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Preface

Preface

ver the last quarter of this century, world
wide, increasing awareness of the adverse 

impact that wastewater discharges have on the 
aquatic environment (e.g. eutrophication) has 
led to the introduction of more stringent legis
lation controlling the quality of the effluents 
discharged from wastewater treatment plants 
(WWTPs). To comply with the more stringent 
effluent quality standards, new wastewater treat
ment systems have been developed and older 
ones improved. Activated sludge systems have 
been extended from carbonaceous energy 
(COD, BOD5) removal only to include nitrogen 
(N) removal by nitrification and denitrification, 
and the removal of biological excess phosphorus 
(P). Additionally the system is required to 
produce a good clarifying and settling sludge by 
flocculating well and controlling the prolifer
ation of filamentous organisms. As a result, the 
activated sludge system configuration and its 
operation have increased in complexity, and 
concomitantly the number of physical, chemi
cal and biological processes and compounds 
influencing the effluent quality has increased to 
include COD(BOD5), free and saline ammonia 
(FSA), nitrate (NO3 -N), nitrite (NO2-N), total 
or orthophosphorus (TP or PO3 4 ) and sus
pended solids (SS) concentrations. Therefore 
not only is much more required of the activated 
sludge system, but also it is required with 
greater efficiency and economy.

Whereas the major developments over the 
past decades have focused on the biological 
reactor, e.g. biological N and P removal and 
bulking control, the secondary settling tank 
(SST) has a major role in achieving the increas
ingly stringent effluent quality standards. The 
biological reactor might be meeting the re
quired effluent standards but the SST, by not 
‘capturing" suspended solids adequately, could 
cause a failure in compliance with the COD 
(BOD5 ), total N and total P standards. Indeed, 
at many wastewater treatment plants significant 
improvements in effluent COD(BOD5), total N 
and total P concentrations can be achieved by 
reducing effluent SS concentrations. In many 
cases this can be done without the increased 
cost of effluent filtration, but with improved

SST design and operation in general and im
proved flocculation features in particular.

The objective of this International Associ
ation on Water Quality (IAWQ) Scientific and 
Technical Report (STR) is to set down the 
developments that have taken place over the 
past two decades in SST design and operation. 
Earlier SSTs were ‘designed' only by empirical 
hydraulic criteria such as overflow rate that do 
not recognize sludge concentration and settle- 
ability (some probably still are). Today there 
are available not only much improved design 
procedures but also hydrodynamic models for 
simulating the distribution and flows of water 
and solids in full-scale SSTs. These models allow 
the influences of inlet arrangement, sludge col
lection system, hydraulic short circuiting, baffle 
placement and sludge density currents, all of 
which can affect the effluent SS concentration, 
to be modelled with remarkable accuracy. In 
this STR, design and operation procedures that 
recognize sludge flocculation, settleability and 
concentration, as well as the hydrodynamic 
models, are described and demonstrated with 
examples, and experience-based guidance on 
practical design and operation is given.

The principal target audience for this STR 
on SSTs is engineers and scientists involved 
with the design and operation of activated 
sludge wastewater treatment plants at consul
tants, local authorities, utilities or academic 
research organizations. The STR is focused 
primarily on SSTs for activated sludge WWTPs, 
but the principles presented would be applic
able also to SSTs of other biological WWTPs 
such as trickling filters, provided that floccu
lation and sludge settleability characteristics of 
the other biological sludges could be defined. 
In the interests of brevity it has not been 
possible to include all that the market has to 
offer in SST technology and mechanical equip
ment; in this respect this STR is not a technical 
catalogue. Rather it presents general principles 
relating to SSTs. How these principles are real
ized in actual SSTs is left to the user's ingenuity 
and responsibility.

Not only the authors, but many people, too 
many to mention, have contributed to the
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production of this STR. However, one person 
in particular I wish to pay tribute to: Professor 
Thomas M. Keinath, President of IAWQ and 
Dean of Engineering at Clemson University, 
Clemson, SC, USA. It was his initiative and 
inspiration that led to the writing of this STR 
and, after many fruitful years of research into 
activated sludge characteristics and SST perfor
mance, its publication realizes a vision he has 
held for a long time.

It is hoped that with the publication of this 
STR, written by consulting and research engin

eers from different continents and with differ
ent backgrounds and experience, the need is 
met at least in part for a compilation of up-to- 
date international development in SST design, 
practice and research over the past two dec
ades. Each chapter ends with research needs 
that the authors offer as directions for further 
research and development in this area.

P.E. Odendaal 
Managing Editor; IAWQ STR Series 

January 1997
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Foreword

The information presented in this Inter
national Association on Water Quality 

(IAWQ) Scientific and Technical Report (STR) 
is neither a design manual nor a technological 
catalogue of all that is available in the sec
ondary settling tank (SST) area. It is not even a 
design guide. It is a collation of all the impor
tant and significant developments that have 
taken place in SST theory, modelling, design 
and operation over the past 2 0  years or so, 
seeking to pull together the disparate strands in 
a considerably fragmented area of wastewater 
treatment. The success that the authors have 
achieved in this is a tribute to their thorough 
knowledge of and experience with SSTs, having 
the discernment to know what was important 
and needed to be retained and what was not 
important and could be omitted. The authors, 
through a refining process in which all had to 
relinquish favourite but irrelevant ideas, stand 
unified and committed to the complete con
tents of this STR. Each accepts corporate res
ponsibility for all of its contents because each 
has contributed to all the chapters not only in 
writing but also reviewing, correcting and 
editing. In this regard, this STR is not nine 
chapters by seven contributors, each with their 
own perspective, but a single integrated and 
internally consistent STR by seven authors. It 
has been a privilege for me to work in such a 
highly qualified, experienced and professional 
team.

The central theme of this STR, which is the 
first that the IAWQ has commissioned in the 
area of secondary settling tanks, is simple and 
spelt out in Chapter 1, namely: if you want to 
achieve average suspended solids concentra
tions less than 1 0  mg/1, this cannot be done by 
considering the design of the SST external 
dimensions (area, depth and recycle flow) only, 
but with intentional optimization of the clarifi

cation, thickening and sludge storage functions 
of the SST also.

The authors have tried to be consistent with 
symbols, abbreviations and units. Where avail
able, IAWQ recommended symbols and abbrevi
ations are used; where these were not available, 
popularly used ones were adopted as far as 
possible. Where symbols and abbreviations had 
to be made up, this was done as far as possible 
within the pattern of those already being used. 
Lists of symbols, and abbreviations defining 
each one, are given in the STR. With regard to 
the units, this STR is based on the metric 
system, but complete consistency could not be 
achieved; in some figures US-based imperial 
units are used, but in each case conversion 
factors to the metric system are given. Consis
tency was only taken as far as time allowed 
because this STR was produced in ‘extra time’ 
as all the authors had to continue to honour 
their normal responsibilities to their employers. 
The inconsistencies that remain between units, 
for example between the use of both m/h and 
US gals/ft2 .d, is probably a good thing because it 
will provide international users of this STR an 
appreciation of units other than their own. 
Cross references in this STR are cited, for 
example, as Section 8.4.2, Figure 3.18 or Table 
4.1, where the first number refers to the chap
ter number and the subsequent numbers to the 
particular section, figure or table in that 
chapter.

It is hoped that the publication of this STR 
will stimulate not only the application of the 
principles, procedures, techniques and technol
ogies presented, but also further research to 
improve, refine and develop them.

George A. Ekama 
Chairman, Author team
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gal US gallon(s) (= 3.785 litres)
GLUMRB Great Lakes -  Upper Mississippi River 

Board
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ISV unstirred initial settling velocity (same as 
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KE kinetic energy
kg kilogram(s) (= 2.208 pounds)
km kilometre(s) (= 0.622 mile)
L length
1 litres (= 0.264 US gallons)
LACSD Los Angeles County Sanitation Districts
lb pound(s) (= 0.4535 kilogram)
LHS left-hand side
In logarithm to the base e
log logarithm to the base 10
M mass
m metre(s) (= 3.281 feet)
max maximum
MCRT mean cell residence time
MDWF minimum dry weather flow
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mg/1 milligrams per litre
min minute(s)
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Ml megalitre(s) (106 1) (= 0.264 million US 

gallon)
Ml/d megalitres per day
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ML mixed liquor
MLSS mixed liquor suspended solids
mm millimetre(s) (= 0.0394 inch)
MUCT modified University of Cape Town system
MWRc modified Water Research Centre design 

procedure
N nitrogen
N&P nutrient (N and P) removal plant
NH+4-N saline ammonia concentration as N
NO nitric oxide
NO-2-N nitrite concentration as N
NO-3-N nitrate concentration as N
NUR nitrate utilization rate
OUR oxygen utilization rate
PDWF peak dry weather flow
PE potential energy
pH negative logarithm of the hydrogen ion 

activity = -log(H+)
PO34-P phosphate concentration as P
ppm, ppb part(s) per million, part(s) per billion
PST primary settling tankxii
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PWWF peak wet weather flow
RAS return activated sludge
RB readily biodegradable
RBCOD readily biodegradable COD
RHS right-hand side
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RSA Republic of South Africa
R2 residual sum of squares (correlation

coefficient squared)
s second(s)
SBCOD slowly biodegradable COD
SLR solids loading rate
SOR surface overflow rate
spp. species
sq square
sqft square foot
SRT solids retention time
SS suspended or settleable solids
SSD3 .5 specific sludge density (= IOO/SSVI3.5 g/ml

or %)
SSP sludge settleability parameter (e.g. SVI,

DSVI or SSVI3.5)
SST secondary settling tank
SSV30 30 minute setded sludge volume in the

SSVI test
SSVI3.5 stirred specific volume index at 3.5 g/1
STOWa Stichting Toegepast Reiniging

Waterbeheer (Holland)
STP standard temperature and pressure (25 °C

and 760 mmHg)
STR Scientific and Technical Report
SV30 30 minute setded sludge volume in the

1 litre SVI test
SVI sludge volume index
SWD side water depth of secondary settling tank
SZSV stirred zone settling velocity
T time

TDS total dissolved solids
TEFL total extended filament length
TF/SC trickling filter/ solids contact
TFL total filament length
TKN total Kjeldahl nitrogen
TN total nitrogen
TON total oxidized nitrogen (NO5-N + NO-2-N
TP total phosphorus
TSS total suspended solids
UCT University of Cape Town
UK United Kingdom
US United States
USA United States of America
USEPA United States Environmental Protection 

Agency
106 USgal/d million US gallons per day
VFA volatile (or short-chain) fatty acids
W watts
WAS waste activated sludge
WEF Water Environment Federation
WERF Water Environment Research Foundation
WISA Water Institute of Southern Africa
WLR weir loading rate
WPCF Water Pollution Control Federation
WRC Water Research Commission (South 

Africa)
WRc Water Research Centre (England)
WSL water surface level
WW wastewater
WWF wet weather flow
WWTP wastewater treatment plant
ZSV zone settling velocity
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mathematical symbol for ‘therefore’
1-D one-dimensional
2-D two-dimensional
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S y m b o ls

L i s t  o f  s y m b o l s

a flocculation constant in Eq. 2.4 M /L3
a constant in general SZSV-X equation (Eq. 

3.6) L/T
a 1, a 2 angle o f the  spiral o f spiral sludge scrapers

degrees
β flocculation constant in Eq. 2.4 M /L3
β constant in general SZSV-X equation (Eq. 

3.6) L3/M
y constant in general SZSV-X equation (Eq. 

3.6) L3/M
y liquid specific weight (1,000 kg/m3 for water; 

Eq. 4.2) M /L3
δ constant in general SZSV-X equation (Eq. 

3.6)
Ap density difference betw een mixture and 

pure w ater M/L3

∆pIn density difference betw een inflow and pure 
w ater M /L3

∆t change in tim e T
AX change in suspended solids concentration

M/L3
£ turbulent kinetic energy dissipation rate L2/T 3
ε0 inlet tu rbu len t dissipation rate L2/T
A flocculation constant in Eq. 2.4 /T

μ dynamic (or absolute) viscosity M/(L.T)
M onod maximum specific growth rate of 

heterotrophic organisms /T
V kinematic viscosity L2/T

V sr eddy diffusivity o f suspended solids in the r  
(or ϰ  direction (= vt σ s r L 2 T

vsy eddy diffusivity o f suspended solids in the y 
direction (= vt /a Sy) L2/T

vt eddy viscosity L2/T
η efficiency o f settling tank [(XF -  XE)/XF]

reduction factor betw een tank floor and 
underflow solids concentrations -

ξ factor to define short-circuit from inlet to 
sludge recycle

ξ2 shape factor in floc settling velocity (Eq. 
5.35)

π ratio o f the circum ference to diam eter o f a 
circle -

Ө shear stress M/(LT2)
Ө0 yield shear stress M/(LT2)

ρ fluid density M /L3
ρ in density of inflow M/L3
ρp density o f dry particles M /L3
Pr reference density: density o f pure w ater

M/L3
ξ porosity fraction of a perforated wall -
σk,σε Prandtl num bers for k  and ε constants -
σ sr, σ y Schmidt num bers in r  and y  directions, 

respectively -
Ω correction function in H artel and Pӧpel 

(1992) SST model

a constant in floc settling velocity (Eq. 5.35) -
a0...a4 constants in w ater density equation

(Eq. 5.28) -
A surface area o f SST L2
A F surface area o f filter in vertical SST L2
AFL area o f floc norm al to settling direction L2
A st surface area o f SST L2
B breadth L

volum etric BOD load on biological reactor 
[kg BOD 5 / ( m 3 ] M/(L3T)

b constant in floc settling velocity E q  5.35 -
b 0...b1 constants in w ater density equation

(Eq. 5.28) -
C1, c 2 constants used in the k - ε model -

Cμ constant to determ ine inlet turbulent
dissipation rate -

D diam eter o f SST L

DB diam eter o f the inlet baffle o f a centre-feed
circular tank L

dispersion coefficient -

Ddf pseudo-diffusivity coefficient L2/T

DFL equivalent floc diam eter L
DSVI diluted sludge volume index L3/M
DSV30 diluted settled volume at 30 min in unstirred

DSVI test (= DSVI.Xdil) L3/L 3
d s v 30,F diluted settled volume in the filter o f a

vertical flow SST L3/L 3
e base of the natural logarithm scale

(e = 2.7183...) -
F Froude num ber [U/(gH)° 5] -

F densim etric F roude num ber -

EIn densim etric Froude num ber at inlet -

F'ci densim etric Froude num ber at 2/3 of the
radius o f a circular tank -

F'lo densim etric F roude num ber related to mean
values in a longitudinal tank -

F'tr densim etric Froude num ber related to mean
values in a transverse tank -

f ns fraction o f non-settleable particles -

f PP mass fraction of prim ary particles -

fsd fraction o f settling colum n depth  occupied
by sludge after 30 m inute settling -

f sv fraction of settling colum n volume occupied
by sludge after 30 m inute settling -

g acceleration due to gravity (9.81 m/s2) L/T2

g' densimetric gravity constant [= g.Ap/p =
g (P -  Pr)/P] L/T2

g In densim etric gravity constant o f the inlet
[= g ∆ p In/P r = g(Pln -  Pr)/Pr] L/T2

G mean velocity gradient /T

G In mean velocity gradient in the inlet volume /T
H total w ater depth in SST L
H a Hazen num ber [= V sL/(UH)] -
H
H ave average w ater depth L

HB height of reaction baffle L
xiv



Symbols

number of particles in influent to 
flocculation chamber /L3 

number of particles in effluent from 
flocculation chamber /L3 

constants in Takacs double-exponential 
settleability equation (Eq. 3.5) L3/M 

general pressure less the hydrostatic 
pressure M/(LT2) 

inflow energy per unit time converted to 
turbulence with the inlet volume ML2/T3 

perimeter of floc normal to settling direction
L

turbulent energy generation due to shearing 
motions L2/T3 

turbulence generation or damping due to 
vertical density gradients L2/T3 

general symbol for volumetric flow rate 
(m3/h) L3/T 
airflow rate in aeration channels 
[m3(STP)/min] L3/T 
flow rate of the bottom current L3/T 
effluent flow rate from SST (= -  Qw)

L3/T
feed flow rate to SST (= QI + -  Qw) L3/T 
influent flow rate to wastewater treatment 

plant L3/T 
flow rate into the SST inlet L3/T 
influent flow rate at average DWF L3/T 
influent flow rate at minimum DWF L3/T 
influent flow rate at peak DWF L3/T 
influent flow rate at peak WWF L3/T 
return activated sludge (RAS) flow rate 

(before underflow WAS abstraction) L3/T 
RAS flow rate at ADWF with respect to 

ADWF L3/T 
RAS flow rate at PWWF with respect to 

PWWF L3/T 
waste activated sludge (WAS) flow rate L3/T 
surface overflow rate (QI/As t , m/h) L/T 
overflow rate at DWF L/T 
overflow rate at WWF L/T 
maximum surface overflow rate L/T 
underflow rate (QR/As t , m/h) L/T 
critical underflow rate in flux theory 
(i.e. qR = V0/e 2 m/h) L/T 
sludge volume loading rate [l/(m2 h)] L3/(LT) 
weir loading rate [m3/(h m)] L3/(LT) 
radial coordinate from centre L 
Reynolds number (UH/v) -  
radius of a circular SST L 
underflow recycle ratio (= QR/QI) -  
underflow recycle ratio with respect to 

ADWF
underflow recycle ratio with respect to 

PWWF
height of scraper blades (m) L 
specific gravity of dry solids particles -  
specific gravity of floc particles -  
total dissolved solids concentration M/L3 
sludge settleability parameter L3/M 
stirred specific volume index at 3.5 gMLSS/1

L3/M
sludge settled volume (ml) at 30 minutes in 

stirred SSVI settling test L3/L3 
sludge volume index L3/M 
sludge settled volume (ml) at 30 minutes in 

unstirred SVI settling test L3/L3 
time step T xv

H cnt centre water depth L n0
HIn inlet aperture height L
H In,opt optimum inlet aperture height L nt

H0 depth of the influent stream opening L
Hswd side water depth L n2, n4
h general parameter for height L

hB height of bottom current L P
h d height of the density current L
hDD depth of diffuser domes in aeration channel L PIn
hi ,hj height of ith (above yin) and jth  (below yin)

layers in 1-D model L PFL
htot total water depth in a vertical flow SST L
h l depth of clear water zone (m) L P1
hFi total height of the floc filter layer

(= h 2 + h3) L P2
h2 depth of separation zone (m) L
h3 depth of storage zone (m) L Q

h 4 depth of compression zone (m) L
i,j layer numbers in layer models (subscripts) - Q air
j general symbol for flux [kgSS/(m2 h)]

M/(L2T) QB
JB flux due to the movement of water with 

respect to the SST wall (bulk flux)M/(L2T)
QE

j v’jj total (bulk and settling) flux in ith (above yin) QF
and jth  (below yin) layers in 1-D model

M/(L2T)
QI

j I limiting flux M/(L2T) Qln
JQF flux (solids loading rate) of the SST feed flow P I,ADWF

rate (= applied flux) M/(L2T) P l .MDWF
j QFm maximum applied flux M/(L2T) P l.PDWF
JQI flux (solids loading rate) of the influent flow P i,PWWF

rate M/(L2T) QR
JQR flux (solids loading rate) of the return sludge

flow rate M/(L2T) QR,ADWF
js flux of the settling SS with respect to the

water (gravity settling flux) M/(L2T) QR,PWWF
js,i flux of the settling SS in the ith layer (1-D

model) M/(L2T) Qw
JT total flux of SS with respect to SST wall q A

(gravity flux + bulk flux) M/(L2T) qA,ADWF
k turbulence kinetic energy (L/T2) qA, PWWF

KA floc aggregation rate constant L3/M qAmax
kB floc break-up rate constant T qR
K consistency coefficient shear stress, shear 

strain equation (Eq. 5.36)
q R,crit

Ks Monod half-saturation coefficient (mg/1) qsv
M/L3 qw

constant for determining inlet kinetic energy r
R

K1,K2 constants in Daigger’s settleability equation R ci
(Table 3.2) R

lm mixing length to calculate the inlet turbulent 
dissipation rate L

RADWF

L length of SST L KpwwF
LIn inlet length, distance between inlet wall and

inlet baffle L S
m slope of SST floor (m:l) - SP
m floc break-up rate exponent in Eq. 2.1 - SPf
m coordinates factor (= 1 for cylindrical, = 0 Stds

with r -  x for Cartesian) - SSP
n primary particle number concentration 

(number/1) in Eq. 2.1 /L3
SSVI3 .5

n flux theory constant in semi-log VZs -  X 
relationship (Eq. 3.4) L3/M

SSV30

n number of the present time step - SVI
n number of sludge scraper blades in Eq. 7.2 - SV30
n consistency index in shear stress, shear strain

equation (Eq. 5.36) - t



Symbols

t time T
tc time required for the uppermost compres

sion layer to appear at the surface T
tf scraper rotational interval (h) T
t th sludge thickening time to reach required 

underflow concentration (h) T
T retention time in flocculating chamber T
T temperature C
T mean temperature C
T fluctuating temperature C
u i , u j  

u'i, uj

mean velocities in the i and j  directions L/T
turbulent or random components of ui and 

uj L/T 
mean horizontal velocity in r  (circular tank) 

and x (rectangular tank) directions L/T
U

Vln mean horizontal inlet velocity to the tank 
(end of inlet chamber) L/T

Ulo mean horizontal velocity in a longitudinal 
tank L/T

Umax maximum horizontal velocity of the bottom 
current L/T

U0 mean inflow velocity to the inlet zone (start 
of inlet chamber) L/T

Utr mean horizontal in a transverse tank L/T
Uw advancing velocity of the interchange wave 

(Eq. 5.18) L/T
V mean vertical bulk (water) velocity 

component in the y direction L/T
VAc volume of aeration channel (m3) L3

V AT volume of aeration basin or biological
reactor (m3) L3

VE upward flow velocity above the feed point in 
the SST (= Vov) L/T

V in inlet volume between inlet and inlet baffle
L3

V0 flux theory constant in semi-log Vzs-X 
relationship L/T

Vov overflow velocity (QI /AST = qA, m/h) L/T
VR downward flow velocity below the feed point 

in the SST (= Vu n )
Vs settling velocity of sludge particles L/T
Vs,bot sludge settling velocity in bottom layer of 

1-D model L/T
VS,in sludge settling velocity in inlet layer of 1-D 

model L/T
v s,i, VS,j settling velocity of sludge in the ith (above 

yin) and jth  (below yin)layers L/T
Vs,top sludge settling velocity in top layer of 1-D 

model L/T
Vsmax maximum effective settling velocity of sludge 

particles L/T
VsT volume of SST L3

VSw velocity of the concentration shock front L/T
Vun underflow velocity (QR/AST = qR, m/h) L/T
VZS stirred zone settling velocity of the sludge

L/T
X horizontal coordinate, distance from inlet L

X suspended solids concentration (mgSS/1)
M/L3

Xo inlet concentration M/L3

X AT reactor suspended solids concentration
M/L3

XAT,ADWF feed (reactor) concentration at ADWF
M/L3

XAT.PWWF feed (reactor) concentration at PWWF
M/L3

Xbot sludge concentration in bottom layer of 
1-D model M/L3

X C Merkel s zone to compression settling 
transition concentration M/L3

X dil mixed liquor suspended solids 
concentration in diluted batch settling 
test M/L3

XE effluent suspended solids concentration
M/L3

X F feed SS concentration to SST M/L3

X FLT average sludge concentration in the filter
M/L3

Xi.Xj concentration in ith (above yin) and jth  
(below yi n layers of 1-D model M/L3

Xin solids concentration in the inlet layer of 1- 
D model M/L3

Xln concentration in the inlet (2-D model)
M/L3

X L limiting solids concentration of the flux 
theory M/L3

X

Xmm

minimum concentration below which non- 
settleable particles are present (= fn s XF)

M/L3

X R.mbal calculated mass balance underflow 
concentration M/L3

X R.meas measured underflow concentration M/L3
underflow sludge concentration M/L3

X R.crit critical underflow concentration M/L3

XRmax maximum underflow concentration M/L3
X Rmax, ADWF maximum underflow concentration at

DWF M/L3
X Rmax pw w f  maximum underflow concentration at

WWF M/L3

XSTG sludge storage concentration in SST M/L3

Xtop sludge concentration in top layer of 
1-D model M/L3

XTF sludge concentration on SST floor M/L3

Xth thickened sludge concentration after 
thickening time tc M/L3

xE dSS (particle) concentration in the floccu- 
lator effluent (mgSS/1) M/L3

ϰ dSS (particle) concentration in the floccu- 
lator influent (mgSS/1) M/L3

y vertical coordinate L
yin position of the inlet L

yp vertical position of sludge blanket (i.e. 
boundary of calculation domain in 2-D 
modelling)

xvi
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1. Introduction

1.1 Functions of the secondary settling 
tank

In the activated sludge process, it is necessary 
to separate the treated wastewater from the bio
logical sludge mass, thereby producing a clear 
final effluent. This solid/liquid separation phase 
is traditionally achieved by gravity sedimenta
tion in secondary settling tanks (SST) although 
other solid/liquid separation systems such as 
flotation (Bratby and Marais 1976) have also 
been shown to be feasible. Only solid/liquid 
separation by gravity sedimentation in SSTs will 
be considered in this Scientific and Technical 
Report (STR).

The SST is a vital component of the activated 
sludge system. It combines the function of (1) a 
thickener to produce a continuous underflow of 
thickened sludge for return to the biological 
reactor, (2 ) a clarifier to produce a clarified 
final effluent and (3) a storage tank to store 
sludge during peak flows (Figure 1.1). Should 
the settling tank fail in one of these three func
tions, suspended solids (SS) will be carried over 
the effluent weirs and escape with the effluent. 
Besides delivering an effluent of poor quality, 
excessive loss of SS (several hundred mg/1) 
could affect the behaviour of the biological pro
cess by uncontrolled decrease in mixed-liquor 
suspended solids (MLSS), and hence the 
sludge age, to values below that required for 
proper plant performance; for example, if the 
sludge age is decreased to below that required 
for nitrification, nitrogen removal by denitrifi- 
cation will cease.

The behaviour of the settling tank in its 
clarification, thickening and storage functions is 
influenced by the settling tank design features 
and its operation. The factors affecting these 
aspects are listed in Table 1.1 and sort into 
roughly four groups: (1 ) hydraulic features such 
as flow rate, (2 ) physical features such as inlet 
and sludge collection arrangements, (3) site 
conditions such as wind and temperature, and 
(4) sludge characteristics. All the factors cited 
in Table 1.1 are important considerations, but 
from a sizing point of view the most important 
factors are wastewater flow and sludge charac

teristics. Because the wastewater flows are 
given for a certain situation, it is the sludge 
characteristics (i.e. mainly the settleability and 
thickenability) and reactor concentration that 
govern the sizing of the surface area and depth 
of the tank. Once the tank area and depth are 
specified, the other factors listed in Table 1.1 
such as the hydraulic and physical features of 
the tank and site conditions become important 
for efficient settling tank performance and 
achieving a low effluent suspended solids 
concentration (ESS).

The conditions in the biological reactor 
affect the settling, thickening and flocculation 
characteristics of the activated sludge. For 
example, under-aeration can decrease the set
tleability and thickenability of the sludge owing 
to proliferation of filamentous organisms, 
which leads to bulking; in systems where large 
proportions of the sludge are intentionally 
unaerated, as in nutrient removal plants, poor 
settling and thickening characteristics might be 
encountered owing to bulking. Over-aeration 
can lead to poor flocculation and pinpoint floc 
formation, which result in poor clarification 
even though the sludge might otherwise have 
good settling characteristics; also, high-speed 
aeration producing high shearing values or high 
turbulent zones before entry to the settling 
tank may cause floc breakup and poor clarifi
cation characteristics of the sludge. The func
tions of the biological reactor and those of the 
SST interact with each other, and the design 
and operation of one cannot be undertaken 
independently of the other. Figure 1.2, adapted 
from Roper (1976), shows the interrelations of 
the various activated sludge design and control 
parameters that impact SST performance. Inap
propriate conditions in either of the two com
ponents of the activated sludge system can 
cause a failure to achieve the required effluent 
quality standards.

The thickening function of the SST concerns 
by far the greater fraction (more than 98%) of 
the sludge mass entering it. The smaller frac
tion, less than 2 % of the sludge mass, governs 
the clarification function of the SST; indeed, 
the smaller this fraction, the lower the effluent 
SS concentration. Whether 97%, 98% or 99% 1
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Figure 1.1. The activated sludge system incorporating the secondary settling tank for solid/liquid separation and 
showing the sludge waste points for (1) hydraulic and (2) conventional control o f sludge age.

Table 1.1. Factors affecting solid/liquid separation in SSTs

(1) Hydraulic load features and external tank 
dimensions 

Wastewater flow ADWF, PDWF, PWWF 
Surface area and overflow rate 
Depth and retention time 
Underflow recycle ratio

(2) Internal physical features

Presence of flocculation zone 
Sludge collection arrangement 
Inlet arrangement 
Weir type, length and position 
Tank configuration and baffling 
Hydraulic flow patterns and turbulence 
Density and convection currents

(3) Site conditions
Wind and wave action
Water and air temperature variation

(4) Sludge characteristics 
Biological reactor concentration 
Flocculation, settling and thickening 

characteristics 
Biological processes, e.g. denitrification

of the sludge mass entering the SST is returned 
to the biological reactor makes little difference 
to the continued operation of the activated 
sludge system (unless it is required to operate 
at a very long sludge age, e.g. more than 30 d) 
because all surplus biomass formed during a time 
period must be wasted over that time period to 
maintain the sludge age. However, it makes a 
massive difference to the effluent quality. 
Therefore, although the SST might satisfy in 
every respect its thickening function, it could 
be failing in its clarification function.

1.2 Function as thickener
The thickening function of the SST is governed 
by the settleability and thickenability of the 
sludge and the solids concentration in the 
reactor. Although this has been recognized, 
because of the inadequacies in the conventional 
measure for sludge setdeability (i.e. the Sludge 
Volume Index, SVI), SSTs have been (and 
probably still are) designed on the basis of em
pirical hydraulic or solids loading rate criteria 
such as those set down by the IWPC (1973), 
US EPA (1975) and GLUMRB (1968) (see 
Section 4.2, Table 4.1). For different types of 
activated sludge system, these criteria, and 
others like them, set down maximum overflow

rates SOR (m/h), and/or solids loading rates SLR 
((kg SS/(m2  h)), which experience has shown to 
provide usually for adequate functioning of the 
SST Criteria of this kind all implicitly accept 
that sludge settleability will not deteriorate 
below a certain minimum quality, a quality 
unknown but in conformity with past experi
ence of similar activated sludge system types.

Over the past two decades research effort 
has been focused on developing improved meas
ures for sludge settleability, and on incorpor
ating these into theories and design procedures 
for SSTs. Three such measures have been 
developed, namely (1) the Stirred Zone Settling 
Velocity (SZSV) test with its associated flux de
sign procedure (Vesilind 1968; Dick 1970), (2) 
the Stirred Specific Volume Index at 3.5 g SS/1 
(SSVI3 .5 ) and its associated Water Research 
Centre (WRc) design procedure (White 1976) 
and (3) the Diluted Sludge Volume Index 
(DSVI) and its associated German (ATV 1976, 
1991) and Dutch (STOWa 1981, 1983) design 
procedures. These procedures, which are dis
cussed in Chapter 4, allow calculation of the 
required SST surface area (and for the ATV 
also the depth), to satisfy the thickening 
function of the SST for selected values of the 
sludge settleability and reactor concentration.

2
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Figure 1.2. Activated sludge system control interrelations (modified from Roper 1976).

Although there remains debate over the accu
racy of these procedures, they are certainly a 
significant advance over the empirical hydraulic 
and solids loading rate criteria that do not recog
nize sludge settleability and reactor concentra
tion. They provide greater design flexibility and 
freedom; however, at the same time they place 
more responsibility on the design engineer to 
select the appropriate sludge settleability and 
reactor concentration values to suit a particular 
application.

Sludge settleability and reactor concen
tration, which govern the thickening function 
of the SST, also govern the daily flow and load 
that can be treated in an activated sludge plant. 
For a particular plant in operation, the influent 
peak wet weather flow (PWWF) sets the maxi
mum overflow rate (m/h) in the SST, and the 
wastewater type (raw or settled) and daily mass 
of organic material treated (kg COD(BOD5 )/d) 
sets the sludge concentration in the biological 
reactor. For a constant sludge age (SRT or 
Food/Microorganism (F/M) ratio), Ekama and 
Marais (1986) showed that a sludge with a 
DSVI of 150 ml/g can be handled satisfactorily 
in the settling tank up to a maximum overflow 
rate of 1  m/h at a reactor concentration of
3.5 g SS/1 (see Section 4.13; Figure 4.23). 
Should the DSVI deteriorate to 200 ml/g the 
maximum overflow rate diminishes to 0 . 6  m/h 
at 3.5 g SS/1 or, conversely, the same overflow 
rate can be maintained (at 1  m/h) provided that 
the reactor concentration is decreased to

2.4 g SS/1. In this instance a DSVI increase 
from 150 to 200 ml/g causes a 33% decrease in 
plant treatment capacity (flow and load). In 
contrast, if the DSVI is decreased from 150 to 
1 0 0  ml/g, the overflow rate can be increased to
1 . 8  m/h at 3.5 g SS/1, or, conversely, the reactor 
concentration can be increased to 5.4 g SS/1 at 
an overflow rate of 1  m/h, i.e. treatment 
capacity is increased by about 67%. Clearly, the 
SSTs thickening function limits the plant 
treatment capacity. Should a plant be designed 
for a specific treatment capacity and sludge 
settleability, if the sludge settleability is found 
to be worse, the SST will limit the actual treat
ment capacity to less than the design value. To 
achieve the design treatment capacity would 
require (1) increasing the SST capacity, (2) 
improving sludge settleability (usually by con
trolling the proliferation of filamentous organ
isms) or (3) decreasing the biological reactor or 
SST feed concentrations by decreasing the 
sludge age or by managing the biomass inven
tory by introducing step feeding. The third 
option can cause diminished biological treat
ment efficiency in particular if the plant incor
porates biological N or nutrient (N&P) removal 
processes.

The interrelation between sludge settleability, 
reactor concentration and treatment plant cap
acity, which the improved design procedures 
established, is also a useful approach to esti
mate the design reactor concentration from a 
reactor and SST cost minimization analysis

3
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Figure 1.3. Cost o f the biological reactor and secondary 
settling tank and combined cost as functions 
o f reactor MLSS concentration: (a) effect o f
wastewater COD and sludge age; (b) effect 
o f  PWWF:ADWF ratio; (c) effect o f
settleability. The concentration giving the 
minimum combined cost is the optimum 
reactor concentration from an economic 
point o f view. (The axis ranges have been 
extended for illustrative purposes.) Key: 
------ , reactor; ------ ,SST; -------, total.

(Horler 1969; Dick 1976; Riddell et a l 1983; 
Pincince et al. 1995). The mass of organic 
material treated per day (kg COD(BOD5 )/d), 
wastewater type (raw or settled) and sludge age 
fixes the mass of sludge that needs to be carried 
in the reactor (see, for example, WRC 1984). 
The volume of the reactor is therefore a func

tion of the selected reactor concentration; the 
higher this concentration, the smaller the volume 
and hence the lower the cost of the reactor. 
The SST surface area (or volume) is a function 
of the PWWF, the SST configuration, the 
reactor concentration and the sludge settle
ability. The higher the reactor concentration, 
the larger the surface area of the SST for 
thickening, and therefore the higher the cost of 
the SST. By adding the costs of the reactor and 
the SST (based on appropriate cost functions) 
the combined cost of the reactor and SST can 
be defined in terms of reactor concentration 
(Figure 1.3). The combined cost will be a 
minimum for a range of reactor concentrations; 
a concentration in this range would then be 
selected for the particular design. Generally, it 
will be found that this range of reactor 
concentration for minimum combined cost 
increases for (1 ) unsettled wastewater, (2 ) higher 
influent wastewater strengths (BOD5, COD) 
and (3) longer sludge ages because these 
changes all increase the size of the biological 
reactor relative to that of the settling tank 
(Figure 1.3a), and decreases for (4) higher 
PWWF/ADWF (average dry weather flow) 
ratios and (5) poorer sludge settlea bilities 
because these changes all increase the size of 
the settling tank relative to that of the bio
logical reactor (Figures 1.3b and 1.3c). A uni
versal optimum therefore cannot be specified. 
In countries with low wastewater strengths and 
short sludge age plants (e.g. North America), 
the optimum concentration will tend to be low 
(2,000-3,000 mg SS/1). In countries with high 
wastewater strengths and long sludge age 
plants (for example South Africa), the optimum 
concentration will tend to be high 
(4,000-6,000 mg SS/1). Riddell et al. (1983) also 
have used these interrelations to estimate the 
maximum treatment capacity of an existing 
plant with known reactor volume and SST sur
face area. Although these developments provi
ded a rational basis for the selection of the 
reactor MLSS and estimation of treatment 
plant capacity, the analysis requires interrela
tions linking (1 ) organic load, wastewater type 
and sludge age to the mass of sludge in the 
reactor and (2 ) sludge settleability and reactor 
concentration to the permissible overflow rate. 
The measure with which these relationships 
reflect reality is the measure of the reliability of 
these developments. Many relationships in 
group (1 ) have been developed and are used in 
different countries to suit different local con
ditions. Aspects of the group (2) relations are 
presented in Chapters 3 and 4 of this STR. 
However, although economics is useful to 
select the reactor concentration, it should be 
noted that ESS concentration is influenced by 
reactor concentration in SSTs where density

4
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currents are not adequately baffled (see Figure 
3.19 in Section 3.4.2).

1.3 Function as clarifier
The thickening function has dominated 
research and development in SST design and 
operation, and has received much more atten
tion than the equally important clarification 
function of the SST. The efficiency of the SST 
as a clarifier depends upon the ability to cap
ture’ the sludge mass that enters it. Generally 
in excess of 98% of the biomass entering the 
SST settles and is stored, thickened and 
returned to the biological reactor. The residual 
fraction, usually less than 2 % and comprising 
the small more slowly settling particles, has a 
massive effect on the effluent quality. For 
example, at a reactor concentration of 3.5 g SS/1 
and a 1 2  h nominal retention time, the effluent 
suspended solids (ESS) concentration at 2% or
0.5% loss is 35 or 9 mg SS/1 respectively. Clearly 
to achieve ESS 10 mg SS/1 requires very high 
percentage solids removals in the SST. Failure 
to achieve the required SS removals as a result 
of poor clarification can result in non-compliance 
with effluent quality standards even though the 
SST might be functioning perfectly well as a 
thickener and the biological reactor might be 
producing the required biological treatment 
efficiency. The performance of the activated 
sludge system is therefore not only a function 
of the soluble organic concentrations such as 
COD(BOD5), FSA, TKN-N, NO-3-N,NO-2-N 
and PO-4-Pn the effluent. Particulate suspen
ded solids can be a major contributor of organics 
to activated sludge effluents (Pipes 1979; Cash- 
ion et al. 1979). The concentration of the ESS 
depends on the solids separation efficiency of 
the SST. Therefore the performance of the 
activated sludge process is also defined in terms 
of the ESS capture efficiency of the SSTs and is 
particularly important where effluent standards 
are specified in terms of total unfiltered 
concentrations.

There are many factors that influence the SS 
removal efficiency of the SST. Poor removal 
could be due to the poor flocculation of the 
sludge itself or to poor design features of the 
SST. Poor settling characteristics of the sludge 
also can cause poor SS removals, but this relates 
to the thickening function of the SST, which is 
considered above. Generally, when a sludge 
flocculates well, it will clarify well and average 
ESS concentrations less than 10 mg SS/1 can be 
achieved provided that the clarification function 
of the SST is optimized. The flocculated state 
of the activated sludge as it enters the settling 
zone of the SST, the external dimensions of the 
SST such as surface area and depth, and the 
internal features of the SST such as inlet, 
effluent, sludge collection and baffling arrange-

Figure 1.4. The effect o f overflow rate on monthly 
average effluent suspended solids for  
different depths o f circular settling tanks 
(Tekippe and Bender 1987; adapted from  
Parker and Stenquist 1986).
(590 USgal/ft2.d = 1 m/h; 3.28 f t  = 1 m.)

ments, all influence the ESS concentration and 
therefore the clarification function of the SST. 
Indeed, for SSTs meeting their thickening func
tion, optimization of these aspects will have a 
profound influence on the clarification function 
of the tank and hence the ESS concentration. 
This is illustrated in Figures 1.4, 1.5 and 1.6 
(see also Sections 3.4.2 and 7.5), which show 
the effect of overflow rate and depth on monthly 
average ESS concentration; in conventional 
tanks the influence on surface overflow rate 
(SOR (m/h)) was largely owing to hydraulic 
disturbances and inadequate sludge collection 
systems causing raised sludge blankets (Figures
1.4 and 1.5); in contrast, deep circular SSTs 
(approx. 5 m), with optimized design of internal 
features to keep the sludge blanket low and 
hydraulic disturbances to a minimum and hyd- 
raulically optimized 3.0 m rectangular SSTs 
(Figures 1.5 and 1.6), allow higher overflow 
rates and not only produce lower ESS concen
trations but also the ESS concentrations are 
much less variable. Furthermore, including 
inter alia a flocculator centre well in circular 
SSTs (see Figure 7.7 in Section 7.4) or a floccu
lator influent channel in rectangular SSTs (see 
Figure 3.17 in Section 3.4.2), wherein sludge 
flocculation takes place immediately before 
settling, improves the capture of dispersed sol
ids with the settling sludge mass and decreases 
the ESS concentration further, allowing monthly 
averages as low as 5 mg/1 to be achieved without 
filtration (Figure 1.6). In the circular SST, even 
though the flocculator centre well decreases 
the surface area of the upper region of the SST, 
it does not decrease the area required for 
thickening because this takes place in the 
bottom region below the flocculator centre well.
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Figure 1.5. The effect o f overflow rate on effluent suspended solids (ESS, mg/l)for hydraulically optimized 3 m
deep rectangular SSTs o f the Los Angeles County Sanitation Districts (LACSD) (from Stahl and Chen 
(1996); for details see Section 3.4.2). The lines for the 5.5 m (18 ft), 3.7 m (12ft) and 2.9 m (9.5 ft) deep 
circular SSTs from Parker and Stenquist (1986) (Figure 1.4) are also shown for comparison.

Figure 1.6. The effect o f SST depth on monthly average 
effluent suspended solids (ESS) 
concentration (mg/l) showing the 10, 50 
(mean) and 90 percentile values for six 
circular SSTs (o) and the rectangular SSTs
o f the Los Angeles County Sanitation
Districts (LACSD, • The average 
overflow rate in USgal/ft2.d is given at the 
90 percentile marker (590 USgal/ft2.d) =
1 m/h; 3.28 f t  = 1 m). Renton, WA (old), is 
without aflocculator centre well but the 
other circular SSTs have such centre wells. 
(Adapted by Stahl and Chen (1996) from  
Parker (1983).)

Further evidence in support of optimizing 
the clarification function of the SST with appro
priate design of the internal physical features of 
the SST is given in Figure 1.7 (adapted from 
Niku and Schroeder (1981)), which shows 
results from a survey of 43 plants in the USA. 
Only 40% of plants achieved an annual mean 
ESS concentration below 10 mg/l and plants

with annual mean ESS concentrations above
10 mg/l are subject to unacceptably high ESS 
concentration variability. More importantly, to 
achieve a low variation in ESS concentration, 
low ESS concentrations need to be designed for. 
This can be done only with intentional optim
ization o f the clarification function o f the SST. 
The results in Figure 1.7 are based on clarifi
cation technology of the 1970s; a survey of 
1980s new or retrofitted SSTs is likely to show 
many more plants in the concentration bracket 
below 10 mg/l ESS, as clarification optimization 
design and technology have improved and been 
implemented during the 1980s.

Excessive solids in SST effluents occur pri
marily because of one or more of the following:
(1 ) hydraulic short-circuiting or resuspension of 
solids from the surface of the sludge blankets 
by high velocity currents, (2 ) thickening over
loads resulting in high sludge blankets and, 
potentially, gross loss of solids when the blanket 
reaches the effluent weir, (3) denitrification 
occurring in the SST, causing solids to float to 
the surface, (4) flocculation problems as a result 
of either floc breakup or poor floc formation 
before settlement in the SST, and (5) insuf
ficient capacity of the sludge collection system. 
Each of these problems -  hydraulics, thickening 
overloads, denitrification, flocculation and 
sludge collection -  is discussed, and the design 
of SSTs on the basis of principles that seek to 
optimize the clarification function of the SST is 
presented, in this STR.

1.4 Function as sludge storage zone
The most critical design condition for an SST, 
especially in municipal plants, is the most 
stressed condition, typically experienced under 
conditions of high SLRs and SORs during peak 
wet weather flows (PWWFs). Unfortunately, 
owing to the relatively low frequency of such 
peak events, this is the design condition that
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1. Introduction

the designer knows the least about. Worldwide, 
there are two distinctly different design philos
ophies that seek to accommodate these peak 
flow conditions. One approach is to allocate 
volume within the SST to accommodate solids 
inventory shifts that occur under peak flow 
events. It is important to note that solids 
inventory transfer from the aeration basin to 
the SST occurs owing to an overload of the 
thickening function of the SST and/or the 
requirement of an increased underflow concen
tration (because the recycle ratio decreases), 
which requires a longer thickening time in the 
SST. Whatever the reasons for the solids 
inventory transfer to the SST, this transfer must 
be managed so that the clarification function of 
the SST is not compromised. For instance, the 
ATV (1991) design procedure manual (see 
Section 4.11.3) provides specific guidance for 
an allocation of tank depth for storage during 
wet weather conditions; the ATV deals with the 
issue of uncertainty in the actual PWWF loads 
(and inventory to be transferred) by limiting 
the peak to average flow ratio to be treated 
through the secondary process to around 2 :1 . 
Others have used hydrodynamic models to 
predict the effect of such transfers on ESS (see 
Section 5.5.2) as well as to establish tank depth 
in designs (see Section 7.5). In the latter case, 
historic wet weather loads were used to define 
the conditions leading to inventory transfer. 
Alternatively, some designers avoid the prob
lem of defining the level of storage to be 
accommodated by designing to prevent any 
significant solids inventory transfer from the 
aeration basin to the SST, preferring not to use 
SSTs for sludge storage. The operating philos
ophy is to keep the SLR always below the 
limiting solids flux (see Section 4.5.1) so that a 
raised sludge blanket will not form even under 
PWWF load conditions. Under these conditions, 
even very shallow tanks (with appropriate 
features) can produce low ESS concentrations 
at high SORs but at low SLRs. Methods used 
by these designers to maintain low SLRs 
include maintenance of low mixed liquor levels 
by providing either larger aeration tankage or 
step feed capability (see Section 6.3.2).

1.5 Effect of effluent suspended solids on 
effluent quality

Until a decade ago, the factors that influence 
the ESS concentrations from SSTs were elusive 
and ill-defined. In the past, the general 
approach was to link the ESS concentration 
observed to various SST loading rate criteria 
because these were believed to be the govern
ing factors. For example, Pflanz (1969) investi
gated relations between the ESS concentration 
and overflow rate (qA), retention time (Have/qA) 
and solids surface loading rate where qA

Figure 1.7. Annual range in effluent suspended solids 
concentration as a function o f the annual 
average concentration (adapted from Niku 
and Schroeder 1981).

is the overflow rate (m/h), Have the average 
tank depth (m) and XF the feed SS concentra
tion (g/1). Billmeier (1978), in a comprehensive 
evaluation of two circular 1 : 1 2  sloping-bottom 
SSTs (Geiselbullach with 40.5 m diameter and
2.6 m side water depth, and Mumau with
24.3 m diameter and 2.0 m side water depth), 
tested relations between the ESS concentration 
and a number of SST loading rate criteria. The 
function that best fitted the results from both 
SSTs at various recycle ratios (R ) was

where the variables are as defined above (see 
Figure 1.8). The term in square brackets he 
called the ‘specific volume loading rate' (in 
units of l/m3 .h), which is equal to the diluted 
settled volume at 30 min, DSV3 0  (=XF.DSVI 
(ml/1 or 1/m3); see Sections 3.2.3 and 4.8.2) 
divided by the theoretical flowthrough time 
(= Have/[qA(l + R)], (h)) in the SST. Although 
Billmeier obtained a remarkably good correl
ation from his data for the two SSTs operated 
over a wide range of conditions (see Figure
1.8), Equation 1.1 is not generally applicable to 
all circular SSTs (Tekippe and Bender 1987). 
Research over the past decade on activated 
sludge flocculation characteristics (see Section
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Figure 1.8. Effluent suspended solids (ESS)
concentration against specific volume 
loading rate observed by Billmeier (1978) 
on the Geiselbullach (40.5 m diameter) (•) 
and Mumau (24.3 m diameter) (▼ circular 
SSTs over a range o f recycle ratios (R). For 
Geiselbullach, R = 0.3-2.0; for Mumau 
R = 0.3-1.0. The line is calculated from  
Equation 1.1.

2.8) and two-dimensional (2-D) SST hydro- 
dynamic modelling (see Section 5.3) has shown 
that the ESS concentration is much more 
dependent on the flocculated state of the acti
vated sludge as it enters the settling zone of the 
SST and the design of the internal SST features 
such as inlet, outlet, sludge collection and 
baffling arrangements, than the ‘blackbox’ 
parametric type loading rate criteria such as 
‘specific volume loading rate' . These deviations 
from Billmeiers equation are shown in the ESS 
results during different WWF events observed 
at eight different WWTPs operated by the 
Ruhrverband in Germany in Figure 1.9 (ATV 
1997; T. Grünepbaum, personal communi
cation). Taking due consideration that in Figure
1.9 the specific volume loading rate is based 
only on the influent flow (i.e. it excludes R), it 
can be seen that to achieve ESS < 20 mg/l at 
PWWF for the Ruhrverband SSTs, the specific 
volume loading rate must be less than 1 0 0  1/  
m3 .h, whereas for Billmeiers equation 1.1 the 
limit is 144 l/m3.h for R = 0.75. The differences 
arise from the differences not only in the SST 
configurations but also from the operating 
conditions; Billmeiers were obtained under 
steady state conditions whereas the data in 
Figure 1.9 were obtained under dynamic WWF 
conditions. One of the main objectives of this 
STR is to demonstrate the limitations of the 
‘blackbox' parametric approach to design, 
which lumps together the clarification and 
thickening functions of the SST and affects 
only its external dimensions, and to present 
principles, procedures, techniques and technol
ogies that optimize activated sludge floccu
lation and the internal features of the SST to 
minimize the ESS concentration. As mentioned 
above, settling tanks that have been designed 
with these modem techniques and fitted with

Figure 1.9. Maximum two-hourly grab sample effluent 
suspended solids (ESS) concentration 
against specific volume loading rate 
(excluding R) observed during different 
WWF events on eight different SSTs (•, ▲ 
x, x, ffl, x, &) o f Ruhrverband in Germany 
showing significant deviation from Bill
meiers (1978) blackbox’parametric 
Equation 1.1 (Figure 1.8) (from ATV (1997) 
and Grü nebaum (1996)). Key:------ , Bill
meiers (1978) curve for R = 0 .75;------ ,
Ruhrverband data limit; -------, ATV (1991)
A131 limit.

these new developments to optimize their 
clarification function have consistently achieved 
monthly average ESS concentrations as low as 
5-10 mg/l (see Figures 1.4,1.5 and 1.6).

The ESS affects the effluent quality in gen
eral because these solids contribute to organic 
content (COD, BOD5), nitrogen (total Kjeldahl 
nitrogen, TKN) and total phosphorus (TP). For 
example, Billmeier (1978), from his data set, 
also established linear relations between the 
effluent unfiltered BOD5  and COD concen
trations and the ESS concentration. Although 
the correlation coefficients he obtained were 
good (R2 > 0.82), different correlation constants 
were obtained not only between Geiselbullach 
and Mumau, but also compared with data 
reported in the literature.

In general, differences in the linear correl
ation constants for the unfiltered COD-ESS 
concentration lines are much more marked for 
the intercept values than for the slope values. 
This is because the intercept values are governed 
by the unbiodegradable organic contents of the 
wastewaters, which vary considerably between 
different wastewaters. In contrast, the slope of 
the line gives the COD:SS ratio of the ESS; this 
varies much less because the variation is mainly 
dependent on the inorganic content of the SS, 
which usually does not exert COD. Although 
the intercept values for the BOD5--ESS lines 
tend to be low (5-10 mgBOD5/1), the slope of 
the line is highly variable because the BOD5  is 
subject to variable nitrification effects, in par
ticular in the presence of ESS, unless specific
ally inhibited. No measurements on the N and 
P content of the ESS are reported in the

8



1. Introduction

literature. As a consequence, the TKN-.ESS and 
TP-.ESS ratios have been estimated from values 
measured or calculated for the reactor MLSS. 
Until information becomes available, this app
roach is reasonable for the N and P content of 
ESS from conventional activated sludge sys
tems. However, this approach is likely to over
estimate significantly the P content of ESS for 
biological excess P removal (BEPR) plants. The 
reason is that the polyphosphate-accumulating 
organisms are floc formers that tend to clump 
in the large-particle component of the activated 
sludge (Buchan 1984). This results in a much 
lower proportion of high P content suspended 
solids in the dispersed suspended solids (DSS) 
that tend to become ESS, compared with the 
proportion in the MLSS. Measurement of the 
N and P contents of ESS from different acti
vated sludge plants to verify this is a research 
need.

Apart from causing possible effluent quality 
infringement, when standards are set on SST 
effluents, suspended solids not removed in 
SSTs impact downstream processes such as 
chlorination. This impact is particularly signifi
cant when the SST effluent is treated in tertiary 
treatment processes for water reuse. Mini
mizing ESS concentration by optimizing SST 
performance is therefore important for envir
onmental and legal reasons when the effluent is 
discharged to the environment, but also for 
technological and economic reasons when the 
water is reused.

1.6 Settling tank configurations
Three basic types of settling tank configuration 
have been constructed, namely circular, rec
tangular and vertical. By far the most popular 
are rectangular and circular SSTs; construction 
of vertical tanks has been restricted mainly to 
Germany. At very confined sites, double-decker 
settling tanks have been built, which usually 
have been of the rectangular configuration. All 
these settling tank configurations are discussed 
in this STR but because circular and rectangu
lar tanks are the most common, attention will 
be focused on these.

Rectangular and circular tanks have much in 
common. The basic design procedures for 
external dimensioning and operation strategies 
to deal with the hydraulic and solids loading 
(group (1), Table 1.1) are virtually the same. 
Important optimization considerations to mini
mize the ESS concentration (group (2), Table
1.1) also are generally the same. For example, 
inboard weirs are beneficial in both circular 
and rectangular tanks owing to the same flow 
features: they decrease SS loss with the effluent 
resulting from the upwards vertically deflected 
short-circuiting bottom current at the peri
pheral or the end wall, which can directly feed

SS into the effluent of peripheral or endwall 
weirs. Flocculation enhancement and bulking 
control aim at improving the flocculation and 
settling properties of the sludge (group (3), 
Table 1.1) and are therefore independent of the 
tank configuration. Finally, the site conditions 
under which the SST is required to operate 
(group (4), Table 1.1) is the same whether the 
tank is rectangular or circular.

It is still a subject of debate whether land 
area can be saved by installing rectangular SSTs 
instead of circular ones. It is commonly thought 
that because the design procedures are equally 
applicable to rectangular and circular tanks, 
smaller land areas are required for rectangular 
tanks because of their higher tank surface area 
to land area ratio. However, ATV (1991) 
recommends the addition of an inlet zone 
volume for rectangular tanks where the tank 
inflow is severely disturbed, but a trade-off 
between surface area and depth is possible 
(Billmeier 1993). It remains generally unclear 
what the relative performance of rectangular 
and circular tanks is when both have the same 
depth and are individually optimized. For 
example there are North American instances 
that show that circular SSTs (with suction sludge 
removal) have a demonstrated higher SLR capa
bility than rectangular SSTs but it is unknown 
what the upper SLR limits are for rectangular 
SSTs with optimized designs. Parallel testing of 
optimized designs is desirable to determine 
whether both SST types can indeed be de
signed for the same SLR. Furthermore, theor
etical comparisons of SST types based on shape 
alone lack items with important cost impacts 
such as vehicular access roads, pump stations, 
sludge collection and distribution channels. For 
this reason no recommendation regarding the 
acceptance of rectangular or circular tanks is 
made in this STR; this decision is left to the 
design engineer and is regarded as largely site- 
specific or traditional preference until conclu
sive evidence demonstrating the superiority of 
one configuration over the other is available.

In this STR, Chapters 1-6 apply generally to 
circular and rectangular SSTs; Chapters 2  and 3 
are on sludge flocculation and settling charac
teristics, Chapter 4 is on design procedures 
based on sludge settleability, Chapter 5 is on 
hydrodynamic modelling and Chapter 6  is on 
general design considerations. In Chapters 7-9 
distinction is made between circular, rectangu
lar and vertical flow SSTs; Chapter 7 is specifi
cally on aspects of circular SSTs, Chapter 8  is 
on rectangular SSTs and Chapter 9 is on 
vertical flow SSTs.
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2. Determinants of settling
behaviour of biological sludges

2.1 Classification of sedimentation 
processes

Suspended particles can settle in one of four 
markedly different regimes, which are governed 
principally by (1 ) the dilution of the suspended 
solids, i.e. concentration, and (2 ) the relative 
tendency of the particles to cohere, i.e. floccu
lation. The relation between concentration and 
flocculation and the four regimes of particle 
settlement are set out qualitatively in Figure 
2.1, called a paragenesis diagram. The vertical 
axis gives decreasing concentration (increasing 
dilution) and the horizontal axis increasing ten
dency to flocculate, each by unspecified values. 
The particles represented in the top left comer 
are completely dispersed, with no tendency to 
flocculate. Each would settle at its own charac
teristic terminal velocity. This regime is called 
Class I (discrete non-flocculent) settling, for 
example a dilute concentration of sand parti
cles. The particles represented at the top right 
are dispersed but have a strong tendency to 
flocculate. With time, as the particles coalesce 
through flocculation, they have a decreasing 
tendency to settle individually. This regime of 
settling is called Class II (discrete flocculent) 
settling. Settling Classes I and II (top area of 
Figure 2.1) are known as clarification, in which 
the particles settle either individually or by 
forming individual floes. A characteristic of 
these two regimes of settling is that the larger 
or denser particles settle faster than the smaller 
lighter ones, so that the suspension gradually 
clarifies as more and more particles settle down 
to the bottom and are the dominant processes 
governing settling tanks in water treatment 
plants (for details see Rich (1961), Sundstrom 
and Klei (1979), Berthouex and Stevens (1982), 
Ong (1985), WPCF (1985) and Murray et a l , in 
prep.). Activated sludge flocculation and settling 
characteristics are introduced in Section 2.2 
and discussed in Section 2.8 below.

As the concentration increases, and if the 
particles show a flocculating tendency, the 
settling regime transforms to Class III (zone) 
settling, the middle area in Figure 2.1. In this 
regime the solids are close enough together to 
cohere quickly into a uniform weblike matrix. 
The inter-particle forces are sufficiently strong

to drag each particle along in the same direc
tion and at the same velocity irrespective of size 
or density. Hence particles do not settle past 
one another within the settling matrix and 
(ideally) none are left behind as in discrete 
(Classes I and II) settling. The result is that a 
clear interface exists between the subsiding 
particles and the supernatant liquid above.

At further increases in concentration the 
particles come into closer contact with one 
another. At the point where the particles are no 
longer solely supported by hydraulic forces, 
and come into mechanical contact with one 
another, the settling regime becomes Class IV 
(compression) settling, which is shown in the 
bottom area of Figure 2.1. In compression 
settling the mechanical contact between the 
particles sets up a compressive stress, which 
squeezes the particle layers together and forces 
water upwards. The compressive stress causes 
each layer to be compacted or thickened. Acti
vated sludge settling and thickening character
istics are discussed in Chapter 3.

In the four classes of settling outlined above 
the particles behave quite differently. This im
poses different requirements upon the design 
of settling tanks. By following the principles 
involved in each class of settling it can be 
shown that the capacity controlling factors for 
design of settling tanks for the four classes are:

(1) Class I: clarification -  liquid overflow rate
(2) Class II: clarification -  liquid overflow 

rate and depth
(3) Class III: zone settling -  solids through

put per unit surface area per unit time 
(flux)

(4) Class IV: compression -  solids retention 
time and sludge depth

In the secondary settling tank (SST) of 
biological treatment systems all four classes of 
settling cited above can take place: Class I in 
the top region, Class II in the upper middle 
region, Class III in the lower middle region and 
Class IV in the bottom region. In the upper 
region the particles, although flocculant, are so 
dilute that there is virtually no collision or 
cohesion so that they settle as discrete particles. 
However, the degree to which flocculation takes
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Figure 2.1. Paragenesis diagram for particle settling 
behaviour for decreasing suspension 
concentration (vertical axis) and increasing 
tendency o f particle flocculation (horizontal 
axis).

place during settling depends on the particle 
size distribution and the flocculated state of the 
activated sludge as it enters the settling zone of 
the settling tank. Deeper in the tank the par
ticle concentration is higher, which increases 
the opportunity for collision and cohesion so 
that the settling behaviour tends towards floc- 
culent settling. In the lower region the particles 
are so concentrated (more than 1 , 0 0 0  mg/1) that 
zone settling takes place and in the bottom, on 
the floor of the tank, compression settling takes 
place (see Figure 4.7, Section 4.7.1).

A theme that will be recurrent in this STR 
(see Section 1.3) is that the traditional approach 
of determining design parameters for SSTs 
such as overflow rate, depth, weir loading rate 
and return sludge flow rate, although impor
tant, is not sufficient, especially when these 
parameters are based solely on empirical guide
lines. The design parameters tend to comprise 
sludge settleability considerations and practical 
experience only. Although these considerations 
are important in that they deal with the greater 
part of the sludge entering the settling tank and 
the function of the settling tank as thickener, 
they ignore the very important lesser part of 
the sludge that does not easily settle but has a 
major impact on the function of the settling 
tank as a clarifier. Indeed, the effluent suspen
ded solids (ESS) concentration produced from 
a settling tank is almost entirely dependent on 
this ‘insignificant' amount of sludge entering 
the tank. An integrated approach is required if 
the SST is to be efficient in its dual function as 
clarifier and thickener. Therefore sludge floccu
lation characteristics and hydrodynamic effects 
caused by short-circuiting, temperature, density 
currents, wind, and inlet and outlet arrange
ments also need to be considered to optimize 
the clarification function of the SST and reduce

the ESS concentration to a minimum. The 
impact of the sludge flocculation and settling 
characteristics is discussed below. Hydro- 
dynamic effects are discussed in Chapter 5.

2.2 Activated sludge morphology
Floc formation occurring naturally in biological 
wastewater treatment processes is known as bio- 
flocculation. Bioflocculation has been defined 
as the natural tendency that some microorgan
isms exhibit for aggregation either by random 
collision and aggregation of freely dispersed 
cells with other dispersed cells or pre-formed 
floc particles, or by cell division and outgrowth 
of daughter cells (Unz 1987). Many theories 
have been advanced to explain activated sludge 
bioflocculation. Currently, a two-level structure 
model is widely accepted that accommodates 
most of the recorded observations of activated 
sludge bioflocculation.

Parker et al (1970, 1971) reported the exis
tence of two types of particle-bonding mechan
isms in activated sludge flocs. The first was 
explained in terms of the polymer bridging 
model: exocellular polymers produced by the 
resident bacteria formed bridges between 
neighbouring cells. Bacteria bonding together 
in this manner are known as floc formers. The 
second mechanism was a filament network 
comprising a ‘backbone' of filamentous bacteria, 
to which numerous floc formers attached by 
enmeshment or polymer bridging.

Sezgin et al (1978) and Jenkins et al (1984a) 
further described this two-level structure model 
by defining the two levels in terms of a micro
structure and a macrostructure. The micro
structure arises from the floc formation pro
cesses of aggregation and bioflocculation, the 
mechanisms of which are still poorly under
stood but are promoted by the exocellular poly
mer bridge formation. Activated sludges with 
microstructure have only very small flocs that 
are spherical, compact and relatively weak 
(Jenkins et al 1984a). These can be readily 
sheared into smaller particles in zones of high 
turbulence; the floc size is largely governed by 
floc make-up and breakup mechanisms (Figure 
2 .2 a).

The macrostructure of activated sludge is 
provided by the growth of filamentous organ
isms (Sezgin et al. 1978; Sezgin 1980). These 
organisms, which have been shown to be ubi
quitous in activated sludge (Sezgin et al 1980), 
form a skeleton on which the floc-forming or
ganisms can grow (Figure 2.2b,c). Macrostruc
ture formation therefore requires the presence 
of filamentous bacteria and conditions favour
able for proper microstructure formation. 
Together the filaments and floc-forming organ
isms develop into large (1 0 0 - 2 0 0 0  μm  irregu
larly shaped and strong flocs that are not as
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2. Determinants of settling behaviour of biological sludges

Figure 2.2. Effect o f filamentous organisms on floc structure (from Sezgin et al. 1978): (a) pinpoint floc, a non-
bulking well-settling but poorly flocculating sludge; (b) bulking sludge, a poorly settling but excellently 
flocculating sludge; (c) ideal sludge, a non-bulking, well-settling and well-flocculating sludge.

readily sheared in zones of high turbulence. 
When the content of filamentous and floc- 
forming organisms is balanced, an ‘ideal* sludge 
results. In an ideal sludge, the filaments grow 
largely within the flocs, providing the flocs with 
strength and structure. A few filaments might 
protrude from the floc but only to a minor 
degree; the filaments do not interfere with the 
settling and thickening of the sludge. The ideal 
sludge will have a good settleability (SVI 80- 
120 ml/g; DSVI 70-100 ml/g; SSV/ 3  .5  60-75 
ml/g) and good flocculation characteristics, lea
ving a low SS concentration in the supernatant 
(Figure 2.2c).

According to Jenkins et al. (1984a) most 
solid/liquid separation problems can be traced to 
microstructure or macrostructure failure of the 
activated sludge. For example, pinpoint floc and 
bulking are both macrostructure failure, the for
mer with too few filaments and the latter with 
too many. With pinpoint floc (Figure 2.2c) the

flocs have no strength and structure. The flocs 
are small and weak and can readily be sheared 
and broken up with relatively low turbulence. 
The larger flocs settle rapidly, leaving the 
smaller flocs suspended in the supernatant. 
The greater part of the sludge settles and com
pacts well, resulting in good settleability (SVI < 
70 ml/g; DSVI < 70 ml/g; SSVI3  5  < 60 ml/g) but 
the suspended flocs -  called pinpoint flocs -  
cause a high SS concentration in the super
natant.

With filamentous bulking (Figure 2.2b) there 
are too many filaments. They grow in large 
quantities outside the flocs and extend far out 
in the bulk liquid. This causes the flocs to be 
very diffused or causes bridging between the 
flocs, thereby interfering with the closeness 
with which the flocs can approach one another. 
The diffuseness of the flocs and/or the bridging 
between them causes the sludge to settle and 
compact very poorly, but the net-like structure

13



2. Determinants of settling behaviour of biological sludges

Figure 2.3. Typical particle size distribution o f activated 
sludge (redrawn from Parker et al. 1971).

Figure 2.4. Percentage particle removal plotted against 
particle size distribution, showing that it is 
mainly a significant proportion of the 
smaller particles that escape with the 
effluent and that virtually all o f the larger 
particles are retained and recirculated in 
the activated sludge system (after Parker 
1983).

of the filaments sweeps all the dispersed sus
pended solids together into its matrix. There
fore such a sludge will have a poor settleability 
but leave an extremely clear supernatant with 
virtually no residual suspended solids.

Further evidence of the two-level structure 
of activated sludge flocs was reported by Lau et 
al (1984a,b). These researchers worked with a 
dual-organism culture; one of the organisms 
was a floc former, the other a filament. Flocs 
typical of activated sludge formed only during 
times when both organisms were present in 
significant numbers. A similar dual-organism 
study was reported by Tanaka et al (1985), who 
found that the settling characteristics of two 
pure cultures, one a floc former and the other a 
filament, were significantly improved in dual 
culture. Further discussion of the two-level floc 
structure has been given by other research 
groups (for example, Eriksson and Hardin 
1984; Horan and Shanmugan 1986; Wanner 
1994a).

Particle size distributions and flocculation 
behaviour of activated sludge have been 
measured by Parker et al (1971). They found a 
bimodal particle size distribution (Figure 2.3) 
with a small particle size group in the 0.5-5 μ  
range and a large particle size group in the 
25-2,000 μm range; there were few particles in 
the 5-25 μm range. In the SST, very high 
removals of the large-particle group are 
obtained, up to 100% (Figure 2.4). Being large, 
these particles settle fast, are collected from the 
bottom of the settling tank and are recycled to 
the biological reactor via the sludge return flow. 
However, the percentage solids removal of the 
small particle size group tends to be low owing 
to their low settling rate. Provided that the SST 
is sized such that a high removal of the large- 
particle group is achieved (i.e. efficient thicken
ing function -  no solids overload), then the ESS 
concentration is principally dependent on the 
removal efficiency of the small particle size 
group (clarification function); the more of these 
particles that can be enmeshed into and settled 
out with the large ones, the lower will be the 
ESS concentration.

Wahlberg et al (1994a,b) have shown that 
the clarification function of the SST is 
principally dependent on two factors: (1 ) the 
flocculated state of the sludge and (2 ) the 
physical features in the SST that cause poor 
clarification and entrainment of solids with the 
effluent flow such as short-circuiting, turbu
lence and the effects of the inlet, outlet, sludge 
collection and baffle arrangements. They have 
devised the flocculated (FSS) and dispersed 
(DSS) suspended solids tests, with which it is 
possible to establish which of these two factors 
is the cause of high ESS (see Section 3.5.1). 
According to Parker et al (1971, 1972) the 
small particles arise from primary particles that 
are bacterial sized flocs formed by (1 ) bacterial 
growth and (2 ) erosion of the large particles 
owing to the turbulent shearing. This shearing 
can take place in the biological reactor or in the
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2. Determinants of settling behaviour of biological sludges

sludge transit to the settling tank. Wahlberg et 
al. (1994a) have shown with activated sludge 
flocculation tests that the supernatant SS re
maining after flocculation and settling (FSS) can
not be decreased below a concentration that is 
a characteristic of the activated sludge. This con
centration depends on the many intentional and 
unintentional environmental conditions under 
which the activated sludge develops in the 
biological reactor. The DSS test, in which the 
sludge is settled but without pre-flocculation, 
measures the flocculated state of the activated 
sludge at the place and time the sample is 
taken. If the DSS concentration exceeds the 
FSS concentration, then the ESS concentration 
can be reduced to the FSS value by providing a 
flocculating centre well in the settling tank that 
allows improved flocculation of the sludge 
before it settles. If the FSS and DSS concen
trations are nearly the same, then the sludge is 
well flocculated at the time of settling and the 
ESS concentration (if high) can be decreased 
by eliminating hydraulic short-circuiting in the 
settling tank with carefully placed baffles.

Activated sludge foaming also can be a cause 
of high ESS concentrations. These foams, 
unless properly controlled, produce unsightly 
and at times voluminous scum layers on the 
biological reactors and SSTs. The causes of 
foaming are numerous but the two most common 
are foam-producing filamentous organisms such 
as Nocardia spp. and Microthrix parvicella, and 
denitrification in the SST causing sludge 
flotation (see Section 2.9).

From the above, it is clear that the proper 
functioning of a SST to produce low ESS and 
an underflow of concentrated sludge for return 
to the biological reactor requires consideration 
of the characteristics of the sludge that is to be 
separated from the treated wastewater. These 
characteristics include its flocculation, settling, 
thickening and foaming behaviour. Further
more, the hydraulic characteristics of the SST 
have come to be recognized as increasingly 
important to limit short-circuiting and decrease 
ESS concentrations. Sludge settleability and 
thickening have dominated SST design over the 
past 2 0  years and until recently flocculation and 
foaming received relatively little attention. 
However, with stricter effluent quality require
ments and the high cost of effluent filtration 
this has become necessary. Furthermore, with 
the advent of hydrodynamic models for simu
lating the behaviour of the liquid and solids flows 
in the SST, it has become possible to design 
SSTs with a minimum of short-circuiting. All 
these developments combined make it possible 
to design SSTs that consistently achieve an 
average of less than 10 mg SS/1 with the result 
that effluent filtration would be less frequently 
required. Settling, flocculation and foaming

behaviours of activated sludge are presented in 
the remainder of this chapter. Measures of 
sludge settleability and flocculation are dis
cussed in Chapter 3, and hydrodynamic model
ling of settling tanks to examine hydraulic 
short-circuiting is presented in Chapter 5.

2.3 Settling behaviour of biological 
sludges

Biological sludges usually show a strong floccu
lating tendency even at low concentrations 
(approx. 1,000 mg TSS/1). This gives rise to a 
zone settling behaviour if a batch of mixed 
liquor is allowed to settle under quiescent 
conditions. In zone settling, the particles, irres
pective of their size, all settle at the same rate 
throughout the zone depth. The rate of 
settlement is controlled by the rate at which the 
particles subside through the water and this 
rate is inversely related to the sludge concen
tration. Although the sludge blanket settles with 
a well-defined clear supematant/mixed liquor 
interface, the sludge particles are suspended by 
the water between the particles; the upper 
particles are not mechanically supported by the 
lower ones.

Sludge flocs reaching the bottom of the 
batch cylinder build up as a compression layer. 
Compression is distinctly different from zone 
settling. In the compression region, each layer 
of particles provides mechanical support for the 
layers above it. Particle movement is no longer 
governed only by the hydraulic frictional forces 
and the linkage between the particles, as in the 
zone settling region, but instead the net force 
downwards of each floc is transmitted to the 
particles below by mechanical contact. This 
causes water to be squeezed out from the com
pressing particles and the settling behaviour in 
the compression stage is governed by the inter
stitial pressure, compressibility and permeabil
ity of the sludge.

During the progress of a batch settling test, 
whether gently stirred or not, four distinct 
regimes of settling can be detected. All four 
regimes in the stirred (Figure 2.5) or unstirred 
(Figure 2.6) tests commence early in the test 
but are of different durations. However, the 
appearance of the four regimes at the liquid/ 
solid interface is at different times during the 
test, which is why these four regimes are 
sometimes called four stages of settling (Figure
2.6). Figures 2.5 and 2.6 show these four 
regimes during the progress of a stirred or un
stirred settling column test, namely Figure 2.5a, 
the lag regime or stage (stage 1  in Figure 2.6); 
Figure 2.5b,c, the zone settling stage (stage 2 in 
Figure 2.6) with the zone (B), transition (C) 
and compression (D) settling regimes taking 
place at increasing depths below the solid/ 
liquid interface; Figure 2.5d, the compression
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2. Determinants of settling behaviour of biological sludges

Figure 2.5. Chronological progress o f a stirred batch 
settling test showing the different settling 
regimes in the column at the different stages 
of settlement.

stage (stage 4 in Figure 2.6) when all the sludge 
has entered the compression regime (D). The 
order of appearance at the liquid/solid interface 
of the four regimes of settling are (1 ) lag, (2 ) 
hindered or zone settling, (3) transition and (4) 
compression (Figure 2.6).

2.3.1 Lag stage
During this stage the relatively high turbulence 
resulting from filling the measuring cylinder 
dissipates slowly, allowing the turbulence- 
induced movement of the sludge to decrease to 
zero. This stage should not be regarded as a 
reflocculation stage, because the shear veloci
ties and duration are far too low for this to take 
place to any significant degree (see Figure 4.1, 
Section 4.3.1). A distinct interface forms during 
this lag stage with clear supernatant above 
(region A in Figure 2.5b) and mixed liquor

below, and the dominant motion of the sludge 
begins to be in the vertical direction (region B, 
Figure 2.5b). The interface starts to move 
downwards at an increasing velocity. The lag 
stage is usually 1 - 2  min in duration from the 
start of the test. Simultaneously with the 
formation of region A, regions D and C (Figure 
2.5b) form in the bottom of the column. Region 
D is one in which compression occurs and 
region C is the transition stage from zone 
settling (region B) to compression.

2.3.2 Zone or hindered settling stage
After the lag stage, the liquid/solid interface 
attains a constant settling rate (stage 2 in 
Figure 2.6). The solids in region B (Figure 2.5) 
settle at uniform velocity under zone settling 
conditions; throughout region B the concentra
tion is constant. The concentration in the zone 
settling region B is equal to the concentration 
of the mixed liquor with which the column was 
filled (X, mgTSS/1); this was demonstrated by 
Merkel (1971a,b). During this stage there is 
equilibrium between the gravitational forces 
causing the particles to settle and the hydraulic 
friction forces resisting this motion, causing the 
particles to settle at a uniform (zone) terminal 
velocity. The depth of the zone settling layer 
(region B) does not significantly influence the 
subsidence velocity of the interface. If the 
column is stirred, the subsidence velocity of the 
interface is called the stirred zone settling 
velocity (SZSV or (m/h)) at the concen
tration with which the column was filled is X. 
(If the column is not stirred, it is called the 
zone settling velocity, ZSV, or unstirred ZSV). 
During the zone settling stage, the transition 
layer (region C in Figure 2.5) is considered to 
maintain a constant thickness and sludge parti
cles are transferred through it from a decreas
ing zone settling layer to an increasing com
pression layer (region D in Figure 2.5). This 
continues until the zone settling layer sinks into

Figure 2.6. Plot o f solid/liquid interface depth against time in an unstirred measuring cylinder showing the 
appearance o f the different stages o f settlement at the solid/liquid interface.
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2. Determinants of settling behaviour of biological sludges

the transition layer, at which time the transition 
layer appears at the liquid/solid interface (stage 
3 in Figure 2.6).

2.3.3 Transition stage
The characteristics of the zone settling regime 
are considered to exist in the transition layer 
also, but in this layer the concentration in
creases with increasing depth through the layer. 
With time, denser and denser concentrations 
appear at the interface as the upper less 
concentrated sludge layers sink into the lower 
more concentrated ones. The transition layer 
contracts continually during this stage and as a 
result the velocity of subsidence (SZSV) of the 
interface decreases gradually. The transition 
stage ceases when the last layer sinks into the 
compression layer. Even though compression 
already takes place in the bottom of the cylin
der from the start of the batch test, the com
pression stage appears only when the transition 
stage ceases, i.e. when the uppermost layer of 
the compression layer forms the liquid/solid 
interface (stage 4 in Figure 2.6).

2.3.4 Compression or compaction stage
The compression layer in the bottom of the 
cylinder increases in depth until the transition 
stage terminates; after this (stage 4 in Figure
2 .6 ) the compression layer decreases in depth. 
During the compression stage the interface 
continues to subside but its velocity is governed 
by the compression behaviour of the sludge. 
Because in this stage the particles are in mech
anical contact with one another, the depth of 
the compression layer has a role in the velocity 
of subsidence of the interface. Because the 
depth of the compression layer varies during 
the test, initially increasing and then decreas
ing, the time of commencement of the 
compression stage is difficult to identify. Com
pression behaviour is poorly understood and 
only empirical approaches are available to esti
mate the compression rate. Talmadge and Fitch 
(1955) and Eckenfelder and Melbinger (1957) 
suggested continuing the settling test for up to 
24 h (this may not be possible with nitrifying 
sludges owing to denitrification and consequent 
flotation). The change-over point can then be 
estimated empirically by projecting tangents to 
the settling curve through the linear zone and 
compression settling regime parts. Where the 
line bisecting the angle formed by these two 
tangents intersects the sludge layer interface- 
height curve was defined as the time (fc) when 
all the sludge has entered the compression 
settling regime. Merkel (1971b), from a large 
set of compaction data, established an empiri
cal function relating the increase in concen
tration to the compaction time. Pflanzs (1969) 
data conformed well with this function, which

has been accepted as a basis for design in the 
ATV (Abwassertechnische Vereinigung) design 
procedure (see Figure 4.16b in Section 4.8.2).

2.3.5 Discussion
For the design of SSTs, the zone settling 
behaviour of the sludge (Class III; see Section
2 .1 ) governs the determination of the surface 
area, and the compression behaviour (Class IV) 
is important for determining the depth. Be
cause determination of the surface area is more 
crucial for the functioning of the SST, far more 
attention has been focused on developing tests 
to measure the sludge settleability than on tests 
to measure sludge comparability. However, 
compaction failure of the settling tank should 
not be overlooked as a cause of gross loss of 
solids with the effluent -  the sludge blanket in 
the settling tank can build up to a height close 
to the water surface because of the long time 
required to thicken and compact the sludge to 
the concentration required by the set under
flow rate. Shallow SSTs with low underflow 
rates and poorly settling sludges are particularly 
prone to this kind of failure. This mode of 
failure is an important consideration in the ATV 
design procedure but is ignored in the flux- 
based procedures popular in English-speaking 
countries (see Sections 4.7.4 and 7.6).

2.4 Factors affecting sludge 
characteristics

The factors that affect the flocculation, settling, 
thickening and foaming characteristics of 
sludge are the influent wastewater composition 
and the conditions in the biological reactor. The 
more important factors are listed in Table 2.1. 
The major cause of changes in these character
istics of a sludge is variation in the filamentous 
organism content of the sludge, which is 
influenced by all the factors listed in Table 2.1. 
Temperature is not specifically considered in 
this STR because its indirect effects on sludge 
settleability, for example on floc structure, 
overwhelm its direct effects, for example on the 
viscosity of water.

2.5 Filamentous organisms and sludge 
settleability

Different filamentous organisms affect the 
sludge settleability differently. Some filaments 
are short and do not protrude very far beyond 
the floc into the bulk liquid and therefore, even 
in significant numbers, these have relatively 
little influence on the sludge settleability. Other 
filaments are long and coiled and exist mainly 
in the bulk liquid: these therefore have a major 
impact on sludge settleability. It is for this 
reason that filament length rather than filament 
number is used for correlation with the sludge 
settleability (Figure 3.2 in Section 3.2.3).
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2. Determinants of settling behaviour of biological sludges

Table 2.1. Factors affecting the flocculation, settling, thickening and foaming characteristics o f activated sludge

Wastewater composition Industrial contribution; soluble organic content; nutrients; temperature;
pH; total dissolved solids (TDS); septicity; combined or separate sewers;
oil and grease content

Biological system Configuration; temperature; mixing; pH; aeration; presence of anoxic
and/or anaerobic zones; sludge age; reactor mixed liquor suspended 
solids (MLSS) and dissolved oxygen (DO) concentrations

The evidence demonstrating that the sludge 
settieability is principally influenced by the 
presence of filamentous organisms is substantial 
and persuasive. Jenkins et al. (1984a) reviewed 
this work, which includes that of Sezgin et al. 
(1978, 1980), Pipes (1979), Palm et a l (1980), 
Lee et a l (1982, 1983), Matsui and Yamamoto
(1983), and concluded that “a simple test -  the 
diluted sludge volume index (DSVI) -  is 
available for the prediction of activated sludge 
separation properties in process units that is 
well correlated to the level of filamentous 
organisms present in the activated sludge” (see 
Figure 3.2). Although with less evidence than 
the above for the DSVI, Walker (1982) and 
Green (1982) demonstrate that the SSVI3  5  also 
is well correlated with the filament length.

The factors listed in Table 2.1 influence not 
only the types of filamentous organism that 
grow in the activated sludge but also the extent 
to which they proliferate. Filamentous micro
organisms have been classified by Eikelboom 
and Van Buijsen (1981) and Jenkins et a l 
(1984a) into 29 types. Classification is based on 
phase contrast microscopic observation of mor
phology, relation to other microorganisms and 
floc particles, and staining characteristics. As 
most of these microorganisms have failed to fit 
into the currently accepted microbiological 
classification systems, they have been allocated 
numbers, for example Type 0041 and Type 
0092. In some cases, even though a number of 
species have been observed, they are never
theless collectively reported under their generic 
name, for example Nocardia spp. Recent micro
biological work on specific filament types has 
indicated that some filaments that have been 
regarded as separate types are so closely related 
that they can be categorized in one group, for 
example 'type 021N and Thiothrix spp. The 
identification procedure of Eikelboom and Van 
Buijsen (1981) and Jenkins et a l (1984a) has 
been adopted internationally and constituted a 
major step forward in bulking research because 
it released filament identification from the con
straints of attributing filamentous bulking only 
to the bacteriologically recognized filamentous 
species and provided for the first time a 
comprehensive common filament identification 
technique (see Casey et al. 1995).

2.6 Non-specific bulking control
With non-specific control some toxicant, 
usually chlorine, although ozone and hydrogen 
peroxide also can be used, is dosed into the 
activated sludge system. Because the filamen
tous organisms causing the bulking extend 
beyond the flocs into the bulk liquid, they are 
more exposed to the toxicant and are therefore 
selectively killed; in contrast the floc-formers 
are not seriously affected by the toxicant 
because they find protection inside the sludge 
flocs. Owing to the selective killing of the fila
ments, their numbers and lengths are decreased 
and the bulking problem is ameliorated to 
produce a better settling sludge. The toxicant 
affects all filaments irrespective of type and for 
this reason this method of bulking control is 
termed non-specific.

The procedures for implementation of 
chlorination are well documented, most notably 
by Jenkins et a l (1984a,b). The method has 
been tested at laboratory-scale for biological 
nutrient (N&P) removal systems (Lakay et a l 
1988) and found to be satisfactory, provided 
that the guidelines set down by Jenkins et al 
(1984a,b) are carefully followed. Controlling 
dosage is essential: overdosing can disrupt 
sludge flocculation and cause floc debris to 
form, resulting in high ESS concentrations. 
Hydrogen peroxide also has been used (Jenkins 
et a l 1984a). Van Leeuwen (1988) and Van 
Leeuwen and Pretorius (1988) investigated the 
use of ozone for bulking control in an N&P 
removal pilot plant. They concluded that 
ozonation successfully controls filamentous 
bulking and imparts some additional benefits. 
However, ozonation is limited by financial 
costs, especially at large plants with severe 
bulking problems.

