure the sludge 
blanket depths at locations A, B, C and E. The figure above the 
basin shows the change in sludge blanket depth with time at 
location D. 
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Figure 3.19 Effluent suspended solids for the test and control basins for test 
841206. 

84 



4 DISCUSSI 

4.1 General 

Several factors ich limit the performance of the secondary 

settlers at Ryaverket were identified in this study. These are 

described and their ica ons discussed in Chapter 4.2. 

Methods to estimate the distribution of solids in the secondary 

settlers are examined in Chapter 4.3. 

4.2 Factors Limiting the Performance of the Secondary 

Settlers 

From the ex mental investigations it is possible to identify 

three factors ich limit the performance of the secondary set-

tlers are: the outlet zone conditions; the solids recycle 

rate and amount of non-settable solids in the effluent. 

4.2.1 C itions in Outlet Zone 

Observations made du ng the tests show that the outlet zone 

conditions an important influence on the quality of the 

effluent. When the sludge blanket is thick, there is a high 
risk of solids being washed out into the effluent as seen in 

Figures 3 9 and 3. . A thick sludge blanket results when the 

underflow solids removal is less than the inlet solids loading 

and a greater than normal amount of solids are accumulated in 

the settler. This accumulation of solids often occurs during 

high flow conditions as seen in tests 831102 and 831116. Clar-

ification is limi the high weir loading since excessive 

solids loss can occur when a thick sludge blanket is eroded near 

the outlet and when strong basin currents exist which hinder 

settling. This also tends to bring about a thickening failure 

due to the bulk loss of solids in the effluent. 
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On many occasions it was observed that the supernatant in the 

c 1 a r i f i cat ion Z 0 n e had v e r'y 1 itt 1 e sus pen d e d sol ids un til i t 

approached the outlet zone where there was a sharp increase in 

solids (Figures 3.10, 3.11 and 3.15). This outlet zone extends 

about one metre into the basin beyond the end of the 4.5 m long 

weirs. This is where the horizontal flow established earlier in 

the basin must turn up towards the outlet. The vertical water 

velocity in this upturn zone is approximately 13 m3/m2/h at Qd" 
3 23 1m 

and 21 m 1m /h at Q (6.0 m Is) assuming that the flow passes 
max 2 

through an area of 7.8 m * (4.5 m + 1 m) = 42.9 m. Metcalf and 

Eddy (1979) recommend maximum upturn zone velocities of 3.7 to 

7.3 m3/m2/h. The weir loading rates for the basins investigated 

are 12.7 m3/m/h at Qd" and 20 m3/m/h at Q assuming 45 m of 
1m max 

weirs per basin, all basins in operation and an even flow dis 

tribution to the basins and to the weirs Metcalf and Eddy1s 

weir loading guideline is 10.4 m3/m/h. Similar guidelines are 

given in Abwassertechnik (1975). Both the velocity in the 

upturn flow area and the weir loading rate exceed the recom

mended values at the dimensioned flow and are more than twice as 

high at the maximum flow. The high upturn velocities combined 

with the high weir loadings increase the risk for solids loss at 

flows greater than Qd" or when there is a thick sludge blanket. 
1m 

At high flows the sludge blanket near the outlet is easily 

eroded and sludge that should be thickening in the settler is 

lost in the effluent. 

The overloaded conditions that often exist for the outlet weirs 

increases the sensitivity of the settler to changes in flow or 

changes in solids accumulation When a rapid change in flow 

through the plant occurs, the effluent quality can quickly 

deteriorate due to the settler sensitivity. With the increase 

in flow comes an increase in weir loading and higher upturn zone 

velocities which can hinder normal settling and scour the sludge 

blanket. Once the settlers have adjusted to the new flow level, 

this initial loss of solids can subside. This was observed for 

test 840412 and test 841206 where there is seen an immediate 

increase in effluent suspended solids after the flow into the 
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test basin is increased (Figures 3.17 and 3.19). In both cases 

the effluent suspended solids stabilized after about 90 minutes, 

when a new equilibrium state was established. 