2.7 Specific bulking control
Generally the problem with all non-specific 
bulking control measures is that as soon as 
toxicant dosing is terminated, the filaments 
regrow and, inexorably, bulking conditions 
return. This is because non-specific bulking 
control deals with the symptoms of bulking, i.e. 
it decreases the filaments, but does not remove 
the causes of the filament proliferation on a 
permanent basis. Specific control of bulking 
focuses on identifying and eliminating the
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Table 2.2. Dominant filament types indicative o f conditions causing activated sludge bulking (Jenkins et al.l984a)

Causative conditions Indicative filament types

Low F/M ratio Microthrix parvicella, Types 0041, 0675, 0092, 0581, 0961, 0803, 021N
Haliscomenobacter hydrossis, Nocardia spp., Types 0914°, 1851°

Low dissolved oxygen Type 1701, Sphaerotilus natans, H. hydrossis 
Presence of sulphide Thiothrix spp., Beggiatoa spp.; Type 021 
Low pH Fungi
Nutrient deficiency S. natans, Thiothrix spp., Type 021N and possibly H, hydrossis, and 

types 0041 and 0675

0 Included in the low F/M group by Blackbeard et al. (1986) owing to their frequent dominance with the other 
low F/M filaments.

conditions that promote the proliferation of the 
specific filaments causing the bulking problem. 
Once these conditions are identified, it might 
be possible to create environmental conditions 
in the activated sludge plant that would inhibit 
or suppress the growth of the particular fila
mentous organisms. If successful, the method 
provides a permanent solution to the fila
mentous bulking problem.

2.7.1 Filament identification and causes of 
bulking

Jenkins et al. (1984a) attempted to define the 
wastewater characteristics, system design para
meters and operating conditions conducive to 
the proliferation of different filamentous organ
ism types from surveys of filamentous organisms 
in activated sludge plants. The outcome of this 
work is set out in Table 2.2. Of the 29 
recognized filament types, only 1 1  are of major 
importance as a result of their widespread 
occurrence and dominance in activated sludge 
plants. Ten of the 15 filament types listed in 
Table 2.2 account for about 90% of the bulking 
incidents in the surveyed plants; five broad 
categories of causes were identified, i.e. (1 ) low 
dissolved oxygen (DO) concentration, (2) low 
food/microorganism (F/M) ratio, (3) septic or 
high-sulphide wastewater, (4) nutrient defici
ency and (5) low pH. Ranking of filaments in 
order of frequency of occurrence in different 
countries is given in Table 2.3. The lists of the 
United States and Europe are similar in that 
the top six to eight most frequently occurring 
filaments are from four of the five causative 
categories, but both differ substantially from 
those for South Africa and Australia, where six 
of the top eight filaments are all low F/M ones. 
At the time of the US and European surveys 
(early 1980s), the plants were principally aero
bic with relatively short sludge ages (high F/M 
ratios). In contrast, South African plants have 
long sludge ages (20-30 days) and usually 
incorporate anoxic-aerobic or anaerobic- 
anoxic-aerobic zones for biological N and N&P 
removal. Therefore, although the filament popu
lations that develop in the US and European

plants can be expected to be similar, the 
significant differences in environmental factors 
imposed on the organisms in South African 
long sludge age biological N and N&P removal 
plants clearly give rise to considerably different 
filament populations. From the predominance 
of low F/M filaments in Australian plants it 
seems that these plants are similar to those in 
South Africa. However, as Europe and the USA 
increasingly implement biological nutrient 
removal (BNR) plants, it can be expected that 
the problem filaments will become more pre
dominantly the low F/M group. It is mainly for 
this reason that the research relating to causes 
and control of this filament group is reviewed 
below in some detail.

Although the grouping of filaments into 
apparently causative categories was a significant 
advance towards understanding the causes and 
control of filamentous bulking, Strom and Jen
kins (1984) cautioned against rigorous applica
tion of the approach in that "at present most of 
the filament types can only be categorised to a 
few broad groupings of associated conditions”, 
implying that at a specific treatment plant, con
ditions might be present other than those listed 
in Table 2.2, which can change the filament 
types. Nevertheless, this association between 
filament type and causative condition has found 
considerable practical application, and identifi
cation of these indicators has come to be regar
ded as the first step in ameliorating sludge bulking 
problems (Jenkins et al., 1984a; Wanner 1994b). 
However, research results in the past decade 
since publication of the valuable work of Jen
kins et al. (1984a) have led to refinements in 
Table 2.2, in particular in the low F/M category.

2.7.2 Specific control of low F/M filament 
bulking

Specific control of the filaments in the low F/M 
category is of major importance: this is the 
largest group of filamentous organisms and not 
only do these filaments cause practically all of 
the bulking problems in South African N and 
N&P removal plants but also increasingly cause 
bulking problems in European plants as
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Table 2.3 Comparison o f dominant filamentous organisms in bulking sludges from activated sludge plants in 
different countries

Ranking in order of prevalence

Filamentous organism USA* The Netherlandst West Germany^ Australia^ South Africa¶

Nocardia spp. 1 - — 6 6

Type 1701 2 5 8 16 16
Type 021N 3 2 1 7 7
Type 004 4 6 3 1 1

Thiothrix spp. 5 19 - 14 14
Sphaerotilus natans 6 7 4 13 13
Microthrix parvicella 7 1 2 2 2

Type 0092 8 4 2 3 3
Haliscomenobacter hydrossis 9 3 6 4 4
Type 0675 1 0 - - 1 1

Type 0803 1 1 9 1 0 1 2 1 2

Nostocoida limicola 1 2 1 1 7 5 5
Type 1851 13 1 2 - 9 9
Type 0961 14 1 0 9 1 1 1 1

Type 0581 15 8 - - -
Beggiatoa spp. 16 18 - - -
Fungi 17 15 - - -
Type 0914 18 - - 8 8

• Richard et a l (1982) and Strom and Jenkins (1984): 525 samples from 270 treatment plants,
t Eikelboom (1977): 1100 samples from 200 treatment plants.
ϯ Wagner (1982): 3500 samples from 315 treatment plants.
§ Seviour et a l (1993): 50 samples from 50 treatment plants.
¶ Blackbeard et al. (1986): 96 samples from 96 treatment plants.

biological nutrient removal systems are imple
mented there (Pujol et al 1991; Andreasen and 
Sigvardsen 1993; Kristensen et a l 1994; Ross
etti et al 1994; Eikelboom 1994; Kunst and Reins 
1994; Foot et al 1994; Seviour et al 1994).

Although the most ubiquitous, the low F/M 
category is unfortunately rather vaguely defined: 
no explicit definition for low F/M is specified, 
so it presumably arose mainly to distinguish 
between high and low F/M ratio plants. The 
difficulty in defining this category clearly is that 
at long sludge ages (low F/M) a wide range of 
different operating conditions and configur
ations is possible, each of which might stimu
late the proliferation of different filaments. 
With the introduction of N and N&P removal 
plants, the plant configurations and operational 
conditions have changed drastically compared 
with the conventional high-rate fully aerobic 
systems prevalent in Europe and the USA 
before the 1990s. In the N and N&P removal 
systems other factors such as unaerated mass 
fraction, frequency of alternation between anoxic 
and aerobic conditions, low DO concentrations 
at the anoxic-aerobic transition, anoxic or aero
bic reactor nitrate and nitrite concentrations 
might be more important than the F/M (sludge 
age) in causing bulking. Casey et a l (1992, 
1993, 1994) have found this to be so and have 
renamed the low F/M category anoxic-aerobic 
(AA), a name more descriptive of the condi

tions that apparently lead to their proliferation. 
A brief overview of the research and develop
ment in low F/M filament bulking control is 
given below, starting with the selection criter
ion of Chudoba et al (1973a,b, 1974), which 
has featured prominently in this.

2.7.3 Chudoba’s selection criterion
Chudoba et a l (1973a,b, 1974) proposed an 
organism selection criterion as an explanation 
for the occurrence or non-occurrence of fila
mentous bulking. This criterion is based on 
competition between floc-formers and filaments 
for the mutually limiting soluble substrate as 
follows: in the Monod formulation for the specific 
rate of growth of organisms, filaments have lower 
values for both the maximum specific growth 
rate (μH) and the half-saturation coefficient 
(Ks) than floc-formers. Consequently at low 
substrate concentrations the filaments have a 
higher specific growth rate than the floc- 
formers, and at high substrate concentrations 
they have a lower specific growth rate.

Over the past 15 years this selection criterion 
has provided a framework for research into the 
causes of bulking and its control by specific 
methods. Results reported by a number of 
investigators who have measured the Monod 
constants of various filaments and floc-formers, 
seem to fit within the structure of the selection 
criterion: Van Den Eynde et a l (1982a,b)
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showed that, in general, organisms with high 
rates have high values, and organisms 

with low rates have low Ks values. Slijkhuis 
(1983) measured theμ H of M. parvicella, one 
of the principal filaments causing low F/M 
bulking, as 1 .6 /d; this is considerably lower than 
the μH  of 4.33/d measured by Richard et al.
(1982) for a floc-former isolated from activated 
sludge.

Palm et al. (1980) extended the selection 
criterion to incorporate limiting nutrients; for 
some filaments (the low DO ones) the limiting 
nutrient is apparently oxygen, whereas for 
others the limiting nutrient is the soluble sub
strate concentration surrounding the organism, 
as originally conceived by Chudoba et al. 
(1973a,b). With regard to low DO bulking, Hao 
et al. (1983) and Lau et al. (1984a,b) confirmed 
the work of Palm et al. (1980). From dual
species studies they showed that low DO 
filaments (Sphaerotilus natans, Type 1701) and 
floc-formers can be grown selectively by 
manipulating the DO concentration: if high, 
the floc-former dominates; if low, the filament 
dominates.

With regard to bulking in long sludge age 
(low F/M) systems, Chudoba et al. (1973a,b) 
tested the selection criterion with pure soluble 
substrates; they controlled the substrate con
centration surrounding the organism by having 
different configurations for the activated sludge 
system. In a single-reactor completely mixed 
system, the substrate concentration was low 
throughout the reactor, whereas in a multi
reactor plug flow system the substrate concen
tration was high in the upstream section and 
low in the downstream section. They found that 
in aerobic single-reactor completely mixed sys
tems, filamentous organisms proliferated caus
ing bulking, whereas in aerobic multi-reactor 
plug flow systems filamentous organisms did 
not proliferate and a well-settling sludge was 
maintained. From this work, Chudoba et al. 
(1973b) developed the selector reactor for fila
mentous bulking control, the purpose of the 
selector being to remove the influent readily 
biodegradable (RB) COD while at a high 
concentration before the main aeration reactor. 
Although the filament categorization into five 
causative groups had not yet been developed -  
this emerged only in 1984, as mentioned above 
-  it is worth noting that even though the 
systems operated by Chudoba et al. (1973a,b) 
were low F/M, the dominant filament causing 
the bulking was not a low F/M one but a low 
DO one, i.e. S. natans.

The work of Chudoba et al. (1973a,b) stimu
lated research into the control of bulking in low 
F/M (long sludge age) systems. Most of this 
research was conducted on fully aerobic sys
tems on a laboratory scale with real or synthetic

sewage as influent. In this research it was found 
that well-settling (non-bulking) sludges were 
produced in systems with (1 ) compartmentali- 
zation of the aeration reactor while maintaining 
continuous feeding of waste water (2 ) batch or 
intermittent feeding to completely mixed 
aeration basins and (3) small mixing reactors 
(aerobic or anoxic selectors) ahead of the main 
completely mixed aeration reactor receiving the 
influent and underflow streams (Chudoba et al. 
1974; Houtmeyers 1978; Goronszy 1979; Gor- 
onszy and Barnes 1979; Houtmeyers et al. 1980; 
Verachtert et al. 1980; Barnes and Goronszy 
1980; Van Den Eynde et al. 1982a,b; Eikel- 
boom 1982; Rensink et al. 1982; Grau et al. 
1982; Lee et al. 1982; Jenkins et al. 1983; Wu et 
al. 1984; Chiesa and Irvine 1985; Daigger et al. 
1985; Ekama and Marais 1986; Still et al. 1985, 
1996; Van Niekerk 1985; Shao 1986; Van 
Niekerk etal. 1987,1988; Shao and Jenkins 1989; 
Gabb et al 1991; Ekama et al. 1996a). A 
common feature in all this work was that the 
alternating feed-starve conditions that these 
modifications created stimulated in the sludge 
a selector effect, i.e. a high soluble (more than 
0.45 μm) or RBCOD uptake rate and a con
comitantly high oxygen (if aerobic) or nitrate (if 
anoxic) utilization rate (OUR or NUR). These 
rates were 2-3 times higher than those in com
parable sludges without alternating feed-starve 
conditions. Curiously, in very few of these 
experiments, which were mainly laboratory- 
scale investigations, did low F/M filaments 
proliferate in the low F/M systems. The fila
ments that did tend to proliferate in the control 
systems, i.e. those without a selector effect, 
were S. natans, Thiothrix and Type 021N, indi
cating that the selector effect controlled prolif
eration of these filaments. Wanner et al (1987a) 
called this kind of bulking control kinetic 
selection. In their investigation Still et al 
(1985, 1996), Gabb et al. (1991) and Ekama et 
al (1996b) found that invariably when low F/M 
filament bulking sludges (DSVI > 250 ml/g) 
from full-scale N removal plants were brought 
to the laboratory to start up fully aerobic low F/M 
(long sludge age) systems, the low F/M fila
ments declined in both the experimental and 
control systems. It therefore seemed that aera
tion had a far greater influence on the low F/M 
filaments than did the selector effect. This raised 
t}ie question of the appropriateness of the sys
tem modification approach to create a selector 
effect for controlling low F/M filaments.

2.7.4 Developments in specific control of 
low F/M filaments

In the bulking research reviewed above, it 
seems that controlling bulking in low F/M 
systems was the focus rather than controlling 
bulking specifically by low F/M filaments, and
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the success of the selector effect in controlling 
bulking by S. natans, Thiothrix or Type 021N in 
low F/M systems might have led to the notion 
that this approach would control low F/M 
filaments. Long sludge age (low F/M) systems 
often nitrify; if mixing is inadequate, uninten
tional (but not unwelcome) denitrification takes 
place in the main aeration reactor (Barnard and 
Hoffmann 1986). Gabb et al (1989, 1991, 
1996a) and Casey et al (1992, 1993, 1994) have 
shown that these conditions are conducive to 
low F/M filament proliferation. Therefore in 
the surveys of full-scale plants by Strom and 
Jenkins (1984), on which Table 2.2 is based, it is 
not unlikely that nitrification-denitrification 
conditions in the low F/M plants could have 
been the reason for the prevalence of low F/M 
filaments rather than the low F/M conditions 
themselves.

Gabb et al (1989) showed that the prolifer
ation of S. natans and possibly also Thiothrix 
was a consequence of inadvertent artefacts 
introduced in their laboratory systems, i.e. 
seeding from attached growths on influent feed 
line walls. This artefact might also have been 
present in many of the laboratory investigations 
cited above because of the prevalence of S. 
natans and Thiothrix in these fully aerobic low 
F/M systems. In contrast, Gabb et al (1996a) 
showed that the absence of low F/M filaments 
from their fully aerobic low F/M systems was 
not the result of such inadvertent artefacts. In a 
laboratory-scale modified University of Cape 
Town (MUCT) biological N&P removal system, 
they demonstrated that low F/M filaments 
proliferated and caused bulking, whereas in 
parallel fully aerobic systems, either batch or 
continuously fed with the same wastewater, 
started up with the MUCT system bulking 
sludge and operated at the same sludge age, 
the low F/M filaments declined. Indeed, the 
only laboratory systems in which the low F/M 
filaments proliferated in the same way as full- 
scale plants were the N&P removal ones (N 
removal ones were not operated). This obser
vation highlighted the perplexing question: If 
anaerobic reactors in biological N&P removal 
plants could not control low F/M filament 
bulking, then how can aerobic or anoxic selec
tors do so? Anaerobic reactors in biological 
N&P removal plants serve the same function as 
aerobic or anoxic selectors: they stimulate 
removal of influent RBCOD by floc-formers; in 
the N&P removal system the floc-formers 
happen to be the polyphosphate-accumulating 
organisms that mediate the biological excess P 
removal (BEPR), a mechanism that Wanner et 
al (1987b) call metabolic selection. Full-scale 
N&P removal plant surveys (Blackbeard et al, 
1988) and the laboratory-scale experiments of 
Gabb et al. (1996a) and others (Lakay et al

1988; Musvoto et al 1994) have shown 
unequivocally that anaerobic reactors do not 
control low F/M filament proliferation because 
these plants so often have low F/M bulking 
sludges even when they exhibit very good 
BEPR (i.e. the anaerobic reactor stimulated the 
complete removal of influent RBCOD) (see 
Section 6.4).

To grow low F/M filaments in laboratory-scale 
systems other than the N&P removal ones, 
Gabb et al (1996a) operated single-reactor 
completely mixed long sludge age systems with 
intermittent aeration to mimic ditch-type 
simultaneous nitrification-denitrification exten- 
ded-aeration activated sludge plants. With 
intermittent aeration (3-4 min aerobic in a 
10 min cycle), the low F/M filaments prolif
erated, but after being switched to continuous 
aeration they declined in the absence of a selec
tor effect. The development of a laboratory 
system in which low F/M filament bulking 
could be induced allowed the effect of selectors 
on the low F/M filaments to be tested. Gabb et 
al (1996b) installed a correctly sized two- 
compartment aerobic selector ahead of an 
intermittently aerated main reactor of a long. 
sludge age system. Even though the selector 
induced a selector effect, the low F/M fila
ments continued to proliferate at bulking levels 
(DSVI > 350 ml/g).

The research discussed above indicated that 
selectors in their most general form, i.e. 
preferential uptake of influent RBCOD by floc- 
formers through kinetic selection (aerobic or 
anoxic selectors) or metabolic selection (anaer
obic reactors) was not effective in controlling 
bulking by low F/M filaments in N and N&P 
removal systems and resolved the apparent in
consistency between aerobic (and anoxic) selec
tors and anaerobic reactors/selectors. This placed 
the research back into an exploratory phase; in 
a follow-up investigation Casey etal (1992,1993, 
1994) evaluated the effect of the following 
different factors on low F/M filament bulking 
in various laboratory N and N&P removal 
systems such as single-reactor intermittently 
aerated, two-reactor pre-denitrification and 
post-denitrification and MUCT systems:

(1) RBCOD or slowly biodegradable (SB) 
COD only as feed obtained from artificial 
wastewater and real wastewater separated 
into its soluble and particulate fractions 
by membrane filtration

(2 ) fully aerobic and fully anoxic conditions
(3) DO and nitrate/nitrite concentrations in 

the aerobic and anoxic zones or periods
(4) the aerobic fraction (percentage of time 

that sludge mass is aerobic)
(5) frequency of alternation between anoxic 

and aerobic conditions
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(6 ) differences in alternating anoxic-aerobic 
conditions caused by intermittent aera
tion in single reactors and in compart
mentalized anoxic-aerobic reactor systems

(7) sludge age.

From these experiments they concluded that 
the major factor influencing low F/M filament 
bulking was alternating anoxic-aerobic (AA) 
conditions forcing the heterotrophic organisms 
to switch between DO and nitrate as terminal 
electron acceptors. From an examination of the 
microbiological and biochemical literature on 
aerobic and anaerobic (denitrification) respira
tory pathways and their experimental results, 
they formulated a hypothesis for the cause of 
low F/M filament bulking, namely: if denitri
fication is not complete under anoxic condi
tions (i.e. all nitrate and nitrite not denitrified) 
the floc-formers, which denitrify nitrate fully to 
nitrogen gas via nitrite, nitric oxide and nitrous 
oxide, are inhibited in their oxygen uptake 
under subsequent aerobic conditions by the de
nitrification intermediates accumulated under 
the preceding anoxic conditions, in particular 
nitric oxide (NO). This inhibition of the floc 
formers under aerobic conditions provides an 
advantage to the filaments thatreduce nitrate 
only as far as nitrite and therefore are not 
inhibited in their oxygen uptake by nitric oxide 
(Casey et al., in prep., a,b,c).

The above hypothesis as an alternative to the 
selector approach for explaining the causes and 
control of low F/M (AA) filament bulking is a 
recent development and therefore still needs 
thorough evaluation and verification. However, 
a significant body of information providing 
indirect support for this alternative concep
tualization of the low F/M filament bulking 
problem is emerging not only from laboratory- 
scale systems (Casey et al 1993, 1994; Lakay et 
al., in prep.; Musvoto et al., in prep.; Musvoto 
et al 1994; Chudoba 1994; Pilson et al 1995) 
but also from observations of full-scale plants. 
In this respect the conference proceedings of 
the First ASPD Specialist Group make 
interesting reading (for details see Ekama 
1994), for example:

(1) Musvoto et al. (1994) showed that, in a 
laboratory-scale MUCT system with a 
2 0 % aerobic mass fraction, when the 
nitrate and nitrite concentrations enter
ing the aerobic zone exceeded 0.5 and
0.2 mg N/l respectively, the low F/M (AA) 
filaments proliferated to cause bulking 
(DSVI > 150 ml/g), but when the concen
trations were below these values, low F/M 
filaments declined (DSVI < 80 ml/g).

(2) From a survey of Danish plants, Andreasen 
and Sigvardsen (1993) concluded that the 
“first survey at nutrient removal plants

show a higher percentage with SVI > 
150 ml/g and especially at some plants 
which include BEPR which seem to have 
constant high SVI with filaments M. 
parvicella, 0041 and 0803”. Also Kristen- 
sen et al. (1994) noted “a distinct variation 
over the year in sludge settling character
istics. Sludge settleability improved during 
summer and deteriorated during winter.”

(3) From a survey of Rome’s plants, Rossetti 
et al (1994) found that “systems oper
ating with alternating aeration conditions 
(like Carousel type) with short anoxic- 
aerobic cycles show permanent high 
levels of low F/M filaments with the main 
filament being M. parvicella.”

(4) From a survey of German plants, Kunst 
and Reins (1994) state that “in the last 
years a lot of treatment plants with bio-P 
removal went into operation and people 
thought that anaerobic reactors in the 
treatment plants would be able to prevent 
sludge bulking -  the experience in tech
nical practice shows this didn’t happen.”

(5) From practical experience in operating 
long sludge age plants in South England, 
Foot et al (1994) concluded that (i) there 
is an inverse relationship between the 
total filament length (TFL) and the total 
oxidized nitrogen (TON) concentration in 
the effluent (the higher the TON concen
tration, the lower the TFL and vice 
versa), and (ii) “the widespread occur
rence of this species (M. parvicella) in 
WWTPs would tend to indicate that it is 
not so much the substrate (sewage char
acteristics) which are important as the 
configuration and operation of the plant.”

(6 ) From 10 years of experience with bulking 
in Dutch full-scale plants, Eikelboom 
(1993, 1994) concluded that (i) “devel
opment of M. parvicella shows a distinct 
seasonal pattern with highest DSVIs in 
spring and lowest in autumn”, (ii) “M. 
parvicella grows better in Carousel type 
systems than in other extended aeration 
plants and it is worse with settled 
sewage”, (iii) "the usefulness of selectors 
for controlling M. parvicella decreases as 
the overall load on the plant increases”, 
(iv) “after introduction of nutrient re
moval conditions, the DSVI increased in 
60% of these plants and M. parvicella was 
dominant in 87% of them” so that (v) 
“the application of BNR methods will 
even increase the dominating position of 
this organism”, and (vi) “the ultimate 
effect of selectors for control of M. 
parvicella is insufficient and unpredic
table so far. In Holland over 80 selectors 
have been incorporated in full-scale
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plants. Comparing the results with 15 
years ago, it seems that the percentage of 
plants with bulking has not significantly 
changed with application of selectors.”

Although most of these statements and 
conclusions confirm the research on low F/M 
(AA) filament bulking reviewed above, those of 
Foot et al (1994) and Eikelboom (1994) are 
particularly pertinent: (1 ) the problems being 
worst in spring (also noted by Kunst and Reins 
1994), (2) its being worse with settled waste
water, (3) the inverse relationship between the 
TFL and effluent TON, and (4) the decrease in 
efficacy of aerobic selectors if denitrification is 
permitted to take place in the main aeration 
reactor (owing to either under-aeration or in
creased plant load), all influence the denitrifi
cation performance of the plant and increase 
the likelihood of significant nitrate and nitrite 
concentrations being present at the transition 
from anoxic to aerobic conditions. A detailed 
exposition of the AA filament bulking hypo
thesis is presented by Casey et al. (in prep., 
a,b,c).

2.8 Formation of non-settleable solids
Solids from different biological wastewater treat
ment processes differ in their tendencies to 
flocculate. The flocculent nature of the solids, 
however, is vital to the performance of activa
ted sludge and solids contact processes. Some 
biological solids escape activated sludge SSTs 
because they have so little mass that they lack 
sufficient settling velocity to overcome the up
ward velocity resulting from the flow exiting 
from the tank. These dispersed biosolids either 
have not been incorporated into a floc particle 
or have been sheared from a floc particle as a 
result of excessive turbulence in the aeration 
basin or the mixed liquor transport system 
between the aeration basin and SST. Other 
biological solids -  even relatively large, well- 
flocculated solids -  can be caught in or swept 
into high-velocity currents that result from short- 
circuiting flows in the SST and can be carried 
to the effluent weir. It is to the first group of 
solids, the small, dispersed biosolids, that this 
section is directed. Consideration of these non- 
settleable solids must begin with a review of the 
theory and models used to describe particle 
flocculation and breakup.

2.8.1 Theory and models for flocculation 
and breakup

A mathematical description of the chemical/ 
physical flocculation reaction must take into 
account two opposing reactions: (1 ) the dis
appearance of primary particles by floc aggre
gation and (2 ) production of primary particles 
by floc breakup. In a flocculation system,

primary particles can be thought of as the 
smallest particles that will aggregate (i.e. stick 
together) given a collision of suitable orien
tation and magnitude. Primary particles in a 
biological system such as activated sludge are 
essentially individual bacterial cells.

On the basis of theoretical considerations, 
Parker et al. (1970) developed a differential 
equation describing the net rate of change of 
the number of primary particles in) with res
pect to time in a batch reactor:

where
n = primary particle number concen

tration (/l) 
t = time (s)

X = mixed liquor suspended solids 
(MLSS) concentration (mg/l)

G = root-mean-square velocity or shear 
gradient (/s) 

kA = floc aggregation rate coefficient 
(1/mg)

kB -  floc breakup rate coefficient 
((s)m_1/(mg)) 

m = floc breakup rate exponent (dimen- 
sionless).

The right-hand side of Equation 2.1 takes 
into account the formation and disappearance 
of primary particles by the mechanisms of floc 
breakup and aggregation, respectively.

Using a materials balance approach, Parker 
et al (1970, 1971, 1972) also developed an 
equation describing the performance of a con- 
tinuous-flow, completely mixed (CSTR) floc- 
culator operating at steady state, as would 
probably be found in practice. In the equation, 
performance was expressed in terms of a 
quotient in which the primary particle number 
concentration in the influent to the flocculator 
(n0) was divided by the primary particle con
centration in the effluent of the flocculator (nf):

where Dc is the dispersion coefficient given by 
the quotient X/n0 and T is the mean hydraulic 
residence time (HRT) in the flocculator. Again, 
the contributions of both floc aggregation and 
breakup to primary particle numbers are taken 
into account in Equation 2.2.

Primary particle number concentration was 
operationally defined as the mass concentration 
of suspended solids (SS) remaining in the 
supernatant after 30 min of settlement (Parker 
et al. 1970, 1971, 1972). The justification for 
doing so was based on the assumption that the 
particle size distribution in the mixed liquor 
was bimodal; one of the two peaks occurring at 
a mean size corresponding to primary particles, 
and the other peak occurring at a mean floc 
size (see Figure 2.3). The mean size of the
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smaller, primary particles was in the order of 
5 μm, which corresponds to the size of indi
vidual bacterial cells. The authors further 
reasoned that the supernatant of a mixed liquor 
sample after 30 min of settling would contain 
only the smaller, primary particles because the 
floc-sized particles would have been removed 
during settling. Several complete particle size 
distributions were reported to substantiate the 
assumption of a bimodal distribution (see Fig
ure 2.3). Also presented was experimental 
evidence that showed that the settling step 
removed a significantly greater percentage of 
the larger, floc-sized particles than the smaller, 
primary particles (Figure 2.4). Although these 
percentages were reported on a numerical rather 
than a mass basis, the operational definition of 
primary particle number concentration (i.e. 
supernatant SS mass concentration) was con
sidered tenable.

Parker et al (1970) conducted multiple 
flocculation tests in continuous-flow, completely 
mixed reactors (CSTRs) to verify their theor
etical development. In the flocculation tests, 
the mean hydraulic residence time (T) and 
mixing intensity (G) in the flocculators were 
varied. They used activated sludge obtained 
from a pilot plant. Four series of flocculation 
tests were performed, coinciding with four 
different operational conditions imposed on the 
activated sludge pilot plant. The plant was 
operated in the conventional activated sludge 
mode during Series I and II; during Series III 
it was operated as an intermediate-rate plant; 
and during Series IV it was operated as an 
ultra-high-rate plant. During the first two series 
the plant was operated at virtually identical 
substrate removal rates and solids retention 
times (SRTs), but at different MLSS concen
trations and hydraulic residence times.

The authors presented their results in a 
series of graphs in which the performance 
factor (n0/nt in Equation 2.2) was plotted as a 
function of G for constant T. They fitted 
Equation 2.2 to the data first by visually com
paring the fit of the equation, using theoretical 
values of 2 and 4 for the floc breakup rate 
exponent, m. On this basis they concluded that 
m was equal to 2 , indicating that floc breakup 
occurred by the erosion of primary particles 
from floc surfaces on account of fluid motion in 
the viscous dissipation subrange rather than the 
inertial convection subrange. The fact that m is 
equal to 2  for their data also can be dem
onstrated statistically.

Integration of Equation 2.1, assuming that kA 
and kB are independent of time and sub
stituting 2 for m, yields Equation 2.3 describing 
the primary particle number concentration in a 
batch flocculator as a function of time (t) 
(Wahlberg et al 1994a):

For a given sludge (constant dispersion coeff
icient Dc, i.e. constant X and n0) and constant 
G, Equation 2.3 reduces to the generalized 
form of a simple decreasing exponential (Wahl
berg et al 1994a):

Although the parameters in Equation 2.4 (a, 
β and X) are defined differently from those in 
Equation 2.3, they are functions of kA, kB, n0, G 
and X. Together, the two sets of parameters 
fully describe the flocculation characteristics of 
an activated sludge: kA is the floc aggregation 
rate coefficient, kB is the floc breakup rate 
coefficient, n0  is the initial number concen
tration of primary particles, λ (= kAGX) is the 
overall flocculation rate coefficient, a (= kBG/ 
kA) is the equilibrium number concentration of 
primary particles, and β (= n0- k BG/kA) is the 
difference between the initial and equilibrium 
number concentrations of primary particles, i.e. 
the number concentration of primary particles 
removed by flocculation.

The use of batch reactors to gain the requisite 
data to estimate these flocculation parameters 
greatly simplifies the approach introduced by 
Parker et al (1970) for CSTR reactors. In addi
tion, batch determination of the flocculation 
parameters kA, kB, n0, A, a and β with known 
statistical properties allow comparison hypo
theses to be formulated and tested. For exam
ple, the flocculation characteristics of the mixed 
liquor of one plant can be compared with those 
of another plant, or flocculation characteristics 
of a mixed liquor at the same plant can be 
compared for different operating conditions. 
Once the flocculation parameters fcA, kB, n0, λ  
a and β  have been calculated from the batch 
test data, the dispersion coefficient Dc and shear 
gradient G for the equivalent CSTR conditions 
(Equation 2.2) can be calculated, namely

2.8.2 Flocculation kinetic coefficients 
from 21-plant survey

Wahlberg et al (1994a) reported a survey of the 
flocculation parameters measured at 2 1  full- 
scale activated sludge plants. Five of the plants 
were visited more than once. A total of 30 sets 
of data were collected. These data are listed in 
Table 2.4. A typical result (Wilson Creek, Table
2.4) for the batch flocculation test is shown in 
Figure 2.7 together with the curve of Equation
2.3 or Equation 2.4 fitted to the batch test data. 
Also shown in Figure 2.7 is the theoretical curve 
for the CSTR mixing conditions calculated from 
the batch test flocculation constants obtained 
from the data. This is done for comparison
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Table 2.4. Table o f flocculation kinetic coefficients from 21-plant survey (Wahlberg et al. 1994a)

Plant Air° X
(g/1)

a
(mg/l)

β

(mg/l)

l 0-3λ
(/s)

10-5kA
(1/g)

10-8kA
(s)

n0
(mg/l)

Pendleton/Clemson M 2.570 20.6 28.8 4.14 10.7 14.8 49.5
Coneross M 3.710 8.10 13.2 5.82 10.5 5.65 21.4
Shoresbrook CB 2.272 17.4 17.7 17.7 51.8 60.1 35.2
Pacolet CB 2.246 6.56 6.66 6.41 19.0 8.33 13.2
Lawson Fork M 2.764 8.43 13.7 16.5 39.8 22.3 22.1
RM Clayton FB 3.677 3.61 5.24 10.6 19.2 4.60 8.85
Utoy Creek CB 2.335 2.44 16.9 13.0 37.2 6.07 19.3
Wilson Creek M 2.065 4.81 53.4 13.3 42.9 13.7 58.2
Coneross M 3.286 4.09 11.8 10.8 21.9 5.97 15.9
Middle Branch FB 2.557 1.92 1.14 12.1 31.6 4.03 3.06
George's Creek M 3.832 4.30 2.79 22.8 39.6 11.4 7.09
Golden Creek M 2.039 4.65 13.7 21.4 69.9 21.7 18.4
Due West CB 6.416 1.82 1.42 1.73 1.80 0.22 3.24
Ware Shoals M 0.478 25.2 58.8 6.71 93.6 158 84.0
Camp Creek FB 1.048 2.46 9.83 15.2 96.5 15.9 12.3
Gilder Creek M 2.431 2.60 10.6 16.8 45.9 7.98 13.2
Fairforest M 3.409 5.63 15.0 16.0 31.3 11.8 20.8
Coneross M 2.141 17.1 66.8 8.60 26.8 30.5 83.9
Manning FB 0.886 4.29 16.0 13.1 98.5 28.2 20.3
Rock Hill FB 4.908 14.2 36.8 9.94 13.5 12.9 51.0
Oakforest 3 CB 0.808 2.99 8.75 9.25 76.4 15.2 11.7
Coneross M 2.767 5.11 56.6 13.1 31.5 10.7 61.8
Oakforest 3 CB 0.695 8.41 9.70 4.36 41.9 23.4 18.1
Coneross M 1.967 7.43 57.9 9.61 32.6 16.2 65.3
Oakforest 3 CB 1.559 3.46 1.01 24.6 105 24.3 4.47
RM Clayton FB 3.046 3.92 23.2 13.6 29.7 7.76 27.1
Middle Branch FB 2.551 2.28 1.27 8.27 21.6 3.29 3.56
Coneross M 1.961 3.04 35.8 15.3 52.2 10.6 38.8
Utoy Creek CB 1.862 2.34 5.11 13.6 48.6 7.59 7.45
Oakforest 3 CB 2.773 3.33 1.61 9.84 23.7 5.24 4.94

* Abbreviations: M, mechanical; FB, fine bubble; CB, coarse bubble.

purposes because usually flocculators before or 
in SSTs operate under CSTR conditions.

Detailed discussion of the flocculation para
meters listed in Table 2.4 is given by Wahlberg 
(1992) and Wahlberg et al (1994a). For the pur
poses of this STR, however, three points about 
the data presented in Table 2.4 are important.

First, the equilibrium concentration of super
natant SS after batch flocculation and settling 
(i.e. a) is comparable for a wide variety of acti
vated sludges regardless of the initial state of agg
regation. Twenty-five of the 30 estimates of a 
reported were below 8.5 mg/l. The average of all 
the estimates of a given in Table 2.4 is 6 . 8  mg/l. 
This average has significance for activated sludge 
wastewater treatment plant design and operation 
professionals from two perspectives. It repre
sents the SS concentration that is achievable 
when a well flocculated activated sludge is 
settled under ideal conditions. Because most 
full-scale activated sludge plants consistently do 
not achieve ESS concentrations below 10 mg/l, 
significant improvement in effluent quality can 
be realized with attention to the flocculation 
step. Moreover, the overall a estimate, 6 . 8  mg/
1, indicates that a residual SS concentration will 
exist even when an activated sludge is 
flocculated and settled under ideal conditions.

Secondly, attainment of the flocculation equi

librium is rapid. The estimates of A given in 
Table 2.4 can be used to show that, on average, 
the flocculation reaction in a batch reactor was 
99% complete within 6.3 min of flocculation. 
All but 6  of the 30 activated sludges studied 
were 99% complete within 10 min of floccu
lation in a batch reactor. The flocculation para
meters given in Table 2.4 can be used to show 
that at least 20 min is required in a CSTR 
flocculator to achieve the equilibrium (i.e. 
minimum) primary particle (i.e. SS) concen
tration (see Figure 2.7) (Wahlberg et al 1994a).

Thirdly, as an example of the use of these 
flocculation parameters in research, design and 
operation, it is interesting to note that the 
estimate of kA for the sludge obtained at Camp 
Creek, i.e. 96.5 x 10- 5 1/g, was the third largest 
kA estimate made in this study. Ferric sulpfate 
was being added to this mixed liquor for phos
phorus removal at the time that the flocculation 
tests were performed. Ferric ions are often 
used as flocculation aids in water and waste
water treatment, a fact possibly borne out by 
the observed high estimate of the aggregation 
rate coefficient, kA. This observation suggests 
that the procedure used in the study by Wahl
berg et al (1994a) can be used to study the 
impact of flocculation aids on the rate and 
extent of the flocculation reaction.
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2.8.3 Definition of dispersed suspended 
solids (DSS)

Primary particles not incorporated into activa
ted sludge floc before or during settling become 
SS in SST effluents. Therefore the flocculation 
reaction has a direct bearing on SST perform
ance. Parker et al. (1970) operationally defined 
primary particle concentration as the super
natant SS concentration after 30 min of settling 
(see Section 2.7.1). They were the first to use a 
Kemmerer sampler to quantify the instan
taneous primary particle concentrations of 
mixed liquor samples. This 4.2-litre sampler is a 
clear container 105 mm in diameter and 
600 mm tall with upper and lower closures (see 
Figure 3.24 in Section 3.5.1). After the sample 
is collected in the Kemmerer sampler, it is 
allowed to settle for 30 min, at which time the 
supernatant is sampled by using a siphon and 
analysed for SS concentration (see Wahlberg et 
al. 1995).

The use of a single container for sampling 
and settling spares the biological floc in the sam
ple from any secondary flocculation or breakup 
effects caused by an intermediate transfer step. 
Therefore the supernatant SS concentration 
after 30 min of settling in a Kemmerer sampler 
affords a ‘snapshot' of the flocculation charac
teristics of the sample at the moment and 
location at which the sample was taken. The 
large, settleable flocs settle in the 30 min period, 
whereas the dispersed, primary particles not 
incorporated in the settling sludge remain in 
the supernatant. The supernatant SS concen
tration after 30 min settling in a Kemmerer 
sampler is called the dispersed SS (DSS) 
concentration (Wahlberg et al. 1995).

The DSS concentration has been shown to 
closely approximate the ESS concentration from 
a well designed and operated SST, i.e. a settling 
tank with a flocculator centre well and not sub
ject to short-circuiting or denitrification (Parker 
and Stenquist 1986). Das et al. (1993) used the 
DSS test to study floc breakup in activated 
sludge plants.

2.8.4 Definition of flocculated suspended 
solids (FSS)

Wahlberg et al. (1995) developed a complem
entary test to the DSS test called the floccu
lated suspended solids (FSS) test. Whereas 
the DSS test quantifies the state of flocculation 
of a sample at the moment and location at 
which the sample is taken, the FSS test quanti
fies the flocculation potential of a mixed liquor 
sample by simulating the optimum degree to 
which the sample can be flocculated. The FSS 
test is performed under ideal flocculation and 
settling conditions (for test details see Section
3.5).

Figure 2.7. Supernatant suspended solids concentra
tion as a function o f flocculation time under 
batch conditions for Wilson Creek activated 
sludge (redrawn from Wahlberg et al. 
1994a). The theoretical curve for the 
equivalent continuous-flow stirred tank 
reactor (CSTR) conditions is also shown for  
comparison because flocculator centrewells 
usually perform closer to CSTR conditions 
than batch (plug flow) conditions.

Only one of the 30 activated sludges tested 
by Wahlberg et al (1994a) was not at the 
minimum supernatant SS concentration within 
30 min of flocculation time. Therefore the FSS 
concentration is operationally defined as the 
supernatant SS concentration after 30 min of 
flocculation followed by 30 min of settling.

2.8.5 Process determinants of activated 
sludge flocculation

Mixed liquor exiting from activated sludge aer
ation basins is naturally flocculent under most 
design and operating conditions. Process deter
minants affecting activated sludge flocculation 
include (1) solids retention time (SRT), (2) 
MLSS concentration, (3) aeration basin DO 
levels and (4) aeration basin and mixed liquor 
transfer system turbulence.

Parker et al. (1970) found that neither the 
substrate removal rate nor the SRT adequately 
characterized activated sludge with respect to 
the experimentally determined floc aggregation 
and breakup rate coefficients. However, in 
terms of the degree of dispersion (Dc; see 
Equation 2.2), the data of Parker et al (1970) 
indicated an inverse relation with the SRT 
Others have reported a similar relation be
tween the degree of dispersion and the SRT of 
activated sludges without mechanical floccu
lation (Bisogni and Lawrence 1971 (see Figure 
3.22); Pitman 1975; Chao and Keinath 1979 
(see Figure 3.23)). Cashion and Keinath (1983) 
recommended, on the basis of their pilot-plant 
results, that superior bioflocculation without 
mechanical assistance occurs at comparatively 
high SRTs (e.g. 8  d) and low HRTs (for example 
4-8 h).

Tuntoolavest et al (1980) found the MLSS 
concentration to be the most important single
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factor of those investigated affecting ESS con
centrations from a pilot-scale activated sludge 
system. Furthermore, using multiple regression 
analysis, they found that 90% of the variability 
in observed SST ESS concentrations could be 
explained in terms of the product of the MLSS 
concentration and aeration basin turbulence 
level. Chapman (1983) also reported ESS dis
charged from a large-scale pilot plant to be 
adversely affected by increases in the MLSS 
concentration; Wahlberg et al (1994b) have 
also observed this at full scale (see Figure 3.19 
in Section 3.4.2).

Starkey and Karr (1984) reported on a 
bench-scale study of the effect of low DO con
centration and turbulence level on the clarity of 
activated sludge effluents. In one phase of their 
study they operated three intemal-recycle 
reactors in parallel. After steady-state con
ditions had been established, the air flow to one 
of the reactors was shut off while the air flow 
was replaced with an equal flow rate of nitro
gen gas in another reactor. All three of the 
reactors contained mechanical mixers that 
delivered a mean velocity gradient, G, of 30/s to 
the aeration basin contents. A total G of 108/s 
resulted in the two reactors’ receiving gaseous 
flows. Discontinuing the oxygen supply had a 
deleterious effect: effluent turbidity increased 
significantly after an initial lag period. This effect 
was observed in both reactors not receiving air 
but was more significant under the higher floc- 
shearing conditions, i.e. in the reactor receiving 
the nitrogen gas. After the oxygen flow was 
resumed, effluent turbidity was restored to its 
pre-test level. Because of this observation and 
the observed lag period between oxygen dis
continuation and the onset of elevated turbidity 
levels in the effluents, the authors concluded 
that the lack of oxygen physiologically inhibited 
exopolymer production.

Activated sludge aeration basins are necess
arily turbulent to keep solids in suspension, to 
disperse oxygen to the biomass, and to provide 
good mixing of the organics and biomass. 
Numerous other researchers, however, have re
ported that excessive turbulence in an aeration 
basin causes breakup of activated sludge flocs 
with a concomitant deterioration in SST efflu
ent quality (see, for example, Parker et al 1970; 
Ganczarczyk 1983). Das et al (1993) have 
shown a direct relation between the G main
tained in full-scale, diffused-air activated sludge 
aeration basins and mixed liquor DSS concen
trations.

Excessive turbulence during the conveyance 
of a mixed liquor from the aeration basin to the 
SST also can result in floc breakup (Das et al
1993). Mixed liquor exiting from activated 
sludge aeration basins is variously subjected to 
pumping, free falls, small diameter and tortu

ous piping networks, and hydraulic devices for 
flow energy reduction and distribution. Wahl
berg (1992) showed that activated sludges 
subjected to excessive shear in a high-speed 
blender can be flocculated to pre-breakup DSS 
levels.

The influence of the aeration basin turbu
lence level on the physical characteristics of 
flocs has been reported by Galil et al (1991). 
The four bench-scale activated sludge reactors 
used in their study were identical in all respects 
(size, influent and air flow rates, and SRT) 
except for the level of mechanical energy im
parted to the mixed liquor in the aeration basin. 
The G values maintained in the four reactors 
were 64.1, 70.5, 107.1 and 173.5/s. The num
bers of smaller particles (less than 500 μ m) in 
the mixed liquor increased and their mean 
particle size decreased with increasing G. The 
average reactor ESS concentration was lowest 
in the reactor maintained at a G of 70.5/s; signi
ficantly larger concentrations were discharged 
from the reactors with higher G values.

The work of Konicek and Burdych (1988) 
suggested that the method of aeration em
ployed in the aeration basin affects the floccu
lation characteristics of the sludge. The numbers 
of smaller particles (less than 3.33 μ m) were at 
least 2 0  times greater in mechanically aerated 
activated sludge samples than in the diffused- 
air activated sludge samples, even though the 
two sludges had nearly identical MLSS concen
trations. This observation corroborates the 
early work of Ridenour and Henderson (1936, 
1937), who showed that diffused air systems led 
to lower ESS concentrations than did mechan
ically aerated systems.

In assessing activated sludge SST design con
cepts, Parker (1983) argued that SSTs following 
aeration basins with fine-bubble aeration sys
tems have superior SS capture efficiencies to 
those following mechanically aerated basins. 
He gave two reasons for this. First, the higher 
oxygen transfer efficiencies that are obtained 
for fine-bubble systems transfer less power and 
therefore lower floc shear levels to the mixed 
liquor for the same oxygen transfer rates. Sec
ondly, for both coarse-bubble and fine-bubble 
aeration, the mixing energy is more uniformly 
distributed throughout the aeration basin 
volume, eliminating the extremely high shear 
zones that exist adjacent to the blades of 
mechanical aerators.

2.8.6 Effect on SST performance
The beneficial effect of flocculation on SST 
performance is demonstrated by considering 
flocculation data obtained at two full-scale facil
ities. Further details, which include a descrip
tion of the test methods, are given in Section
3.5.
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The first example, reported by Wahlberg et 
al (1994a), is the flocculation curve shown in 
Figure 2.7 obtained at the Wilson Creek plant. 
The large aeration basin at this plant was 
originally constructed with a diffused aeration 
system. After the plant had operated for some 
time, the air headers in the aeration basin 
separated from their anchors and floated to the 
surface. Because it was not possible to take the 
aeration basin off-line, it was not possible to 
repair the aeration system. On this account, 
several floating mechanical mixers and aerators 
were installed in the aeration basin by mooring 
them with cables to the side of the basin. By 
the time the activated sludge at the Wilson 
Creek plant was tested by Wahlberg et al 
(1994a), the operators had gained considerable 
experience with the mechanical aeration sys
tem. The operators noted that they were unable 
to attain the same degree of clarity in the SST 
with the mechanical aerators in operation as 
they had previously achieved with the diffused- 
air system. The flocculation tests conducted at 
this plant (Figure 2.7) indicated that this sludge 
responded well to flocculation. Flocculation 
removed approximately 53 mg SS/1 (quantified 
by the β flocculation parameter; see Table 2.4). 
Moreover, the a flocculation parameter for this 
sludge, 4.8 mg SS/1, indicates that a high-quality 
effluent could be achieved under ideal condi
tions of flocculation and settling. However, two 
aspects of the plant layout preclude the possi
bility of ideal flocculation conditions. First, one 
of the larger mechanical aerators used at the 
plant was positioned close to the aeration basin 
discharge point. The detrimental effect of the 
placement of this aerator on floc integrity is 
apparent in the high n0  estimate for this sludge,
58.2 mg SS/1 (Table 2.4). Secondly, the mixed 
liquor conveyance system between the aeration 
basin and secondary settling tanks was short, 
allowing little opportunity for flocculation to 
occur. There was no doubt that the effluent 
quality from this plant would improve either 
with the addition of flocculator centre wells in 
the SSTs (see Section 7.4) or by repositioning 
the aerator away from the aeration basin dis
charge.

In the second example of flocculation data 
obtained at a full-scale facility, Figure 2.8 shows 
the DSS and FSS tests performed at a trickling 
filter/solids contact (TF/SC) facility as part of a 
rating study investigating the feasibility of 
increasing the capacity of the plant with minor 
modifications (Wahlberg et al 1995). Twice a 
day over 5 days the DSS concentration was 
measured at the exit of the solids contact tank 
(i.e. the aeration basin exit), at the mixed liquor 
transfer (i.e. flow splitting) box, and at the 
centre well of one of the four on-line SSTs. The 
FSS concentration was measured at the centre

well and the ESS concentration was measured 
at the effluent weir. Figure 2.8 gives the 
average DSS concentrations at the different 
sampling locations together with the average 
ESS and FSS (labelled ‘flocculation potential'). 
The average FSS concentration, 3.1 mg/1, rep
resents the ESS concentration that can be 
achieved under ideal flocculation and settling 
conditions. It can be seen that the average DSS 
concentrations between the aeration basin out
flow (18.5 mg/1), the mixed liquor transfer box 
(15.8 mg/1) and the SST centre well (15.3 mg/1) 
changed little. The decrease of 3.2 mg DSS/1 
between the aeration system and the SSTs indi
cates that some flocculation was occurring, 
primarily before or in the mixed liquor transfer 
box. In contrast, the average FSS concentration 
indicated that (1 ) the potential improvement in 
effluent quality that could be achieved by 
flocculation was substantial and (2 ) the floccu
lation that was occurring had not reached 
completion. The decrease between the DSS 
concentration in the SST centre well and the 
ESS concentration (12.8 mg/1) suggests that 
some additional flocculation was occurring in 
the tank after the solids moved from the centre 
well. Nevertheless it is clear that the full floccu
lation potential of the mixed liquor was not 
being realized and that enhanced flocculation 
would improve effluent quality. On the basis of 
these results, the plant staff is retrofitting the 
SSTs with flocculator centre wells. Further 
detail on this often neglected approach for im
proving ESS concentrations is given in Section
3.5.

2.9 Formation of floating solids

2.9.1 Causes of foam formation
Extensive reviews of the literature on the 
causes of foaming in activated sludge processes 
are presented in Jenkins et al (1984a, 1993) 
and Wanner (1994a), summaries of which are 
presented in this section. In general, foam and 
scum tend to form and collect on the surface of 
the aeration tanks and are washed into the SSTs 
together with the mixed liquor. Surface foam 
and scum can be physical, chemical or biologi
cal in nature, with the biological foams being 
the most persistent and difficult to avoid and 
control.

In activated sludge plants without primary 
treatment and in plants with ineffective scum 
removal in the primary settling tanks (PSTs), oil 
and greases in the influent wastewater tend to 
accumulate on the surface of the aeration tanks 
and SSTs. This material forms grease balls that 
accumulate on the tank surfaces, or stick to the 
tank walls and partly submerged equipment at 
the water surface level. Although this material 
might not have a detrimental effect on the plant
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Figure 2.8. Example results o f  DSS/FSS testing 
showing discrepancy between ideal 
flocculation and settling conditions (i.e. 
flocculation potential) and ESS 
concentration (redrawn from Wahlberg et 
al. 1995).

performance, it is unsightly and a nuisance to 
operating and maintenance staff. A common 
solution in such cases is to provide a grit cham
ber combined with an oil and grease flotation 
as pretreatment.

Large quantities of white frothy foam are 
often generated on the surface of the aeration 
tanks and SSTs of activated sludge plants 
(ASPs) during start-up. This material is prob
ably an accumulation of undegraded surface- 
active organic matter, and usually disappears 
once the sludge mass becomes established. More 
persistent voluminous frothy white foams were 
common in plants treating domestic wastewater 
when poorly biodegradable, branched-chain 
alkylbenzene sulphonate-based detergents were 
being marketed, but these problems largely dis
appeared with the introduction of biodeg
radable household detergents. The treatment 
of some industrial wastewaters with slowly de- 
gradable surfactants can also lead to foaming 
problems in ASPs, but these tend to be site- 
specific. The production of a ‘volcanic’ or 
‘pumice-like’ foam and associated effluent tur
bidity can result from the recycling of excessive 
quantities of fine solids from sludge-handling 
units to the secondary treatment process. 
Overdosing of polymers in sludge dewatering 
machines has also been indicated as a possible 
cause of scum formation (Bradley and Kharkar 
1996).

The most persistent floating solids that form 
on the surface of aeration tanks and SSTs are a 
viscous, chocolate-coloured foam or scum, some
times referred to in the literature as ‘chocolate 
mousse’. Microscopic examination of these 
foams has shown the presence of Gram-posi- 
tive, branching filamentous bacteria, principally 
Nocardia amarae (Lechevalier 1975), M. parvi- 
cella (Jenkins et al 1984a, 1993; Duchene
1994), N. pinensis (Blackall et al 1991) and 
other nocardioform actinomycetes (Lechevalier 
and Lechevalier 1974) in concentrations greater 
than those found in the mixed liquor. A number

of researchers (Richard et al 1982; Strom and 
Jenkins 1984; Blackbeard et al 1986, 1988) 
have found that Nocardia is a commonly ob
served filamentous organism in activated sludge 
processes (Table 2.3). Albertson (1993) states 
that several investigators (Eikelboom 1975; 
Pipes 1978; R.F. Lewis, personal communi
cation (1979) in Jenkins et al (1984a); Matsche
1982) have reported an association between 
Nocardia foam and emulsified oils and greases. 
This foam is made up of enriched Nocardia, 
activated sludge flocs, air bubbles and fatty 
compounds that give the foam a hydrophobic 
quality, making it difficult to disperse with 
water sprays. Hart (1985) cited work by 
Margaritis et al (1979) and Sar and Rosenburg
(1983) who reported on the extracellular pro
duction of bio-emulsifiers by 16 different strains 
of Acinetobacter calcoaceticus. Hart found that 
in nutrient removal plants the microbial com
position of the scum consisted almost entirely 
of M. parvicella when more acetates were 
introduced to the plant. Blackbeard et al 
(1986, 1988) showed that Nocardia, M. parvi
cella and Type 0092 are far more frequently 
dominant in the foam than in the mixed liquor, 
indicating that these filaments accumulate 
selectively in the foam. Duchene (1994) found 
that 20% of French activated sludge plants are 
affected by foam: 16% of these are linked with 
M. parvicella and only 14% with nocardio- 
forms. In a study of over 40 French plants he 
reiterated the findings of many researchers in 
respect of the causes of foaming as being, 
among others, the effect of aeration, trapping 
of foam on the surface of the activated sludge 
plant or the SST, recycling of foam to the 
aeration basin, recycling of foam from aerobic 
digesters, decrease in size of the anoxic zone 
and the role of short-chain fatty acids in pro
moting the growth of M. parvicella.

There seem to be two principal reasons for 
the increase in foaming problems in activated 
sludge plants in recent years. First, there is an 
increase in the number of extended aeration 
and biological nutrient removal (BNR) pro
cesses, which are operated at longer sludge ages 
than conventional activated sludge processes in 
order to sustain nitrification. Pipes (1978) sug
gested that the growth of Nocardia is associated 
with warmer weather (mixed liquor temper
atures above 18 °C) and longer sludge ages 
(SRTs > 9 d). Warmer temperatures and longer 
sludge ages provide increased opportunities for 
the relatively slowly growing foaming organisms 
to proliferate in the process, as the washout 
rate for these organisms is less likely to be 
exceeded. Secondly, it is now common practice 
in many countries, and mandatory in the USA, 
to incorporate scum baffles and skimmers in 
SSTs. With the installation of scum baffles, the
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residence time of the floating scum is in
creased, particularly if the scum removal is 
inefficient, and there is an increased possibility 
that the secondary scum, which contains 
Nocardia-rich activated sludge particles, will be 
recycled to the secondary treatment process, 
where it can serve to re-inoculate the sludge 
mass with these foaming organisms.

2.9.2 Flotation by degasification
Nitrate nitrogen entering the SSTs at nitrifi
cation and nitrification/denitrification ASPs is a 
concern because of the potential for denitrifi
cation to occur in SSTs, which can result in the 
rising of solids from the sludge blanket with a 
concomitant increase in ESS. This occurs 
because of the formation of bubbles of nitrogen 
gas that are entrapped in the sludge mass; 
eventually the gas lowers the density of the 
sludge mass and it floats to the surface. Henze 
et al. (1993) identified seven factors that affect 
the actual concentration of nitrogen gas at a 
given depth in a SST:

• solubility of nitrogen gas
• depth below the water surface
• nitrogen gas concentration in SST influent
• nitrogen gas production rate from denitri

fication
• oxygen concentration in the SST influent
• water passage time from inlet to actual 

position in SST
• nitrate available for denitrification.

The nitrogen gas production rate from denitri
fication depends on four factors (Marais and 
Ekama 1976; Henze et al. 1993): (1) the carbon 
source available for denitrification, (2 ) the sludge 
age, (3) the temperature and (4) the sludge 
concentration. Henze et al. (1993) estimated 
that between 6 - 8  and 8-10 mg NO-3-N/l needs 
to be denitrified in the sludge blanket to cause 
sludge flotation at 10 and 20 °C respectively. 
Therefore in plants that generate about 
30-35 mg NO-3 N/I at full nitrification not more 
than 25% of the nitrate should be denitrified in 
the SST to avoid rising sludge. Denitrification 
in the sludge blanket in SSTs is commonly 
experienced in plants designed for nitrification 
but without denitrification, or in plants where 
nitrification is not intended but nevertheless 
still takes place, such as in high rate plants 
operated at warm climates (mixed liquor tem
peratures above 25 °C); if such plants are to 
achieve low effluent BOD5  (COD) concen
trations, it is best to design the plant with 
intentional denitrification zones to limit denitri
fication in the SST. Indeed, denitrification also 
imparts two additional benefits, i.e. partial 
H2 CO3 * alk (alkalinity of the carbonate system 
with respect to the carbonic acid species) and 
oxygen recovery utilized in nitrification (WRC

1984). The problem is less common in plants de
signed for nitrification and denitrification owing 
to the lower concentration of nitrate in the mixed 
liquor entering the SSTs. Crabtree (1983) des
cribed problems experienced with denitrifica
tion in SSTs in nitrifying activated sludge plants 
in England. Plants designed for nitrification 
and denitrification usually have a longer SRT 
and a less active biosolids mass in the SST.

Albertson and Hendricks (1992) described 
centrally scraped SSTs in which the scraper 
mechanism was incapable of moving the sludge 
to the central withdrawal point quickly enough 
for efficient removal at the 23rd Ave WWTP in 
Phoenix, Arizona, USA. This resulted in short- 
circuiting, leaving sludge in the outer edge of 
the tank to accumulate while fresh sludge was 
withdrawn from the centre. The problem was 
exacerbated by the fact that the plant was a 
high-rate activated sludge plant that was not 
designed for nitrification. However, the oper
ators could not prevent the plant from nitri
fying at the high mixed liquor temperatures by 
controlling the sludge age alone. As a result, 
the mixed liquor entering the SSTs had a 
relatively high nitrate concentration. Denitrifi
cation occurred in the sludge layer at the peri
phery of the SSTs, which led to severe rising 
sludge problems.

Similar problems were experienced at the 
ASPs in the cities of Sao Paulo and Brasilia 
(Baruari), where mixed liquor temperatures 
were as high as 28 °C. Although the plant was 
not designed for nitrification, partial nitrifi
cation occurred at very short sludge ages, which 
increased the oxygen uptake rate in the process 
and left a low DO concentration in the mixed 
liquor flow to the SSTs. This in turn resulted in 
rapid denitrification in the sludge blanket. 
Sludge age control was not sufficient to sup
press nitrification (Marais and Ekama 1976).

Most problems with denitrification in SSTs 
result from endogenous respiration and the 
utilization of adsorbed slowly biodegradable 
organics (SBCOD). The extent of denitrifica
tion is a function of the mixed liquor active 
fraction and the ratio of adsorbed SBCOD to 
active masses, which depends on the sludge age 
of the process (WRC 1984). The active fraction 
and adsorbed SBCOD mass of the sludge are 
lower in plants with long sludge ages, and can 
be determined from activated sludge models 
(see, for example, WRC 1984; Henze et al. 
1987; Dold et al 1991; Siegrist et a l 1995). The 
decay of the active mass supplies the alternative 
energy source for denitrification in SSTs. 
According to WRC (1984), the rate of endogen
ous denitrification in activated sludge plants is a 
function of the active mass fraction of the sludge 
and the mixed liquor temperature. These two 
parameters are important in determining the
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2. Determinants of settling behaviour of biological sludges

Figure 2.9. Effluent suspended solids concentration as 
a Junction o f effluent nitrate concentration 
at a large nitrification/denitrification plant 
(redrawn from Flancher 1993).

potential for denitrification in SSTs. In general, 
denitrification shows zero-order kinetics above 
a particular rate-limiting concentration (Chris
tensen and Harremoes 1977). However, the 
diffusion rate of nitrate from the bulk phase to 
the floc surface is controlled by the nitrate 
concentration gradient. Therefore denitrifica
tion tends to occur at a faster rate at higher 
bulk nitrate concentrations and so the danger 
of rising sludge increases as the nitrate conce
ntration increases (Figure 2.9). Siegrist et al. 
(1995) found that elevated sludge blankets can 
increase the denitrification in the SST by 
15-20% at 10 °C, but this can increase signifi
cantly as temperature increases, increasing the 
dangers of rising sludge under high flow con
ditions and high temperatures.

The gases produced in denitrification are 
carbon dioxide and nitrogen. The solubility of 
carbon dioxide depends on the liquid pH and 
H 2 C 0 3° alk and the onset of supersaturation is 
difficult to predict. Mixed liquor entering the 
SST is normally supersaturated with nitrogen 
owing to intense aeration, and nitrogen gas can 
be expected to be released upon formation. In 
addition, denitrification can occur in the 
presence of a positive DO in the SST bulk 
liquid. A well-designed SST will have well- 
flocculated solids. In-floc denitrification has 
been indicated as being responsible for a large 
degree of denitrification taking place in the 
activated sludge systems (Ho 1995). By the 
time the mixed liquor arrives in the SST, nitrate 
is well diffused into the floc and further 
penetration will depend on the diffusion from 
the bulk liquid. With no further agitation, the 
diffusion of bulk DO into the inner floc is 
impeded, leading to the use of nitrate as the 
terminal electron acceptor. Robinson et al.
(1982) suggested that when the DO concen
tration falls below 4 mg/l, the diffusion rate 
through the floc is insufficient to satisfy the 
demand of centrally located organisms. Under 
these conditions, organisms that can respire

facultatively use nitrate as the electron accep
tor, thus producing nitrogen gas. Crabtree
(1983) reported that the DO concentration into 
the SSTs at the Coleshill WWTP in the UK was 
about 3 mg/l, whereas that in the underflow 
was about 0.6 mg/l. This indicated that there 
was a diffusion limitation, because the DO 
would have been depleted in an equivalent 
completely mixed reactor.

Crabtree (1983) also found that there was no 
correlation between the respiration rate of mixed 
liquor and the denitrification rate in the sludge 
blanket of SSTs at the temperature range of 
9-19 °C. He also observed an induction period 
for the onset of denitrification after an aeration 
period ranging from 5 min to 1 h, with an 
average of 35 min. From these observations he 
concluded that the maximum sludge residence 
time in an SST before removal should be 1 h, 
which underlines the importance of having suf
ficient capacity for sludge transport and collec
tion; the sludge volume and storage time in the 
tank are governed by this (see Section 7.6). He 
also found a good correlation between liquid 
temperature and the denitrification rate in 
SSTs and that the diffusion rate is proportional 
to the absolute temperature.

The buoyancy of the gas bubbles is also a 
function of the liquid temperature. The com
bination of these two factors increases the 
buoyancy of the gas by 15% for a temperature 
increase of 10 °C. Crabtree (1983) also found a 
strong relationship between the denitrification 
rate and the mixed liquor nitrate concentration. 
Given that the nitrate concentration was always 
greater than the rate-limiting concentration of 
about 2  mg/l, this clearly indicated the effect of 
enhanced diffusion rates. The ATV limits the 
thickening time in SSTs for WWTPs with nitri
fication but without denitrification to between 
1.0 and 1.5 h (ATV 1991, 1993).

Crabtree (1983) found no correlation be
tween poor sludge-settling characteristics and 
denitrification in SSTs. In cases where the 
mixed liquor from both fine-bubble or surface 
aeration plants were supersaturated with nitro
gen gas by up to 126%, some degassing in the 
upper layers of the SSTs was observed. This led 
to the concept of ‘apparent denitrification’ 
observed in SSTs where no denitrification was 
expected. Apparent denitrification can lead to 
loss of solids in the degassing zone. Supersatur
ation of the mixed liquor with respect to carbon 
dioxide is also possible but unpredictable, and 
might also be implicated in apparent denitri
fication. Degassing mixed liquor from deep 
aeration tanks is important, in particular with 
shallow SSTs.

2.9.3 Effect on sedimentation
The presence of excessive quantities of foam
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and scum on the surface of SSTs creates both 
aesthetic and operational problems at waste
water treatment plants. The material is unsightly 
and gives the impression of poor wastewater 
treatment efficiency and low levels of plant 
maintenance. If the foam and scum are not 
trapped by the scum-skimming devices and 
escape over the weir together with the plant 
effluent, it can significantly increase the ESS 
concentration. In plants designed for biological 
phosphorus removal, the mass of phosphorus 
leaving the SSTs in the foam and scum can also 
be large enough to cause a deterioration in the 
system phosphorus removal performance (see 
Sections 1.5 and 6.4.2). In an advanced waste
water treatment plant with a tertiary filtration 
stage, the presence of large quantities of foam 
and scum in the secondary effluent can require 
frequent backwashing or result in the blockage 
of the effluent filters.

Nocardia foam, in particular, presents a 
significant problem for plant operators. If the 
foam is prevented from passing between the 
biological reactor and the SSTs, it can accumu
late to the extent that it overflows the basin, 
making the walkways and handrails slippery 
and dangerous. If the foam is allowed to pass 
freely into the SSTs, it can overwhelm the 
skimming equipment and flow over the weirs, 
thus increasing the ESS concentration. In cold 
climates the foam can freeze on the tank 
surface, damaging the scum removal devices. 
In warm climates the surface foam can degrade 
and generate significant odours.

2.9.4 Control mechanisms
The most effective means of controlling the 
formation of floating solids in SSTs are as 
follows:

• eliminating the root causes of floating solids 
formation in the biological reactor and SST

• eliminating biological foaming through the 
use of selectors and sludge age control

• preventing floating solids that have formed 
in the biological reactor from entering the 
SST, and selectively wasting them together 
with the waste activated sludge

• changing the operation or design of the S STs 
to eliminate flotation by degasification

• providing sufficient capacity for sludge 
transport and collection of the sludge col
lection system (see Sections 6.3.4 and 7.6).

If floating solids are still present in the SST 
after implementation of the above control 
methods, the elimination and removal of 
floating solids by using water and chemical 
sprays might be required.

Activated sludge aeration tanks must be 
designed to ensure that floating solids do not 
accumulate on the surface of the individual

cells or lanes but are encouraged to move 
downstream by the tank hydraulics. Also, wind 
effects should not be ignored when selecting a 
foam removal point. In this way the retention 
time of the scum is reduced and the oppor
tunity for the growth of foaming organisms is 
minimized. This is best accomplished by 
placing control weirs and baffles at all inter-cell 
connections. These devices should provide suf
ficient head loss and mixing energy to prevent 
backmixing and to ensure that the floating 
solids are incorporated into the mixed liquor 
moving downstream. This is particularly impor
tant at the point where mixed liquor flows from 
an unaerated zone into an aerated zone, as the 
higher water level in the aerated zone (as a 
result of the lower bulk density of the aerated 
zone liquid) prevents the floating solids from 
moving downstream, thus trapping the material 
in the unaerated zone. At the end of the 
bioreactor, the mixed liquor should flow freely 
over a level control weir into the mixed liquor 
channel. Once in the mixed liquor channel, the 
floating solids must be prevented from entering 
the SSTs. This is best done by breaking the 
surface of the mixed liquor channel by using a 
scum baffle or a submerged mixed liquor dis
charge. Turbulence at the exit from the mixed 
liquor channel that causes mixing of the float
ing solids and the mixed liquor must be avoided 
so that the floating solids do not enter the SST 
inlet piping. This also limits floc disruption 
before settling.

The floating solids in the mixed liquor chan
nel are best removed with a device specifically 
designed to draw liquid from the surface of the 
channel, for example bell mouth weir, tele
scoping valve or floating skimmer. From there, 
the material should be wasted directly to the 
solids-handling units and prevented from re
entering the liquid process stream where it can 
reseed the process with foaming organisms. 
The most efficient method of removing floating 
solids from the process is through ‘selective 
wastage’, which is normally used in combina
tion with hydraulic control of the process sludge 
age, i.e. a system in which mixed liquor is wasted 
from the aeration tank rather than a side stream 
of the return activated sludge (Figure 1.1). 
Mixed liquor is selectively wasted from the sur
face of the mixed liquor channel at a point at 
which the floating solids are encouraged to 
accumulate, and conveyed to the waste acti
vated sludge (WAS) thickener. This necessitates 
the use of a WAS thickener that mixes the 
floating solids together with the thickened sludge 
such as a dissolved air flotation thickener or a 
gravity belt thickener. However, selective wast
age precludes the use of gravity thickeners for 
WAS thickening as the floating solids con
taining the foaming organisms are more likely
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to be recycled to the process together with the 
thickener supernatant, where they can reseed 
the sludge mass.

Scum collected from the surface of SSTs can 
also contain high concentrations of foaming 
organisms. Care should be taken that this 
material is not allowed to accumulate on the 
surface of the SST and that it is removed from 
the liquid stream rather than being recycled to 
an upstream point where it can reseed the 
process with foaming organisms. The material 
should be handled in the same manner as the 
waste activated sludge.

Nocardia actinomycetes are relatively slow- 
growing organisms compared with common 
activated sludge floc-formers. For this reason 
the growth of Nocardia in activated sludge pro
cesses can be controlled by reducing the sludge 
age to around 3 days to create washout con
ditions (Sezgin and Karr 1986; Pitt and Jenkins 
1990, 1991). Cha et al. (1992) found that the 
sludge age required for Nocardia actino
mycetes was 2.2 d at 16 °C, and 1.5 d at 24 °C. 
However, at the short sludge ages required for 
Nocardia washouts, sludge age control is not 
considered a viable control method in plants 
designed for nitrification.

Blackall et al. (1991) and Cha et al (1992) 
found that aerobic selectors were effective at 
controlling the growth of Nocardia foaming 
organisms at sludge ages of about 5 days. How
ever, at sludge ages of around 1 0  days, aerobic 
selectors were found to be ineffective. A num
ber of investigators (Sezgin and Karr 1986; 
Gasser 1987; Albertson and Hendricks 1992; 
Cha et al 1992; Kappeler et al 1993) have 
reported greater success with the use of anoxic 
zones to control the growth of Nocardia at 
sludge ages adequate for nitrification. Although 
the growth of nocardioforms can be controlled 
with biological control methods such as sludge 
age and selectors, these methods are less effec
tive in controlling the foams caused by M. 
parvicella. These foams must be either treated 
chemically or removed from the process physi
cally.

The problems associated with foaming by 
degasification in SSTs can be minimized by 
implementing and optimizing denitrification in 
all nitrifying activated sludge processes, even 
those not required to meet an effluent total 
nitrogen (TN) standard. In addition to the pro
cess benefits associated with optimizing denitri
fication (e.g. recovery of about half of the 
oxygen and H 2 CO3 0  alk consumed during nitri
fication), a major benefit of denitrification is 
that it minimizes the concentration of nitrate 
entering the SST with the mixed liquor, thereby 
reducing the propensity for denitrification in 
the sludge layer (Figure 2.9).

The degasification problem at the Phoenix

23rd Ave WWTP was solved by converting the 
plant to a nitrification/denitrification process. 
The process changes decreased the nitrate 
concentration in the mixed liquor and provided 
adequate DO towards the end of the aeration 
zone (Albertson and Hendricks 1992). In Sao 
Paulo the SSTs had suction lift mechanisms, 
and through experience the operators con
trolled the sludge age and DO concentration in 
the plant to produce no more than 10 mg NO3 - 
N/l in the effluent to avoid the problem of 
rising sludge in the SSTs. In a report to the 
plant owners, specialist advisors recommended 
a low-cost retrofit that would allow nitrification 
and denitrification in the process under con
trolled conditions.

In addition to minimizing the concentration 
of nitrate entering the SST, the flotation 
problems associated with degasification can be 
minimized through changes in SST design and 
operation. Busby (1977) solved problems with 
SST denitrification in the Greater London area 
by increasing the depth of the scraper blades to 
increase the sludge removal rate in circular flat- 
bottomed tanks having a floor slope of less than 
2 %, and increasing the mechanism s peripheral 
speed to 1.8 m/min. Albertson and Hendricks 
(1992) solved a similar problem by increasing 
the speed of the scraper mechanism, and repla
cing the echelon scrapers with spiral scrapers 
(see Section 7.6). The scraper height was 
increased to as much as 1  m towards the centre 
of the unit. For other flat-bottomed SSTs with 
scrapers, Robinson et al (1982) replaced the 
scrapers with a suction lift mechanism to 
overcome degasification problems. In a flat- 
bottomed SST with ‘Towbro’-type suction 
sludge removal, Parker and Stenquist (1986) 
decreased denitrification by lowering the resi
dence time in a flocculator centre well by de
creasing the number of units in service and 
raising the DO level entering the SST. In 
addition, the sludge blanket residence time was 
decreased by increasing the return rate and 
increasing the sludge removal mechanism 
speed (see Section 7.6). The combined effect of 
these actions was found to reduce ESS.

Chlorination of the return activated sludge 
(RAS) is a well-established method of controlling 
the growth of filamentous organisms respon
sible for sludge bulking in activated sludge 
processes. However, RAS chlorination has been 
found to be ineffective in controlling the growth 
of foaming organisms because these organisms 
are selectively retained in the floating sludge 
mass (Sezgin and Karr 1986). Successful con
trol of biological foaming problems has been 
reported by applying powdered sodium hypo
chlorite or spraying a chlorine solution directly 
on the foam. Albertson and Hendricks (1992) 
describe the use of a spray hood placed across
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the width of the aeration lanes at the Phoenix 
23rd Ave WWTP. The passing foam was trapped 
in the box and sprayed at a rate of 1 0 1/min with 
a 2,000-3,000 mg/1 chlorine solution. The rela
tively low chlorine dosage applied directly to 
the foam did not result in an increase in effluent 
turbidity. Chlorine spray was used infrequently 
as a control measure and sprayed directly on 
the foam; thus little chlorine came in direct 
contact with the liquid.

Pretorius and Laubscher (1987) proposed a 
dissolved air flotation stage for the selective 
removal of M. parvicella scum before passing 
the mixed liquor to the final clarifier. A similar 
method is now in general use where the mixed 
liquor and scum are wasted from the aeration 
tanks to a dissolved air flotation plant. Interest
ingly, Pretorius and Laubscher performed their 
trials at a plant that did not have a problem 
with scum or of complying with the ESS 
requirements until a scum board was installed 
and the scum was recycled to the aeration 
basin. Pagilla et al. (1996) refined this principle 
of selective flotation of foaming organisms with 
a classifying selector for controlling Nocardia.

Scum formed during secondary treatment 
can become attached and grow on many 
surfaces in an SST, including the flocculating 
well, scum-slamming device, scum baffle, efflu
ent weir and even the underside of the effluent 
launders. In SSTs with a flocculator centre well, 
one approach is to set the elevation of the weir 
at a level such that it is submerged at least once 
per day during the daily high-flow period. This 
will allow scum that accumulates on the surface 
of the well to be blown across the surface of the 
well towards a downwind location along the 
scum baffle. Water sprays can also be used to 
move the scum outside of the well. Alterna
tively, a skimming device that slams the water 
surface inside and outside the flocculating well 
can be used. All scum adhering to the surfaces 
of the SST and the mechanism should be 
removed manually on a regular basis to prevent 
proliferation of the foaming organisms.

Although water sprays can be used to 
collapse unstable foams on the surface of the 
biological reactors and SSTs, they are consider
ably less effective in controlling the more stable 
biological foams. Wanner (1994a) points out 
that water sprays do not eliminate the primary 
cause of foaming: the increased presence of 
foam-forming filamentous organisms. Fila
ments from foams collapsed with water sprays 
are often returned to the mixed liquor or the 
RAS, thus keeping them in the system. Sprays 
should be used only as an emergency measure 
or to assist in the mechanical removal of foam 
and scum from the process.

From the above, it is clear that many of the 
methods for controlling biological foaming

problems in SSTs involve either dealing with 
the root causes of foam and scum formation in 
the upstream process, or dealing with the scum 
and foam by physical or chemical means.

2.10 Research needs
To obtain an improved description of activated 
sludge characteristics, improved measurement 
methods for sludge settleability and compac
tion need to be developed. The effect of

• temperature
• TDS, MLSS or MLVSS concentrations
• biological activity, floc and filamentous 

organism types and process type
• test duration and sample handling
• settling aids
• process operating conditions such as SRT, 

nitrification and denitrification, and mixing 
energy

• wastewater composition and toxicity

and other as yet unknown possible influences 
on flocculation, settling and compaction, and 
the interrelation between these three processes, 
need to be more clearly delineated. From such 
information, improved understanding and re
lations describing the sludge behaviour in all 
four classes of settling can be developed. This 
will allow the improved modelling of SSTs, 
leading to improved design and hence better 
effluent qualities. This applies equally to muni
cipal and industrial activated sludge plants.
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3. Measurement of sludge settling
and flocculation properties and
SST performance

3.1 Introduction
In Chapter 2, activated sludge floc morphology 
was described. It was concluded that filamentous 
organisms profoundly influence this morphology 
and therefore also the settling, flocculation and 
foaming behaviour of the activated sludge. In 
this chapter, quantitative measures of sludge 
settleability are presented and compared with 
one another. This is followed by a description 
of the use of the flocculation characteristics of 
the sludge to assess settling performance, from 
which strategies for effluent quality improve
ment can be obtained.

3.2 Measurement parameters for sludge 
settleability

A number of parameters have been developed 
to obtain a quantitative measure of the settle
ability of activated sludge. All of the tests are 
based on one of two basic approaches. The first 
approach uses the volume of sludge occupied 
after a fixed period of settlement; the second 
uses the subsidence velocity of the liquid/solid 
interface during the zone settling stage. Be
cause both approaches use the batch settling 
column method described in Section 2.3, it 
could be construed that the various tests are 
simply related. However, this is not so; conse
quently, in the sections below, the various tests 
will be discussed in detail. Some of the settle
ability parameters have evolved with a corres
ponding settling tank design procedure and 
brief mention of these procedures is made. The 
procedures themselves are described in Chap
ter 4.

3.2.1 The Sludge Volume Index
The Sludge Volume Index (SVI) (Mohlman 
1934) is the most commonly used test for ass
essing the settleability of activated sludge 
(Standard Methods 1985, no. 213C). It is de
fined as the volume (in ml) occupied by 1  g of 
settled sludge in a 1 -litre unstirred measuring 
cylinder after 30 min of settling, i.e.

where
X = sludge concentration (g MLSS/1), 

SV3 0  = volume of 1 litre of sludge after 
30 min of settling (ml/1).

The SVI has attracted severe adverse criti
cism as a measure of assessing sludge settle
ability; the literature records a large body of 
research pointing out its deficiencies (see, for 
example, Dick and Vesilind 1969), the more 
important of which are: The SVI (1) is depen
dent on sludge concentration; (2 ) is dependent 
on cylinder diameter and depth; (3) is affected 
by gentle stirring; (4) has no observable 
relationship to rheological properties of sludge; 
(5) has no relationship to the zone settling velo
city; and (6 ) does not provide a good measure 
of the settling behaviour of the sludge, only its 
volume after 30 min of settling.

Probably the greatest deficiency of the SVI 
arises from (1) above. The SVI as a function of 
concentration for five activated sludges is 
shown in Figure 3.1. For a particular sludge, 
the SVI remains approximately constant with 
increasing concentration up to a certain con
centration, above which the SVI increases with 
further increases in concentration; at yet higher 
concentrations the SVI begins to decrease. This 
decrease does not occur because of a relative 
improvement in settleability but arises from the 
method of calculating the SVI value; e.g. at a 
sludge concentration of 8  g/1 , even if no settle
ment takes place in the cylinder (i.e. SV3 0  = 
1,000 ml), the resulting SVI is 125 ml/g, which 
is a relatively good settling sludge; similarly at 
10 g/1, the SVI is 100 ml/g with no settlement. 
The maximum SVI as a function of concen
tration is shown plotted in Figure 3.1. For well- 
settling sludges (low SVI), the concentration 
above which the SVI becomes strongly influ
enced by the concentration is relatively high 
(about 6  g/1 ), whereas for poorly settling slud
ges (high SVI), the critical concentration can be 
lower than 2 g/1 (see Figure 3.1). Dick and 
Vesilind (1969) concluded that “the value of the 
SVI in research and design is limited and other 
more basic measures should be used.”

3.2.2 Improved sludge settleability tests
Some of the problems with the SVI test cited 
above, in particular the dependence on sludge 
concentration, can be significantly decreased by 
conducting the test under certain prescribed 
conditions. Stobbe (1964) and White (1975, 41
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Figure 3.1. The SVI plotted against concentration for  
five sets o f data from different WWTPs 
(from Dick and Vesilind 1969). The broken 
thick line shows an SV30 o f  1,000 ml/l (i.e. 
no settlement), which yields the maximum 
SVI; the solid thick line shows an SV30 of 
250 ml/l. Note that SVI does not vary with 
concentration below the SV30 = 250 ml/l 
line, whereas SVI varies with concentration 
above this line.

1976) have each modified the SVI test method 
so that it yields more useful information. Stobbe 
proposed conducting the SVI test with diluted 
sludge and called it the Diluted SVI (DSVI). 
White proposed stirring (1-2 rpm) the sludge 
during settlement. He found that this decreased 
wall effects, short-circuiting and bridge forma
tion effects, thereby creating conditions more 
in keeping with those in the sludge blanket in 
settling tanks. He called this test the Stirred 
Specific Volume Index (SSVI).

3.2.3 The Diluted Sludge Volume Index
The DSVI is defined as the volume (ml) occu
pied by 1 g of sludge after 30 min of settling in 
a 1 -litre unstirred measuring cylinder with the 
proviso that 150 < DSV3 0  < 250 ml/l, i.e.

where
DSV3 0  = settled volume (ml) of sludge after 

30 min of settling after the necess
ary number of twofold dilutions or 
concentrations have been made to 
obtain 150 < DSV3 0  < 250 ml in a 1- 
litre unstirred measuring cylinder, 
and

Xdil = MLSS concentration (g/1) in the 
test cylinder after the necessary 
twofold dilutions or concentrations 
have been made.

The rationale for choosing the upper limit to 
the DSV3 0  of 250 ml can be seen from Figure 
3.1: the SVI seems insensitive to sludge con-

Figure 3.2. Relationship between TEFL and SSP, SVI 
and DSVI (after Lee et al. 1983).

centration provided that the DSV3 0  is below 
about 250 ml; the line SV3 0  = 250 ml is plotted 
in Figure 3.1, and SVI values below this line 
seem independent of concentration. It should 
be noted that, with this test, for poorly settling 
sludges the product of the DSVI and the 
original undiluted sludge concentration X can 
exceed 1,000 ml/l. Furthermore, the dilutions 
must be made with effluent (before chemical 
disinfection) from the plant from which the 
sludge is obtained, to decrease the possibility of 
foreign substances' affecting the settling 
behaviour. Details of the DSVI method are 
given by Lee et al (1983), Jenkins et a l (1984, 
1993) and Ekama and Marais (1984); this is 
standard method DEVS2 -  DIN 38409T2 in 
Germany.

Strong motivation for adopting the DSVI is 
given by Lee et a l (1983). They evaluated 
various sludge settleability indices (SVI, DSVI, 
and SVIs at standard concentrations of 1.5, 2.5 
and 3.5 g/1) against the Total Extended Fila
ment Length (TEFL, in km/g), i.e. the content 
of filamentous organisms in the activated 
sludge expressed as a measured length per unit 
mass. They found that the DSVI gave the best 
correlation and the least scatter with TEFL 
(Figure 3.2). Also, it had the widest range of 
sensitivity over which sludges could be charac
terized. Figure 3.2 shows that the DSVI in
creases sharply above 150 ml/g for TEFL above 
30 km/g. This behaviour has led to the con
clusion that a bulking sludge (i.e. excessive fila
mentous organism content to the point where it 
begins to dominate sludge settleability) has a 
DSVI above 150 ml/g. This finding is important 
as it provides an approximate but simple and 
rapid test to identify bulking sludges so that 
settling tank failure due to either bulking or 
treatment plant overloading can be identified
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Figure 3.3. Relationship between sludge settleability parameters V0/n and SSVI3 5 showing data from Pitman 
(1984), Rachwal et al. (1982), White (1975), Hartley (1985) and Koopman and Cadee (1983). 
White and Pitman data yield V0/n = 67.9 exp(-0.016 SSVI3 5) and n = 0.88 -  0.393 log(V0/n).

(Lee et al. 1983). The SVI, the data of which 
fall in the shaded band in Figure 3.2, is clearly 
much less discerning than the DSVI.

Another advantage of the DSVI is its insen
sitivity to sludge concentration. This makes it a 
consistent basis for the comparison of sludge 
settleability in different activated sludge plants. 
This insensitivity has allowed it to be integrated 
into design procedures for SSTs. Three such 
procedures are available. The first is proposed 
by the Abwassertechnische Vereinigung (ATV
1973,1975,1976,1988,1991,1993) in Germany. 
The second, developed by Stichting Toegepast 
Onderzoek Waterbeheer (STOWa 1981, 1983; 
Stofkoper and Trentelman 1982; Epskamp and 
van Hernen 1984) in The Netherlands, is a 
minor modification of ATV (1976). The third, 
proposed by Koopman and Cadee (1983) in the 
USA, is a derivative of the flux theory, which 
links with the aid of empirical relationships 
between the DSVI and the flux theory con
stants V0  and n, the DSVI to the flux theory 
predicted maximum solids loading rate on the 
settling tank; the data on which the empirical 
relationships were derived are those of Sezgin 
et al  (1980), Palm et al. (1980), Jenkins et al. 
(1981) and Lee et al. (1983) (see Figure 3.3 and 
Table 3.1). Since the late 1960s the DSVI has 
been adopted as the standard sludge settle
ability test in Germany and The Netherlands. 
Even though they call it the SVI, it should be 
noted that it is actually the DSVI that is being 
referred to. The DSVI test is also being pro
moted for general acceptance in other 
countries, for example, the USA (Lee et al.
1983) and South Africa (Ekama and Marais
1984).

3.2.4 The Stirred Specific Volume Index at
3.5 g MLSS/1 (SSVI3 5)

The SSVI3 . 5  is defined as the volume (ml) occu
pied by 1 g of sludge after 30 min of settling in 
a gently stirred ( 1  rpm) settling column at a 
standard initial concentration of 3.5 g MLSS/1. 
White (1975, 1976) found that for most sludges 
he investigated, the SSVI was independent of 
initial sludge concentration. However, for poorly 
settling sludges this was not so and therefore, 
to impart some generality to the SSVI as a 
comparative measure for sludge settleability, the 
concentration at which the SSVI was measured 
needs to be reported. White proposed a stan
dard concentration of 3.5 g/1 for reporting SSVI 
data. The standard SSVI3 . 5  is obtained by doing 
a number of SSVI tests over a range of sludge 
concentrations from 2  to 6  g/ 1  and interpolating 
the value at 3.5 g/1 from a SSVI-concentration 
graph. Details of the SSVI3 . 5  method are given 
by White (1975, 1976), Ekama and Marais
(1984) and Wahlberg and Keinath (1988).

In his work, White used a settling column 
1 0 0  mm in diameter and 500 mm deep and 
accepted this as a standard column (i.e. similar 
in size and shape to the Kemmerer sampler 
used by Parker et al. (1970) and Wahlberg et al. 
(1995); see Figure 3.25). Vesilind (1968a) cau
tioned against using settling columns that are 
too small; wall and bridge-forming effects sig
nificantly influence the results obtained from 
columns less than 2 0 0  mm in diameter, effects 
that increase as the solids concentration in
creases. However, it seems that this conclusion 
was formed from unstirred settling tests. Sub
sequent research has indicated that the SSVI3 . 5  

test is relatively insensitive to settling column
43



3. Measurement of sludge settling and flocculation properties and SST performance

column. This is done by expressing the settled 
sludge depth (or volume) at 30 min as a frac
tion of the column depth (or volume), multi
plying this fraction by 1 , 0 0 0  ml to obtain the 
equivalent 1-litre stirred settled volume SSV3 0

and dividing SSV3 0  by the solids concentration 
(X) with which the column was filled, i.e.

where
f sd’f sv =

Figure 3.4. Fractional 30 min settled volume (fsv) for  
the stirred (SSV1) and unstirred 
(traditional SVI) tests. Note that stirred f sv 
is linear with concentration, whereas the 
unstirred f sv is not. (Data from Rachwal et 
al 1982.)

dimensions provided that it is not smaller than 
White’s specifications, i.e. a depth to diameter 
ratio of 5:1 to 6 : 1  and a volume of more than
4 litres. This conclusion arises from the work of 
White (1976), Rachwal et al. (1982) and Pitman
(1984), who conducted extensive sludge settle
ability tests in which they measured SSVI3 .5

and the flux theory constants V0  and n (see 
Section 3.3.1 below). Analysis of their data by 
Ekama and Marais (1986) showed that these 
researchers obtained an approximately similar 
relationship between SSVI3 .5  and V0/n (Figure
3.3). As Pitmans column measured 150 mm in 
diameter by 2,000 mm deep and that of Rach
wal et al. probably 1 0 0  mm in diameter by 
500 mm deep, i.e. similar to White's, it can be 
concluded that both the SSVI3 . 5  and the flux 
theory constants V0  and n are relatively insen
sitive to column dimensions, probably owing to 
the gentle stirring. However, the minimum 
column specifications given above should be 
adhered to for reliable results to be obtained. 
White (1975, 1976) demonstrated that bottom 
effects can influence the SSVI results for poorly 
settling sludges, but that this can be eliminated 
by using taller columns; on the basis of the 
Water Research Centre (WRc) design pro
cedure (see Section 4.6), he found that for poorly 
settling sludges, settleability data measured in 
his standard column no longer yielded accurate 
predictions for the maximum solids loading rate 
(outside ±2 0 %), whereas setdeability data meas
ured in a much taller column (more than 2  m) 
yielded accurate predictions.

To reduce the SSVI data to a common stan
dard, the depths and volumes of the particular 
column are decreased to an equivalent 1 -litre

settled sludge depth and volume as 
a fraction of the column depth and 
volume respectively.

The advantages of the SSVI are: (1) for the 
same sludge or sludges with similar settleabil- 
ities, reproducible results are obtained over a 
wide range of concentrations -  up to 1 0  g/ 1  for 
well-settling sludges and 7 g/1 for poorly settling 
sludges; (2 ) fractional sludge volume (f sv) or 
depth (f sd) after 30 min of settling can be as 
high as 0.7-0 . 8  without significantly affecting 
the result; (3) the relationship between fractional 
sludge volume (f sv) or depth (f Sd) and concen
tration is very close to linear, which justifies 
interpolation of the standard SSVI3 . 5  at 3.5 g/1 
(see Figure 3.4).

3.2.5 Comment on the sludge settleability 
indices

The SSVI3 . 5  is not as easily executed as the 
DSVI because it requires the rather specialized 
stirring equipment. However, it is clear that as 
a sludge settleability parameter (SSP) it is far 
superior to the standard SVI. At present the 
SSVI3 .5  is the best SSP to use in conjunction 
with the flux procedure because of (1 ) its better 
reliability as a SSP than the SVI, (2) its close 
association with the flux and WRc design pro
cedures for full-scale SSTs (see Sections 3.3.1,
4.5 and 4.6), and (3) its larger database for 
relationships between it and the flux V0  and n 
than the DSVI. Like the DSVI, adoption of the 
SSVI3 . 5  as the routine settleability parameter in 
favour of the inferior SVI will lead to the 
collection of better settleability data for both 
plant operator and design engineer. Fourteen 
years after Dick and Vesilind’s (1969) criticism 
of the SVI, Lee et al (1983) were more em
phatic, stating that “it is appropriate now that 
the standard SVI, after over 45 years of use, be 
supplanted by an index more directly applic
able to activated sludge process design and 
operation. Universal adoption of the diluted 
SVI [or SSVI -  authors' addition] as this index 
would represent a significant and timely ad
vancement in the field of water pollution con
trol.” Clearly the continued use of the SVI after 
a further 13 years of use cannot be cogently 
argued.
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3.2.6 The flux constants V0 and n
During the zone settling stage (see Section
2.3.2), the subsidence rate of the solid/liquid 
interface is called the zone settling velocity; if 
the column is stirred, it is called the stirred 
zone settling velocity (SZSV). Because the 
sludge concentration of the zone settling region 
remains constant during this stage and is equal 
to the concentration of the mixed liquor with 
which the column was filled, the SZSV is 
defined as the stirred settling velocity of the 
sludge Vzs, at a concentration equal to the 
mixed liquor concentration X. Standard Meth
ods (1985, no. 213 D) recommends that a col
umn at least 1  m tall and 1 0 0  mm in diameter 
be used for the SZSV test.

The SZSV (Vzs) of the sludge is obtained 
from a solid/liquid interface depth-time plot 
(Figure 3.5) and is given by the slope of the 
straight line part of the interface height versus 
time curve. The Vzs decreases as the concen
tration (X) increases (Figure 3.5). By con
ducting a number of stirred settling tests at 
different concentrations ranging between 1  and 
12 g MLSS/1 (at least 6 ), the Vzs at different X 
values is obtained.

Considerable research has been undertaken 
to establish the form of the relationship be
tween Vzs and X, and a number of mathemat
ical expressions have been proposed, such as 
hyperbolic, logarithmic, power and exponential. 
Of these the two most popular forms are 
exponential (after Vesilind 1968b) and loga
rithmic (after Dick and Young 1972). The expo
nential form,

seems to have been accepted over the years for 
the following reasons: (1) the WRc design pro
cedure is based on it (White 1975, 1976); (2) 
Rachwal et al. (1982) present a large number 
(733) of full-scale plant data showing that it 
gives the best correlation over the other three 
forms cited above; (3) Smollen and Ekama
(1984) and Ekama et al. (1984) show that, 
unlike the logarithmic, the exponential form 
gives (a) a theoretically consistent description 
of the settling flux curve (for X > 1 g/1) with 
defined turning and inflexion points, (b) a more 
internally consistent SST model, and (c) a 
better correlation with their own full-scale 
plant data set, the extensive data set of Pitman s 
(1980, 1984) from full-scale plants accumulated 
over a number of years, and the pilot-scale data 
set of Tuntoolavest et al. (1980, 1983) (overall 
R2 > 0.96).

The constants V0  and n in the exponential 
equation, Equation 3.4, are readily obtained by 
linear least-squares regression of log Vzs against 
X over a range of concentrations from 1 to 12 g/1

Figure 3.5. Solid-liquid interface height plotted against 
time observed in stirred batch settling tests 
at different initial solids concentrations.
The slope o f the straight line section gives 
the zone settling velocity (Vzs), which 
decreases as concentration (X) increases.

Figure 3.6. Determination o f flux theory settling
constants V0 and n from multiple batch 
stirred settling tests over a range of 
concentrations.

(see Figure 3.6). These constants (which have 
units m/h and m3/kg MLSS or 1/g respectively) 
reflect the settling characteristics of the sludge. 
Generally, well-settling sludges have high V0  

values around 13 m/h and low n values around
0.25 m3 /kg, whereas poorly settling sludges 
have low V0  values around 5 m/h and high n 
values around 0.5 m3 /kg. The consistent changes 
in the V0  and n values from well-settling to 
poorly settling sludges led Pitman (1984; see 
also Ekama et al. 1984) to propose that the 
parameter V0/n (i.e. V0  divided by n, which has 
the same units as flux, kg/m2 .h) defines numer
ically the sludge settleability for the flux theory. 
Once V0  and n are known, no further infor
mation is required to apply the flux theory to 
SSTs (Vesilind 1968b; Pitman 1984; Ekama et 
al. 1984; Daigger and Roper 1985). The flux 
theory is discussed in Section 4.5.

Unfortunately there are three problems asso
ciated with measuring the flux theory constants
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V0  and n. (1) It is labour-intensive in that at 
least six to ten settling velocity tests are re
quired over a concentration range up to at least
1 2  g/1; at the higher concentrations (over 6  g/1 ) 
the test is tedious and time-consuming, 
requiring 2-3 h of settlement to identify the 
SZSV properly. Such extended periods of 
settlement with nitrifying sludges often lead to 
the second problem, namely (2 ) denitrification 
in the settling column, which causes severe 
retardation of the SZSV (and sometimes flota
tion). Denitrification can be detected by the 
escape of gas bubbles from settling sludge and 
generally causes a poor correlation with Equa
tion 3.4, i.e. R2 < 0.90 or very high n values 
(over 0.5 1/g) for poorly settling sludges (low 
V0). These problems can be overcome with 
careful and vigilant work to make the test 
acceptable for practical research. However, the 
effort is such that measurement of V0  and n at 
activated sludge plants is unlikely to be adopted 
in routine practice. (3) The third problem is 
that the results are variable; some scatter in V0

and n values is obtained with repeated tests. As 
a result of (1 ) and (2 ) above, the simpler sludge 
settleability parameters SVI, DSVI or SSVI are 
preferred. However, with these the benefits of 
the flux theory cannot be utilized. This problem 
has been overcome by developing empirical 
relationships between the simpler SSPs and the 
V0  and n. These empirical relationships allow 
‘indirect' access to the flux theory and are 
discussed in Section 3.3 below.

3.2.7 Extension of the flux approach to low 
concentrations

The flux theory is an approach to describe zone 
(Class III) settling. Zone settling can be 
assumed roughly for concentrations above 1  g/ 1

(see Section 2.1). Even though Equation 3.4 
gives settling velocities down to zero concen
tration this is clearly incorrect because the 
settling velocity continues to increase for de
creasing concentrations and does not reach a 
terminal velocity value for particles. Measure
ment of VZS for concentrations below 1  g/ 1  is 
difficult owing to the lack of a well-defined 
solid/liquid interface during settling at the low 
concentrations. Moreover settling is very differ
ent for particles left behind after most of the 
sludge has settled; such settling is governed by 
Class II type settling.

Analysis of samples taken from the clear- 
water region (zone A in Figure 2.5; see Section
2.3) above the zone settling region in the 
column or near the surface of an SST will show 
low concentrations of small particles with bad 
settling properties. This observation does not 
coincide with what the flux theory predicts and 
thus shows that the flux theory does not hold 
for low concentration zones. Consequently,

should the flux theory be applied not only to 
model the zone settling in the lower region of 
the SST but also the discrete settling conditions 
in the upper effluent region, the approach must 
be modified for low concentrations. The predic
tion of the effluent quality in one-dimensional 
(1-D) and two-dimensional (2-D) models proved 
to be very sensitive to the chosen settling 
function describing the source and behaviour 
of the low concentrations (Otterpohl and 
Freund 1992; Lyn et al. 1992).

The approaches to extend the flux model to 
low concentrations can be divided into two 
categories:

1. Two groups of particles are defined. Most
of the particles are treated as sludge and
are described according to the flux theory.
A small group of single particles is addi
tionally defined, whose settling velocity is
set either to a very low value or even to
zero (Dupont and Henze 1992; Otterpohl
and Freund 1992).

2. The basic approach of the flux theory is
kept, that is to estimate the settling velo
city as a function of the concentration,
but modified so that the function starts at
zero settling velocity for very low concen
trations rather than at some maximum
value (Takács et al 1991; Dupont and
Dahl 1995).

Both approaches have shown to significantly 
improve the accuracy of the dynamic model 
prediction of the effluent suspended solids 
concentration in 1-D and 2-D models.

Dupont and Henze (1992) assumed in their 
approach that there are three groups of non- 
settleable particles that flow into or are formed 
in SSTs: (1) a group of non-settleable particles 
that are not removed by settlement, (2 ) a group 
of solids that are ordinarily settleable but which 
do not because of denitrification in the SST and 
therefore increase as the nitrate concentration 
in the SST increases, and (3) a group of par
ticles also ordinarily settleable but that do not 
because of the sludge settleability and the hy
draulic load on the SST and therefore increase 
as the SVI and overflow rate (qA) increases. 
They used Monod-type switching functions 
sensitive to the nitrate concentration and the 
product DSVI.qa (= qsv) for calculating the 
proportions of particles of groups (2) and (3) 
respectively that escape in the effluent flow.

Otterpohl and Freund (1992) refer to Parker 
et a l (1971), who stated that the particles 
within the activated sludge can clearly be 
divided into two fractions, the primary particles 
with diameters below 5 μm and flocs with dia
meters above 25 μm (see Figure 2.3 in Section
2.2). Otterpohl and Freund approximated the 
weight fraction of primary particles in the SST
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inflow by a negative exponential function (simi
lar to Equation 3.4) in terms of the aeration 
tank MLSS concentration (XAT). The resulting 
concentration of primary particles in the SST 
inflow is shown in Figure 3.7, which indicates 
that higher sludge concentrations in the aera
tion tank are beneficial for removing the 
primary particles. This is in conformity with the 
observations of Das et al (1993) and Wahlberg 
et al (1994a); see Figure 3.20. The primary 
particles are given a very small constant settling 
velocity of 0 . 0 1  m/h.

The non-settleable particles fraction of Du
pont and Henze (1992) and the primary part
icles fraction of Otterpohl and Freund (1992) 
are both subject to the flux calculations from 1 - 
D layer models (see Section 5.2) independently 
of the computation of the floc fluxes. They act 
as a passive tracer.

Takács et al. (1991) presented a double
exponential settling function to describe the 
change in settling velocity Vs with concen
tration X over the entire concentration range 
from zero (i.e. not only the zone settling part):

where V0  is the terminal settling velocity as 
used in the flux theory (Equation 3.4), f ns is the 
non-settleable particle fraction, and n 2  and n4  

are constants. Four concentration regions are 
defined that are treated separately, namely (see 
Figure 3.8):

• Region 1: A non-settleable solids fraction 
f ns is defined as a constant. Unlike in the 
approaches of Dupont and Henze (1992) 
or Otterpohl and Freund (1992), this frac
tion is not treated independently of the floc 
fraction so that these particles do not exist 
independently, but they are integrated in 
the settling function approach such that 
zero settling velocity is assumed only where 
the local solids concentration is smaller

Figure 3.7. Concentration o f primary particles, f PP.XAT, 
in the SST inflow as a function o f the SS 
concentration, XAT, in the aeration tank 
(redrawn from Otterpohl and Freund 
1992).

than f ns.XAT. For the input in the settling 
function in Equation 3.5, the non- 
settleable concentration is subtracted from 
the total SS concentration X, such that the 
function is related to X - f ns.-XAt  rather 
than to X.

• Region 2: In a low concentration range, 
where the particles do settle, discrete settling 
is usually assumed, so that the settling velo
city is independent of concentration. How
ever, Patry and Takács (1992) found that in 
this concentration range the activated sludge 
is flocculent and thus settling velocity is a 
function of the local concentration. There
fore the mean particle diameter, and hence 
the settling velocity, increase with concen
tration. Because n2  is higher than n4  by 
typically one order of magnitude, the sec
ond term on the right-hand side of 
Equation 3.5 is rapidly diminishing with 
increasing concentration and the settling 
velocity is influenced only when X is low.

• Region 3: The function according to Equa
tion 3.5 is cut by a certain maximum effec
tive settling velocity VSmax. It is assumed 
that the settling behaviour in region 3 is 
independent of the concentration.

• Region 4 is dominated by the zone settling

Figure 3.8. Settling function o f Takács et al. (1991) incorporating the settleability o f both dispersed and flocculated 
suspended solids.
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behaviour of the activated sludge. At rela
tively high concentrations, the first term on 
the right-hand side of Equation 3.5 is dom
inant and thus the settling function seems 
to be very much the same as for the classic 
flux theory (Equation 3.4).

Dupont and Dahl (1995) considered both a 
non-settleable fraction of primary particles and 
a continuous settling function for flocs with a 
similar shape to that described by Takács et al 
(1991). They estimated the non-settleable par
ticle concentration as a function of the surface 
overflow rate (SOR) and assigned this fraction a 
zero settling velocity. The settling velocity func
tion of the flocs was referred to the total SS 
concentration.

The approaches to extend the flux theory to 
the low concentrations discussed here were 
developed for 1-D models. Most of the para
meters are subject to calibration with experi
mental data and are thus chosen empirically to 
make a strongly idealized model work. In fact, 
the expressions accepted by modellers for the 
low-concentration region are chosen for their 
ease of modelling rather than their close ap
proach to reality. Most of the expressions imply 
that settling velocity is influenced by concen
tration only, when in fact this has been shown 
not to be so by physical measurements on the 
settling sludge (see, for example, Rasmussen 
and Larsen 1996). More complete models of 
settling behaviour in Classes I and II would 
properly include floc settling behaviour as well 
as the influence of activated sludge flocculation 
and breakup as discussed in Section 2.8. Before 
a low-concentration approach is applied to 
predict the effluent quality in 1-D, 2-D or 3-D 
modelling, careful testing and critical sensitivity 
analyses are required.

3.3 Relationships between sludge 
settleability parameters

3.3.1 Relationships between SVI, DSVI, 
SSVI and flux V0 and n

To obviate the use of hydraulic criteria that do 
not recognize sludge settleability or reactor 
concentration for design, in Germany and The 
Netherlands empirical design procedures were 
developed based on DSVI. However, in English- 
speaking countries attention has been focused 
on the flux theory and design and operation 
procedures flowing from it in a direct way. 
Some (Riddell et a l 1983; Wilson 1983) used 
the Vzs or Vzs-X relationship directly. Owing 
to the difficulties in measuring the Vzs-X  
relationship mentioned above, others accessed 
the flux theory by establishing empirical 
relationships linking the simpler SSPs (SVI, 
DSVI, SSVI3 .5) to the V0  and n constants in the 
Vzs-X relationship so that this relationship was

fully defined in terms of SVI (Daigger and Roper 
1985; Pitman 1984; Daigger 1995; Wilson 1996), 
SSVI3 . 5  (White 1975; Rachwal et al. 1982; Pitman 
1984; Ekama and Marais 1986; Wahlberg and 
Keinath 1988) or DSVI (Koopman and Cadee 
1983; Ekama and Marais 1986; Daigger 1995).

With regard to the accuracy with which the 
Vzs-X relationships could be established from 
the simpler SSPs, Ekama and Marais (1986) 
demonstrated that, although considerable diff
erences were evident between the SVI data of 
Daigger and Roper (1985) and Pitman (1984) 
(see relationships in Table 3.1), the SSVI3  5  data 
of White (1975), Rachwal et al. (1982), Pitman
(1984) and their own (UCT 1986, which com
prises five subsets) conformed closely, indica
ting the superiority of the SSVI3 . 5  over the SVI 
as an alternative SSP from which to derive the 
Vzs-X relationship (see Figure 3.3). Ekama and 
Marais also established a relationship between 
the DSVI and SSVI (i.e. SSVI3 .5  = 0.67DSVI) 
from their own (UCT 1986) and literature data 
(STOWa 1981) and with it found that the DSVI 
and data of Koopman and Cadee (1983)
did not conform to the established SSVI and 

relationships (Figure 3.3). A review of 
the relationships between the different SSPs and 
their use for determining the Vzs-X relation
ship is presented by Ozinsky and Ekama (1995) 
and has been updated in Table 3.1.

In seeking to find the best relationships be
tween the SVI, SSVI3 . 5  or DSVI and V0  and n, 
Daigger (1995) and Ozinsky and Ekama (1995) 
obtained the raw data from Daigger and Roper 
(D&R) (1985), Wahlberg and Keinath (W&K) 
(1988), Pitman (1980,1984), Ekama and Marais 
(UCT 1986) and Tuntoolavest et al. (T&G) 
(1980, 1983). They accepted the exponential 
form for the Vzs-X relationship (Equation 3.4) 
as well as an exponential and linear form be
tween the V0  and SSP and n and SSP respec
tively, namely:

so that 

or

This was done in accordance with the sug
gestion of Wahlberg and Keinath (1988) so that 
the constants α , β , γ  and δ could be calculated 
in a single-step least-squares linear regression 
analysis on Equation 3.7b rather than in a 
double step in which first Vzs and X are cor
related with Equation 3.4 to find V0  and n and 
then V0  and n are correlated with Equations 
3.6a and 3.6b to find α, β, γ and δ .
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Table 3.1. Summary of contributions made by various researchers in establishing relationships between SSPs and 
the flux Vzs-X or Vo (in m/h) and n (in l/g) and between one another

Note: the references in the data source column are not all given in the reference list (Section 3.7); 
they indicate the data source of the researchers (column 1 ) and are fully referenced in the 
researchers’ papers.

Researcher(s) Data source and type SSP Equations Comments

Merkel (1971) Large number of measurements DVSI
SVI

DSVI = SV1.300(SV30)0.6 Applies to 300 < SV30 < 800 ml/1

Rachwal et al. (1982) Averages of a number of years 
of measurements at full-scale 
Carousel-type plants

SSVI3.5 Gave Vo and n values for different 
ranges of SSVI3 5

Did not report individual Vzs-X data

Koopman & Cadee Literature data: DSVI n = 0.249 + 0.002191 DVSI Data collected over a very narrow
(1983) • Sezgin (1980)

• Palm et al. (1980)
• Jenkins et al. (1981)
• Lee et al. (1983)

(R2 = 0.99)
InV0 = 2.605 -  0.00365 DVSI 

(R2 = 0.735)

range of concentrations (0.7-4.8  g/1)

Pitman (1980,1984) Over 6  years of measurements 
from four full-scale N and N&P

SVI V0/n = 37.48 exp (-0.00395 SVI) 
(R2= 0.913)

Did not measure DVSI 
Relationship between SVI and Vo

removal plants (Alexandra 
(AX) N, Olifantsvlei (OF) N, 
Goudkoppies (GK) N&P, and 
Northern Works (NW) N&P

SSVI3 5 V0/n = 67.9 exp (-0.016 SSVI3.5) 
(R2 = 0.968) 

n = 0 . 8 8  -  0.393 log (V0 /n)
(R2 = 0.976)

and n should not be used because 
of SVTs dependence on concen
tration at high SV30 (> 400 ml)

Daigger & Roper Six pilot-scale and two full-scale SVI V0 = 7.80 (R2 = ±0.89) Data showed considerable scatter
(1985) activated sludge plants n = 0.148 + 0.00210 SVI (R2 = 0.997) Chemical dosing to plants

Hartley (1985) Literature data:
• Ekama et al. (1984)
• Sezgin et al. (1984)
• Rachwal et al. (1982)
• Werda (1983)

SVI
SSVI3.5

No equations given Small data set
Method lacks statistical rigour

Ekama and Marais A. Pitman (1980, 1984) SSVI3 5 V0/n = 67.9 exp(-0.016 SSVI3.5) Confirmed Pitman (1984)
(1986) White (1975) 

Rachwal et al. (1982)
(R2 = 0.968) 

n = 0.88-0.393 log (Vo/n) 
(R2 = 0.976)

relationship with White (1976) 
and Rachwal et al. (1982) data

B. Own data SVI SSVI3.5 = 0.67 DSVI Koopman and Cadee (1983) data
• 15 Western Cape plants SSVI3.5

DSVI
V0/n = 39.32 exp (-0.00518 SVI) 

(R2 = 0.722)
did not conform 

Wide scatter in data
• Stofkoper and Trentelman 

(1982) (STOWa 1981)
DSVI
SSVI3 .5

SSVI3.5 = 0.65 DSVI Wide scatter in data

Wahlberg and 
Keinath (1988)

A. 141 sets of literature data 
Hartley (1985)
Pitman (1980)
Guthrie (1985)
Grady et al. (1982) 
Morris et al. (1986) 
Daigger (1985)
Roper (1976)
Dick et al. (1967)

SVI No clear relationship between 
V0 and SVI 

Relationship between n and SVI 
not linear

Wide scatter in data

B. Sampled 21 activated sludge, SVI 
completely mixed step-aeration SSVI3.5 

and contact stabilization treat
ment plants. Wide variety of 
influents and aeration systems.
32 sets of data obtained.
All 185 results pooled

V0 = 15.3-0.0615 SSVI3.5

n = 0.426 -  0.00384 SSVI3.5 
+ 0.0000543 SSVl23.5

Calculated in single step; 
R2 not given

Applicable in the SSVI3.5 range 
35-220 ml/g 

Found SVT to be a very imprecise 
measurement 

Recommended SSVI3 .5 as a 
measurement parameter 

Assumed that samples could be pooled
Härtel & Pöpel (1992) Literature data:

• Wahlberg and Keinath (1988)
• Koopman and Cadee (1983)
• Morris et al. (1989)
• Forster (1982)
• Pitman (1980)
• Ericsson et al. (1988)
• Knocke (1986)
• Chad and Keinath (1979)

SVI V0 = 17.4 exp (-0.0113 SVI)+3.931 
n = -0.9834 exp (-0.00581 SVI)

+ 1.043 
(R2 values not given)

All data sets pooled 
Used incorrect parameter from 

Wahlberg and Keinath (1988) data 
Large degree of scatter in the data 
Assumed that samples could be pooled

Daigger (1995) Literature data:
• Daigger and Roper (1985)
• Tuntoolavest et al. (1980)
• Wahlberg and Keinath (1988)
• UCT (1986)

SVI
DSVI
SSVI3 5

See Table 3.2 Assumed that D&R, T&G, W&K and 
UCT data sets could be pooled 

Pitman (1980, 1984) used for 
independent assessment of 
statistical functions

Wilson (1996) Daigger (1995) relationships SVI
SV30

n = 0.004 SVI (1/g) 
Vz s =V0exp(-0.004 SV30) (m/h) 
SV30 = SVI.XF (ml/1)
V0 = 0.3T to 0.5T (m/h) (T in °C)

Simplified Daigger (1995) equations 
(see Table 3.2) by assuming n is 
directly proportional to SVI, and V0 

a function of temperature only 
Assumed that SV30 = SVI.Xf is a 

consistent relationship for the SVI; 
this is not valid because of SVT's 
sensitivity to concentration
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Table 3.2. Fitted constants for Equation 3.7b calculated by Daigger (1995)

SSP SSVI3 .5 DSVI SVI

In a (Daigger’s In V0) 2.076 2.028 1.871
β 0 0 0

γ (Daigger’s K1) 0.0583 0.1030 0.1646
δ (Daigger’s K2) 0.00405 0.002555 0.001586
R2 (without β ) 0.8950 0.8008 0.7563
R2 (with β ) 0.8999 0.8012 0.7593
Data sets UCT (1986) UCT (1986) D&R (1985), T&G (1980), 

W&K (1988), UCT (1986)
R2 with Pitman data 0.7797 - 0.7304

In his statistical analysis, Daigger (1995) 
accepted that the D&R (1985), W&K (1988), 
UCT (1986) and T&G (1980) data sets could be 
pooled and used the single-step linear correla
tion approach (i.e. Equation 3.7b) with or with
out the β term. The Pitman (1980, 1984) data 
set was reserved for an independent assessment 
of the fitted equations obtained. From his ana
lysis he found that (see Table 3.2):

1. The correlation coefficient for the
individual T&G (1980) and W&K (1988)
SVI data sets were higher with the β term
included than without it. In contrast, the
correlation coefficient for the individual
D&R (1985) and UCT (1986) (with its
five subsets combined) SVI data sets, as
well as the pooled SVI data set, was not
significantly different with or without the
β term. Also, the correlation coefficient
for both the UCT (1986) (with its five
subsets combined) SSVI3 .5  and DSVI
data sets were not significantly different
with or without the β term, which implies
that for the pooled data, V0  in Equation
3.6a does not vary with sludge settle
ability. The significance of the β term for
the individual W&K (1988) SSVI3 .5  data
set was not reported, but had it been
calculated it would also have been found
not significant (see Ozinsky and Ekama
1995).

2. In assessing the fitted equations for
SSVI3 . 5  and SVI against the Pitman (1980,
1984) data set (Pitman did not measure 
DSVI), the correlation coefficients (R2) 
obtained were 0.7794 and 0.7304 respec
tively, which was accepted as confir
mation of the predictive capability of the 
fitted equations (Table 3.2).

3. SSVI3 . 5  is a more accurate predictor of Vzs
than both DSVI and SVI: DSVI probably 
because the UCT (1986) data set is too 
small, and SVI because it is a poorer 
sludge settleability measure than SSVI3.5.

From their statistical analysis, Ozinsky and 
Ekama (1995) found that:

1. It was not permissible to pool all the data
sets for a particular SSP (see Table 3.3).
For SVI the largest family of data that
could be obtained by pooling was that
comprising the four groups of Pitmans
and the UCT (1986)-Wallace (Wl) group
(together called the Pitman SVI family).
The other SVI data sets or groups could
not be pooled even in pairs; each was
therefore statistically distinct. For SSVI3  5, 
the largest family of data that could be
obtained by pooling was that comprising
the Pitman (1984)-Alexandra (AX) and
-Olifantsvlei (OF) groups and the UCT
(1986)-Wallace (Wl), -Lukuko (Lk) and
-Dickinson (Dk) groups (together called
the UCT SSVI3 .5  family). The other
SSVI3 . 5  data sets or groups could not be
pooled even in pairs; each was therefore
statistically distinct. For DSVI, the largest
family of data that could be obtained by
pooling was that comprising the UCT
(1986)-W1 and -Lk groups (together
called the UCT DSVI family). The other
DSVI data sets or groups, namely the
UCT (1986) -Dk, -Cape Flats (CF) and
-Mitchells Plain (MP) subsets, could not
be pooled even in pairs; each was there
fore statistically distinct. Examining the
features of the data sets that could be
pooled, it was found that data sets for
which the same α , β , γ and δ terms were
statistically significant could be pooled. In
the data sets making up the pooled
families, all four terms were statistically
significant, i.e. all four terms contributed
significantly to the overall correlation
(t < 0.001). The statistically distinct data
sets each had one or more different terms
that were not statistically significant
(t > 0.001). The Koopman and Cadee
(1983) and STOWa (1981) data sets had
to be rejected because the Vzs-X data
were measured over too narrow a
concentration range (1-6 g/1) (see Table
3.3).

2. Use of the pooled families of data for the
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Table 3.3. Fitted constants, multiple correlation coefficient and significance levels for the single-step least-squares 
correlation analysis with the largest statistically permissible pooled data family for the SVI, SSVI3.5 and 
DSVI (adapted from Ozinsky and Ekama 1995)

SSP UCT SSVI3.5 family Pitman SSVI3.5-GK set UCT DSVI family Pitman SVI family

In α (ln(m/h)) 2.45095 (t < 0.001) 2.70065 (t < 0.001) 2.30854 (t < 0.001) 2.14370 (t < 0.001)
β (g/ml) 0.00636 (t < 0.001) 0.00808 (t < 0.001) 0.00297 (t < 0.001) 0.00165 (t < 0.001)
γ(1/ml) 0.16756 (t < 0.001) 0.22632 (t < 0.001) 0.29721 (t < 0.001) 0.20036 (t < 0.001)
δ (1/ml) 0.00218 (t < 0.001) 0.00264 (t < 0.001) 0.00095 (t < 0.001) 0.00091 (t < 0.001)
R2 0.849 0.916 0.776 0.8418

Significance level of all constants less than 0.001

Note: In Vzs = In α -  β .SSP -  γX -  δ .SSP.X (Equation 3.7b), or V0 = a exp (-β .SSP) and n = γ + δ .SSP 
(Equations 3.6a and 3.6b) in In Vzs = In V0 — nX (In of Equation 3.4). It is statistically permissible to use either 
form because Equation 3.7b (single-step method) does not give a significantly improved R2 correlation compared 
with Equations 3.4 (in In form), 3.6a and 3.6b (double-step method).

SVI, SSVI35  and DSVI least-squares 
correlation analyses to calculate α, β , γ 
and δ indicated that, although different 
values for α , β , γ  and δ were obtained 
with the single and double regression 
analyses, the statistical significance and 
correlation coefficients obtained did not 
differ significantly when the correlation 
was good (see Figure 3.9). This probably 
arises from the variance in the data and 
shows that from a statistical point of view, 
no better results are obtained with double
step or single-step regression. Further
more, the correlation coefficient gives no 
indication of whether or not data sets 
could be pooled. The single-step regres
sion results for the UCT SSVI3.5 family, 
the Pitman SSVI3 .5-GK set, the UCT 
DSVI family and the Pitman SVI family 
are given in Table 3.3.

From the statistical analysis of Ozinsky and 
Ekama (1995), it is clear that caution should be 
exercised in using any of the relationships in 
that not all of the available data for a particular

SSP could be pooled into one family. This 
indicates that factors other than X and SSP 
influence Vzs. It seems that activated sludge 
plant type is a factor that might cover a number 
of subfactors such as temperature, filamentous 
organism types, biological N and P removal, 
completely aerobic, mixing intensity and turbu
lence (Rasmussen and Larsen 1996). Use of the 
relationships in Table 3.3 (or any other in 
Tables 3.1 or 3.2 for that matter) should there
fore be restricted as far as possible to the type 
of activated sludge plants on which the data set 
was measured.

Daigger (1995) and Ozinsky and Ekama 
(1995) concluded that the SSVI3 .5-based rela
tionships are superior to those of SVI and DSVI 
because (1) SSVI3 .5 is a better measure of 
sludge settleability than SVI and (2) SSVI3.5 is 
based on a larger data set than the DSVI 
relationship. A comparison of Vzs calculated at 
different solids concentrations against SSVI3 5
and SVI from the fitted relationships of Ozin
sky and Ekama (1995) (Table 3.3) and Daigger 
(1995) (Table 3.2) is shown in Figures 3.10 and 
3.11; for SSVI35  (Figure 3.10) the Vzs

Data set UCT (1986)-Lk Pitman (1984)-GK UCT (1986)-Lk Pitman (1984)-AX
UCT (1986)-Wl UCT (1986)-W1 Pitman (1984)-OF
UCT (1986)-Dk Pitman (1984)-GK
Pitman (1984)-AX Pitman (1984)-NW
Pitman (1984)-OF UCT (1986)-W1

Data range
SSP (ml/g) S S V I3.5 3 3 - 2 0 9 S S V I 3.5 6 5 - 1 2 5 DSVI 44-357 SVI 44-360
X(g/1) 0 . 5 1 0 - 1 5 .5 0 0.95-8.54 0 . 5 1 - 1 2 .1 8 0.510-12.80
Vzs (m/h) 0 .1 3 - 1 5 .8 4 0.14-6.2 0.15-7.56 0.14-10.9

No. of data
Vzs, X 603 2 2 5 2 3 9 713
SSP 68 89 34 190

Plant characteristic Long sludge age, 3/5-stage Bardenpho 15 Western Cape No common
nitrification- plant for N and P plants, long characteristics
denitrification (ND) removal sludge age ND

Individual data Pitman (1984)-GK Pitman (1984) SSVI35- UCT (1986)-Dk UCT (1986)-Dk
sets that could W&K (1988) GK is a statistically UCT (1986)-MP UCT (1986)-Lk
not be included, UCT (1986)-MP distinct set that could UCT (1986)-CF W&K (1988)
each statistic UCT (1986)-CF not be grouped with T&G (1980)
ally distinct any of the other 

data sets
D&R (1985) 
UCT (1986)-MP 
UCT (1986)-CF
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Figure 3.9. Comparison of the single-step and double
step correlation coefficients for the indi
vidual SSVI3 .5 (a) and SVI (b) data sets o f  
▲, Daigger and Roper (1985); □, Wahlberg 
and Keinath (1988); V , Tuntoolavest et al. 
(1980); UCT (1986) (comprising five 
subsets, namely Wallace (▼), Dickinson (x). 
Lukuko (■), MitchelVs Plain (EEl) and Cape 
Flats (+)); and Pitman (1980,1984) 
(comprising four subsets, namely 
Alexandria (●), Olifantsvlei (E3), 
Goudkoppies (X) and Northern Works (X))- 
Note that the Tuntoolavest et al, Daigger 
and Roper, and Pitman -  Northern Works 
data sets have only SVI results and 
therefore do not appear in (a).

calculated from the equation of Ekama and 
Marais (1986) (see Table 3.1) is also shown.

For the SSVI3 .5  (Figure 3.10), the Vzs pre
dicted by the Ekama and Marais (1986) and 
Ozinsky and Ekama (1995) equations are very 
close, but the Vzs predicted by the Daigger 
(1995) equation is quite different, particularly 
at the low solids concentration. This difference 
arises from the different groupings of data sets 
resulting in the V0  being insensitive to SSVZ3 .5

(i.e. β = 0 in Equations 3.6a or 3.7a; Table 3.2) 
in the Daigger (1995) equation, whereas V0  is 
sensitive to SSVI3 . 5  (β ≠ 0 in Equations 3.6a or 
3.7a; Tables 3.3 and 3.1) in the Ozinsky and 
Ekama (1995) and Ekama and Marais (1986)

Figure 3.10. Comparison o f the SZSV (Vzs, m/h)
against SSVI3.5 for the fitted equations o f 
Ozinsky and Ekama (1995) (x) (pooled 
SSVI3.5 data set called UCT SSV13.5 

family, see Table 3.3), Daigger (1995) (+) 
(combined SSVI3.5 data set, see Table 3.2) 
and Ekama and Marais (1986) (a )  (see 
Table 3.1).

equations. For the SVI (Figure 3.11), the diff
erence in Vzs predicted by the Daigger (1995) 
and Ozinsky and Ekama (1995) equations is 
significant and arises for the same reason, i.e. 
the different groupings of SVI data sets on 
which the fitted equations are based. In par
ticular, Daigger (1995) finds that V0  does not 
vary with SVI (i.e. β = 0 in Equations 3.6a or 
3.7a; Table 3.2) which is not the case for the 
constants in fitted equation of Ozinsky and 
Ekama (1995) (i.e. β ≠ 0; Table 3.3).

As a result of these differences in relation
ships, if design charts are generated, whether 
those of the kind of Ekama et al. (1984) (see 
Figure 4.3 in Section 4.5.1.1) or Daigger (1995) 
(see Figure 4.4 in Section 4.5.1.2) with the use 
of either Daigger’s (1995) or Ozinsky and 
Ekama’s (1995) relationships between SVI or 
SSVI3.5, significant differences will be noted 
and consequently significantly different settling 
tank surface areas will be obtained. The impli
cations of the different fitted equations on the 
design of SSTs are discussed further in Section
4.7.5.

A comparison of the V0 -SSVI3 .5  and 
n-SSVI3 .5  relationships calculated from the α , 
β , γ and δ values for the Ozinsky and Ekama 
(1995) (UCT SSVI family) and Daigger (1995) 
(combined SSVI3 . 5  data set) with some of the 
other V0 -SSVI3 . 5  and n-SSVI3 . 5  relationships 
proposed earlier (see Table 3.1) is given in 
Figure 3.12. Note that it is statistically per
missible to calculate the individual V0  and n 
values from the α , β y γ  and δ values obtained 
from the single-step method because the single- 
step correlation does not give a significantly 
better correlation coefficient than the double
step method except when the correlation 
coefficient is very low (see Figure 3.9). The
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Figure 3.11. Comparison o f the SZSV (Vzs, m/h) 
against SVI for the fitted equations of 
Ozinsky and Ekama (1995) (x) (pooled 
SVI data set called Pitman SVI family, see 
Table 3.3) and Daigger (1995) (+) 
(combined SVI data set; see Table 3.2).

close correspondence of the Ozinsky and Ekama 
(1995) equation to the relationships of Ekama 
and Marais (1986) implies that the graphs of 
permissible overflow rate and applied solids 
loading rates against sludge settleability devel
oped by Ekama and Marais (1986) (in partic
ular their Figures 11 and 12; see Section 4.13, 
Figures 4.23 and 4.24) will not be significantly 
different and can be used with the same margin 
of error as earlier. However, it must be noted 
that these graphs include a 25% decrease in the 
flux-predicted Solids Loading Rate (SLR). If 
instead the Daigger (1995) SSVI3 .5  design and 
operation chart is used for design, then sig
nificantly smaller SST surface areas will be ob
tained for two reasons: (1 ) differences in the 
constants of the fitted equations and (2 ) in 
Daigger’s design and operating charts, a reduc
tion factor in flux predicted SLR is not applied. 
Further details on this aspect are discussed in 
Section 4.7.5.

3.3.2 Relationship between SSVI3.5 and 
DSVI

From their own (UCT 1986) data and that of 
STOWa (1981), Ekama and Marais (1986) found 
an approximate relationship between SSVI3 . 5

and DSVI, namely

or

Since that time more data have been collec
ted (UCT (1986) -  Robertson (R) )  on 15 Wes
tern Cape plants, doubling the data set, and the 
data were re-evaluated. The results are shown 
in Figure 3.13. The data show considerable 
scatter, yielding a correlation coefficient (R2) of
0.74 and a relationship

This equation gives DSVI values approxi-

SSVI (ml/g)

Figure 3.12. Flux constants V0 (a) and n  (b) plotted 
against SSVI3 .5 plots obtained from the 
UCT SSVI3 .5 data family (te) and Pitman- 
GK SSVI3.5 (v) data set (from Table 3.3) 
compared with the different relationships 
given in Tables 3.1 determined by Ekama 
and Marais (1986) (o), Hartley 
(■), Rachwal (a), Wahlberg and Keinath 
(1988) (x) and Daigger (1985) (a). (Note 
that the markers on the lines are not data; 
they serve to identify the lines only. The 
markers without lines are data.)

mately 10% lower than Equation 3.8. The 
relationship from the STOWa (1981) data, 
measured at 18 Dutch full-scale plants (see 
Figure 3.14) gives DSVI values within 5% of 
Equation 3.9 for SSVI3 . 5  > 75 ml/g.

A comparison of the best line fits from the 
UCT (1986) data (Figure 3.13) and STOWa 
(1981) data (Figure 3.14) is given in Figure 3.15. 
Also given is the relationship obtained from 
equating the In Vzs functions in terms of SSVI 
and DSVI developed by Ozinsky and Ekama
(1995) (Table 3.3). Clearly, considerable differ
ences are obtained for SSVI3 . 5  > 100 ml/g. The 
reason for this is probably that the lines are 
based on different data sets, which is indicative 
of the variability and scatter in even the best 
measures for sludge settleability. Great caution 
should therefore be exercised in using the re
lationships between SSVI3 . 5  and DSVI; indeed, 
the variability is such that there is nothing to 
choose between the relationships given by
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Figure 3.13. Measured DSVI plotted against measured 
SSVI35for the 15 plants o f the UCT 
(1986) Western Cape full-scale plant data 
set (m, UCT-Robertson, 14 plants; +, 
UCT-Dickinson, 10 plants; o, UCT- 
Lukoko, 10 plants; a , UCT-Wallace, 7 
plants; x, UCT-Cape Flats, 13 data), and 
the best straight line for all these data 
(DSVI = 8.9 + 1.286 SSVI; N = 109;
R2 = 0.74).

SV30 < 800, (2) 250 < SV30 < 300 together with 
800 < SV30 < 900 and (3) SV30 < 250 together 
with SV30 > 900. The calculated DSVI values 
from the measured SVI and SV30 are compared 
with the measured DSVI in Figure 3.16. The 
data show significant scatter, but those in 
groups (1) and (2) do conform better to the 
measured DSVI than those in group (3). This 
means that Merkels SV30 limits specified for 
Equation 3.10 are appropriate and are best 
respected.

3.3.4 Cautionary note on SSP 
interrelationships

Because of the ease of calculating alternative 
sludge settleability parameters from the inter
relationships between them, the caution men
tioned in Section 3.3.1 above cannot be over
emphasized: factors not yet identified affect the 
SSPs and therefore the relationships between 
them. Use of the relationships in this STR, or 
any other similar relationships, should be restric
ted as far as possible to the type of activated 
sludge plant on which the data were measured. 
Uncritical and ill-disciplined use of these kinds 
of relationship can lead to serious errors.

3.4 Assessing SST performance with the 
ASCE CRTC protocol

3.4.1 The ASCE CRTC secondary settling 
tank evaluation protocol

The USEPA sponsored a symposium in 1986 
that focused on reviewing past SST research, 
and identifying and prioritizing future SST 
research needs. The symposium participants 
identified fourteen key questions and five 
recommendations to guide future SST research 
(Tekippe 1986; Tekippe and Bender 1987). As a 
result of this symposium, the American Society 
of Civil Engineers (ASCE) Clarifier Research 
Technical Committee (CRTC) was formed. 
Members of the CRTC represented consulting 
engineers, regulatory, municipal and sanitation 
agencies, equipment manufacturers, and acad
emics from around the world.

The CRTC developed a protocol for evalu
ating activated sludge SST performance. The 
CRTC protocol consists of five components: (1) 
physical description of the test facility and SST, 
(2) plant operating summary, (3) pre-test infor
mation collection, (4) solids loading rate stress 
tests, and (5) data analysis and interpretation. 
An evaluation of the protocol was conducted 
during a two-year field study in which the 
performance of four SST configurations was 
evaluated (Wahlberg et al. 1993a,b, 1994a,b).

The physical description of the test facility 
and SST is self-explanatory. This information is 
collected and documented so that future com
parisons can be made. The purpose of the plant

Figure 3.14. Measured DSVI plotted against measured 
SSVI3 5for the STOWa (1981) data set 
(points) measured at 18 Dutch full-scale 
plants and the best straight line for these 
data (DSVI = - 1 7  + 1.662 SSVI; N  = 36; 
R2 = 0.78).

Equations 3.8 and 3.9; although different DSVI 
values are obtained, statistically one is no more 
reliable than the other.

3.3.3 Relationship between DSVI and SVI
From evaluating DSVI, SVI and SV30 values 
from a large number of settleability data, Mer
kel (1971) developed an empirical relationship 
linking the DSVI to the SVI as follows (see 
Table 3.1):
DVSI = SVI (300 / SV30)0'6 (ml/g) (3.10)
for 200-300 < SV30 < 700-800.

The complete UCT (1986) data set was 
divided into three SV30 groups: (1) 300 <
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operating summary is to document the normal 
operation of the test facility for the year before 
the initiation of the performance evaluation. 
Data for the plant operating summary are 
obtained from the historical records at the test 
facility.

The pre-test information collection com
ponent is primarily concerned with establishing 
accurate flow measurement into and out of the 
test SST, assessing the hydraulic characteristics 
of the test SST, and assessing the flocculation 
and settling characteristics of the mixed liquor 
entering the test SST. The hydraulic charac
teristics of the test SST are assessed by two 
tests with the use of Rhodamine WT dye: the 
slug dye and the solids distribution/flow pattern 
tests. These tests originally were applied to the 
characterization of SST hydraulics by Crosby 
(1980). The dye tests are performed at several 
surface overflow rates (to establish repeatabil
ity) under strictly controlled flow conditions. 
The SSVI, the SZSV and the dispersed sus
pended solids (DSS) concentration are meas
ured and a settling flux analysis is performed 
during each stress test to assess the flocculation 
and settling characteristics of the mixed liquor 
entering the test SST.

During a stress test, the wastewater influent 
flow rate is adjusted to maintain a targeted and 
constant SOR. The sludge withdrawal (or 
return activated sludge (RAS)) flow rate is set 
and also kept constant. The MLSS, RAS and 
ESS concentrations and the influent, effluent 
and sludge withdrawal flows are measured 
continuously during the stress tests. In the 
CRTC study, these measurements were made 
by using online instrumentation. Each stress 
test lasts for a period at least three times the 
theoretical actual hydraulic residence time 
(HRT) based on wastewater and RAS flow.

The final component of the protocol involves 
data management, transformation, analysis and 
interpretation. The protocol defines SST per
formance in terms of the ESS concentration. 
Other data collected during the application of 
the CRTC protocol are used to identify sig
nificant variables that might account for any 
changes in the online ESS data obtained during 
the stress tests.

3.4.2 Hydraulic and solids overloads: 
effect on effluent SS and design

In the ideal SST (water and solids flowing in 
the vertical direction only; see Section 5.2), the 
feed flow into the SST (QF = <J}R + @j) divides 
into two: (1) the recycle flow (Qr), which cre
ates a downward water velocity (Vun = @r/Ast 
(m/h)) in the bottom of the tank, and (2) the 
WWTP influent flow (Q\), which creates an 
upward water velocity (Vov = Qi/Ast (m/h)) in 
the top of the tank. This upward water velocity

Figure 3.16. Calculated DSVI from Merkels (1971)
SVI to DSVI equation (Equation 3.10; see 
Table 3.1) plotted against measured DSVI 
fo r the UCT (1986) Western Cape full- 
scale plant data divided into three SV30 
groups: m, 300 < SV30< 800; 
a , 250 < SV30 < 300 and 
800 < SV30 < 9 0 0 ; SV30 < 250 and SV30 
>900.

is called the SOR. To achieve a low effluent SS 
concentration, the SS need to settle to the 
bottom of the SST. However, if the downward 
settling velocity of the SS in the upper region of 
the SST is slower than the upward velocity of 
the water, then the SS cannot settle to the 
bottom of the SST and become part of the 
effluent flow as effluent SS. This reasoning, 
from which it has been inferred that the higher 
the SOR, the higher the ESS concentration, 
has led to the SOR having been accepted over
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Figure 3.15. Best straight lines for the UCT (1986) (m) 
and STOWa (1981) (+) data sets and that 
obtained equating the lnVzs-SSV I3 5 and 
lnVZs~DSVI functions developed by 
Ozinsky and Ekama (1995) (%). The 
differences arise from the different data 
sets on which the equations are based. 
(Note that the markers on the lines are 
not data; they serve only to identify the 
different lines).
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Figure 3.17. Longitudinal section view o f the SJCWRP SSTs, which are typical o f the Los Angeles County
Sanitation Districts (LACSD) rectangular SSTs, showing the influent channel for flocculation, flow 
distribution and energy reduction, co-current sludge transport with flight scrapers and effluent end 
sludge collection.

Figure 3.18. Effluent suspended solids concentration plotted against surface overflow rate for two circular (CTP- 7 
and CTP-9) and two rectangular (SJCWRP and RWPCP) secondary settling tanks (redrawn from  
Wahlberg et al. 1994b).

the past two decades by design, operations and 
regulatory communities as the most important 
parameter governing the ESS concentration.

In contrast with this commonly held view, 
full-scale operational data have been reported 
recently that show no relationship between 
ESS and SOR (Matasci et al. 1986; Parker and 
Stenquist 1986; Wahlberg et al. 1994b; Parker 
et a l 1995). Wahlberg et a l (1993a,b, 1994a,b) 
evaluated the performance of four SSTs: (1) a 
rectangular SST (45.7 m x 6 . 1  m x 3.0 m) with 
eflluent-end sludge removal (SJCWRP), (2) a 
circular SST (42.7 m in diameter) with scraper/ 
plough sludge removal (CPT-7), (3) a circular 
SST (42.7 m in diameter) with draft-tube sludge 
removal (CPT-9), and (4) a rectangular SST 
(6 8 . 6  m x 17.2 m x 3.7 m) with mid-tank sludge 
removal (RWPCP). To illustrate the discussion 
that follows, a schematic layout of the SJCWRP 
rectangular SST is given in Figure 3.17.

The flow rates into the four test SSTs were 
carefully controlled during the evaluation trials. 
The results of effluent SS concentration versus 
SOR for the four test SSTs are shown in Figure
3.18. Although for the SJCWRP data (♦) a 
small positive effect of SOR on ESS could be 
seen, for the four data sets as a group there was 
no relationship between ESS and SOR for 
SORs up to 3.4 m/h (2,000 gpd/ft2). This can be 
seen from the horizontal least squares regres
sion line for the combined data set in Figure
3.18. The small positive effect of SOR on ESS

for the SJCWRP data was attributed to a raised 
sludge blanket in the SST during the trials. In 
the trials it was not possible to operate the two 
circular SSTs (CTP-7 and CTP-9) at SORs 
greater than 1.5 m/h (880 gpd/ft2) because of 
solids flux limitations. These limitations occurred 
for two reasons: (1 ) sufficient sludge could not 
be withdrawn from the test SSTs for the 
sludges' settling characteristics, and (2 ) the 
hydraulics of the activated sludge system 
prevented the test SSTs from reaching steady- 
state sludge blanket levels.

To identify SST parameters that might influ
ence the ESS concentration, Wahlberg et a l 
(1994b) evaluated the affect of feed solids con
centration (MLSS) and solids loading rate 
(SLR) on ESS concentration. Figure 3.19 shows 
a plot of the ESS concentration as a function of 
the MLSS concentration entering the four test 
SSTs. Two groups of data were observed; these 
groups corresponded to the data obtained at 
the air (SJCWRP and RWPCP) and high-purity 
oxygen (CTP-7 and CTP-8 ) activated sludge 
plants tested. Analysed separately, none of the 
four data sets showed a relationship between 
ESS and MLSS. Taken together, however, a 
significant relationship was indicated, with ESS 
increasing as the feed MLSS concentration 
increased (see the least-squares regression line 
in Figure 3.19). This positive effect of feed 
MLSS on ESS agrees with the work of others 
(for example, Pflanz 1969; Tuntoolavest et a l
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Figure 3.19. Effluent suspended solid concentration plotted against feed concentration for two circular (CTP- 7 
and CTP-9) and two rectangular (SJCWRP and RWPCP) secondary settling tanks (redrawn from  
Wahlberg et al 1994b).

Figure 3.20. Dispersed suspended solids concentration plotted against feed MLSS concentration for two circular 
(CTP-7 and CTP-9) and two rectangular (SJCWRP and RWPCP) secondary settling tanks (from 
Wahlberg et al 1994b).

Figure 3.21. Effluent suspended solids concentration plotted against solids loading rate for two circular (CTP-7 
and CTP-9) and two rectangular (SJCWRP and RWPCP) secondary settling tanks (redrawn from  
Wahlberg et al 1994b).

1980; Chapman 1983) but contradicts the work 
of Agnew (1972). Wahlberg et al (1994b) 
resolved this contradiction by considering the 
DSS concentration (see Sections 2.2 and 3.5.1) 
data that they collected at the four SSTs during 
the trials. Figure 3.20 shows the DSS concen
tration plotted as a function of the MLSS 
concentration of the samples used in the DSS 
tests. These data are shown with similar data 
obtained at 24 full-scale activated sludge plants 
by Das (1991) (see also Das et a l 1993). Also 
shown in Figure 3.20 are least-squares linear 
regression lines through the SJCWRP, CTP, 
RWPCP and Das data sets. The negative slopes 
of the CTP, RWPCP and Das regression lines 
(the slope on the SJCWRP regression line is 
zero) substantiate the inverse trend in the 
overall data set; i.e. as the MLSS concentration 
increases, the DSS concentration decreases.

The DSS concentration, when measured at 
the point where the sludge enters the settling 
region of the SST, represents the ESS concen
tration that would be obtained under ideal 
settling conditions, unaffected by inefficiencies 
caused by non-ideal flow conditions in full-scale 
SSTs (see Section 3.5.1). Parker and Stenquist 
(1986) showed that the DSS concentration, 
measured in the flocculator centre well, ap
proximated the ESS concentration from one type 
of circular SST. The data in Figure 3.20 suggest 
therefore that under ideal flow conditions the 
ESS concentration from an SST should be in
versely related to the feed MLSS concentra
tion. The fact that this is not so in Figure 3.19 
indicates that non-ideal flow conditions such as 
short-circuiting in four test SSTs influenced the 
ESS concentration results.

The ESS concentration data observed by
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Wahlberg et al. (1994b) on the four test SSTs 
are plotted as a function of the measured SLR 
in Figure 3.21 together with the linear least- 
squares regression lines for each test SST The 
individual regression lines, shown as dotted 
lines in Figure 3.21, indicate that only the 
SJCWRP data showed a positive effect of SLR 
on ESS with ESS increasing as SLR increases. 
As with the ESS-SOR results in Figure 3.18, 
the increased ESS concentrations at high SLRs 
observed at the SJCWRP plant was influenced 
by the raised sludge blanket (Wahlberg et al. 
1994b). Whereas the plot of ESS against SOR 
of the combined data set in Figure 3.18 showed 
no effect of SOR on ESS, the combined data 
set of ESS against SLR in Figure 3.21 did show 
a positive small effect of SLR on ESS, with ESS 
increasing slowly as SLR increased. Had it 
been possible to test the SSTs at the peak SLRs 
of 245kg/m2.d (10.2 kg SS/m2 .h; 50.1 lb/ft2 .d) 
recommended for design by WPCF (1985), the 
observed effect of SLR on ESS might have 
been more marked.

At first sight it seemed that the ESS-SLR 
results in Figure 3.21 from the four test SSTs 
are randomly dispersed. Closer scrutiny of the 
individual data points, however, revealed that 
this not so; the data are horizontally banded 
depending on test SST This horizonal banding 
in the data is evident from the individual 
regression lines shown in Figure 3.21. Also, the 
five high ESS concentrations observed at the 
RWPCP (◊ ) occurred during tests performed 
while the plant was having an operational prob
lem that resulted from an overwasting of bio
mass from the system (Wahlberg et al. 1994a). 
Flow characterization dye tests performed on 
each test SST at several SORs (discussed 
below) indicated that the increasing ESS for 
the RWPCP, SJCWRP, CTP-9 and CTP-7 SSTs 
corresponds to increasing non-ideal flow con
ditions in the SSTs.

The actual HRT, which is determined from 
dye tests (see Section 3.4.1), is defined as the 
time at which 50% of the dye passes through 
the test SST in the slug dye test. The ratio of 
the actual HRT to the theoretical HRT (based 
on the total flow through the SST) quantifies the 
degree of short-circuiting occurring in the SST 
It is generally true that the closer this ratio is to 
unity, the more ideal are the flow conditions in 
the tank (see Section 6.2.2). Wahlberg et al. 
(1993a,b, 1994a,b) performed slug dye tests on 
all four test SSTs. The tests on the CTP clari- 
fiers were performed at three SORs between
0.63 and 1.26 m/h (370 and 750 gpd/ft2). Al
though slug tests were performed at higher 
SORs at the SJCWRP and the RWPCP, only 
the data from the three SORs between 0.72 
and 2.10 m/h (420 and 1,240 gpd/ft2) and 0.66 
and 1.97 m/h (390 and 1,160 gpd/ft2) respec

tively were used to compare the ratios of actual 
to theoretical HRT of the four test SSTs. The 
average HRT ratio from the three tests at the 
different SORs on each of the four SSTs were
0.67, 0.58, 0.37 and 0.37 for the RWPCP, 
SJCWRP, CTP-9 and CTP-7 SSTs respectively. 
This indicates that the flow conditions in the 
SSTs were increasingly non-ideal in the order 
RWPCP, SJCWRP, CTP-9 and CTP-7, which is 
also the order in which ESS concentrations 
increase in horizontal bands in Figure 3.21. 
This confirmed that these increases in ESS 
concentration from the four SSTs were more 
the effect of increasing non-ideal flow condi
tions than the SLR.

Difficulty was encountered by Wahlberg et 
al. (1994b) in quantifying the degree of non
ideal flow in the test SSTs from their results of 
the solids distribution/flow pattern tests. How
ever, several qualitative observations were made 
during the trials. These observations indicated 
the presence of a horizontal density current in 
all four SSTs at all flow rates tested. This den
sity current was created by the ‘waterfall’ effect 
of the denser incoming MLSS flow streaming 
into the less dense clarified water in the SST. In 
the rectangular RWPCP and SJCWRP SSTs, 
the density currents assisted in the transport of 
settled solids to the sludge collection hoppers, 
located at mid-tank and at end-tank respec
tively. At the mid-tank sludge collection hopper 
in the RWPCP SST, the movement of several 
chain-and-flight systems, together with the 
physical interruption of the SST floor by the 
transverse hopper, served a baffling function 
that dissipated the density current resulting in a 
desirable, nearly uniform flow pattern in the 
second half of the tank (Wahlberg et al. 1994a). 
The dissipation of the density current at mid
tank minimized the formation of an upwardly 
deflected current at the end wall, which often 
leads to increased ESS concentrations. Although 
there was some evidence of an endwall effect in 
the SJCWRP solids profiling data, its influence 
on the ESS seemed to be held in check by two 
mechanisms (Wahlberg et al. 1993a): (1) the 
SJCWRP inlet diffusers helped to minimize the 
development of the density current at high in
fluent flow rates and (2 ) the downward velocity 
component resulting from the withdrawal of 
sludge from the effluent end of the SST seemed 
to decrease the velocity of the upward current 
resulting from the upward deflection of the den
sity current at the end wall (see Figure 3.17).

In contrast, a significant endwall effect in 
both the circular CTP SSTs could be clearly 
observed from the results of the solids distribu
tion/flow pattern tests (Wahlberg et al. 1993b). 
Moreover, this effect was visually apparent 
throughout the stress tests by frequent upwel- 
ling clouds of SS in the area of the effluent-flow
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drop boxes. These drop boxes created a vertical 
wall approximately 2.3 m (7.7 ft) wide, exten
ding downwards from the effluent weir to 
nearly the bottom of the tank and at a position 
of 1.8 m ( 6  ft) in from the side wall. Although 
the slug dye tests indicated similar actual HRTs 
in the two CTP SSTs, the solids distribution/flow 
pattern tests indicated a significantly deeper, 
more uniformly distributed sludge blanket in 
the scraper-plough sludge removal SST (CTP- 
7) compared with the draft tube sludge removal 
SST (CTP-9).

Because at low recycle ratios (R) the SLR is 
nearly equal to the product of the SOR and the 
feed MLSS concentration (the SLR includes 
the RAS flow), the difference between Figures 
3.18 and 3.21 is the feed MLSS concentration. 
The conclusion drawn from Figure 3.20 was 
that ESS should decrease with increasing feed 
MLSS under ideal flow conditions. In contrast, 
Figures 3.19 and 3.21 strongly suggest that the 
ESS concentration increases with increasing 
feed MLSS. Because the momentum of the 
density current increases with increasing feed 
MLSS concentration, it is reasonable to expect 
that increasing the MLSS concentration would 
increase the degree of short-circuiting and non
ideal flow conditions in the SSTs. This density 
current, if unchecked by appropriate baffle 
design and placement, would cause increased 
ESS concentrations by carrying SS from the 
vicinity of the sludge blanket near the bottom 
of the tank to the effluent launder region at the 
surface. Furthermore, higher feed MLSS con
centrations could potentially result in higher 
sludge blanket levels, which would not only de
crease the height between the top of the sludge 
blanket and the effluent launder but also raise 
the horizontal density current that flows im
mediately above the top of the sludge blanket.

From the above discussion, high sludge 
blankets in SSTs are undesirable for three 
reasons. (1) They raise the density current that 
travels along the top of the sludge blanket. The 
closer this current is to the effluent weir when 
it strikes the end wall, the more direct is the 
flow path from inlet to outlet, and the more 
deleterious is the impact of the short-circuiting 
flow. (2) In SSTs with flocculator centre wells, 
it is undesirable for the sludge blanket to 
approach the bottom of the skirt, or baffle, that 
defines the flocculation zone. As the distance 
between the sludge blanket and the floccu
lation skirt gets smaller, flow velocities exiting 
from the flocculation zone increase, resulting in 
the resuspension of sludge blanket solids. (3) 
Solids tend to be scoured from the top of the 
sludge blanket by the density currents. The 
closer the blanket is to the water surface, the 
more likely it is that scoured solids will not 
resettle into the sludge blanket. From these

three considerations it is clear that sludge blan
kets should be kept as low as possible in the 
bottom of the SST.

Clearly the hydraulics of SSTs is complex and 
the interpretation of results, as the above 
discussion demonstrates, should not be under
taken superficially because factors such as feed 
MLSS concentration influence SST perfor
mance more than the surface overflow rate. It 
is apparent from the studies of Wahlberg et al 
(1994b) that higher feed MLSS concentrations 
exacerbate flow irregularities caused by the den
sity current. Although the MLSS concentration 
is subject to a degree of direct operational 
control, it is mainly a key variable in design (see 
Section 1.2).

3.5 Assessing flocculation problems with 
DSS/FSS testing

The clarification function performed by acti
vated sludge SSTs ensures a relatively solids- 
free effluent. In an SST where hydraulic flow 
currents do not impact effluent quality, the 
success of the clarification function depends on 
the extent to which the mixed liquor has been 
flocculated before settling and any additional 
flocculation that occurs during settling.

The environment in the aeration basin is 
necessarily turbulent to keep the suspended 
solids in suspension. Much of the success of the 
activated sludge process depends on the ability 
of the solids to flocculate after leaving the 
turbulence of the aeration basin. Flocculation is 
necessary not only to produce floc of sufficient 
mass to settle in the SST, but also to decrease 
the concentration of small, dispersed solids that 
do not have sufficient mass to settle in the SST 
These dispersed solids exist as a result of three 
possible mechanisms: (1 ) they have not been 
incorporated into a floc particle owing to a sur
face chemistry reaction that prevents floccula
tion, (2 ) they have not been incorporated into a 
floc particle owing to insufficient time for 
flocculation to occur, or (3) they have been 
sheared from a floc particle owing to excessive, 
localized turbulence in the mixed liquor trans
port system between the aeration basin and 
SST.

Surface chemistry that prevents flocculation 
can be the result of the presence of biological 
toxicants and/or chemical dispersants in the 
influent stream to the activated sludge facility 
or from excessive chemical dosing to control 
bulking (see Section 2.6). If these influent 
chemicals can be identified and their source 
located, their discharge to the wastewater 
collection system should be prevented. Non
flocculating surface chemistry also can be the 
result of the operational and loading conditions 
in the aeration basin. It has long been 
recognized that the degree to which a mixed
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Figure 3.22. Effect o f sludge age (i.e. mean cell
residence time, MCRT) on the percentage 
dispersion in activated sludge reactor 
MLSS outflow (redrawn from Bisogni 
and Lawrence 1971).

liquor flocculates is a function of sludge age 
(see, for example, Figure 3.22) and the process 
loading intensity (see, for example, Figure 
3.23). A sludges flocculation potential is there
fore subject to design and operational manipu
lation.

As presented in Section 2.8.1, the kinetics of 
flocculation is dictated by two opposing reac
tions: floc aggregation and floc breakup. The 
rate and extent of flocculation of activated sludge 
have recently been reviewed and studied 
(Wahlberg et al 1994c). This work confirmed 
the work of others (Parker et al 1971; WPCF
1985) that at least 2 0  min of detention time is 
necessary in a continuous flow (CSTR) floccula
tor for the activated sludge flocculation reaction 
to go to completion. Although some floccu
lation would occur as a result of differential 
settling in the SST, optimizing flocculation in 
the activated sludge process requires a separate 
flocculation step. Typically, this step is incor
porated into the design of the SST because it is 
important not to subject the flocs formed dur
ing flocculation to higher turbulence levels 
before sedimentation. The important point to 
be made from this brief discussion is that 
flocculation of activated sludge takes time; pro
vision must therefore be made for the reaction 
to take place in activated sludge process design.

Das et al (1993) reported on a study of floc 
breakup in activated sludge plants. Data were 
reported showing an inverse relationship 
between floc breakup and distance from mech
anical or surface aerators; the shorter the 
distance, the higher the breakup effect. This 
highlights the importance of placement of 
mechanical aerators: they should never be 
placed too near the aeration basin outlet unless 
a flocculation step precedes secondary sedi
mentation. The deleterious effects of certain 
structures in mixed liquor transfer systems (for 
example free falls and piping networks) on floc 
integrity also was reported by Das et al (1993).

Figure 3.23. Effect o f sludge age (i.e. mean cell
residence time, MCRT) on the percentage 
dispersion in activated sludge reactor 
MLSS outflow (redrawn from Chao and 
Keinath 1979). Symbols: ■, Chao and 
Keinath (1979); ▲, Parker et al. (1970),

3.5.1 DSS/FSS testing
High ESS concentrations caused by denitrifi
cation and high sludge blankets are easily 
recognized and corrected (see Section 2.9.2). 
However, it is difficult to distinguish between 
hydraulic and flocculation problems. To make 
this distinction is important because their 
corrective actions are very different. The pro
cedure for making this distinction suggested by 
Wahlberg et al (1995) compares the results 
from the DSS and flocculated suspended solids 
(FSS) tests. These tests are described and 
typical results are interpreted below.
3.5.1.1 Dispersed Suspended Solids (DSS) 

test
DSS are defined as those remaining in the 
supernatant after 30 min of settling. The DSS 
test quantifies a mixed liquor's state of floccu
lation at the moment and location that the 
sample is taken. This is accomplished by collec
ting and settling the sample in the same con
tainer, thereby sparing the biological flocs in 
the sample from any breakup or flocculation 
effects resulting from an intermediate sample 
transfer step. The test was originally developed 
by Parker et al (1970).

Samples for the DSS test are collected, at a 
minimum, at the SST inlet and on the up
stream side of the biological reactor outflow 
weir. The DSS test is performed in a 4.2-litre 
acrylic Kemmerer sampler (Model 1540-C20; 
Wildlife Supply Company, Saginaw, Michigan, 
USA). A diagram of the sampler in use is shown 
in Figure 3.24. The sampler is a clear tube, 
105 mm (4.1 in) in diameter and 600 mm 
(24 in) tall with upper and lower closures. The 
closures are locked in the open position before 
the sampler is lowered into the mixed liquor to 
be sampled. Once the sampler is submerged to 
the desired depth, it is closed by dropping a 
weighted messenger. The sampler is raised 
quickly and the liquid level in the sampler is
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lowered to a point just below the samplers 
upper internal support by using the bottom 
drain valve. The sampler then is secured in an 
upright position in a ring stand with the upper 
closure open and a stopwatch is started.

Because solids have a tendency to adhere to 
the straps of the upper closure that can be 
dislodged during supernatant sampling, the 
closure is gently twisted after about 1 0  min of 
settling. After 20 min of settling, a primed 
siphon is placed over the side of the sampler. 
After 30 min of settling, the siphon is opened 
and approximately 50 ml allowed to flow to 
waste. After the siphon has been cleared, a 
500 ml sample is collected and analysed for 
suspended solids (SS) concentration. The flow 
rate of the siphon during supernatant with
drawal should be low, about 150-200 ml/min, 
to prevent disruption of the sludge blanket. It is 
important to cut and bend the siphon so that 
the volume in the sampler above the siphon 
before supernatant sampling is slightly greater 
than 500 ml. To prevent the inclusion of 
floating debris, supernatant sampling is stopped 
when the water surface is approximately 6  mm 
(0.25 in) above the end of the siphon.

Results from the DSS test have been shown 
to closely approximate the ESS concentration 
from a well designed and operated SST, i.e. an 
SST not subject to hydraulic short-circuiting, 
turbulence or denitrification (Parker and Sten- 
quist 1986).
3.5.1.2 Flocculated Suspended Solids (FSS) 

test
FSS are defined as those remaining in the 
supernatant after 30 min of settling preceded 
by 30 min of flocculation. Whereas the DSS 
test quantifies the state of flocculation of a 
mixed liquor sample at the moment and 
location at which it is taken, the FSS test 
attempts to simulate the optimum degree to 
which the sample can be flocculated. Wahlberg 
et al (1994c) studied the rate and extent of 
activated sludge flocculation. They found the 
flocculation reaction to be essentially complete 
with 30 min of flocculation. Therefore Wahl
berg et al (1995) operationally defined the FSS 
concentration as the supernatant suspended 
solids concentration after 30 min of flocculation 
followed by 30 min of settling.

The FSS test procedure uses a six-paddle 
stirrer (Phipps and Bird, Richmond, Virginia, 
USA). A mixed liquor sample is collected in a 
square flocculation jar. The sample volume 
should be at least 1.5 litres. It is important to 
use a square jar as this obviates the need for 
any in-vessel baffling. Because the sample vol
ume is relatively small in comparison with the 
volume of the Kemmerer sampler described 
above, some precautions should be taken to 
ensure that the samples do not change mark

edly in temperature during the 1  h that it takes 
to conduct the test. At a minimum, the testing 
procedure should not be performed in direct 
sunlight.

Because the FSS concentration is measured 
under conditions of maximum flocculation and 
ideal settling, it will not change between the 
aeration basin and the SST. The mixed liquor 
sample for the FSS test can therefore be 
collected anywhere between the aeration basin 
and SST The sample is flocculated in the 
stirred jar for 30 min at a rotational velocity of 
50 rpm. After flocculation the sample is 
allowed to settle for 30 min. After settling, the 
supernatant is sampled for a SS analysis. A 
similar siphon arrangement can be devised as 
indicated in Figure 3.24 for the DSS test, or a 
sampling tube attached to a vacuum source can 
be used to sample the supernatant. Regardless 
of the supernatant sampling technique, it is 
important not to pull any floating debris or 
settled solids into the supernatant sample.

In addition to the results from the DSS and 
FSS tests described above, SST effluent 
samples are obtained for SS analyses. These 
samples should be collected at the same time as 
the DSS and FSS tests are being performed on 
the plant. Because veiy low concentrations of 
SS are being measured in the DSS, FSS and 
ESS tests, it is acceptable to measure these 
concentrations with a turbidity meter provided 
that a correlation curve between the SS con
centration and the turbidity measure is 
maintained during the testing program 
(Wahlberg et a l 1994c).
3.5.1.3 Interpretation of DSS/FSS results 
Having performed the DSS tests on the inflow 
and outflow of the SST inlet (i.e. just before 
entering the SST and immediately before sett
ling (DSSi and DSS0, respectively)) as well as 
the FSS test on the activated sludge, then, with 
the collected SST effluent samples, four sets of 
data are on hand: namely DSSi, DSS0, FSS and 
ESS concentrations. It is accepted that the 
reason that the tests are performed is poor SST 
performance and therefore that the ESS con
centrations are high. With this in mind there 
are four scenarios.

(i) High DSSi, low FSS
This situation indicates either that the mixed 
liquor is not receiving adequate time to floccu
late after it has exited the turbulence of the 
aeration basin or that some conveyance struc
ture (for example a pump, free fall, or tortuous 
piping network) is causing a significant floc 
breakup to occur before settlement in the SST 
In the latter case, the DSS testing sequence 
should be moved upstream of the original tes
ting location to isolate the problem. If nothing 
can be done to remove the breakup problem or
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Figure 3.24. Schematic diagram of the Kemmerer sampler for the determination o f DSS.

if the problem is one of inadequate flocculation 
time, then a flocculation step before the sett
ling zone of the SST will improve SST perfor
mance. This can be accomplished by building a 
flocculation reactor upstream of the SST or by 
incorporating a flocculation zone in the SST 
(e.g. a flocculator centre well in a circular SST; 
see Section 7.4).

(ii) Low DSSi  low FSS
These results indicate that the incoming mixed 
liquor is in a well-flocculated state and that 
additional flocculation is not necessary to im
prove SST performance. The problem of poor 
SST performance is therefore most probably a 
hydraulic one or a sludge blanket management 
one (i.e. high sludge blankets). This observation 
can be confirmed by comparing the DSS0  and 
ESS concentrations; if the DSS0  concentration 
is significantly lower than the ESS concen
tration, then hydraulic scouring of settleable 
solids from the sludge blanket is indicated. If 
this is not the result of poor sludge blanket 
management, then it can be concluded that a 
hydraulic problem exists. This conclusion justi
fies a thorough testing of the SSTs hydraulic 
characteristics with either (1 ) the multi-point 
dispersion and flow pattern/solids distribution 
tests as used in the ASCE CRTC protocol (see, 
for example, Wahlberg et al 1994b) or (2 ) 
hydrodynamic modelling of the hydraulic 
conditions in the SST (see, for example, Merrill 
et al 1992). Results from these dye and/or 
modelling tests will identify short-circuiting 
problems in the test SST that then can be allevi
ated with appropriate baffling or improved 
sludge blanket management.

(iii) High DSSi, high FSS
As in the high DSSi-low FSS case, these results 
indicate a flocculation problem with the sludge 
but not one that can be solved with additional 
flocculation; the high FSS concentration dic
tates that additional flocculation will not relieve 
the situation. This problem is most likely to be 
a biological one in the aeration basin or the 
consequence of a chemical dispersant or 
toxicant in the plant influent. It has long been 
recognized that the degree to which a mixed 
liquor flocculates is a function of sludge age 
(see, for example, Bisogni and Lawrence (1971) 
and Figure 3.22) and process loading intensity 
(see, for example, Chao and Keinath (1979) 
and Figure 3.23). If chemicals in the influent 
are responsible for the deflocculation and their 
source can be identified, their discharge to the 
wastewater collection system should be pro
hibited. Modifications to the SST will not solve 
this problem; attention must be directed 
upstream of the SST, even to the wastewater 
collection system.

(iv) Low DSSi, high FSS
The possibility of obtaining this outcome is 
remote. If it should occur, however, it indicates 
that the samples for the two tests were collec
ted at significantly different locations or times 
or both. Repetition of the tests is recom
mended if this outcome arises.
3.5.1.4 An example
An example of the kinds of result obtained 
from the DSS/FSS testing is shown in Figure 
3.25. The DSS and FSS concentrations shown 
are each an average of five tests. The DSS tests 
were performed on samples collected at the
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aeration basin outlet, upstream of the flow- 
splitting weir in a distribution box, downstream 
of this distribution weir, and at the centre feed 
well of the circular SSTs. The FSS tests were 
performed on samples collected at the aeration 
basin outlet. Although these tests were conduc
ted for purposes other than troubleshooting 
poor SST performance, it can be seen in Figure 
3.25 that a significant improvement in SS 
removal could be realized with the construction 
of flocculator centre wells in the SSTs. It is also 
interesting to note that some flocculation 
occurred in the pipeline between the aeration 
basin and the distribution box, but this was lost 
as a result of the flows cascading over the weirs 
in the distribution box. The FSS concentration, 
as indicated, represents the flocculation poten
tial that would be achieved in an ideal settler.

In closing, it is emphasized again that under
taking the DSS/FSS evaluation described above 
will not help in identifying problems associated 
with high sludge blankets or denitrification in 
the test SST. However, these problems are 
relatively easily identified and operationally 
controlled.

3.6 Conclusions and research needs
1. Although still falling short of the re

quirements for good measurement para
meters for sludge settleability, DSVI and 
SSVI3 . 5  need to be universally adopted to 
replace the popular but poor SVI.

2. Since its consideration in the early 1970s, 
the understanding and description of the 
flocculation behaviour of activated sludge 
has improved significantly in the 1990s, 
and has been developed to a stage where 
it should be adopted in general practice 
on a much wider scale. Implementation 
of flocculation principles in SST design 
can lead to a significant and economical 
improvement in effluent quality from 
activated sludge plants.

3. Relationships between sludge settleability 
parameters SVI, DSVI and SSVI3 5  and 
flux constants V0  and n and have been 
found to be inconsistent between some 
data sets and seem to reflect distinctly 
different types of activated sludge plant 
operating condition (for example long 
SRT nutrient removal plants as opposed 
to conventional aerobic plants). Because 
the identification of factors that influence 
sludge settleability has proved very 
difficult so far, acquiring more informa
tion about the effects of activated sludge 
plant operating conditions on the sludge 
settleability parameters is a research need 
so that designers can appropriately choose 
the parameters for the particular plant.

4. Current approaches for extending the

Figure 3.25. Example results o f DSS/FSS testing 
(redrawn from Wahlberg et al 1995).

flux theory to include the low concen
tration range are inconsistent with the 
current understanding of the settling 
behaviour of discrete particles but are 
convenient for calibrating 1-D, 2-D and 
3-D models of SSTs. It would be more 
satisfactory if approaches more closely 
reflecting physical reality were developed 
and it is therefore a research objective to 
incorporate more appropriate Classes I 
and II settling descriptions.

5. From the trial runs undertaken with it, 
the ASCE CRTC protocol for SST 
performance assessment has proved to be 
very valuable. Some aspects of the proto
col need to be refined so that the necess
ary information can be collected to meet 
some of the research needs identified in 
this STR. The protocol needs to be 
documented and widely disseminated so 
that it can be adopted internationally.

6 . The sludge characteristics flocculation 
and settling have received considerable 
research attention over the past years, 
whereas the consolidation behaviour of 
sludge has in comparison been virtually 
ignored. Research to delineate the con
solidation behaviour in the bottom of 
SSTs, and measures to define it, is re
quired so that this process can be real
istically modelled and catered for in SSTs.
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4. SST design procedures based on 
flocculation and sludge settleability

4.1 Introduction
From Chapter 3 it is clear that sludge floccu
lation, settling and thickening characteristics can 
vary considerably not only from plant to plant 
but also at different times at the same plant. 
For reliable functioning of the settling tank, 
these variations need to be taken into account 
both in design and operation. In so far as con
tinued functioning of the activated sludge sett
ling tank system is concerned, the settling and 
thickening characteristics are more important 
than clarification because the system relies on 
an adequate supply of return activated sludge 
(RAS); the small quantities of solids that escape 
with the effluent if the flocculation charac
teristics are not good are inconsequential to the 
successful operation of the system. However, 
the flocculation characteristics of the sludge are 
very important for the performance of the 
system because the escape of solids with the 
effluent markedly affects the effluent quality in 
terms of BOD5, COD, total N (TN) and total P 
(TP) concentrations in direct proportion to the 
effluent suspended solids (ESS) concentration.

Currently the design of secondary settling 
tanks (SSTs) is usually done in two stages: in 
the first, zone settling (Class III) and thicken
ing (Class IV) considerations (see Section 2.1) 
are applied that lead to the specification of a 
surface area and depth. With the proper incor
poration of design features for clarification 
(Classes I and II), zone settling and thickening 
criteria will govern the specification of the area 
of the SST. Specification of depth will accom
modate a provision for both sludge accumu
lation and thickening as well as for maximizing 
clarification efficiency. After specifying surface 
area and depth, the clarification efficiency of 
the tank is optimized by considering detailed 
design of the internal features of the tank that 
significantly influence this. These features, such 
as (1 ) inlet arrangement, (2 ) tank configuration, 
(3) control of hydraulic flow patterns, short 
circuiting and turbulence with baffling, (4) floc
culation chambers and (5) sufficient sludge 
transport and collection capacity, make the diff
erence between achieving a low or high ESS 
concentration for the overflow rate and depth. 
In future, with the advent of hydrodynamic

SST models, design and optimization for sett
ling, thickening, flocculation and clarification 
will be done concomitantly in an integrated 
fashion.

4.2 The empirical design criteria
Because of the problems of the SVI test as a 
sludge settleability measure (see Section 3.2.1), 
it could not be successfully incorporated into a 
reliable SST design procedure. Consequently, 
for designing SSTs the problem of unpredict
able sludge settleability has been incorporated 
in an indirect and empirical fashion. For the 
various process types, design rules have been 
set down that experience has shown to provide, 
usually, for adequate functioning of the SST in 
terms of sludge return and ESS concentration 
over a range of settling behaviours that can 
arise. These rules, which do not directly incor
porate the settleability and/or thickenability of 
the sludge, are stated in terms of hydraulic and/ 
or solids loading rate criteria on the SST, as 
illustrated by the design rules recommended by 
the Institute for Water Pollution Control (IWPC 
(SA Branch) 1973), the US Environmental Pro
tection Agency (US EPA 1975) and the Great 
Lakes and Upper Mississippi River Board of 
State Sanitary Engineers (GLUMRB 1968) (see 
Table 4.1). Criteria of this kind (more are given 
in WPCF 1985) in effect implicitly accept that 
the sludge settleability will not fall below a cer
tain minimum quality, a quality unknown but in 
conformity with past experience with similar 
sludges. However, these criteria are clearly 
deficient because they do not recognize sludge 
settleability and reactor concentration in a 
direct way.