The sensitivity of the settler's outlet zone is indicated by the 

immediate increase in the effluent suspended solids after a 

rapid increase in flow, despite that sludge blanket levels in 

both the dynamic tests were quite low near the outlet at the 

start of the tests. It is difficult to determine if this 

"flushing" phenomena is due to erosion of the sludge blanket or 

changes in the horizontal velocity of the density current. 

Light floc may have been lifted from the sludge blanket inter

face due to an increase in basin turbulence. Also of interest 

is the reduction in effluent suspended solids for both tests 

after the initial flush, this despite an increasing sludge 

blanket depth in the outlet zone. Once the initial flush has 

subsided the accumulation of solids in the settler does not 

appear to have a the major effect on the effluent suspended 

solids until a breakthrough point is reached where a massive 

loss of solids occurs. 

Reducing the weir loading and velocities in the upturn zone can 

best be accomplished by increasing the total weir length per 

basin and allowing more space between the weirs. The present 

five weirs per basin can be reduced to three and their length 

increased to 9 m from the present 4.5 m to fulfill the specifi

cations in the above mentioned guidelines. 

Minimizing "shock" increases in flow would also help reduce sol

ids losses. Control of the main lift pumps could be programmed 

to avoid rapid flow increases and instead use gradual flow vari

ations to minimize the creation of turbulence. Crosby and 

Bender (1980) pointed out that turbulence is quickly generated 

but dies out slowly, often taking longer than one hydraulic 

detention time. At Qmax the hydraulic detention time for the 
Ryaverket secondary settlers is 85 minutes (based on the volume 

of the basin and neglecting effects of the sludge blanket and 
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sludge pit). The observed time to return to stable effluent 

conditions of 90 minutes, approximately one hydraulic detention 
time, agrees well with Crosby and Bender1s findings. Signifi 
cant improvements in effluent quality can be expected if more 

attention is given to ensuring that flow variations are as 
IIsoftll as possible so that destructive turbulence is not 

created. 

4.2.2 Solids Recycle 

As described in Chapter 2.3.5, the solids recycle rate is an 
important variable used to control the activated sludge process. 

In this study the recycle rate was tested as a control mechanism 
for regulating the volume of sludge in the settler. Test 831025 

showed that reduced recycle rate increased the depth of the 

sludge blanket, especially in the outlet zone. Thickening fail
ure occurred in tests 831102 and 831116 when low recycle rates 
were used during high flow conditions. The continuous loss of 

solids indicates that the inlet solids loading exceeded the 

underflow withdrawal. ts 831124 and 831201 illustrate the 

control that recycle rate has on the volume of sludge in the 

settler. The higher recycle rates prevented a thickening fail
ure and maintained lower sludge blanket depths near the outlet. 

Somewhat lower recycle solids concentrations were also observed 
in the test basins. The same control using recycle rate was 

found for tests 840403 and 841031 when pre-precipitation and 

simultaneous precipitation were used. For steady conditions, a 
recycle ratio of 30 percent appears sufficient. 

It is important to observe that these experiments only had con

trol over the test and control basins and that no direct changes 
were made to the activated sludge process as a whole. The long 
term quality and characteristics of the mixed liquor may be sig

nificantly influenced by changing such operational parameters as 
recycle rate and sludge wasting rate. No attempt was made to 
determine these effects. The operational changes investigated 
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were to alleviate thickening and clarifying failures and can be 
thought of as temporary measures to assure an effluent of good 

quality. 

The effectiveness of increased recycle rate to lower the sludge 

blanket level sufficiently to prevent a thickening failure is 

shown by test 841206. The increased underflow removed enough 

solids so that the sludge blanket was not heavily scoured in the 

outlet zone. This type of action can provide short term relief 

from a thickening failure 

Using the recycle rate as a control parameter is one of the most 

common and most discussed measures (see Chapter 2.3 5). No 

method appears to be the directly superior and the type of meas

ure may be event dependent (e.g. whether there is a gradual 

change in sludge characteristics occurring or whether there is a 

sustained period of high flow). 