4.3 Incorporation of flocculation zones 
in SST design

Despite early recognition of the flocculent nature 
of activated sludge, incorporation of intentional 
flocculation zones in SSTs has been relatively 
uncommon until the last decade. Although early 
investigators found through experimentation 
with laboratory tests that improvements in super
natant suspended solids (SS) could be obtained, 
they concluded that the incorporation of floc- 
culators could not be economically justified
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Table 4.1. Secondary settling tank design criteria for activated sludge plants recommended by the IWPC (SA 
Branch) (1973), US EPA (1975) and GLUMRB (1968)

(a) IWPC (1973)

Design parameter Recommended value
1. Maximum overflow rate at peak wet weather flow (PWWF)
2. Minimum retention time at peak dry weather flow (PDWF)
3. Maximum weir loading rate at peak dry weather flow (PDWF)

1 . 0  m/h 
1.5 h

8.3 m3 /h.m

(b) US EPA (1975)

Hydraulic loading rate, 
HLR (m/h)

Solids loading rate, 
SLR (kg/m2 .h) Side water depth,

Type of process Average Peak Average Peak SWD (m)
Air ASP
Extended aeration 
Oxygen ASP

0.68-1.36 1.70-2.04 
0.34-0.68 1.36 
0.68-1.36 1.70-2.04

4.08-6.08 10.17
4.08-6.08 10.17
5.08-7.13 10.17

3.66-4.57
3.66-4.57
3.66-4.57

(c) GLUMRB (1968)

Hydraulic loading 
rate, HLR (m/h)

Solids loading rate, 
SLR (kg/m2 .h)

Weir loading rate, 
WLR (m3 /h.m)

Type of process Average Peak Average Peak Average Peak
Conventional, step- 
aeration, contact stab 2.04 10.17 7.75

Note: 1 m = 3.28 ft; 1 m/h = 590 US gals/ft2.d; 1 m3/h.m = 1933 USgals/ft.d; 1 kg/m2.h = 4.92 lb/ft2.d.

(Fisher and Hilman 1940). The first reported 
field test of incorporation of a flocculation zone 
in SSTs at an activated sludge plant was that of 
Knop (1966), who reported on pilot studies at 
the Emscher River mouth in Germany. A floc
culator placed in the inlet zone of a rectangular 
SST improved effluent transparency, which cal
culations show approximated an additional 25% 
SS removal (Parker et al. 1970). Subsequently, 
a large treatment plant (20 m3/s ADWF) was 
constructed at the Emscher Mouth that incor
porated a flocculation zone with two sets of 
paddle flocculators in series (Kalbskopf and 
Herter 1984). The paddles could operate at tip 
speeds corresponding to G=30-60/s, but oper
ation at the lowest tip speed provided the best 
performance. At average flows, flocculator resi
dence time was 720 s. Comparative studies of 
parallel operation of sedimentation tanks with 
flocculators on and off showed that flocculation 
improved the effluent SS discharged by about
5 mg/l. Despite this early work in Germany, 
incorporation of a flocculation zone in SSTs in 
Europe is rare.

Before the 1970s in the USA, only a few 
SSTs were built with flocculation zones and 
these were for chemical addition to assist sett
ling in activated sludge plants serving difficult- 
to-treat industrial wastewaters (see, for example, 
Kovalcik 1978). Theoretical and experimental 
work in the USA in the late 1960s on the posi
tive benefits of flocculation (Parker et al. 1971) 
spawned a renewed interest in flocculation. In

the past, many US and other (for example Ger
man) designers believed that the attainment of 
low ESS concentrations required tertiary pro
cesses such as multimedia filtration. However, 
full-scale research conducted in the 1980s on 
circular tanks (Norris et al. 1982; Parker 1983; 
Parker and Stenquist 1986) showed that monthly 
average ESS values of less than 10 mg/l could 
be obtained when incorporating flocculation 
and other design features. Other US designers 
have also incorporated the flocculation zone 
feature (for example Stukenberg et al. 1983; 
WEF/ASCE 1991; Albertson 1992), so the prac
tice is becoming more common in the USA. 
Details of flocculator centre well design in 
circular clarifiers are given in Section 7.4.

4.3.1 Process design examples for 
incorporation of flocculation zones 
in SSTs

The flocculation theory presented in Section
2 .8 . 1  can be used to formulate design expres
sions for flocculation in a separate flocculation 
step before the SST. The use of Equation 2.2 
and conversion of the influent and effluent 
particle number terms (n0 nt) to supernatant SS 
concentration terms (xi/xE) (g/1) yields

The conversion of the Xi and xE terms to SS 
is based upon the assumption that under ideal 
settling conditions, large floc will be removed 
and that under quiescent settling conditions,
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supernatant SS is a good measure of primary 
particle concentration. In Equation 4.1, X is the 
mixed liquor SS (MLSS) concentration (g/1) 
entering the flocculator, G is the root-mean- 
square velocity gradient (/s) in the flocculation 
zone, T is the hydraulic residence time (s), kA is 
the floc aggregation rate coefficient (1/g) and kB 
is the floc breakup rate coefficient (s). The 
suspension dispersion coefficient, Dc, is the 
quotient X/xi  where Xi is the dispersed SS con
centration (DSS (mg/1)), i.e. the residual SS in 
the supernatant after settling without prior 
flocculation (see Section 3.5.1.1). For a com
pletely dispersed suspension, Dc has a value of
1. For a highly flocculated suspension, Dc will 
be large. Thus Dc reflects the initial state of 
flocculation as the mixed liquor enters the 
flocculator.

Evaluation of Equation 4.1 shows the bene
fits that can be gained from a flocculation zone 
by considering an average, poorly and well- 
flocculated sludge before settling. In the three 
examples below, the average values of kA and 
kB obtained from the 21-plant survey of Wahl
berg et al. (1994) are used, namely kA = 
42 x 10-5 1/g and /kB = 14.1 x 10- 8  s (see Table
2.4 and Figure 2.7). A typical flocculation zone 
design would be for G = 15/s and T = 1200 s. In 
the first example, an ‘average’ state of floccu
lation of the mixed liquor is assumed, reflecting 
coarse-bubble aeration conditions in the aera
tion basin. In this case the influent DSS con
centration (xi) is 15 mg/1 (0.015 g/1), and X is 
2 g/1. Therefore Dc has a medium value of 133. 
From Equation 4.1, xE is found to be 5.6 mg/1, 
which yields an improvement in supernatant SS 
by flocculation of 63%. In Figure 4.1 the 
supernatant SS concentration (xE) for this 
example is plotted for various completely mixed 
(CSTR) residence times (T), but otherwise 
under the same conditions. For this example it 
can be seen that most of the improvement is 
gained in the first 300-400 s and the residence 
time beyond that gains only marginal improve
ments. Thus, for many cases, a residence time 
of 1 2 0 0  s will be conservative and will allow for 
more extreme values of kA and kB that require 
longer residence times to gain the full floccu
lation benefit.

In the second example it is assumed that the 
sludge is broken up by the intense turbulence 
of a mechanical aerator that is placed too close 
to the outflow from the aeration basin for an 
opportunity for reflocculation to occur before 
settling. In this case is 30 mg/1, but all other 
parameters are the same as in the first example. 
Now Dc is low at 67 and xE is 4.7 mg/1, resulting 
in an 84% improvement in supernatant, and 
therefore effluent, SS concentration.

In the third example, a well-flocculated 
sludge from a low-rate ditch system is assumed

Figure 4.1. Decrease in supernatant suspended solids 
concentration with time in flocculation 
zone: example calculation (assuming CSTR 
conditions in the zone).

with an of 7 mg/1 and an X of 4 g/1. All the 
flocculator design parameters are the same as 
in the earlier examples. Now Dc is high at 570 
and xE is found to be 5 mg/1, giving an improve
ment of only 29% in supernatant SS concen
tration.

The above examples indicate that although the 
flocculator is always predicted to produce an 
improvement, the level of improvement gained 
is dependent upon the initial flocculation state 
of the sludge entering the flocculation zone. If 
the sludge is already well flocculated, the per
formance gains are modest. However, if the 
sludge reflects a high state of upstream floc 
breakup, then the flocculation zone will yield a 
major decrease in DSS.

On the basis of their 21-plant survey, Wahl
berg et al. (1994) recommended a hydraulic 
residence time of 1 2 0 0  s for design purposes. 
This is based on the ADWF (Qi,adwf) inclu
ding the RAS flow (Qr), typically around 50% 
of Qi}adwf (i.e. Radwf = 0.50). On the basis of 
this residence time and the values of kA and kB 
from the 21-plant survey (see Table 2.4 in 
Section 2.8.2), from 6 8 % to 96% flocculation 
reaction completion would be obtained, with an 
average value of 92%. This study provides a 
theoretical basis for the earlier recommended 
residence time of 1200 s in WPCF (1985).

The flocculation zone can be provided in the 
centre well of circular SSTs, as described in 
detail in Section 7.4, or by providing dedicated 
flocculation compartments with paddle mixers 
ahead of rectangular SSTs, like those provided 
for sedimentation in potable water treatment 
plants.

4.3.2 Flocculation in aerated distribution 
channels

As described in Section 3.5.1.4, Figure 3.25, 
the transfer of mixed liquor from the aeration 
tank to the SST can cause floc breakup or floc 
aggregation or have no effect on the state of
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Table 4.2. Mean velocity gradient (G) values for
channel aeration at 0.1 m3(STP)/m.min for  
different channel configurations

Configuration
type Depth (m) Width (m) G(/s)
A 4 1 . 2 1 1 2

B 2.4 1 . 2 1 1 2

C 4 2.4 79
D 2.4 2.4 79

dispersion of the sludge as it enters the SST. 
Aerated distribution channels, or reaeration 
tanks (as in the five-stage Bardenpho system) 
can be used to positively impact flocculation of 
the mixed liquor before the SST, and the ap
propriate selection of aeration devices and ad
justment of aeration rates can partly compensate 
for the absence of flocculation zones in existing 
SSTs.

Standard design criteria for channel aeration 
are set to prevent sludge settlement in the 
distribution channel and are typically set too 
high to optimize flocculation. Furthermore, the 
criteria are often irrational, as they are set at a 
rate per unit length of channel (for example 0 . 1

m3 (STP)/m.min) rather than per unit volume, 
which is more closely related to mixing. The 
shear gradient in the liquid for mixing by chan
nel aeration can be evaluated from the follow
ing equation (Parker et al. 1970):

where
G = root mean square shear gradient (/s)

= airflow rate, m3 (STP)/s 
γ = liquid specific mass, 1 0 0 0  kg/m3  for 

water
g = gravitational acceleration = 9.81 m/s2

h DD = diffuser depth (m)
VAC = channel volume (m3)

μ  =  liquid absolute viscosity, 0 . 0 0 1  kg/m.s 
at 2 0  °C for water.

The G values calculated from Equation 4.2 
are evaluated in Table 4.2 for the typical North 
American design criterion of 0.1 m3 (STP)/m.min 
for four different channel configurations. The 
G values of common designs for channel aera
tion are higher than the values of 30-70/s found 
to be optimal for sludge flocculation (Parker et 
al. 1971). It is therefore not unusual to find that 
channel aeration often breaks up the sludge 
floc rather than having a beneficial flocculation 
effect (Parker et al. 1970; Das et al. 1993).

Although coarse-bubble aeration is often the 
norm for channel aeration because of its low 
maintenance requirements, it is not the best 
choice for promoting flocculation. This is because 
each unit typically introduces more air than 
fine- or medium-bubble aeration systems and

therefore the localized shearing rate is higher. 
Medium-bubble systems, such as those with 
plastic sheaths, are usually a better choice as 
the air can be distributed more uniformly at a 
lower rate per unit volume to achieve the same 
level of mixing. They can be fitted with down- 
comers with quick-disconnect couplings to per
mit their removal for maintenance.

Provision of adjustability of air supply with 
some type of air flow measurement allows the 
operator to optimize the level of aeration on 
the basis of field observations. Data can then 
be collected to establish the best air flow rate 
(Qair ) that both keeps the solids in suspension 
and provides some flocculation benefit. Provi
ding air flow metering allows the operator to 
return to the rate that was experimentally 
determined to be optimal.

Using channel aeration for flocculation is not 
a complete substitute for a flocculation zone in 
the SST because inevitably there will be some 
floc breakup that could have been avoided if a 
flocculation zone had been used. Also, floccu
lation zones can provide lower G values that are 
optimized for flocculation than can be obtained 
in aerated channels. Furthermore, despite the 
additional flocculation that can be obtained in 
an aerated channel, floc breakup will occur be
fore the SST owing to the headloss that is used 
to divide flow between multiple parallel SSTs. 
None the less, optimizing flocculation in aera
ted distribution channels will lower ESS con
centrations.

4.4 Improved settleability measures and 
their incorporation into design 
procedures

The need for design procedures that recognize 
sludge settleability stimulated research into de
veloping improved tests for sludge settleability 
and incorporating these into design procedures 
for SSTs. Three such improved settleability 
tests have been developed and were described 
in Section 3.2, i.e. (1) the Stirred Zone Settling 
Velocity (SZSV) test, (2) the Diluted Sludge 
Volume Index (DSVI) test and (3) the Stirred 
Specific Volume Index at 3.5 g/1 (SSVI3 .5) test. 
Each of these tests has been incorporated into 
design procedures for surface area (and in one 
case depth) that recognize sludge settleability 
and reactor concentration, namely the SZSV 
test into the flux procedure, the DSVI into the 
ATV procedure (ATV 1973, 1975, 1976, 1988,
1991,1993) and the STOWa procedure (STOWa 
1981a,b,c, 1983; Stofkoper and Trentelman 1982; 
Epskamp and van Hernen 1984), and the 
SSVI3 .5  into the Water Research Centre (WRc) 
procedure (White 1975, 1976). An overview of 
the development of these procedures is given 
by Ozinsky and Ekama (1995a). Some of the 
research that led to the development of the
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three procedures, the procedures themselves, 
their verification and their use in design follows 
below.

4.5 The stirred zone settling velocity 
(SZSV) test and the flux procedure

Since originally conceived by Coe and Cleven
ger (1916), the flux theory  has received consid
erable research attention, particularly since 1970. 
Contributions towards its development have 
been by Kynch (1952), Yoshioka et al. (1957), 
Dick and Ewing (1967), Vesilind (1968a), Dick 
(1970, 1972), Dick and Young (1972), Alkema
(1971), Tracy and Keinath (1974), Keinath et al
(1977), Keinath and Laquidara (1982), Pitman 
(1980, 1984), Riddell et al. (1983), Ekama et al.
(1984), Daigger and Roper (1985) and Keinath
(1990). To facilitate analytical solutions (as 
opposed to the graphical solutions developed 
by Yoshioka et a l 1957), Vesilind (1968b) and 
Dick and Young (1972) proposed mathematical 
expressions linking SZSV (Vzs (m/h)) and the 
solids concentration (X (kg/m3)); the former 
proposed a semi-logarithmic one, i.e. Vzs =
V0 exp(nX) (i.e. Equation 3.4) and the latter a 
log-log one, i.e. Vzs = V0 (X)-n. From a survey 
of the current literature (Smollen and Ekama 
1984; Ozinsky and Ekama 1995b) the semi- 
logarithmic expression seems to be generally 
accepted today.

Although the value and usefulness of the flux 
theory are well attested in the quoted referen
ces, it has not been widely adopted for design 
and operation, principally for three reasons: (1 ) 
the labour-intensive effort required to obtain 
SZSV-X data, with the result that (2) measure
ment of SZSV-X data is uncommon in routine 
practice so that no database relating this meas
ure to full-scale SST performance has developed, 
and (3) a lack of confidence in the predictive 
power of the flux theory because its applica
bility to full-scale design and operation has not 
been definitively demonstrated. These prob
lems with the flux theory, in particular the tedi
ous SZSV-X measurement, were the stimuli for 
the development of not only the simpler settle
ability measures, SSVI3 . 5  and DSVI, but also of 
the alternative design procedures based on them. 
Before these alternative procedures are dis
cussed, the flux theory is briefly reviewed below.

4.5.1 Theoretical principles
In essence the flux theory, as it is generally 
known, is a one-dimensional (1-D) model (see 
Section 5.2) that states that solids entering the 
SST are carried to the bottom via gravity sett
ling flux (j s ), which results from the sludges 
settling downwards through the water, and bulk 
flux (jB), which results from the waters moving 
downwards in the SST owing to the underflow 
sludge recycle pump. The total flux (jT), i.e.

movement of solids with respect to the wall, is 
the sum of the settling and bulk fluxes; express
ing the former in terms of the semi-logarithmic 
model yields

where
X = solids concentration (kg TSS/m3)

qR = underflow rate (m/h)
=  Q r/a st

Qr = volumetric recycle flow rate (before 
waste sludge abstraction) (m3 /h)

Ast = SST surface area (m2).

In the ideal SST (which the flux theory ass
umes), the movement of sludge and water is in 
the vertical direction only (i.e. 1-D) and the 
mixed liquor flow into the SST separates at the 
point of entry into the recycle flow (QR) mov
ing downwards and the overflow (Qi) moving 
upwards at underflow and overflow rates of qR 
and qA (m/h) respectively. With the proviso that 
no solids are lost with the effluent so that a 
sludge mass balance is conserved, the recycle 
flow concentration (XR) is related to the feed 
concentration (XF) via the recycle ratio (R), 
namely:

Solids
withdrawn = solids applied

For some selected underflow rate less than 
the critical (qR < qR,crit; see below), a particular 
value of X in Equation 4.3 less than XR makes 
j T a minimum; this X concentration and its 
associated flux are called the limiting concen
tration (XL) and flux (jL) respectively. This lim
iting flux is the limiting rate at which solids can 
reach the bottom of the SST, and therefore the 
applied solids loading rate or flux ( jQF) must 
not exceed this limiting flux for safe operation 
of the SST. This is called the solids capacity 
Criterion I, namely:

or, from Equation 4.4b,

The shape of the gravity flux curve (js in 
Equation 4.3) in terms of the semi-logarithmic 
model is such that once the underflow rate 
reaches a critical value (qR,Crit) then a limiting 
concentration (XL) and flux (jL) can no longer 
be found. When this happens Equation 4.5 no 
longer provides a valid solution. However, White
(1975) and Merkel (1971a,b) independently 
concluded that under these conditions the
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Figure 4.2. Design and operating chart redrawn from  
Ekama et al. (1984) for SSTs based on the 
flux procedure and the semi-log expression 
linking the SZSV and solids concentration, 
for sludge with V0 = 5.93 m/h and 
n = 0.43 m3/kg. The solids capacity 
Criteria I and II boundaries are shown for  
selected feed concentrations (XF = 2.5, 3.5 
and 4.5 g/l). For a feed concentration of 
3.5 g/l, if  the overflow rate (horizontal) and 
recycle ratio (vertical) lines intersect inside, 
on or outside the Criterion I and II 
bounded area, the operating conditions are 
safe, critical or overloaded respectively. The 
underflow rate qR is the product of the 
recycle ratio (R) and overflow rate (qA) 
operative at any particular point in the 
chart; constant qR is represented by 
hyperbolae in the chart, o f which 
qR.crit = V0/ e2 (the dotted line) is one.

limiting flux on the SST is the flux of the feed 
concentration (XF). This is called the solids 
capacity Criterion II (see also Wilson and Lee 
1982), namely

which reduces to

i.e. the overflow rate must not exceed the SZSV 
of the solids at the feed concentration. From 
Equations 4.5 and 4.6, Ekama et al. (1984) and 
Daigger and Roper (1985) developed two kinds 
of design and operation (D&O) chart.
4.5.1.1 The Ekama D&O chart (Figure 4.2) 
The hyperbola in the D&O chart of Ekama et 
al (1984) (see Figure 4.2) represents the criti
cal underflow rate qR.crit (equal to V0/e2) and 
distinguishes between the domains in which

both the solids capacity criteria have to be met 
(area between axes and hyperbola) and in 
which the solids capacity Criterion II only has 
to be met (area above hyperbola). Criterion I is 
given by Equation 4.5, which, for different XF 
values, is a family of curves from the origin to 
the hyperbola for increasing recycle ratio (R). 
These curves show that as the overflow rate 
(qA) increases, R must increase also to satisfy 
Criterion I. Criterion II, given by Equation 4.6, 
is independent of R and is a family of horizontal 
lines for different feed concentrations (XF). In 
the region below the hyperbola, both criteria 
have to be met simultaneously. In some instan
ces in this region, the allowable overflow rate is 
higher for Criterion I than for Criterion II so 
that the latter is the governing one even though 
the tank is operating at a point below the 
hyperbola. Consequently for a specified feed 
concentration XF, failure of the SST is repre
sented by overflow rate (qA)-underflow recycle 
ratio (R) value pairs falling above the Criterion
I and II lines for the specified reactor operating 
conditions and feed concentration.

The D&O chart in Figure 4.2 is valid also for 
daily cyclic conditions if it is accepted that no 
solids storage takes place in the tank or alterna
tively, the peak flow is of long duration (> 3 h) 
so that the storage capacity is fully utilized and 
the reactor concentration is not significantly 
reduced. Accepting zero storage capacity, for 
successful operation of the SST, the conditions 
prescribed by the D&O chart should be met at 
all times of the day. For example, for a fixed 
SST area (AST) and constant recycle flow (QR), 
as the influent flow to the plant (Qi ) increases, 
so the overflow rate (qA) increases and the re
cycle ratio (R) decreases, which moves the qA-R  
intersection point upwards to the left in Figure
4.2. At all times of the day this intersection 
point should be below the two criterion lines for 
safe operation. This approach of dealing with 
cyclic flow conditions is generally conservative 
because SSTs can sustain a temporary overload 
caused by a decrease in reactor (or feed) con
centration and sludge storage in the SST 
depending on the relative volumes of the bio
logical reactor and SST (Keinath 1985). Sludge 
storage capacity and SST volume, i.e. depth, 
are not considered in the flux design proced
ure. However, 1-D models, based on the flux 
procedure, coupled to an activated sludge reac
tor can deal with sludge transfer to and from 
the SST (see Section 5.2). The ATV (1973, 
1976, 1991, 1993) and STOWa (1981b) design 
procedures do take account of sludge transfer 
and storage in the SST (see Sections 4.8 and
4.9 below).

The D&O chart in Figure 4.2 is not the 
familiar way of presenting the flux procedure: 
settling flux curves with overflow rate (qA),
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Figure 4.3. Settling flux curves with settling tank operating state point diagrams for the points A, B, C and D in the 
four operating regions A, B, C and D respectively o f the flux design and operating chart. Regions A and 
D (top) overloaded; regions B and C (bottom) underloaded. Flux V0 = 5.93 m/h; n -  0.43 m3/kg;feed 
concentration = 3.5 kgTSS/m3.

underflow rate (qR) and feed concentration 
(XF) lines intersecting at the state point are far 
more familiar (see Section 4.5.3). However, in 
the D&O chart, nothing has been added to or 
removed from the flux theory; it is merely a 
different way of presenting the same concepts. 
To assist in the interpretation of the D&O 
chart, the settling flux curves with state point 
for the four different regions of the D&O chart 
are shown in Figure 4.3, namely:

• Region A: overloaded -  state point is out
side settling flux curve and underflow rate 
(qR) is low enough to make a tangent to 
the settling flux curve (qR ≤ qR,crit = V0/e 2)

• Region B: underloaded -  state point is 
inside settling flux curve and qR ≤ V0/e 2

• The boundary line between regions A and 
B is solids capacity Criterion I and rep
resents all combinations of overflow rate 
(qA) and underflow rate (in terms of R, i.e. 
R =  qR/qA) such that the state point is on 
or within the settling flux curve and the 
underflow rate line touches the settling 
flux curve tangentially

• Region C: underloaded -  state point is with

in the settling flux curve and qR > V0/e2

• Region D: overloaded -  state point is out
side the settling flux curve and qR > V0/e2

• The boundary line between regions C and 
D is solids capacity Criterion II and repre
sents the state point on the settling flux 
curve at the intersection point of constant 
qA and feed concentration XF lines

• The hyperbola boundary line between 
regions A and D and B and C distinguishes 
between qR less than (A and B) and greater 
than (C and D) the critical qR,crit = V0/e 2.

4.5.1.2 The Daigger D&O chart (Figure 4.4) 
Even though the Daigger D&O chart devel
oped by Daigger and Roper (1995) (see also 
Jenkins et al. 1984) and Keinath (1990) (see 
Figure 4.4) is different from that of Ekama et 
al (1984), it too is a construct entirely of the 
flux procedure (Equations 4.5 and 4.6) with 
nothing added to or taken away from it. The 
applied flux (Jqf ) is plotted against the para
meter (1/R + 1)XF, which in terms of the mass 
balance equation (Equation 4.4c), is equal to 
the underflow concentration XR. The straight 
lines from the origin represent the mass balance
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Figure 4.4. The Daigger design and operating chart based on the flux procedure and the semi-logarithmic
expression linking the SZSV and solids concentration. The straight lines from the origin represent 
underflow rate in m/h in the applied flux (jQF)-XF (1+1/R) domain. The solid lines represent the flux 
solids loading capacity in terms o f Criterion I for different sludge settleabilities, and the dotted line is 
the limit o f validity o f this criterion, i.e. when qR = qR.crit = V0/e2. Settling tank operating state points 
falling (i) above and to the right, (ii) on or (iii) below and to the left o f a selected solid line indicate SST 
(i) overloaded, (ii) critically loaded and (iii) underloaded conditions respectively.

and are obtained from Equation 4.4a, namely 
Jq f = qr (1 + 1/R)XF, and is shown for different 
values of qR. The dark lines represent the 
maximum solids loading rate (SLR), which is 
calculated from Equation 4.5 for different 
XF(1 + 1/R) values at various sludge settleabili
ties, i.e. V0  and n values. In Figure 4.4, oper
ating state points given by the intersection point 
of specified values of the parameter XF(1 + 1/ 
R) (vertical line) and jq F (horizontal line) (or
qr , oblique line) (1 ) above and to the right, (2 ) 
on or (3) below and to the left of the dark lines 
represent SST (1) failure, (2) critical or (3) safe 
loading conditions respectively for the particu
lar sludge settleability. On each sludge settle
ability (thick) line (lines I to V), a discontinuity 
or ‘knee' exists; these are joined by a dotted 
line. Along this dotted line the limit of solids 
loading Criterion I has been reached, i.e. qR = 
qr .crit= V0/e 2  (m/h) and Equation 4.5 no longer 
yields a solution. For operating state points 
falling above the dotted line, solids loading Cri
terion II applies with the result that (1) the 
overflow rate (qA) can no longer increase in 
terms of Equation 4.6, but (2) the applied flux 
j q f ) can increase but only as a consequence of 
an increase in R. Solids loading Criterion II 
cannot be defined in the D&O chart because 
the definition of the horizontal and vertical axes 
is not compatible with Equation 4.6. Further 
details on the use of this D&O chart are given 
by Jenkins et al (1984), Daigger and Roper
(1985), Keinath (1990) and Daigger (1995).

4.5.2 Application to design: an example
The MLSS concentration of an activated sludge 
reactor (XF) is 3.5 kg TSS/m3, and the flux con
stants V0  and n were measured to be 5.93 m/h 
and 0.43 m3/kg SS respectively (see Figure 3.6 
in Section 3.2.6). These constants give a SSVI3 . 5

and DSVI of about 100 and 150 ml/g respec
tively, indicating that the sludge is of rather 
poor settleability and approaching a bulking 
sludge. The average dry weather flow Qi,adwf 
is 220 m3/h (5.28 Ml/d; 1.39 x 106  USgal/d) and 
the dry weather flow varies in a cyclic pattern 
with a minimum (Qi.mdwf) of 0.41Qi,adwf and 
a peak Qipdwf of 1.59Qi,adwf* The peak wet 
weather flow Qipwwf is 2.39Qi,adwF'
4.5.2.1 The Ekama D&O chart (Figure 4.2) 
For the V0  and n values, the D&O chart is 
constructed as set out by Smollen and Ekama 
(1984), Ekama et al. (1984) or Pitman (1984). 
At Qi,pwwf, Criterion II must be met and 
Criterion I is met by adjusting the underflow 
recycle ratio, R. The Qipwwf is 2.39 x 220 = 
525 m3 /h. From Figure 4.2 the maximum over
flow rate at XF = 3.5 kg/m3  is 1.31 m/h (given 
by horizontal Criterion II line). Hence the 
minimum SST area is 525/1.31 = 401 m2. In or
der that Criterion I is met under PWWF con
ditions, the recycle ratio at PWWF with respect 
to PWWF (Rpwwf) must be greater than 0.586 
(given in this case by the R value of the inter
section point of the Criterion I and II lines, 
which is fractionally to the left of the hyper
bola; see point D in Figure 4.2). Hence at 
PWWF the recycle flow should be equal to
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or greater than 0.586 x 525 = 308 m3/h or 
1.40QL.ADWF otherwise failure (gross loss of 
sludge) will occur (i.e. for RpwwF < 0.586, the 
qA-R  intersection point falls above the Criteri
on I line in Figure 4.2).

The overflow rate at PDWF is 1.59 x 220/ 
401 = 0.872 m/h. This is well below Criterion II 
(1.31 m/h). In order that Criterion I is met at 
PDWF, the underflow recycle ratio R with 
respect to PDWF must be at least 0.405 (given 
by the R value of the intersection point of the 
horizontal qA = 0.876 m/h line and the Criteri
on I line for XF = 3.5 kg/m3; see point A in Figure
4.2). Hence the recycle flow QR at PDWF 
should be at least 0.405 x 1.59 x 220 = 142 m3/h 
or approximately 0.645 with respect to Q i ,a d w f . 
Accepting the SST area of 401 m2  and fixing 
the recycle flow QR at a constant 142 m3 /h, the 
overflow rate (qA) and recycle ratio (R) at 
ADWF are 0.548 m/h and 0.645:1 respectively 
with respect to Qi .adwf (see Point B in Figure
4.2). The overflow rate and recycle ratio at 
MDWF are 0.225 m/h and 1.571:1 respectively 
with respect to Qiadwf (see Point C in Figure
4.2). Hence in the D&O chart the locus of the 
points defining the PDWF, ADWF and MDWF 
operating conditions moves between points A 
and C through B in Figure 4.2 falling on the 
hyperbola qR = 142/401 = 0.354 m/h. All these 
points represent safe operating conditions with 
respect to the two sludge capacity criteria. Hence 
under dry weather conditions, the SST should 
operate satisfactorily. Provision for a wet weather 
flow is made up to a PWWF of 2.39Qi,a d w f  
but the recycle flow QR needs to be increased 
to 308 m3/h to accommodate this. For lower 
WWFs than the peak, the recycle flow need not 
be increased so high. The required recycle flow 
can be determined from the D&O chart along 
the Criterion I line.
4.5.2.2 The Daigger D&O chart (Figure 4.4) 
For the V0  and n value, the Daigger D&O chart 
is constructed from Equation 4.5 as set out by 
Daigger and Roper (1985) (see also Jenkins et 
al. 1984) and Keinath (1990). The maximum 
overflow rate is calculated from the maximum 
applied flux (JQFm) for the selected sludge 
settleability and reactor concentration, namely 
point D on line III (for V0  = 5.93 m/h and n =
0.43 m3/kg SS) in Figure 4.4. This applied flux 
is 7.42 kg SS/m2.h and XR = XF(1 + 1/R) = 
9.23 kg SS/m3. From Equations 4.4b and 4.4c, 
these values give R = 0.61 and QI,pwwf/As t = 
1.31 m/h. These are virtually the same as those 
obtained above from Figure 4.2 (R is slightly 
higher in this case because Daiggers D&O 
chart gives the R value of the Criterion I line at 
the hyperbola). With qA at 1.31 m/h and 

QI,pw w f  = 525 m3 /h, the minimum surface area 
of the tank (AST) is 401 m2  and the minimum 
QR = 0.61 x 525 = 380 m3 /h. These results are

essentially identical with these obtained above 
from Figure 4.2. The operating condition at 
PDWF, ADWF and MDWF (points A, B and 
C respectively) cannot be calculated from line 
III in Figure 4.4 because R, which is included 
in both the values of the vertical jq F = 
XfqA(1 + R) and horizontal (1 + 1/R)XF axes, is 
not known. However, by using the values ob
tained from Figure 4.2, points A, B and C for 
the PDWF, ADWF and MDWF respectively are 
placed in Figure 4.4 to show their plotting posi
tion. It can be seen that the PDWF condition is 
on line III because R was calculated from the 
solids loading Criterion I line (Equation 4.5),
i.e. the R value was selected so that the SST is 
critically loaded at PDWF. However, it can be 
seen that at ADWF and MDWF (points B and 
C) the SST is underloaded because these oper
ating state points fall below and to the left of 
line III in Figure 4.4 and arises because QR was 
not changed from the PDWF value of 142 m3 /h. 
Note that at constant QR, points A, B and C in 
Figure 4.4 fall along the oblique line QR =
0.35 m/h.
4.5.2.3 Comment on the D&O charts and the 

design example 
Daiggers and Ekamas D&O charts each have 
their strengths and weaknesses. Daigger's chart, 
which is usually constructed for a number of 
different settleabilities, is more useful for oper
ation, where sludge settleability changes and 
Qr is known, than for design, where QR is to be 
calculated. In contrast, Ekama's D&O chart, 
which is constructed for a certain settleability 
and different concentrations, is more useful for 
design, where QR is required to be calculated, 
than for operation, where settleability can vary. 
Notwithstanding these differences, both charts 
give the same results with the same input infor
mation, so it is essentially a matter of prefer
ence and convenience which is used.

The above design example is based purely on 
theoretical flux considerations, and minimum 
surface area and recycle ratios to accommodate 
the hydraulic and solids loading rates are ob
tained for the particular V0  and n values and 
reactor concentration (XF), i.e. value pairs for 
qA-R  that intersect on the two solids capacity 
criterion lines. Larger areas and recycle ratios 
than the minima determined above can theor
etically be accepted because these will cause 
the PWWF (point D) and PDWF (point A) 
qA-R  intersection points to fall below and to 
the right of the two criterion lines in Figure 4.2 
in proportion to the increase. However, smaller 
areas and recycle ratios than those determined 
above theoretically cannot be accepted because 
these will cause the PWWF and PDWF qA-R  
intersection points to fall above and to the left 
of the two criterion lines representing SST fail
ure (i.e. gross loss of solids with the effluent).
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This method assumes that the flux procedure 
(and theory) is directly applicable to full-scale 
tanks with a large ratio of diameter to depth. 
The measure to which this is true is considered 
below in Section 4.7.

The calculations required for an analysis such 
as that above are relatively simple but time- 
consuming. They can be accomplished quickly 
in spreadsheet or language programs. Such pro
grams are not unique; a number of consulting 
firms and university departments have prepared 
or are preparing them to suit specific needs (for 
example, Ozinsky and Ekama, in prep.).

4.5.3 Application to operation: an example
The thickening function of the SST is essen
tially defined in terms of the rate at which the 
mass of solids entering it is transmitted to the 
bottom and removed in the return sludge flow. 
If more solids are applied to the SST than can be 
transmitted to the bottom and removed, solids 
will accumulate in a sludge blanket. If this over
loaded condition continues, the sludge blanket 
propagates to the surface of the SST, resulting 
in a gross loss of solids with the effluent. Even 
if the sludge blanket does not reach the SST 
surface, when it rises up to 1.0- 1.5 m from the 
water surface (depending on the hydraulic con
ditions in the tank), the effluent SS concen
tration increases by scouring solids from the 
elevated blanket (see Sections 3.4.2).

Solids transport through a SST is a function 
of five factors: (1) the feed MLSS concentra
tion XF or XAT, (2 ) the surface area available for 
thickening AST, (3) the influent flow rate to the 
WWTP Qi, (4) the return sludge flow rate QR, 
and (5) the settling characteristics of the mixed 
liquor (V0  and n, SSVI3.5, DSVI or SVI; see 
Section 3.2). Although the D&O charts can be 
applied for this purpose, the flux procedure it
self also can be used to evaluate the operational 
state of the SST that takes into account these 
factors. This procedure is called a state point 
analysis (Keinath 1985).

Section 4.5.1 presented the use of flux pro
cedure for the design and operation of SSTs. In 
a state point analysis (see Figure 4.3), the flux 
procedure can be used by operators to analyse 
solids transport through SSTs to make rational 
and timely decisions on solids inventory control 
and to optimize the activated sludge process. A 
state point analysis is nothing more than a mass 
balance of solids around the SST (Equation
4.4) overlaid with the sludges settling charac
teristics. The settling characteristics are defined 
by an up-to-date setding flux curve as defined 
by the V0  and n values. Although it is prefer
able to measure these V0  and n values direcdy 
on the sludge itself, they can be estimated from 
the other sludge settleability parameters such 
as SSVI3  5 , DSVI and SVI. The accuracy of this

estimate is difficult to define; however, it is best 
from the SSVI3  5  and worst from the SVI and 
depends on the type of activated sludge system 
being considered (see Section 3.3).

The flux due to gravity settling of the solids 
through the water or to the settling flux j s is 
given as the product of the solids concentration 
X and the settling velocity Vzs, namely

The settling velocity Vzs is also a function of the 
solids concentration (X). Equation 4.8, first pro
posed by Vesilind (1968b), has been shown by a 
number of researchers to provide the most appro
priate description of this relationship (White 
1975; Rachwal et al. 1982; Smollen and Ekama
1984) (see Equation 3.4):

where V0  and n are the sludges flux constants. 
Substituting Equation 4.8 into 4.7 yields (see 
Equation 4.3):

A settling flux curve is a plot of j s as a func
tion of X. Once the settling parameters V0  and 
n are known for a given sludge (see Section 
3.2.6), a settling flux curve can be plotted from 
Equation 4.9 by varying X from 0 to 15 g/1. The 
settling flux curve describes the solids transport 
rate of the sludge as the concentration increases 
from 0 to 15 g/1 (see Figure 4.5).

Superimposed on the settling flux curve is 
the solids loading rate condition on the SST de
fined by three lines: (1 ) the overflow rate line 
(qA), (2) the underflow rate line (qR) and (3) 
the feed solids concentration line (XF). These 
lines basically represent a solids mass balance 
around the SST (Equation 4.4). The first, the 
overflow rate operating line, starts at the origin 
and has a slope equal to the surface overflow 
rate (SOR, qA):

where Qi is the wastewater influent flow to the 
WWTP (i.e. it excludes the recycle flow) and 
Ast is the SST surface area (Figure 4.5). The 
feed solids concentration line (XF or XAT) is 
plotted as a vertical line in the settling flux 
curve. The point where the XF and qA lines 
intersect is called the state point. The solids 
flux corresponding to the state point, j q j, is 
equal to the solids loading rate imposed on the 
SST by the WWTP influent flow,

However, the total solids loading rate on the SST, 
j q F , is the sum of jQj and the solids loading rate im
posed on the SST by the RAS flow QR, namely

Therefore JqF on the vertical solids flux axis76
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is found by adding the solids loading rate 
imposed on the SST by the RAS flow, to j g i, 
where j QR is given by

The line drawn from this j QF point on the 
vertical solids flux axis through the state point 
and extended to the horizontal solids concen
tration axis is the underflow rate operating line 
qR. When the SST is underloaded or critically 
loaded (defined below), the intersection point 
of the underflow rate operating line at the 
solids concentration axis approximates the SS 
concentration of the underflow (i.e. the RAS SS 
concentration XR). The slope of the underflow 
rate operating line is equal to the negative 
value of the underflow rate qR:

An example of a settling flux curve with the 
overflow rate and underflow rate operating lines 
is shown on Figure 4.5. An underloaded, criti
cally loaded or overloaded SST with respect to 
settling can be identified in a state point ana
lysis by the position of the state point and the 
underflow rate operating line relative to the 
descending limb of the settling flux curve as 
follows (see also Section 4.5.1):

1. If the state point is below the settling flux 
curve and
1 (1 ) if the underflow rate operating line 

falls below the descending limb of 
the settling flux curve, the SST is 
underloaded;

1 (2 ) if the underflow rate operating line 
is tangential to the descending limb 
of the settling flux curve, the SST is 
critically loaded; and 

1(3) if the underflow rate operating line 
passes above the descending limb 
of the settling flux curve, the SST is 
overloaded.

2. If the state point is on the settling flux 
curve and
2 (1 ) if the underflow rate operating line 

falls below the descending limb of 
the settling flux curve, the SST is 
critically loaded;

2 (2 ) if the underflow rate operating line 
passes above the descending limb 
of the settling flux* curve, the SST is 
overloaded.

3. If the state point is above the settling flux 
curve the settling tank is overloaded.

Figure 4.5 is an example of underloaded con
ditions and Figure 4.3 gives examples of under
loaded and overloaded conditions.

The overloaded and critically loaded condi
tions 1(3) and 1(2) can be changed to under
loaded conditions by increasing the underflow

Figure 4.5. Definitions o f the settling flux curve and 
state point analysis o f SST operation.

recycle rate (qR), which causes this line to rotate 
about the state point in a clockwise direction. 
The overloaded condition 2(2) can be changed 
to a critically loaded condition also by increasing 
the underflow rate. This is possible because the 
state point is on or below the settling flux 
curve, or, equivalently in Figure 4.2, the over
flow rate is on or below the Criterion II line. 
Overloaded condition 3 cannot be changed to a 
critically or underloaded condition by increas
ing the underflow rate alone because the state 
point is above the settling flux curve, or in Figure
4.2 the overflow rate is above the horizontal 
Criterion II line; an underloaded condition can 
be established only by decreasing the feed sol
ids concentration (XF), either by means of step 
feeding or a decrease in sludge age (increasing 
the F/M ratio) (see Section 6.3.2).

A state point analysis can be used to deter
mine the operational state of an activated sludge 
system. Figure 4.6 gives an example of its use. 
The system starts out at state point A, defined 
by the intersection of the overflow rate and 
underflow rate operating lines; the solids con
centration corresponding to this intersection is 
the feed MLSS concentration XF. State point A 
is indicative of an underloaded condition (the 
underflow rate operating line passes below the 
descending limb of the settling flux curve). In 
this hypothetical example, the WWTP influent 
flow rate increases, which results in a new 
overflow rate operating line (i.e. the line with 
the larger positive slope in Figure 4.6). Assu
ming that no changes are made in the RAS flow 
rate Q R, the underflow rate operating line is 
drawn parallel to the first underflow rate line at 
state point B (Equation 4.14). This is an over
loaded condition (the underflow rate operating 
line passes above the descending limb of the 
settling flux curve), which results in a net trans
fer of solids from the aeration basin to the SST, 
where they accumulate in a sludge blanket. 
This transfer continues until the underflow rate 
line is tangential to the settling flux curve, 
provided that the SST can store all the sludge
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Figure 4.6. State point analysis o f a flow transient on 
an SST to assist in solids inventory 
management in activated sludge systems.

transferred to it from the aeration basin in a 
sludge blanket that does not rise to the water 
surface and cause gross loss of solids (sludge 
blankets rising to within 1 .0 - 1 .5 m of the water 
surface can result in marked increases in ESS 
concentrations; see Section 3.4). State point C 
is a stable operating condition: the mass of sol
ids entering the SST equals the mass of solids 
exiting. The state point moves down along the 
new overflow rate operating line because it re
mains constant. Owing to the transfer of solids 
to the SST, the reactor MLSS concentration 
decreases. In this example the flow then de
creases to its original rate. This causes the state 
point to drop from C to D. State point D repre
sents an underloaded condition, but because 
solids have accumulated in the SST in a sludge 
blanket there now is a net transfer of solids 
from the SST back to the aeration basin. This 
causes the MLSS concentration to increase, 
which causes the state point to move to A. In 
this example, if the operator had increased the 
RAS flow rate when the system first became 
overloaded to a level that would result in the 
underflow rate operating line to pass below the 
descending limb of the settling flux curve, the 
transfer of solids and the raised sludge blanket 
would have been avoided.

Similarly in Figure 4.2, when the qA-R  oper
ating point approaches the solids capacity Cri
terion I or II lines, then raised sludge blankets 
will be encountered in SSTs (accepting that the 
flux procedure applies without correction to 
full-scale horizontal SSTs).

4.6 The WRc procedure
The WRc procedure is based directly on the 
flux procedure. White (1975, 1976) measured 
at 30 plants in England the flux constants V0

and n and the stirred sludge density at 3.5 g/1, 
SSD3 . 5  (%) (equal to 100/SSVI3 .5). From the V0

and n values he calculated the maximum solids 
loading rate (i.e. maximum applied fluxjQFm =

j l )  from the flux procedure for selected under
flow rates less than the critical, i.e. less than the 
value at which the solids handling capacity Cri
terion II is important. He then correlated jQFm 
against SSD3 . 5  and qR in an empirical equation, 
which forms the basis of the WRc procedure, 
namely

The WRc procedure and its associated SSVI3 . 5

have been widely accepted in the UK as the 
routine SST design and operation procedure 
and sludge settleability parameter. In evalu
ating this procedure, Ekama and Marais (1986) 
noted that White s empirical function is valid 
only up to the critical underflow rate qR. crit- 
They modified the WRc procedure by provi
ding an additional empirical relationship deter
mined from the flux procedure to calculate this

It can be shown, by comparing D&O charts 
calculated from the modified WRc (MWRc) 
and flux procedures, that these procedures are 
virtually identical for poorer sludge settleability 
(SSVI3 . 5  > 70 ml/g), higher reactor concentra
tions (XF > 3.0 g/1) and higher underflow rates 
(qR > 0 . 2 0  m/h); for values lower than these 
limits, the MWRc procedure is about 10% 
more conservative (higher surface areas) than 
the flux procedure. This close correlation arises 
from the similarity between the V0  and n and 
SSVI3 5  data of Pitman (1984), White (1975), 
Rachwal et al. (1982) and UCT (1986) (see 
Section 3.3.1). This similarity to Whites original 
data verifies that SSVI3 . 5  is the best replace
ment for V0  and n measurement (see Section 
3.3.1), and consolidates the flux and MWRc 
procedures into a single design approach that 
leads to virtually identical results (see design 
examples in Sections 4.14 and 4.15 below).

4.7 ‘Verification’ of the flux and MWRc 
procedures

Although a number of evaluations of the solids 
loading rate stress test have been undertaken to 
verify the flux theory as a design procedure to 
estimate the permissible solids loading rates 
(SLR) of SSTs (White 1975; Rachwal et a l

78



4. SST design procedures based on flocculation and sludge settleability

Figure 4.7. Typical solids concentration-depth profile in SSTs showing from the top down the clear water zone 
(hi), the separation zone (h2), the sludge storage zone (h3), and the thickening (or compaction) and 
sludge removal zone (h4). This profile is accepted as standard for the depth design o f SSTs with the 
ATV (1973,1976,1991) design procedures.

1982), generally the precision of the estimates 
has been too low to inspire confidence in the 
flux (and related) procedures as a reliable de
sign tool; for example White (1975) and Rach
wal et al. (1982) both concluded that the WRc 
procedure (and therefore also the flux) is able 
to predict the maximum SLR only within 
±20%. Ekama and Marais (1986) undertook a 
Verification’ of the flux procedure by using the 
full-scale data collected by the Dutch research 
agency STOWa (1981a,b,c, 1983). This data set, 
which comprises 45 SLR stress tests on 22 
different circular SSTs and 27 SLR stress tests 
on three different rectangular SSTs, includes 
sludge settleability measurements with the DSVI 
and SSVI3 . 5 , sludge blanket levels, reactor (feed), 
return sludge and effluent SS concentrations 
and sludge concentration-depth profiles as the 
stress tests progressed. The 22 circular tanks 
tested (see also Stofkoper and Trentelman 1982) 
had (1) diameters from 30 to 48 m, (2) side water 
depths between 1.5 and 2.5 m, (3) conical 
bottoms with 1:12 floor slope, (4) blade scraper 
sludge collection to a central hopper, (5) central 
feed and (6 ) peripheral inset (close to side wall) 
double-sided effluent launders. The three rect
angular tanks tested had (1 ) length to breadth 
ratios (LIB) of 6-12, (2) side water depths bet
ween 2.0 and 2.3 m, (3) volumes between 400 and
3,000 m3  and (4) longitudinal suction and flight 
scraper sludge collection systems. The outcome 
of the Verification’ of the flux (and MWRc) 
procedures for circular and rectangular SSTs is 
summarized below in Sections 4.7.1 and 4.7.2.

4.7.1 Qualitative verification of the flux 
procedure

A typical sludge concentration-depth profile 
measured by STOWa (1981b) is given in Figure 
4.7, indicating different horizontal zones in the 
tank. Following the German ATV (1973, 1975, 
1976, 1991) approach, four zones are recog

nized, namely (from the top down): (1 ) the 
clear water zone (h{), (2 ) the separation zone 
(h2), (3) the sludge storage zone (h3) and (4) 
the thickening and sludge removal zone (h4). 
The fundamental principle of the flux procedure 
is that under overloaded conditions a critical 
zone settling layer, which limits the solids trans
port (flux) to the bottom of the tank, forms in 
the sludge blanket. When the applied flux (jQF) 
is greater than the limiting flux (jL), the mass of 
sludge in the zone settling (or sludge storage, 
h3) layer increases and causes the sludge blan
ket level to rise. The concentration of the zone 
settling layer is treated as constant throughout 
the layer and remains constant with time under 
constant operating conditions. From this funda
mental principle, system parameters such as 
maximum solids loading rate (jQFm), limiting 
zone settling concentration (XL), underflow con
centration (XR), maximum overflow rate (qAmax) 
and critical underflow rate (qR crit) are derived 
(Equations 4.3-4.6 and Figures 4.2-4.4) and 
graphical state point analysis developed (Equa
tions 4.7-4.14 and Figures 4.5 and 4.6).

This fundamental principle was verified quali
tatively (although not quantitatively) from the 
numerous sludge concentration-depth profiles 
measured by STOWa (1981b) in that the 
predicted conditions in the tank compared well 
with those observed, namely: STOWa (1981b) 
observed that a distinct sludge blanket level 
existed between the sludge in the bottom of the 
tank and the clear supernatant above. At the 
start of a SLR stress test, there was sludge only 
in the cone near the centre of the tank. As the 
test proceeded and more sludge entered the 
tank than was removed, first the bottom cone 
filled with sludge. When the cone was full, the 
sludge blanket level became horizontal and 
remained so throughout the test, irrespective of 
the outcome. In the underloaded cases, the 
sludge blanket level rose only to a height that
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Figure 4.8.Verification o f the flux procedure predicted 
plotted against observed applied solids load
ing rates for 45 full-scale circular settling 
tank stress tests by STOWa (1981b) (two 
tests were discarded owing to unreliable 
sludge settleability measurements for  
exceptionally poorly settling sludges). The 
flux procedure overpredicts the permissible 
solids loading rate by about 25% (1/0.8).
The solid line shows applied
flux = predicted flux; the broken line shows
applied flux = 0.8 x predicted flux.
Symbols: ●, safe; x,fail; ▲, NE with 
predicted applied flux based on measured 
SSVI35; o, safe; +,fail; a , NE with predicted 
applied flux based on measured DSVI.

was less than 0.3 m above the bottom of the 
side wall. When this occurred, the feed and 
underflow concentrations remained constant. 
Under these conditions only two zones (separ
ation, h2, and thickening, h4) made up the sludge 
blanket; in both of these the sludge concentra
tion increased continuously towards the bottom 
of the tank in horizontal layers except near the 
inlet construction, where turbulence was high. 
Under overloaded conditions the sludge blan
ket rose higher than 0.3 m above the bottom of 
the side wall: a third zone, the sludge storage 
zone (h3), emerged between the separation (h2 
above) and thickening (h4 below) zones in the 
sludge blanket. The storage zone covered the 
entire area of the tank and its upper boundary 
(with the separation zone) lay horizontally in 
the tank. Its lower boundary (with the thicken
ing zone) was about 0.5 m above the sloping 
floor of the tank with the result that the storage 
zone was thicker in the centre than at its peri
phery. As the sludge blanket level rose, the 
depth of the storage zone (h3) increased while 
those of the separation and thickening zones 
remained essentially constant. The solids con
centration throughout the storage zone was con
stant and remained so while the zone was 
expanding, even though solids were continuously 
being transferred through the storage zone from 
the separation zone to the thickening zone. Not

all the solids flux that entered the storage zone 
was transferred to the thickening zone; the 
difference caused the expansion of the storage 
zone. The sludge blanket rise rate could be 
estimated reasonably accurately from the solids 
inventory. When the sludge blanket level 
reached about 0 . 2  m below the effluent weir, 
solids began to be lost with the effluent. This 
loss was caused by sludge being scoured off the 
top of the sludge blanket by an outwards radial 
horizontal flow above the sludge blanket which 
passed underneath the effluent launder and 
upwards between the tank side wall and outer 
rim of the effluent launder (see Section 7.7.2). 
At this point the storage zone could no longer 
expand, with the result that the SSTs storage 
capacity had been reached and the solids flux 
that could not be transferred through the stor
age zone were lost with the effluent. STOWa 
(1981b) concluded that the flux procedure 
gives a very good qualitative description of the 
behaviour of the SST. (Although they found it 
qualitatively sound, they did not adopt the flux 
procedure for design because, quantitatively, it 
gave a poor prediction of the maximum SLR in 
comparison with the full-scale stress test results 
(see Section 4.7.2). However, the poor predic
tion resulted from inaccurate Vo and n measure
ments, which extended over too narrow a 
concentration range of only 1.0 to 4.5 g/1.)

Although the STOWa (1981b) observations 
are cited in detail, similar conclusions can also 
be drawn from those of others. The design 
parameters maximum solids loading rate, limi
ting zone settling concentration and underflow 
concentration in the flux procedure are derived 
from this fundamental principle; their quanti
tative verification is discussed below.

4.7.2 Prediction of maximum solids 
loading rate

4.7.2.1 Circular SSTs
With the aid of the full-scale data measured by 
STOWa (1981b), Ekama and Marais (1986) de
veloped Figure 4.8, comparing the predicted 
SLR from the flux procedure with those ob
served by STOWa (1981b) at the end of the 
stress tests for tests ending in (1 ) underload (● , 
O), (2) overload (X,+) or (3) inconclusively (▲, 
A). The flux constants V0  and n were calculated 
from the measured SSVI3 . 5  with the aid of their 
equations (see Table 3.1) and where the SSVI3 . 5

was not known it was calculated from the DSVI 
from Equation 3.8. For perfect prediction, all 
the X and -I- points should fall below the diago
nal and all the •  and O points above. Because 
many data fall near the diagonal, they are suffici
ently discerning to locate the onset of solids 
overload. Six overload cases fall incorrectly above 
the diagonal, but no underload cases fall incor
rectly below the diagonal. This indicates that
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Figure 4.9. D&O chart fo r the circular SST data o f 
Watts et al (1996) (flux theory; no 
correction), showing the plotting position o f 
the ten safe (underloaded, •) and five failed 
(overloaded, x) SLR stress tests in relation 
to the sludge settleability (V0 = 7.62 m/h 
and n = 0.306 m3/kg) and reactor 
concentration (3.44 < XF < 4.13 kg/m3; 
average 3.82 kg/m3).

the flux procedure tends to overpredict the maxi
mum solids loading rate for the Dutch full- 
scale SSTs; if the predicted solids loading rate is 
decreased by 25% (shown in Figure 4.8 by the 
broken line) all of the solids overload and under
loaded cases, except one, are correctly placed. 
However, design layout and geometry of the 
SSTs, such as inlet and sludge collection arrange
ments, sidewall depth and baffling, are known to 
influence SST performance and therefore the 
Dutch SST design conventions and constraints 
(for example high water table) probably influ
enced this flux procedure Verification’ result.

Ozinsky et al (1994) and Watts et al (1996) 
applied 1-D flux models (see Section 5.2.5) to 
simulate full-scale SST performance. Ozinsky et 
al used the STOWa data; Watts et al used data 
from a 3.66 m side water depth, 28.96 m diam
eter circular SST with centre feed, peripheral and 
radial effluent overflow and a rotating multiple- 
pipe suction sludge-collection system. Both Ozin
sky et al and Watts et al modified the flux 
equations by incorporating a pseudo-diffusivity/ 
dispersion coefficient (see Section 5.2.5). This 
coefficient, which has the effect of introducing 
non-ideal flow (mixing) conditions into the mod
els, was calibrated so that the observed results 
conformed with those predicted including sludge 
blanket height, RAS and ESS concentrations 
and sludge concentration-depth profiles. As ex
pected, to conform to the STOWa data, Ozin- 
skys 1-D model predicted solids overload at 
SLRs of about 80% of that of the flux proce
dure. The 15 SLR stress tests of Watts et al
(1996), which were all done at the same sludge

Figure 4.10. Verification of the flux procedure predic
ted plotted against observed applied solids 
loading rates for 27 full-scale rectangular 
settling tank stress tests by STOWa (1983). 
The flux procedure underpredicts the per
missible solids loading rate by about 15% 
(1/1.15). The solid line shows applied flux -  
predicted flux; the broken line shows app
lied flux = 1.15 x predicted flux. Symbols:
•, safe; x,fail; ▲, NE with predicted 
applied flux based on measured SSVI3.5; o, 
safe; +, fail; a , NE with predicted applied 
flux based on measured DSVI.

settleability(i.e. V0  = 7.62 m/h and n = 0.306 m3/ 
kg) and reactor concentrations XF between 3.44 
and 4.13 kg/m3  with a mean of 3.82 kg/m3, are 
shown in the D&O chart Figure 4.9. Although 
their calibrated 1-D model could satisfactorily 
predict the SSTs performance, it is clear from 
Figure 4.9 that this performance is significantly 
below the idealized flux procedure prediction: 
only about 67%.
4.7.2.2 Rectangular SSTs 
The results for the 27 SLR stress tests on the 
three rectangular SSTs are shown in Figure 
4.10. The design features of the tanks and their 
loading conditions during the stress tests are 
given in Table 4.3. The flux constants V0  and n 
were calculated from the measured SSVI3 .5  

with the aid of the equations of Ekama and 
Marais (1986) (see Table 3.1); where the SSVI3 . 5  

was not known, it was calculated from the DSVI 
by SSVI3 . 5  = 1.083 DSVI -  31, which is the line 
of best fit between these two parameters for 
rectangular tank data results. In Figure 4.10, the 
2 0  test results falling below the predicted flux 
of 4.5 kg/m2.h as well at the +  at 5.0 kg/m2.h 
and the A at 6.0 kg/m2.h were conducted at the 
Breda SST, which is the largest and deepest of 
the three tested. The remaining five tests were 
conducted on the two smaller tanks; the two O 
at 5.0 kg/m2.h and the •  at 6.0 kg/m2.h pre
dicted flux on the Leiden SST, and the O at 6.4 
and -+- at 8.3 kg/m2.h predicted flux on the Mal
den SST. The bulk of the data are therefore 81
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Table 4.3. Design features o f rectangular SSTs and loading conditions o f SLR stress tests from the STOWa (1983) 
rectangular SST evaluation trials

Parameter Units Breda Leiden Malden
Surface area m2 1,316 360 2 0 0

Length m 86.5 60 50
Breadth m 15.2 6 4
Depth m 2.3 2 . 1 2 . 0

Volume m3 3,025 1,510 400
Sludge collection - Suction Suction Flight scraper
Aeration tank m3 5,420 644 1500
Loading condition: 

Overflow rate (qA) m/h 0.42-1.01 1 .1 - 2 . 1 1 .0 - 1 . 2

Recycle ratio (R) - 0.38-2.0 0.17-0.34 0.74-0.88
Feed concentration (XF) 1.8-5.4 2.5-4.4 2.4-3.6
Applied flux ( J q F) kg/m2.h 3.9-5.2 5.0-6.0 4.5-7.4
DSVI ml/g 140-240 100-105 125-140
Number of tests 2 2 3 2

from the Breda SST. From Figure 4.10 it can 
be seen that safe loading tests (● ,0 ) fall below 
the diagonal and all except one failed test (X,+) 
fall above the diagonal. The line that best sepa
rates the safe and failed tests is ‘applied flux = 
1.15 x predicted flux’ (see Figure 4.10). This 
means that, in contrast with the circular SSTs 
for which the permissible SLR was 25% over
predicted, for the rectangular SSTs the permiss
ible flux is about 15% underpredicted. However, 
this result should not be taken to be general 
because the data are essentially only from the 
Breda SST; other rectangular SSTs might yield 
different results.

Indeed, Göhleetal. (1996),assessinga470 m2

(46 m x 10.2 m) longitudinal flow rectangular 
SST, 5.6 m deep, fitted with a counter-current 
scraper sludge-collection system and seven 
transverse effluent launders distributed over the 
length of the tank, found raised sludge blankets 
(more than 2 m) when the applied SLR exceed
ed 0 . 8  of that predicted by the flux procedure, 
a value similar to that for circular SSTs discussed 
above. However, despite this apparent uniform
ity of a 25% (1 /0 .8 ) reduction factor, this value 
should not be regarded as universally applic
able; in Section 3.4.2 it was demonstrated that 
many factors influence the capacity of SSTs, 
including feed MLSS concentration, baffling, 
sludge collection system and non-ideal flow 
conditions.
4.7.2.3 Comment on the prediction of the 

maximum solids loading rate 
From the above it can be concluded that the 
outcome of checking the flux (or any other 
design) procedure against particular SST per
formance data sets, as has been done above, 
will be influenced by the local conventions 
embodied in the SST design, both for external 
dimensions and internal features, and therefore 
constitutes a calibration rather than a verifi

cation. Although the rectangular SST of Göhle 
et al (1996) was significantly deeper than the 
Dutch circular SSTs, their result concurs with 
the STOWa data evaluated above and indicates 
that the Dutch SST shallowness alone is not the 
only factor limiting their SLR at 80% of that of 
the flux procedure.

Clearly, general quantitative conclusions can
not really be drawn from the above evaluation 
of the flux procedure because of the internal 
design features of the tanks, which influenced 
their behaviour. Although improved flux models, 
such as those developed by Ozinsky et al. (1993) 
and Watts et al. (1996), and others (see Section
5.2.5), undoubtedly extend and refine existing 
theory and modelling, two crucial questions 
remain unanswered; (1) are the observed SST 
failures specific fo r the particular SSTs investi
gated and (2) can the flux procedure be applied 
to full-scale SSTs without correction ?

Despite this disappointing outcome, it is valu
able to compare flux-predicted limiting zone 
and recycle flow concentrations with those ob
served to establish in what measure the physi
cal features of the tank influenced the results. 
The STOWa data will be used for this.

4.7.3 Prediction of the limiting zone 
settling concentration

For the cases ending in solids overload, the 
predicted limiting zone settling concentrations 
were compared with the measured solids con
centration in the storage zone (h3 ). The flux 
procedure not only significantly overestimated 
this concentration but it also gave a wide range 
from 5 to 11 kg/m3  because the sludge settle
ability and underflow rate varied quite widely. 
In contrast, the measured values all ranged be
tween 4 and 5 kg/m3. A certain measure of over
prediction is expected because the maximum 
solids loading rate is overpredicted by about82
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Figure 4.11. Comparison o f measured (XRmeas) and 
calculated (XRmbal) recycle flow concen
trations. Calculated concentrations deter
mined from a mass balance (Equation 4.4) 
ignoring solids loss with the effluent for  
the solids overloaded tests (+); ■, safe tests; 
A, inconclusive tests.

25%. However, this does not account for the 
difference in ranges and indicates the presence 
of influences in the SST that the flux procedure 
does not recognize.

4.7.4 Prediction of recycle flow 
concentration

The recycle flow concentration (XR) is gov
erned by a number of factors, namely the re
cycle ratio, the compactability of the sludge and 
the sludge collection system. In the flux pro
cedure, only the first is considered: the lower 
the recycle ratio (R), the greater the difference 
between the reactor (XF) and recycle flow (XR) 
concentrations (Equation 4.4). In practice, fail
ure (gross loss of solids) can take place owing to 
poor compaction from either the sludge itself 
or interference by the collection system. When 
the concentration in the recycle flow required 
by the set recycle ratio (R) cannot be achieved 
because of poor compaction or collection, less 
sludge is removed from the tank than is applied 
to it. Even though solids handling Criteria I 
and II are met, sludge mass builds up in the tank. 
If this continues for a sufficiently long time, the 
sludge storage capacity of the tank can be 
exceeded and loss of sludge with the effluent 
can take place. This is called compaction failure 
and is not recognized by the flux procedure.

To examine the significance of compaction 
failure, the data observed by STOWa (1981b) 
were plotted as calculated mass balance recycle 
flow concentration (XRmbal) (Equation 4.4) 
against that measured (XR meas) at the end of 
underloaded, overloaded and inconclusive tests 
(marked ● , +  and ▲ respectively in Figure 
4.11). Most of the underloaded tests (•) fall on 
the diagonal, indicating that for these tests the

Figure 4.12. Comparison o f measured (XRmeas) and 
calculated (XR,mbal) recycle flow concen
trations for the tests ending in solids 
overload, ignoring (+) and taking account 
o f solids loss (▼) with the effluent.

mass balance applies. For the overloaded cases 
(+), the mass balance was ‘corrected’ by taking 
into account solids loss with the effluent (see 
Figure 4.12). Although this brings some of the 
data on to the diagonal, some do not conform, 
which might be due to poor compaction.

According to the ATV (1976, 1991) design 
procedures (see Sections 4.8 and 4.11 below), 
the maximum attainable recycle flow concen
tration (XRmax) is governed by compactability of 
the sludge. Until 1976, XRmax was related to the 
DSVI, i.e. XRmax = 1,200/D SVI g/1 for DWF and 
XRmax = 1,200/D SVI + 2 g/1 for WWF (Equa
tion 4.21). In ATV (1991), XRmax is also related 
to the DSVI but the numerator 1,200 has been 
replaced with a variable dependent on the sludge 
thickening time in the bottom of the tank (tth); 
a reduction factor is also applied representing 
the difference between XRmax and the tank floor 
concentration (XTF), usually between 0.5 and
0.7 depending on the type of sludge collection 
system (Equation 4.27). Accepting ATV (1973, 
1976) as a basis, the data in STOWa (1981b) 
were divided into two groups, i.e. those with 
calculated mass balance recycle flow concentra
tions (XR,mbal) that are (1 ) greater and (2 ) less 
than the ATV (1976) XRmax value. These two 
groups are plotted against the measured recycle 
flow concentration (XR,meas) in Figures 4.13 
and 4.14 respectively. If there is validity to a 
compaction maximum recycle flow concentra
tion, then data with mass balance recycle flow 
concentrations greater than the compaction 
maximum (group (1), XR,mbal > XR,max) should 
fall on the diagonal of a plot of compaction maxi
mum concentration (XR,max) against measured 
recycle flow concentration (XR,meas) because 
compaction controlled the recycle flow concen
tration rather than the mass balance (see
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Figure 4.13. Calculated maximum attainable recycle 
flow concentration for wet (WWF) and 
dry (DWF) weather flows (XRrmxPWWF 
and Xrttuuc.adwf from Equation 4.21 
respectively) plotted against measured 
recycle flow concentration (XRmeas)for  
data where the calculated mass balance 
concentration exceeded the calculated 
maximum attainable concentration 
(X R,mbal > X Rmax ) . The good correlation 
indicates that compaction limits the 
recycle flow concentration that can be 
achieved, ■, Safe tests; ▲, inconclusive 
tests; +, overloaded tests.

Figure 4.13). Similarly, data with mass balance 
recycle flow concentrations less than the com
paction maximum (group (2), XR mbal < XRmax) 
should fall on the diagonal of a plot of mass 
balance recycle flow concentration (XRmbai) 
against measured recycle flow concentration 
(XR,meas) because the mass balance governs the 
recycle flow concentration rather than compac
tion (see Figure 4.14). For the data with mass 
balance recycle flow concentrations exceeding 
the ATV (1976) compaction maximum (Figure 
4.13) a good correlation is obtained; in partic
ular, the underloaded cases (■) fall on the DWF 
line and the overloaded cases (+) fall near the 
WWF line. If due consideration is taken of the 
effects of the sludge collection system, a good 
correlation is obtained also for the data with 
mass balance recycle flow concentrations lower 
than the ATV (1976) compaction maximum, in 
particular for the underloaded cases.

The above evaluation indicates that mass 
balance considerations alone do not give a suf- 
ficiendy complete explanation of the variation 
in recycle flow concentration observed by 
STOWa (1981b) on the Dutch full-scale plants. 
Recognition of a compaction limit to the re
cycle flow concentration based on sludge settle
ability gives a more consistent description and 
indicates that this phenomenon should be con
sidered in design. In this respect the ATV 
(1976,1991) relationships give a reasonably good

Figure 4.14. Calculated mass balance recycle flow
concentration (XR,mbal from Equation 4.4) 
plotted against measured recycle flow  
concentration (XRmeas) for data where the 
calculated mass balance concentration is 
less than the calculated maximum 
attainable concentration (XR < XRmax). 
The good correlation for tests ending in 
underload (■) indicates that the mass 
balance concentration is obtained in the 
recycle provided this is not limited by 
compaction. ▲, Inconclusive tests; +, 
overloaded tests.

correlation with STOWas observed data but 
the data set is too limited to accept the ATV 
relationships as general. In ATV (1991), no 
distinction is made between a DWF and a 
WWF maximum recycle flow concentration 
depending on the DSVI; instead XRmax ADWF 
and XRmax PWWF are both calculated from the 
thickening time in the bottom of the tank (see 
Equation 4.27 and Figure 4.16b).

4.7.5 Conclusions of the flux procedure 
‘verification’

From the above evaluation, it can be concluded 
that:

(1) The predicted maximum permissible solids 
loading rate was about 25% higher than 
that observed to cause solids overload, 
which means that only 80% of the pre
dicted SLR can be applied to the SST to 
avoid causing solids overload. Ekama and 
Marais (1986) speculated that the 25% 
(1 /0 .8 ) overestimation by the flux proce
dure arose from the non-idealities in the 
full-scale tanks such as large ratios of 
diameter to depth, horizontal movement 
of water and solids, turbulence, density 
currents, baffling and the effects of inlet 
and outlet arrangements compared with 
ideal 1-D conditions assumed by the flux 
theory (effects probably exacerbated by 
the shallowness of the SSTs: 1.5-2.5 m 
side water depths). If this speculation has
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substance, then a fundamental assump
tion in the flux theory, that secondary ef
fects caused by the non-idealities are not 
significant, falls into question and con
firms some of the assertions made in this 
STR, for example overflow rate by itself is 
not an important criterion (see Section
1.3). Therefore, in a circular SST, a signi
ficant part of the surface area can be par
titioned off for a flocculator centre well in 
the upper third of the SST without an ad
verse impact on effluent SS, but the SST 
must be sufficiently deep for the sludge 
blanket to remain at least 1.5-2 m below 
the water surface (see Section 6.3.4). At 
this stage, the magnitude of the influence 
of the non-idealities in the SST is not 
known. In this respect, the flux proced
ure was not so much Verified’ as calibra
ted for the different SSTs considered. 
Settling tanks with different geometries 
and internal layouts might give a different 
factor such as 0.9 or 1.0 compared with 
the 0.8 obtained for the Dutch circular 
shallow SSTs or the rectangular deep SST 
in Göhle et al. (1996).

The recently developed hydrodynamic 
models, which are discussed in Chapter 
5, allow a measure of tank geometry and 
internal layout optimization; it might be 
possible to calculate the SLR capacity of 
different SST designs and layouts and 
compare these with the flux procedure 
predictions (see Section 5.5.2). Further
more, the recycle ratios during the circu
lar SST SLR stress tests made by STOWa 
were significantly below the critical. Al
though this was taken into account in the 
calculation of the flux maximum SLR, an 
increase in recycle ratio would (if the flux 
procedure is accurate in this respect) 
have changed some of the overloaded 
cases to underloaded cases. This aspect 
should not be overlooked because in the 
ATV (1973, 1976, 1991) and STOWa 
(1981b) (Epskamp and van Hernen 1984) 
procedures, the recycle ratio is not con
sidered to influence the permissible over
flow rate; only the feed concentration (XF) 
and sludge settleability are accepted to 
influence the overflow rate (qA).

(2) Despite the different outcome for circu
lar and rectangular SSTs in the flux 
procedure evaluation, STOWa (1983) con
cluded that the design procedure they 
developed from all their observations on 
circular SSTs (see Section 4.9 below) is 
equally applicable to rectangular SSTs. 
This also applies to the ATV (1973, 1976, 
1991) design procedure (see below, Sec
tions 4.8 and 4.11).

(3) Mass balance considerations alone did not 
give a sufficiently accurate estimate of the 
recycle flow concentration. Recognition 
of a maximum attainable recycle flow con
centration owing to compaction limita
tions brought an improved correlation 
between predicted and observed recycle 
flow concentrations. Compaction limita
tions to the recycle flow concentration 
are not recognized in the flux procedure. 
Despite the reasonably good correlation, 
the effect of the shallow tanks and the 
sludge collection system cause uncertainty 
in the general applicability of the ATV 
(1976, 1991) relationship between maxi
mum recycle flow concentration and 
DSVI. Nevertheless, an upper limit to the 
recycle flow concentration governed by 
sludge settleability (ATV 1973, 1976), 
thickening time (ATV 1991), tank depth 
and sludge collection system needs to be 
recognized and sets a lower limit on the 
recycle ratio (R). The ATV (1973, 1976, 
1991) design procedures are discussed in 
the next section.

(4) In English-speaking countries, simplified 
approaches to SST design and operation 
retained the centrality of the flux theory 
in the procedures. Some developments 
used the SZSV-X relationship directly 
(Riddell et al. 1983; Wilson 1983). Others 
used the SVI (Jenkins et al. 1984; Daigger 
and Roper 1985; Pitman 1984; Keinath 
1990; Daigger 1995; Wilson 1996), the 
SSVI3 .5  (Rachwal etal. 1982; Pitman 1984; 
Ekama and Marais 1986; Wahlberg and 
Keinath 1988; Daigger 1995) or the DSVI 
(Koopman and Cadee 1983; Ekama and 
Marais 1986; Daigger 1995) as sludge 
settleability parameters. All these devel
opments are essentially the same approach 
as White (1975) adopted for the WRc 
procedure, i.e. V0  and n or Vzs values are 
obtained for a particular sludge settleabil
ity parameter (SSP) via a sludge settle
ability data set or empirical relationships 
derived from this set. Any difference in 
SST surface area or recycle ratio (which 
are essentially all that the flux procedure 
provides from a design point of view) is 
not a consequence of the flux procedure 
itself, but a consequence of differences in 
the relationships linking the different 
SSPs to the V0  and n or Vzs values. These 
differences can be large. An overview of 
these relationships was discussed in Sec
tion 3.3. As an example, a comparison of 
the Daigger D&O charts with (1) the 
equations based on the UCT SSVI3 .5  

family and Daigger (1995) SSVI3 .5  data 
sets and (2 ) the equations based on the

85



4. SST design procedures based on flocculation and sludge settleability

Figure 4.15. Daigger D&O charts comparing the UCT SSVI3.5 family (U) and Daigger (1995) (D) SSVI3.5-based 
settleability equations (a) and the Pitman SVI family (P) and Daigger (1995) (D) SVl-based 
settleability equations (b)for SSVI3.5 and SVI o f  50, 100, 200 and 300 ml/g.

Pitman SVI family and Daigger (1995) SVI 
data sets (see Tables 3.3 and 3.2 respec
tively) is given in Figure 4.15.

4.8 The ATV (1973,1975,1976) design 
procedure

4.8.1 Research background
The design procedures for SSTs recommended 
by ATV (1973, 1975, 1976, 1988, 1991, 1993) in 
Germany were developed from research on 
pilot and full-scale SSTs by Pflanz (1969), 
Merkel (1971a,b), Kalbskopf (1972), Billmeier
(1978) and Günthert (1983, 1984). The devel
opment of the 1976 version is comprehensively 
reviewed by STOWa (1981a) (in Dutch) and 
briefly by Ekama and Marais (1986) (in English). 
The 1991 version is published (in English and 
German) by ATV (1991) and reviewed (in 
English) by Günthert and Deininger (1995).

4.8.2 Surface area (AST) calculation
From a set of settleability data comprising paired 
SZSV (Vzs (m/h)) and DSVI 30 min setded vol
ume (DSV30) values (see Figure 4.16a) and a set 
of sludge comparability data comprising the 
time interval required to compact sludge from 
a lower to a higher concentration (see Figure 
4.16b), Merkel (1971a,b) developed, by using 
solids flux principles, an empirical equation 
linking the permissible overflow rate (qA (m/h)) 
to DSV3 0  (ml/1), where from Equation 3.2 DSV3 0

is the product of the reactor (or feed) con
centration XAT (g/1) and the DSVI (ml/g). He 
showed that if the calculations were undertaken 
for both wet (PWWF) and dry (PDWF, 
ADWF) weather conditions, taking due note of 
sludge transfer to the SST, then an estimate of 
the sludge storage capacity of the tank, and 
hence the tank depth, is obtained. Kalbskopf
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(1972) noted that Merkels qA-DSV 3 0  line re
sembled a hyperbola and proposed that the 
product qA. DSV30, which he called the ‘sludge 
volume loading rate’ qsv (l/(m2 .h), be accepted 
as constant. This ‘sludge volume loading rate’ is 
analogous to the solids loading rate (SLR) of 
the influent flowjqi (i.e. it excludes the SLR of 
the recycle flow), but instead of the solids con
centration being specified in the usual mass 
terms (g/1 ), it is expressed in volume terms (ml/l) 
obtained from the DSVTs 30 min settled vol
ume DSV30. Recognizing the soundness of Mer
kels approach and Kalbskopfs proposal, the 
ATV (1973, 1976) established their permissible 
overflow rate (qA) against DSV3 0  (called sludge 
volume (ml/l)) guideline by trial-and-error 
location of the line to fit full-scale experimental 
data. The data that seem to have been accepted 
by the ATV to fix the line are those measured 
by Pflanz (1969) on two full-scale treatment 
plants in Germany: Celle, a 10.2 Ml/d plant 
with a 2.27 m deep 790 m2  circular SST, and 
Fallingsbostel, a 2.1 Ml/d plant with a 1.55 m 
deep 187 m2  (46 m x 4 m) longitudinal flow 
rectangular SST. In Figure 4.17a (Celle), the 
guideline accepted by the ATV was located very 
close to the 30 mg/1 effluent SS concentration 
contour because at that time the German gen
eral effluent SS concentration standard was 
30 mg/1; in Figure 4.17b (Fallingsbostel), the 
guideline does not conform so well to the 30 mg/1 
effluent SS concentration when DSV3 0  < 
450 ml/l, but the correlation for DSV3 0  > 450 ml/l 
(which are normal design conditions) was nev
ertheless considered reasonable. The differen
ces between effluent SS concentration contours 
for the two plants apparently arose from differ
ences in SST geometry and DSVI; at Celle 
(Figure 4.17a) this was 80 ml/g and at Fallings
bostel (Figure 4.17b) this was 155, 210 and 
306 ml/g.

Moving the qA-DSV30 line in the qA-DSV 3 0  

domain away from Merkels calculated line, to 
suit the full-scale plant data, severed the ATV 
procedure guideline (Equation 4.17) from 
Merkels sludge settleability and compaction 
data (see Figure 4.16) and the flux-based app
roach that Merkel used to develop his original 
relationship. The ATV procedure therefore be
came a purely empirical procedure calibrated 
to fit Pflanz s (1969) full-scale plant data. The 
equation for the ATV (1973, 1976) qA-DSV 3 0  

guideline is

This guideline was not to be exceeded under 
wet or dry weather conditions unless the PWWF 
was more than twice the ADWF, in which case 
a deterioration of effluent SS concentration up 
to 60 mg/1 was allowed at PWWF. The ATV 
guideline applies equally to rectangular and cir-

Figure 4.16. Merkels (1971a) sludge settleability (a, 
solid line) and thickenability (b) data on 
which the ATV (1973,1976) design 
procedure was originally based. The line 
calculated from the UCT (1986) data set 
fo r 3.0 g/l is also shown (broken line) for  
comparison; note that this line is sensitive 
to concentration, falling closer to Merkels 
data as concentration decreases. Symbols 
in (b): line, Merkel; points, Pflanz.

cular tanks. The overflow rate must not exceed
1 . 6  m/h under any circumstances for horizontal 
flow tanks, and 2 . 0  m/h for vertical flow tanks 
(see Section 9.1).

4.8.3 Depth (Have) calculation
In the ATV (1973, 1976) procedure the depth 
of the SST was viewed as four horizontal layers 
at different depths (see Figure 4.7). The clear 
water zone (h1) and separation zone (h2) were 
set empirically at more than 0.5 m and 0.8-
1 . 0  m respectively, but if the sludge storage zone 
(h3) is greater than 1 . 0  m, then h2 can be 
reduced to 0.5 m.

The sludge storage zone (h3) is found from 
the mass of sludge that needs to be stored dur
ing PWWF. At PWWF, which is usually taken 
to be twice the ADWF, the mass of sludge 
transferred from the reactor to the SST is 
AXatVa t , where VAT is the volume of the bio
logical reactor and ΔXat the change in reactor 
concentration. This mass of sludge needs to be 
stored in the SST. The sludge storage concen
tration XSTG was established from Merkels
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Figure 4.17. Effluent SS concentration contours for overflow rate (qA, m/h) plotted against 30 min settled sludge 
volume (DSV30, ml/l)for treatment plants Celle (a) and Fallingsbostel (b). Data from Pflanz (1969).

(1971a,b) sludge settleability data (Figure 4.16a) 
and was set at the transition concentration (Xc ) 
at which the sludge settling regime was accep
ted to change from zone settling to compres
sion settling. According to Merkels data (see 
Figure 4.16a), this occurred at a concentration 
of

Hence the sludge storage depth h3  is given
by

where
ΔXat = difference in reactor concentration 

at ADWF and PWWF (kg/m3)
Vat = volume of biological reactor (m3) 
Ast = area of SST (m2).

The sludge transferred causes the biological 
reactor concentration at WWF (XATPWWf ) to
decline below the DWF value XATADWF, which 
decreases the DSV3 0  and allows a higher over
flow rate and therefore a smaller surface area. 
However, the greater the decrease in reactor 
concentration is, the greater is the mass of 
sludge to be stored in the SST and therefore 
the deeper the tank needs to be. The ATV 
(1973, 1976) procedure therefore allows a 
trade-off between surface area and depth, and 
one is at liberty to select the area-depth com
bination most suited to the particular site under 
consideration. However, the maximum reduc
tion in the reactor concentration allowed is 30% 
or 1.3 g/1, whichever is the smaller.

The compaction zone depth h4  is calculated 
from the volume fraction occupied by the sludge 
after 30 min of settling in the 1-litre measuring 
cylinder if a DSVI test were to be done at the 
reactor concentration; it is therefore a function 
of the DSV3 0  of the sludge, namely

The average depth of the SST (Have) is the 
sum of the four zones but must not be less than

2.0 m. The average depth of a sloping-bottom 
tank is the mean of the side wall and centre 
depths.

4.8.4 Recycle ratio (R) calculation
The recycle ratio R is calculated from the max
imum attainable recycle flow concentration 
XRmax, which is dependent on the DSVI and is 
different for DWF and WWF conditions, 
namely

Once the recycle flow concentration is known, 
the recycle ratio R and flow QR are calculated 
from a solids mass balance over the SST 
(Equation 4.4), i.e.

4.8.5 Weir loading rate (WLR)
Maximum weir loading rates (WLR) are also 
recommended by the ATV (1973, 1976) guide
lines. Generally 5-10 m3 /h.m should not to be 
exceeded but for light or diffuse sludges this 
should be reduced to 3-5 m3 /h.m.

Comparison of the ATV (1973, 1976) pro
cedure with the STOWa (1981b) data is presen
ted in Section 4.10 below after discussing the 
STOWa (1981b) design procedure. A design 
example calculation is given in Section 4.14.1.

4.9 STOWa design procedure
The STOWa design procedure is a derivative of 
the ATV (1973, 1976) procedure. Stofkoper and 
Trentelman (1982), who conducted the STOWa 
(1981a,b,c, 1983) SST investigation, found the 
flux and WRc procedures too inaccurate (the rea
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son is that the SZSV-X data were measured over 
too narrow a concentration range (1-4.5 g/1); in 
all other respects the data are valuable and use
ful provided it is noted that it was obtained from 
shallow SSTs (see parenthetical note towards 
the end of Section 4.7.1)) and consequently ac
cepted the ATV procedure as a basis for design 
in The Netherlands. The STOWa (1981b) pro
cedure (see Epskamp and van Hernen 1984) is 
essentially a modification of the ATV (1973, 
1976) procedure to suit Dutch conditions. The 
overflow rate-sludge volume (qA-  DSV30) guide
line was modified and the trade-off between 
surface area and depth was removed, the latter 
presumably because in The Netherlands only 
shallow SSTs are considered owing to the high 
water table. In all other respects the pro
cedures are the same.

4.9.1 Surface area (Ast ) calculation
The permissible overflow rate (qA) is related to 
the sludge volume DSV30 (which equals XATx 
DSVI) and the sludge volume loading rate qsv 
(which equals qA.DSV30),

provided that 300 < qsv < 400 l/m2 .h. If qSv < 
300 or qSy > 400 l/m2 .h, it is set equal to 300 or
400 1/m2 h respectively and the overflow rate qA 
is given by

Equation 4.23 applies to PWWF and ADWF. 
At PWWF, the reactor concentration XATPWWF 
is decreased owing to sludge transfer to the 
SST. The decrease in XAT causes a decrease in 
DSV30, which in turn allows a higher overflow 
rate at PWWF than at ADWF. The sludge 
transferred to the SST is stored but the sludge 
blanket must not rise 0.3 m above the bottom 
of the side wall at PWWF (see Section 4.7.1). 
XAt pwwf found iteratively by comparing the 
sludge mass that needs to be stored with the 
mass that can be accommodated in the avail
able space in the SST. The iteration calculation 
assumes that (1) the mass of sludge in the SST 
during DWF is negligible and (2) the sludge 
storage concentration is the greater of the ATV 
value XSTG (Equation 4.18) or the feed concen
tration XAT. XATPWwf must not  be decreased 
(1) below 2 g/1 or (2 ) by more than 30% of the 
value at DWF (XATADWF). The incremental 
decrease in XAT from the DWF value therefore 
continues until (1 ) the required sludge storage 
mass equals the permissible sludge storage 
mass, or (2) XATPWWF is 70% of XAT,ADWF or
(3) XAT,PWWF is 2 g/1.

4.9.2 Recycle ratio (R) calculation
The recycle ratio (R) is found from the settle
ability of the sludge (DSVI) and a mass balance

over the SST by the same equations as the ATV 
(1973, 1976) (Equations 4.21 and 4.22).

4.9.3 Weir loading rate (WLR)
No maximum weir loading rate (WLR) is speci
fied and it is recommended to use single-sided 
peripheral effluent launders even for tanks of 
large diameter (48 m) because compared with 
double-sided inset (close to side wall) peripheral 
launders, these allow greater sludge storage 
depths (higher sludge blankets) before gross loss 
of solids (failure) takes place (see Section 4.7.1). 
These observations are supported in the litera
ture by Johnstone et al. (1979), Billmeier (1978) 
and Wolf (1977). This consideration is only 
important for the shallow tanks investigated. 
Munch and FitzPatrick (1978) concluded from 
work on a tank 35 m in diameter and of sidewall 
depth 4.7 m that the WLR becomes important 
only when the sludge settleability is so poor that 
the sludge blanket level cannot be kept lower 
than 1  m below the bottom of the effluent 
channel. The effect of WLR on SST perform
ance is discussed in Sections 6.3.8, 7.7 and 8.5.

4.9.4 Side water depth (SWD)
For a single-sided peripheral effluent launder, a 
minimum side water depth (SWD) of 1.5 m is 
specified on the grounds that the sludge 
blanket will remain sufficiently far below the 
effluent weir to produce a clear effluent. With a 
double-sided inset peripheral launder or for 
tanks of large diameter (more than 40 m) with 
single-sided peripheral launders, 2 . 0  m is speci
fied. A design example calculation for the 
STOWa procedure is given below in Section
4.14.2.

4.10 Comparison of the ATV (1973, 1976) 
and STOWa procedures with the 
STOWa data set

The ATV and STOWa procedures are empirical 
structured representations of observed full-scale 
performance by various research workers. The 
procedures were therefore calibrated* in their 
development. However, because it is known that 
the internal SST features can significantly influ
ence performance, the ‘calibrated’ procedures 
are therefore unlikely to be generally applic
able. Stofkoper and Trentelman (1982) realized 
this and consequently undertook the STOWa 
(1981a,b,c) full-scale SST investigation to check 
the applicability of the ATV (1973, 1976) em
pirical equations for Dutch SSTs. A comparison 
of the ATV and STOWa procedures with the 
STOWa (1981b) data therefore gives valuable 
insight into these procedures.

There are four principal components in the 
ATV procedures and three in the STOWa pro
cedures; the STOWa procedure has three be
cause the trade-off between surface and depth
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Figure 4.18. Verification/calibration o f the ATV (1976) 
(solid line) and STOWa (1981b) (broken 
line) overflow rate -  sludge volume 
guidelines (qA-DSV30), against the 45 
solids loading rate stress tests measured on 
27 full-scale circular SSTs (a) and 27 solids 
loading rate stress tests measured on three 
rectangular SSTs (b) by STOWa (1981b, 
1983). Symbols: • , safe; x,fail; Δ, no 
equilibrium.

has been eliminated. These four components 
are as follows.

1. The overflow rate-sludge volume expres
sions (ATV, Equation 4.17; STOWa, Equa
tion 4.23).

2. The sludge storage concentration (ATV 
and STOWa, Equation 4.18).

3. The recycle flow concentration at ADWF
and PWWF (ATV and STOWa, Equation
4.21). This was already checked above in
Section 4.7.4 (see Figures 4.11-4.14).

(4) The depth of the compaction (bottom
most) zone h4 (ATV, Equation 4.20).

4.10.1 Checking the overflow rate: sludge 
volume (qA-DSV30) expressions

For each of STOWa's 45 solids loading rate stress 
tests on circular SSTs and the 27 on rectangular 
SSTs, the DSV3 0  was calculated from the DSVI 
and the reactor concentration XAT at the end of 
the test to take account of the decrease in XAT 
allowed by the procedures. The applied over
flow rates qA were plotted against the calculated

DSV3 0  in Figure 4.18a (circular) and Figure 
4.18b (rectangular) as follows: X, solids over
load (failure); • ,  no solids overload (safe); A, 
inconclusive. The ATV (1973,1976) and STOWa 
(1981b) guidelines (Equations 4.17 and 4.23 
respectively) are also shown in Figure 4.18. For 
perfect prediction, all the X points should fall 
above the line and all the •  points below. This 
is generally true for DSV3 0  < 500 ml/1, but for 
DSV3 0  > 500 ml/1 there are a group of safe load
ing cases that fall above the ATV guideline. The 
STOWa guideline eliminates this conservative
ness by relocating the line more closely be
tween safe and failure loading cases.

4.10.2 Checking the sludge storage 
concentration

From 26 solids concentration-depth profiles 
measured during the 45 SLR stress tests on cir
cular SSTs, the measured solids concentration 
in the storage zone (h3) is compared with that 
calculated (Equation 4.18) in Figure 4.19. The 
measured concentration not only varies less 
than that calculated but also is about 2 0 % (1 . 2

times) higher. In an alternative approach the 
sludge storage concentration was calculated 
from the change in the reactor solids mass over 
a period of time and the increase in the sludge 
blanket depth over the same time period. For 
the loading cases where the sludge blanket 
depth increased quickly, the calculated concen
tration compared favourably with that measured, 
but when it increased slowly the correlation was 
rather poor, with measured concentrations being 
higher than those calculated. It was noted that 
low sludge blanket rise rates gave the sludge 
more time to compact, so that sludge collected 
in the thickening zone (h4) below rather than in 
the storage zone (h3). It was concluded that the 
calculated sludge storage concentration is gen
erally a low estimate by a factor of 1 .2 , with the 
result that the sludge storage depth is over
estimated by 2 0 %, which was accepted.

4.10.3 Checking the depth of the 
thickening zone

This was not possible from the measured sludge 
concentration-depth profiles. For underloaded 
cases, where different masses of sludge were 
stored and different recycle flow concentrations 
observed, significantly different equilibrium 
sludge blanket levels could not be discerned. 
This probably arose from sludge s being stored 
also in the thickening zone. STOWa (1981b) 
concluded that provided that the sludge blan
ket did not rise more than 0.3 m above the 
bottom of the side wall, which the overflow 
rate-sludge volume (Equation 4.23) expression 
makes provision for, then a distinct thickening 
zone is not required. This conclusion also pro
vided the rationale for eliminating the surface
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area-depth trade-off and the separate depth 
calculation. With a minimum sidewall depth of
1 . 5  m and the sludge blanket rising no higher 
than 0.3 m above the bottom of the side wall, 
this leaves 1 . 2  m for the separation (h2) and 
clear water zones (hi). This is very close to the 
ATV recommended range for these two zones 
(1.3—1.5 m); STOWas revised approach was 
therefore accepted.

4.11 Revised ATV (1991) procedure
In 1991 the ATV standard A131 was published 
for the dimensioning of single sludge-activated 
sludge plants for more than 5,000 person equi
valents, Part II of which concerns the design of 
SSTs (ATV 1991; Günthert 1994). Elements of 
the former procedure (ATV 1973,1976) remain, 
in particular the design parameters DSVI (ml/g), 
sludge volume DSV3 0  (= DSVI.XAT (ml/1)) and 
the sludge volume loading rate qsv (= DSV30.qA 
(l/m2 .h), but a number of new elements have 
been included from research work undertaken 
by, among others, Billmeier (1978) Günthert 
(1983, 1984) and ATV (1988) since publication 
of the 1976 procedure. The 1991 procedure (1) 
gives values for the overall tank size (surface 
area AST, depth Have), (2) gives recommenda
tions for SST features such as number of 
bridges, length of effluent launders, and (3) 
draws attention to phenomena that need to be 
considered in the design, such as density curr
ents and flow distribution. Besides overflow rate 
(qA), sludge settleability (DSVI) and feed con
centration (XAT), sludge compaction time (tth) 
and recycle ratio (R ) are included in the pro
cedure. As in the earlier version, the surface 
area is not sensitive to the recycle ratio, but tank 
depth is. Also, like the earlier versions and that 
of STOWa (1981b), the procedure is sensitive 
to DSV3 0  as the independent design parameter, 
not XAT and DSVI, in that changes in XAT and 
DSVI yielding the same DSV3 0  yield the same 
design. Also, as in the earlier versions, wet 
weather flow conditions govern the design, and 
the transfer of sludge to the SST is considered 
up to a maximum of 30% at PWWF, which is 
accepted as twice ADWF. The procedure can 
be applied to both rectangular and circular 
tanks where (1) DSVI < 180 ml/g; (2) DSV3 0  ≤ 
600 ml/1; (3) tank length L ≤ 60 m or diameter 
D is between 30 and 50 m; (4) recycle ratio R ≤
1.5 for ADWF (Qr ,Adwf < 1-5Qi,adwf) and 
R < 0.75 for PWWF (QR,pwwf <0.75QIPwwf) 
and (5) compaction time tth, which varies depen
ding on the biological process, is less than 2  h 
to limit rising sludge from denitrification.

4.11.1 Surface area (AST) calculation
The permissible overflow rate at PWWF qA,P W W f 

is determined from

Figure 4.19. Calculated (Equation 4.18, XSTG, diagonal 
line) plotted against measured sludge 
concentration (points) in the sludge 
storage zone (h3, zone settling region). 
Measured concentration is about 20% 
higher than that calculated.

where qsv is the earlier sludge volume loading 
rate and must be less than 450l/m2.h. This 
450 l/m2.h upper limit for qsv is considerably 
less conservative (by about one-third) than the 
earlier ATV (1973, 1976) and STOWa (1981b) 
guidelines (see Figure 4.20), which had qSv 
values around 350 l/m2 .h. No guidance on what 
actual value less than 450 l/m2.h to select for 
qSv  to achieve the revised German ESS stan
dard of less than 20 mg/l is given. However, 
Billmeier (1993) recommended that the design 
qsv value should be obtained from his earlier 
published equation (Billmeier 1978) linking the 
ESS concentration and the specific volume 
loading rate, i.e. Equation 1.1 in Section 1.5 
(see Figure 1.8), which after rearranging for 
ESS = 20 mg/l yields

In support of accepting Equation 4.25, 
Billmeier showed that with the ATV A131 
recommended maximum qSv = 450 l/m2 .h, the 
maximum recycle ratio at WWF (Rpwwf) =
0.75 and the required ESS of 20 mg/l, Have is
3.1 m, which is very close to the ATV minimum 
of 3.0 m. From Figure 1.8, to ensure that 
20 mg/l ESS is not exceeded, a specific volume 
loading rate qsv(l+R)/Have of about 190l/m2.h 
should not be exceeded. Hence Equation 4.25 
for the general German ESS standard of 
2 0  mg/l becomes
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Figure 4.20. Comparison o f ATV (1976) (------), ATV
(1991)(------, depth less than 3.0 m ;- - - ,
depth more than 3.0 m) and STOWa
(1981b) (------ ) permissible overflow rates
at PWWF (qA) plotted against sludge 
volume (DSV30) design guidelines.

which describes Billmeier's (1993) interrelation
ship between the sludge volume loading rate 
qsv, recycle ratio at WWF Rpwwf and the 
average SST depth Have. With Equation 4.26, 
Billmeier reinstates the trade-off between sur
face area and depth into the revised ATV pro
cedure and specifies that Have can vary between
2.0 and 4.5 m and gsv between 180 and 5501/ 
m2.h (see Figure 4.21). In accordance with this, 
Billmeier (1993) states that when Have is less 
than the ATV minimum of 3.0 m, qsv must be 
decreased by about 30% to around 350 l/m2 .h, 
which lowers the ATV (1991) line in Figure 4.20 
to close to the ATV (1976) line. Furthermore, 
in terms of ATV (1991) A131, the overflow rate 
at PWWF (qa ,p w w f ) must not exceed 1.1 m/h 
if the average tank depth Have is set at the 
minimum of 3.0 m, as shown in Figure 4.20.

4.11.2 Recycle ratio (JR) calculation
The attainable sludge concentration on the tank 
floor XTF is a function of the sludge settleability 
DSVI and thickening time Owing to short- 
circuiting between the inlet and sludge return 
flow and the effects of the sludge collection 
system, the maximum attainable recycle flow 
concentration XRmax for scraped or ‘organ 
pipe’-type hydraulic sludge collection is 0.7 or
0.5-0.7 (ηeff) respectively of the tank floor con
centration

The required recycle ratio for dry and wet 
weather flow are then calculated with the usual 
mass balance equation (Equation 4.4) or Equa
tion 4.22. Equation 4.27 is a return to the 
sludge compaction equation of Merkel (1971a), 
who from his and Pflanz s (1969) data sets (see 
Figure 4.16b) found that

Figure 4.21. Billmeier's (1993) trade-off between sludge 
volume loading rate (SVLR, qsv (l/m2.h)) 
and average SST depth (Have) for different 
recycle ratios at WWF (RPWWF) to achieve 
ESS < 20 mg/l (from Equation 4.26).

where Xth and tth are the thickened sludge con
centration (g/1 ) and thickening time (h) respec
tively.

Comparing Equation 4.27 with the XRmax 
equation of the ATV (1976) version (Equation
4.21), it can be seen that instead of a fixed 
numerator value of 1,200 in Equation 4.21 and 
adding 2 g/1 for WWF conditions, now the 
numerator is a variable increasing with thicken
ing time tth namely 794, 1,000, 1,145, 1,260 
and 1,357 for 0.5, 1.0, 1.5, 2.0 and 2.5 h 
respectively; additionally, an efficiency factor 
ηeff  is applied to decrease the maximum under
flow concentration XRmax relative to the tank 
floor concentration XTF to account for sludge 
short-circuiting, and the same XRmax is used for 
both wet and dry weather flows.

4.11.3 Depth (h ave) calculation
The same four horizontal layers in the SST are 
recognized as in the earlier versions (see Figure 
4.7). The clear water (uppermost, h 1) layer is 
fixed at 0.5 m. The separation (h2)> sludge stor
age (h3) and thickening (h4) layers are each 
calculated differently from before.

h2: The total flow rate into the tank at 
PWWF [QI,PWWF(1 +R pwwf)] must have 
a sludge separation zone flow through 
time of 0.5 h related to the ‘free water 
volume fraction’, which is the fractional 
volume of the supernatant in a DSVI test 
at the feed concentration (XATADWf  or
XAT,p w w f ) a fter  3 0  min of settling, i.e. for
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h3: The sludge transferred from the reactor 
to the SST has to be stored in h3  for 1.5 h 
at a sludge storage concentration XSTG of 
500/DSVI g/1. This estimate of XSXG is 
obtained from Merkels (1971a) data (see 
Figure 4.16a) and is very similar to that 
used in the earlier versions (see Equation 
4.18). A decrease of 30% in the reactor 
concentration at DWF is allowed, making
X A T ,P W W F =  0 - 7 X A t , a d w f  a n d  Q i , p w w f  i s  

often set at 2Qi,a d w f . Hence

It should be noted that only for the h3 
calculation is the decrease in XAT con
sidered. For the calculation of the surface 
area, recycle ratio and the other zone 
depths, XAT at PWWF is taken to be 
equal to that at DWF, i.e. XATPWWf =

h4: The sludge should not remain in the 
thickening layer (h4) for longer than the 
thickening time tt h. The depth of h4 
therefore is given by

where
= 1 .5-2.0 h for aerobic systems with

out denitrification,
= 1 .0 - 1 .5 h for aerobic systems with 

nitrification,
= 2.0-2.5 h for aerobic systems with 

denitrification,
= 1 .5-2.0 h for aerobic systems with 

bioP removal.

The total average water depth Have of the 
SST is the sum of the four layer depths.

4.11.4 Further recommendations
• For rectangular tanks 40-60 m in length L, 

two sludge removal bridges should be pro
vided.

• The effluent launders should be positioned 
along the length (in the direction of flow) 
of rectangular tanks.

• The recycle rate QR should be adjustable.
• The water depth Have should be greater 

than 3 m over at least two-thirds of the 
length of the tank if the bottom is sloped.

• For circular tanks (usually of 30-50 m in 
diameter D) the side water depth 
should be greater than 2.5 m.

• Shallow tanks (Have < 3.0 m) can be accep

ted to suit particular site conditions but 
then the sludge volume loading rate qsy 
should be decreased to compensate for 
this (Figure 4.20).

• Weir loading rates WLR should be less 
than 1 0  and 6  m3 /h.m for single and double 
effluent launders respectively, but if 
DSVI >150 ml/g then WLR should be 
decreased.

• The distance between neighbouring efflu
ent launders should exceed the water 
depth.

• Removal of floating sludge should be as 
uniform as possible over the tank surface 
and scum baffles should be placed 30 cm 
from the launder and immersed by 2 0  cm.

• For rectangular tanks the inlet zone 
requires a length equal to the water depth 
and should not be included as an active 
sedimentation region.

A design example calculation of the ATV 
(1991) procedure and a comparison with the 
other design procedures are given below in 
Sections 4.14.3 and 4.15 respectively.

4.12 Comparison of the flux and
modified WRc procedures and the 
ATV and STOWa procedures

The major differences between the flux and 
modified MWRc procedures and those set 
down by ATV and STOWa are that (1) the ATV 
and STOWa procedures do not recognize the 
recycle flow recycle ratio (R) as important in 
the estimation of the permissible overflow rate, 
whereas the flux and MWRc procedures do 
recognize this, (2) the ATV procedure includes 
methods with which the depth of the SST can 
be estimated, whereas no methods are pro
vided for this in the flux and MWRc proced
ures, and (3) the ATV and STOWa procedures 
recognize a compaction failure for the SST and 
provide a method for calculating the maximum 
recycle flow concentration, which is used to 
calculate the minimum recycle ratio R. The flux 
and MWRc procedures do not recognize this 
and provide no guidance for minimum recycle 
ratio to avoid compaction failure.

A direct comparison of the overflow rate 
estimates of the flux, ATV and STOWa proced
ures is given in Figure 4.22. The comparison is 
based on the following: (1 ) because the flux 
procedure tends to overpredict the maximum 
solids loading rate by about 25% (1/0.8) (see 
Section 4.7.2), the predicted SLR was reduced 
by 25% by decreasing the applied fluxes 
attributable to both the influent and recycle 
flows (Jqi and j QR) by 25%; (2) Ekama and 
Marais’s (1986) equation linking the SSV13 .5  

and V0  and n values based on Pitmans (1984) 
data (see Table 3.1 and Figure 3.3) were used
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Figure 4.22. Comparison o f predicted maximum 
overflow rate (qA) for different sludge 
volumes (DSV30)for the ATV (1976), ATV 
(1991), STOWa (1981a) and flux design 
procedures.

to convert the V0  and n to SSVI35, which in 
turn was converted to DSVI on the basis of 
DSVI = 1.5SSVI3  .5  (Equation 3.8); (3) flux pro
cedure predictions are shown for recycle ratios 
set at 80% and 40% of the optimum values 
giving the maximum permissible overflow rate,
i.e. point D in Figure 4.2 (actually, 100% and 
50% of the optimum recycle ratio were chosen 
but because of the 25% decrease in accordance 
with (1 ) above, this is decreased to 80% and 
40%); (4) for the flux procedure, the overflow 
rate is sensitive to the feed concentration so 
that a range of concentrations from 2.5 g/1 (top 
of band) to 6  g/ 1  (bottom of band) is presented 
in Figure 4.22.

The following conclusions can be drawn 
from Figure 4.22.

1. According to the flux procedure (and
hence also the MWRc procedure), doub
ling the recycle flow rate from 40% to
80% of the optimum increases the per
missible overflow rate by about one-third.
This beneficial influence on the overflow
rate of increasing the recycle flow rate is
absent from the ATV and STOWa pro
cedures.

2 . For good sludge settleability (DSV30< 
600 ml/l), the ATV (1976) and STOWa 
(1981b) design procedures are consider
ably more conservative than the flux pro
cedure, whereas for average to poorly 
settling sludges (DSV3 0  > 600 ml/l), the 
different procedures yield approximately 
the same permissible overflow rates. The 
ATV (1991) line, which is valid for 
DSV3 0  < 600 ml/l, is less conservative and 
lies above those of the ATV (1976) and 
STOWa (1981b) and passes through the 
lower flux procedure band (40% of opti

mum recycle flow rate). The differences 
between the STOWa (1981b) and flux 
procedure lines might seem perplexing 
on first sight because these procedures 
have been Verified/calibrated’ against the 
same STOWa (1981b) data set, so that 
some degree of uniformity is expected. 
However, the differences can be ex
plained and are attributable to (1 ) varia
tions in sludge settleability parameter 
conversion equations (these equations do 
show some variability between different 
sludges (see Section 3.3), and different 
equations would lead to relative reloca
tion of the lines) and (2 ) one-third of the 
solids loading rate stress tests by STOWa 
have recycle ratios less than half of the 
optimum for the maximum permissible 
overflow rate. According to the flux pro
cedure, such low recycle flow rates signi
ficantly decrease the permissible overflow 
rate below the maximum (Figure 4.2), an 
effect that occurs to a far greater degree 
at good sludge settleability and/or low 
feed concentration (low DSV30) than at 
poor settleability and/or high feed con
centrations (high DSV30).

3. For average to poor sludge settleability
(DSV3 0  > 600 ml/l) the flux, MWRc, ATV 
(1976, 1991) and STOWa (1981b) design
procedures give approximately similar low
permissible overflow rates (approximately
0.5-0.6 m/h); differences in the proced
ures such as the influence of recycle flow
rate do have an effect but are of no major
consequence provided that the recycle
flow rate is not below about one-third of
the value giving the maximum permiss
ible overflow rate. However, it must be
remembered that this comparison is based
on the shallow SST data of STOWa (1981b),
which in all likelihood influenced the
results. It is well known and demonstrated
in this STR that depth has a significant
influence on permissible overflow rate
(see Section 1.3, Figure 1.6 and Section
7.5). The ATV procedures recognize this
influence.

4.13 Comparison of flux/MWRc 
procedures with empirical 
hydraulic and solids loading rate 
criteria

The maximum overflow and associated maxi
mum solids loading rates predicted by the flux 
and MWRc procedures are compared with the 
empirical hydraulic and solids loading rate 
design criteria (Table 4.1) in Figures 4.23 and
4.24. This was done as follows: for a selected 
SSVI3  .5, the V0  and n values were calculated on 
the basis of Pitmans (1984) data (Figure 3.3,
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Figure 4.23. Maximum permissible overflow rate (reduced to 80%) plotted against sludge settleability in terms of 
SSVI3.5, DSVI and Vo/n (related through Ekama and Marais (1986) relationships; see Table 3.1) for 
the flux procedure at 80% optimum recycle flow rate for 2.5, 3 .5 , 4.5 and 6.0 g/l reactor concentration 
(XF). Also shown are the hydraulic overflow rate criteria of the USEPA (1975), GLUMRB (1968) and 
IWPC (1973) (see Table 4.1).

Figure 4.24. Maximum solids loading rate (reduced to 80%) plotted against sludge settleability in terms o f SSVI3.5, 
DSVI and Vo/n (related through Ekama and Marais (1986) relationships; see Table 3.1) at 80% 
optimum recycle flow rate for 2.5, 3 .5 , 4.5 and 6.0 g/l reactor concentration (XF). Also shown are the 
EPA (1975) and GLUMRB (1968) maximum solids loading rate criteria (see Table 4.1), which give 
safe designs for sludge settleabilities better than that given by the intersection point of the flux (and 
MWRc) predictions and criteria lines, i.e. criterion safe for DSVI <100 ml/g at 2.5 g/l).

Table 3.1); from V0, the optimum underflow 
rate (qR,crit) is calculated from gR,crit = V(/e2  

(m/h). At this underflow rate the overflow rate 
is at its maximum and is given by qAmax =
V0 exp(-nXAT), where XAT is the biological reac
tor sludge concentration (point D in Figure 4.2). 
Now, the associated maximum solids loading 
rate j oFmis calculated from jQFm = XAT (qAmax + 
qR Crit)  but to conform to the calibration against 
the Dutch shallow tanks (STOWa 1981b) and 
the observations of Gohle et al. (1996), this 
jQFm was reduced by 25%. In making the 25% 
reduction in JQFm, it was accepted that the

fluxes contributed by the influent and recycle 
flows (jQI and j QR) are each reduced by 25%. 
In Figures 4.23 and 4.24 the reduced maximum 
overflow and solids loading rates respectively 
are plotted against the SSVI3 .5  settleability 
measure. For convenience the calculated flux
VO/n  and DSVI settleability measures calcula
ted by Ekama and Marais (1986) from Pitmans
(1984) data (Table 3.1) are also shown. To show 
the similarity between the MWRc and flux 
procedures, the maximum SLR of the former, 
calculated from Equations 4.15 and 4.16, also 
reduced to 25% in the same way, is plotted also
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Table 4.4. Design calculations for the ATV (1973,1976) procedure

Reac. conc.
X AT,PWWF

( k g /m 3) 
Col. 1

Sludge vol. 
DSV30 
(ml/1) 
Col. 2

O’flow rate
qA 

(m/h) 
Col. 3

Area 
Ast 
(m2) 

Col. 4

Diameter
D

(m) 
Col. 5

Storage 
conc. 

(kg/m3) 
Col. 6

Required 
storage 

(kg) 
Col. 7

Storage 
depth 

(m) 
Col. 8

Recycle 
ratio 

a t  PWWF 
Col. 9

3.50 525 0.543 967 35.08 3.20 0 0.000 0.54
3.40 510 0.565 931 34.43 3.20 430 0.139 0.52
3.30 495 0.588 894 33.74 3.20 860 0.289 0.49
3.20 480 0.613 858 33.05 3.20 1,290 0.451 0.47
3.10 465 0.639 822 32.35 3.20 1,720 0.628 0.45
3.00 450 0.668 787 31.65 3.20 2,150 0.820 0.43
2.90 435 0.699 752 30.94 3.20 2,580 1.029 0.41
2.80 420 0.733 717 30.21 3.20 3,010 1.259 0.39
2.70 405 0.770 683 29.49 3.20 3,440 1.510 0.37
2.60 390 0.809 650 28.77 3.20 3,870 1.787 0.35
2.50 375 0.853 616 28.00 3.20 4,300 2.093 0.33
2.45 368 0.876 599 27.61 3.20 4,515 2.356 0.32

Calculation procedure (first step) Value Units Equation no.

Column 2: DSV3 0  = XAT,PWWF.DSVI 525 ml/l 3.2
Column 3: qA = 2,400 DSV3 0  3 4 0.543 m/h 4.17
Column 4: Ast = QI,PWWF qA 967 m2 -

Column 5: D  =  V(44st/7I) 35.08 m -

Column 6 : XSTG = 480/DSVI 3.20 g/1 4.18
Column 7: Required storage = Vat (XAT,ADWF-XAT,PWWF) 0 kg -

Column 8 : Storage zone depth = Required storage/(AsTXsTG) 0 m 4.19
Column 9: Rpw w f = X AT,pwwF/(-^Rmax,pwwF — -̂ "at.pw w f) 0.54 — 4.22

in Figure 4.24. The MWRc procedure is inde
pendent of the reactor concentration (XAT) so 
that there is only a single line in Figure 4.24 for 
this procedure. Superimposed on Figures 4.23 
and 4.24 are the empirical design criteria set 
out in Table 4.1. Because these criteria are in
dependent of sludge concentration and settle
ability; they plot as a single horizontal lines.

On the basis that the 25% reduction in per
missible flux applies, the approximate sludge 
settleability that is ‘hidden’ in the criteria is 
given at the intersection point of the horizontal 
empirical criteria lines and the calculated lines 
for the flux and MWRc procedures. From 
Figure 4.23 it seems that for a reactor concen
tration of 3.5 g/1 (an approximate average for 
long sludge age plants), the IWPC (1973) 1 m/h 
overflow rate will yield safe SST designs for 
sludges with SSVI3 . 5  below about 100 ml/g or 
DSVI below about 150 ml/g. The higher over
flow rate criteria set by GLUMRB (1968) and 
USEPA (1975) are appropriate for the USA be
cause reactor concentrations there are around
2.5 g/1. Therefore the sludge settleabilities ‘hid
den' in these criteria for safe designs are for the 
GLUMRB procedure an SSVI3 .5  below about 
85 ml/g (DSVI < 125 ml/g) and for the EPA 
procedure SSVI3  .5  < 110 ml/g (DSVI < 165 ml/g) 
for extended aeration and SSVI3 . 5  < 95 ml/g 
(DSVI < 130 ml/g) for air- and oxygen-activated

sludge. The maximum SLR criterion set by 
GLUMRB and EPA (Figure 4.24) will lead to 
safe designs if the SSVI3 . 5  is below about 65 ml/g 
(DSVI < 100 ml/g): For the GLUMRB proced
ure this settleability is consistent with that 
which leads to safe designs on the basis of 
overflow rate provided that the underflow rate 
is set at the optimum; for the EPA procedure 
this settleability is better than that which leads 
to safe designs on the basis of overflow rate, 
indicating that the solids loading rate criterion 
would be the limiting one if the SST were oper
ated at the optimum underflow recycle rate.

4.14 Design example
Accept the same design example as above for 
flux and MWRc procedures (Section 4.5.2), 
namely:

Sludge settleability DSVI = 150 ml/g; volume 
of reactor (VAT) = 4,300 m3; dry weather reactor 
concentration XAT,ADWF = 3.5 g/1; QI,PWWF = 
525 m3 /h; QI,ADWF = 220 m3 /h.

4.14.1 ATV (1973,1976) design procedure
Tabulate results for decreasing reactor concen
tration XAT,PWWF from the DWF value of 3.5 g/1.

Maximum reduction in XAT,ADWF = 30%; 
minimum XAT,PWWF = 0.7 x 3.5 = 2.45 = g/1 .

Sludge storage concentration XSTG = 480/ 
DSVI = 3.20 g/1 (from Equation 4.18).
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Table 4.5. Design calculations fo r the STOWa (1981b) procedure

Reac. conc.
XAT,PWWF
(kg/m3) 
Col. 1

Sludge vol.
d s v 30
(ml/1) 
Col. 2

O’flow rate
qA 

(m/h) 
Col. 3

Sl. vol. load
q sv 

l/m2.h 
Col. 4

Area 
AST 
(m2) 

Col. 5

Diameter
D

(m ) 
Col. 6

Storage 
conc. 

(kg/m3) 
Col. 7

Required 
storage 

(kg) 
Col. 8

Permissible 
storage 

(kg) 
Col. 9

3.50 525.0 0.714 375.0 736 30.61 3.50 1,868 0
3.40 510.0 0.725 370.0 725 30.38 3.40 1,779 430
3.30 495.0 0.737 365.0 713 30.13 3.30 1,691 860
3.20 480.0 0.750 360.0 701 29.88 3.20 1,604 1,290
3.10 465.0 0.763 355.0 689 29.61 3.20 1,568 1,720
3.13 469.5 0.759 356.5 692 29.69 3.20 1,579 1,591

Calculation procedure (first step) Value Units Equation no.

Column 2: DSV3 0  = XAT,pwwF’DSVI 525 ml/ 1 3.2
Column 3: qA = 13+ 2 OO/DSV3 0 0.714 m/h 4.23
Column 4: qSv = qA.DSV3 0  (> 300, < 400) 375 I/m2.h 4.23
Column 5: A st = QI,PWWF/ 736 m2 -

Column 6 : D = √4AST/π) 30.6 m -

Column 7: XSTG = 480/DSVI 3.5 g/I 4.18
(if XSTG < XAT,PWWF then use XAT,PWWF)

Column 8: Perm, storage = AST(D/72* + 0.3)(XSTG or XAT,PWWF)ϯ 1,868 kg _
Column 9: Required storage = VAT(XAT ADWF -  XAT,PWWF) 0 kg -

0 For single 1:12 bottom slope SST. ϯ Whichever is the greater.

Calculation procedure is given in Table 4.4. 
Reduction in XATPWWF calculation stops at 
2.45 g/1, the maximum reduction in reactor con
centration allowed.

For design, any of the different XATPWWF 
cases in Table 4.4 can be selected because the 
storage zone depth is in conformity with the 
mass of sludge that needs to be stored. 
Accepting the case for minimum area and 
maximum depth (i.e. XATPWWF = 2  .45 g/1) fixes 
the area of the SST at 599 m2  and hence for a 
circular SST the diameter is 27.61 m and the 
sludge storage zone depth is 2.36 m. Calcu
lation of the other three zone depths yields:

1. Clear water zone (h1) (choose) 0.50
2. Separation zone (h2) (choose) 0.50
3. Storage zone (h3) (see Table 4.4) 2.36
4. Compaction zone (h4) (Equation 4.20) 0.37
5. Total average water depth (Have) 3.73

Maximum recycle flow concentrations at dry 
and wet weather flows (XRmaxADWF and 
XRmax,pwwf) respectively are 1,200/150 = 8  g/1 
and 1,200/150 + 2 = 10 g/1 respectively (Equa
tion 4.21). Hence from Equation 4.22 the 
recycle ratios and flow rates at dry and wet 
weather are:

Sidewall and centre depths for a 1:12 sloping 
floor scraped SST are 3.73 -  D/48 = 3.15 m and

3.73 + D/48 = 4.31 m. WLR for a single peri
pheral effluent launder at PWWF and ADWF 
are 6.05 and 2.54 m3 /h.m respectively. The de
sign results are summarized below in Table 4.6.

4.14.2 STOWa (1981b) design procedure
Tabulate results for decreasing reactor concen
tration (XATADWf) from a DWF value of 3.5 g/1.

Maximum reduction in XATADWF = 30%; 
minimum XATPWWF = x 3.5 = 2.45 g/1.

Sludge storage concentration (XSTG) = 480/ 
DSVI = 3.20 g/1 (Equation 4.18).

Calculation procedure is given in Table 4.5. 
Iteration stops at XAXPWWF = 3.13 g/1, at which 
concentration the sludge mass required to be 
stored in the SST is equal to the permissible 
sludge storage mass (about 1580 kg, which is 
about 1 0 % of the sludge mass in the system). 
Therefore the area of a single circular SST is 
692 m2, which gives a diameter of 29.7 m.

The side water depth for single-sided peri
pheral effluent launder is 1.5 m. Hence centre 
depth at 1:12 sloping floor is 1.5 m + D/24 =
3.09 m; average depth Have = 2.30 m.

Maximum recycle flow concentrations at dry 
weather flow (XRmax ADWF) and wet weather 
flow (XRmax PWWF) respectively are 1,200/150 = 
8  g/l and 1,200/150 + 2 = 10 g/1 respectively 
(Equation 4.21). Hence from Equation 4.22, 
the recycle ratios (RAdwf, RPWWF) and flows
((QR,AWDF) QR,PWWF) at dry and wet weather 
respectively are:
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The design results are summarized below in 
Table 4.6.

4.14.3 ATV (1991) design procedure
Accept the same design specifications as earlier. 
However, it should be noted that this pro
cedure does not usually start with a given XAT 
as in this example: normally a maximum XAT is 
calculated first from the attainable underflow 
concentration and maximum recycle ratio at 
WWF; if the desired XAT is less than this 
maximum, the desired value is accepted, but if 
the desired value is greater than this maximum, 
the maximum is accepted for design of the AS 
system. This is the reason why, in the example 
below, Rpwwf is so high at 1.47 and is 
therefore set at the maximum of 0.75.
4.14.3.1 Calculate recycle ratio R
Choose thickening time = 2  h. Therefore tank 
floor concentration XTF = 8.4 g/1 (Equation 
4.27).

For a blade-scraped tank, maximum recycle 
flow concentration XRmax for wet and dry 
weather is 0.7XTF = 5.88 g/1 (Equation 4.27).

No decrease in reactor concentration XAT at 
WWF is accepted. Thus XAT.PWWF = 3-5 g/1. 

Hence:

QR PWWF is more than the maximum of 0.75 
x QI PWWF (394 m3 /h) specified. QR pwwF = 
394 m3 /h.
4.14.3.2 Calculate overflow rate (qA)
qSy = DSV3 0  .qA 450 l/(m2 h) for effluent SS < 
2 0  mg/ 1  for horizontal flow tanks.

The maximum overflow rate qA,PWWFis less 
than the limit of 1 . 6  m/h specified for horizon
tal flow through tanks (circular or rectangular).
4.14.3.3 Calculate average tank depth (Have)

WWF (m) DWF (m)
1 . h 1 (fixed) 0.50 0.50
2. h2 (Eq. 4.29) 1.58 0.94
3. h3 (Eq. 4.30) 0.71 0

4. h4 (Eq. 4.31) 1.44 0.85
5. Have 4.23 2.29

(i.e. 3.0 m)

From Billmeier s (1993) Equation 4.26 (Figure
4.21), the permissible qSv to achieve 20 mg/1 
ESS is

The selected value was 450 l/m2 .h, which is 
slightly lower than the 459 l/m2.h allowable, 
and therefore, according to Billmeier (1993), 
the ESS should be less than the required 
2 0  mg/1 .

Accepting a single circular SST, the tank 
diameter D is 27.9 m. For a 1:12 sloping 
bottom, the side water depth HSWd and centre 
Hcnt depth are 3.65 m and 4.81 m respectively.

The design example results are summarized 
below in Table 4.6.

By varying the DSV30, i.e. by changing the 
DSVI from 50 to 200 ml/g while maintaining 
X ATAD W F 3.5 g/1 , a comparison of the depth 
and area results obtained from the ATV (1976) 
and ATV (1991) procedures is given in Figure
4.25. The depth and area for ATV (1976) 
selected for comparison with ATV (1991) are 
those for the maximum permissible -XAT reduc
tion at PWWF (30%) giving minimum area and 
maximum depth. It should be noted that within 
practical values of XAT and DSVI, the two pro
cedures are sensitive to DSV30; different combi
nations of X AT and DSVI giving the same DSV3 0

yield the same results. For ATV (1991), 
Billmeier' s (1993) specification that qsv< 
190Have/(l + Rpwwf) for ESS < 20 mg/1 (Equa
tion 4.26) was checked; in all cases it was found 
to be greater than the 450 l/m2.h selected for 
the design, indicating that the specific volume 
loading rate was less than that required for an 
ESS of 20 mg/1. From Figure 4.25, it can be 
seen that the two procedures give approxi
mately the same surface area over the entire 
DSV3 0  range, which implies that the surface 
overflow rate at PWWF is approximately the 
same for both procedures. The ‘kink' in the 
ATV (1991) depth line is a consequence of the 
flpwwF ~ 0.75 specification; for DSV3q > 
380 ml/l ^pwwf = 0.75, and for DSV3q < 
380 ml/l RpwwF < 0 75. Comparison of this 
outcome with Figure 4.20, which shows that 
the permissible overflow rate for ATV (1991) is 
significantly higher than for the ATV (1976), 
might seem perplexing at first sight. However, 
the similarity in final overflow rates arises from 
an important difference between the two 
procedures, namely in ATV (1976) a decrease 
in reactor concentration is permissible at 
PWWF (see Section 4.14.1) but for ATV (1991) 
a decrease in reactor concentration is not per
missible and the dry weather flow value must 
be used (see Section 4.14.3). The depths of the 
two procedures are virtually the same for 
DSV3 0  < 400 ml/l, but for DSV30 > 400 ml/l 
ATV (1991) yields significantly deeper tanks
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Figure 4.25. Comparison of calculated SST depth and surface area by the ATV (1976) and ATV (1991 )for varying 
reactor concentration or DSVI (i.e. sludge volume DSV30)for the design example conditions.

than ATV (1976). Note that in ATV (1991), the 
DSV3 0  is restricted at a maximum of 600 ml/1.

4.15 Comparison of procedures for 
design example

The input design information for the four 
design procedures presented in this chapter 
was the same and therefore a direct compari
son between these procedures is permissible. A 
comparison of the design results at PWWF and 
ADWF of the four procedures is set out in 
Table 4.6.

From Table 4.6 it can be seen that ATV 
(1976) and ATV (1991) give virtually identical 
results with the exception that for the latter the 
tank is about 0.5 m deeper, at 4.23 m. The 
surface area for the STOWa (1981b) procedure 
is 13% larger than ATV (1991) (692 m2  com
pared with 613 m2) but the depth Have of the 
former is only 2 . 1 2  m compared with 4.23 m 
for the ATV (1991). The volume of the ATV
(1991) SST is therefore nearly double that of 
the STOWa (1981b) SST. Compared with the 
ATV (1976), which included a trade-off be
tween surface area and depth, the surface area 
of the STOWa (1981b) SST is 19% smaller than 
that of the ATV (1976), if for the ATV (1976) a 
shallow tank and a comparable reduction in 
reactor concentration (i.e. XAT,PWWF = 3.13 g/1) 
is selected, i.e. for the STOWa (1981b) SST the 
surface area and depth are 692 m2  and 2.12 m 
respectively and for the ATV (1976) are 822 m2

and 2.28 m respectively (see Tables 4.5 and
4.4). This larger surface area for the ATV
(1976) SST arises from the lower permissible 
overflow rate compared with STOWa (1981b) 
(see Figure 4.20). The flux and MWRc pro
cedures give very similar surface areas, namely
401 m2  and 380 m2  for the standard flux and 
MWRc procedures respectively. From the dis
cussion in Section 4.6, this is expected and 
arises from the similarity in the sludge 
settleability data sets of White (1975, 1976) and

Pitman (1984) (see Section 3.3.1). However, 
comparing these two flux-based procedures 
with the ATV (1991), it can be seen that the 
latter gives surface areas that are 52% larger. 
This big difference does not arise from differ
ences in tank depth because the flux-based 
procedures do not give a means for calculating 
depth and 4.5 m is not an unusual design depth 
in English-speaking countries where the flux- 
based procedures are used. However, the flux- 
based procedures have a different approach to 
design in that they are based on the maximum 
SLR of the tank to avoid gross loss of solids 
(thickening failure), whereas the ATV pro
cedures are based on a specified maximum ESS 
concentration (see Section 4.8.2). This different 
approach, however, cannot account for a 52% 
increase in surface area because (1 ) it is not so 
much the overflow rate that influences the ESS 
concentration but the internal features of the 
SST that affect its hydraulics, such as inlet and 
baffling arrangements, sludge collection system 
and flocculation centre wells (see Sections 3.4 
and 3.5); and (2 ) the STOWa (1981b) pro
cedure is based on an SLR capacity approach 
for shallow SSTs and it gives a surface area 72% 
larger than the flux-based procedures. Increas
ing the flux-based procedures by 25%, to con
form to the Dutch STOWa (1981b) and Gohle 
et al. (1996) SLR stress test results, increases 
the area to 500 m2  (see Table 4.6). Even with 
this 25% increase, the ATV (1991) SST is still 
25% larger in surface area than the flux-based 
procedures (see Figure 4.22). The 25% increase 
in surface area for the flux-based procedures 
should not be considered a universal correction 
factor to make them applicable to full-scale 
SSTs, as this increase essentially only ‘calib
rates’ the flux-based procedures to specific SST 
types (see Sections 4.7.2 and 4.7.5): different 
types of SSTs with different internal features 
might lead to different calibration factors.

The large difference between the surface
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Table 4.6. Comparison o f flux, MWRc, ATV (1976), ATV (1991) and STOWa (1981b) design procedure results for  
DSVI = 150 ml/g and reactor concentration 3.5 g/l, ADWF = 220 m3/h with a PWWF/ADWF factor of 
2.39

•Accepting a single peripheral effluent launder. Note that the flux, MWRc and STOWa procedures give no
specifications for the weir loading rate.
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areas of the flux-based and European ATV and 
STOWa procedures probably arises from

(1) the different sludge settleability para- 
meters (SSP) on which the procedures 
are based; DSVI and SSVI3.5 (and SVI) 
are not completely consistently related to 
the flux V0 and n values, and significant 
differences can be obtained depending 
on the data set that is selected to link the 
particular SSPs

(2) local conventions and traditions for the 
design, layout, geometry and operation of 
SSTs such as inlet, sludge collection and 
baffling arrangements, side water depth 
and recycle ratio influence SST perfor
mance more than is recognized in the 
different design procedures; this is one of 
the cental themes in this STR

(3) design procedures and performance data 
sets reported in different languages make 
the exchange of information difficult and 
result in research and development taking 
place in isolation; indeed, one of the 
objectives of this STR is to bring these 
different developments closer together.

The measure to which the flux procedure has 
to be calibrated for different types of SST is a 
research need.

4.16 Conclusions and research needs
1. Although successful designs for the incor

poration of flocculation zones have been
developed for and applied to both rec
tangular and for centre-feed circular clari- 
fiers, simple retrofit techniques need to
be developed to improve the overall
performance of existing SSTs.

2. Although it is known that channel aera
tion can break up floe and that lower
aeration levels than typically used for
design would be beneficial for floe aggre
gation after the aeration basin, there has
been no specific testing to determine the
optimum levels of aeration that would
both keep solids in suspension and cause
flocculation.

3. Application of the solids flux procedure
to full-scale rectangular and circular SSTs
indicate that the flux procedure over
predicts the permissible solids loading by
about 25%. There is no convincing evi
dence that the 25% correction needs to
be applied for all types of SST, and a
crucial unanswered question that remains
is whether the observed SST failures
were specific to the particular design of
the tested SSTs. Because data are limited

Flux MWRc ATV
Design parameter Units Symbol Std +25% Std +25% 1976 1991 STOWa
Surface area m2 AST 401 501 380 475 599 613 692
Diameter m D 22.6 25.3 22.0 24.6 27.6 27.9 29.7
Depth: average m - - - - 3.73 4.23 2.12

sidewall m Hswd - - - - 3.15 3.65 1.50
centre m Hclit - - — - 4.31 4.81 2.74

Bottom slope - - - - - 1:12 1:12 1:12
At ADWF: 220 m3/h
Overflow rate m/h qa ,adw f 0.551 0.440 0.578 0.304 0.367 0.36 0.318
Recycle flow conc. kg/m3 X R,ADWF 8.93 8.93 9.12 9.12 8.00 5.88 8.00
Recycle ratio - RADWF 0.644 0.644 0.623 0.623 0.78 1.47 0.78
Volumetric recycle flow m3/h Q R.ADWF 142 142 137 137 172 324 171
Weir loading rate. m3/h.m q w 3.11 2.77 3.18 2.85 2.54 2.51 2.36
Reactor concentration kg/m3 X AT, ADWF 3.5 3.5 3.5 3.5 3.5 3.5 3.5
Applied flux kg/m2.h J Qf 3.57 2.54 3.29 2.63 2.28 3.11 1.98
At PWWF: 525 m3/h
Overflow rate m/h qA, PWWF 1.317 1.054 1.382 1.106 0.876 0.857 0.760
Recycle flow conc. kg/m3 X R.FWWF 9.47 9.47 9.46 9.46 10.0 5.88 10.0
Recycle ratio - RPWWF 0.586 0.586 0.587 0.587 0.325 0.75 0325
Volumetric recycle flow m3/h Q R.FWWF 307 307 309 309 171 394 171
Weir loading rate. m3/hm qw 7.39 6.60 7.60 6.79 6.05 6.00 5.63
Reactor concentration kg/m3 Xat, PWWF 3.5 3.5 3.5 3.5 2.45 3.50 3.13
Applied flux kg/m2.h J qf 7.30 5.84 7.67 6.14 2.84 5.24 3.15
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on tank types, confirmation of the solids 
flux procedure for other tank types re
mains a research need. Indeed, from the 
available information, which includes that 
obtained in the ASCE-CRTC study (see 
Sections 3.4 and 3.5), it could not be 
definitively established whether the clarifi
cation optimization techniques to decrease 
ESS by modifying the internal features of 
the SST with baffling, inlet and outlet 
arrangements and sludge collection im
provements (see Figures 1.4-1.7 in Sec
tion 1.3), extends the SLR capacity of the 
SST in terms of the flux procedure, or 
whether clarification optimization main
tains low ESS concentrations within a 
fixed SLR capacity (see Section 4.7.5). 
The inability to establish definitively the 
applicability of the flux procedure to cir- 
cular and rectangular SSTs owing to a lack 
of information is a significant disappoint
ment to the authors and a major weak
ness in SST technology and hence in this 
STR. The establishment of the applic
ability of the flux procedure to circular 
and rectangular SSTs is a high priority 
research need that requires the develop
ment of (i) a unified procedure for rela- 
ting flux analysis to the design of full-scale 
SSTs, (ii) a unified procedure for evalua
ting the effect of the internal design 
features such as depth, inlet and outlet 
arrangements, sludge transport and collec
tion systems and baffling on effluent qual
ity, both magnitude and variability, and 
(iii) models to simulate the effect of inter
nal feature design on effluent quality.

4. The recently developed hydrodynamic 
models, discussed in Chapter 5, allow a 
measure of tank geometry and internal 
layout optimization; it might be possible 
to calculate the SLR capacity of different 
SST designs and layouts and compare 
these with the flux procedure predictions. 
Furthermore, the recycle ratios during 
the STOWa circular SST SLR stress tests 
were significantly below the critical. 
Although this was taken into account in 
the calculation of the flux maximum SLR, 
an increase in recycle ratio would have 
changed (if the flux procedure is accurate 
in this respect) some of the overloaded 
cases to underloaded cases. This aspect 
should not be overlooked because in the 
ATV (1973, 1976, 1988, 1991, 1993) and 
STOWa (1981b) (Epskamp and van 
Hernen 1984) procedures, the recycle 
ratio is not considered to influence the 
permissible overflow rate; only the feed 
concentration XF and sludge settleability 
are accepted to influence the overflow

rate qA. The influence of the recycle ratio 
on all aspects of SST performance needs 
to be delineated.

5. Empirical evidence indicates that sludge 
compaction seems to limit the attainable 
underflow concentrations, but adequate 
theoretical approaches to describe the 
phenomena do not exist. Both the ATV 
design procedure and the STOWa data 
seem to support a relationship between 
maximum concentration and DSVI, but it 
is not known whether this is a general 
relationship or whether it is limited to the 
types of SST studied (i.e. units with coni
cal bottoms and sludge scrapers). More 
research is needed to develop constituent 
equations for the sludge layer. These 
studies should include developing better 
equations for modelling sludge compress
ion as well as sludge rheology.

6. There are significant economies to be 
obtained in wastewater treatment plant 
design if engineers could rely on sludge 
settleability control measures that consis
tently maintain good sludge settleability. 
Today, even with all the advances in 
bulking control such as selector design 
and operation and the use of chemical 
tools such as RAS chlorination, engineers 
often design for sludges with quite high 
settleability, e.g. a DSVI of 150 ml/g or 
higher. This causes two expenses: (a) the 
provision of selector tankage and/or chem
ical costs and (b) large secondary settling 
tanks. If demonstrations of the long-term 
viability and consistency of sludge settle
ability controls could be made, engineers 
could design SSTs more aggressively with 
attendant cost savings for treatment plant 
owners.
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5.1 Introduction

5.1.1 General
This chapter reviews the characteristics of the 
various models and provides guidance about 
when and where they should be used.

Models are tools that are used to represent 
the physical, chemical and biological processes 
of real engineering systems. Engineers are usu- 
ally concerned with mathematical or physical 
(scale) models. The simplest models consist of 
mathematical functions that are statistically 
fitted to known inputs and outputs; such a 
model is sometimes referred to as a ‘black box' 
(empirical) because it gives very little insight 
into the controlling processes. The application 
of such a model is limited to the calibration 
conditions used in setting it up. In their most 
complex form, mathematical models of settling 
tanks attempt to represent all of the important 
processes in the tank by solving the differential 
equations of continuity, momentum, energy, 
mass transport and biological reactions subject 
to realistic boundary conditions; these models 
can be called deterministic or ‘glass box’ models 
because they reveal the role of natural laws in 
determining the tanks performance. These 
models can be applied outside the range of cali- 
bration, albeit with caution. There is an inter
mediate class of models (opaque or grey box) 
that are based on gross simplifications of physical 
laws, for example flux theory, plug flow and 
diffusion reactor models.

Mathematical models can also be classified 
by their spatial resolution. There are very 
simple two-cell models and complex multi-cell 
three-dimensional (3-D) models. In addition, 
the models can simulate steady-state or non- 
steady conditions in the tank.

Physical scale models fill a similar role to 
‘glass box models in that they attempt to rep
resent the physical processes in the real tank; 
however, true similarity is never achieved be
cause all small-scale physical models are sub
ject to some scale effects.

5.1.2 The modelling process
The development of a model for an engin-

eering process such as a secondary settling tank 
involves, in some way, the following steps:

(1) problem or system definition
(2) research of the available information on 

the process to be modelled
(3) selection or development of the necessary 

governing equations for all process vari
ables that affect the internal flow as well 
as the fate and transport of the mass of 
solids

(4) specification of appropriate boundary con
ditions for all process variables

(5) specification of appropriate initial or star
ting conditions for all process variables

(6) representation of differential equations in 
discrete form by selecting appropriate 
numerical methods

(7) model coding and debugging
(8) model testing that will include stability 

tests, convergence tests including grid 
dependence, sensitivity, validation, cali
bration and verification

(9) model application.

5.1.3 Problem or system definition
This stage of model development must define 
the process variables that are to be modelled 
and the system context under which the simu
lations are to be performed. The purpose or 
objective of the modelling exercise needs to be 
clearly stated. There is no point in developing a 
sophisticated model if it does not serve the 
project objective. For example, a 3-D model 
might be inappropriate for mass inventory sim
ulation.

Although there are similarities between sett
ler models for grit chambers, primary and 
secondary settling tanks, they are not inter
changeable. The process or processes to be 
modelled must be understood and the final use 
of the model set out at the beginning. Models 
can fulfil several purposes, as outlined in 
Section 5.1.4.

Depending on the end use of the settling 
tank model, it might be necessary to include 
the processes in other unit operations. For 
example, for solids inventory it will be necess
ary to include the biological reactor, which
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must be coupled with the secondary settling 
tank. An operational training model should 
permit the inclusion of all relevant unit pro
cesses in the wastewater treatment plant; such 
a model must represent the dynamic nature of 
the physical and biological processes. The 
design of a secondary settling tank (SST) for 
effective solids inventory management requires 
a dynamic model that couples the SST and the 
biological reactor. A design model for opti
mizing settling tank size and internal geometiy 
must have high spatial resolution and must 
accurately simulate the physical processes in 
the tank.

Other items in the problem definition that 
should be specified are:

(1) type of tank, for example circular, rec- 
tangular, square, upflow (vertical flow)

(2) inlet configuration including type of 
feed, for example centre or peripheral

(3) oudet configuration, type of effluent 
launders, for example peripheral weir, 
inboard launder with weirs, submerged 
manifold

(4) type of sludge withdrawal
(5) type of flocculation zone
(6) hydraulic loading rate (surface overflow 

rate, SOR)
(7) solids loading rate, SLR
(8) sludge settling properties
(9) dominant spatial nature of the flow, for 

example 1-D, 2-D or 3-D
(10) time dependence of tank processes, i.e. 

steady, unsteady or quasi-steady (slowly 
changing with time) flow

(11) significance of biological activity.

5.1.4 Guide to model selection
Models can fulfil many uses. The first step in 
selecting an appropriate model for a sett ing 
tank problem is to decide on the design or 
operational questions that the engineer or mana- 
ger wishes to have answered. These questions 
can involve one of the following model 
applications:

(1) operator training
(2) plant operation and control
(3) trouble-shooting
(4) plant design
(5) research and teaching.

5.1.4.1 Operator training 
One-dimensional models are usually adequate 
for training purposes, because these models 
can be calibrated with actual plant data. The 
computational response is very fast. Mass inven
tory can realistically be simulated. The sub
models are simple enough that the entire plant 
can be coupled to the final settling tank.

5.1.4.2 Plant operation and control
The same comments that apply to operator 
training apply to plant operation and control; 
however, a 2-D model of the final settling tank 
coupled to a 1-D activated sludge (AS) reactor 
is now sufficiently robust that it can be used for 
operation and control studies. The main advan
tage of the 2-D SST model over the 1-D SST 
model is that it can simulate the effluent sus
pended solids (SS) concentration better.
5.1.4.3 Trouble-shooting
This can involve the successive applications of 
1-D, 2-D and 3-D SST models. The 1-D SST 
model might indicate the nature of the prob
lem or, by not exposing the problem, indicate 
that a 2-D or 3-D simulation is required.
5.1.4.4 Settling tank design (new tanks or 

retrofitting existing tanks)
The preliminary design involving the sizing of 
the various tanks can be achieved with a 1-D 
AS reactor-SST model. The 1-D model ad
dresses most questions regarding the reactor 
and the solids inventory management of the 
coupled system (see Section 5.2). The perfor
mance of the SST and the AS reactor are inter
dependent because there is feedback in the 
form of activated sludge recycling from the SST 
to the AS reactor. During storm events there 
might be a shift in the inventory of solids from 
the AS reactor to the SST with a possible 
degradation of the SST performance. Stepfeed 
and other solids management options to handle 
this problem can be studied with a coupled 
model.

Final design questions relating to the optim
ization of tank and baffle arrangements require 
at least a 2-D model and in some cases a 3-D 
model. Square settling tanks exhibit strong 3-D 
flow patterns and 3-D models should be 
considered for final design or retrofitting. 
Similarly, rectangular tanks, subject to a non- 
uniformly distributed influent, have been shown 
to exhibit poor planwise flow distribution along 
with the normal vertical non-uniformity asso
ciated with the bottom density currents. Al
though 3-D models have not been extensively 
used for these tanks, they are appropriate and 
should be considered. Two-dimensional models 
(some of them including axisymmetric, tangen
tial components) seem to be reasonably good 
for circular SSTs; however, if these or other 
tanks are subject to frequent asymmetric dis
turbances, such as high winds, a 3-D model 
should be considered.

Physical models also have a role for this 
problem. The combined use of physical models, 
numerical models and full-scale plant studies 
will give the best results.
5.1.4.5 Research and teaching
There is scope for improving 1-D, 2-D and 3-D
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SST models. The most challenging is the devel- 
opment of practical 3-D models. One of the 
problems with 3-D simulations is the informa- 
tion processing that is required to make sense 
out of the huge volume of data that is gen
erated. All three types of model are useful as 
teaching tools; for the models to be most effec
tive they should be user-friendly and interactive 
with good graphics, including the ‘animation’ of 
output.

In summary, the following types of question 
should be defined before selecting the appro
priate model for a certain purpose:

• mass inventory questions: 1-D coupled 
and/or 2-D coupled models

• questions related to the recycling of activa
ted sludge: 1-D coupled and/or 2-D coupled

• questions about sludge blanket levels: 1-D 
coupled and/or 2-D coupled

• sludge withdrawal scheme: 2-D coupled 
model; possibly checked with a 3-D sett
ling tank model

• optimization of tank geometry and facili
ties: 2-D and/or 3-D settling tank models

• retrofitting of tank with new appurten
ances, for example baffles: 2-D and/or 3-D 
models

• tanks subject to wind shear: 3-D model
• questions relating to density currents from 

all causes: at least 2-D model.

5.1.5 General description of flow features
An idealized assumption to describe the flow 
and sedimentation processes in rectangular 
settling tanks was introduced by Hazen (1904). 
The features can be interpreted as follows:

• uniform horizontal velocity field, i.e. plug 
flow characteristics

• vertical settling of the particles
• turbulence is not considered
• the flow and the sedimentation are inde

pendent, i.e. the processes are not coupled 
and the flow is free of density influence.

The overflow rate concept, which is still the 
basis of most of todays design procedures, is 
derived directly from the Hazen approach. It 
says that all particles with a settling velocity 
larger than the overflow rate can be settled to 
the bottom before the end wall.

In large grit chambers and in primary 
settling tanks, the Hazen assumptions can be 
useful to describe the processes approximately. 
In SSTs the situation is different for various 
reasons:

• The flow field is basically inhomogeneous 
and turbulent (which is also true of pri
mary settling tanks and grid chambers).

• Activated sludge flocs do coagulate and are 
broken up in the inhomogeneous flow and

shear field. All types of settling class char
acterized in Section 2.1 are present in 
SSTs. The settling regime of a certain floc 
and its environment might thus change 
from discrete setding near the surface to 
compression near the bottom.

• The concentration of activated sludge floes 
is relatively high in the SST inlet, inducing 
a higher inflow density than in the ambient 
clarified water. Therefore a waterfall dev
elops in the inlet region and subsequently 
a relatively compact density current propa
gates along the bottom. Typical velocities 
of these density currents are considerably 
higher (up to a factor 10) than the mean 
flow velocity resulting from the approach 
of Hazen (1904).

• For continuity reasons, a reverse flow is 
induced in the upper part of the tank.

• The hydraulic residence time distribution 
is strongly influenced by this flow pattern, 
because the water embodied in the bottom 
current can find a direct flow path from 
the inlet to the outlet.

• Flow and sedimentation strongly interact 
via density effects and flocculation or floc 
break up.

Because of the strong interaction of flow and 
sedimentation, the hydraulics are crucial in SSTs. 
Although they cannot explicitly be considered 
in design approaches and 1-D modelling, they 
are indirectly introduced via experience-based 
factors or calibration.

5.2 1-D models based on the flux theory

5.2.1 Model approach
Common 1-D models are based on the flux 
theory (see Section 4.5). It is assumed that in 
clarifiers, the profiles of horizontal velocities 
are uniform and that horizontal gradients in 
concentration are negligible. Consequently, only 
the processes in the vertical dimension are 
modelled. The resulting idealized settling cylin
der is treated as a continuous flow reactor. 
Figure 5.1 shows the flow scheme. At the inlet 
section, the inflow and the introduced suspen
sion are homogeneously spread over the hori
zontal cross section, and the suspension is 
diluted by convection as well as other transport 
processes. The flow is divided into a downward 
flow towards the underflow exit at the bottom, 
and an upward flow towards the effluent exit at 
the top. Both liquid and suspended matter 
enter the cylinder through the inlet cross 
section and are withdrawn at the bottom and at 
the top.

The surface area AST and the volume of the 
clarifier to be modelled, and consequently the 
surface overflow rate qA = Qe/ASt  and the 
hydraulic detention time, are taken from the 107
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Figure 5.1. Flow scheme o f the one-dimensional
continuous-flow settling tank approach.

Figure 5.2. Mass balance on layers without sources and 
sinks: layer i in the overflow (ov) and layer j  
in the underflow (un) region.

prototype. Other geometric boundary condi- 
tions, such as the inlet and outlet arrangement 
or the shape of the tank, cannot be referred to. 
Under steady-state conditions, the flow and 
mass balances are

position yin, i.e.

with Q and X as flow rate and SS concentration, 
respectively, and the subscripts F, E and R for 
feed, effluent and recycle, respectively (Figure 
5.1). The recycle ratio is defined as R =

5.2.2 Governing equation
As mentioned in Section 4.5.1, transport of 
solids takes place via the bulk movement of the 
water relative to the side wall and the settling 
of the sludge relative to the water. The total 
sludge flux j T consists of the bulk flux jb = VX 
and the settling flux j s = VSX and becomes

where V denotes the vertical bulk velocity, Vs 
the settling velocity of the sludge, and X the 
sludge concentration. The simplest form of dif
ferential conservation equation describing this 
process is
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with t as time and y as vertical coordinate with 
the origin at the surface. The two terms on the 
right-hand side refer to the bulk flux and the 
settling flux. Equation 5.4 does not include any 
inlet source or outlet sinks. Assuming constant 
horizontal cross section A over the entire 
depth, the bulk velocity V is only dependent on 
whether the observed cross section is in the 
underflow region (subscript un) or in the 
overflow region (subscript ov) above the inlet

The settling velocity Vs is determined accor
ding to a settling approach (Sections 3.2.6, 
3.2.7), which relates Vs to the sludge concen
tration X, the sludge quality (SVI), and in some 
approaches also to the position y (Härtel and 
Pöpel 1992). The parameters of the settling 
function serve mostly to calibrate the models.

5.2.3 Layer approach
The flux theory is made operational in com
puter programs by splitting up the tank (or the 
cylinder) into horizontal layers, and by discre
tizing Equation 5.4 on these layers. The fluxes 
through typical layers of the underflow and 
overflow regions are depicted in Figure 5.2. 
The steady-state mass balance for a layer i 
above the inlet reads

whereas for a layer j  below the inlet it becomes

The bulk and the settling fluxes out of any 
layer i or j  are always related to the concen
tration Xj or Xj in the respective layer. For 
continuity reasons the fluxes must be identical 
with those of the neighbouring layers through 
the common boundary. Under steady-state con
ditions the total fluxes are balanced such that 
the concentration in each of the cells remains 
constant.

For dynamic simulations (Equation 5.4), the



5. Hydrodynamic modelling

time-dependent term of the left-hand side is 
discretized by using time steps At. Assuming 
unsteady conditions, Equations 5.6 and 5.7, for 
the time step from n to n+1, become

for layers with heights hi and above and 
below the inlet, respectively With the new con- 
centrations Xn + 1 = Xn + ΔXn→n + 1 the new 
settling velocities VS,n + 1 =/(Xn + 1) can be 
calculated and the new values for the bulk 
velocities Vov and Vun are taken from the time- 
dependent loading; these are known as input 
parameters.

5.2.4 Boundary conditions
The inlet layer(s), the top layer where the 
effluent occurs and the bottom layer where the 
recycling to the aeration tank takes place, are 
subject to special treatment and are not expli- 
citly included in Equations 5.6-5.9. The mass 
balance of the inlet layer ‘in’, if only one inlet 
layer and steady-state conditions are assumed, 
reads

as shown in Figure 5.3. Note that the concen
tration Xin in the inlet layer is not the same as 
the feed concentration XF. For continuity rea
sons the inflow feed rate is QF = A(Vov + Vun) 
and the inlet concentration becomes diluted to 
Xin in the inlet layer (by rearranging Equation
5.10) to

Note that for constant cross-sectional area A 
over the entire depth of the cylinder, the afflu- 
ent velocity equals the overflow velocity (VE = 
Vov), and the recycle velocity equals the under
flow velocity (VR = Vun).

The position of the inlet layer can be freely 
chosen and seldom corresponds to the geomet
ric inlet position of the tank to be modelled. In 
fact, the number of inlet layers and their 
position are two parameters that can be used 
for model calibration. Under identical loading, 
the resulting sludge profiles are different for 
high and low inlet positions (Figure 5.4). The 
high inlet position results in the well-known 
solution from theory: the bottom cell is occu
pied by the bottom concentration, which in 
common approaches is equal to the recycle

Figure 5.3. Mass balance on layers with sources or
sinks: surface layer top, inlet layer in, and 
bottom layer bot.

Figure 5.4. Steady-state sludge profiles with high (solid 
line, fourth layer from the top) and low 
(broken line, eighth layer from the top) inlet 
positions. The effluent concentrations in the 
top layer differ by a factor o f 2.3.

concentration (Xbot = XR), whereas between the 
inlet layer and the bottom layer the concentra
tion is constant at Xin from Equation 5.11, and 
above the inlet layer the concentration is com
paratively low, decreasing with height. If the 
inlet position is low in the region influenced by 
the sludge blanket, the concentration gradient 
becomes smoother and the low concentrations 
typical for the overflow region are reached at a 
higher position than with the high inlet position 
(Figure 5.4).

Top and bottom layers are treated likewise. 
The settling flux out of the calculation domain 
is zero at the effluent or at the underflow 
(Figure 5.3). Only the bulk flux is considered as 
a boundary flux such that Equation 5.2 is 
fulfilled. Therefore the concentrations in the 
boundary layers are equal to the respective
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effluent or recycle concentrations. Translating 
this to a real tank means that the sludge con
centration at the bottom after the thickening 
process is the same as in the recycle flow to the 
aeration tank.

Under common loading conditions, an incon- 
sistency occurs in the bottom region. In the 
bottom layer, the concentration is determined 
by the overall sludge balance, whereas the con
centration in the layer above follows from the 
total flux calculation. Both the concentration 
profile and the settling velocity function are 
thus inconsistent between the bottom layer and 
the layer above. Only a few publications avoid 
this problem (Ossenbruggen and Mclntire 
1990; Jeppsson and Diehl 1996). If the step 
concentration is to be avoided within the tank, 
the bottom layer should be assigned a zero 
volume (Jeppsson and Diehl 1996); the result is 
that the recycle concentration XR would be 
decoupled from the concentration Xbot at the 
bottom and would thus show an immediate 
reaction to a change of the load. Ozinsky et al 
(1994) inserted a CSTR (continuous-flow 
stirred tank reactor) on the bottom of the tank 
to disconnect the bottom layer and the recycle 
concentrations, the volume of which was varied 
to create the observed damping in recycle con
centrations.

Realistic simulation of a dynamic wet- 
weather loading requires that the recycling of 
the sludge and, in some way, the aeration tank 
be included. In a very simple version the aera
tion tank is just a continuous flow reactor that 
accounts for the shift of a sludge mass to the 
SST during a rain event. When the loading is 
increased, the recirculation flux is, transiently, 
not in balance with the inlet flux and therefore 
part of the sludge of the aeration tank is shifted 
and stored in the SST. This is a procedure by 
which an elevated sludge blanket can be ob
tained. In a steady-state calculation, as long as 
the inlet sludge flux is below the limiting flux, 
only the bottom layer is occupied by the sludge 
blanket, unless it is evoked by some initial con
dition such as prescribing a certain initial 
sludge mass in the SST. When the inlet load is 
increased to a value beyond the limiting flux, 
the sludge blanket constantly rises. A new 
steady state is possible only when either the 
return sludge ratio is adjusted and thus a higher 
limiting flux is induced or the inlet flux is 
diminished by the decrease in the inlet con
centration according to the sludge shift from 
the aeration tank to the SST The latter reason 
again points out the significance of coupling the 
1-D SST model with an aeration tank model.

Dilution of the recycle SS concentration can 
occur owing to channelling or short-circuiting 
of less concentrated sludge from the inlet zone. 
This might be caused by the impingement on

the sludge blanket of the density waterfall from 
the inlet or it might be due to ‘rat-holing’, 
which is a localized depression in the sludge 
blanket through which less concentrated sludge 
is drawn into the recycle. In German guidelines 
(ATV 1991) it is claimed that the recycle sludge 
concentration is XR = 0.7Xbot, i.e. 70% of the 
concentration at the tank bottom (see Section
4.11). An attempt to include the effects of 
short-circuiting from the inlet to the underflow 
into 1-D modelling was made by Dupont and 
Dahl (1995). By measuring the concentration 
in the bottom layer Xbot and in the recycled 
sludge XR, the short-circuiting factor ξ can be 
calibrated. The underflow rate QR is split into 
the short-circuit ξQR, which does not flow 
through the underflow region of the tank, and 
the bulk underflow (1 -  ξ)QR. The recycle 
sludge flux is now defined as
VrXr = ξVrXf + (1 -  ξ)VRXbot, (M/L2.T) (5.12)
and indicates that the recycle sludge is diluted 
compared with that in the bottom layer. The 
short-circuiting factor can vary over a wide 
range and could also be used as a parameter for 
calibration.

5.2.5 Flux restraint
A load increase simulated strictly according to 
Equation 5.4 will cause a shock wave to propa
gate from the inlet towards the bottom of the 
tank, and possibly another one towards the top. 
The nature of Equation 5.4 is such that the 
fronts of these waves remain sharp and mathe
matically discontinuous, and are not dampened 
with time. Moreover, the boundary conditions 
at the bottom and the top do not include any 
expression of the settling flux and thus do not 
absorb the shock waves. The full reflection of 
the shock waves at the top and bottom bounda
ries induce a complex wave pattern that finally 
leads to numerical instability. This difficulty is 
the main reason that the existing layer models 
introduce some kind of restriction of the sett- 
ling flux relative to that of the layer below.

In widely applied rigid approaches (Vitasovic
1989), the settling flux of a certain layer is 
bound to that of the layer below. Thus the 
specific settling flux j s out of layer i (Equations
5.6 and 5.7) is now

Equation 5.13 ensures that a shock wave 
cannot be created downwards and that the con
centration profile will never show an inverse 
gradient within the underflow or the overflow 
region, i.e. the concentration of a certain layer 
is not higher than that of the layer below. An 
exception to this can occur at the inlet layer, 
whose concentration is increased rapidly by a 
load increase, and thereby becomes higher
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than the concentration of the layer below. This 
front remains locally stable and does not propa- 
gate downwards, but it is the origin of the shock 
wave directed upwards. In a concentration range 
of mainly hindered settling, typically between 
200 and 2,000 g/m3, Takács et al (1991) pre- 
scribe a maximum effective settling velocity in
dependent of concentration (see Section 3.2.7). 
Within the respective concentration range, part 
of the instability problem is avoided because a 
lower concentration cannot lead to a higher 
settling flux. Laikari (1989) applied modelling 
to a vertical flow SST with a conical sludge 
hopper to show sludge blanket height variations 
under dynamic loading. Diehl (1995) showed 
the influence of the conical shape on the con
centration profile. The concentration is in
creased in the downward direction through the 
decrease in the cross-section. Ozinsky et al. 
(1994) created a very high turbulence with a 
high value for the diffusivity constant in the 
layers near the feed layer, which ensured that 
the layers above and below it had virtually the 
same concentration, thereby allowing the sludge 
blanket to move across the feed layer when 
required.

In the proposal of Härtel and Pöpel (1992), 
which was also applied by Otterpohl and Freund 
(1992), a correction of the settling function is 
suggested besides the boundedness of the sett
ling flux to that of the lower layer. The flux 
theory, which describes the hindered settling 
behaviour, should be made applicable also for 
compression by the correction factor Ω. The 
correction function is based on empiricism and 
is dependent on DSVI, the vertical position y, 
the position of the inlet layer, and the feed 
solids concentration XF. The settling flux j s = 
X(V0e~nX) is smoothly reduced through the Ω 
function from a height somewhat below the 
inlet layer downwards and reaches zero at the 
bottom (Figure 5.5). The inconsistency at the 
bottom layer is overcome by having a settling 
flux tending towards zero near the bottom. 
Equation 5.13 can be rewritten as

denoting the reduced settling flux.
Anderson (1981), Hamilton et al (1992) and 

Ozinsky et al. (1994) used a conceptual hydro- 
dynamic approach to treat the propagating 
shock wave. Introducing an additional eddy dif
fusion term, Equation 5.4 can be rewritten as

where Ddf is the pseudo-diffusivity coefficient. 
Owing to the diffusion term the gradient of a 
shock wave front is decreased while propaga
ting and the numerical procedure becomes 
stable. In 2-D or 3-D hydrodynamic models,

Figure 5.5. Correction function Ω (redrawn from
Härtel and Pöpel 1992) for an inlet layer 
position at 1.8 m above the bottom.

the diffusivity is a parameter to strictly describe 
a real physical process and is computed accor
ding to the local flow conditions (Section 5.3.3), 
whereas in a 1-D model the application of Ddf 
includes many effects, especially if it is used to 
fit prototype data, and therefore is called the 
pseudo-diffusivity coefficient. Turbulent diff- 
usivity, 2-D and 3-D dispersion, anomalies in 
the particulate transport, errors introduced by 
the numerical method and the sludge removal 
procedure are examples of processes that do 
affect the sludge profile but cannot explicitly be 
considered by 1-D model parameters and 
therefore are lumped together in the pseudo- 
diffusivity The introduction of a diffusion 
term also changes the partial differential equa
tions from convective (Equation 5.4) to convec
tive-diffusive (Equation 5.15), which not only 
simplifies the shock front capturing numerical 
techniques but also makes the final solution 
become independent of the initial conditions 
(Anderson 1981); in particular the limiting con
centration XL for overloaded conditions does 
not have to be artificially induced (Ozinsky et 
al 1994).

The introduction of a diffusion term now 
helps to distinguish between effects of sludge 
settleability and other effects. The settling 
properties of the sludge can be considered via 
the calibration of the settling function Vs = 
f (X, SVI), whereas hydrodynamic and removal 
effects can be considered via the pseudo- 
diffusivity Common procedures are to 
choose the value of the diffusivity either by 
making use of hydrodynamic modelling experi
ence or by regarding it as a free calibration 
parameter (Ozinsky et al 1994; Grijspeerdt et 
al 1995). In the approach of Hamilton et al. 
(1992), Ddf was a constant, whereas in the 
models of Anderson (1981) and Ozinsky et al
(1994) it was a function of the position in the 
cylinder; it was maximum in the inlet layer and
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Figure 5.6. Sludge concentration profile calculated
with and without diffusion term (redrawn 
from Hamilton et al. 1992). Feed point at 
layer 7.

decreased towards the top and bottom. Because 
the diffusion depends strongly on the concen
tration gradient, the number of layers becomes 
an important value in this approach. Whereas 
in the rigid approaches, ten layers are often 
used (see, for example, Vitasovic 1989; Takács 
et al 1991; Otterpohl and Freund 1992), 
Hamilton et al (1992) showed that their model 
requires a minimum number of layers in the 
order of 25 to get solutions independent of the 
number of layers. They also proved that, through 
the introduction of diffusion, an elevated sludge 
blanket can be obtained in a steady-state 
situation, where in convective models without a 
diffusion term only the bottom layer is occu
pied by an increased concentration. Figure 5.6 
shows a comparison between calculations with 
and without diffusion under identical loading 
conditions.

A mathematical treatment of the minimum 
settling flux condition (Equation 5.13) proposed 
by Jeppsson and Diehl (1996) used the analyt
ical Godunov approach. For the overflow region 
(ov) it reads:
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The calculation is numerically stable, although 
it is possible to simulate the propagation of a 
very sharp front in the upwards direction. The 
flux limitation of Equation 5.16 still avoids 
shock waves towards the bottom, even though 
slightly negative gradients in the concentration 
profile are allowed. Because Jeppsson and Diehl 
(1996) combined the procedure with zero- 
volume boundary layers, the resulting concen

tration profile is not bounded by the effluent 
and recycle values. The sludge blanket height is 
elevated towards the inlet position similar to 
what is expected from a simulation with a rigid 
settling flux approach. Jeppsson and Diehl 
(1996) recommended the use of 30-50 layers 
for their model, and also showed that results of 
simulations with the model of Takács et al
(1991) depend upon the number of layers. Diehl 
et al. (1991) defined a critical concentration 
within the inlet layer, below which the sludge 
blanket can be controlled without overloading. 
For this they needed to define a settling flux 
curve intersecting with the zero flux line (ab
scissa), which qualitatively corresponds to the 
approach of Härtel and Pöpel (1992), because 
the settling flux in the high concentration range 
near the bottom is closer to zero than the 
common settling function.

Ossenbruggen and Mclntire (1990) assigned 
a maximum total flux at the level referring to a 
certain, comparatively high sludge concentra
tion, which again results in the settling flux 
curve reaching zero at some high concentra
tion. A numerical method was applied where an 
initial sludge profile had to be prescribed, and 
in which a second-order term was introduced 
causing numerical diffusion for stability reasons. 
Note that numerical and physical diffusion can 
similarly affect the result. The approach of Oss- 
enbruggen and Mclntire obviously requires a 
fine discretization. The grid was significantly 
finer than that of the other models: they used 
160 layers and a time step of 18 s for a tank 
with 4 m water depth and a simulated period of 
several hours. No additional constraints were 
introduced to the solution procedure to cause 
the sludge blanket to react in a prescribed way. 
This means that situations in which the settling 
flux in a certain layer becomes higher than in 
the layer below are allowed on a transient basis.

5.2.6 Results of simulations
In the comparative study of Grijspeerdt et al
(1995), the latest proposed 1-D settling models 
were compared with results of laboratory de
canter tests with the aim of finding the most 
suitable model for on-line simulations and 
control purposes. Various steady-state data sets 
from the experiments were included in the 
model selection procedure and the two superi
or models were also tested against dynamic 
experiments. The best-fit parameters for the 
models were based on steady-state data and 
were estimated by minimizing the residual sum 
of squared errors weighted by the variance. 
The performance of the various models and the 
identifiability of the parameters were assessed 
by means of several model selection criteria 
(Ljung 1987; Vanrolleghem et al 1994). The 
following models were evaluated: Laikari (1989),
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Takács et al (1991), a Takács model modified 
by applying the correction function of Härtel 
and Pöpel (1992) to the compression region 
near the bottom, Otterpohl and Freund (1992), 
Dupont and Henze (1992) and Hamilton et al
(1992). All models were set up with 10 layers of 
variable thickness. A higher number of layers 
was not considered because the purpose of the 
study of Grijspeerdt et al (1995) was to select a 
model for on-line control where computational 
efficiency was required.

A comparison of the models according to a 
steady-state experiment is shown in Figure 5.7, 
which represents a test run with a standard 
loading case with quite a low sludge blanket 
and only small concentration values above. The 
experimental decanter was 0.7 m high and the 
inlet was located roughly 15 cm above the 
bottom, i.e. in the upper region of the sludge 
blanket. In Figure 5.7 it is documented that 
most of the models fit the sludge profile of the 
experiment reasonably well. The step curves 
occurring in the inlet region resulting from the 
simulation with the models of Laikari (1989) 
and Dupont and Henze (1992) obviously indi
cate some troubles in dealing with the inflow 
being introduced within the sludge blanket. 
The model selection criteria revealed the models 
of Takács et al (1991) and Hamilton et al
(1992) to be best. A cross-validation, i.e. a new 
parameter estimation based on an independent 
experimental data set, should show whether the 
models are stable and that changes in loading 
need not be compensated for by changes in the 
parameters. It turned out that the parameters 
of the Takács model are all reasonably well 
reproducible, whereas some difficulties arose 
with the Hamilton model in reproducing the 
values of the estimated parameters. In most cases 
the reproducibility of the pseudo-diffusivity 
coefficient Ddf as a constant did not prove 
satisfactory. It is, however, uncertain whether 
this could be improved by increasing the 
number of layers as suggested by Hamilton et 
al (1992), because the concentration gradient 
and diffusion process are sensitive to the layer 
height. Moreover, the diffusivity has a physical 
meaning and should thus only be optimized 
within restricted limits.

Because the model of Takács et al (1991) 
was found to be most reliable in the study of 
Grijspeerdt et al (1995), Jeppsson and Diehl 
(1996) used it as a reference model to compare 
the behaviour of their own model. In Figure
5.8 a comparison of dynamic simulations of the 
two models with 50 layers is shown. A dynamic 
loading was simulated where: (1) the overflow 
rate was increased by a factor 3 after 1 h of 
initial steady-state conditions, (2) the underflow 
rate was doubled after 6 h, (3) the overflow rate 
was reduced to its original value after 10 h, and

Figure 5.7. Model evaluation o f Grijspeerdt et al.
(1995): comparison of various 1-D models 
with steady-state decanter experiments, (a) 
Simulation results for the Takács and 
Otterpohl models and the combination of 
both; (b) simulation results for the Dupont, 
Laikari and Hamilton models.

(4) finally, the underflow rate was reduced back 
to its original value after 16 h. All changes were 
applied as step functions because it was 
intended to test the models with respect to the 
consistency in their behaviour rather than to 
simulate a realistic loading case. In the test 
case, the SST model was a part of an activated 
sludge model and hence the concentration in 
the inflow varied indirectly with changes in 
load.

In general, the two models show a similar 
response to the transient loading. After the in
crease in the overflow rate, the sludge blanket 
rises in the underflow region and a drastically 
increased concentration front propagates to the 
surface in the overflow region. The rising velo
city is significantly higher in the overflow region 
because the propagation is with the bulk flow. 
Owing to the increase in the underflow rate, 
the concentrations near the surface and in the 
underflow region are decreased. After the de
crease in the overflow rate, the concentrations 
in the overflow region are rapidly decreased to 
small values and the sludge blanket is some
what lowered. Finally, after the decrease in the 
underflow rate, the concentrations in the sludge
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Figure 5.8. Dynamic simulation with the models o f (a) Takács et al (1991) and (b) Jeppsson and Diehl (1996), both 
with 50 layers. The overflow rate is tripled from t = 1 h to t  = 10 h, and the underflow rate is doubled 
from t = 6  h  to  t = 16  h (Jeppsson and Diehl 1996).

Figure 5.9. Dynamic simulation (see Figure 5.8) and grid dependency test o f Jeppsson and Diehl (1996): (a) recycle 
concentration, (b) effluent concentration.
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blanket increased, the sludge blanket height is 
stabilized and the concentrations below the inlet 
and above the sludge blanket are decreased 
owing to the decrease in the total inflow rate. 
There are differences in the details of the 
solutions. The model of Jeppsson and Diehl
(1996) provides sharper gradients and more 
instantaneous responses throughout the simu
lation period. Serious disagreement is found in 
the regions at the surface and at the bottom 
because the Jeppsson and Diehl model does 
not require that these boundary conditions 
match the effluent and recycle concentrations. 
The Jeppsson and Diehl model supplies essen- 
tially constant concentrations in the sludge 
blanket and a lower value in the bottom layer, 
whereas in the overflow region the upward 
shock wave reaches the very surface, inducing 
the same concentration value in the surface 
layer as in the rest of the overflow region. In 
Figure 5.9 it is demonstrated that not only the 
concentrations in the boundary layers but also 
those of the effluent and of the recycle sludge 
respond differently to the load variations.

Whereas ordinary models produce a raising 
of the sludge blanket in response to any load 
increase beyond the limiting flux, Ossenbrug-

gen and Mclntire (1990) obtained a stationary 
blanket height within the controllable load, 
while an increased concentration propagated as 
a shock wave from the top of the blanket to
wards the bottom. In Figure 5.10 a simulation 
is shown in which the inlet flux was increased 
by 30% for 2 h at constant underflow rate, 
starting from steady-state and limiting flux 
conditions. The initial condition was prescribed 
with the sludge blanket at 2 m above the 
bottom, i.e. the mid-depth of the tank. Note 
that a temporary, significant overload could be 
handled without a rise of the blanket. The speed 
Vsw of the shock wave front was estimated by

with j 2 -  j 1 as the difference between the fluxes 
of the high and the low loading condition, and 
X2 -  X1 as the difference between the concen
trations of high and low loading conditions 
respectively. In Figure 5.10 the front moves 
downwards with a speed of 0.23 m/h. This indi
cates the time scale within which control meas
ures must be induced.

Although correct from a mathematical view
point in a strict 1-D model, the effect shown in
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Figure 5.10. Effect o f a load increase on the sludge
profile in the approach o f Ossenbruggen 
and Mclntire (1990).

Figure 5.10 cannot be observed in a real SST. 
The inflow is not distributed over the horiz
ontal layer at the elevation of the inlet, because 
this would be buoyantly unstable. In reality, the 
response of the sludge removal to changes of 
the inlet condition is faster than estimated by 
the shock wave celerity of Ossenbruggen and 
Mclntire (1990) owing to the multi-dimensional 
characteristics of the flow. Through the water
fall at the inlet (Section 5.1.5), there is a short- 
circuit to the sludge blanket, and thus changes 
in the inflow conditions induce a relatively 
rapid response of the recycle conditions in the 
regions where the waterfall reaches the bottom 
and at the upper end of the sludge blanket 
where the inflow is stratified just above the 
blanket.

5.2.7 Assessment of 1-D modelling
The 1-D theory-based models have proved 
adequate for coupling with the activated sludge 
models because they give a reasonable approxi
mation of the sludge balance and of the sludge 
shift from the aeration tank to the secondary 
clarifier where it is partly stored during wet- 
weather loading. Moreover, the application of 
these models does not require too much com
puter capacity.

Since usually three to five parameters have 
to be calibrated, cautious preparation of the 
model is required. Moreover, as indicated in 
Sections 5.2.4 and 5.2.5, the number of layers 
as well as the position and the height of the inlet 
layer are, in fact, further calibration parameters 
that are most often not explicitly considered. 
With these numerous calibration parameters it 
is possible for almost any set-up to find a reas
onable data fit. In some cases even different 
calibrations were presented for different load
ing conditions of the same SST (Takács et al
1991). It is therefore strongly recommended to 
perform an analysis on the sensitivity of the 
calibration and the identifiability of the calibra- 
ted parameters as demonstrated by Grijspeerdt 
et al (1995), and to set certain limits especially 
for parameters with a physical meaning.