Use of the solids recycle rate to control the accumulation of 

solids in the settler and hence the sludge blanket level has 

been demonstrated in experiments performed here This con-

trol ability can be utili to "prepare ll the secondary settlers 

for a pending shock condition such as a change in pumping rate 

due to a storm event or plant maintenance or repair. Solids 

could be temporarily removed from the system or the sludge blan

ket lowered and the pumping scheme modified to prevent an ini

tial loss of solids. Such measures are naturally dependent on 

the design and the flexibility of the plant. 

4.2.3 L imitations in Clarification 

Most of the floc in a activated sludge mixed liquor have high 

settling velocities and are quickly removed However, there 

exists a fraction which is non settable and very difficult to 

remove. A settler receiving a mixed liquor with a concentration 

of 3000 mg/L VJill, under almost all conditions, have a removal 



of at least 95 percent of the suspended solids (i.e. effluent 

concentration less than, say, 150 mg/L). When normal conditions 

prevail, the effluent suspended solids are often less than one 

percent of the mixed liquor concentration. 

As effluent standards become more stringent, the removal effi

ciency of secondary ers in secondary treatment plants must 

improve to ensure compliance. The significance of the non

settable fraction can be most important when this fraction domi 

nates in the effluent. As described in Chapter 2 3.5, Parker 

(1983), Tuntoolavest, Miller and Grady (1983) and others have 

shown how the fine floc fraction is formed and the significance 

of flocculation in the binding and removal of small particles. 

Figure 2.13b shows calculated particle removal efficiencies for 

different floc sizes and it is seen that no removal of signifi

cance can be expected for very small particles. 

Measurements were made of the non-settable solids fraction in 

the effluent from both the test and control basin for the 

experiments described in Chapter 3.3.1. These are summarized in 

Table 4.1 

Table 4.1 Non-settable suspended solids (C ns ) and total 

suspended solids (Ceff ) in the effluent from the 

test and control basins. 

Test basin (10) Control basin (12) 

Test C C fraction C C fraction 
ns eff ns eff 

831012 2.0 3.0 67 <1 LO 
831020 6,0 9. 63 3.5 9.5 37 
831025 5.5 6,5 85 4.5 5.5 82 
831102 14 745 ') 2.0 7.0 29 L 

831116 7.5 160 5 4.3 4.5 96 
831124 5.0 7.5 67 4.0 4.5 89 
831201 ,0 16 13 3.0 6,0 50 
840403 11 19 58 5.0 9.4 53 

90 



Table 4.1 shows that normally 3 to 5 mg/L of the effluent sus 

pended solids are non-settable but that higher levels can occur 

when the basins are heavily loaded. The non-settable fraction 

can be more than 40 percent of the total effluent suspended sol

ids when the plant is operating well. Little reduction of this 

fraction can be expected without resorting to tertiary treat

ment. 

The higher non-settable suspended solids fraction found for high 

flow conditions may reflect a change in turbulence level in the 

inlet. From Table 4.1 we see that the test basin almost always 

had a higher concentration of non-settable solids, especially 

when the effluent suspended solids were very high. Some of di 
ference may be explained by the different methods used to obtain 

the non-settable solids samples. Intuitively both basins should 

have the same non-settable solids concentration since they share 

a common inlet and have the same mixed liquor. The turbulence 

created in the inlet can differ, as well as the turbulence 

levels found further in the basin. The resulting high shear 

levels may cause the floc to breakup in the inlet zone and 

"undo" or retard some of the flocculation effect that gentle 

turbulence normally has in the transport canal from the aeration 

basins and in the inlet zone of the settler. Thus the same pro

portion of non-settable particles are not bound to the other 

floc as would normally be the case and these loose floc can be 

lost in the effluent. 