The inconsistency at the boundaries and the 
rigid settling flux restriction on the values of 
the lower layers (Equation 5.13) are unsatisfac
tory from a mathematical viewpoint. However, 
it is as unrealistic when a change in loading 
does not affect the recycle concentration for 
hours (Ossenbruggen and Mclntire 1990) as 
when an instantaneous and sharp reaction of 
the recycle concentration to any change in load 
is caused (Jeppsson and Diehl 1996). Decoup
ling the concentration near the tank bottom 
from the recycle concentration makes sense, but 
experience from practice shows that the sludge 
at the tank bottom is not further concentrated 
through the removal process as predicted by 
the mathematical approach of Jeppsson and 
Diehl (1996) but becomes diluted as predicted 
by the pragmatic short-circuiting approach of 
Dupont and Dahl (1995).

In a real plant there are many complex inter- 
relations between performance and boundary 
or flow conditions that cannot be reflected in a
1-D model. Three categories of unconsidered 
influences can be identified:

• geometry, for example shape of tank, inlet 
and outlet arrangement

• flow, for example density effects causing 
uneven velocity profiles, short-circuits from 
the inlet to the outlet and an adverse 
residence time distribution, resuspension of 
settled flocs from the surface of the sludge 
blanket, and any turbulence effects

• sludge removal process, which is a cause of 
various unsteady effects and where mostly 
the sludge at the bottom of the tank is 
diluted.

The prediction of SST efficiency by 1-D 
models is therefore a matter of forced cali
bration. Looking at the complexity of the inter
nal processes under dynamic loading, such as 
short-circuiting from inlet to outlet, increases 
by a factor of 10 in upwards velocities near the
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Figure 5.11. Flow pattern and solids distribution in secondary settling tank (redrawn from Anderson 1945). The 
tail o f each arrow indicates the start o f a velocity reading. Velocities are shown in mm/s.
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end wall compared with the average value ass- 
umed in the 1-D approach, or filtering and floc- 
culation effects when microflocs pass through a 
high-concentration environment, it is highly 
questionable whether it can ever be possible to 
predict dynamically the effluent quality by 
means of 1-D modelling with only one calibra
ted parameter set.

5.3 2-D hydrodynamic model

5.3.1 A brief research review
One of the important early studies of settling 
tank hydrodynamics and sedimentation was 
performed by Anderson (1945). He made 
measurements of velocities and suspended 
solids concentrations in a centre-fed circular 
SST. His work established the generally 
accepted flow pattern in centre-feed circular 
settling tanks, i.e. a strong bottom density 
current with recirculation in the upper zone of 
the settling zone, as shown in Figure 5.11.

Pioneering work on rectangular settling tank 
modelling was done by Larsen (1977); his re
search was supported by experimental and field 
measurements that provided valuable infor
mation on the various hydrodynamic processes 
in settling tanks. Figure 5.12 shows the flow 
pattern in one of the rectangular secondary 
settling tanks that was studied by Larsen. He 
also described a mathematical model for sett
ling tanks. In his work the eddy-viscosity was 
computed on the basis of the Prandtl mixing 
length. Schamber and Larock (1981) first used 
the k-ε turbulence model in settling-tank 
simulation. Imam et al (1983), following the 
work of Larsen, used dye tests for model calib
ration. Abdel-Gawad and McCorquodale (1984) 
presented a ‘strip integral' method to simulate 
the flow pattern and dispersion characteristics 
of the flow in the circular primary settling

tanks. Celik et al (1987), Stamou et al (1989), 
Lyn and Zhang (1989) and Adams and Rodi 
(1990) applied the standard k-ε turbulence 
model and Stamou (1991) a curvature-modified 
version to the simulation of the primary settling 
tanks for the neutral density situation; i.e. 
settleable solids were modelled without influ
encing the flow through density effects.

DeVantier and Larock (1986,1987) presented 
a finite-element model for stratified turbulent 
steady 2-D flow. They simulated a sediment- 
driven density current in a circular SST When 
they attempted to model the flow in the tank 
inlet zone, the solution procedure was plagued 
by strong local numerical instabilities along the 
reaction baffle. Adams and Stamou (1986) used 
a model including buoyancy force terms to sim- 
ulate the flow in a rectangular tertiary settling 
tank of Almhult, Sweden, and compared them 
with the measurements of Larsen (1977) (the 
density influence in tertiary settling tanks is 
smaller than in SSTs). Besides successful pre
diction of the overall flow, Adams and Stamou 
(1986) also encountered difficulties in obtain
ing convergence, originating from stably strati- 
fied regions where turbulence is diminished. 
Furthermore, they pointed out the necessity of 
a sophisticated settling approach, because their 
constant-settling-velocity approach failed to 
predict ESS concentrations adequately. There
fore Lyn et al (1992) introduced an approach 
with several particle classes and a flocculation 
model through particle class interaction. With 
this they significantly improved the prediction 
of the ESS concentrations of the Almhult 
tertiary settling tank (Larsen 1977).

The numerical difficulties encountered by 
DeVantier and Larock have been overcome by 
McCorquodale and his co-workers (Zhou and 
McCorquodale 1992a,b) who were able to sim
ulate a wide range of MLSS levels and overflow
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(a)

(b)

(c)

Figure 5.12. Flow (a), turbulence intensity (b) and concentration (c) distributions, Jönköping test No.1 (after
Larsen 1977). SOR qA -  1.7 (m/h),feed concentration XF = 0.85 (kg/m3), return sludge concentration 
XR = 2.4 (kg/m3), recycle ratio R = 0.5.

Figure 5.13. Typical secondary settling tank flow patterns found by Larsen (1977).

rates in both circular and rectangular SSTs. The 
basis of the solution is appropriate under- 
relaxation to make the numerical process follow 
the physical processes more closely. These 
models represent a significant advancement in 
settling tank modelling over the early 1-D plug 
flow hydraulic model (Dobbins 1944; Camp 
1946) and can be used to simulate accurately 
the flow pattern in the settling tanks for effects 
both with and without density. Szalai et al. 
(1994) extended the 2-D simulation of circular 
settling tanks to include the circumferential 
momentum equation, to model the swirl com
ponent of the flow; to avoid the need for a 3-D 
grid the authors assumed an axisymmetric flow 
pattern. Krebs (1995) has presented a critique 
of the current status of 1-D and 2-D settling 
tank modelling.

Figure 5.13 shows the general flow pattern 
suggested by Larsen for rectangular settling 
tanks. Larsen considered the importance of sev
eral mechanisms in controlling the flow pattern 
in a rectangular settling tank. These were:

(1) inlet kinetic energy (KE)
(2) potential energy (PE) of influent SS due 

to density difference compared with the 
ambient fluid

(3) energy dissipated in friction
(4) gravitational work done on the fluid
(5) wind shear energy transfer
(6) atmospheric heat exchange.

Larsen also discussed time-dependent effects 
such as diurnal changes in influent temperature 
and total dissolved solids (TDS). His findings 
are summarized in Figure 5.14 where the 
energy is expressed in terms of power per unit 
volume of the tank. The inlet energies apply to 
a certain type of inlet structure and are thus not 
of general validity. However, the energy fluxes 
shown in Figure 5.14 give an overview of the 
types of energy to be considered and their 
order of magnitude. The greatest energy fluxes 
are the inlet kinetic energy and the wind shear 
energy exchange; however, the inlet kinetic 
energy is largely (more than 90%) dissipated in 
the inlet zone, either by baffles or by jet
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Figure 5.14. Typical energy fluxes in a rectangular SST (adapted from Larsen 1977). The indicated wind, wave 
and eddy fluxes are for typical weather conditions in Europe. KE is kinetic energy flux and PE is 
potential energy flux due to the higher density o f the MLSS.

Figure 5.15. Lock-exchange experiment by Larsen (1977).
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expansion losses. Wind shear is an erratic effect 
but when it occurs it transfers a large amount 
of energy to the tank and can have an adverse 
effect on the hydraulics of the settling zone 
owing to increased internal mixing. One effect 
of wind is to produce a more 3-D flow pattern 
with unbalanced hydraulic and solids flow at 
the effluent weirs. The ‘plug flow’ energy dissi
pated owing to the mean flow is very small; 
however, in a real tank the flow distribution is 
not uniform and friction forces can be higher 
than the ideal case. According to Larsen, the 
effect of the slope on the water surface is 
negligible except near the weir.

The PE due to the higher density of the 
influent is relatively small compared with the 
inlet KE but this potential energy is what 
causes the bottom density current. Because 
most settling tanks are designed to dissipate 
most of the inlet KE in the inlet zone, the PE 
flux due to the influent SS has a major 
influence on the flow pattern in the settling

zone. Larsen referred the inlet energy balance 
to inlet tubes' causing a high inlet velocity. 
Note that with larger inlet cross sections the 
PE flux becomes higher than the KE flux and 
thus becomes even more crucial for the hy
draulics in the SST

Larsen quantified the density of the fluid- 
solids mixture by performing a 'lock exchange, 
test. The test is made in a flume as illustrated in 
Figure 5.15. The fluid-solids mixture is placed 
on one side of the gate and clear water on the 
other side. When the gate is lifted, the heavier 
fluid flows under the lighter fluid and vice 
versa, with velocities that are related to the 
density difference by

in which Δp = (p -  pr) is the effective differ
ence in the density of the fluid-solids mixture 
and the clarified fluid, p is the density of the 
fluid-solids mixture, pr is the reference density
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of the ambient clarified fluid, g is the gravita- 
tional acceleration, H is the tank depth and UW 
is the advancing speed of the interchange wave. 
He also introduced the following relationship 
for the mixture density:

p = pr +X(1 - S p-1), (M/L3) (5.19)
where X is the SS concentration, SP = ρp/ρr is 
the specific gravity of the dry solids, ρP being 
the density of dry particles. Larsen found that 
activated sludge had an SP in the range 1.2-1.45; 
in a WWTP where chemical flocculents are 
added SP can increase as far as 1.7-1.8. The 
specific gravity of the flocs SPf is much closer to 
1 owing to the greater amount of water con
tained in the floc structure. The discrete par
ticle settling velocity depends on SPf, whereas 
the density currents depend on Δp, which is a 
function of X and SP.

Temperature-induced density currents have 
been found in clarifiers of trickling filter plants 
and in primary settling tanks with diurnal 
temperature variation of the order of 0.2 °C 
(McCorquodale 1976, 1987). Larsen indicated 
that a 1 °C difference in influent and tank 
temperature is equivalent to an influent con
centration of about 700 mg/1. Adams and Rodi 
(1990) showed that concentration differences 
as small as 80 mg/1 could cause density currents 
in a settling tank. It would seem that diurnal 
temperature variation is more significant in 
primary than secondary settling tanks. Atmos
pheric heating or cooling can result in a sig
nificant energy exchange. At present, the avail
able models do not quantify the effect of this 
process on tank performance; related models 
have been developed for AS reactors (Stenstrom 
et al 1990) and for surface water impound
ments (for example QUAL2 and QUAL2E (US 
EPA 1985); Spraggs and Street 1975). It is 
possible that this phenomenon could amplify 
the effect of diurnal temperature changes. Also 
the slightly denser surface water produced by 
cooling would tend to sink and mix with the 
water below the surface. Atmospheric cooling, 
if it is a problem, would be worse at night and 
in the winter.

Larsen found that there was very little diur
nal variation in total dissolved solids (TDS) in 
the plants that he studied; however, in areas 
subject to saltwater infiltration and/or intrusion, 
some tidal effects might cause diurnal or semi- 
diurnal variations in the TDS concentrations 
and this might result in strong density currents.

Much of our insight into the hydraulics of 
settling tanks is due to Crosby (1984). He de
veloped a ‘synoptic' dye test procedure that 
reveals aspects of the internal flow in a tank 
that could not be deduced from dye hydraulic 
residence time (HRT) distribution tests (also 
known as flow-through curves, FTC); his

Figure 5.16. Flow patterns measured by Crosby (1984): 
radial distribution o f the dye 
concentration in the Albuquerque 
secondary clarifier; 19 min after the start 
of continuous dye injection, 21 June 1979.

procedure is a substitute for direct velocity 
measurements, which are very difficult to obtain. 
The Crosby test gives us a series of ‘snapshots’ 
of a dye front as it progresses through a tank. 
Because the Crosby test requires SS distri- 
bution to be collected at the same time, these 
data are of great value in calibrating and veri
fying numerical models. Figure 5.16 shows the 
results of a synoptic dye test of Crosby (1984); 
this diagram illustrates that there is a strong 
‘density' current in the lower portion of a 
centre-fed circular SST. The ASCE CRTC, as 
described in Section 3.4, has adopted the 
Crosby test as a standard.

5.3.2 General thoughts
The two-dimensional forms of the governing 
equations are introduced here to indicate the 
type of equation that are solved in ‘glass box' 
models. The defining diagram for an idealized 
circular centre-feed SST is shown in Figure 
5.17. Aspects of 3-D modelling are discussed in 
Section 5.3.6.

The performance of a settling tank is 
determined by the tank hydrodynamics and the 
transport and removal of solids within and from 
the tank. It is important to realize that these 
processes are interrelated, i.e. there is a strong 
coupling between the equations that govern the 
flow pattern and those that govern the fate of 
solid particles in the settling tank. To achieve 
this coupling, it is necessary to solve the hydro
dynamics and the solids transport equations 
simultaneously.

The hydrodynamics equations, in conjunction 
with suitable boundary conditions, provide velo
city vectors and turbulent mixing coefficients 
throughout the tank. There are at least three 
types of equation that are usually used to 
describe the hydrodynamics: these are the con
tinuity equation, the momentum equations and 
the turbulence modelling equations. The contin
uity equation is based on the conservation of 
mass of the fluid, which in settling tanks is 
often treated as though it were a single-phase 
fluid. The momentum equation is derived from
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Figure 5.17. Defining diagram for a circular secondary settling tank.

Newtons second law, force = mass x acceler- 
ation; this yields one equation for each dimen
sion considered in the model. The purpose of 
the turbulence model is to generate the turbu
lent shear forces for the momentum equations 
and the turbulent diffusivities for the solids 
transport equation.

The solids transport equation is based on the 
conservation of mass applied to a control vol
ume in the tank. This equation yields the 
concentration of solids throughout the tank. 
The coupling of this equation to the hydro
dynamics involves other equations such as a 
density state equation, a settling velocity equa
tion and in some models a turbulence gener
ation/damping relationship that is related to 
both shear stresses and the concentration 
gradients in the tank.

5.3.3 Mean flow equations
For illustrative purposes, the following system 
of equations has been selected to demonstrate 
the modelling of 2-D unsteady flow in SSTs. 
The equations describing 2-D, unsteady, turbu
lent, density-stratified flow in a rectangular or 
circular settling tank by using either rectang
ular or cylindrical coordinates, respectively, are 
given below.

5.3.3.1 Continuity (conservation of fluid 
mass) equation

5.3.3.2 Conservation of momentum in the 
radial direction (r), r-momentum 
equation

5.3.3.3 Conservation of momentum in the 
vertical direction (y), y-momentum 
equation
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The variables U and V are temporal mean 
velocity components in the r  and y directions 
respectively, p is the general pressure less the 
hydrostatic pressure at reference density ρr, p is 
the fluid density, g is the component of gravi
tational acceleration in the vertical direction 
(this will be negative for y positive upwards) 
and vt is eddy viscosity; m = 1 yields the cylin
drical coordinates, and m = 0 with r = x gives 
the Cartesian coordinates.
5.3.3.4 Conservation of particulate mass 

(solids transport) or concentration 
equation

in which X = concentration of SS, vsr is the 
eddy diffusivity of suspended solids in the r or x 
direction, vsy is eddy diffusivity of suspended 
solids in the y direction, and Vs is particle 
settling velocity, which is determined according 
to the local concentration by some settling 
approach. In Figure 5.18 typical measurements 
of settling velocities are compared with the 
settling functions of Takács et al. (1991) (see
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Figure 5.18. Typical settling curves fo r activated sludge (redrawn from Samstag et al 1992). Symbols: 0, wet 
weather; X, dry weather.

Section 3.2.7) and that of Wahlberg and Keinath 
(1988) (see Section 3.3). By using the Reynolds 
analogy between mass transport and momen- 
tum transport, the sediment eddy diffusivity 
can be related to the eddy viscosity vt by the 
formulae

in which σsr and σsy are the Schmidt numbers 
in the r  or x direction and the y direction 
respectively. Typical values of the Schmidt 
number are in the range 0.5-1.0.
5.3.3.5 Conservation of energy (heat)
The convection-diffusion equation, which can 
be used to determine the temperature field, is 
obtained from the energy equation,

in which T and T' are respectively the mean 
and fluctuating components of the temperature, 
and μ is dynamic molecular viscosity (Hossain 
and Rodi 1982).

The local fluid density, in kg/m3 at atmo
spheric pressure, is related to the local values 
of temperature and salinity by the equation of 
state (Thomann and Mueller 1987),

in which T is water temperature in degrees 
Celsius; STDS is TDS concentration in kg/m3,

and

Equations 5.20 to 5.28 can be solved for the 
mean velocity, pressure and temperature if the 
turbulence correlations ui'u'j and ui'T' are de
termined by the turbulence model.

5.3.3.6 Turbulence closure equations 
Several turbulence models have been used for 
SSTs: these include the k -ε model, the constant 
eddy viscosity, the Prandtl mixing length con
cept and the algebraic stress model. The most 
commonly used model is the k -ε turbulence 
model (Rodi 1980), which relates the eddy vis
cosity vt to the turbulent kinetic energy k and 
the turbulent kinetic energy dissipation rate ε 
by the formula

Values of k and ε are required throughout 
the tank to determine the eddy viscosity. The 
distributions of k and e are calculated from the 
following semi-empirical transport equations 
(Rodi 1980):

and

in which is the production of turbulent 
energy by the mean velocity gradients as
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and P2 is a sink term for k because turbulence 
is damped owing to stable stratification:

Possible stability problems might result in 
Equation 5.33 from negative values of k or ε, 
owing to the stratification phase of the solution 
procedure.

The k-ε model constants, and C2, as well 
as the turbulent Prandtl numbers for k and ε, 
σ kand σε, are given by Rodi (1980). The ref- 
erence density ρr is taken from Equation 5.28. 
The buoyancy correction terms involving the flux 
Richardson number in the k-ε model are often 
omitted as a first approximation (DeVantier and 
Larock 1986).
5.3.3.7 Equation of state 
The effect of suspended solids on the mixture 
density is given in Equation 5.19, which in a 
rearranged form reads

where X is the solids concentration in the same 
units as ρ, ρP is the density of dry particles, ρr is 
the reference density (clear water) given by 
Equation 5.28, and p is the density of the 
fluid-solid mixture.
5.3.3.8 Settling characteristics 
The settling equation by Takács et al (1991) 
(Equation 3.5) combined with the Wahlberg- 
Keinath equations (Equations 3.6 and 3.7) seems 
to be an easily accommodated description of 
the biological floc in secondary settling tanks, 
because the settling velocity is dependent only 
on the concentration variable (all other para- 
meters are calibrated beforehand) and thus the 
concentration equation (Equation 5.25) needs 
to be solved only once. Although significantly 
improved when compared with the classical 
flux theory, the extension of the approach to the 
low concentrations by Takács et al (1991) 
(Section 3.2.7) might not be accurate enough 
for reliable ESS prediction. In the work of 
Parker et al (1972), it is stated that some non- 
flocculent and non-settleable particles are always 
present, even in a high-concentration environ
ment where hindered settling takes place. In 
the Takács approach non-settleable particles 
are present only when the concentration is 
below Xmin. It should, however, not be forgot
ten that these settling approaches were devel
oped for use and calibration in 1-D modelling 
(see Section 3.2.7).

A more classical approach refers to particu
late settling. The suspension is then subdivided 
into particle classes each with its respective 
settling velocity, and Equation 5.25 is indepen- 
dendy solved for each particle class. If a more

particulate activated sludge is to be modelled, 
flocculation needs to be defined through parti- 
cle and class interaction (Lyn et al 1992), which 
is much more complex than the global descrip
tion of activated sludge behaviour by means of 
concentration dependence.

However, based on of the work of Parker et 
al (1972) (see Section 2.8.1), a simplification 
can be made that separates the mass of solids 
entering the tank into at least two particle 
populations: (1) floe, which will settle, and (2) 
dispersed particles, which will not. The settle- 
able floes can be modelled by the approach of 
Wahlberg and Keinath (1988). Dispersed par
ticles can be removed from the suspension by 
attachment to floc by filtration or flocculation. 
The interchange between the two classes, i.e. 
flocculation and breakup processes, can be 
described by the differential equations given in 
Parker et al (1971,1972). They give the follow
ing formula for the local velocity gradient:

where ε is the turbulent energy dissipation rate 
and μ is the the dynamic viscosity. Because floc 
formation and breakup depend on G, the 
predicted distribution of ε can be used to 
determine the local rate of floc formation or 
breakdown. By treating the discrete dispersed 
particles (Class II flocs, see Section 2.1) as a 
separate dependent variable, it is possible to 
model more realistically these slowly settling 
particles and the mass exchange with the large 
well-formed flocs. This approach will lead to a 
more general model that is less dependent on 
the tank for which it has been calibrated. Thus 
it might be possible to avoid n2 in Equation 3.5, 
as the major calibration variable with regard to 
ESS in 2-D and 3-D modelling.

The research of Li and Ganczarczyk (1987) 
can be used to relate the settling of discrete 
flocs to their physical dimensions. They found 
that the floc settling velocity was better cor- 
related with the first power of the floc size 
rather than the second power as in Stokes’s law. 
Ganczarczyk (1994) studied individual biologi
cal floc and proposed the following relationship 
between settling velocity Vs and floc geometry:

Vs = a/ξ  + bDFL, (L /T) (5.35)
where ξ2 = 4πAFL/P2FLis the shape factor, AFL is 
the area of the floc normal to the settling 
direction, PFL is the perimeter of the floc nor
mal to the settling direction, DFL is the equiva
lent floc diameter, and a and b are constants. 
Stokess law is still valid for determining the 
effects of fluid viscosity and floc density on 
similarly shaped particles.
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5.3.4 Rheology
The fluid-solids mixture below the sludge blan
ket has the properties of a non-Newtonian fluid, 
i.e. it exhibits a nonlinear relation between 
fluid strain and shear stress (Bokil 1972; Casey 
1992). As a first approximation, the sludge layer 
can be treated as a pseudo-Newtonian fluid. In 
this case, the viscosity is allowed to be a 
function of the suspended solids concentration, 
as indicated by Figure 5.19. A more exact form 
of the shear stress -  shear strain relation can be 
found in Casey (1992), in which the activated 
sludge is represented as a Bingham fluid by

where 0  is the shear stress, θ O is the yield shear 
stress (a function of X), K is the consistency 
coefficient (a function of X), and n is the con
sistency index (a function of X). Typical behav
iour of K/ρ  for a unit strain rate (dU/dy = 1/s) is 
shown in Figure 5.19.

5.3.5 Interpretation of the governing 
equations

The continuity equation, Equation 5.20, ensures 
that there is no loss of fluid within the tank. For 
steady-state conditions this equation maintains 
the inflow equal to the outflow from the tank.

The momentum equations apply to a small 
control volume of fluid and are derived from 
Newtons second law, i.e. force = mass x accel
eration (F = ma). The left-hand side (LHS) of 
Equation 5.21 or 5.22 represents the ma or 
inertia on a small control volume of fluid in a 
tank. The first term on the right-hand side 
(RHS) of Equation 5.21 or 5.22 comes from the 
pressure forces on the control volume. The 
second and third terms are due to turbulence 
and/or viscous stresses and the fourth term in 
Equation 5.22 represents forces due to changes 
in the density of the fluid mixture. The last 
term is a source that arises from the variable 
eddy viscosity and the coordinate system.

Similarly, Equation 5.25 is the mass conser
vation equation for solid particles. This equa
tion ensures that there is a balance of the mass 
inflow with the mass outflow and the rate of 
change of stored mass in the tank. The LHS of 
Equation 5.25 computes the temporal and 
spatial rate of change of mass in a control vol
ume, whereas the RHS keeps track of mass 
movement due to mixing and settling.

The turbulence model (Equations 5.29-5.32) 
is used to generate the eddy viscosity that 
determines the turbulent shear stresses. Also, it 
is commonly assumed that the eddy diffusivity 
that governs the solids mixing in the tank is 
proportional to the eddy viscosity vt; the val
idity of this assumption for SSTs has yet to be 
demonstrated.

Figure 5.19. Viscosity, v, o f activated sludge (•) (after 
Bokil 1972) and consistency coefficient 
normalized by density, K/p° (after Casey 
1992).

5.3.6 Prospects for 3-D modelling
As discussed earlier, the flow pattern in full- 
scale settling tanks is very complex. Although 
some success has been achieved through 1-D 
or 2-D models, several field conditions cannot 
be adequately represented by 1-D or 2-D 
models. Circular tanks generally exhibit axisym- 
metric flow and can therefore be adequately 
modelled by 2-D models with the exception of 
the local field around the removal system. Rec
tangular and square tanks are prone to more 
complex flow and might require 3-D models. 
Some examples of such tanks are: centre-feed 
square tanks, peripheral-feed square tanks, rec
tangular tanks with non-uniform lateral feed and 
any settling tank subject to strong wind effects.

McCorquodale and Zhou (1991) used a 3-D 
model to investigate the contribution of 3-D 
currents to the behaviour of the square settling 
tanks in Portland, Oregon. These tanks had 
peripheral feed and peripheral effluent weirs. 
Both physical and 3-D numerical models 
showed that the tank hydrodynamics resulted 
in a strong upflow in the tank comers. This 
resulted in a loss of solids over the weirs in the 
tank comers. Figure 5.20 shows vertical velo
city patterns near the surface zone before and 
after the blockage of the comer weirs. The 
induced upflow currents in the comers were 
shown to greatly exceed those in the remainder 
of the tank. Partial blockage of the weirs in the 
comers was modelled and shown to improve 
the flow patterns. This and some other modifi
cations were constructed in the full-scale tanks; 
the overall performance of the tank was signi
ficantly improved. In 1995, this 3-D model was 
improved and successfully applied to the 
rectangular SSTs at the Passaic Valley Sewage 
Commissioners Plant in Newark, N.J., USA 
(Zhou et al. 1996).

Larsen (1977) showed that wind can be a 
major force controlling the flow in a settling
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Figure 5.20. Upflow in a square settling tank with peripheral feed and peripheral weirs as predicted by a 3-D 
model: (a) before improvement; (b) after reduction in comer weir length.
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tank (Figure 5.14). More research is needed to 
determine the adverse effects, if any, of wind- 
induced currents. Additional field observations 
as well as physical and numerical modelling are 
needed to understand this effect. Such an effort 
could lead to improved settling tank design for 
wind effects. This will require a well-calibrated 
3-D model. Recent advances in numerical 
techniques and computational power make it 
possible to apply 3-D modelling to SSTs. Finally, 
the 3-D model should simulate the effect of the 
scraper and associated structure on the flow 
and the transport of sludge.

5.3.7 Initial conditions
The starting values for U and V can be set to 
zero or an approximation can be introduced, 
for example the results from a previous simu
lation with similar conditions. It is convenient 
to set the concentration of suspended solids to 
that of unsettleable solids. Constant values of k 
and ε can be given initially over the complete 
computation domain on the basis of inlet kin
etic energy and a typical mixing length. If di
vergence is a problem within the first iteration 
sweeps, this can be eliminated by making a 
good guess for the fields of all variables or 
using the results of a similar case as initial 
conditions.

5.3.8 Boundary conditions for 2-D model
The boundaries of an idealized circular settling 
tank are shown in Figure 5.17. Boundary con
ditions on all the unknown problem variables 
are required, to complete the mathematical 
description for the model. The unknown (de
pendent) variables are: the velocity components 
{U, V}, the pressure p, the kinetic energy 
associated with the turbulent motion of the 
flow k, the turbulent energy dissipation rate ε

and the concentration of suspended solids X. 
The boundary conditions for these are as 
follows.
5.3.8.1 Bottom boundary 
The velocity normal to the bottom is either 
zero or there is an imposed withdrawal velocity 
equal to the recycle flow rate divided by the 
bottom area affected. It is also assumed that 
there is no tangential velocity along the bottom; 
this is the ‘no slip’ condition.

The bottom boundary conditions for the tur
bulence variables k and ε are usually based on 
the logarithmic velocity distribution (Celik et 
al. 1987; DeVantier and Larock 1987; Lyn and 
Zhang 1989; Adams and Rodi 1990).

The transport of solids can be treated by 
applying the conservation of mass principle over 
the boundaries of all the bottom cells with zero 
diffusive exchange at the bottom. As an approx
imation to the actual boundary layer, the compu
tation position of the boundary is imposed at a 
distance yp above the bottom, which is just out
side the viscous sublayer to match the k-ε model 
boundary, i.e. the thickness of bottom layer is 
assumed to be yp and the effective settling zone 
is (H -  yp). Early 2-D models used the scour par
ameter approach of Takamatsu et al. (1974) to 
describe the sediment boundary condition; how
ever, this approach is not mass conservative. 
The mass-conservative approach first intro
duced by McCorquodale et al. (1990) and Mc- 
Corquodale and Zho (1991) is required for a 
proper simulation of the sludge blanket depth.

Another approach would be to include the 
sludge blanket fully into the calculation domain 
and to resolve all the variables down to the tank 
bottom. As a consequence, scouring at the top 
of the sludge blanket must not be imposed as a 
boundary condition; rather, it becomes an in
ternal process owing to the vertical gradients of
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the horizontal velocity and the concentration. 
In this approach the rheology of the sludge, the 
compaction characteristics and the sludge 
removal procedure are important factors be- 
cause the flow must be also predicted in the 
high concentration environments (see Section
5.6). This approach could beneficially be integ
rated with the settling approach introduced in 
Section 5.3.3. The settling within the blanket 
would be described by a settling function such 
as the approach of Wahlberg and Keinath 
(1988) and the particle behaviour above the 
blanket would be characterized in terms of 
discrete settling behaviour, possibly including 
flocculation (class II settling, Section 2.1).
5.3.8.2 Inlet boundary
Most numerical models impose a uniform hori
zontal inflow, i.e. the radial velocity, U = U0 and 
vertical velocity, V = 0. The turbulent kinetic 
energy can be related to the inlet kinetic ener
gy by k = K0U02 where K0 is approximately 0.2. 
The inlet turbulence dissipation rate is

with the mixing length lm taken as lm = Cμ(0.5 
xH0) (Celik et al 1987), where C μ= 0.09 and 
H0 is the water depth of the settling tank inlet. 
A uniformly distributed inlet concentration pro
file (X = X0) can be imposed across the inlet 
section.
5.3.8.3 Free surface
The rigid-lid approximation assumes that there 
is negligible change in water surface elevation 
over the tank. This approximation is useful in a 
model because it simplifies the solution by elim
inating the difficulty of computing the water 
surface position. The vertical velocity compo
nent is V = 0 and the horizontal component U 
is computed assuming full slip, i.e. no shear 
stress at the surface. The normal gradients of 
the velocity component U and of k can be set to 
zero. For ε and concentration X, the following 
empirical boundary conditions can be used 
(Celik and Rodi 1988):

which replaces, the reflective surface boundary 
condition (which yields unrealistically small 
dissipation owing to the low velocity gradient 
near the water surface), and

as proposed by Imam et al (1983). Equation 
5.39 results from setting the term within the 
last bracket on the RHS of Equation 5.25 to 
zero.
5.3.8.4 Effluent
The weir-type outlet is usually represented by

an imposed velocity at the effluent cell or cells, 
with the total flow being QE. A submerged out
let can be represented by a sink term in the outlet 
cell. The transport variables imposed at the 
outlet are simply extrapolated from computed 
near-outlet values, with an additional condition 
that overall continuity is always satisfied. The 
baffle and the effluent weir were treated as a 
reflecting boundary where әX/әx = 0 was used.
5.3.8.5 Sludge removal
Currently two approaches are used to treat 
sludge withdrawal: (1) a withdrawal velocity can 
be imposed at the floor in the region of the 
withdrawal, or (2) sink terms representing the 
strength of the withdrawal can be included in 
the near-bottom cells. The shear force exerted 
by the scraper should be included in the 
momentum equations.
5.3.8.6 Walls
All walls are treated as non-penetrating boun
daries for both liquid and suspended solids. In 
the SIMPLE algorithm (see Section 5.3.9), the 
boundary values of p are computed at the stag
gered points adjacent to the boundary nodes.

5.3.9 Numerical methods
The SIMPLE (Semi-Implicit Method for Pres- 
sure-Link Equations) algorithm presented by 
Patankar (1980) is commonly used to solve the
2-D continuity and momentum equations. This 
algorithm as well as other versions of it are 
developed by using the finite control volume 
method with the primitive variables {U, V} and 
p computed on a staggered grid (Figure 5.21),
i.e. the values of U and V are calculated at the 
cell boundaries whereas the values of p are 
calculated at the cell centre. The 2-D model of 
McCorquodale and Zhou (1993, 1994) was 
solved as an unsteady flow and the computation 
was continued until a steady state was app
roached. This unsteady approach can be used 
to simulate and control the prevailing density 
variation process to avoid divergence. Density, 
p in the equation of state, is the variable that 
couples the flow equations and the sediment 
transport equation. The density source term, in 
the momentum equation, can interact with the 
pressure field computation to produce a fluctu
ating solution if the change of this source term 
is too rapid compared with the rate of pressure 
adjustment in the SIMPLE method. One way 
to slow down the change of density p in the 
interactive process is to under-relax p, i.e.
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where a is of the order of 0 .1; this formula can 
also be applied to the buoyancy force in 
momentum Equations 5.21 and 5.22 to help in 
reducing numerical oscillations and ensuring 
computational convergence.
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(a) (b)

Figure 5.21. 2-D orthogonal (a) and distorted (b) cells for SIMPLE discretization scheme.

(a)

(b)

Figure 5.22. Sample 2-D computational grid for
(a) SIMPLE discretization scheme and
(b) SIMPLEC (Van Doormaal and 
Raithby 1984) and second-order HLPA 
(hybrid linear- parabolic approximation) 
schemes (Zhu  1991; Szalai et al 1994).

It is computationally efficient to use a non- 
uniform finite difference grid, as shown in 
Figure 5.22, to discretize the partial differential 
equations. The variables U and V are computed 
at the side nodes, whereas the pressure and 
concentration are computed at the grid points 
in the middle of the cells formed by the rec- 
tangular mesh, i.e. on a staggered grid. Zhou et 
al (1993) showed that the governing differen
tial equations could be solved by the HYBRID 
finite-difference procedure of Spalding (1972) 
without serious errors due to numerical diffu
sions; however, dye transport requires a higher- 
order accurate method. Numerical diffusion is 
physically unrealistic mixing caused by the 
numerical method; it depends on the accuracy 
and the type of the differencing scheme used as 
well as the grid density and orientation with 
respect to the velocity vector. It has been 
shown that neutral density flows experience 
more diffusive errors than the density flows and 
that dye transport cannot be accurately simu
lated by the first-order HYBRID-type models; 
third-order accurate differencing is required 
for the simulation of dye transport (Leonard 
and Mokhtari 1990). Szalai et al (1994) ob
tained good results for neutral density flow and 
dye transport simulations with the recently de-

veloped HLPA (hybrid linear-parabolic approx
imation) second-order scheme of Zhu (1991).

The resulting algebraic equations are solved 
by a line-by-line iteration. The number of iter
ations to reach a steady-state solution depends 
on the densimetric Froude number F ' (see 
Equation 5.42), the grid density and the aspect 
ratio (length to breadth) of the tank. 
McCorquodale and Zhou (1993) have found 
that density flows typically require a compu
tation time an order of magnitude longer than 
that for neutral density flows.

5.3.10 Grid test
Because many of the packages used to model 
SSTs tend to exhibit some numerical diffusion, 
grid dependence should be checked by using at 
least three different grid densities. Figure 5.23 
presents the velocity vector fields for the 12 x 24 
and 24 x 42 grids respectively for the low Fin= 
0.267. Grid convergence is indicated if the 
differences in the flow patterns diminish as the 
grid refinement increases. Mesh sizes in the 
range (12 x 24 to 24 x 42 with non-uniform 
spacing) were found to be adequate for 2-D 
modelling of rectangular SSTs of various geom
etries (L/H 9.33 to 22.22).

When more sophisticated second- or third- 
order convection schemes, such as QUICK 
(Leonard 1979) or HLPA (Zhu 1991), and dis
torted grids were applied, the grid dependence 
was found to be much more sensitive. Grids in 
the range of 100 x 150 cells (see Figure 5.22b) 
or even finer were necessary to produce grid- 
independent results.

5.4 Experiments
Experiments involving the investigation of 2-D 
and 3-D flow and settling processes improve 
the understanding of SSTs and these are there
fore regarded as decisive for improving numeri
cal modelling.

5.4.1 Full-scale and pilot-scale 
experiments

Prototype experiments have the advantage of 
dealing with a realistic system without simplifi-
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cations or scaling problems. At the same time 
the real system is so complex that it is extremely 
difficult to make reliable measurements because 
most of the decisive boundary conditions are 
varying with time. Further, the presence of 
small velocities and the wide range of concen
trations are both at the limit of what currently 
available measuring probes can resolve. How
ever, despite these difficulties prototype experi
ments provide valuable information on the 
phenomena and are important for testing solu
tions that were suggested by theoretical approa
ches or numerical modelling.

It was shown by the prototype experiment of 
Anderson (1945) that the processes in SSTs are 
different from those in other settling tanks, and 
that uneven velocity distributions are induced 
by density effects. Owing to the lack of appro
priate velocity measurement probes, the studies 
on the hydraulic efficiency of SSTs in the 
subsequent decades were performed by means 
of flow-through curves (hydraulic residence 
time distribution): dye, salt or radioactive 
tracers are dosed in a pulse to the influent, and 
afterwards the concentration of the tracer over 
time is measured in the effluent. In his work, 
Camp (1946) pointed out the significance of 
flow-through curves with respect to the tank per
formance. The later and the more pronounced 
is the peak tracer concentration, the better is 
the overall performance (lowest short-circuiting, 
least mixing). Another important factor is the 
lag time to the first occurrence of the tracer in 
the effluent, indicating whether short-circuiting 
is taking place. With the flow-through curve 
technique, it was mostly the influence of geom
etry and inlet arrangement (see, for example, 
Wiegmann and Müller-Neuhaus 1951; Knop 
1952) that was investigated.

Larsen (1977) was the next after Anderson 
to measure the velocities directly; additionally, 
he presented measurements of velocity fluctu
ations. With an ultrasonic probe he could not 
obtain any data in the high concentrations of 
the sludge blanket. Energy balances were made 
to identify what inputs are decisive regarding 
the flow pattern. Bretscher et al (1984, 1992) 
applied an improved version of the drifting- 
body technique introduced by Anderson (1945). 
Their measurements gave an idea on how 
strongly the flow can be influenced by the inlet 
arrangement and by a solid wall installed mid- 
way between the front and end walls of the 
tank. Figure 5.24 shows the comparison of the 
flow fields induced by a non-guided surface 
inflow and by a submerged inflow guided by an 
inlet baffle. In the latter case the velocities of 
the bottom current were significantly decreased, 
as was the concentration in the effluent. 
During the measurements the sludge removal 
equipment was stationary, yet the results are

(a)

(b)

Figure 5.23. Predicted velocity field o f circular SST at 
Renton Treatment Plant for Fin = 0.078:
(a) 12 x 24 grid; (b) 24 x 42 grid.

very informative and stimulating for more basic 
investigations.

Velocity profiles taken in a longitudinal sec
tion often indicate that continuity is not satis
fied within the section; therefore 3-D effects 
must be present. Ueberl (1995) showed by 
measuring velocities in three parallel longitudi
nal sections (five in the first part of the tank) 
that the flow often strongly departs from being 
uniform or symmetrical in a lateral section.

Ueberl (1995) performed systematic experi
ments by means of drifting-body velocity meas
urements in a rectangular prototype secondary 
clarifier under a wide range of operating 
conditions. Ueberl stated that an internal water 
jump occurs after approximately 70% of the 
flow path from the front to the end wall of the 
tank. Günthert and Deininger (1995) used an 
ultrasonic probe for measuring velocities in a 
circular tank at dry and wet-weather loading. 
Under wet weather conditions the height of the 
forward current was increased, whereas the 
values of the maximum velocities remained 
very similar to those measured under dry 
weather conditions. Even though the sludge 
blanket height had grown owing to a consider
able sludge shift from the aeration tank to the 
SST, the forward current still seemed to flow 
above the sludge blanket.

Pilot-scale tests are an intermediate stage of 
experiment. Having a model tank with rela
tively large dimensions being fed with activated 
sludge aims at combining the advantages of a 
prototype and a lab-scale experiment. The tank 
of Dahl et al (1994) was 10 m in length and
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Figure 5.24. Prototype experiment o f Bretscher et al. (1984) in a transverse flow rectangular tank without inlet 
baffle (left) and with inlet baffle (right).

1 m in height, and the inflow sludge was taken 
from the aeration tank of the treatment plant. 
Owing to a passive sludge removal system (a 
pump at the end of the tank) and the well- 
known difficulty in scaling down the thickening 
of activated sludge, the sludge blanket became 
somewhat high relative to the water depth. The 
main forward current was found above the 
sludge blanket and this was explained by in- 
creased viscosity in high-concentration regions. 
Baumer et al (1996) presented pilot-scale 
experiments that were performed in a tank 
15 m in length and 3 m in water depth, and 
hence scaling effects were assumed negligible. 
A flight scraper was installed to simulate the 
sludge removal realistically. Dynamic tests were 
made, including tests with perforated walls 
(suggested by Krebs et al. 1992) while the 
effluent quality, the sludge blanket height and 
the return sludge concentration were observed. 
The perforated walls were proved to stabilize 
the flow pattern and to avoid a wash-out effect 
through a load increase. However, the overall 
sludge mass present in the SST was increased 
and thus an efficient sludge removal system 
seems an absolute need to make the design 
with perforated walls operate successfully.

5.4.2 Lab-scale experiments
A brief introduction to physical modelling of 
settling tanks is given here; more information 
can be found in Kobus (1980), McCorquodale 
(1976,1987), van Marie and Kranenburg (1994) 
and Krebs et a l , submitted). The laws of simili
tude require that the model and the prototype 
have (1) geometric similarity (similar shape),
(2) kinematic similarity (similar imposed veloci
ties) and (3) dynamic similarity.

Geometric similarity is achieved by the un
distorted scaling of all prototype dimensions, by 
division by a constant ratio of the lengths in the 
prototype, to those in the model.

Kinematic similarity can be approximated 
by imposing, in the model, the same velocity 
directions and distributions at the inlet and 
outlet as in the prototype. This requires that 
the rotation or movement of the sludge collec
tion device be such that the ratios of local fluid

velocities to scraper velocities are the same in 
model and prototype.

The physical appearance of the flow inside a 
settling tank depends mainly on two force 
ratios, namely the densimetric Froude number 
F' and the Reynolds number R ; the former rep
resents the importance of inertia forces relative 
to gravity forces and the latter indicates the 
significance of inertia compared with viscous 
forces. Complete dynamic similarity would 
involve maintaining the same standard Froude 
number, densimetric Froude number and Rey
nolds number in the model and the prototype; 
however, this is physically impossible unless the 
model is almost the same size as the full-scale 
tank. Analysis of the relative importance of the 
various conditions yields the result that simpli
fications can be made without diminishing the 
significance and accuracy of the model results. 
To obtain realistic flow characteristics in 
laboratory experiments the following rules must 
be considered:

• the flow must be turbulent
• the ratio of buoyancy and momentum
• the ratio of settling velocities to flow velo

cities should be equal in model and proto- 
type.

These rules can be quantified by applying 
characteristic, dimensionless hydraulic para
meters, leading to the operating conditions 
under which the experiments ought to be run.

The Reynolds number

with some characteristic horizontal velocity U, a 
characteristic water depth H and kinematic 
viscosity v, reflects the state of turbulence. For 
density current conditions as encountered in 
SSTs, the flow can be assumed to be turbulent 
if R > 1000. As long as the flow is turbulent and 
the velocity profiles are proportionally alike 
under relevant conditions for SSTs, there is no 
need to fulfil Reynolds scaling according to 
Equation 5.41.

For flows involving thermal or concentration- 
generated density currents, the densimetric
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Froude number is more important than the 
standard Froude number related to the free 
surface gravity waves. The densimetric Froude 
number F' is the ratio of the fluid velocity to 
the internal wave speed at a density interface, 
and in other terminology the ratio of momen
tum to buoyancy or of kinetic energy to poten
tial energy per unit time. For the inlet In it reads

in which UIn = horizontal inlet velocity and 
HIn = inlet depth (see Figure 5.17). The differ
ential gravitational acceleration in the inlet gIn 
is related to the gravitational acceleration g by

and typically falls in the range 10-4 g to 10-3 g; 
ρIn is the fluid density at the inlet and ρr is the 
reference density (clear water). The density 
difference ΔρIn at the inlet can be derived from 
the SS concentration XIn and the dry-particle 
density ρP (see Equation 5.19) by

The densimetric Froude similarity F/ has an 
additional degree of freedom compared with 
the standard Froude similarity F = U/(gH)1/2, 
which is applied when no density effects need 
to be modelled. Applying Equation 5.42, an 
increased velocity can be compensated for by 
an increased density difference, and thus the 
experiment can be be set up to fulfil the 
turbulence condition R > 1000. In case the flow 
in the model is partly non-turbulent, excess 
free stream turbulence could be generated in 
the inlet (van Marie and Kranenburg 1994) to 
satisfy the turbulence condition without having 
to impose a high Reynolds number by in
creasing the velocities.

The flow regimes associated with density 
interfaces are similar to those in free surface 
flows when their respective Froude numbers 
(F' and F) are the same. For example, the 
velocity at the base of a density waterfall of 
height h is approximately (2g'h )1/2 compared 
with the free waterfall velocity of (2gh)1/2; 
density flow through a slot or orifice can be 
estimated by the same analogy. The internal 
wave celerity on the density interface is also 
approximated by analogy with free surface 
gravity waves, i.e. celerity = (g'hd)1/2, where hd 
is the height of the density current. The density 
flows are more complicated than free surface 
flows because of two factors: entrainment of 
ambient fluid and solids settling.

Because the suspension causing the density 
effects is not only a passive tracer but settles 
relative to the water flow, the settling behaviour

needs to be scaled. This is obtained by keeping 
the same ratio between a typical settling velo
city Vs and a typical flow velocity U in model 
and prototype

or, if the geometry of the model tank -  i.e. the 
ratio of the length L to the water depth H -  is 
slightly distorted, by prescribing equal Hazen 
numbers

in model and prototype. It must be noted that 
it is somewhat difficult to quantify Vs exactly, 
because the settling velocity of activated sludge 
varies over a wide range and is dependent on 
various external conditions. As well as this 
problem in determining the typical or decisive 
settling velocity occurring in the prototype for 
scaling, it must be admitted that the settling 
behaviour of any suspension in the model never 
strictly fulfils the scaling law over the entire 
concentration range, as all the properties such 
as flocculation, zone settling characteristics and 
transition to compression should take place 
according to similarity rules. This can be 
achieved only by using activated sludge as a 
suspension, which in turn does not allow the 
geometry to be scaled down because the size of 
individual floes cannot be decreased.

Despite the difficulties of scaling the settling 
behaviour of activated sludge, laboratory exper
iments were successfully performed, mainly to 
evaluate construction details or to verify numer
ical simulations. McCorquodale (1976) per
formed pure-water tests in a circular cylinder 
including a rotating scraper movement. Larsen 
(1977) based the suggestion of an inlet struc
ture on experiments run under pure-water con
ditions. Imam et al (1983) added particles in a 
small concentration to the inflow to observe the 
settling process without inducing density 
effects. Lyn and Rodi (1990) measured veloci
ties and turbulence intensities in pure-water 
experiments by means of laser Doppler anem- 
ometry. They described the length of separa
tion zones and residence time distributions (i.e. 
flow through curves) related to different inlet 
arrangements (see also Stamou and Noutso- 
poulos 1994).

Lyn (1992) and McCorquodale and Zhou
(1993) reported on model tests where the 
density effects were created by, respectively, 
inflowing salt water and inflowing cold or warm 
water. These procedures resulted in a transient 
process where the quasi-stationary period, which 
occurs between the passing of the bottom 
current front and the reflected reverse-flow 
front, was analysed. Krebs (1991a,b), and van 
Marie and Kranenburg (1994) used clay powder 
as the settling suspension and could thus run
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Figure 5.25. Partial three-layer flow in a rectangular laboratory tank, F' = 0.04 (redrawn from Krebs et al, 
submitted).

their experiments under steady-state conditions. 
Krebs (1991b) determined velocity and concen
tration fields in a rectangular model tank with 
an ultrasonic probe and characterized the 
bottom current according to the inlet condi
tions, when the inlet was placed at the bottom 
of the tank. On the basis of the same experi
mental set-up Krebs et al. (1995) made a pro
posal for an inlet structure taking into account 
density effects, energy dissipation and floccu- 
lation enhancement.

The significance of the densimetric Froude 
number with respect to the tank F'(U,H) or to 
the inlet conditions F'in(Uin,Hin) was found to 
be decisive not only for the scaling but also for 
the flow pattern. Equation 5.42 reveals the pro
portion between the vertical density influence 
and the horizontal flow momentum. Small val
ues of F ' indicate strong density influence. Lyn 
(1992) stated that for approximately F ' < 0.01 a 
distinct shear layer and a high concentration 
gradient are caused between the bottom current 
and the return flow, obstructing mixing pro
cesses. For smaller values, the flow field can 
develop fully or partly (Figure 5.25) in three 
layers (van Marie and Kranenburg 1994; Krebs 
et al., submitted). The density influence was 
also found to affect the SS removal efficiency. 
In the numerical simulations of Zhou et al. 
(1992) (note that they were giving the effluent 
concentration in their paper) and in the lab 
experiments of Krebs et al. (submitted) it was 
shown that a decreasing densimetric Froude 
number (increasing density influence) is bene
ficial with regard to the efficiency of the tank. A 
higher efficiency η, defined as

does not necessarily mean a lower effluent 
concentration.

5.4.3 Verification of numerical modelling
Research in numerical modelling seems promis
ing in predicting the flow and sedimentation in 
SSTs. However, aside from a lack of knowledge

of the sludge behaviour in a 3-D flow and 
turbulence field, one of the major drawbacks 
that remains is the lack of good test cases to 
verify the results of numerical simulations. In 
their literature study, Stamou and Rodi (1984) 
stated that until then no proper experimental 
data were available for verification of numerical 
simulations.

In prototype investigations, the boundary 
conditions and the sludge quality cannot be 
sufficiently characterized to define all the 
necessary parameters and boundary conditions 
in the numerical model. The near-bottom flow 
cannot be verified when the respective veloci
ties cannot be measured (Larsen 1977); neither 
can steady-state modelling be compared with an 
experiment where the sludge removal system 
was turned off and thus the sludge blanket was 
rising with time and forming a continuously 
varying bottom boundary condition (Bretscher 
etal 1984,1992).

The laboratory experiment offers the option 
of creating boundaries that can be exactly 
defined in the numerical model and exclude 
unpredictable influences by other processes. 
This was attempted in the experiments of Imam 
et al. (1983), where the concentration was cho
sen low enough to be able to neglect density 
effects in the numerical model and yet to allow 
the observation of the settling process of 
particles. In the experiments described by 
McCorquodale and Zhou (1993) a well-defined 
density effect was induced by inflowing cold 
water to simulate SST conditions (Figure 5.26a), 
and in the model tests of Zhou et al (1994) a 
warm water inflow was produced to simulate 
primary clarifier conditions where the surface is 
heated. In the experiments of Krebs et al. (sub
mitted), strong density effects were induced by 
high concentrations of spherical glass particles 
and the bottom boundary was made from a 
honeycomb with vertical hexagonal tubes, such 
that it could be modelled as a perfect sink for 
the particles and as a wall boundary for the 
flow. A comparison of the measurements and 
numerical simulations is shown in Figure 5.26b.
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(a)

Figure 5.26. Comparison o f laboratory experiment and numerical simulation: (a) sector model o f McCorquodale 
and Zhou (1993); (b) rectangular model o f Krebs et al. (1996).

Figure 5.27. Hydrodynamic calibration and verification: comparison o f predicted velocity profiles (Fin = 0.346
(curves)) with data o f scale model (Fin = 0.34 and R = 0.45 (points)) (redrawn from Thou et al. 1992).

5.5 Example use of numerical models 
and experiments

5.5.1 Renton and Tomelilla examples
The set-up and calibration of a SST model in- 
volves the adjustment of some ‘free’ parameters 
in the transport and sedimentation sub-models 
to achieve the best possible agreement between 
the model output and the selected calibration 
data. Ideally, both 2-D velocity and solids 
distribution data should be used. Both field and 
laboratory data can be used to complete the 
hydrodynamic calibrations; Figure 5.27 shows 
an example of a comparison used in the hydro- 
dynamic sub-model calibration. Crosby-type dye 
data were used to calibrate the ‘turbulent diffu
sion' parameter in the model studies of the 
Renton SST Typical values for a circular SST 
operation under different circumstances are

given in Table 5.1. In this case, the parameters 
of calibration were the settling characteristics; 
V0 was adjusted for the differences in water 
temperature between summer and winter. Fig
ure 5.28 shows a comparison of modelled SS 
distributions at Renton with measured data.

Verification means checking the model out
put against independent data, i.e. data that were 
not used in the calibration. The field data of 
Anderson (1945), Larsen (1977) and Bretscher 
et al (1992) are examples of data sets that can 
be used for model verification. Figure 5.29 shows 
comparisons of velocity and SS distributions.

5.5.2 Case study in the UK
The goal of this study (Zhou et al. 1994) was to 
describe the operation of an SST at the Hogs- 
mill Sewage Treatment Works, London, UK, 
using a mathematical model, and to analyse the
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Figure 5.28. Comparison o f predicted settling zone concentration normalised with the. feed concentration (curves) 
with field (a) (redrawn from Dittmar 1988) and scale model data( Δ) (after Zhou et al. 1992): (a) near 
skirt, (b) mid-tank, and (c) near withdrawal zone. Field data were: effluent flow 1,875 m3/h; R = 0.45; 
MLSS = 916 mg/l.

(a)

(b)

X / X 0
Figure 5.29. Comparison o f simulation (solid line, SP = 1.66; broken line, SP = 1.36) with field data (points) in 

Tomelilla secondary settling tank (after Zhou and McCorquodale 1992a; Larsen 1977): (a) velocity 
profiles, (b) concentration profiles.

behaviour of the SST under different design 
and operating assumptions. The study focused 
on the circular flat-bottomed SSTs with 
suction-lift removal.

Inputs to the model included the sludge sett
ling characteristics, return activated sludge 
(RAS) withdrawal mechanism and flow rate, 
and tank geometry. The simulated results for 
both tank stress testing arid diurnal loading 
included 2-D velocity fields and solids distri
bution, sludge blanket levels, sludge inventory 
in the SST, and the effluent quality.

There are currently ten circular SSTs. Eight of 
these are identical nearly flat-bottomed, 18.3 m 
in diameter, 2.76 m deep (volume 728 m3) SSTs 
with suction-lift sludge removal. The two other 
SSTs, constructed at a later date, have the same 
diameter but have 22.5° floor slopes with 
scraped sludge removal. The study focused on 
the flat-bottomed SSTs with the suction-lift 
sludge removal.
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5.5.2.1 Model set-up
Model selection. The model used in this study 
for modelling of the tank geometry shown in 
Figure 5.30 is based on the governing equa
tions in Section 5.3.3 as modified in the paper 
by McCorquodale and Zhou (1994).

Settling characteristics. Operational records 
indicated that SSVI ranged from 47 to 120 ml/g. 
Approximately 85% of the recorded SSVIs were 
between 47 and 90; thus SSVI = 80 ml/g was 
assumed to be representative of the normal 
settling characteristics. Only 15% of the field 
data were between 91 and 120, therefore an 
SSVI of 105 was considered to represent the 
poor settling characteristics. The standard sett
ling velocity of a single particle of solids was 
assumed to be V0 = 9.0 m/h for all SSVIs. The 
model used the Takács et al. (1991) settling 
velocity formula (Equation 3.5). The value of n4 
used in the modelling was from 0.000382 to 
0.000484 1/mg, which corresponds to an SSVI 
of between 80 and 105 ml/g, whereas n2 re
mained at 0.051/mg.
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Figure 5.30. Sketch o f SSTs at Hogsmill Treatment Plant.

Sludge withdrawal. The modelled SST has 
an almost flat bottom with suction-lift sludge 
removal. The three sludge suction pipes, labelled 
Suction 1, 2 and 3, are located at the distances 
of 2.50, 5.20 and 7.90 m respectively from the 
SST centre.

Tank loading. The diy-weather flow (ADWF), 
average annual flow and peak flows (PWWF) for 
each tank in 1992 were 232, 253 and 360 m3/h 
respectively (SOR = 0.88, 0.96 and 1.37 m/h). 
The return sludge flow rate of 141 m3/h was 
maintained constant. The average MLSS con
centration of 2,400 mg/1, based on historical 
data, was used as the tank influent concentra
tion in this study. To give an impression of the 
tank loading in relation to the sludge settle
ability and flux procedure (see Section 4.5.1), 
the four operating points are shown in a flux 
design and operating chart. All four operating 
points can be seen to be within the safe oper
ating region for average (SSVI3 5 = 80 ml/g) and 
poorly (SSVI3 5 = 105 ml/g) settling sludge 
(Figure 5.31).

5.5.2.2 Model limitations
Owing to the rotation of the fairly massive 
sludge mechanism, a visible circular motion of 
the water could be noticed in the SST. This was 
not taken into account by this 2-D model. The 
effect of this rotational flow on the perfor
mance of the SST is uncertain, although a study 
by Szalai et al. (1994) suggested a possible 
beneficial effect. From experience with model
ling other tanks, the impact of the limitations 
listed above should not be strong, and the re
sults should not be affected by the assumptions 
that were made. The model was not coupled to 
an activated sludge reactor; dynamic sludge 
inventory was therefore not modelled.

5.5.2.3 Model verification
Table 5.2 shows that the model verification was 
achieved.

5.5.2.4 Simulation scenarios: steady flows 
Effect of hydraulic loading and settling charac
teristics. As shown in one example in Figure 
5.32, under normal operating conditions the 
flow pattern in the settling zone consists of 
three layers:

(1) a recirculation zone close to the surface 
of the tank, where the velocities are dir
ected toward the centre of the SST

(2) a narrow high-velocity flow zone near the 
top of the sludge blanket interface, where 
the flow moves as a density current across 
the top of the blanket until it is turned 
upwards by the side wall of the SSTs

(3) a zone of reverse flow (going toward the 
centre and countering the main direction

Table 5.1. Results o f a typical 2-D SST model 
calibration

Condition Summer Winter

Flow per SST (m3/h) 481 368
SOR (m/h) 0.82 0.63
Temperature (°C) 24.7 18
R 0.93 0.92
RAS (mg/1) 2,878 2,901
Modelled XR (mg/1):

Average 2,880 2,900
Range 1,270-4,500 1,120-4,750

XF MLSS (mg/1) 1,396 1,403
Average XE ESS* (mg/1) 18.6 20.0
Modelled XE ESS* (mg/1) 18.5 20.1

Calibrated settling parameters (Equation 3.5):
Vo (m/h) 10 8.5
n4 (1/mg) 0.00038 0.00038
n2 (1/mg) 0.05 0.05

f ns 0.0036 0.0036
X min = f n sX F (mg/1) 5 5

0 ESS were measured after the chlorine contact 
chamber (CCC); there was an average of 2 mg/1 
removed in the CCC; this amount was added to the 
measurements to obtain the ESS.
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Table 5.2. Model verification

Influent flow (m3/h) SSVI (ml/g) MLSS (mg/l) Measured ESS (mg/l) Simulated ESS (mg/l)

170 80 2,400 4-8 7.8
300 80 2,400 11-13 12.7
403 80 2,400 14-19 18.9

Recycle ratio, S
Figure 5.31. Design and operating chart for Hogsmill 

SST simulation case study. Average settling 
condition, SSVI3.5 = 80 mg/l, V0 = 9.0 m/h, 
n = 0.352 l/g; poor settling condition, 
SSV/35 = 105 ml/g V0 = 9.0 m/h, 
n = 0.484 l/g.

of flow) located close to the bottom of the 
SST. This flow reversal occurred because 
of the influence exerted by the thick 
sludge layer on the bottom of the tank.

Contour maps of solids distribution indicated 
that the return sludge and waste sludge streams 
were diluted near die central inlet area owing 
to the impingement of the downward flow on 
the tank bottom (also noted in field observation 
by Augustus et al. (1985)) and the strong sur
face disturbance of the sludge layers. The solids

stratification in the settling zone of the tank 
could also be observed.

Figure 5.33 presents the impact of influent 
flow on the ESS concentration. For the hydraulic 
loading range of DWF to average flow, the ESS 
concentration increased from 9.7 to 10.4 mg/l 
while the relative sludge blanket level increased 
from 11.3% to 12.9%. In this relatively low 
loading range, the effect of increased SOR on 
both the removal efficiency and the sludge 
blanket level was negligible.

As the influent flow increased from average 
to 120% of peak flow, the ESS concentration 
increased from 10.4 to 21.8 mg/l and the sludge 
blanket level increased from 12.9% to 33.9% of 
the water depth. The tank still gave good per
formance even at 120% of peak flow. However, at 
these higher inflow rates the tank performance 
was sensitive to the variation of the influent 
flow because of the higher sludge blanket level 
and stronger turbulence diffusion.

Predictions for the poor settling conditions. 
For the poor settling characteristics (SSVI = 
105 ml/g), three flows in the range of dry- 
weather flow to PWWF were tested. The return 
sludge flow was assumed constant at 141 m3/h 
for all three cases. A uniform distribution of 
return sludge flow rate across the bottom of the 
tank was assumed for the three sludge suction 
pipes.

Upward buoyant flow occurred in the tank 
during the PWWF simulation (see Figure 5.34) 
owing to the very deep sludge blanket, which 
had a solids concentration much higher than 
that in the influent. The combination of poor 
settling and high overflow rates caused the 
sludge blanket height to exceed the mid depth 
of the tank. With the sludge blanket at such a 
high level, short-circuiting flow appeared near

Figure 5.32. Predicted velocity field for case with ADWF and SSVI = 80 ml/g.134
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the water surface and caused an increase in the 
ESS concentration. Another reason contributing 
to the failure of the tank under these conditions 
can be traced to the lack of an adequate RAS 
flow.

The results indicate that the settling charac
teristics of the sludge strongly influence the 
sludge blanket level. The poor settling condi
tions affect the operation of the SST in two 
detrimental ways:

(1) the sludge blanket level is increased
(2) the suspended solids concentration of the 

return sludge is decreased, causing de
terioration in the thickening function of 
the SST.

The effect of RAS flow. For the case with 
peak flow and poor settling characteristics, the 
return sludge flow was increased from 40% 
(141 m3/h) to 60% of tank effluent flow to pre
dict the effect of return sludge flow on the tank 
effluent quality and sludge blanket level. The 
sludge blanket level was decreased from 60.2% 
to 39% of the water depth, and effluent SS con
centration was reduced from 28.8 to 14.8 mg/1 
as a short-term or intermediate-term benefit.
5.5.2.5 Simulation of diurnal hydraulic 

loading
This model was also used to predict tank 
performance under a typical diurnal hydraulic 
loading. The predicted trend of the ESS during 
the simulation period is shown in Figure 5.35. 
The results indicate that the highest effluent SS 
concentration was around 19 mg/1, which occ
urred about 10 min after the peak flow. The 
lowest effluent solids concentration was approx
imately 8 mg/1.

The key to preventing SST failure was to 
maintain the thickening function of the SST 
The sludge blanket level (SS concentration 
1,500 mg/1 or more) in the tank should be con
trolled below 50% of the water depth. Although 
the sludge SS concentration in the RAS flow 
was somewhat diluted, increasing the RAS flow 
could significantly draw down the sludge blan
ket level, especially when the settling charac
teristics of the sludge were poor. When the tank 
performance was affected by the high sludge

Figure 5.33. Effluent suspended solids (ESS) and
sludge blanket depth as a function o f SOR 
fo r well-settling and poorly settling 
sludges.

blanket, improvements could be achieved by 
increasing the RAS flow (in this case, to 60%).

The information on the tank hydraulics and 
solids transport provided by this numerical 
model gave valuable insight into the physical 
processes affecting the removal efficiency. The 
sludge removal mechanism included a bottom 
scraper that followed the suction pipes, pushing 
the thickened sludge at the bottom towards the 
pipes. One possible effect of this is that the 
distribution of the sludge on the bottom of the 
SST might be somewhat different from that 
predicted by the model. Further model devel
opment might be necessary to include these 
influences.

5.5.3 Inlet arrangement
Traditionally it was attempted to distribute the 
inflow homogeneously over the entire water 
depth after the inlet chamber. Lamellae and 
perforated walls were thus used to induce a 
head loss and a distribution effect (Wiegmann 
and Miiller-Neuhaus 1951; Knop 1952; Pöpel 
and Weidner 1963). Other structures were 
designed to introduce the inflow in the mid
depth region, aiming at distributing the inflow 
mixture in the corresponding layer and make 
the particles setde homogeneously in a plan 
view (Larsen 1977). Both approaches are based

Figure 5.34. Predicted velocity field for case with PWWF and SSVI = 105 ml/g. 135
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Figure 5.35. Trend ESS concentration in respect o f tank operation time for diurnal testing.

on the assumption that the particles settle indi
vidually and do not interact, or hardly do so, with 
the water flow, i.e. the density effect was not 
taken into account. However, the density influ
ence is decisive for the overall flow pattern and 
is very apparent in the inlet region, where the 
inflow waterfall or contraction towards the bot
tom occurs with a mid-depth-type inlet or an 
arrangement with high vertical aperture res
pectively.

To reduce the adverse effects of density diff
erences, the potential energy of the inflow must 
be reduced by installing the inlet cross section 
at a low position, if possible at the bottom. This 
was recognized early by Fitch and Lutz (1960) 
and Fischerström et al (1967), but it was sel
dom put into operation. Bretscher et al (1984,
1992) presented measurements to show that the 
bottom current can be slowed down by a low
ered inlet baffle (see, for example, Figure 5.24). 
A criterion for how the inlet aperture height 
can be optimized was introduced by Krebs 
(1991a). According to this theoretical approach 
the total specific energy, consisting of kinetic, 
pressure and a potential energy components, 
should be minimal, which is fulfilled when the 
densimetric inlet Froude number is F'In=1. 
The inlet aperture heights can be divided into 
two regions by this threshold value:

• For F ' I n > 1 .  when the inlet aperture 
height is smaller than the optimum height, 
the kinetic energy or the momentum is 
dominant and produces an inlet wall jet 
with high velocities from the origin

• For Fin < 1, i.e. when the inlet aperture 
height is higher than the optimum height, 
the potential energy and thus the density 
effect becomes dominant and forms a pro
nounced bottom current that is maintained 
by the conversion of potential energy into 
kinetic energy.

The optimum inlet aperture height HIn opt 
yields, for longitudinal tanks (Krebs et al 1995),

and, for circular tanks without a flocculator well,

where qA is surface overflow rate SOR, R is 
recycle ratio, L is tank length, gin = gΔρIn/ρIn is 
the densimetric gravity acceleration at inlet, D 
is tank diameter and DB is the diameter of the 
inlet baffle. Wet weather conditions (PWWF) 
most probably cause overloading and should 
thus be regarded as being decisive for deter
mining the SOR and ΔρIn.

The flow vectors induced locally by three 
basic types of inlet arrangement are shown in 
Figure 5.36; these are an inlet of 0.5 m aper
ture height in the mid-depth region, and two 
inlets with 0.9 and 0.5 m aperture height situ
ated at the bottom (Krebs et al 1996). Aside 
from the inlet arrangement, all boundary con
ditions and the loading were identical. The tank 
had a length of 60 m and a water depth of
4.5 m. The effluent launder was assumed to 
extend longitudinally along the surface (see 
Figure 5.39) with a length of 36.7 m and ended 
5 m before the end wall of the tank. The sludge 
removal was idealized and modelled uniformly 
along the entire bottom by prescribing the 
velocity VR = -RqA through the bottom boun
dary as a function of the return sludge ratio R 
and the SOR qA.

Irrespective of the inlet position, a bottom 
current is formed immediately after the inlet. 
Because the waterfall after the mid-depth inlet 
is actually attached to the inlet wall, it is not 
shown with the chosen profile resolution, 
although it was resolved by the computation 
with eight cells between the wall and the first 
profile shown in Figure 5.36. The bottom 
inflow with 0.9 m aperture (Figure 5.36b) is 
contracted within the first 2-3 m and subse
quently expands smoothly. Defining a higher
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(a)

(b)

(c)

Figure 5.36. Velocity vectors in the inlet region o f a rectangular tank: elevated inlet position (a); inlets at bottom 
with aperture heights o f 0.9 m (b) and 0.5 m (c) (Krebs et al., 1996).

inlet aperture (Figure 5.36a) with a homogen
eous inlet profile would not at all approximate a 
real situation. Density effects would then already 
be strong enough in the inlet cross section to 
concentrate the flow along the bottom. High 
inlet apertures often cause an entrainment into 
the upper region and thus an increase in the 
actual inflow rate to the tank. The bottom inlet 
of 0.5 m inlet aperture height (Figure 5.36c) is 
chosen according to the optimum total energy 
condition, i.e. the densimetric Froude number 
f ln equals 1, and hence there is neither a 
contraction nor an immediate expansion. The 
inlet position at the bottom was found to be 
advantageous by a theoretical approach (Krebs 
1991a) and by means of numerical simulation 
(McCorquodale and Zhou 1994).

Looking at the values of the velocities it 
becomes obvious that both waterfall and con
traction accelerate the flow compared with the 
optimized inlet at the bottom. At the same time 
the height of the bottom current is increased 
more rapidly, indicating an increased bottom 
flow rate and a higher entrainment of ambi
ent fluid. Figure 5.37 shows the development 
(along the tank length) of the flow rates of the 
bottom currents originating from the two bot
tom inlets (Figure 5.36b,c). The height from 
the abscissa to the curve can be divided into 
three parts: (1) the return flow rate, (2) the

through-flow rate and (3) the entrainment flow 
rate. The return flow rate, which contributes to 
the bottom current QB, is indicated by the height 
below the straight line starting at the total 
return flow rate on the ordinate and ending at 
zero at the end of the tank. The through-flow 
rate is a constant height and the region above 
the upper straight line represents entrainment 
to the bottom flow, because the bottom flow 
rate is higher than the nominal flow rate. Fig
ure 5.37 shows that the entrainment of ambient 
fluid is about 40% of the through flow for the 
inlet with 0.9 m aperture height but is only 
24% for the inlet with 0.5 m aperture height. 
The bottom flow rate QB only starts to decrease 
in the second half of the tank length.

Energy dissipation is enhanced by turbulence 
production, i.e. by diminishing the eddy scale. 
In various inlet structures this was achieved by 
perforated or slotted walls, by which shear flow 
layers are induced (see, for example, Pöpel and 
Weidner 1963). Krebs et al (1995) showed that 
both the maximum velocities and the velocity 
fluctuations can be decreased significantly by 
installing two rows of angle bars, i.e. two slotted 
walls extending over the optimized inlet aper
ture height (Equations 5.48 and 5.49) below 
the inlet baffle (Figure 5.38b). In contrast, the 
vertical slots of the inlet structures, optimized 
uniquely for energy dissipation, extend over the
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Figure 5.37. Bottom current for bottom inlets with 
aperture heights HIn o f 0.9 m and 0.5 m 
(Figures 5.36b, c). Flow rate o f the
bottom current per unit width along the 
longitudinal coordinate x (Krebs et al 
1996). (i) Entrainment flow rate; (ii) 
through flow rate; (in) return flow rate.

entire water depth (Figure 5.38a). Despite the 
high inlet aperture, the forward flow into the 
tank takes place only at the lowest part of the 
tank, whereas in the upper part ambient water 
is actually entrained into the inlet structure. 
This entrainment causes the flow rate of the 
bottom current at its origin (i.e. at the slotted 
wall) to be significantly higher than the inflow 
rate.

A comparison between the so-called Stutt
gart inlet (tall slots (Pöpel and Weidner 1963), 
Figure 5.38a) and the inlet introduced by Krebs 
et al (1995) (bottom slots, Figure 5.38b) was 
made in laboratory experiments with clay 
powder as SS. Mainly owing to the consider
ation of the density effects it was possible to 
decrease the velocities, the flow rate and the 
range of the bottom current with the inlet of 
Krebs et al (1995).

5.5.4 Outlet arrangement
In Figure 5.39 the streamlines induced by an 
outlet situated at the top of the end wall and by

(a)

(b)

Figure 5.38. Flow fields measured in a laboratory tank. Inlets by (a) Pöpel and Weidner (1963) and (b) Krebs et al 
(1995)

an effluent weir extended along the surface are 
compared. For both cases the loading is the 
same as for Figures 5.36 and 5.37, and the inlet 
is situated at the bottom with an aperture 
height of 0.5 m.

The position of the outlet does not influence 
the flow in the inlet region because in this 
region the flow is driven purely by the inlet 
conditions. However, in the endwall region and 
with regard to the layer characteristics, the 
distinction between the two test cases is signi
ficant. The upwards velocity of the through 
flow at the end wall in mid-depth is approxi
mately 3.5 mm/s (12.6 m/h) for the case with 
the outlet at the top of the end wall, and
1.5 mm/s (5.4 m/h) for the case with surface 
outlet, as indicated by the denser streamlines 
(Figure 5.39). This difference cannot be 
explained by a suction effect of the more con
centrated effluent; it is the position of the 
outlet that induces a different type of bottom 
current deflection at the end wall. The suction 
of the effluent is predominant only in the field 
near it. The potential of carrying suspended 
solids to the effluent is increased by increased 
upward velocities. Furthermore there is a direct 
path from the inlet to the outlet, decreasing the 
average residence time of a particle within the 
through flow. A typical particle path in the 
surface outlet case is longer, because it is de
flected at least once, or even twice as indicated 
by the partial three-layer characteristics of 
Figure 5.39b.

5.5.5 Internal SST flow patterns as 
influenced by tank configuration

Most of the reported flow fields in SSTs are 
two-layer flows, caused by the forward density 
current along the bottom and -  for continuity 
reasons -  compensated for by the return flow 
in the upper part. With increasing density influ
ence, a three-layer pattern can develop partly
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Figure 5.39. Streamline plots, flow in m2/s (m3/s per m width); the closer the streamlines, the higher is the velocity.
Inlet at bottom o f left wall. Outlet, indicated by the bold line: (a) at the top of the end wall, (b) outlet 
extended along the surface.

or fully, van Marie and Kranenburg (1994) 
measured the concentration distribution in a 
sector model tank, and described qualitatively a 
three-layer flow field at a densimetric Froude 
number F' = 0.11 (at two-thirds of the radius 
from the centre to the periphery), which can 
also partly be seen from a result in Zhou et al
(1993) at F ' = 0.09 defined at the inlet baffle. 
Krebs et al (submitted) found a partial three- 
layer flow in a rectangular, longitudinal flow 
tank at F' = 0.04 by velocity measurements (see 
Figure 5.25) as well as by numerical simulation 
(Krebs 1995).

Typical conditions in transverse tanks are 
even more strongly affected by density differ
ences than those in longitudinal and circular 
tanks. The densimetric Froude number related 
to the mean velocity U and the water depth H 
(Equation 5.42 is related to the inlet condi
tions) indicates how sensitive a tank configur
ation is on the density influence. The smaller 
the densimetric Froude number F', the stronger 
is the density influence. Assuming identical geo
metries (length L, breadth B and depth H) and 
loadings (flow rate Qin and feed SS concen
tration XF) of a transverse flow tank and a 
longitudinal flow tank, the mean velocities yield 
Utr = Qf/(LH) and Ulo= QF/(BH) for the trans
verse and the longitudinal tank respectively 
Because with identical values for XF and H, F' 
is proportional to the mean velocities, the den
simetric Froude number of the transverse 
flow case is lower by the ratio B/L than the Flo 
value of a longitudinal flow case, i.e.

Hence the transverse SST is more sensitive 
to the density influence.

For circular tanks some typical F'ci value at 
two-thirds of the radius Rci will be related to 
the F ' values of a longitudinal and a transverse 
tank by

if identical overflow rates are assumed. Equa
tion 5.51 reveals that the density influence in a 
circular tank is between those of the rectangu
lar tank types, because typically B < 2Rci/3 < L.

Numerical simulations confirmed that the 
tendency to form three layers is most distinct in 
transverse tanks. Krebs et al (1997) showed that 
for a typical dry-weather loading with F'tr =
0.006, a complete three-layer flow prevails in a 
transverse tank (Figure 5.40a) of width B
8.5 m, water depth H 4 m, and sludge recycle 
ratio R 0.9. In wet weather conditions (Figure 
5.40b), the overflow rate was doubled and the 
sludge inlet concentration was decreased by 
30%, so as to consider the sludge shift from the 
aeration tank to the SST. The Froude number 
in wet weather then becomes F'tr = 0.001, which 
is still in a range where three-layer flow can 
develop, but the single layers are no longer as 
clearly defined as in dry weather conditions.

Moursi et a l (1995) found that strong three- 
layer patterns can occur in both deep rectangu
lar and deep circular SSTs during unsteady 
conditions such as would prevail if the solids 139
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Figure 5.40. Numerical simulation of flow pattern in a transverse tank: (a) dry-weather case, surface overflow rate 
qA = 1 mJh, sludge feed concentration XF = 3.5 kg/m3; (b) wet-weather case, qA = 2 mJh, Xf  = 2.45 kg/ 
m3. (Streamline plots, flow in m2/s (m3/s per m width); the closer the streamlines, the higher the 
velocity.)
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loading were suddenly increased. Their analysis 
indicated that the two lower internal layers can 
be regarded as an internal hydraulic jump (see 
also Ueberl 1995) and in some cases as a sub
merged internal hydraulic jump.

Apart from the relative density effect repre
sented by the densimetric Froude number, the 
condition of the bottom current at the end wall 
can be decisive for the characteristics of the 
second layer. Because the travelling time of the 
bottom current is shortest in transverse tanks 
(Krebs 1991b), the settling efficiency is worst 
within the bottom current. Through the rela
tively high solids concentration after the deflec
tion at the end wall, the density effect is thus 
still present in the second layer and is capable 
of forming another distinct layer with a height 
determined by the density effect rather than by 
the position of the surface.

The tank shown in Figure 5.40 is close to the 
definition of a Vertical flow tank* given by ATV 
(1991), i.e. the horizontal flow distance being 
no more than twice the water depth, and is 
suggested to perform somewhat better than a 
longitudinal tank. Although the numerical sim
ulations of Figure 5.40 show that in fact a 
vertical flow does not develop, they do give a 
reason for the relatively good performance of 
transverse tanks. A particle travelling with the 
through flow is deflected twice, passes through 
three layers and arrives at the effluent after a 
relatively long residence time because the short- 
circuit from the end of the bottom current to 
the effluent does not exist, especially not in dry

weather conditions. The high performance 
level can be lost when, owing to a shock load, 
the three-layer pattern becomes instantaneously 
unstable and a breakthrough from the end of 
the bottom current to the effluent occurs or 
when, owing to sludge storage during wet- 
weather loading, the sludge blanket depth is in
creased and the main flow is displaced towards 
the surface. This dynamic effect is less pro
nounced in longitudinal tanks where the flow 
structure is far less dependent on the loading 
and thus the settling efficiency is higher within 
the bottom current.

5.6 Comparison of the various
approaches and research needs

5.6.1 Area of application
A model is always a simplification of reality. 
Despite the different degrees of simplification 
of the various models, there is no such thing as 
‘the best model . It is important to choose the 
most appropriate approach for a certain prob
lem. Irrespective of the area of application, the 
results of modelling should be analysed 
critically and checked carefully for plausibility.

Table 5.3 shows an overview of crucial para
meters and processes that are typically inten
ded to be predicted or described by modelling. 
The models are given the grades ++, + and 0 
according to their current status, or a grade of 
‘p’ if they have not been perfected with regard 
to a certain purpose but have the potential to 
be successful after further development work.
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Table 5.3. Assessment o f the approaches

Notes: ++, good; + can be used; 0, does not help; p, development potential to become good. ASM, activated sludge 
model.

* Dynamic case is decisive.
t Dynamic simulation requires coupling with an activated sludge tank model.

Short comments on groups (a)-(e) in Table 5.3 
are given below.

(a) The present status is that conceptual app
roaches are still used to define the sur
face area and the depth of SSTs, whereas 
more complex models are needed to 
understand operational features.

(b) Sludge properties crucially affecting the 
most important state variables, effluent 
and recycle concentration, are still gener
ally difficult to describe by numerical 
models. At present, prototype or, even 
better, pilot-scale experiments with acti
vated sludge are needed to improve the 
knowledge. In contrast, the flocculation 
process should be included in the numer
ical 2-D and 3-D models, as the calcu
lated fields of turbulence energy and its 
dissipation rate contain the required 
information.

(c) With respect to overall modelling of a 
treatment plant and control, there is a 
need to improve simple models with the 
aid of highly sophisticated numerical 
models and experiments. The pragmatic 
layer approach might continue to be 
useful in the near future for combined 
activated sludge/S ST and on-line control 
models, where computer capacity require
ments are relatively high.

(d) SST internals can be better understood 
and improved only by advanced model
ling and experiments. Progress in model
ling techniques is coupled to the effort in 
this research area.

(e) The more detailed, complex and mean
ingful an approach is, the more difficult it 
becomes to handle and control a model 
or an experiment. It should therefore be 
noted that progress in both understan
ding and modelling the processes in SSTs 
is not easy to obtain and requires -  
besides expenditures for hardware -  a sig
nificant input of brainware.

5.6.2 Empirical input and improvement of 
realism

All numerical models and conceptual approa
ches are based on empirical input. It is impor
tant to take into account where the empiricism 
comes in, what it affects and how sensitive the 
model is to variations of this input. It must 
further be considered whether the input para
meter is meant to be physical or idealized and 
be subject to calibration.

The role of calibration in one-dimensional 
models was discussed in Section 5.2.7. Most of 
the empirical inputs become calibration para
meters in the model and are thereby subject to 
strong idealization. Most of the empiricism 
comes in through the definition of the settling 
behaviour of sludge; the other calibration para
meters are model-inherent, for example boun
dary conditions, number of layers, and position 
of inlet. With regard to the question of general 
validity of the model calibration it seems crucial 
that the accepted parameter variation of the 
empirical input parameters be restricted within 
realistic limits.

The approach to handling the empirical
141

Group Purpose
Concept
approach

Flux
model

Layer
model

2-D/3-D
modelling

Pilot-scale
experiment

Lab
experiment

(a) Dimensioning + + + + + + 0
Operation 0 + + P P +

(b) Effluent0 0 0 0 (+) + (p)t + +
Recirculation* + + + + + (p)t + + +
Sludge blanket0 + 0 + + (p)t + + +
Flocculation 0 0 0 P + + + +

(c) Combination with ASM 0 0 + + + (p)
Control 0 0 p + + (p) 0

(d) Design (inlet, outlet) 0 0 0 + + (p) +
Process understanding 0 + + + + + +
Realistic in detail 0 0 0 + + + +
Internal transients 0 0 0 P + P
Wash off, dynamic load 0 0 + P + P

(e) Ready for application + + + + + + + + + +
Ease of operation + + + + + + 0 0 +
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input is totally different in hydrodynamic model
ling. The empiricism in the flow equations is 
more or less standardized (Rodi 1980). If the 
verification according to an experimental test 
case fails, this will not be corrected by merely 
adjusting a few parameters: the model itself 
must be improved. The approach is purely 
deterministic and all the processes and boun
dary conditions are regarded as physical; they 
are therefore imposed as realistically as possi
ble. This is the reason why, in the much more 
complex hydrodynamic models, the empirical 
input is less than that in the 1-D models. 
However, it should not be forgotten that sludge 
settling is approximated in the same way in 
both types of models and that the settling velo
city Vs in the concentration equation (Equation 
5.25) needs the same approach as used for 1-D 
models. Still, the requirements are somewhat 
different. An approach proved satisfactory in a 
1-D layer model does not necessarily yield 
good results in a hydrodynamic approach. 
Numerical models will therefore not be im
proved by simply refining the model technique. 
The improvement of the empirical input is 
equally important and can be obtained only by 
experiments that are carefully designed and 
planned.

There are few general guides for the 
placement of baffles within existing SSTs for 
the improvement of their efficiency. Now, with 
the advent of 2-D and 3-D models, it should be 
possible to extend the knowledge of currents 
within tanks and how they are affected by 
baffle placement as well as the influence of 
other tank features (such as inlet and oudet 
conditions and sludge removal method).

5.6.3 Sludge behaviour
One-dimensional models incorporate some form 
of flux restraint to allow stable solutions under 
shock wave conditions. For instance, one app
roach is to use a ‘correction factor" to the sett
ling velocity as the particle approaches the tank 
bottom (see Section 5.2.5). In reality this must 
occur also because of compaction limitations, 
which are only poorly understood. A theoretical 
description of compaction, if available, would 
eliminate the need for these rather artificial 
corrections and allow 1-D models to approach 
reality more closely.

Prediction of ESS in 2-D and 3-D models is 
rather empirically driven in todays models and 
relies on the tank-specific calibration of certain 
settling parameters associated with dispersed 
particles in the effluent withdrawal zone. One 
of the empirical approaches is the Takacs equa
tion (Equation 3.5), which involves a constant 
in a double-exponential expression that reduces 
the settling velocity in regions of low SS con
centration. There is a need to rationalize this

aspect of the models to consider the floe beha
viour throughout the tank.

In addition to an improved theory for sludge 
compaction, 2-D and 3-D models require a 
better constituent equation for the sludge rheol- 
ogy. Future models should treat the sludge as a 
non-Newtonian fluid.

The effect of the energy input of the sludge 
removal device on the sludge properties is not 
well understood and requires more basic re
search before this phenomenon can be properly 
modelled.

5.6.4 Sludge removal
Sludge transport, i.e. the conveyance of sludge 
across the tank floor to its collection point in 
SSTs with a scraper system, is not accurately 
simulated in todays models. However, there is 
evidence that sludge transport might pose a 
limitation in tank loadings. Further character
istics of the sludge conveyance mechanism, for 
example the depth of scrapers and the frequen
cy of scraping (most probably represented in an 
unsteady procedure) would have to be inclu
ded.

The modelling of sludge removal is tied to 
the theoretical equations available for sludge 
behaviour and the ability of the model to repre
sent the energy and force inputs of the removal 
device. These effects are three-dimensional 
and unsteady; nevertheless there are important 
design and operational questions that could be 
answered by a model that accurately represents 
the sludge removal process. New models should 
include the effects of the sludge removal 
device.

5.6.5 Biological and chemical processes in 
the SST

Biological and chemical processes have largely 
been ignored in the modelling of SSTs. These 
processes can have a significant impact on 
effluent quality. Denitrification and phosphorus 
release are examples of processes that should 
be included in SST models. There is a need for 
all hydrodynamic models of SSTs to include the 
solids inventory aspects of the biological reactor 
(seeji etal 1996).

5.6.6 Wind and temperature effects
The current SST models do not address the 
wind effect. In general this is regarded as an 
adverse effect, especially for large tanks such as 
are sometimes used in industry. There is a need 
for 3-D models to assess the impact of wind on 
SST performance. Ideally, these or auxiliary 
models would include the physical surroun
dings so that wind exposure could be simulated.

Models have been developed that include 
thermal density currents; however, these need 
to be extended to consider the combination of
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thermal and concentration-type density effects 
as well as heat exchange through the tank 
surface and solid boundaries.

5.6.7 Modelling protocols
SST models require extensive testing including 
validation/verification with high-quality field 
data that have been obtained by using protocols 
such as the ASCE CRTC protocol. A corres
ponding modelling protocol is also needed. 
Such a protocol would assist the engineer in 
determining when to use models, which models 
are appropriate and what quality control needs 
to be imposed on the model study.

5.6.8 Development potential of the 
various approaches

The development potential given in Table 5.3 
indicates where to invest research efforts. Layer 
models have the potential for becoming more 
widely applied in dimensioning and on-line 
control (see Grijspeerdt et al. 1995). A pre
requisite is an improved consideration of the 
sludge blanket behaviour, which in turn depends 
on the boundary condition at the bottom. The 
prediction of dynamic effluent variation is given 
only minor importance because this relies on 
too many processes that by definition cannot be 
considered in a 1-D model.

Hydrodynamic models have not been widely 
applied, but they already provide a variety of 
information that could be used for including 
further phenomena. Shear and turbulence 
fields both affect flocculation, floe break-up, 
thickening and production of slowly settling 
flocs. The history of the flocs in the tank could 
be evaluated to hypothesize the floc growth. 
However, hydrodynamic modelling will 
possibly never be as popular as the activated 
sludge model, although activated sludge and 2- 
D models have already been applied in the 
design of large plants (see, for example, Merrill 
et aL 1992; Ji et al. 1996). The computer capa
city, the background knowledge and the man
power required to enable the generation of 
reliable results are currently too high to make 
hydrodynamic models a popular tool. The future 
fate of hydrodynamic models depends also on 
the development of computers, unlike the layer 
models, which depend mainly on brainware 
input.

Experiments have development capacities 
where real sludge is an absolute need (proto
type experiments) and in investigating dynamic 
effects (laboratory experiments). Here it is not 
only a question of a good set-up but also of the 
measurement technique. Velocity probes that 
reliably measure velocities and velocity fluctu
ations near zero velocity and at the same time 
in almost clear water and in the very opaque 
environment of the sludge blanket are still not

available (this applies to the prototype as well 
as to the lab scale). In the lab experiment, the 
probe should be as small as possible, otherwise 
the disturbance introduced by the probe itself 
is measured instead of the real flow. Overall, 
the option of developing the design of con
struction details by specific experiments should 
increasingly be considered.
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6 . Practical design considerations

6.1 Introduction
Previous chapters have discussed the determin
ants of sludge settling behaviour, measurement 
methods for establishing sludge settling quali
ties, conventional SST process design pro
cedures and dynamic modelling of SSTs. This 
chapter provides a pragmatic overview of the 
operations and design considerations applicable 
to all SSTs; details applicable to specific types 
of SST are given in Chapters 7, 8 and 9. Inter
nal tank hydraulics is affected by the decisions 
made about inlet and outlet arrangements, 
which are critical to performance; their influ
ence can be measured by parameters derived 
from dye testing. SSTs also exist within the 
environment of the entire treatment process 
and interact with it. Decisions made about 
aeration tank configuration and operation affect 
the loading conditions on the SST; similarly, the 
provision for the efficient return of sludge to 
the aeration tanks during wet weather allows 
the overall process performance to be main
tained. The hydraulic setting of the SSTs is also 
important. For instance, inappropriate influent 
or collection system pumps or controls can lead 
to process upsets. Practical means of flow split
ting are needed between SSTs to ensure that all 
are loaded equally. Choices must be made 
about size and type of SSTs to fit within site 
constraints. Operator convenience access and 
safety are important considerations in design. 
Finally, there are special design considerations 
appropriate to nutrient removal plants.

6.2 Hydraulic considerations

6.2.1 Flow regimes and flow patterns
Hydraulic issues rank among the most impor
tant considerations in the design of SSTs. In 
several ways they fundamentally impact the 
required functions of SSTs. Wide variation has 
been observed in the efficiency of SSTs even in 
units of apparently similar design. This has 
resulted in part from a misunderstanding of the 
internal hydraulic behaviour of SSTs, and un
derlines the need to apply a better understan
ding of the hydraulic effects that pertain to the 
efficiency of BOD and solids removal.

Although most of the discussion regarding

SST hydraulics relates to flow within the tanks, 
several issues upstream of the tanks are also of 
importance. Where the flow to or from the 
plant must be pumped, the headloss through 
the plant requires additional energy, which 
must be limited especially in larger plants. In 
plants with excess head through the plant, 
careful consideration should be given to avoid 
excessive turbulence and possible floc breakup. 
The design of feed systems should be such that 
under the range of expected flow conditions 
and with either of the aeration tanks or sedi
mentation tanks out of service, the flow into the 
sedimentation tanks will be equally distributed. 
In many instances, SSTs are dedicated to one 
reactor. It is important to combine the flow 
from the reactors and redistribute the flow to 
the SSTs to avoid excessive loss of capacity when 
taking either reactors or SSTs out of service for 
maintenance.

The hydraulics through the tanks is impor
tant in that the following functions must be 
achieved:

• accurate flow splitting
• flocculation
• energy dissipation
• minimizing density currents caused by

changing temperature, salinity or solids load
• ensuring uniform flow to the effluent

launders
• avoiding adverse internal currents caused

by the sludge removal mechanisms
• assuring maximum retention of both liquid

and sludge with minimal short-circuiting.
The previous chapter described one-dimen

sional, two-dimensional and three-dimensional 
SST modelling of fluid movements within the 
tanks. The design of the physical structures that 
affect the fluid movements can impact the 
effectiveness of the sedimentation process. The 
structures to be considered are:

• inlet structures
• baffles
• sludge withdrawal devices
• effluent weirs.
Many of the above features affecting hyd

raulic behaviour of tanks are described in the
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Figure 6.1. Short circuiting in circular SSTs (redrawn 
from Lively et al. 1968). Dye retention 
study, Cleveland, Ohio; 34.1 m 
diam. x 3.66 m SWD; QI = 394 l/s;
RAS = 101 l/s; SOR = 1.55 m/h.

remaining sections of this chapter and in 
Chapters 7, 8 and 9.

6.2.2 Residence time distribution
Much of the earlier work on sedimentation 
tank efficiency was aimed at characterizing the 
hydraulic regime within the basin and whether 
or not short-circuiting was occurring or dead 
spaces existed. Test procedures concentrated 
on taking measurements over long periods and 
only at the effluent weir. The relationship be
tween hydraulic flow regime and removal 
efficiency was inferred but never really estab
lished. Recent work centres on understanding 
fluid movements within the tank and relating 
them to actual removal efficiency.

Camp (1946) introduced typical residence 
time distributions in the range from a continu- 
ous-flow stirred tank reactor (CSTR) to a plug 
flow reactor. He states that generally the rec
tangular, longitudinal-flow tank yields a better 
curve with a later and a higher peak than the 
curve obtained from a circular, centre-feed tank. 
It should be noted that the curves presented by 
Camp (1946) refer to clear water conditions 
and are thus not applicable as such to the SST 
situation. They nevertheless indicate hydraulic 
profiles of settling tanks and demonstrate that 
plug flow characteristics cannot be achieved. It 
was previously assumed that the closer the flow 
approached plug flow, the higher the clarifica
tion efficiency would be. This conclusion has 
been criticized in recent years because it fails 
to take into account the fluid movements within 
the SST, which markedly impact the efficiency 
of clarification.

The detention efficiency for sedimentation 
tanks, defined as the ratio of the actual to the 
theoretical displacement time, is always less

than unity. The actual retention time might 
refer to either the modal peak of tracer recov
ery or the time of recovery of a specific amount 
of the tracer. It is least for circular tanks with a 
centre feed, more for circular tanks with a 
peripheral feed and greatest for rectangular 
tanks. However, the removal efficiency of the 
three types of tank does not necessarily follow 
this trend in detention efficiency. Albertson
(1992) stated that detention efficiency does not 
govern the clarification efficiency (effluent sus
pended solids (ESS) obtained), but it will limit 
the clarification capacity (tank loading capacity 
or SOR). Krebs (1991) found from laboratory 
experiments with clay powder suspended solids 
(SS) that under density-affected conditions the 
travelling time from the inlet wall to the outlet 
wall is longer in a longitudinal tank than in a 
circular tank, whereas the transverse flow tank 
was found most sensitive to short-circuiting. To 
maximize the detention efficiency, the SST 
design must minimize energy gradients at the 
influent and effluent, control density currents, 
maximize the cross-sectional utilization of the 
basin, and prevent the sludge blanket from 
encroaching on the clarification volume. The 
ASCE CRTC studied the same issues at full 
scale and found that non-ideal flow behaviour 
of SSTs was strongly influenced by the solids 
loading to the SST, which created density 
currents and decreased the clarification volume 
available. Baffling and the method of sludge 
collection could mitigate the negative effects of 
density currents; the details of the CRTC work 
are discussed in Section 3.4.

Short-circuiting of feed occurs in two modes:
i.e. the feed reaches the underflow and the eff
luent prematurely. The ideal SST would have 
both feed liquid and feed solids leave the SST 
on a first-in-first-out basis. While this is not 
achievable, the goal remains.

Lively et al. (1968) studied the sludge and 
liquid retention characteristics of a centre draw- 
off SST (34.1 m in diameter, 3.66 m deep). The 
results are shown in Figure 6.1. Lively et al 
observed that the dye appeared in the under
flow within 10 min and peaked in the overflow 
at 40% of the theoretical displacement time. 
The SST was operated at a surface overflow 
rate (SOR) of 1.55 m/h and a solids loading rate 
(SLR) of 3.9 kg/m2.h.

Lumley and Horkeby (1988) studied the liquid 
and sludge retention time in a rectangular SST 
60 m long. They found that the sludge reten
tion time was 76-91% of the nominal retention 
time. The modal peak of tracer in the effluent 
occurred at 32-38% of the nominal retention 
time (available above the sludge blanket) and the 
average/nominal retention ratio was 54-76%.

Crosby and Bender (1980) developed several 
dye test procedures that can provide insight
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into the fluid behaviour and solids distribution 
in an SST (these were later absorbed into the 
ASCE CRTC SST testing protocol; see Section 
3.4). They concluded that few operating SSTs 
imitate the theoretical model, although their data 
do not refute accepted theories of design. In 
addition they found that:

• The means for controlling hydraulic bal
ance between SSTs is often inadequate

• Balance between inlet ports on an indi
vidual SST is sometimes poor

• Density currents are real, longitudinally per
sistent, and detrimental to effluent quality

• Influent baffling fails to intercept these
jets in some cases

• Hydraulic sludge headers do not perform
ideally; sludge distribution and removal are
not uniform and some riser pipes tend to
clog

• Sludges that settled rapidly seem to pro
duce higher velocity density currents, high
er turbulence and higher effluent turbidity
than more slowly settling sludges.

Short-circuiting can only be controlled in 
SSTs, not eliminated. The discussion above and 
material presented in later sections of this chap
ter and in Chapters 7, 8 and 9 on the design of 
the tank appurtenances offer some measures by 
which such control can be achieved.

6.2.3 Effect of flow variation
When the treatment plants receive effluent 
from a gravity feed, the flow pattern is dictated 
by the sewer hydrographs. In combined sewer 
systems, the peak flow to the plant ( Q i .p w w f ) is 
normally limited to a multiplier of the average 
dry weather design flow, Qiadwf- the UK, 
for example, the requirement is for the plant to 
handle 3 x Qiadw f, and another 3 x Qiadwf 
would need only primary sedimentation or 
would be diverted to storm flow ponds up to a 
value of 6 x Qiadwf- This means that the SST 
can be operated at a flow of 3 x Qiadwf for a 
week at a time. The actual requirements for 
stormwater treatment in other countries can 
differ by region but there is a tendency by regu
latory authorities in most developed countries 
to reduce stormwater pollution, which would 
result in more flow to the treatment plants. 
There is a greater tendency for stormwater 
storage in the form of detention ponds and 
underground reservoirs and thus higher flows 
to the plant. In regions with separate sewers 
there is more emphasis on stormwater treat
ment, through holding ponds with diversion of 
base flows or ‘first flush’ pollution to the treat
ment plant. The effect of such changes of policy 
on the treatment plant and on the SSTs should 
be thoroughly investigated.

Recent developments of combined sewer

overflows (CSOs) seek to use the sewer system 
for storage and real-time control of CSOs to 
maximize the use of the sewer system and 
minimize the overflows that might lead to more 
sustained peaks’ reaching the plant and thus 
resulting in the SSTs’ operating at peak con
ditions for longer times. At Pietermaritzburg, 
South Africa, severe infiltration resulted in the 
SSTs’ operating at more than three times dry 
weather flow for as long as a week. During such 
periods it was noted that the SSVI3.5 could 
drop to as low as 50 ml/g, possibly as a result of 
fine sediment that did not settle in the primary 
tanks and was thus incorporated in the biomass 
(De Haas 1995). Similar suppression of SVI 
values during storm conditions was observed at 
Sacramento, California, USA, which also serves 
a combined system (Parker et al 1996).

Pumped flows can present a problem for 
settling tanks in that square wave discharges 
may result. The effect of pump surges on eff
luent quality has been documented by City of 
Detroit personnel. Porta et al (1980) reported 
that by controlling surges resulting from pum
ping, they eliminated the need for an additional 
four SSTs. Chapman (1983) noted that con
trolling the return activated sludge (RAS) rate 
as a constant fraction of the influent flow rate 
seemed to magnify influent transients. Chap
man (1984) and Dietz and Keinath (1984) 
found that settler response to a step increase in 
the flow rate was of the order of 30 min. The 
coupled dynamic model of an activated sludge 
SST, reported by Zhong et al (1996), showed a 
peak effluent concentration about 30 min after 
a sudden increase in the MLSS; this was shown 
to correspond with the time of arrival of the 
density shock wave at the end wall. Both Chap
man (1984) and Dietz and Keinath (1984) rec
ommended that pump surges be controlled by 
steps such as equalization, system storage or 
careful pump selection.

Size and features of the SST no doubt have a 
marked influence on the effect of hydraulic 
transients: SSTs with more marginal design fea
tures are impacted more. For instance, Chap
man (1984) used a circular pilot SST of 2.4 m 
diameter with a depth of only 2.5 m. This pilot 
SST demonstrated a significant increase in ESS 
as the overflow rate increased, even at steady- 
state conditions. It is therefore not really sur
prising to see a greater effect of flow transients 
in the same pilot SST. The data show that when 
the flow rate suddenly increased (as would hap
pen with a constant-speed pump being brought 
on line), there was usually a significant increase 
in effluent turbidity. This was no doubt due to 
the influence of hydraulic effects stirring up the 
sludge blanket as well as a transient increase in 
the density current and its rebound effect in 
this small pilot SST.
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Full-scale studies at the Rya Wastewater 
Treatment Plant of shallow large rectangular 
SSTs (L = 59.5 m, B = 7.8 m and side water 
depth (SWD) = 2.75 m) also showed negative 
consequences of step changes in flow (Lumley 
and Balmer 1987). The sludge blanket near the 
outlet was easily eroded, causing high solids 
losses (to 120 mg/l) induced by the increased 
velocities and turbulence caused by the hydrau
lic transient. These losses could be partly miti
gated by increasing the return rate to decrease 
the blanket depth during the transient event, 
but too high a return rate caused excessive 
turbulence within the SST and had negative 
effects on effluent quality. The latter condition 
might have been caused by the fact that the 
sludge hopper was placed at the inlet of the 
tank and therefore all of the return sludge had 
to be brought countercurrent to the main tank 
flow.

Deeper SSTs have been known to handle hy
draulic transients reasonably well without upset, 
presumably because there is more separation 
between the effluent launders and the sludge 
blanket. For instance, at a system at Eureka, 
California, USA, the cycling of constant-speed 
pumps on an interceptor feeding the plant had 
no measurable impact during wet-weather flow 
events on circular SSTs with an SWD of 4.7 m 
(D.P. Norris, personal communication). How
ever, even in deeper tanks, where sustained 
storm flows are encountered, sludge transfer to 
the SSTs should be taken into account. Various 
authorities have regulations for SST design in 
activated sludge plants, based on peak hourly 
flow, or set overflow rates for say 2  h or 3  h 
sustained peaks. The arbitrariness of some of 
these regulations has been addressed by the ATV 
and Dutch STOWa design procedures (see Sec
tions 4.8, 4.9 and 4.11), which take the ampli
tude of storm flows into account in designing 
for sludge storage. Hydrodynamic models now 
make it possible to custom design SSTs for 
specific conditions for complying with set efflu
ent limits.

Typical designs for activated sludge systems 
do little to mitigate the effects of hydraulic 
transients (Olsson et al 1986). However, pilot 
studies showed that the provision of freeboard 
in the aeration basin coupled with the use of an 
appropriate weir design on the effluent of the 
aeration basin would allow transient effects to 
be mitigated and reduce the effect on ESS 
(Olsson et al 1986). However, such variation in 
water surface elevation is not compatible with 
some types of mechanical aeration system. The 
variable liquid elevation means that higher 
headlosses will be experienced between the 
aeration tank and the weir, increasing the likeli
hood of floe breakup (Teldppe 1996).

Some types of hydraulic control for surface

aerator immersion, which varies the aeration 
basin levels, have been known to cause prob
lems with SSTs. For instance, some oxidation 
ditches have a level-control outlet weir. If the 
weir lowers too quickly it can create a hydraulic 
surge of mixed liquor to the SSTs (Teldppe 
1996).

Variable speed control is now commonly used 
with pumps, and effects from sharp hydraulic 
transients can normally be avoided completely.

Equalization basins are occasionally used in 
wastewater treatment plants to minimize the 
effects of hydraulic peak flows on the biological 
treatment process. Because SSTs in municipal 
plants are typically at their critical loading 
condition during storm events, any decrease in 
peak flow rate through the plant afforded by 
the incorporation of flow equalization will 
decrease the size (or number) of SSTs required.

Beyond the impacts on the SST, hydraulic 
transients can negatively affect primary sedi
mentation tanks and aeration tanks, causing the 
process effluent to be impaired (for example 
bleedthrough of ammonia in a nitrifying treat
ment plant).

6.3 General design considerations
SSTs do not accomplish their function in iso
lation; that is, their operation and design are 
significantly affected by upstream process and 
hydraulic conditions. Designers should account 
for the need to maintain a workable environ
ment for operators and site considerations.

6.3.1 Interactions with other processes
As discussed in Chapter 2, the operation of the 
biological treatment process is a major determi
nant of the settleability of the mixed liquor as it 
is conveyed to the SST. The performance of the 
SST is a function of both the characteristics of 
the biological solids to be settled and the 
particular design and hydraulic features of the 
SST. Specific SST design features are discussed 
in Chapters 7, 8 and 9.

It is widely recognized that there are inter
actions between the optimal sizing of aeration 
tanks and SSTs and the literature is replete 
with various optimization studies (see, for exam
ple, Keinath et al 1977). Modem activated 
sludge models can now be coupled with 2-D 
hydrodynamic models for plant designers to 
study more precisely the dynamic interactions 
(see, for example, Merrill et al 1992; Vitasovic 
et al 1994). More details of these interactions 
are presented in Chapter 5.

When the effluent weir in a surface aeration 
plant is too close to the aerators it can result in 
carryover of broken up floc to the SST, raising 
effluent turbidities. In contrast, oxidation dit
ches, which typically remove mixed liquor at a 
distance from the mechanical aerators, allow
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reflocculation and production of low effluent 
turbidities (Tekippe 1996); see Section 2.8.6 for 
a further discussion of the phenomenon.

Provision of adequate and effective influent 
screening is essential for reliable process oper
ation. If ‘screenings’ are passed through to the 
secondary treatment process (even after grind
ing), the turbulent mixing of the aeration tank 
will tend to weave them into balls and result in 
clogging of orifices. This is especially prob
lematic with Vacuum’ sludge removal systems, 
which typically have small diameter orifices that 
can be clogged by such material. Also, certain 
types of return sludge pumps are susceptible to 
clogging with ‘screenings.’

It is considered poor design practice to place 
pumps between the aeration tank and SSTs 
because of the floc breakup that would be 
induced. Plant studies showed that an Archi
medes screw pump subjected mixed liquor to 
very high G levels (3,500/s) and resulted in 
significant floc breakup (Brown and Caldwell
1993). Also, as discussed in Section 3.5, large 
drops in the hydraulic profile (water falls) can 
cause floc breakup as well. Instead, the hydrau
lic profile should be designed to allow the gentle 
gravity transfer of mixed liquor from the aera
tion tank to the SST Where pumping cannot 
be avoided, consideration should be given to 
flocculator centre wells or some other floccu
lation step immediately after pumping.

Interactions with downstream processes must 
also be considered. For instance, where effluent 
filtration is required for water reuse, the ability 
to produce consistently low ESS will reduce the 
required investment in effluent filtration. Cost 
savings can accrue from the use of higher 
hydraulic loading rates or from the substitution 
of less expensive shallow-bed surface filters for 
deep-bed filters.

6.3.2 Use of sludge reaeration to reduce 
solids loading rate

Provision of step feed and sludge reaeration 
capability in activated sludge aeration basins 
has long been recognized as a way to decrease 
mixed liquor concentrations and therefore solids 
loading rates on SSTs. This approach decreases 
the solids transfer to the SST and therefore 
decreases the negative consequences on ESS of 
sludge blanket-induced effects (Torpey and 
Chasik 1955; Uhte 1970; Parker and Merrill 
1976; Parker 1983; Keinath 1985; Buhr et al.
1984). Process development calculations were 
originally based upon simple mass balances ac
ross the various reactors and occasionally were 
subject to controversy as to whether or not they 
accurately incorporated the mechanisms invol
ved (see, for example, the discussion by Jones 
and Schroeder (1985) of Buhr et al. (1984)). 
Today, however, well-accepted models exist that

allow descriptions of the various flowsheets. 
These typically use accepted models such as 
the IAWQ activated sludge model (ASM) No. 1 
(Henze et ah 1987) or similar models based 
upon the same fundamentals (for example, Bio- 
sim from EnviroSim (1990), which was used to 
generate the results in Table 6.1).

Table 6.1 shows the results for an analysis 
with Biosim of a nitrifying plant in three differ
ent configurations. In each case, the total 
volume of reactor and SRT is the same. Each 
configuration assumes the same four reactors in 
series. In the conventional mode, all the influent 
is fed to the first aeration basin. In the sludge 
reaeration mode, all of the influent is fed to the 
second aeration basin in the series. This in
creases the MLSS concentration in the first 
basin to that of the return sludge concentration 
and decreases the sludge mass in the remaining 
basins as the SRT is held at the same value. 
Under the step feed mode, the influent is evenly 
split between the second, third and fourth 
basins. As can be seen from the table, there is 
relatively little difference in nitrification perfor
mance (effluent ammonia concentration rises 
from zero for the conventional process mode to
2 mg N/l for the other two modes). However, 
there is a major difference in the MLSS level 
that the SST ‘sees’ so that the solids loading 
rate is decreased by 33% when switching from 
the conventional mode to the sludge reaeration 
mode. The solids loading rate on the SST is 
decreased by 41% in a switch in mode from 
conventional to step feed. This flexibility is es
pecially useful where winter ammonia stan
dards are not as strict as those in summer. Step 
feed can then allow longer SRTs in winter to 
prevent the washout of nitrifying organisms 
without overloading the SST

In cases where a small decrease in effluent 
quality can be allowed during storm events, there 
is an alternative way of achieving the benefits of 
sludge reaeration or step feed in decreasing the 
solids loading rate on SSTs. During the storm 
event, a portion of the influent is directed to 
the influent of the SST where it mixes with the 
flow from the aeration tank. This results in a 
direct decrease in the solids loading rate on the 
SST This provision can be most easily accom
modated when the aeration basin is folded so 
the influent to the SSTs is near the influent to 
the aeration basins. Because of stormwater dilu
tion of the influent wastewater under these 
conditions, the impact on secondary effluent 
quality is often small. This practice has been 
adopted in South Africa for more than 15 years 
when the effluent limits would allow it.

6.3.3 Flow control
There are four general means for maintaining 
influent flow splitting to SSTs (WPCF 1985):
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Table 6.1. Biosim predictions for effects o f process configuration on SST solids loading rate

Configuration
Property Conventional Sludge reaeration Step feed
Total flow (Ml/d) 24 24 24
Temperature (°C) 15 15 15
Primary effluent quality (mg/l)

COD 400 400 400
TKN 40 40 40

Design conditions
Number of aeration basins, AB 4 4 4
Volume of each (Ml) 2 2 2
Return rate (%) 50 50 50
Solids residence time (d) 12 12 12
Feed fraction

AB1 100 0 0
AB2 0 100 33
AB3 0 0 33
AB4 0 0 34

Effluent quality (mg/l)
Ammonia (FSA) 0 2 2
Nitrate (NO3-N 30 28 28

Operating conditions
MLSS (at 80% volatile) (mg/l)

AB1 3,900 7,549 6,400
AB2 3,900 2,700 3,900
AB3 3,900 2,700 2,900
AB4 3,900 2,600 2,300

Relative SST solids loading rate* (%) 100 67 59

° Here SLR has the definition generally accepted in English speaking countries and includes the return activated 
sludge flow rate in the calculation.

(1) geometric symmetry in piping, (2) flow meas
urement and feedback control, (3) hydraulic 
weir split, and (4) feed gate control. The sim
plest systems are the last two hydraulic systems 
listed as they require the least maintenance and 
attention for operation. However, they require 
the most headloss through the facility, a par
ticularly important consideration in retrofitting 
existing facilities with established hydraulic 
gradelines. Getting good splits with weirs, how
ever, requires good approach conditions and 
the elimination of uneven velocity components 
that could otherwise interfere with the flow 
splitting. SSTs placed along an aerated, com
pletely mixed distribution channel can use gates 
that use headloss to obtain good distribution 
(typically the criterion is to achieve a 10:1 head
loss ratio through the gates compared with the 
headloss along the channel). A more accurate 
means is to use cut-throat flumes instead of 
gates. With such flumes it is possible to obtain 
flow measurements through the flumes to 
confirm flow splitting or to conduct special 
testing.

In general, the symmetry method is not pre
ferred as the splitting is not as positive as the 
other methods and imbalances are difficult to 
correct and detect. Flow control valves with
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flow measurement and feedback control are 
preferred where low headlosses must be ob
tained and to conform to tight hydraulic grade
lines. However, such systems are more expensive 
and require more maintenance than the hyd
raulic systems.

In general, it is not good practice to use 
equal effluent weir elevations to obtain equal 
flow splitting. First of all, it is often difficult to 
maintain equal weir elevations throughout the 
life of a plant owing to settling. Sackellares et 
al (1984) report that with three parallel SSTs 
with uneven weirs, two of the SSTs received 36% 
of the flow each, whereas the third received 
only 28% of the flow. Secondly, uneven head 
elevations in the influent channel feeding the 
SSTs can lead to flow imbalances even with 
equal effluent weir elevations (WPCF 1985).

6.3.4 Sludge blanket management
In both rectangular and circular SSTs studied, 
the close approach of the sludge blanket to the 
effluent weirs has been observed to cause an 
increase in ESS concentrations, particularly at 
the high overflow rates characteristic of North 
American practice (see, for example, Parker 
and Curley 1985; Merrill et al 1992; Wahlberg 
et al 1993; ASCE CRTC 1995). Therefore, in
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North America the desired design and oper
ational objective are to maintain minimum blan
kets, except for peak events (for example PWWF 
in municipal plants (Parker 1983; Albertson 
1992)). In contrast, German practice is to main
tain a blanket under practically all conditions to 
achieve high sludge concentrations in the return 
sludge. Except for the very deep ‘vertical’ SSTs 
discussed in Chapter 9, overflow rates in 
Germany are typically significantly lower than 
in North America owing to the use of higher 
MLSS concentrations in the biological reactor 
(ATV design procedures and examples are pre
sented in Chapter 4).

Selection of RAS design capacity is especially 
important, as inadequate sludge return capacity 
is a common cause of poor SST performance. 
In the study conducted by the ASCE CRTC, 
design return sludge capacity was found to be a 
capacity bottleneck in the SSTs studied; that is, 
thickening overload conditions observed could 
have easily been rectified if sufficient RAS 
capacity had been available (Wahlberg et al.
1994). In general, the provision of a return 
capability of 100% of the ADWF is adequate, 
unless the ratio of PWWF to ADWF exceeds 
2.5:1; in the latter case an absolute minimum 
return capability of 40% at PWWF is a desir
able objective. Some designers provide as much 
as 75% of PWWF (ATV 1991). Too high a rate 
can cause deteriorations in ESS in both circular 
and rectangular SSTs (Davis and Pitman 1980; 
Lumley and Balmer 1987). Davis and Pitman 
(1980) showed, through dye studies, that the 
hydraulic pattern in a suction lift SST could be 
severely disturbed when the RAS rate exceeds 
the average influent flow rate. This tends not to 
be a problem when the RAS rate is restricted to 
less than 50% of the influent rate. Stukenberg 
et al. (1983) asserted that, contrary to popular 
belief, circular SSTs will operate satisfactorily 
when equipped with sludge scraping mechan
isms owing to the elimination of hydraulic 
currents created in tanks with high return rates 
when using suction lifts. In contradiction of 
this, Günthert (1984) documented direct short- 
circuiting at high return rates from the inlet to 
the underflow when employing scraper mech
anisms in circular SSTs. The rate of direct 
short-circuiting from the influent to the return 
sludge flow is shown in Figure 6.2 for four 
plants studied. The short-circuiting increased 
the average residence time of the sludge in the 
SST and resulted in problems of rising sludge 
with a concomitant higher ESS owing to de
nitrification. It was also found through dye 
studies that the circular tanks with scrapers 
were hydraulically less efficient as the return 
rate increased, although the effect differed be
tween plants. The effects of high RAS rates on 
tank hydraulics cannot be generalized for all

Figure 6.2. The influence o f underflow recycle ratio (R) 
on the short circuiting.

SST designs and the hydrodynamic models 
discussed in Chapter 5 can be used to predict 
the effect of excess return rates on effluent 
quality.

Solids flux design procedures can be used to 
select design return rates. In solids flux theory, 
the thickening function is essentially defined in 
terms of how quickly the mass of solids 
entering a SST is transmitted to the bottom and 
removed in the return sludge flow; if more 
solids are applied to the SST than can be trans
mitted to the bottom and removed, then solids 
will accumulate as a sludge blanket. If this 
overloaded condition continues, the sludge blan
ket can propagate to the surface of the SST 
resulting in a gross loss of solids in the effluent. 
Even if the sludge blanket does not reach the 
SST surface, effluent quality deteriorates by the 
scouring of solids from the elevated blanket 
(see Section 5.5.2). A full description of solids 
flux procedures, useful for both design calcu
lations and operational guidance, is presented 
in Section 4.5.

Owing to the infrequency of peak storm 
events in some systems, some designers have 
provided for cationic polymer addition during 
such events, to permit a higher peak design 
SLR and thereby eliminate some of the SSTs 
that would be needed only to provide treat
ment for those infrequent events (Landon et al 
1996).

Specifics of the means of providing return 
sludge pumping are important. To maintain 
positive control over sludge pumping and take
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full advantage of the pumps dynamic head, 
dedicated return sludge pumps are directly 
piped to a suction sludge removal system with 
no intervening sludge sump. In large plants 
with circular SSTs this is often done by pro
viding one pump per SST with a standby pump 
serving adjacent units. Standby capacity can 
also be provided by using two pumps per SST 
whose total capacity is on the order of 150% of 
the design requirement. With variable pump 
speed control, the design requirement can be 
met at an efficient point for the pump; with one 
pump out of service, at least 75% of the design 
objective can be met. Note that siphon sludge 
collectors with multiple tubes are not recom
mended, because of their poorer performance 
(see Chapter 7). Direct pumping of return sludge 
for rectangular tanks is more complex owing to 
the various sludge withdrawal points and is 
discussed in Chapter 8.

In general, using a common sump to which 
collected sludge from several modules is 
pumped is hot as attractive, because the advan
tages of direct pumping described previously 
are lost. To provide proper control and flow 
splitting when using a common sump, control 
valves and flow metering should be provided 
for each SST. The control of the system be
comes dependent on the successful calibration 
and maintenance of multiple flow meters and 
flow control valves, which means that the sys
tem can be disrupted by the malfunction of a 
single valve or flow meter.

There is no unanimity in practice on the 
design and operation philosophy for the oper
ational control of return sludge rates. Some 
designers provide continuous measurement of 
sludge blankets and expect operators either to 
make manual adjustments in return rates or to 
provide control algorithms within a computer 
control system for controlling rates. Others pro
vide a flow-paced control with operator adjust
ment to account for field measurements of 
blanket depths. Online control based on the 
continuous measurement of sludge settling 
rates has never been applied successfully in the 
field, except in a research environment, but 
one designer advocates the control of return 
and overflow rates based on the frequent 
measurement of initial settling velocity of the 
sludge (Vzs), divided by a safety factor (Wilson 
and Lee 1982). This latter procedure is well 
grounded in solids flux theory and similar ap
proaches have been used in computer control 
algorithms in North America and Europe. It 
should be possible to use the type of hydro- 
dynamic model described in Chapter 5 for on
line process control. For instance, this approach 
would allow the consideration of specific SST 
internal features, such as the effect of the tank 
inlet to sludge blanket depth in a manner not

possible by algorithms based on solids flux. On
line control by means of hydrodynamic models 
has not been demonstrated so far.

Specifics of sludge removal mechanisms for 
circular and rectangular SSTs are described in 
Chapters 7 and 8 respectively.

6.3.5 Site considerations
Generally SSTs are one of the least odour- 
producing elements of the treatment process 
and they are often the most attractive feature 
from the publics perception. They therefore 
usually do not require covering and are often 
the process units placed closest to the plants 
property line.

Groundwater elevation and consideration of 
tank buoyancy in design are important. High 
groundwater levels can incur increased dewater
ing costs during construction and increased 
costs for measures to combat buoyancy during 
operation. Although pressure relief valves can 
be used, there have been enough accidents 
caused by sticking valves for some agencies and 
engineers to prefer to use thickened floor slabs 
and footings to provide sufficient mass to 
counteract the buoyant effects. Some engineers 
prefer to have a gravel layer below the founda
tion and protect against uplift by placing hori
zontal pipes through the wall with flap gates 
(Tekippe 1996). Alternatively, some designers 
prefer to use shallow SSTs with a greater sur
face area to minimize the buoyancy effect; this 
seems to be the approach taken in The Nether
lands (see Section 4.9). Still another approach 
in situations with high groundwater levels is to 
design the plant with the tank foundations 
above the groundwater level by the provision of 
influent or intermediate pumping to raise the 
hydraulic gradeline. Piles have also been used 
to hold tanks down.

It is often claimed that rectangular tanks re
quire less land area than circular tanks (see, for 
example, WPCF 1985), but this is based on the 
assumption that each type of SST will produce 
the same result under the same peak SOR and 
SLR. The assumed equality of the SST configu
rations has never been proved and in fact was 
an identified research objective of the ASCE 
CRTC (Wahlberg et al 1994). This simplistic 
assumption of equal surface loading rates for 
circular and rectangular SSTs allows the use of 
geometry to show that if the SSTs were sized 
on an equal area basis, the circular tanks would 
require 22% more area than rectangular tanks.

There is reason to believe that the two types 
of tank should behave differently, as their hy
draulic behaviour can be shown to be different. 
In rectangular SSTs the flow cross section is 
constant, whereas in circular SSTs with radial 
flow from the centre to the periphery the flow 
cross section expands with the distance from
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the centre, which can be partly mitigated by 
the presence of a sloped bottom. The specific 
loading per unit width in a circular centre feed
tank is higher than a rectangular tank at the 
inlet, but lower at the outlet. (There is a type of 
rectangular tank, termed a transverse tank in 
Chapter 8, where the latter is not true.)

There is at least one set of data that offers 
some support for the assumption that loading 
rates of the two tank types should be equal. 
STOWa conducted SLR stress tests not only on 
circular SSTs (STOWa 1981a,b,c) but also on 
three rectangular SSTs (STOWa 1983) (see Sec
tion 4.7.2). They concluded that the same 
guideline linking SOR and sludge volume load 
(DSV30; see Equation 4.23) for circular SSTs 
also applies to rectangular SSTs. The ATV also 
applies the same overflow rate criteria for both 
types of tank. However, a direct comparison 
might not be valid because it was concluded in 
Section 4.7.2 that the internal features of the 
SSTs might have been a cause of the 25% 
decrease in permissible SLR. The rectangular 
SSTs tested by STOWa failed (high sludge 
blanket and gross loss of solids) at SLRs greater 
than about 5 kg/m2.h.

Contrary evidence to the assumption that 
both tank types perform equally is provided by 
another example. With higher reactor MLSS 
concentration (above 2,000 mg/1), SLR, rather 
than overflow rate, might govern the surface 
area. In well-designed tanks there is no or little 
effect of overflow rate on effluent quality (see 
Figures 1.4-1.6), yet SLR can be shown to 
influence it (Wahlberg et al. 1993; Parker et al. 
1996) (see Sections 1.3 and 3.4.2). One design 
group (Parker et al. 1993) investigated the 
demonstrated solids loading capacities of both 
circular and rectangular SSTs in North America. 
They found that circular flocculator-clarifiers 
had been loaded up to 12.5 kg/(m2h), whereas 
rectangular units had been demonstrated to 
SLRs of only half that value. Two parallel de
signs were laid out and cost estimated with the 
rectangular units having a peak solids loading 
30% lower than the circular units. As a conse
quence, the rectangular units required more 
land and construction cost estimates proved to 
be 50% higher. This identifies a research need. 
In the case examined, the design group could 
not credit the rectangular tanks with the same 
SLR capacity as the circular tanks because of 
the paucity of data. It is assumed that addit
ional research will demonstrate that most of the 
differences between circular and rectangular 
SSTs will be found by analysing the tank inter
nals, the flow features and operational proper
ties of each tank type.

In some cases the configuration of the land 
available can dictate the choice of tank configu
ration, with either circular tanks or rectangular

tanks fitting more easily into the available area. 
Also, any site layout must allow for space 
between units or banks of units to provide for 
influent and effluent conveyance and sludge 
pumping. Space can often be economized by 
placing sludge pumping and other utilities in 
galleries below influent or effluent channels. 
Rectangular tanks can provide common wall 
construction for influent and effluent channels; 
this is not possible with circular tanks.

In extreme cases where adequate land is just 
not available, double-deck rectangular tanks 
have been built. First developed and applied in 
Japan, they have been applied successfully in 
other locations (Kelly et al. 1996; Landon et al. 
1996) including the large plant serving the 
metropolitan Boston area. Vertical clarifiers 
should also be considered, where space must 
be economized (see Chapter 9).

6.3.6 Size constraints
In practice, to avoid excessive LIB ratios and 
resultant high tank velocities, rectangular SSTs 
are seldom built longer than 110 m, as the 
widest flights available are 6 m. Although paral
lel sets of flights can be used in a single tank, 
consideration of acceptable minimum ratios of 
length to width limit the maximum size of rec
tangular tanks. Although circular SSTs up to 
185 m in diameter have been reported (WPCF
1985), their use is uncommon. In municipal 
plants, circular SSTs are seldom above 50 m in 
diameter, although larger tanks can be found in 
industrial wastewater treatment plants. Typic
ally, overflow rates are very low in these indus
trial units, so performance relationships are not 
known for very large tanks. Probably the factor 
most constraining the use of larger tanks in muni
cipal plants is that performance relationships 
are unknown.

Wind effects can cause seiche currents in large 
SSTs, causing upsetting currents and higher dis
charge rates over launders on the downwind 
side of the tanks. As tanks become larger so 
does the influence of wind on tank operation. 
Where such effects are pronounced, the tanks 
can be covered or tall fences constructed around 
the perimeter of the tanks. Proper sizing of 
fences could require model testing in wind 
tunnels, or hydrodynamic modelling.

6.3.7 Operator convenience, access and 
safety

WPCF (1985) offers excellent guidance on 
considerations of making SST facilities operator- 
friendly and safe. Obviously, all applicable gov
ernment safety codes and regulations need to 
be followed. However, these codes are often 
not specific to SSTs and need interpretation. 
For instance, although handrails might be 
specified, consideration needs to be given to
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providing safe access to equipment while it is in 
service. As an example, inboard weirs are more 
difficult to clean than peripheral weirs. Four 
methods are described in Section 7.9 to deal 
with this.

In climates with inclement weather, galleries 
are often provided for operator access to pumps 
and piping. Care should be given in design to 
ensure that the galleries are not congested 
working spaces and provide ample space for 
the disassembly of equipment and easy means 
for removing pumps and motors for required 
off-site maintenance work. Mechanical lifting 
equipment within the gallery should be provi
ded for moving heavy pieces of equipment out 
of the gallery (usually through hatches or an 
elevator). Floors should be sloped to a gutter- 
type drain on one side of the gallery (with the 
gutters leading to a sump and pump station) so 
that no standing water ever accumulates. Simply 
sloping floors to floor drains has often proved 
inadequate because of inadequate slope or care 
in construction and also because the floor is 
then the primary means of conveyance of drain
age water, which can create unsafe conditions.

Safety codes usually require or specify the 
number of exit points from a gallery, but two is 
considered a minimum. Galleries should always 
be well lighted and ventilated.

Pump controls should be well placed so that 
the operator can diagnose problems or make pro
cess control observations when making adjust
ments.

Covered SSTs require special consideration. 
Not only must easy access and removal of cover 
plates be provided, but also high-volume ven
tilation for times when operators must enter 
the tank. Low covers are normally preferred, 
rather than a covering with a building, as capi
tal and maintenance costs of the former are less 
and ventilation requirements are lower. How
ever, this means that the tank must be emptied 
before entry. Manufacturers now make inter
locking aluminum panels that are narrow enough 
in their individual sections that two persons can 
easily lift them without requiring special equip
ment. Safety codes usually require information 
signs, ventilation requirements and other pro
visions. All desired practices should be written 
down in procedures manuals and all operators 
should receive safety training and refresher 
courses.

Access for maintenance needs more attention 
than is often given. For instance, some design
ers pay special attention to the need for weir 
cleaning in circular tanks by avoiding the use of 
railings at the tank perimeter and recommend 
filling the earthwork in the SSTs to up to 1.2 m 
below the top of the tank wall. This allows oper
ators to reach over the wall and conveniently 
hose down weirs with no interference from

handrails. Perimeter walkways also facilitate 
this (Tekippe 1996). Good access to any gates 
or valves must also be provided. For instance, 
where multiple tube suction draw-off is used, 
access to the suction control valves is often 
difficult (Tekippe 1996).

Provision should also be made for grab sam
pling by operators and sludge blanket measure
ments; ample provisions should also be made 
for hose bibs to allow operators to conveniently 
clean weirs and scum removal areas (Tekippe 
1996).

When using peripheral drives, ladder access 
is important. Also, inboard launders can be 
fitted with brushes, and provision should be 
made for the removal of objects in front of the 
driving wheels. These provisions also serve as a 
warning for feet and hands.

Adequate tank lighting should be provided. 
All utility tunnels should also have proper 
lighting. The planting of trees near SSTs should 
be avoided if possible as they can drop leaves 
and plug up scum removal systems (Tekippe 
1996).

6.3.8 Effluent launders, weir troughs and 
scum handling

The typical effluent launder design is one where 
weir plates (launders are often two-sided) are 
set in a weir trough. The weir plates allow for 
vertical adjustment as long-term settlement of 
sedimentation tanks is common for almost all 
foundation conditions except rock. Even then, 
adjustability is desirable to make allowance for 
variations in levels during construction. As 
noted earlier, misaligned weirs have caused 
large flow imbalances between some SSTs and 
within SSTs. Weirs are either V-notch or 
square-notch. Square-notch weirs tend to accu
mulate less debris than V-notch weirs and are 
therefore preferred by some designers.

Algae routinely form on weirs and are un
sightly. Some designs deal with this by provi
ding safe and routine access to the weirs for 
cleaning. As noted in the previous section, 
some designers attach brushes to the rotating 
mechanism, which provides continuous clean
ing. Others (in North America) have either pro
vided for the spray of chlorinated effluent or a 
chlorination diffuser below the water surface at 
the weirs to combat the problem. Covering the 
SSTs or the launders eliminates light and 
thereby prevents algae growth.

Submerged tubes have also been successfully 
employed as launders. They consist of sub
merged pipes; instead of weirs, orifices are 
placed at intervals along the side or top of the 
tube. Submerged tubes offer the advantage 
that they are less affected by level changes due 
to settlement of the tank and of course they do 
not require regular cleaning except during ann
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ual maintenance. Their disadvantage is that 
they typically require a level sensor on the tank 
with a control valve and feedback loop. This is 
an extra maintenance item. Further details on 
submerged tubes are presented in Sections 
7.9.1, 7.9.3 and 8.5.2.

Provision should be made for draining the 
launder when the tank is drained, usually with 
multiple orifices placed in the launder bottom, 
so that as the tank is either drained or filled, 
structural failure due to overload or flotation 
will not occur. Some designers provide drain 
valves instead of open orifices, but these are 
less fail-safe as they must be opened before the 
maintenance activity and access can be diffi
cult. Pressure-relief valves are sometimes used, 
but they are also not fail-safe. Where weir 
troughs are employed it is normal practice to 
provide a scum board next to the effluent laun
der to prevent the free flow of floatables over 
the weirs. Of course, with submerged outlet 
tubes this feature is not employed.

In developed countries it is now common to 
provide equipment for scum skimming and 
removal from the surfaces of SSTs. This can be 
in the form of a rotating tipping trough design 
in either circular or rectangular tanks, with 
arms or blades directing the sldmmings to the 
trough. Sluice water can be provided to convey 
flow to an adjacent sump and pump. The pump 
removes the skimmings for processing else
where in the treatment plant. In circular tanks 
it is common to use rotating skimming blades 
supported from the sludge collection mechan
ism. The blade directs the skimmings to a 
beach and pushes the skimmings up the beach 
into a trough. The trough can be set near the 
effluent launder or in some designs extends 
across the entire tank radius.

6.4 Special considerations for nutrient 
removal plants

In the design of biological nutrient removal 
(BNR) plants, special consideration should be 
given to the design of the SSTs owing to the 
interaction of biological processes with the 
sedimentation process as well as the effect that 
the sedimentation process can have on the eff
luent quality in terms of nitrogen and phos
phorus. Some of these interactions are:

• effect of the nutrient removal processes on 
sludge settleability

• effect of ESS on the effluent nitrogen and 
phosphorus levels

• effect of the sludge blanket or lack of it on 
the biological nutrient removal processes

• effect of secondary release of phosphorus.
The interaction of these factors is discussed 

in the following sections.

6.4.1 The effect of nutrient removal 
processes on sludge settleability

The success and failures of selectors to control 
bulking in BNR plants are discussed in Section 
2.7. The concept of the selector is similar to the 
high-rate Phoredox process (Barnard 1975, 
1976), proposed for phosphorus removal, which 
preceded the development of the AO process 
(Casey et al 1976), proposed for the control of 
filamentous bacteria. With the introduction of 
the pre-denitrification process, Barnard (1973) 
proposed that the provision of an unaerated 
first zone might assist in eliminating filamen
tous growth. However, this assumption was 
premature and severe bulking occurred in the 
first generation of BNR plants.

Albertson (1987, 1992) ascribed bulking in 
South African plants to the lack of partitioning of 
the anaerobic or anoxic zones of earlier nutrient 
removal plants, in accordance with the selector 
theory. This was contradicted by the experience 
of Osborn et al (1979), who demonstrated that 
the Goudkoppies five-stage Bardenpho plant in 
Johannesburg, which had a 1 h completely mixed 
anaerobic zone, could be operated at a DSVI of 
less than 100 ml/g provided that a sufficient 
number of the surface aerators were operating 
(see also Ekama et al 1996). The aeration 
system was overdesigned and the sludge age 
twice as long as safely required, owing to a lack 
of understanding of the process at the time. It 
was impossible to maintain a low DO concen
tration, especially over weekends, to decrease 
the DO being recycled to the anoxic zones 
without losing mixing in the aeration tanks. DO 
control consisted of controlling the immersion 
depth of the aerators or by switching off aera
tors. This had the effect of decreasing the nitrate 
concentration in the aerobic zone by promoting 
denitrification and decreasing nitrification, 
which was beneficial to the BioP removal be
cause less nitrate was recycled to the aerobic 
zone. Figure 6.3 indicates the effect on the SVI 
of switching off more than three of the twelve 
aerators. The dominating filament was identi
fied as Microthrix parvicella. The low DO in 
the aerobic zone resulted in internal denitrifi
cation, which also could have resulted in the 
formation of nitrogen oxides as described in 
Section 2.7.4. The three-stage Bushkoppie plant 
in the same catchment had some staging, but 
the first stage of the anaerobic zone was the 
same size as that of the Goudkoppies plant. 
The Bushkoppie plant had a fine-bubble aera
tion system and was operated with an SSVI3.5 
ranging from 40 to 60 ml/g. The Heidelberg 
plant experienced DSVI values as high as 
600 ml/g until the aerators were lowered to pro
vide better mixing, clearly illustrating the effect 
of underaerated zones in the aeration basin in
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Figure 6.3. Change in SVI (broken line) (and ESS, solid line) in Goudkoppies plant as related to aeration energy.

promoting the growth of M. parvicella (see 
Barnard and Hoffmann 1986).

There seems to be no pattern to the behav
iour of BNR plants, except in respect of aera
tion and the need to control the DO to lower 
levels. The earlier BNR plants in South Africa, 
were designed as extended aeration plants with 
SRTs in excess of 20 days. The energy input 
was usually in the order of 20-25 W/m3. When 
the plants were not fully loaded, the energy 
input would be even less, with low DO zones in 
the aeration basin resulting in the proliferation 
of M. parvicella. In later plants the SRT was 
decreased to less than 10 days and the resultant 
aeration energy density increased to more than 
60 W/m3. Van Huyssteen and Barnard (1989) 
reported a DSVI of 90 ml/g for a plant having a 
partitioned anaerobic zone plus surface aera
tion with high energy input, in spite of the fact 
that a mass balance showed more than 50% 
simultaneous nitrification and denitrification in 
the aeration basin. The pattern that seems to 
emerge in respect of aeration, as was also dis
cussed in Section 2.7, is that systems with low 
energy input that rely on simultaneous nitri
fication and denitrification in the same basin 
tend to have higher SVI s. These would include 
most channel systems and some surface aera
tion plants operating in the extended aeration 
mode or with intermittent aeration. Plants with 
energy inputs in the aeration basins of over 
50 W/m3 tend*to have lower SVIs.

Sludge bulking has also been observed in 
plants that need only seasonal nitrification. 
Where it is necessary only to remove ammonia 
in summer in the colder climates, attempts at 
seasonal nitrification met with severe sludge bul
king during the transition periods when nitrifi
cation is lost and when the plant is beginning to 
nitrify. The results from the Bonnybrook plant 
in Calgary, shown in Figure 6.4 (Wilson et al
1990), shows the increase in SVI during a

transitional phase. Where this loss of nitrifi
cation cannot be avoided, at the end of the 
summer, it is prudent to decrease the SRT 
sharply to decrease the nitrifier population 
rapidly, rather than prolong the process. This 
section relates only to the effect of biological 
nutrient removal process on final SST design. 
Further discussion of the control of filamentous 
organisms can be found in Section 2.7.

6.4.2 The role of suspended solids
In biological nutrient removal plants, phos
phorus is concentrated in the cells of the BioP 
organisms, which form part of the biomass. Ac
cordingly, the phosphorus content of the sludge 
mass can increase from the normal 1.5-2% to 
as much as 8-9%. Fukase et al (1982) found 
phosphorus concentrations as high as 12% and 
28% respectively when using synthetic sub
strate. The exact value will differ from plant to 
plant and can be determined from a mass bal
ance of solids production and overall phospho
rus removal. The effluent phosphorus consists 
of two major fractions, soluble and particulate. 
The soluble phosphorus can consistently be 
decreased to less than 0.1 mg/l (Stevens and 
Oldham 1992), albeit with the periodic assis
tance of a small dose of alum. In a situation 
where the mixed liquor contains 5% phos
phorus, each milligram of SS can contain as 
much as 0.05 mg P. However, because the BioP 
organisms are floc-formers that tend to clump 
together within the floes, it is unlikely that 
these organisms will be present in the same pro
portion in the dispersed suspended solids (DSS) 
after settlement. Therefore the P content of the 
DSS can be expected to be significantly lower 
than that of the MLSS. Nevertheless, to comply 
with a 1 mg/l effluent total phosphorus stan
dard, it is essential to keep the ESS below 
10 mg/l. The degree to which the ESS can be 
decreased below 10 mg/l will determine whether
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Figure 6.4. SVI (solid line) and nitrate (broken line) concentrations at Calgary's Bonnybrook Plant.

a further solids separation step will be required 
in order to comply with a low total effluent 
phosphorus requirement. The same applies to 
total N standards, except that for N one can 
expect proportionately similar N contents in 
the DSS and the MLSS. This is because the 
organisms and SS part of the biomass that form 
the DSS are likely to be on average similar in 
character to the MLSS out of which the DSS 
arises.

Thus, although many design procedures still 
refer to ESS values of 25 or 30 mg/1, the choice 
for nutrient removal plants is either to improve 
SST design or to look to tertiary treatment. If a 
very strict standard is required, the best option 
may be to avoid additional expense on SSTs in 
favour of tertiary treatment, such as sand filters 
or dissolved air flotation. For instance, at the 
Baviaanspoort plant in Pretoria, an ESS of 
about 5 mg/1 was required. Because some exis
ting SSTs were not of ideal design, dissolved air 
flotation was used after the SSTs because it 
allowed the removal of excess solids both from 
the two existing plants and from the new 
extension, as well as allowing for chemical 
addition to the final stream in the event of a 
failure of the BioP removal process in any one 
plant. For BNR plants there is therefore a need 
for optimization of SS removal, or for greater 
emphasis on the clarification function of SSTs. 
These options are discussed in Chapters 7, 8 
and 9.

More regulatory authorities are now pre
scribing total nitrogen (TN) limits of less than
3 mg/1 in the effluent. Such limits can be affec
ted by the unbiodegradable organic N and the 
TKN of the solids in the effluent, to the point 
where it is impossible to reach this standard. In 
such instances the removal of SS is also of 
importance to nitrogen removal.

6.4.3 RAS flow rate
For most optimally designed nutrient removal 
plants, the rate at which the RAS is pumped to

the front end of the plant is of great impor
tance. The RAS rate can also have an impact on 
the choice of sludge collector. For plants where 
the RAS flow is discharged to the anaerobic 
reactor, RAS rates tend to be kept as low as 
possible to decrease the mass of nitrate re
cycled to the anaerobic zone. This tendency has 
the effect of producing a more concentrated, 
lower volume stream, which will contain a lower 
mass of nitrate. This occurs for three reasons. 
First, because the nitrate is in solution in the 
liquid portion of the RAS, the lower the rate of 
return, the less will be the mass of nitrate 
returned. Secondly, having a sludge blanket in 
the final SST results in some decrease in nitrate 
concentration during the thickening stage. 
Within limits, it is possible to allow for a degree 
of denitrification without creating a problem of 
rising sludge. Thirdly, the decreased RAS rate 
will result in a higher SS concentration and a 
longer retention time in the pre-anoxic zone 
and the anaerobic basin, especially when dis
charging only a portion of the influent flow and 
a volatile fatty acid stream from a pre-fermen- 
ter to the anaerobic basin. Keeping the RAS at 
the lowest rate possible thus has a beneficial 
effect on the performance of the biological 
nutrient removal process. Wilson et al. (1990) 
showed this effect by using the Biowin simu
lation model of EnviroSim (1990) based on the 
IAWQ ASM No. 1 (Henze et al 1987; Dold et 
al. 1991).

The issue of denitrification as an operational 
problem in SSTs is discussed in Section 2.9.2. 
Siegrist et al (1995) attempted to use the 
potential for denitrification in the SSTs as a 
means of overall nitrogen removal. In the 
Zürich-Glatt plant with circular SSTs with cen
tral inlet and scrapers, 30% removal of nitrate 
was possible, whereas in the rectangular tanks 
at Ziirich-Werdholzli, 15% removal was ob
served. Wilson et al (1990) noted that it is now 
common practice, when using simulation mod
els, to include a small anoxic zone in the RAS
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line, representing the nitrate decrease in the 
settling tank. Although not as substantial as the 
removals observed by Siegrist et a l , it can 
nevertheless have a considerable impact on the 
overall nitrogen removal equation.

At the Johannesburg Northern Works treat
ment plant (Stage 1), the proprietary-type SSTs 
required a RAS recycle rate of 2:1, which made 
it almost impossible to operate the BNR plant, 
necessitating a substantial denitrification stage 
to remove nitrate before the anaerobic zone. 
The shallow depth and the excessive turbu
lence caused by such high recycle rates further 
resulted in high SS in the effluent in the 
vicinity of the rotating bridge, which affected 
effluent phosphorus values (Davis and Pitman 
1980).

The effect of the RAS rate on phosphorus 
removal is likewise multi-faceted. A high RAS 
return rate decreases the retention time in the 
anaerobic zones of most processes and results 
in dilution, which, together with the nitrate, has 
an adverse effect on the phosphorus removal 
mechanism. However, decreasing the RAS rate 
to the point where phosphorus is released in 
the thickening zone has even more serious 
consequences. Release of phosphorus in the 
thickening zone may not be transferred to the 
effluent because it usually happens past the 
critical thickening point, but this release is not 
associated with the uptake of volatile fatty acids 
(VFA) and thus adds to the phosphorus load on 
the plant, resulting in a requirement for more 
VFA. At the Vereeniging plant near Johannes
burg, the RAS was decreased to keep the 
nitrate low, which resulted in a release of up to 
12 mg/l of phosphorus in the RAS. The effluent 
phosphorus could only be decreased to about 
2 mg/l from influent values varying between 9 
and 12 mg/l. The RAS rate was increased to 
limit this secondary release of phosphorus 
resulting in filtered effluent phosphorus of less 
than 0.1 mg/l, where it remained while atten
tion was paid to limiting the secondary release 
mechanism (Jacobs 1994).

Experiments at the Bonnybrook plant in 
Calgary showed better phosphorus removal 
when there was some nitrate in the effluent, as 
opposed to a situation with no nitrate in the eff
luent. This improved removal rate was ascribed 
to the presence of nitrate in the sludge blanket, 
having a limiting effect on the release of 
phosphorus (Wilson et al 1990).

6.4.4 Short-circuiting in SSTs
A danger that exists in circular SSTs, and in 
rectangular tanks with the sludge hopper dir
ectly under the feed, is that the waterfall effect 
caused by the incoming mixed liquor will result 
in short-circuiting of sludge to the effluent 
withdrawal point. This can even be more of a

problem with sludge with a low SVI. This 
phenomenon was studied by Lively et al (1968) 
together with liquid short-circuiting, resulting 
in the dye concentrations shown in Figure 6.1.

With such short-circuiting of the mixed liquor, 
sludge that settled in the outer regions of the 
circular tanks now takes much longer to be 
removed, resulting in the release of phospho
rus; at the same time, the ‘beneficial’ effect of 
some nitrate in the underflow is lost, and 
excessive nitrate is found in the RAS. Albertson 
(1992) showed that, in some tanks, the concen
tration of the sludge in the outer areas was 
much higher than that of the RAS, and con
cluded that short-circuiting resulted from the 
inability of the sludge scraping mechanism to 
transport the solids to the centre as fast as it is 
being removed by the RAS underflow. The 
answer to this problem is to use much deeper 
scrapers running at higher revolutions per hour 
to force the sludge into the extraction zone, and 
the use of stilling wells that would overcome 
the short-circuiting tendencies of the waterfall 
of mixed liquor. Because some phosphorus 
release in the sludge blanket below the centre 
stilling well is unavoidable, the effect of the 
cascading mixed liquor would be to disturb the 
sludge blanket and release some of this phos
phorus to the effluent. This might not be a 
serious problem with suction lift sludge removal 
mechanisms, but with sludge scraper mechan
isms, attention should be paid to the transport 
of sludge to the centre draw-off point to ensure 
that the waterfall effect will not mix deeply into 
the thickened sludge blanket.

6.5 Research needs
There have been relatively few detailed studies 
of hydraulic transients on SSTs and therefore it 
has been difficult to provide general guidance 
on measures to mitigate their impact other than 
to avoid constant-speed pumps stations and to 
use tanks with deep side water depths to pro
vide more separation between the sludge blan
ket and the effluent launders. In cases where 
transients have found to be significant, the 
SSTs in question had features that compro
mised their potential for optimum performance. 
A research need is a detailed investigation of 
the effects on secondary effluents of sharp tran
sients caused by intermittent constant-speed 
cycling pumps in large SSTs that otherwise 
perform well. This work could be complemen
ted and extended by 2-D and 3-D dynamic 
modelling to determine which SST design and 
operations features mitigate the effects of 
hydraulic transients.

Given that inadequate return sludge capacity 
or control is often a limiting factor under the 
stressed conditions of PWWF in municipal 
plants, more attention should be given to the



6. Practical design considerations

automation of this function, particularly in the 
area of using online hydrodynamic modelling 
for process control. Hitherto, some plants have 
implemented algorithms based on solids flux in 
the computer control systems for process con
trol, but this approach is often limited because 
of the overlay of the effect of solids loading on 
tank hydraulics and the impacts of internal tank 
features such as the relationship of inlet height 
to sludge blanket height that cannot be con
sidered.

The effect of SST size on performance has 
not been investigated in detail, for instance: To 
what extent can the performance of circular 
SSTs determined on SSTs with diameters less 
than 40 m be extended to larger diameter units? 
Can the same overflow rates and solids loadings 
be used? What role can computer models play 
in extrapolation of performance?

The effects of wind seiche in SSTs are poorly 
understood and there are no firm criteria for 
determining when tanks should be covered or 
protected by fencing. Nor are there criteria for 
establishing the appropriate height of fencing ac
cording to tank size and wind conditions. Three- 
dimensional hydrodynamic models should be 
developed to help in the understanding of the 
role of wind on SST performance as well as for 
the evaluation of remedial measures.

Although North American data show that 
circular units have demonstrated higher solids 
loading capabilities than rectangular units, 
rectangular units have typically not been tested 
to failure so their upper loading capability is 
unknown. Detailed studies should be under
taken to determine the solids loading capabil
ities of rectangular units by using the dye 
dilution and SS profiling techniques adopted by 
the ASCE CRTC and described in Section 3.4. 
The SSTs tested need to be the optimum de
sign for each type of SST, not just an available 
one.
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7. Circular SSTs

7.1 Introduction
This chapter provides an overview of the design 
features of circular SSTs, with emphasis on the 
effect of these features on performance. The 
influence of the choice of SST internals on 
capacity and efficiency are considered. Features 
discussed include the introduction of feed into 
the SST, sludge collection methods, inlet baff
ling and flocculation zones, side water depth 
(SWD), sludge inventory management and alter
natives for effluent collection. Specific design 
examples are given along with a discussion of 
performance.

7.2 Surface overflow rate (SOR) and 
solids loading rate (SLR)

As noted in Sections 1.3 and 3.4.2, in well- 
designed tanks not impacted by high blankets, 
there is usually no correlation of effluent sus
pended solids (ESS) with SOR for either circu
lar or rectangular SSTs (see Figures 1.4, 1.5 and
1.6). The presence of a correlation is usually 
indicative of some hydraulic problem within the 
tank owing to its design or is indirect evidence 
of the impact of higher SLRs at higher SORs. 
ESS is more responsive to SLR. Note that in 
this chapter, SLR takes the definition ascribed 
to it in English-speaking countries, namely 
which includes the return sludge flow (QR) in 
its calculation. Chapter 4 presents conventional 
design approaches based on procedures derived 
fom solids flux or the ATV procedures. However, 
as was shown in Chapter 4, not all tanks can 
achieve their theoretically determined SLR 
capacity, probably owing to constraints imposed 
by the specifics of tank design, especially the 
sludge collection and transport details. It there
fore seems that SLR capacity is uniquely deter
mined by sludge settleability and tank design 
features and therefore one cannot speak gener
ally about circular SSTs without considering 
these aspects. Performance relationships pre
sented in this chapter are therefore considered 
unique to each design and are presented in that 
context in this chapter.

7.3 Mixed liquor feed inlet baffling
The details of SST design often make a larger 
difference than some of the factors popularly

thought of, such as SOR. A good example is 
SST inlet design, which can have a large influ
ence on the turbulence induced as the flow 
enters the SST. In a typical design, gates are 
often used to partition flow to multiple units. 
Alternatively, headloss through ports can be 
used for the same purpose. Either design can 
introduce high-velocity jets into the SST, cre
ating unwanted turbulence that can upset the 
SST. Centre feed inlets typically used in the 
USA and shown in Figure 7.1 do a poor job in 
diminishing the effects of these jets; the centre 
well does not baffle the effects of these 
currents effectively. Inlet baffling consisting of 
a distribution tub and gates inducing tangential 
flow is one way of managing inlet headlosses in 
a positive way.

7.3.1 Baffling of the feed
In circular SSTs the mixed liquor feed could be 
either to a central box or the feed could be 
peripheral, in which case it is distributed and 
fed evenly around the perimeter of the tank. 
Central feed could be from the top or the bot
tom of the tank. Historically, the mixed liquor 
was discharged to a small central feed well, 
which directed the flow towards the tank 
bottom. This is represented in Figure 7.2. The 
diameter was usually less than 10% of the tank 
diameter and it soon became apparent that 
density currents were concentrated and direc
ted to the floor, where they were deflected to 
the outer walls to flow upwards and carry solids 
to the effluent launders. Scum would accumu
late in the feed well; removal posed a problem 
because the provision of scum exit holes resul
ted in reverse currents owing to the density 
effects of the descending mixed liquor. Many 
efforts to overcome these problems were put in 
effect over the years and numerous reports 
about the functions of these units were pub
lished. The feed wells were enlarged to reduce 
turbulence and allow for flocculation (see Sec
tion 7.4), baffles were provided for reducing 
turbulence and breakup density currents, or 
the feed was moved to the tank perimeter or 
fed centrally from the bottom of the tank.

McKinney (1977) proposed a baffle plate 
below the feed well to break the density
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Figure 7.1. Typical unbaffled centre feed inlet.

currents and deflect them sideways. He pro
posed that the diameter of the deflection plate 
be 10-15% more than the diameter of the still
ing well as shown in Figure 7.3. The purpose 
was to deflect the density currents halfway 
through the vertical fall towards the outside of 
the tank. This would decrease the disturbance 
of the sludge in the sludge hopper of centrally 
scraped SSTs and spread the downward cur
rents over a wider area (see Section 7.9.2 for a 
SST with this design feature). Another devel
opment of this type of SST has slots and baffles 
on the side outlets to dissipate energy without 
breaking up the floc. Exit velocities should be 
less than 50 mm/s.

7.3.2 Flocculator centre wells
There was a gradual development of flocculator 
centre wells, which would allow the kinetic

energy of the influent mixed liquor stream to 
dissipate within a large centre well extending 
from 20% to 35% of the tank diameter. The 
dissipation of inlet energy and density currents 
induce mixing and flocculation in this zone. 
This type of feed well is described in Section 
7.4.

7.3.3 Peripheral feed
Less significant in current practice are periph
eral feed designs using a skirt around the SST 
for the feed introduction. The effluent launder 
has been located above the inlet area in some 
designs as well as at the central area in earlier 
designs. The use of a peripheral feed stemmed 
from the idea that the feed area is much larger, 
leading to less influence from density currents; 
at the same time the converging flow, i.e. the 
flow of mixed liquor into the SSTs, will be more 
stable than a diverging flow. Initial favourable 
reports showing better hydraulic efficiency and 
better suspended solids (SS) removal did not 
lead to universal acceptance of peripheral-feed 
SSTs because of problems associated with flow 
distribution. Equal flow distribution was attem
pted by a peripheral feed channel with an in
clined floor, changing the wetted cross sectional 
area to maintain an even head above the large 
number of evenly spaced ports discharging 
down behind a skirt as shown in Figure 7.4. In 
another configuration, the skirt was omitted 
and the ports would discharge through down 
pipes that gradually expanded and turned 
inward towards the tank centre, discharging at

Figure 7.2. Historical stilling wells for circular SSTs.

164 Figure 7.3. Feed well with horizontal plate below.
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about 33% of the depth of the tank (Kraus-Fall 
design), which led to high discharge velocities 
at the outlets. The discharge was above the 
sludge blanket and towards the centre, creating 
a converging pattern of flow, then vertical and 
horizontally out to the effluent channel. Even 
so, it was difficult to ensure equal distribution 
with varying flows.

Many problems were experienced with foam 
in peripheral-feed tanks. A scum collector 
could be installed for removing scum on the 
surface of the feed channel if the width was 
constant. Scum was transported through the 
feed apertures and accumulated under the skirt 
of SSTs of a plant near Pretoria, South Africa, 
leading to prolific growth of scum-forming 
organisms. Denver, Colorado, modified its ten 
peripherally fed takeoff units to centre-feed 
peripheral takeoff in 1990 because of poor 
performance (Wahlberg et al. 1993).

7.3.4 Bottom centre feed clarifiers
SSTs with central columns and side outlets 
were popular in Germany, and variations of 
these were found in some other countries. The 
central column would also serve as the sludge 
collector for the rotating-bridge suction lift 
mechanisms as shown in Figure 7.5. The centre 
column diameters were less than 10% of the 
tank diameter and had a series of side ports 
about 30% of the water depth from the floor, 
equally spaced around the column perimeter. 
The ports were provided with concave deflec
tors for deflecting flow in a plane tangential to 
the column outer surface, above the sludge 
blanket. Similar SSTs were installed at the 
Darvill plant at Pietermaritzburg. The three 
SSTs were 35 m in diameter and 2.8 m deep. At 
even moderate flows there seemed to be turbu
lence throughout the tank and the ESS started 
to increase. These tanks were later retrofitted 
with a flocculator centre well around the centre 
column, which greatly improved performance. 
The deflector plates were removed and the

Figure 7.4. Typical arrangements o f peripheral feed 
inlets.

innermost suction pipe was closed down. Crosby 
baffles (Section 7.7.3) were installed under the 
perimeter outlet launder.

In another development of the same idea, 
the cone for sludge collection was similar to 
that in Figure 7.5, but the centre column was 
opened up to discharge the mixed liquor out
wards. Examples of these types of tank were 
installed as tanks 32 m in diameter for the 
Goudkoppies plant and the Northern Works of 
the City of Johannesburg. These configurations 
are shown in Figure 7.6. Performance of the 
SSTs for both plants was extremely poor (Davis 
and Pitman 1980). The Northern Works, de
signed for 150 Ml/d, could not be operated at 
more than 95 Ml/d. Baffles were installed in 
the positions shown in Figure 7.6 (Davis and 
Pitman 1980) with little success. In the light of 
later experience (Parker et al. 1996), it is clear 
that the velocities through the baffles were too 
high, breaking up the floc.

7.4 Flocculator centre wells
In the past, many US designers believed that 
the attainment of low ESS levels required ter
tiary processes such as multimedia filtration. 
However, as noted in Section 4.3, full-scale re
search conducted in the 1980s on circular tanks 
incorporating flocculator centre wells (Norris et

Figure 7.5. Centre column with side ports and deflectors. 165
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(a)

(b )

Figure 7.6. Bottom feed SSTs for City ofJohannesburg: (a) Inlet arrangement, Goudkoppies SST; (b) inlet 
arrangement, Northern Works SST

al. 1982; Parker 1983; Parker and Stenquist
1986) showed that monthly ESS values of less 
than 10 mg/l could be obtained (see Figure 1.4 
in Section 1.3). The flocculator centre wells at 
the facilities studied were used to incorporate 
dispersed solids into the settleable floc. SSTs 
incorporating these and other features were 
termed flocculator-clarifiers. Others have also 
incorporated these features in their SST designs 
(Stukenberg et al 1983; Albertson 1992).

The centre well of the flocculator-clarifier 
consists of two separate chambers as shown in a 
typical application in Figure 7.7. The inner 
chamber is a closed-bottom tub that is used to 
dissipate inlet energy. The tub is equipped with 
diffuser ports and gates to direct the flow tan- 
gentially out into the outer chamber (floccu
lation well), where flocculation occurs. This 
tangential introduction of mixed liquor is 
critical to the dissipation of inlet energy and full 
utilization of the centre well for flocculation.

Flocculation wells were initially equipped 
with mixers to impart G values of 30-70/s, 
levels that had been found optimal in bench- 
scale research (Parker et al 1971). Parallel oper
ation of SSTs showed that turning the mixers 
off had no effect on effluent quality, whereas 
testing showed that flocculation nevertheless 
proceeded efficiently (Norris et al 1982; Parker 
and Stenquist 1986). Without mechanical mix

ing, the calculated G values in the flocculation 
well due to headloss at the inlets is very low 
(G < 5/s) and despite that low energy level, 
mixing was observed to be both significant and 
adequate for good flocculation. As this was in
consistent with predictions, an explanation for 
the enhanced mixing was sought. SS in the floc
culation well was found to be more dilute than 
in the upstream aeration basin, indicating that 
clear supernatant from the SST was mixing 
with the influent mixed liquor. Further, mixing 
was not limited to the centre well itself but 
occurred in the projected volume below the 
centre well. This seemed to be caused by den
sity currents owing to the ‘waterfall’ effect of 
the downward currents near the inlets, causing 
currents of clear diluting supernatant to flow 
under the flocculation well skirt and through 
scum ports at the top of the skirt. Subsequent 
modelling of inlets by Zhou and McCorquodale 
(1992) has confirmed the influence of density 
currents in causing mixing in the flocculation 
well.

Sizing of the flocculation well is based on 
several considerations. In the initial designs, only 
the volume of the flocculation well itself was 
considered and sizing was based on the initial 
bench-scale results of Parker et al (1971). The 
observation that both the flocculation well and 
the volume below it were mixed allowed the
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Figure 7.7. Flocculation centre well in a circular SST.

inclusion of the lower volume in the calculation 
and decreased the centre well size. The work of 
Wahlberg et al (1994) allowed a refinement of 
the residence time requirement; studies at 21 
plants showed that the flocculation reaction was 
92% complete with 20 min of detention time in 
a completely mixed reactor. Section 4.3.1 gives 
some example calculations for the effectiveness 
of this residence time in reducing supernatant 
SS and shows that most of the gain from 
flocculation is obtained rapidly when average 
sludge floe aggregation and breakup properties 
are assumed. The allowance of 20 min for the 
residence time therefore allows for variations in 
sludge properties from the average as well as 
for the provision of adequate residence time at 
PWWF conditions when residence times would 
be decreased. The 20 min residence time is 
used in conjunction with the ADWF and an 
allowance of 50% return activated sludge 
(RAS) flow to establish the required volume.

Hydrodynamic modelling of the centre well 
shows that there is an optimum diameter that 
coincidentally corresponds to the requirement 
for flocculation (Merrill et al 1992). It was 
found that flocculation wells that were too 
small resulted in a strengthening of the density 
current by increasing the downward velocity; 
conversely, flocculation wells that were too 
large resulted in too much recirculation of fluid 
from the main SST, again strengthening the 
density current. For the specific loading con
ditions examined by modelling, minimum ESS 
values were found to be at centre well dia
meters of 32-35% of the SST diameter.

Studies of a circular SST with a very large 
flocculation well (Wahlberg et al 1993) suggest 
that building too big a flocculator centre well 
has negative consequences. Interpretation of 
the dye study information strongly suggests that 
short-circuiting occurred within the floccu

lation well and that flocculation was not 
optimal.

No allowance is made for the decrease in 
SST surface area caused by the incorporation of 
a flocculator centre well when calculating SOR 
or SLR because in a well-designed tank SOR is 
merely a scaling parameter, and for SLR all of 
the tank floor area is still available for 
thickening.

Field studies of SSTs with flocculator centre 
wells at Garland, Texas, and Renton, Washing
ton, have been conducted with solids profile 
and dye dispersion procedures (Crosby 1988; 
R. Crosby, personal communication to D.S. 
Parker). The testing showed that the SSTs 
developed minimal density currents and had 
mostly uniform upflow throughout the SST 
rather than the high upward velocities at the 
wall seen in twelve other centre-fed circular 
units. The plants were observed to produce 
very good effluent qualities.

It is important not to set the bottom of the 
flocculation well skirt too deep. Early designs 
set the depth at about two-thirds of the SWD, 
which meant when the sludge blanket app
roached the bottom of the skirt, high scouring 
velocities formed in the gap between the blan
ket and skirt, causing high ESS concentrations. 
Today the skirt penetrates only one-half the 
SWD or less.

7.5 Side water depth
The trend in design practice has been to make 
circular SSTs deeper. For instance, in 1959 the 
ASCE/WPCF manual suggested values of 2.2- 
3.8 m, whereas the current edition (WEF/ASCE 
1991) suggests 4.2-4.6 m in larger tanks. Recog
nition that circular SSTs should be deep is due 
to the realization that the distance of the sludge 
blanket from the effluent weir has a direct 
relation to effluent quality. For instance, Miller
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30

Figure 7.8. Effect o f SST sidewater depth on effluent quality. The upper error bars represent the 90 percentile
values, the points are the 50 percentile value, and the lower error bars are the 10 percentile value. The 
number above each error bar is the average overflow rate (in gpdJft2) excluding RAS flow and the 
centre well area. Note that 1 gpd/ft2 x 0.041 = 1 m3/day/m2 and 1f t  x 0.305 = 1 m.
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and Miller (1978) found that violations in sec
ondary effluent requirements (monthly average 
effluent BOD and SS of 30 mg/l) were corre
lated with blanket depth in SSTs having a SWD 
of 4.3 m. Blanket depths of 1.8 m or more 
resulted in secondary treatment violations in 
50% or more of the samples. These findings are 
consistent with other observations (R. Crosby, 
personal communication to D.S. Parker), i.e. 
the close approach of the sludge blanket to the 
effluent weirs has been observed to cause an 
increase in ESS levels. In the ATV standards 
(ATV 1991) the tank depth is calculated from 
four functional depths (see Section 4.7.1 and 
Figure 4.7). As described in Section 4.14.3, 
Figure 4.25, the usual tank depth by this pro
cedure is more than 4 m and linked to limi
tations in the sludge volume loading rate (qsv) 
to obtain ESS less than 20 mg/l at PWWF.

Parker (1983) presented information on the 
effect of depth on effluent quality from a num
ber of plants whose design varied significantly 
only in SWD. The results are shown in Figure 
7.8. Although there were differences in acti
vated sludge plant operation, the trend towards 
improved SST performance with increased depth 
seemed to be valid. In addition to the decline 
in monthly average ESS values, the spread 
between the 90 and 10 percentile values also 
declined with depth. Subsequently, Voutchkov

(1992) made very similar findings about the 
effect of depth. Tank performance in terms of 
ESS was found to be correlated with SVI, SOR 
and MLSS concentration. Figure 7.9 shows a 
prediction from his correlations for the condi
tions that will produce an ESS of 10 mg/l when 
the SVI value is 100 ml/g. As can be seen from 
Figure 7.9, for any given MLSS level, deeper 
tanks can accommodate higher SOR values. An 
increase in MLSS level requires a decrease in 
SOR for a constant SWD. It is notable that 
Voutchkov and Parker studied tanks with either 
peripherally placed weirs or in board weirs 
(these types are described in Section 7.7) and 
that there is no information on the interaction 
of weir baffling and tank depth on ESS.

Modelling by Merrill et al (1992) has con
firmed earlier empirical observations that 
deeper circular SSTs produce lower ESS values 
than shallower SSTs; rising blanket levels in 
shallow SSTs cause the top of the blanket to 
approach the bottom of the centre well skirt, 
causing high velocities in that region and resus
pension of solids. Figure 7.10 shows some of 
the modelling results for conditions where the 
SLR on the SST was approximately 5.2 kg/m2.h 
and an SOR of 1.5 m/h. The results show the 
strong influence of SVI; with excellent settle
ability (unstirred SVI less than 100 ml/g), tank 
depth has relatively little influence between 4.9
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and 6.1m SWD. Above SVI = 100 ml/g, the 
deeper tanks were predicted to produce mark
edly improved performance.

7.6 Sludge inventory management
Besides SWD, other considerations enter into 
design to ensure that sludge blankets are man
aged so that they only minimally impact efflu
ent quality. These factors include the method 
of sludge collection, interactions with upstream 
processes and floor slope.

Crosby (1980) found that a rotating suction 
sludge mechanism caused spurts of high ESS 
after the mechanism passed the sampling point; 
this was subsequently attributed to interruption 
of the density current by the mechanism (R. 
Crosby, personal communication to D.S. Par
ker). Crosby found that slowing down the 
mechanism reduced the solids discharged in 
one case and could be eliminated in another by 
baffling the effluent weir. It seems reasonable 
that maintaining low mechanism speeds would 
minimize the problem, but further testing in 
this area is needed.

It has been found at a pure-oxygen-activated 
sludge plant that SSTs equipped with scrapers 
develop deeper blankets than SSTs with suction 
sludge removal ( 'organ pipes' as described in 
Section 7.9.1) and the latter had lower ESS 
concentrations (Wahlberg et al 1993). Studies 
at another pure-oxygen-activated sludge plant 
showed similar results (Brown and Caldwell 
1995). SSTs at the plant equipped with scrapers 
operated in parallel with SSTs equipped with 
suction sludge removal (‘organ pipes’) in a 
36 Ml/d ADWF activated sludge plant; the 
operating results were compared. Figure 7.11 
shows that as the sludge blanket grew deeper, 
ESS levels rose. More importantly, Figure 7.12 
shows that the SSTs with scrapers developed 
deeper blankets than the parallel units with 
suction sludge removal. One drawback of these 
comparisons is that in both of the cases cited 
the scrapers were shallow (typical of US de
signs). Work in Germany (Günthert 1984a) has 
shown that SSTs with deeper scrapers (for 
example 0.49 m) develop 15% smaller sludge 
blanket depths than units with shallow scrapers 
(for example 0.35 m).

Even SSTs equipped with deeper scraper

.Figure 7.9. Limiting MLSS concentration and SOR to 
obtain a ESS o f 10 mg/l for a sludge with an 
SVI o f 100 ml/g. The figure shows that 
deeper tanks can accommodate higher 
SORs and MLSS levels. The interaction of 
MLSS and SOR is akin to a relationship o f 
ESS to SLR or sludge volume loading rate.

blades than typical in US practice seem to 
develop sludge blankets in conditions under 
which they would not develop in SSTs with 
suction sludge removal systems. Consider for 
example the relationship between sludge 
blanket depth and ‘sludge volume load rate' 
(qsv = DSV30/As t) for SSTs equipped with 
the deeper scrapers typical of German practice 
developed by Günthert (1984a):

where
h4 = sludge blanket depth (m)
Ql = influent flow to SST (m3/h)

DSV30 = settled sludge volume (ml/1)
Ast  = area of the SST (m2).

Comparison of this equation with observations 
made on a suction-pickup-equipped SST for 
the County Central plant in Sacramento, Cali
fornia, on 15 November 1973 (Sacramento Area 
Consultants 1974) provides another illustration 
of the difference between suction pickup and 
scraper mechanism efficiency. In this full-scale 
example, the following measured conditions 
apply: Qi/Ast =1.15 m/h, a mixed liquor con
centration of 2,580 mg/1 and an SVI of 100 ml/g 
and therefore a DSV30 of 258 ml/1. The actual 
measured sludge blanket level was at a mini
mum consistent with mechanism clearances or

Figure 7.10. Effluent suspended solids as a function o f SST depth and SVI. Based on 2-D hydrodynamic model.
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Figure 7.11. Effect o f sludge blanket depth on effluent SS at pure oxygen activated sludge plant; SVI 51-166 ml/g, 
average 86 ml/g.
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0.18 m. If this tank had been equipped with a 
scraper, evaluating Equation 7.1, h4 would be
1.07 m.

The propensity of scraper-equipped SSTs to 
develop sludge blankets before SSTs equipped 
with suction sludge removal units is attributed 
to several factors. The first is that the scraper- 
equipped SST normally has a bottom slope 
towards the centre of the SST of 1:12. This 
‘conical bottom’ diminishes the volume that can 
be devoted to sludge storage compared with a 
flat-bottomed SST having the same depth as 
the conical-bottomed SSTs depth at its centre. 
Secondly, in terms of ‘solids flux’ theory, the 
conical-bottomed SST could develop its ‘rate- 
limiting layer’ at an elevation below the bottom 
of the sidewall that would diminish the effec
tive area for thickening compared with the flat- 
bottomed SST. Finally, the scraper-equipped 
SST must move all of the sludge to a central 
sludge removal point, which overloads the 
central part of the SST in terms of SLR. More
over, as the sludge is conveyed to the centre, 
the ability of the scrapers to convey the sludge 
to the centre can become limiting, as the mass 
of sludge must be moved through an ever- 
decreasing cross section as the centre is app
roached. This can cause inefficiencies in sludge 
conveyance as the sludge builds up to a level 
that spills back over the top of the scraper and 
away from the central collection point.