4.3 

The distribution of solids in the secondary settler has been 

shown to be of importance to the quality of the effluent and the 

distribution is influenced by many factors. Knowledge of the 

sludge distribution in a basin is useful for establishing the 

operational state of the settler and for planning a control 

strategy for the activated sludge process. 
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4.3.1 Significance of Sludge Distribution According to 
Ghobrial 

Ghobrial (1978) found the ratio of sludge blanket volume in a 

settler to the total settler volume, Vls/V l in Eq. 2.28, to be 
useful as an operational index and for estimating effluent sus

pended solids. He found the critical sludge blanket volume 

ratio, (Vls/Vl)crit' to be a breakpoint where Pflanz's equation 

(Q+Qu) 
= k * A * C i .............................. (2.22) 

is no longer valid. Above the critical sludge blanket volume 
ratio, Ghobrial proposed that the effluent suspended solids not 

only be proportional to the mass loading per unit area but also 
to the ratio of the sludge blanket volume ratio to critical 
sludge blanket volume ratio 

............... (2.28) 

The concept of a critical sludge blanket volume ratio is applic

able in process control and the data from the limiting factors 
experiments was tested to find how successfully easily measur
able parameters can be used to estimate the sludge blanket vol 

ume and the total sludge blanket mass. The sludge blanket vol

umes for the test and control basins are estimated from Figures 

3.7 to 3.15 using the sludge blanket depth measurements for 
locations A to E and the geometry of the basins and are present

ed in Table 4.2. The sludge blanket is assumed to be of even 
depth across the width of the basin. Also shown are the calcu

lated total basin volume and the resulting sludge blanket volume 
ratio for each basin and test. 

92 



Table 4 2 Sludge blanket volumes and sludge blanket volume 
ratios for the test and control basins. 

Test Test Basin Control Basin 

V 

831012 930.9 1274.3 0.73 371. 3 1274.3 

831020 259.4 1288.0 0.20 287.0 1288.0 

831025 536.4 1286.5 0.42 212.7 1286.5 

831102 ll19.8 1282.6 0.87 181.0 1282.6 

831116 1115,0 1280.7 0.87 239.3 1280.7 

831124 459.2 1281. 8 0.36 390.0 1281. 8 

831201 591. 6 1277 . 0 0.46 276.9 1277 .0 

840403 848.3 1277.8 0.66 577 .6 1277.8 

3 
Notes: Volumes in m 

Sludge pit volume not included in the volume estimates. 

4.3.2 Estimating the Sludge Blanket Volume 

0.29 
0.22 
0.17 
0.14 
0.19 
0.30 
0.22 
0.45 

By using the sludge blanket volumes given in Table 4.2 and the 

sludge blanket depths from Figures 3.7 to 3 15 at locations B, C 

and 0, a regression anal is was used to test whether the sludge 

blanket volume can be estimated by the measu depth of the 

sludge blanket at a specific location. An equation of the type 

Vls m * SB. 
1 

+ b . It •• & e .. . .. 6 eo ••••• ............ (4.1) 

where SB. 
1 

=: sludge blanket depth measured at location i 

m regression coefficient, slope 

b regression coefficient, intercept 

The results for the regression are summarized in Table 4.3. 

Also estimated are coefficients for a lumped model which 

includes data from both basins. This increases the effective 

range of the regression since the control basin was usually 

operated at low flow / low sludge blanket conditions whereas the 

test basin was often highly loaded. By combining the two 

results, the resulting regression is a better predictor over a 

wider range of sludge blanket depths. 
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Table 4.3 timating the sludge blanket volume as a function of 

sludge blanket depth at different locations 

(Eq. 4.1) 

2 

10 B -487.1 597.4 0.94 
10 C -116.2 494.4 0.98 
10 D 91.3 460.6 0.98 

12 B - 76.9 330.4 0.29 
12 C - 43.4 440.3 0.83 
12 D 206.5 290.1 0.81 

10+12 B -333.9 525.1 0.87 
10+12 C - 78.7 474.8 0.97 

The coefficient of determination ( is best for the test basin 

in all cases for each location. This may reflect the greater 

range of sludge blanket volumes and sludge blanket depths that 

occurred in the test basin. The control basin, being operated 

as the rest of the plant, normally had low flows and little 

accumulated sludge. The regression for the combined basins 

(10+12) gives perhaps the most realistic result since the full 

range of expected sludge conditions are encountered. Measuring 

sludge blanket depth at location D has the disadvantage that a 

poor estimate is made when there is little or no sludge. This 

is shown in Figure 4.1 by the intercept of 152 m3 for location 

D. Note that the independent variable is plotted on the V-axis 

to visualize changes in depth. The intercepts for locations B 

and C are negative which is not realist but can be neglected 

since the likelihood of no sludge at these locations is low for 

most conditions. In general, location C appears to be the most 

useful to monitor for estimating the sludge blanket volume for 

most operating conditions since it is not adversely affected by 

the inlet zone as is location B and some sludge is likely to be 

found at location C in cases when none may be found at location 

D. 
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Figure 4.1 Sludge blanket depth verses sludge blanket volume. 

4.3.3 Estimating the Sludge Blanket Mass 

Dl0 

1 

e12 

A similar model can be made for the test basin between the mass 
of solids in the sludge blanket and the sludge blanket depth at 

a specific location 

SB = m * SB. + b ............................ (4.2) mass 1 

where SBmass sludge blanket mass 

The total sludge blanket mass is estimated by summing, over all 

the measured points in the sludge blanket, the product of the 

measured suspended solids concentration at a point times the 

volume represented by that point. It is assumed that the dis
tribution of solids is homogeneous across the width of the 

basin. The results from the regression are presented in Table 
4.4 

95 



Table 4.4 Estimating the sludge blanket mass as a function of 

the sludge blanket depth at different locations. 
(Eq. 4.2) 

10 
10 

B 
C 

-2837.8 
-104.8 

4001.8 
3161.7 

0.63 
0.60 

From the regression analysis presented in Tables 4.3 and 4.4, we 

see that the measured sludge blanket depth can be used to esti

mate the sludge blanket volume with a high degree of accuracy 
but that the estimates of the sludge blanket mass are poorer, 
however. It is necessary to consider the different conditions 

under which the test and control basins operated in order to 

judge which regression is most useful. The test basin in almost 

all cases operated under high flow conditions and high sludge 

blanket levels whereas the control basin most often had low 
sludge blanket levels. This can account for the large range in 

intercepts and the differences in slope between the test and 
control basin as seen in Table 4.3. 

The poor predicting ability of a sludge blanket mass model based 

on the depth of the sludge blanket is not unexpected considering 
the variability in solids concentration which can occur in the 

sludge blanket. The sludge blanket mass imate should be 
improved by including the effects of the solids concentration in 
the sludge blanket. The data from the test basin was further 

examined to see if the sludge blanket mass can be described as a 

function of the sludge blanket depth at a given point in the 

basin and the average sludge blanket concentration at that loca

tion. 
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An estimate of the sludge blanket mass using the product of 

the measured sludge blanket volume and the average sludge blan

ket concentration at a location is 

m * (V * C ) + b ls ave,i 

where C v . = average sludge blanket solids a e, 1 

concentration at location i 

.. (4.3) 

Equation 4.3 was tested using data from the test basin. The 

sludge blanket solids mass is estimated as described above, the 

sludge blanket volumes are from Table 4.2 and the average sludge 

blanket solids concentration is found by averaging the solids 

concentrations of the sampling points in the sludge blanket at 

the given location. The regression results are presented in 

Table 4.5 for locations B, C and D. 

Table 4.5 Sludge blanket mass based on the average sludge 

blanket concentration at a location and the sludge 

blanket volume. (Eq 4.3) 

10 
10 

B 

C 

1468.3 
3l. 7 

0.767 
l.021 

2 

0.96 
0.97 

The agreement of the estimated sludge blanket mass with the 

observed is very good for locations Band C but less so for 

location D with location C having the most realistic coeffi

cients with an intercept near the origin and a slope near 1. It 

was shown above that the sludge blanket volume can be estimated 

by a relationship using the measured sludge blanket depth at one 

location. Extending Eq. 4 3 to include a sludge blanket depth 

measurement to estimate the sludge blanket volume gives 
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m * (SB. * C .) + b 
1 ave,l ................ (4.4) 

The estimates for the regression coefficients for Eq. 4.4 for 

locations B, C and D are given in Table 4.6. The slope, m, of 

the regression curve accounts for both the sludge blanket depth 

and the average concentration of the sludge blanket and would 

not be expected to have slope 1 as those for Eq. 4.3 but the 

true intercept would pass through the origin. 

Table 4.6 Sludge blanket mass estimated by the average sludge 

blanket concentration and the sludge blanket depth 

at a given location (Eq. 4 4) 

10 

10 

B 
C 

398.2 
-962.2 

359.5 
518.2 

2 

0.95 
0.97 

The models for locations Band C explain approximately the same 

variance in the dependent variable but an examination of the 

residuals showed the model for C to be superior. A plot of the 

predicted and observed sludge blanket masses is shown in Figure 

4.2 for location C according to the regression given Table 4.6 

for Eq. 4 4. 
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Figure 4.2 Observed sludge blanket mass and sludge blanket mass estimated from 
location C. 

The ability of a model like Eq. 4.4 to predict the mass of the 

sludge blanket based on measurements made at only one location 

in the settler is useful for making on-line estimates of the 

solids distribution in a secondary settler. The sludge blanket 

depth and average solids concentration can be found by making a 
suspended solids profile at one location in the settler. The 

interface of the sludge blanket is indicated by the jump discon

tinuity in the solids profile. Once the location of interface 

of the sludge blanket is found, the average concentration of the 

solids in the blanket can be estimated and thus the sludge blan
ket mass estimated according to Eq 4.4. 
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As seen in the regression tables above, the quality of the 
sludge blanket volume and sludge blanket mass estimates is 

dependent on the measurement location. The best measurement 
location would need to be determined for different basin types 

but would in general be centrally located 

4.3.4 Estimating the Critical Sludge Volume Ratio 

The critical sludge 
cates when the sludge 

cal level (Ghobrial 

cause a deterioration 

blanket volume ratio, (Vls/Vl)crit' indi
blanket volume, Vls ' has reached a criti-
1978). Exceeding this critical level can 

of the effluent quality. Establishing the 
critical sludge blanket level can be useful to the plant opera

tor as a control parameter which signals the need for operation
al modifications such as adjusting the solids recycle rate or 
sludge wasting rate, for instance. 

The critical sludge volume ratio can be found by plotting the 

effluent suspended solids against the sludge blanket volume 

ratio as shown in Figure 4.3 for the test and control basins. 

From the extreme values from two of the tests, there appears to 

be an inflection point around Vls/V l 0.7 although the compres
sion of the data near the X-axis may mask a better estimate. 
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Figure Lt .3 Effluent suspended solids verses sludge blanket volume ratio. 

The data in Figure 4.3 are replotted on a log-linear scale in 

Figure 4.4 so that the extreme values are highlighted. From 

Figure 4.4 we see that an effluent of high quality occurs in 

most cases when the sludge blanket volume ratio is less than 0.5 

and for all cases where the ratio is less than 0.4. This would 

mean that the plant should, ideally, be capable of producing an 
effluent with a suspended solids concentration of less than 10 

mg/L under these conditions 
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Figure 4.4 Log of effluent suspended solids verses sludge blanket volume ratio. 

The results from the limi number of experiments made here 

does not represent all possible situations which can be 

encountered. The critical sludge blanket volume ratio value of 

0.4 from these tests is significantly higher than those reported 

by Ghobrial (0 12 in his experiments) This may reflect the 

difference between the settling tank used in Ghobrial's lab 

scale invest; ion and a full scale settler 
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As described above in Chapter 4.3.1, the ratio of observed to 
critical sludge blanket volume ratio is used as a multiplier in 
Eq. 2.28 to linearly increase the predicted effluent suspended 

solids. However, allowing only for a linear increase may Dnder
estimate the significance of the sludge blanket level. 

In the limit as a highly overloaded settler fills with sludge, 

the ratio Vls/V l approaches unity. The critical sludge blanket 
ratio is constant and thus the ratio of observed to critical 

sludge volume ratios has a maximum, i.e. l/(V ls /V l )crit. For 
the experiments performed here this maximum is 1/0.4 = 2.5. 

Also as Vls approaches Vl , the settler experiences both a thick

ening failure and a clarification failure and the effluent sus
pended solids would increase and approach some limiting value. 

In this extreme case the effluent has likely changed composition 

from the influent mixed liquor since heavier particles would 
remain in the settler and lighter particles would be picked up. 

Scouring of the sludge blanket would prohibit the settler from 

ever completely filling up with sludge but some maximum sludge 

blanket volume ratio and maximum effluent solids concentration 

exists. The effluent solids concentration maximum can be 
expressed as a proportion of the mixed liquor concentration 

Ceff,max k * Ci ................................... (4.5) 

where Ceff,max = maximum effluent suspended solids 
concentration which can be encountered 

k constant 

The maximum effluent solids concentrations, measured in the two 
experiments which experienced gross loss of solids, were 25 and 

27.5 percent of the mixed liquor concentration. The upper 

effluent solids concentration boundary is the maximum effluent 

solids concentration and the lower effluent solids concentration 

boundary is the non-settable suspended solids concentration. 
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From Figure 4.4· there appears to be a maximum sludge blanket 

volume ratio, (Vls/Vl)max' of 0.87. If applied to Eq. 2.28 the 
maximum influence of the sludge blanket volume ratio term would 

be 0.87/0.4 = 2.175. Assuming all other factors constant, this 

would indicate that an increase in the sludge blanket volume 
ratio from the critical (0.4) to the maximum (0.87) would cause 
the effluent suspended solids to slightly more than double. 

This is not in agreement with Figure 4.3 where such an increase 

in sludge blanket ratio may increase the effluent suspended sol

ids by two orders of magnitude. The usefullness of Eq. 2.28 can 

be questioned for thick sludge blanket conditions. 

4.4 

A wastewater treatment plant seldom operates under steady state 

conditions for more than short periods of time. There are diur

nal variations in flow and wastewater strength and composition. 
Seasonal variations also occur. Most secondary settlers are 

designed for steady state conditions and have difficulty in cop
ing with dynamic conditions. 

From the two tests studying settler dynamics, it interesting to 

note the speed with which changes take place. The consequence 

of rapid changes in flow on the turbulence in the settler, des
cribed in Chapter 4.2.1, reinforce the need for an inflow pump
ing strategy which can minimize such turbulence. 

The breakthrough time, the time from the change in flow through 
the test basin until the gross washout of solids from the set

tler occurred, was approximately seven hours for test 840412 and 
3.5 hours for test 841206. Test 840412 had a mass loading of 

approximately 2000 kg/h and test 841206 an approximate mass 

loading of 3800 kg/h. The time to breakthrough would thus 

appear to be inversely proportional to the mass loading. These 
experiments are extreme cases but this inverse relationship does 

indicate how quickly the operator may have to react to a upset 
due to a rapid change in flow in order to avoid affecting the 
effluent water quality. 
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5 CONCLUSIONS 

1. The major factor limiting sedimentation at the plant inves-

tigated is the outlet zone conditions Improvements can be 

made by decreasing the outlet weir loading, reducing the 

upturn flow velocities in outlet zone and maintaining a 

shallow sludge blanket 

2. The time for the settler to stabilize after a rapid change 

in flow appears to be approximately one hydraulic retention 

time. Smooth pumping practices would reduce solids losses 

in the effluent by avoiding the creation of turbulence which 

is detrimental to settling. 

3. A solids recycle ratio of 30 percent appears sufficient for 

steady conditions. The temporary use of high recycle rates 

was shown to be successful in preventing a thickening 

failure by controlling the volume of sludge in the settler. 

4. The non-settable solids fraction in the effluent can exceed 

40 percent of the total effluent solids when the plant is· 

operating well. The non-settable fraction defines a lower 

limit for solids removal. 

5. The sludge blanket volume can be adequately estimated by a 

relationship based on one measurement of the sludge blanket 

depth at a central location in the settler Such an esti

mate can be made on-line and used in a control strategy to 

signal the need for operator action. 

6. The sludge blanket mass can be adequately estimated by a 

relationship based on a measurement of the sludge blanket 

depth at one location in the settler and the average sludge 

blanket suspended solids concentration at that location. 

This estimate can also be made on-line and used in a control 

strategy which utilizes the mass balance of solids in the 

activated sludge system. 
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NOMENCLATURE 

A 

Ao,A1,A2 
b 

B 

C 

C . ave,l 

Ceff 
Ceff,max 

C. 
1 

C. f In 
CL 
Co 
Cu 
Deff 
F 

f. 
1 

fT 
F(V i ) 

rsv 
k,kl 

k2' k3 

Kr 
Kv 
L • 

1 

m 

n 

= settler surface area (L2) 

constants 

= regression coefficient, intercept 

= width of basin (L) 
concentration of sediment in suspension (M/l 3) 

= average sludge blanket solids concentration at 
location i (MIL 3) 

= critical concentration where compression 
begins (M/L 3) 

effluent solids concentration (MIL 3) 

maximum effluent suspended solids concentration 
which can be encountered (M/l 3) 

mixed liquor solids concentration (M/l 3) 

= influent solids concentration (M/l 3) 

limiting solids concentration (MIL 3) 

= applied mixed liquor concentration (MIL 3) 

underflow solids concentration (MIL 3) 

effective basin depth (l) 

= mass loading (MIT) 
removal for fraction i 
total removal 
cumulative settling velocity distribution 

= initial settling velocity (liT) 
= constants 

constants 
= retardation factor (T) 

= coefficient of consolidation 

initial depth of the suspension (l) 
regression coefficient, slope 

= constant 

= solids flux (M/l 2/T) 
= settling flux due to gravity (M/l 2/T) 

limiting flux (MIL 2/T ) 

= applied solids flux (M/l 2/T) 
total transport flux (MIL 2/T ) 
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Qr 
Qu 
Qw 

= bulk flux due to underflow (M/L 2/T) 
excess pore pressure (M/L/T2) 

= influent flow rate (L 3/T) 
= dimensioned flow rate (L 3/T) 
= maximum flow rate to the activated sludge 

system (L 3/T) 
= recycle flow rate (L 3/T) 

3 underflow rate = Qr+Qw (L /T) 

waste activated sludge flow rate (L 3/T) 

= coefficient of determination 

recycle ratio = Qu/Q 

r2 

R 

SB. , 
SBmass 
SSVI 

= sludge blanket depth measured at location i (L) 

= sludge blanket mass (M) 

SV 
SVI 

t 

u 

u 
v. , 
vL 
Vl 
Vls 

= specific stirred volume index (L 3/M) 
= sludge volume (L 3/L 3) 

= sludge volume index SV/C i (L 3/M) 
time (T) 

= velocity at a point (L/T) 
= mean velocity at a point (L/T) 

settling velocity of fraction i (L/T) 
limiting settling velocity (L/T) 

= volume of settler (L 3) 

sludge blanket volume (L 3) 

Vls/V l = sludge blanket volume ratio 

(Vls/Vl)crit = critical sludge blanket volume ratio 
(Vls/Vl)max = maximum sludge blanket volume ratio 

x 

y 

E 

8 

ultimate settling velocity (L/T) 
hydraulic loading rate = Q/A (L 3/L 2/T) 

underflow velocity = Qu/A (L 3/L 2/T) 

= horizontal distance in direction of flow 
elevation above surface of bed material 

= kinematic turbulence (L 2/T) 

= hydraulic retention time (T) 
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