In units with suction sludge removal, it has 
been found that designing the SST bottom to 
be sloped to the centre serves no useful pur
pose and is actually a disadvantage. Sludge 
blanket profiles have been measured in suction 
sludge removal SSTs with bottom slopes of 1:12 
sloped to the centre. In these SSTs the surface 
of the blanket is essentially flat, meaning that 
the depth of sludge at the SST perimeter is 
lower and the concentration is less than at the 
centre. This results in sludge of a lower concen
tration being pumped from the periphery and a

loss of sensitivity of blanket depth control to 
sludge pumping rate. Confirming this are ob
servations made in Holland by STOWa (1981) 
in SSTs equipped with scrapers with a relatively 
steep (1:12) bottom slope. Although in these 
tanks the sludge blanket was drawn down in the 
centre of the tank, the concentration of sludge 
at the tank bottom was variable and more 
concentrated towards the centre of the tank. 
Provided that the central depths are equal, the 
use of a sloped bottom also decreases the vol
ume available for sludge storage when inven
tory transfers occur. Thus, flat bottom slopes 
are desirable with suction sludge removal. 
However, for purposes of tank drainage, a mild 
bottom slope of 1:192 is used (often sloped to 
the outside). In this type of unit, scrapers are 
often used to direct the sludge to the orifices. 
This ensures that the sludge is removed where 
it falls, rather than being scraped to a central 
point.

Not all suction sludge removal units are con
sidered to be equal. Examples of ‘organ pipe’ or 
multiple tube designs are compared with rota
ting pipes with orifices (‘Towbro’) in Section 
7.9.1. Operating experience shows that owing 
to the low-differential driving head available in 
the ‘organ pipe’ design, high velocities (and 
high RAS rates) must be used to prevent a tube 
of shorter length from ‘robbing’ the flow from a 
tube with a longer length. The ‘Towbro’ design 
can be operated with lower RAS rates and 
achieve greater thickening of the return sludge. 
A side-by-side comparison is available of SSTs 
at an activated sludge plant serving a pulp and 
paper plant in Longview, Washington, USA. 
Here the SSTs are otherwise identical, having a 
diameter of 64 m and an SWD of 4.1 m. Typi
cally operated at SORs of 0.54-0.73 m/h, the 
organ-pipe-equipped SST is limited to RAS con
centrations of 6,000 mg/l, whereas the Towbro- 
equipped unit achieves 10,000 mg/l. Because of 
this difference, the plant has adopted the
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Figure 7.12. Comparison o f sludge blanket depths for  
scrapers versus organ pipe sludge removal 
mechanisms at a pure oxygen activated 
sludge plant. Most o f the data points fall 
above the line o f equal depth, showing that 
the suction sludge removal SST maintains 
lower sludge blanket depths (1 m  =
3.28ft).

practice of wasting exclusively from the Towbro- 
equipped unit (R. Simmons, personal commu
nication with D.S. Parker).

Short-circuiting from the descending density 
current in scraper-type SSTs can be a problem, 
as shown by Günthert (1984a), particularly for 
scraper-equipped SSTs removing sludge at a 
central point (see Section 6.3.4 for a more 
complete discussion). To counter this effect, 
the placement of horizontal baffle plates to 
prevent the density current from impinging on 
the sludge hopper can be effective (for such a 
design see Section 7.9.2). Another disadvantage 
is the opposing force of the radial density 
current on the movement of sludge into the 
central hopper.

In German practice it has been found that 
the spiral-type sludge collectors with deep 
blades are more efficient than the rectangular 
blade scrapers typically used in North America. 
Investigations with different scraper configu
rations have been summarized by Günthert 
(1984b) and ATV (1988). Figure 7.13 shows the 
four types of scraper investigated; the following 
summarizes the German findings:

1. ‘Window shade’ scrapers (types C and D) 
do not guarantee a quick and complete 
sludge removal (Schmitz-Lenders et al. 
1951). This is the type of scraper typically 
employed in North America.

2. A spiral scraper with a  > 45° produces a 
very long, spiral, nearly concentric sludge 
movement to the sludge hopper (Schmitz- 
Lenders et al. 1951). The sludge rises over

Figure 7.13. Scraper configurations studied in
Germany (Günthert 1984b). Type A is the 
'Nierskratzer' type where α 1 > α2, Type B 
is a logarithmic spiral with a  constant at 
45°, and Types C and D are window 
shade’ type scrapers.

the blade, resulting in a long sludge re
tention time and a high sludge blanket.

3. Spiral scrapers (types A and B) with 
α = 45° or > α2 show the best sludge 
removal performance in accordance with 
a sufficient tank slope from 1:4 to 1:15 
(Passavant 1951).

Albertson (1995a) has confirmed the earlier 
German work, finding in the T.E. Maxon plant 
in Tennessee that retrofitting with spiral scra
pers an SST that had shallow ‘window shade’ 
scrapers resulted in lower sludge blankets, 
higher return sludge concentrations and lower 
ESS.

The key consideration is the transport capa
city of the scrapers compared with the under
flow rate. When the scraper capacity is less 
than the underflow rate, the feed short-circuits 
and the dense sludge blanket is relatively level 
except in the vicinity of the sludge hoppers. 
When the scraper capacity is greater than the 
RAS rate, the sludge removed will be replaced 
at a faster rate, decreasing the influence of the 
descending density current that could disturb 
or mix into the denser sludge at the bottom of 
the tank.

The impact of the number and sizing of the 
scrapers on sludge blanket height was found by 
Günthert (1984b) tq be as follows:
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where
tf = scraper rotation interval (h)
n = number of scrapers
s = height of the scraper blades (m).
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The ATV (1988, 1991) has published sizing 
criteria for scraper-type SSTs. Equations are 
presented that allow the calculation of sludge 
transport from the tank as a function of the 
number, diameter and height of the blades as 
well as rotation speed and expected bottom 
sludge concentration. Spiral scraper applications 
in North American have lagged behind German 
installations by nearly four decades. However, 
there is renewed interest in spiral scrapers and 
information on North American spiral scraper 
applications and design practice is given by Al
bertson (1992, 1995a,b).

It is asserted by some (for example Stuken- 
berg et al 1983; ATV 1991) that units equipped 
with scrapers are capable of obtaining high
er return sludge concentrations than those 
equipped with suction sludge removal, but def
initive comparative studies on optimized SST 
designs are lacking.

As noted in previous chapters, the interac
tion of the solids inventory in the aeration basin 
and SST is important in establishing allowable 
design SORs and SLRs in SSTs. Modelling 
(Merrill et al 1992) shows that capacity is 
strongly related to sludge settling and thicken
ing qualities (typically as measured by SVI). 
Moreover, the solids inventory available for 
transfer affects design peak loading capabilities. 
For instance, in a biological nutrient removal 
system designed for the City of Atlanta, Geor
gia, with an SRT of 7 days but with sustained 
peak high flow from a combined system, the 
overflow rate had to be limited to peak values 
of 2.2 m/h to accommodate SVI values that 
could occasionally rise to 150 ml/g with mixed 
liquor concentrations of 2,000-2,600 mg/l. This 
loading would allow the accumulation of sludge 
in the SST at a manageable level without severe 
loss of solids during a week-long storm event. 
In contrast, for a trickling filter/solids contact 
(TF/SC) process designed for a combined sys
tem in Vancouver, Canada, the design peak 
overflow rate could be set at 2.8 m/h because 
consistently low SVI values are a process 
characteristic and because of a low solids 
inventory available for transfer (design SRT of
1.1 d). The TF/SC process comprises a trickling 
filter to accomplish most of the BOD removal, 
followed by a small suspended-growth aeration 
tank, and as result sludge inventories are low 
relative to the Atlanta case. Calculations showed 
that in the improbable event of the simul
taneous failure of all return sludge pumps, the 
transfer of the entire sludge inventory to the 
flocculator-clarifiers would result in a sludge 
accumulation of only 2 m (Parker et al 1993a).

Carrying a combination of high MLSS levels 
at the same time maintaining high RAS rates 
has resulted in operating problems in some 
plants. In Johannesburg this caused a hydraulic

disturbance in the SST because a high flow fol
lows the sludge removal mechanism, scouring 
and resuspending SS in the wake of the 
mechanism. This poses the question of what is 
the highest RAS rate that can be carried in 
terms of limiting the obtainable MLSS level in 
the aeration basin. In fact, the ATV (1991) 
procedure is based on this approach for calcu
lating the aeration basin MLSS concentration 
(see Section 4.13.3).

7.7 Effluent launders
Design engineers have used several types of 
effluent launder in circular SSTs, including 
weirs at the tank periphery, inboard weirs and 
inset double-sided weirs. All of these types are 
discussed in this section.

Most of the configurations used by early 
designers were driven by the need to satisfy cri
teria for maximum weir loading rates (typically 
expressed as flow per unit length of weir; see 
Section 4.2 and Table 4.1) rather than on the 
basis of performance data that demonstrated 
that lower weir loading rates resulted in better 
performance. Present-day designers are more 
concerned with the effect of weir configuration 
and placement on SST performance, having 
found that except for extreme conditions, weir 
loading rate itself has little effect on effluent 
quality.

7.7.1 Outboard (peripheral) compared 
with inboard weirs

Most circular SSTs are built with a single laun
der placed at the tank wall; however, this is not 
well positioned to prevent upwelling currents 
from floc scoured off the sludge blanket into the 
effluent. Other designers have used inboard 
weirs, which are placed more than an SWD 
away from the tank wall to avoid the upwelling 
currents. Crosby (personal communication to 
D.S. Parker) used dye and solids profiles to 
study flow patterns in twelve circular SSTs that 
were centre-fed and had peripheral weirs. In all 
the tanks examined, the density currents that 
developed from the ‘waterfall’ effect caused 
high horizontal bottom velocities to develop 
that turned upwards at the tank wall and 
carried floc eroded from the blanket towards 
the effluent weirs. Anderson (1945) had earlier 
made similar findings (for instance see Figure
5.11) and developed a solution for combating 
this. He placed weirs inboard from the tank 
wall by cantilevering troughs from the wall. The 
inboard trough allowed the use of double-sided 
weirs (one on each side of the trough). Parallel 
tests were done on full-scale SSTs (equipped 
with scrapers) that were fed from a centre 
column. The tanks were 38 m in diameter with 
a SWD of 3.4 m. The comparison of peripheral 
weirs with two types of launder with inboard
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Figure 7.14. Sectional view o f flocculator-clarifier with two sets o f collection troughs.

weirs at an overflow rate of 1.1 m/h is pre
sented in Table 7.1. Anderson attributed the 
improved performance of the inboard weirs as 
being due to their location away from the 
upturn of the density current.

Figure 7.14 shows a large tank (49 m in dia
meter) fitted with two inboard launders. Parker
(1983) recommends using two sets of launders 
in larger tanks, with the troughs placed at 60% 
and 80% of the tank radius. In smaller tanks, 
the troughs are typically placed at 75% of the 
tank radius. The ATV manual offers similar gui
dance (ATV 1991) and states that inboard weirs 
must be placed more than one tank depth from 
the wall. For single inboard troughs, the sup
port can be from cantilevered structures from 
the tank walls. For two sets of troughs, the 
troughs are typically suspended from beams in 
a hub and spoke arrangement. Additional data 
on SSTs with inboard weirs are presented in 
Section 7.9.1.

Submerged tubes with orifices are occasion
ally substituted for inboard launders; they are 
described in Section 7.9.1.

7.7.2 Inset double-sided weirs
For many years, design manuals and regulatory 
agency guidelines have emphasized weir load
ing rate rather than weir position as a criterion. 
To keep within restrictive guidelines, designers 
have sometimes increased weir length at the 
tank perimeter by placing a weir trough inset 
from the wall by 1 or 2 m, thereby allowing 
either a doubling or in some cases a tripling of 
weir length (if a peripheral weir is still used). 
None of these designs has materially improved 
effluent quality commensurate with the addi
tional expense of the weir construction. Crosby 
(personal communication to D.S. Parker) used 
dye dispersion and solids profiling techniques 
to study seven circular SSTs with inset double
sided weirs (some also had peripheral weirs). 
He concluded that the innermost weir always 
produced the clearest effluent and that the 
weir facing the wall (and including the weir on 
the wall if present) was higher in ESS owing to

the very high velocities created in the small area 
between the launder and the wall. Inset double
sided weirs should be distinguished from the 
inboard weirs discussed in Section 7.7.1. As an 
example, a SST that Crosby studied at Renton, 
Washington, had a large distance between the 
tank wall in the inboard weirs; the trough was 
not subject to this effect and produced low 
ESS.

With double-sided inset launders and shal
low (1.5 m SWD) tanks, STOWa (1981) ob
served that when failure occurred (high sludge 
blanket and gross loss of effluent solids) SS 
always would spill over the outside weir of the 
launder. This was ascribed to a horizontal sur
face water current flowing radially outwards, 
which, when it reached the effluent launder, 
was deflected under the launder. When the 
sludge blanket reached within 0.2 m of the 
bottom of the launder, this current scoured 
sludge off the sludge blanket and flowed over 
the outside weir. When the outside weir was 
blocked off so that effluent flowed over only 
the inner weir, the sludge blanket would rise up 
to 0.2 m of the water surface before solids were 
lost. This strategy forestalled SST failure by 
allowing the sludge blanket to rise an additional 
0.6 m before SST failure. Based on these obser
vations, STOWa (1981) eliminated weir loading 
rate as a design criterion from their procedure 
(see Section 4.9.3).

7.7.3 Baffled peripheral weirs
Observing the effects of the sludge removal 
mechanism on effluent quality at Stamford, 
Connecticut, Crosby (1980) constructed a baffle

Table 7.1. Effect o f weir arrangement on effluent 
quality as measured by Anderson (1945)

Distance from Effluent SS
Weir type tank wall (m) (mg/I)

Peripheral (tank wall) 0 18
One inboard weir trough 4.6 14
Two inboard weir troughs 4.6, 7.6 11
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Figure 7.15. The Crosby baffle for deflecting rising 
density currents away from the effluent

Figure 7.17 Brown and Caldwell baffle for inset weirs 
(section).

at the weir to redirect the rising current back 
into the tank and away from the effluent weirs. 
The baffle design is shown in Figure 7.15. 
Once installed, the effluent quality stabilized at 
low ESS levels and no further disruption by the 
mechanism on effluent quality was observed. 
Crosby (1987) recommended that the lower 
extremity of the baffle be placed no lower than

0.9 m below the effluent weirs and at no more 
than one-third of the SWD. Too deep a 
placement was found to be ineffective or even 
detrimental to performance in rising sludge 
blankets. The first installation had a projected 
width of 0.6 m. Now called the ‘Crosby’ baffle, 
it has since been emulated successfully with 
some design variations at many other sites.

Stukenberg et al (1983) used horizontal led
ges to accomplish the same effect as the Crosby 
baffle. As shown in Figure 7.16, the ledge was 
recommended to be 0.8 m in width. This type 
of baffle is now called the ‘Black and Veatch’ 
baffle.

Albertson (1995b) presented alternative baffle 
arrangement designs based on the Black and 
Veatch and the Crosby baffles. All of the de
signs based on the Crosby and the Black and 
Veatch baffles suffer from the problem of cre
ating surfaces on which solids can settle and 
operators have found that these surfaces must 
be cleaned regularly.

Parker et al (1993b) reported the results of a 
successful baffle for an inset double-sided weir 
as shown in Figure 7.17. Now known as the 
‘Brown and Caldwell’ baffle, its placement 
between the wall and the bottom of the weir 
trough has the same effect as the other baffle 
types, that of redirecting the rising currents 
back into the tank. A small amount of the flow 
was allowed to enter between the trough and 
the wall and leave through a few notches 
placed in the trough to prevent a stagnant zone 
from developing. The baffle design was repor
ted to decrease the average ESS from 35 to 
28 mg/l at Lincoln, Nebraska, bringing the plant 
into compliance with its permit.

Comparative data on tanks with baffled peri
pheral weirs and inboard weirs are presented in 
Section 7.9.1.

7.7.4 Compensating for shallow SSTs with 
weir arrangements and baffles

There are many relatively shallow (less than
3.4 m SWD) SSTs that underperform relative 
to their potential. Several means have been 
developed to improve their performance. As an 
example, Crosby and Wood (1986) developed 
the ‘Ring baffle/flocculation chamber’ shown in 
Figure 7.18.

The baffle extends from mid-depth to close 
to the floor. The baffle rotates as it is supported 
from the SST mechanism. The baffle was expec
ted to, and in fact did, dissipate the energy of 
the density current previously observed in 
tanks at Morgantown, North Carolina. The flow 
from the suction sludge removal mechanism 
had to be adjusted so that more flow was 
withdrawn from inside the ring than outside it. 
In tanks 24 m in diameter with only 3 m SWD, 
the ESS was decreased from 28 to 18 mg/l. In

Figure 7.16. Black and Veatch baffle.
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Figure 7.18. Simplified diagram o f ring bajfle/flocculation chamber developed by Crosby. Flotation blocks are 
used to support the weight o f the ring baffle in this example.

some tanks 17 m in diameter at an industrial 
wastewater treatment plant having a 2.8 m 
SWD, ESS was decreased from 67 to 48 mg/1. 
Some of the improvement was attributed to 
flocculation in the blanket as the influent 
moved upward in the ring baffle, but this was 
not specifically measured or proved to be the 
cause of the improvement. L. Romano (personal 
communication) has also reported good results 
with a ring baffle retrofit of shallow SSTs at 
Windsor, Ontario. However, there have been 
other reports of unsuccessful installations. 
Albertson (1996) reports that installations at 
Salt Lake City, Utah, and Tacoma, Washington, 
were removed owing to poor performance and 
replaced with flocculator centre wells. Given 
the mixed results with this modification, it is 
suggested that field trials always be conducted 
before a full commitment is made to this tech
nology.

Parker et al (1993b) report the results of retro
fitting an SST 37 m in diameter (2.9 m SWD) 
that had been equipped with scrapers and peri
pheral weirs. Changes included (1) the provision 
of a flocculation well, (2) the use of an inboard 
weir and (3) suction sludge removal. Rating 
tests showed that the SST after modifications 
could achieve ESS values of less than 11 mg/1 at 
overflow rates up to 2 m/h, whereas before the 
change the units had difficulty meeting the 
plants secondary treatment requirement of 
30 mg/1 for ESS.

7.8 Scum skimmers
Secondary scum generation and collection are 
generally not a problem in conventional activa
ted sludge plants, and SSTs were previously 
constructed without scum removal. However, 
where process sludge ages are longer to achieve 
nitrification, floating sludge and biological scum 
can accumulate and cause effluent deterior
ation. For this reason, SSTs are normally 
equipped with a scum baffle inside the effluent

weir and a scum collection and withdrawal 
system. Stukenberg et al (1983) concluded that 
there is no indication that denitrification and 
related floating sludge problems are any less 
severe in an SST equipped with hydraulic 
sludge removal than in those equipped with 
conventional scraper mechanisms. Needless to 
say, not all long-sludge-age plants will neces
sarily produce scum. V.H. Lewin (personal 
communication to J.L. Barnard) demonstrated 
at the Oxford Sewage Treatment Works that in 
two parallel plants receiving the same influent 
and operating at the same sludge age, the su- 
rface-aeration plant produced significant quan
tities of scum, whereas the fine-bubble plant 
produced no scum.

There are several scum collection systems 
currently in use. The conventional system typi
cally used in centre-feed SSTs is a revolving 
skimmer arm at a positive angle to the rotating 
bridge or scraper mechanism. (See Figure 
7.19). The scraper sweeps the collected material 
over a beach into a fixed scum trough located 
adjacent to the scum baffle and just above the 
liquid surface. These systems can be effective, 
but suffer from two drawbacks. Firstly, where 
scum accumulations are significant, they have 
limited removal capacity which is often less 
than the daily scum production, leading to scum 
accumulation on the surface. The skimmer and 
beach must be designed for positive scum 
removal under a range of flows and water levels 
in the SST. The skimmer blades must prevent 
the scum from escaping on its passage up the 
beach into the trough. Secondly, these systems 
do not remove scum from the flocculator centre 
well. When biological scum is not removed, it 
tends to grow because it is retained under ideal 
growth conditions as described in Section 2.9, 
thereby exacerbating the problem. To address 
these problems, various proprietary and non
proprietary systems have been developed. Some 
of these systems are discussed below.
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Submerged beach. These systems are used 
with rotating bridge mechanisms. The beach 
cannot be too wide because the scrapers extend 
from the bridge down to the floor. The beach 
and the approach side of the hopper are 
submerged by about 10 mm at low flow; the 
other side of the hopper is above the liquid 
surface at all times. The discharge is controlled 
by a valve actuated mechanically from the 
bridge, or is activated by a contact switch set off 
by the movement of the bridge. When the 
bridge approaches the hopper, the valve opens 
and scum moves freely ahead of the scraper 
into the hopper. The mechanism is in all 
respects similar to that shown in Figure 7.19 
except that one side of the hopper is sub
merged and the discharge is controlled by an 
actuated valve.

Enlarged beach. These systems have beaches 
that extend from the outer wall, almost the full 
width of the surface between the scum baffle 
and the centre well. However, they require sig
nificant support structures and generally have 
to be flushed continuously. These systems do 
not collect scum from inside the flocculator 
centre well. They also cannot be employed with 
bridge-mounted scrapers.

Revolving scum trough. These systems 
(Figure 7.20), used with central-drive sludge 
removal mechanisms, have a trough and beach 
plate assembly that is mounted above, and 
supported by, the mechanism. As the mechan
ism rotates, scum accumulates in front of the 
beach until it encounters a stationary scum 
skimmer suspended from the bridge. This 
skimmer conveys the scum up the beach into 
the trough. The collected scum flows to a ring 
mounted close to the centre column, which 
serves as a scum sump. A submersible pump, 
mounted on the operating platform above, 
pumps from the ring through a scum pipe 
directly to residuals treatment. These systems 
can readily collect scum from the centre well 
area as well as from the surface between the 
centre well and the scum baffle. The scum 
collection sump must be continually flushed 
(through a small V-notch weir) and the slam
mer wiper blade requires regular maintenance.

Ducking skimmer. These systems (Figure 
7.21) have a skimmer blade that is connected to 
the sludge removal mechanism through a 
hinged, counterweighted assembly. The skim
mer pushes scum along the surface of the SST 
to a slotted pipe extending from the outer wall 
to the feed well or beyond, which automatically 
rotates when the skimmer approaches. Scum 
enters over the submerged weir on the leading 
edge of the slot and is conveyed away through 
the pipe, which extends through the perimeter 
wall to a scum box. The skimmer ‘ducks’ below 
the pipe and continues around the SST. This

mechanism can be extended to collect scum in 
the centre well area, but only at substantial 
cost. Flushing is generally not required.

Some mechanisms collect scum from the 
surface and recycle it with the RAS. This is to 
be discouraged because it results in prolific 
growth of the foaming organisms.

There are also a number of design modifi
cations that can improve the efficiency of scum 
removal in SSTs. The top of the centre well can 
be submerged to allow scum to move out, but if 
it is submerged under low flow conditions, 
scum will tend to move over the top of the 
centre well towards the inside because of the 
waterfall effect within the well. The top of the 
flocculator centre well should be placed at an 
elevation just above the operating water elev
ation in the SSTs at average flows. Under normal 
operating conditions, scum is retained within 
the centre well. Under high flow conditions, the 
scum is blown across the top of the submerged 
centre well to a downwind location along the 
scum baffle, from where it can be removed by 
the scum collection mechanism. Care must be 
exercised in setting the elevation of the well to 
ensure that mixed liquor short-circuiting does 
not occur across the surface of the SST.

In peripheral-feed SSTs it is important that 
scum also be removed from the surface of the 
inlet feed channel. This can be difficult because 
of the wide variation in water levels in the 
channel under normal operating conditions. 
The feed channel should have a constant width 
to allow the scum-skimming mechanisms to 
travel within the channel. The scum collection 
trough can be located at the end of the inlet 
channel. It is best that the feed be introduced 
into the channel in one direction only to facili
tate scum removal.

In square SSTs it is customary to install a 
circular scum baffle to facilitate scum removal. 
The scum removal mechanisms are similar to 
those used in circular SSTs.

7.9 Examples
In this section, the performance of SSTs is 
examined as well as the solution of specific 
design problems.

7.9.1 Performance of flocculator-clarifiers
Flocculator-clarifiers as shown in Figure 7.14 
are distinguished by the presence of a large 
flocculator centre well, deep SWDs, suction 
sludge removal and inboard weirs. All these 
features have been shown in previous sections 
to improve the performance of SSTs. In this 
section the performance and operational experi
ence of the flocculator-clarifier is reviewed 
(Parker et al. 1996).

The flocculator-clarifier has proved to be high
ly stable under various operating conditions.
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Figure 7.19. Revolving skimmer and fixed scum trough.

Figure 7.20. Revolving scum trough.

Figure 7.21. Rotary ducking skimmer.
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Figure 7.22. Effect o f SST overflow rate on effluent 
suspended solids concentration at 
Corvallis, Oregon. (1 m/h = 24 m3/m2.d). 
Key: wet season; +, dry season.

Figure 7.22 shows the performance of the unit 
at the TF/SC plant at Corvallis, Oregon. In this 
figure, daily data from a year of operation are 
plotted against overflow rate. ESS averaged
9 mg/1 over the year. SORs shown are the daily 
average values (instantaneous peak values were 
greater). Because Corvallis has a combined 
sewerage system, hydraulic peaks are sustained 
for prolonged periods. Also, the plant operated 
at MLSS levels of 4,000 mg/1 during the wet 
season as a normal practice, meaning that sus
tained high SLRs were experienced. Perfor
mance was exceptionally stable over a very 
broad range in overflow rates.

The SST employed at Corvallis is shown on 
Figure 7.23. As noted in Section 7.4, the mixers 
were found to be unnecessary and were not 
used in the later designs. Figure 7.23 also 
shows that draft tubes (or ‘organ pipes’) were 
originally used in flocculator-clarifiers; they 
were discarded in favour of the rotating-orifice 
pipe (‘Towbro’) shown in Figure 7.14, to 
achieve better RAS control. Experience has 
shown that owing to the low differential head 
available to keep sludge moving in the ‘organ 
pipes’ at low RAS flow rates (and low pipe 
velocities), the longest pipes will shut down in 
favour of the shorter pipes, causing sludge re
moval at the outer edge of the tank to be dis
rupted. To combat this, operators have learned

to run such tanks with high RAS rates (and high 
pipe velocities) at all times, thus deceasing the 
thickening that can be obtained in the SST. The 
‘Towbro’ design can be operated at lower RAS 
rates and obtain thicker sludge (see also Sec
tion 7.6).

Figure 7.24 shows similar plots of annual 
ESS data for the Central Valley, Sacramento 
and Renton plants. Like Corvallis, Central Val
ley (Figure 7.24a) is a TF/SC facility; low ESS 
concentrations are sustained throughout the 
operating range of the SST; the annual average 
ESS concentration was 5.8 mg/1 with a standard 
deviation of ± 3.3 mg/1. Sacramento is a high- 
rate oxygen-activated sludge plant. Figure 7.24b 
shows that low ESS values are maintained at 
fairly high overflow rates, but at lower overflow 
rates most of the values are less than 10 mg/1, 
but some higher ESS values are obtained (to 
55 mg/1); the annual average ESS concentration 
was 8.2 ± 6.9 mg/1. This plant was plagued with 
Nocardia nuisance foams that were carried 
over into the SST, causing an impact on secon
dary ESS. Despite this, the plant has been 
extremely stable. The Renton data (Figure 
7.24c) reflect routine operation with higher 
blanket levels (typically at depths of 0.9-1.8 m), 
but the flocculator-clarifiers demonstrate an 
ability to handle inventory transfers as they 
worked well at relatively high overflow rates. 
Renton is also a high-rate activated sludge plant 
(SRT about 2.5 days) typically plagued by 
bulking sludge (SVI values of 200 ml/g are nor
mal). The annual average ESS concentration at 
Renton was 11.3 ± 4.4 mg/1.

Because the critical design condition in muni
cipal plants is peak wet weather SLRs, and 
typically it is only under these conditions that 
significant blankets develop in flocculator- 
clarifiers, data under peak storm events are of 
most interest. Unfortunately, data for these 
infrequent events are rare. Table 7.2 includes 
the available data and shows some interesting 
trends; given the proper conditions, both high 
SLRs (to 15.2 kg/m2.h) and SORs (to 3.5 m/h) 
can be obtained. As would be expected, the data 
show that the highest SLRs were experienced
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Figure 7.24. Effect o f overflow rate on ESS for flocculator SSTs at three plants: (a) Central Valley; (b) Sacramento; 
(c) Renton. (24 m3/m2.d = 1 m/h).

when sludge settleability was best; for example 
at Corvallis, SLRs of 7.67-15.2 kg/m2.h were 
sustained when SVI values were 30-53 ml/g.

Table 7.2 shows another interesting phenom
enon. In conventional SSTs, very low SVIs can 
result in high numbers of ‘pinpoint' floc and 
high values of ESS (see, for example, Pipes 
1979; Parker and Curley 1985), owing to the 
absence of an opportunity for flocculation 
because the separation of the sludge from the 
supernatant is too rapid (see Figure 2.2 in 
Section 2.2). Despite the very low SVI values 
sometimes observed, the flocculator-clarifier 
compensates for the pinpoint floc that other
wise would be produced by providing an 
opportunity for flocculation in the centre well 
and always seems to produce low values of 
ESS.

With poor sludge settleability, SST failure 
occurs at relatively low SLRs in flocculator- 
clarifiers. At Renton, severe solids loss oc
curred at SLRs of 5.0 kg/m2.h on 7 June 1988 
because of a bulking sludge (SVI values of 
200 ml/g). This failure occurred during special 
testing at the treatment plant (Dittmar 1988). 
Dye and solids distribution tests were done in a 
manner similar to that specified in the ASCE 
CRTC protocol (described in Section 3.4). As 
one SST was isolated for testing, there was only 
insignificant change in MLSS during the test 
(inventory transfer was insignificant except in 
the test SST). Testing showed that failure

occurred by expansion of the blanket towards 
the effluent launders. During the testing, sludge 
settleability was measured in stirred long- 
column tests that permitted the Vesilind equa
tion coefficients (Equation 3.4) to be deter
mined. The following data are available from 
the test:

SOR = 3.4 m/h; R = 50%; X = 0.986 kg/m3; 
V0 = 7.42 m/h; n = 0.781 m3/kg.

Solids flux analysis shows that thickening 
failure would be predicted to occur under these 
conditions at an SLR of 5.2 kg/m2.h, which is 
very close to the actual value of 5.0 kg/m2.h at 
which failure occurred.

In comparison, the same flocculator-clarifier 
handled a lower solids loading and overflow 
rates without failure on 28 August 1987 during 
special testing at the site (Dittmar 1987; Okuda
1987). As shown in Table 7.2, the SST performed 
satisfactorily. Sludge blanket levels during the 
test conditions were very low (less than 
0.05 m), showing that there was no solids flux 
limitation during the test. This can also be 
shown by solids flux calculation. The relevant 
data during the test were:

SOR = 2.6 m/h; R = 56%; X = 0.854 kg/m3; 
V0 = 10.6 m/h; n = 0.907 m3/kg.

The SLR during this test was 3.55 kg/m2.h. 
Solids flux analysis shows that under the above 
conditions, the SST should have been able to 
handle 6.2 kg/m2.h, which is well above the 
operating conditions.
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Table 7.2. Flocculator-clarifier performance at high rates
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0 Includes RAS flow rate in calculation, 
t Unstirred SVI.
|  Activated sludge plant.
§ TF/SC plant

Owing to the fact that the sludge at Renton 
has been a severely bulking one unless return 
sludge chlorination is practised, efforts have 
been directed to improve sludge settling quali
ties. Selector pilot studies at Renton have 
shown a marked improvement in SVI values 
(95 ml/g during dry weather and 134 ml/g 
during wet weather) and permitted a re-rating 
of the flocculator-clarifiers at that plant (Butler 
etal. 1994).

There are no unusual operations and mainten
ance requirements for the flocculator-clarifier 
compared with other units. The rotating pipe 
sludge collector system, however, requires a 
‘doughnut' connection to the return sludge line 
at the tank bottom; the doughnut incorporates 
a rotating circular seal. This seal must be main
tained in a nearly watertight condition, other
wise short-circuiting of thin sludge or clear 
supernatant will occur at the seal, decreasing 
the actual return sludge capacity of the sludge 
removal mechanism.

Inboard weirs, unlike peripheral weirs, can

not be cleaned from the side of the tank. Three 
methods have been used to provide weir 
cleaning. The first is to build a circular bridge 
parallel to the weir; however, this requires a 
spoke-and-wheel supporting structure instead 
of a cantilever design. Secondly, the troughs 
can be built deep to allow operator entry from 
the bridge by using a ladder. If this is done, it is 
important to avoid placing any structural 
supports from within the weir structure that 
would obstruct walking within the weir. The 
third method is to support brushes from the 
return sludge suction header or scum scraper 
arm to clean the weir plates continuously.

In one plant (Renton), submerged outlet 
tubes with orifices were used and this has ob
viated the need for routine cleaning of the eff
luent weirs. In this plant, conventional effluent 
launders have been replaced with submerged 
circular tubes placed in the same location as for 
a single inboard effluent launder. However, in 
this case the tube diameter ranges from 0.6 to
1.2 m and the orifices of 140 mm diameter are

Peak SST dimensions (m)
SLR* SOR Side water 

depth
ESS sv it

Plant Date (kg/m2.h) (m/h) Diameter (mg/1) ml/g) Comment

Sacramento, CA| 18 Feb. 1986 8.1 2.4 40 6 10 59 Peak sustained 24 h; SVI dropped 
during storm to value indicated

20 Feb. 1986 7.5 2.4 12 59 Peak sustained 24 h; SVI dropped 
during storm to value indicated

Renton, WAJ 24 Aug. 1987 2.3 2.5 30 5.5 <20 244 Peak sustained 3 h
(Before RAS 25 Aug. 1987 3.15 2.6 <35 159 Peak sustained 3 h
chlorination) 7 June 1988 5.0 3.4 <964 200 Blanket failure due to high SVI

Renton, WAJ (after 20 Jan. 1994 5.3 2.2 30 5.5 18 120 Peak sustained 5 h
RAS chlorination) 27 Jan. 1994 3.3 2.3 17 143 Peak sustained 3 h

Carlsbad, CA$ 11 Feb. 1988 5.9 2.4 32 6 < 16 144 Elevated flows for 2 h
South Salt Lake, UT§ 29 June 1989 4.3 3.5 38 5.5 < 3 n/a Peak rate sustained 0.5 h

13 Dec. 1993 5.8 0.9 7 n/a
Eureka, CA§ 13 Nov. 1984 3.7 3.2 27 5 14 79 Peak sustained 24 h

20 Nov. 1984 1.4 3.2 11 85 Peak sustained 24 h
20 Feb. 1986 6.1 3.2 <7 100 Peak sustained 2 h, but high 

flows for 10 h
Medford, OR§ 11 Nov. 1986 6.5 3.5 27 4.5 33 102 Peak; weirs submerged

20 Jan. 1993 5.4 3.1 7 84 Peak sustained 4 h
21 Jan. 1993 4.3 3.0 8 75 Peak sustained 4 h
22 Jan. 1993 4.0 2.8 7 100 Flows close to peak 24 h

Corvallis, OR§ 16 Nov. 1983 7.7 2.3 35 5.5 9 53
11 Dec. 1983 12.5 2.4 8 30
12 Dec. 1983 11.9 2.2 9 34
13 Dec. 1983 11.9 2.3 9 30
14 Dec. 1983 9.6 2.4 10 32 Flows close to peak 24 h
15 Dec. 1983 9.7 2.3 9 32 Flows close to peak 24 h
20 Mar. 1984 15.2 2.4 7 30

Tolleson, AZ§ 12 Mar. to 
3 Apl 1984

4.3 2.2 34 5 9 108 Daily diurnal peak

Boulder, CO§ 30 May 1995 6.1 2.8 34 5.5 5 n/a Peak sustained 24 h
31 May 1995 5.6 2.6 6 n/a Average for 24 h; max. and min. 

within 10%
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Figure 7.25. Comparison o f performance o f flocculator-clarifiers with weir baffles and inboard weirs. Symbols: □, 
flocculator-clarifier with inboard weirs; +, °, flocculator-clarifier with baffled peripheral weirs.
(588 gpd/ft2 = 1 m/h).

equally spaced along the centreline of the 
crown of the tube. The water surface elevation 
of the tank varies with flow, but on average the 
orifices are submerged about 0.6 m below the 
water surface. As can be seen from the 
comparison of performance presented earlier 
in this section, the Renton plant produces ESS 
of 11 mg/l, which is higher than the 6-9 mg/l 
ESS produced by Corvallis, Central Valley and 
Sacramento. However, the differences in per
formance might have been the result of differ
ences in sludge qualities rather than differences 
in relative effluent launder performance.

Given the extra maintenance requirements 
and the relatively high capital cost of inboard 
weirs, it has been suggested that the baffled 
peripheral weir be substituted for the inboard 
weir in flocculator-clarifiers. Comparative per
formance data are therefore of considerable 
interest. A field study recently compared baffled 
peripheral weirs (Black and Veatch baffles) 
with inboard weirs in parallel flocculator- 
clarifiers that had otherwise identical features 
(Buttz 1992). As shown in Figure 7.25, no sig
nificant difference was found in performance at 
hourly overflow rates up to 2.5 m/h in tests 
conducted over several days. However, even 
though peak hour SLR values reached an 
applied SLR of 8.3 kg/m2.h, blankets did not 
develop and measured sludge depths did not 
exceed 0.07 m, indicating that the SSTs were 
not stressed from a SLR perspective. This was 
no doubt due to the fact that sludge settling 
qualities were excellent during the test, with 
SVI values ranging from 80 to 111 ml/g (J. Buttz, 
personal communication with D.S. Parker). 
Testing with sludge blankets is a research need.

The performance data accumulated on the 
flocculator-clarifier allowed the adoption of 
design criteria that can be considered more agg

ressive than typical textbook values and allowed 
a down-sizing of SST area requirements. This 
has allowed both considerable savings in space 
and cost in new plants and expansion in existing 
plants compared with conventional designs 
(see, for example, Parker et al 1993a).

7.9.2 Design of side outlet flocculator SST
A side outlet flocculator centre well was 
designed for serving biological nutrient removal 
plants in South Africa. A cross section is shown 
in Figure 7.26. The basic layout is similar to 
that described in Section 7.3.1. The centre well 
diameter was 20% of the tank diameter. The 
bottom of the centre well was closed and slots 
were provided around the well to distribute the 
mixed liquor over a wider area. The slots were 
designed to have a velocity of 20 mm/s at 
ADWF with a peak flow velocity of 45 mm/s. 
The mixed liquor enters the well from the 
bottom, is evenly distributed through slots in 
the inner column and exits through the vertical 
slots, which are provided with baffles.

The SWD was 4 m and the depth at the cen
tre was 6.5 m. The sludge was scraped to the 
centre for withdrawal by spiral scrapers varying 
in depth from 400 to 1,200 mm to ensure that 
the sludge could be transported to the centre.

The centre well was closed at the top and the 
underside of the concrete slab was submerged 
to avoid the accumulation of scum. Under aver
age flow conditions, it was noted that liquid was 
flowing into the slots near the liquid surface. 
This did not seem to upset the performance of 
the unit, but rather diluted the mixed liquor 
before discharge through the lower part of the 
slots.

The SSTs at the Darvill plant in Pietermar
itzburg, South Africa, had a diameter of 35 m. 
They were stress-tested by filling up the storm
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flow tank and pumping the flow at about three 
times DWF for 9 h. The MLSS concentration 
in the aeration basin under average conditions 
was 5,200 mg/1 and the recycle ratio was 0.62. 
The peak overflow rate was 0.90 m/h and the 
maximum SLR was 7.6 kg/m2.h. The DSVI 
during the test was between 55 and 65 ml/g. It 
was fortunate that storm water contained clay 
colloids that did not settle in the primary sedi
mentation tanks and assisted in keeping the 
DSVI low during storm events. During the test 
run the ESS did not exceed 3 mg/1 (De Haas 
1995).

7.9.3 SST performance for design
conforming to recent ATV criteria

The ATV procedure (ATV 1991) gives some gen
eral guidelines for the design and construction 
of SSTs. SSTs must be designed and construc
ted to meet the effluent quality requirements 
also at PWWF. SSTs are therefore usually more 
than 4 m deep. The required tank surface 
depends on the sludge volume load rate (qsv) 
as described in Sections 4.11 and 4.14.3.

An example of a plant that follows the ATV 
procedures is the wastewater treatment plant in 
Hattingen, Ruhrverband, Germany. This plant 
contains submerged outlet tubes, which have 
become more and more common in Germany 
(Günthert and Deininger 1995).

The wastewater treatment plant of Hattingen 
is designed for 100,000 population equivalents 
and was placed into operation in 1993. It was 
designed as a mechanical and biological plant 
with simultaneous precipitation and a polishing 
pond. The biological stage contains a pre
denitrification step. The plant has reached 85% 
of its design organic loading capacity. The 
required effluent parameters have been set as 
follows:

COD < 90 mg/1; P < 1 mg/1; FSA < 6 mg/1; 
inorganic N < 18 mg/1.

The hydraulic loading parameters of the 
treatment plant are as follows:

Q i , a d w f  = 300 1/s; Q i , p d w f  = 3501/s; 
Qi ,p w w f  = 1,273 1/s.

Four circular SSTs have been provided with

the following dimensions and features (Figures 
7.27 and 7.28):

Diameter 30.6 m each 
SWD 3.44 m each
Inlet centre feed, twelve T-pipes

(300 mm diameter) with dash 
plates around the perimeter 

Outlet at the rim, 16 submerged out
let tubes around the peri
meter

Sludge removal scraper
The submerged outlet tubes meet the design 

rules of ATV (1995) and are constructed as 
follows:

Diameter 300 mm each tube
Length 7 m each tube
Orifices 30 orifices at the top of

each tube 
Diameter orifices 30 mm each
The effluent of the Hattingen treatment plant 

shows some diurnal changes in concentration. 
However, the maximum value of SS in the 
effluent has been 11 mg/1. The sludge volume 
load qsv was set at 400 l/m2.h (see Sections 4.11 
and 4.14.3).

7.10 Research needs
Although comparisons of suction sludge remo
val systems to scraper systems have shown that 
the former allow the maintenance of lower 
blankets, no direct comparisons have been 
made between systems using the best type of 
both systems. And in the comparative studies 
done in the USA, on the two types of system, 
the less efficient suction sludge removal sys
tem, ‘organ pipes’ were used instead of rotating 
pipes with orifices (‘Towbro’ type). And the 
scrapers were of the shallower US design 
rather than deeper scraper blade depths typical 
of German practice. A comparison of the most 
efficient types of both systems would define the 
relative efficiencies of sludge removal systems.

In flocculator-clarifiers, baffled peripheral 
weirs and inboard weirs seem to perform 
similarly at SORs to 2.6 m/h and SLRs to 
8.3 kg/m2.h. However, these tests were com-

Figure 7.26. Flocculator centre well with side outlets.
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Figure 7.27. Photograph o f one o f the SSTs at Hattingen.

Figure 7.28. WWTP Hattingen (Ruhrverband, Germany) inlet and outlet design.

promised by the lack of development of a 
blanket under the highest loading conditions. 
Owing to the less expensive construction in
volved with baffled peripheral weirs, compara
tive testing at SLRs that will result in a blanket 
is a research interest.

Previous investigations on the effect of tank 
depth on ESS have either been with weir 
placement on the tank periphery or with in
board weir placement. The performance of 
tanks equipped with baffled peripheral weirs 
has not yet been fully evaluated. For instance:
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In these latter tanks, how does tank depth and 
the influence of the sludge blanket influence 
the performance of these tanks? Can shallower 
tanks with peripherally baffled weirs be built 
than might otherwise be used?

The effect of the rotating sludge removal 
mechanism on ESS is only poorly understood. 
Cases have arisen where the combination of 
high return rates and high MLSS levels has cre
ated a high flow around the sludge collection 
mechanism and caused high ESS. The cause of 
high ESS needs better definition and measures 
to minimize it need to be determined. Also 
needing exploration is the highest sludge return 
rate and its effect on attainable MLSS levels in 
aeration tanks for different types of mechan
isms.

Submerged tubes can have advantages over 
effluent launders in that floating debris is not 
carried over into the effluent and the launders 
do not require routine cleaning. However, data 
on side-by-side comparisons of ESS are lacking 
and therefore such a comparison is a research 
need.
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8 . Rectangular SSTs

8.1 Introduction
Various types of rectangular SST are presented 
in this chapter, including inlet, outlet and sludge 
removal arrangements. The discussion is based 
on practical experience, pilot-scale studies and 
also on numerical simulations. Baffling is intro
duced as a means to improve the performance 
of rectangular SSTs.

Rectangular tanks can be divided into two 
major categories according to the main flow 
direction:

• longitudinal flow tanks
• transverse flow tanks.
The longitudinal flow tank has a relatively 

high flow rate per unit width. In various guide
lines (for example, ATV 1991), it is recom
mended to choose a ratio of length to width of 
more than 5:1. A typical length is between 30 
and 60 m. Various types of sludge removal 
system have been used in longitudinal SSTs. 
The sludge is either withdrawn from where it 
has settled through a suction system or it is 
transported by some scraper mechanism to a 
sludge hopper, where further thickening is ass
umed to take place and from where it is pumped 
to the aeration tank. The sludge removal is 
always parallel to the main flow direction, i.e. 
with or against the flow.

In a transverse flow tank the inflow is dis
tributed over the long side of the rectangle, and 
therefore the specific loading per unit width 
(related to the main flow direction) is com
paratively low. A typical width of a transverse 
tank is around 10 m, whereas the length can 
vary over a wide range up to more than 100 m. 
Transverse tanks are usually designed through 
the ratio of the width (i.e. the length of 
horizontal flow) to the water depth being in the 
order of 2:1. When this condition is applied and 
the inlet is placed at the bottom, they are also 
referred to as a special type of vertical flow tank 
(ATV 1991), which assumes that ideally the 
flow rises vertically from the bottom to the 
surface and the sludge particles are filtered by 
a stable sludge layer. Unlike longitudinal tanks, 
the sludge removal in the transverse tank takes 
place perpendicular to the main flow by means 
of a suction system. Figure 8.1 shows a cross

section through the transverse SSTs of the 
WWTP of Zurich, Switzerland, which reveals a 
typical arrangement.

8.2 Inlet

8.2.1 Inflow distribution
The aerated sludge is generally transported in 
open channels or pipes from a point of dis
tribution of a preceding process to one or more 
settling tanks. When more than one SST is 
employed it is required that the aerated sludge 
be uniformly distributed between the tanks. 
The distribution channels should be designed 
in accordance with the following requirements: 
first, the velocity should be sufficiently high or 
the channel should be aerated (Figure 8.2) to 
prevent sedimentation; and secondly, floc break
up should be avoided, particularly with fragile 
flocs. These two design criteria are contro
versial in practice because the former requires 
high velocities and the latter imposes maximum 
velocities not to be exceeded. Kalbskopf and 
Herter (1984) installed an inlet flocculation 
zone to reflocculate the particles that might 
have been broken up in the distribution chan
nel by the relatively high velocities required to 
keep the flocs in suspension. Figures 8.2 and
8.3 show examples of inflow distribution 
schemes.

With regard to the inlet to the SST, similar 
design objectives can be stated. Floc breakup 
should be avoided and floc formation should be 
promoted. The distribution of the aerated sludge 
and of momentum over the width (or length) of 
the SST should be uniform to achieve symmet
rical flow conditions with respect to the main 
flow direction. This can be achieved by provi
ding sufficient head loss through the inlet 
ports, which can be calculated with standard 
energy loss equations. Obtaining an even inflow 
distribution is a relatively easy task for longi
tudinal tanks because the head loss in trans
verse distribution channels is not significant. 
For transverse tanks it is practically impossible 
to attain uniform inflow distribution for the 
entire range of loading, as the flow distances in 
the distribution channel vaiy from almost zero 
to the length of the tank and a significant head
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Figure 8.1. Transverse SST o f the WWTP o f Zurich, Switzerland.

Figure 8.2. Aerated sludge distribution channel (Krauth 1993) and two staggered slotted baffles as inlet energy 
dissipation equipment.

loss is induced. By inclining the bottom and 
adjusting the distances or the diameter of the 
actual inlet tubes, the distribution system can 
be optimized for a decisive design loading; how
ever, for other loading conditions the distribu
tion is not uniform.

For longitudinal SSTs, even for low inflow 
velocities to the inlet structure, a uniform dis
tribution can be achieved through a perpendic
ularly situated inlet channel with flow velocities 
between 30 and 40 cm/s. The channel should 
be equipped with either aeration or a sludge 
scraper to avoid sludge build-up. The channel 
and inlet structures offer simple removal possi
bilities for scum. Normally the inlet channel is 
fed in the longitudinal axis of the tank, and 
from there it expands symmetrically to the 
outermost inflow openings.

8.2.2 Requirements
The general purpose of the inlet structure is to 
facilitate equal flow distribution and settling in 
the. sedimentation region. Because flow and 
sedimentation are strongly interdependent, the 
flow should be such that the settling process is 
supported. Owing to the high suspended solids 
(SS) concentration in the inflow and the 
specific features of the sludge properties, the

requirements for the inlet design of SSTs are 
substantially different from those of other 
settling tank types (for example water treat
ment or primary settling tanks). The following 
three criteria -  which are also valid for circular 
tanks -  must be considered (Krebs et al. 1995).

• Density effects are significant compared
with kinetic energy of the inflow and are
the cause of the overall flow pattern with
the dominating bottom current. Density
effects are a physical fact and can be nei
ther neglected nor neutralized by any inlet
structure. They should be balanced with
the kinetic inflow energy such that the
development of the bottom current is the
least pronounced.

• Energy dissipation supports a better flow
distribution and the decrease in the flow
velocity after the inlet. Good inlet energy
dissipation can reduce the adverse devel
opment of the bottom current. Decreasing
the eddy scale enhances the energy dissi
pation.

• Making use of the flocculation potential of
the activated sludge can be crucial with re
gard to the effluent quality. Flocculation can
be enhanced by inducing an appropriate
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Figure 8.3. Sludge distribution channel with a funnel-shaped floor (Krauth 1993) and a Stuttgart inlet (Pöpel and 
Weidner 1963).

turbulence level that requires the inlet to 
be designed as a flocculation chamber.

Most of the known inlet structures (see 
Section 8.2.3) have been optimized for energy 
dissipation and are thus adequate for applica
tion in primary settling tanks. For the design of 
SST inlets, all three criteria listed above are 
equally important.

A further, operational requirement must be 
considered. Air bubbles should not be en
trained into the SST If necessary, a degasifica
tion zone in or before the inlet should be pro
vided. The removal of scum and settled sludge 
from the inlet volume might be necessary.

8.2.3 Inlet design
In Section 5.5.3 it was shown that the density 
effect can be dampened by a low inlet position 
and that inlet energy can be dissipated by 
perforated or slotted baffles. Energy dissipation 
is the main purpose in classical inlets. The 
velocity should ideally be slowed down from a 
typical velocity within the approaching tube of 
the order of 1 m/s to the mean horizontal 
velocity in the order of 1 cm/s. According to 
WPCF (1985) the headloss through a perfora
ted inlet plate should be about four times the 
kinetic energy of any approaching velocities to 
equalize flow distribution both horizontally and 
vertically. However, floc breakup should be avoi
ded. The fraction of the flow cross section should 
therefore be relatively high and each slot should 
be not too narrow (not smaller than 5 cm).

Another typical example of an inlet 
arrangement optimized for energy dissipation is 
shown in Figure 8.2, where two staggered slot
ted baffles are used. In the Stuttgart inlet of 
Pöpel and Weidner (1963), the inflow jet is 
spread vertically and at the same time it is de
flected twice in plan view while the cross 
section normal to the local flow is constantly 
increasing (Figure 8.3). Although this is a very 
sophisticated approach for non-buoyant condi
tions (for example primary settling tanks), the 
density effect gives rise to strong entrainment 
of ambient fluid within the inlet and induces an 
adverse bottom current.

Whereas it can be shown by the physics of 
density effects that the optimum inlet location 
is as close to the bottom as possible (Section
5.5.3), this has not often been done in practice. 
For instance, ATV (1991) suggests not distur
bing the thickening zone and placing the lower 
end of the inlet opening above the thickening 
zone. Note that the depth h4 of the thickening 
zone is usually more than 1 m. In contrast, the 
clear water zone should not be affected by the 
inlet, which gives a measure for the uppermost 
end of the inlet opening. According to ATV 
(1991) the maximum inlet aperture is therefore 
the height of the clarification zone plus the 
height of the storage zone (h2 + h3),  which 
typically amounts to about 2 m, whereas the 
physical approach of Krebs et al. (1995) yields 
an inlet aperture of around 0.5 m. It is ex
plained in Section 5.5.3 why a higher inlet 
aperture does not induce smaller bottom cur
rent velocities, but in fact causes higher veloci
ties.

The rectangular SST inlet introduced by Lar
sen (1977) was the first to consider floc stability 
(Figure 8.4). The cross section of the inflow 
tubes was quite large to induce relatively low 
velocities and to prevent high shear gradients. 
The tubes were directed vertically to prevent 
floc from settling in the distribution flume. The 
inflow was then deflected to the horizontal to 
suppress the development of a vertical wall jet. 
Inlet diffusers as shown in Figure 8.5 dissipate 
inlet energy by releasing flow at right angles to 
the main flow direction towards each other. 
They also provide a flocculation effect.

If an inlet baffle is applied as shown in 
Figure 8.6, the energy dissipation of the inflow 
jet takes place within the inlet volume. The 
velocity UIn entering the sedimentation region 
(see Figure 8.6) is relatively small with values 
below 0.1 m/s and is significantly decreased 
compared with typical velocities U0 to the inlet 
(0.75-1.5 m/s; see WPCF (1985)). This energy 
dissipation volume with a well-defined turbu
lence level can be made to function as a floccu
lation chamber. The inlet height HIn (see 
Figure 8.6) can be optimized according to 
Equation 5.48. To further dissipate the kinetic
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Figure 8.4. Inlet design o f Larsen (1977) to avoid floc breakup. (D is in mm.)

Figure 8.5. Inlet diffuser typically applied in rectangular SSTs by Los Angeles County Sanitation Districts. (1 inch 
(in) = 2.54 cm; 1f t  = 0.305 m.)

energy induced through the flow below the 
inlet baffle, the installation of slotted baffles or 
two rows of angle bars over the inlet cross 
section is suggested by Krebs et al. (1995). 
However, care should be taken that the flocs 
formed within the inlet chamber are not bro
ken up by these energy dissipation devices.

Flocculator wells were successfully applied

in circular tanks (see Section 7.4). A similar 
concept can be applied to rectangular tanks. 
The mean velocity gradient -  the so-called G 
value -  and the residence time in the inlet vol
ume drive the flocculation performance. GIn in 
the inlet volume
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Figure 8.6. Definition sketch for the inlet arrangement 
o f Krebs et al. (1995) that combines either
with suction removal system or with a 
Gould-type sludge hopper position.

should be in the range of 30-70/s (Parker et al. 
1971). GIn is determined by the inflow energy 
per unit time PIn converted to turbulent energy, 
by the dynamic viscosity μ , and by the inlet 
volume Vin, The inlet volume is determined 
from the residence time needed to support the 
flocculation process efficiently. Kalbskopf and 
Herter (1984) described rectangular tanks with 
flocculation chambers (Figure 8.7) and a res
pective residence time of 8 min at a surface 
overflow rate (SOR) of 1.5 m/h (PWWF). For 
circular tanks, as a result of the 21-plant survey, 
Wahlberg et al. (1994) recommended designing
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Figure 8.7. Inlet with flocculation chamber and two paddles with horizontal axes. The sludge is withdrawn near 
the inlet and after one third o f the tank length (Kalbskopf and Herter 1984).

the flocculation chamber for 20 min residence 
time at ADWF. As the design procedure of 
Krebs et al (1995) refers to PWWF, and assu
ming a ratio of PWWF to ADWF for Europe of 
about 2.5:1, a residence time of 7 min in the 
flocculation chamber is needed, which allows 
the determination of the inlet volume VIn and 
the distance LIn between the inlet wall and the 
inlet baffle (see definition sketch in Figure 8.6). 
If the ratio of PWWF to ADWF is significantly 
higher than 2.5:1, the flocculation chamber 
should be dimensioned directly with the 20 min 
residence time condition at ADWF. Assuming 
that PIn is dependent on Bordat-Camot energy 
loss (i.e. the entire inflow energy is dissipated), 
the inflow velocity U0 to the inlet volume 
necessary to reach the required value of GIn is

where v is kinematic viscosity, H is water depth, 
qA is overflow rate, R is recycle ratio and L is 
tank length. The cross section of the inlet tubes 
or inlet openings can now be calculated for the 
design case, such that GIn is in a favourable 
range for flocculation. WPCF (1985) states that 
inflow velocities U0 should be between 0.75 
and 1.5 m/s.

Floc breakup can become a problem when 
the inflow velocity U0 provides enough inflow 
energy flux PIn to maintain the required value 
of GIn in the entire inlet volume. As a rule, 
WPCF (1985) recommends inducing a value of 
GIn that is smaller or only slightly higher than 
that in the last preceding flocculator compart
ment. A better distribution of the energy input 
is obtained by installing either stirrers (Kalbs
kopf and Herter 1984) or a multiple baffle inlet 
(Okuno and Fukuda 1982).

Figure 8.7 shows the installation described 
by Kalbskopf and Herter (1984). The floccula
tion chamber is equipped with two contra- 
rotating paddles with horizontal axes. Aiming at 
inducing a value of G of 30-60/s, the paddles 
are gently stirring at individually adjustable ro
tation speeds of 1.4 or 2.8/min. The inlet baffle

between the flocculation chamber and the 
sedimentation tank defines the inflow cross 
section to be at the bottom. It was shown that 
under various loading conditions, the effluent 
quality was improved when the paddles were 
operating.

Okuno and Fukuda (1982) aimed at inducing 
a regular flow field distribution by installing 
perforated baffles. Between the baffles, the 
settled sludge is transversely moved to sludge 
hoppers (see Figure 8.8). Test cases were per
formed with one to three baffles and porosity 
fractions (flow cross section through holes 
divided by tank cross section) of 0.4 or 0.05. 
The best performance was obtained with three 
baffles and the lower porosity fraction of 5%. 
Effluent suspended solids (ESS) concentrations 
were stable at low values up to very high 
hydraulic loadings. However, the reason for this 
effect might be not only the improved flow 
distribution, but even more the flocculation 
effect induced by the perforated baffles and 
also by avoiding the development of a high 
sludge blanket in the region close to the 
effluent launders.

8.2.4 Prevention of short-circuiting to the 
sludge hopper

With scraper systems, the sludge hopper is 
often located directly below the inlet structure 
and therefore short-circuiting from the inlet to 
the sludge hopper and subsequent dilution of 
the recycle sludge becomes a potential problem 
in both rectangular and circular SSTs (Gün- 
thert 1984; see also Section 6.3.4). Nevertheless, 
it is not clear whether the density stratification 
at the top of the sludge hopper is sufficiently 
strong to deflect the lighter inflow to the horiz
ontal or whether the vertical momentum is 
sufficient to cause frequent breakthrough to the 
recycle sludge under normal loading and steady- 
state conditions. In any case, an inflow that is 
directed without hindrance to the hopper is an 
unpredictable source of potential erosion of the 
sludge and can, particularly under shock load
ing, give rise to adverse effects.

Short-circuiting from the inlet to the sludge
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Figure 8.8. Inlet arrangement with perforated baffles and transverse sludge removal (Okuno and Fukuda 1982).

hopper can be prevented by installing a hori
zontal slab slightly above the upper end of the 
scrapers (Figure 8.9). The waterfall within the 
inlet is deflected to the horizontal at the slab 
and the inflow to the tank is stratified above the 
removal layer of settled sludge, which is trans
ported against the inflow current. The design of 
the inlet in accordance with the criteria given 
in Section 8.2.2 is still the same; it is merely 
elevated relative to the tank bottom by the 
scraper height (Figure 8.9).

The installation of the slab is also required to 
define the inlet volume as a flocculation cham
ber. Without the slab, a density waterfall would 
freely develop and not all of the turbulence 
would be homogeneously distributed within the 
inlet volume.

Note that the short-circuiting problem dis
cussed here does not arise with suction removal 
systems. In longitudinal SSTs with a scraper
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Figure 8.9. Inlet structure after Krebs et al. (1995) with 
a scraper removal system and a sludge 
hopper placed below the inlet.

system, it also can be avoided when the hopper 
is placed near the outlet wall or at the midpoint 
of the tank (see Section 8.4.2).

8.3 Water depth
The design approach of ATV (1991) to deter
mine the water depth is introduced in Section 
4.11. Four functional zone heights are defined: 
(1) clear water zone h1, (2) separation zone h2,
(3) storage zone h3 and (4) thickening and 
removal zone h4 (see Figure 4.6 and Section 
4.11.3). The procedure is identical for circular 
and rectangular SSTs. The organization by 
functional zones relates horizontally uniform 
layers to the main settling and removal pro
cesses taking place in SSTs. The processes are 
not actually found in horizontally layered zones, 
because they penetrate into neighbouring zones. 
Moreover, the hydraulics causes the layers and 
their interfaces to be inclined instead of hori
zontal, and the regions near the inlet and the 
outlet wall are disturbed.

As with circular tanks (see Section 7.5), the 
SOR can be increased with a higher water 
depth, as Tendaj-Xavier and Hultgren (1988) 
showed by a comparison of two equally loaded 
tanks with depths of 3.7 and 5.7 m. Ditsios 
(1982) performed experiments in a pilot-scale 
SST to investigate the effects on the sludge 
blanket height. As the absolute sludge blanket 
height is essentially independent of the water 
depth, a deeper tank provides more safety at 
equal loadings or allows a higher loading when 
aiming at reaching the same ESS values. It was 
shown that the sludge blanket level increased 
with increasing SOR, recycle ratio R and 
settled sludge volume DSV30 (Figure 8.10).
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Figure 8.10. Influence o f SOR, recycle ratio R and DSV30 on the sludge blanket level, for DSVI = 80-150 ml/g 
(redrawn from Ditsios 1982). In (b), qA = 1.0 m/h.

Figure 8.11. Sludge removal systems fo r rectangular SSTs: (a) blade scraper system, (b) flight scraper system 
(redrawn from Günthert 1985).

8.4 Sludge removal

8.4.1 Sludge removal systems
Three collector systems are known for longi
tudinal tanks -  blade scrapers, flight scrapers 
and suction collectors -  whereas for transverse 
tanks only suction collectors are installed. In 
longitudinal tanks the removal takes place with 
or against the main flow, whereas in transverse 
tanks it is directed along the long side of the 
rectangle, i.e. in the lateral direction to the 
main flow.

Blade scraper systems are used mostly in 
Europe. The blade is lowered to the bottom at 
the outlet end and is then pulled by the scraper 
bridge towards the inlet, where the sludge hop
per is usually placed with this removal system 
(Figure 8.11a). The weight of the blade is 
supported by wheels, to minimize resistance

and preserve the sealing strips. The settled and 
thickened sludge on the tank floor accumulates 
in front of the moving blade. The sludge 
blanket surface in front of the blade declines 
from 8% to 15% towards the effluent launder 
side. The sludge transport is assisted only 
slightly by a bottom slope of only 1- 2% towards 
the sludge hopper. After being scraped into the 
hopper, the return sludge is withdrawn through 
a rising pipe or a siphon pipe. At the end of the 
removal period the scraper blade is lifted above 
the water surface and the scraper bridge moves 
back to the effluent launder end with a rela
tively high velocity.

With a flight scraper system, the process in 
front of a single scraper beam is similar to that 
described with the blade scraper system. Never
theless, the overall removal process is more like 
a continuous process because scraper beams
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are installed at a distance of 5-8 m from each 
other. They are pulled along the bottom of the 
sedimentation tank by two endless chains run
ning at the side walls (Figure 8.11b). The chain 
links engage at the inflow and outflow ends in 
sprocket wheels, which are mounted on rota
ting shafts. Four rotation points are necessary if 
the surface scum is to be removed by the 
beams on their way back to the outlet wall. The 
scraper beams are made from wood (up to 8 m 
long) or metal. An exchangeable or adjustable 
rubber scraper is attached to the bottom edge 
and the sides of every second to fourth scraper 
to provide complete sludge scraping. Slight 
bottom inclinations are useful for cleaning the 
tank after emptying. The scrapers return to the 
effluent end protruding somewhat out of the 
water to collect floatables into a scum launder.

The height of the scraper blades has to be 
related to the recycle sludge flow rate, the 
sludge concentration at the bottom and the re
moval velocity of the blades. ATV (1988) gives 
guidance in determining the blade heights for 
scraper systems in rectangular as well as in 
circular tanks.

The suction collectors are either equipped 
with a pump or are driven by the head between 
the water levels in the SST and in the recycle 
sludge channel to the aeration tank. For a tank 
length above 40 m, ATV (1988) recommends 
the installation of two suction collectors to in
crease the removal frequency. ATV recom
mends that longitudinal SSTs should not exceed 
60 m in length, whereas transverse tanks can be 
much longer. For instance, at the WWTP of the 
City of Zurich, Switzerland, transverse tanks 
with a length of 142 m and three suction remo
val units in series are operated successfully.

8.4.2 Placement of sludge hopper
In combination with scraper removal systems, 
the placement of the sludge hopper in Euro
pean longitudinal tanks is most often at the 
inlet end, just below the inlet structure (see 
Figure 8.9). This arrangement is based on the 
assumption that most of the sludge is settled 
shortly after the inlet. Therefore the net for
ward flow should not be increased by the 
return flow rate as caused by a hopper at the 
outlet end. Experiments in situ as well as 
numerical simulations show that these assump
tions are too simplified. The flight scraper 
induces a volumetric flow rate at the bottom 
against the forward density current above it, 
which is in the order of magnitude of the 
recycle flow rate. Otherwise the recycle sludge 
is diluted by some short-circuiting from the 
relatively low concentrated inflow. Conse
quently, it seems that the actual flow rate of the 
density current developing along the bottom is 
driven more by the total inflow to the tank and

entrainment after the inlet structure than by 
the location of the sludge hopper.

Because the scraping of the settled sludge to 
the influent end hopper is performed against 
the flow direction, concern is raised over the 
possibility of breaking up the fragile biological 
flocs with a subsequent resuspension and carry
over of fine floes in the effluent. Also, sludge 
collection at the influent end requires sludge to 
be moved in the opposite direction to the den
sity current, which in itself creates instabilities. 
Therefore the influent-end hopper design 
might not be ideal for applications to the final 
clarifiers of activated sludge plants with fragile 
flocs. In North American practice, the hoppers 
are therefore typically placed at mid-tank or at 
the effluent end of the rectangular SSTs.

A placement of the sludge hopper at the 
end of the tank (Gould tank Type I) reduces 
the adverse effects of countercurrent removal 
with the inlet-end hopper. The sludge transport 
now takes place with the bottom current (see 
Figure 8.12a) and is not brought to the inlet 
region where the specific energy of the flow, 
and therefore also the resuspension rate, is the 
highest. Breakup of flocs is minimized and 
furthermore the longer sludge detention time 
resulting from the effluent-end hopper arrange
ment can enhance the flocculation and dynamic 
filtration effects for the flocculent particle. 
Both effects are directly beneficial to the separ
ation of the sludge particles from the fluid flow. 
However, high sludge concentrations are then 
transported along the bottom in the effluent 
region, where the potential danger of a high 
ESS wash-out is increased. Also, the nominal 
flow rate consists of the effluent flow rate plus 
the recycle flow rate throughout the tank under 
all operating conditions. However, Wahlberg et 
al. (1993) showed that rectangular tanks with 
effluent-end sludge collection can perform ex
ceptionally well up to SOR of 3.5 m/h.

In long tanks, say above 40 m, the sludge 
hopper can be situated halfway to the end 
wall (Gould tank Type II), or even two or more 
hoppers can be placed in the intermediate 
region. The sludge is scraped with the main 
flow direction in the first half of the tank and 
against the flow in the second half of the tank 
(Figure 8.12b). This concept seems promising 
and has been shown to perform very well 
(Wilson and Ballotti 1988), because: (1) sludge 
removal is not disturbed by the high specific 
inflow energy, (2) transport distances are dimin
ished, (3) sludge transport is directed with the 
bottom current in the high-velocity region and
(4) sludge transport is directed against the 
bottom current, where both sludge concentra
tions and bottom current velocities are smaller. 
It can be expected that there is essentially no 
sludge blanket beyond the sludge hopper at the
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Figure 8.12. (a) Gould tank Type I with sludge hopper at the outlet end and sludge removal with the main current;
(b) Gould tank Type II with a sludge hopper placed at the mid-point o f the tank.

mid-length of the tank. Finally, the degree of 
flexibility is increased; the different conditions 
in the first and the second parts of the tank can 
be treated by, for example, different removal 
speeds, different blade heights or different 
distances between the blades. Kalbskopf and 
Herter (1984) reported on SSTs with blade 
scraper removal systems and two sludge with
drawal locations, the first at the inlet baffle and 
the second after one-third of the tank length 
(see Figure 8.7).

8.4.3 Dynamics and recycle concentration
The great advantage of sludge removal in circu
lar tanks is that both the sludge recycle concen
tration and the recycle flow rate can be expected 
to be nearly constant for removal by suction 
and by scraper. This is, however, not attainable 
in rectangular tanks, even under ideal steady- 
state loading.

For blade scrapers, at every return period a 
drastic variation of the recycle concentration 
occurs. Concentrated sludge is fed into the 
hopper only when the scraper blade is closer 
than about 10 m (Renner 1980). When the 
scraping process is started at the outlet wall, 
the concentration in the return sludge is very 
similar to that of the inflow, because the 
scraper blade does not affect what enters the 
sludge hopper and it is thus fed mainly by 
short-circuiting from the inlet. The recycle 
concentration is increased only slightly com
pared with the inflow concentration by some 
thickening in the sludge hopper. Further, dur
ing a removal period, the sludge blanket height 
varies significantly depending on the elapsed 
time within the scraper period and on the 
measuring location.

With a flight scraper the situation is greatly 
improved because the frequency of sludge 
scraped into the hopper is now increased. The

variation of recycle concentration is therefore 
decreased and the duration of low recycle con
centration is significantly shortened. Also, the 
sludge blanket height is nearly stable and is 
disturbed only locally by the passing scraper 
blade.

As with blade scrapers, with an organ pipe 
suction collector and constant recycle flow 
rate, the recycle concentrations are also highly 
variable with the removal period. Before the 
collector reaches the turning point at the end of 
a removal period, a high sludge blanket and a 
relatively high concentration builds up locally. 
Assuming that the thickened sludge is removed 
at the end of the collectors one-way pass, 
hardly any sludge is present on its return pass 
shortly afterwards. Moreover, the sludge suc- 
tioned near the end part of the tank is generally 
less concentrated than near the influent end. In 
a transverse tank the concentration varies with 
the removal period but is symmetric with 
regard to the turning points of the collector. 
Part of the inflow near the location of the 
collector is always subject to short-circuiting to 
the sludge recycle (this is also true of circular 
tanks with suction removal). The transverse 
tanks of the WWTP of Zurich are 142 m long 
and hence they are equipped with three suction 
collectors each. Figure 8.13 shows the predic
tion of the sludge blanket, based on empirical 
analysis (Thomann et al 1996). In front of the 
collectors the sludge blanket is high -  except 
when the collector just passes the turning point 
-  whereas after the collector the sludge blanket 
height is almost zero. These results indicate 
that the suction collection should be controlled, 
e.g. by measuring the sludge concentration at 
the bottom in front of the collector and ad
justing the collector’s speed or the recycle flow 
rate accordingly.
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Figure 8.13. Sludge blanket height depending on the suction collectors' position in the SSTs of the WWTP of 
Zurich (redrawn from Thomann et al. 1996).
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8.4.4 Local disturbances
The ideal assumption for the transport of 
settled sludge by a flight scraper system is that 
a sludge layer of height equal to the scrapers 
height is moved continuously towards the hop
per with the velocity of the removal system. 
This was applied as a boundaiy condition in the 
numerical simulations of Krebs (1991a), be
cause it would result in a constant recycle 
concentration. The true processes in the near 
field of a scraper blade are much more com
plex. Baumer et al (1996) observed through 
the glass side wall of a pilot-scale experiment 
involving activated sludge that it is mainly the 
sludge of the region near the front side of the 
scrapers that is actually transported. A consid
erable part of the bottom layer between two 
scrapers is displaced vertically and possibly 
moved in the direction of the density current. A 
shear layer and a flow separation are produced 
at the upper edge of the scraper, locally 
increasing the turbulence level and at the same 
time inducing a wave at the sludge surface. The 
energy input from the scraper movement is 
therefore partly used for sludge lifting and part
ly dissipated via turbulence production (Bau
mer 1996).

The mechanisms described here for a flight 
scraper system apply analogously to all the 
other removal systems in rectangular and circu
lar SSTs. Turbulence production by the removal 
mechanism does not seem to be an adverse 
effect. It acts more like gently stirring the sludge, 
thereby improving its settling and thickening 
properties. In contrast, the wave at the surface 
of the sludge blanket exposes sludge flocs to 
the density current and to resuspension.

8.4.5 Influence on the flow pattern
It was shown by numerical simulations of Szalai

et al (1994) that in a circular tank the flow field 
is stabilized through the tangential component 
induced by the movement of the sludge collec
tor. This is certainly not true when the sludge 
collector moves against the main flow in longi
tudinal tanks. In a common flow pattern with 
two hydraulic layers, a third layer at the bottom 
is generated by the sludge removal system. The 
density current is displaced upwards and hence 
the formation of a hydraulic three-layer pattern 
(apart from the removal layer) becomes unlikely. 
Note that the three-layer flow induced by a 
flight scraper system is different from the three- 
layer flow described in Section 5.5.5, which is in
duced purely by loading and tank configuration.

Again, the interaction with the flow features 
supports the placement of the sludge hopper in 
an intermediate region of the tank length or 
near the end wall. The transport of the settled 
sludge with the bottom current stabilizes the 
overall flow pattern and is more efficient. With 
the suction collector system, sludge does not 
need to be transported; it is collected where it 
settles.

8.5 Outlet

8.5.1 Effluent launders
In longitudinal tanks, launders are installed 
either laterally or longitudinally. Lateral laun
ders are mostly double-sided, whereas longitu
dinal ones can be single-sided on the side walls 
or double-sided and positioned at some dis
tance from the side walls. In transverse tanks, a 
single-sided launder is most often placed on 
top of the outlet wall (see Figure 8.1) along the 
long side of the rectangle. Because the specific 
flow rate is much smaller in transverse tanks, a 
relatively low specific weir loading rate is ob
tained even with a single one-sided weir.

For the same reasons that the effluent laun
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Figure 8.14. Arrangement o f an inboard launder.

der should not be placed at the periphery in a 
circular tank, the longitudinal effluent launder 
should not extend to the end wall (see Section
5.5.4) and the last lateral launder should be an 
inboard weir (see Figure 8.14). When the den
sity current along the bottom reaches the outlet 
wall, it is deflected upwards along the outlet 
wall and clouds of relatively high concentra
tions may be brought up to the surface. Clearly, 
it is not the suction effect of any effluent laun
der at the end of the tank that causes suspen
sion clouds to rise: it is the concentrated upflow 
along the outlet wall, which is a consequence of 
the excess energy from the bottom current (see 
Section 5.5.4). As a guess, the far end of the 
effluent launders should be about 5 m from the 
end wall. ATV (1991) gives the rule that the last 
lateral launder should have a distance to the 
outlet wall of at least the water depth. An ideal 
outlet device would drain treated effluent from 
a large surface portion of the tank, excluding 
the extended inlet region and the region close 
to the end wall. To approximate this ideal situ
ation, several effluent launders can be placed in 
the respective area to withdraw the effluent as 
homogeneously as possible.

Weir loading rates are suggested up to 
10 m3/m.h to single-sided weirs and in the order 
of 6 m3/m.h to double-sided weirs (Ekama and 
Marais 1986; Kawamura and Lang 1986; ATV
1991). It was stated by Wilson and Ballotti (1988) 
that with Gould Type II tanks the weir loading 
rate is of minor influence on the effluent 
quality. The same was observed for deep tanks 
or tanks with baffles for deflecting density cur
rents. It seems that when neither a sludge blan
ket nor high flow energies are present in the 
vicinity of the effluent, the ESS concentration 
becomes less sensitive to the weir loading rate. 
This again indicates that it is not the suction 
effect o f the effluent that determines the ESS. 
The suction effect of the effluent is strong 
enough to influence the ESS significantly only 
when sludge is near the effluent or relatively high 
flow velocities or pulsations frequently bring up 
sludge floes.

8.5.2 Submerged outlet tubes
Submerged outlet tubes are increasingly app
lied as an alternative to surface effluent laun
ders. Their advantages can be summarized as 
follows (Giinthert and Deininger 1995).

• A more uniform withdrawal from the
effluent surface area can be achieved.

• The flow through the orifices under press
ure is less sensitive to variations in water
depth than the flow over weirs to surface
effluent launders, and therefore submerged
outlet tubes maintain uniform effluent dis
tribution more stably under windy condi
tions than do surface effluent launders.
This is more important in circular tanks
because in rectangular tanks, even though
the water surface length exposed to wind
in longitudinal direction might be longer
than the diameter of circular tanks, the
effluent withdrawal still remains symmet
rical with regard to the longitudinal axes.

• The vertical velocity under the effluent
surface area is decreased and therefore the
suction effect on sludge clouds that have
been carried to the vicinity of the outlet
tubes is decreased.

• The removal of floatables is easier because
the surface is not interrupted by effluent
launders and no scum skirt is required.

• No operation problems with algae growth
were observed.

A simplified hydraulic model, driven by vari
ous head losses, serves as the basis for design. 
The following losses are considered: (1) the loss 
due to the flow through the orifice, (2) losses 
due to the confluence of the flows through the 
orifices with the main current within the tubes, 
(3) local losses of the main current at the 
orifices, and (4) friction losses of the main 
current.

Aiming at withdrawing the effluent water 
uniformly, the velocity through the orifices into 
the outlet tubes should ideally be equal for all 
orifices. The loss through the orifice should 
therefore be high and the losses of the main 
current should be low, resulting in a small ori
fice diameter and a big tube diameter.
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(a)

(b)

(c)
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Figure 8.15. Submerged outlet tubes: (a) longitudinal 
(WPCF 1985) and (b, c) transverse 
arrangements.

However, practical considerations lead to the 
following design criteria:

• orifice diameter 25-45 mm
• maximum velocity at the tube exit of about

0.6 m/s
• velocities through the orifices of 0.6-1 m/s 

under PWWF conditions
• the tubes should not be longer than 10 m 

of unsupported length
• the relatively high variation in water level 

under various loading conditions needs to 
be considered when designing the scum 
collector and the crest to control the water 
level.

These design rules are given for circular 
tanks (ATV 1995; Günthert and Deininger 1995) 
and also adequately apply to rectangular tanks.

Submerged outlet tubes are usually placed 
30-35 cm below the water surface to prevent 
floatables from entering. The water layer above 
the tubes cannot be regarded as part of the 
clear water zone, so that the entire water depth 
needs to be increased somewhat compared with 
an SST with a conventional effluent system. 
Typical longitudinal and transverse arrange
ments of submerged outlet tubes are shown in 
Figure 8.15.

8.6 Removal of floatables
In the past, scum removal received too little

attention except for disinfection by chlorination 
as described in Chapter 6. The problem is more 
apparent after a nitrification process where 
floatables can relatively often be present owing 
to denitrification in the SST (see also Section 
2.9). A ‘scum production rate’, which has to be 
removed separately from the sludge, can be 
assumed to be 1 cm/h in these cases. The fol
lowing systems have been found to be effective 
in removing Nocardia foams (see, for example, 
Seyfried 1995):

• a scum remover mounted on the removal 
bridge of blade scrapers, removing the float
ables in either the forwards or the back
wards direction and pushing scum into a 
special scum launder (Figure 8.16)

• variously designed floating tables
• horizontally situated, cone-shaped spirals 

that compulsorily support the transport of 
the scum layer

• removal of the foam upstream of the SST 
with surface removal devices in the aera
tion tanks or aerated distribution channels

• removal by return flights to a beach scum 
trough at the inlet end for tanks with 
sludge hoppers at the effluent end.

8.7 Internal tank baffles
The density current is the dominating hydraulic 
factor in SSTs and cannot be avoided. Its dev
elopment is more or less pronounced depen
ding on the effectiveness of the inlet structure. 
To improve the flow conditions further, modi
fications in the sedimentation region should be 
considered. So far, solid baffles have been 
tested in rectangular and circular tanks, and 
perforated baffles have been investigated in 
rectangular tanks. The effects of both types of 
baffle are entirely different and are described 
in the following sections.

8.7.1 Solid baffles
Low and high solid baffles affect the operation 
of the SST in different ways:

• a relatively low solid baffle acts as a flow 
barrier to stop or slow down the bottom 
current

• a solid baffle, which is significantly higher 
than mid-water depth (in some cases ex
tending close to the surface), divides a tank 
into two basins in series, and drastically 
changes the SST function and operation.

Barrier baffles have been tested by Crosby
(1984) and Schlegel (1990) in circular tanks, 
and by Bretscher and Hager (1990) and 
Bretscher et al. (1992) in rectangular tanks. 
They seem to be relatively effective in stopping 
the bottom current under typical dry-weather 
loadings, while the first and the second parts



8. Rectangular SSTs

Figure 8.16. Scum removal at the inlet end of SST above a sludge hopper (Krauth 1993).

are still interacting and can be treated as one 
single unit. Only few data have been reported 
on how the system performs under wet-weather 
or dynamic loading. The advantage of the dry- 
weather loading can vanish for the following 
reasons: (1) owing to the barrier effect and 
velocity deflection, clouds of relatively high 
concentrations could be caused to rise to the 
surface, and (2) the sludge blanket upstream of 
the barrier baffle can rise under increased load
ing and subsequently overflow the baffle, thus 
inducing a density flow in the second part of 
the tank.

With a high dividing baffle the first unit is 
independent of the operation of the second 
one, and acts like a highly loaded secondary 
SST. The effluent of the first unit is then the 
input for the second unit. Investigations on 
dividing baffles and secondary SST units in 
series were performed by Krauth (1971) and 
Krauth and Zahnder (1987) on a specially de
signed rectangular tank, by Schlegel (1990) on 
a circular tank, and by Bretscher and Hager
(1990) and Bretscher et al (1992) on both 
rectangular and circular SSTs. Krebs (1991b) 
used numerical simulations to demonstrate the 
function of dividing baffles and of their failure 
(Figure 8.17). Under dry-weather loading, a 
baffle with a height of half the water depth 
breaks the bottom current and only a negligible 
load is transported to the second unit (Figure 
8.17a). Under similar conditions, the flow and 
performance of SSTs are beneficially affected 
by both the barrier baffle and the dividing 
baffle. Figures 8.17b and 8.17c show dividing 
baffles of one-half and three-quarters of the 
water depth respectively under wet weather 
conditions. The relatively high loading causes 
the sludge blanket to rise in the first unit and to 
overflow the low baffle to the second unit, 
thereby inducing a strong density current and 
sludge wash out (Figure 8.17b). With the 
higher baffle (Figure 8.17c), the sludge blanket 
surface does not reach the upper end of the 
dividing baffle, and owing to the acceleration 
above the baffle a direct surface current to the 
effluent develops. A baffle beyond the dividing

baffle, similar to the inlet baffle (Figure 8.6), 
helps to decrease short-circuiting along the 
surface and to dampen density effects in the 
second unit.

Figures 8.17b and 8.17c illustrate why the 
prediction of the performance of a tank with a 
dividing baffle is extremely difficult. If the 
sludge blanket overflows a high baffle, the 
consequences will be even worse than those 
induced by a relatively low baffle. The failure 
of the system is very sharp and sudden. The 
adverse effect of sludge overflow can be 
dampened somewhat by installing a long baffle 
designed like the inlet baffle (Section 8.2.3). 
The waterfall after the dividing baffle could be 
prevented and the potential energy decreased 
(Bretscher et al 1992).

However, the dividing baffle system can be 
recommended only when the load variation is 
within a small range and when the storage 
volume in the first unit is sufficient to hold the 
sludge shifted from the aeration tank during 
high loadings. The first unit should therefore 
be designed with a higher water depth than in a 
normal SST design, to provide sufficient stor
age volume. Lastly, attention has to be paid to 
denitrification effects when a permanently ele
vated sludge blanket is maintained. The upper 
part of the sludge blanket might then have a 
long residence time and be poorly supplied 
with oxygen because the inflow passes through 
a high-concentration sludge environment and 
might be depleted of oxygen before reaching 
the top of the blanket.

8.7.2 Perforated baffles
Perforated baffles have openings across the 
entire flow cross section and thus allow direct 
interaction between neighbouring cells. Unlike 
the partitioning of the tank by solid dividing 
baffles, the tank can still be regarded as one 
single unit with regard to the sludge distri
bution, even though the distribution is affected. 
Perforated baffles were originally used as a 
distribution element of inlet structures. Kawa- 
mura (1981) performed hydraulic laboratory 
tests with perforated baffles to reduce the
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Figure 8.17. Numerical simulation o f flow field (upper drawings) and volume fraction field (lower drawings) o f the 
sludge in a SST with dividing baffle (Krebs 1991b): (a) baffle height = 0.5 H, dry-weather load;
(b) baffle height = 0.5 H, wet-weather load; (c) baffle height = 0.75 H, wet-weather load.
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density effects, which were simulated by the 
inflow of cold water. He found substantial im
provements because perforated baffles act as a 
flow barrier while being pervious and distribu
ting the flow to an increased flow depth. Okuno 
and Fukuda (1982) used several perforated 
baffles to obtain an even velocity distribution 
after the inlet (see Figure 8.8). Esler and Miller
(1985) installed a pervious barrier made from 
horizontal wooden bars with about 50% of free 
cross section and found the effluent quality to 
be improved by almost 40% as an average value. 
Watanabe and Fukui (1990) showed that per
forated baffles have the potential to enhance 
flocculation. In a laboratory experiment with an 
artificial, flocculent suspension, they attempted 
to optimize a tank with several baffles as a 
flocculation reactor. Krebs et al. (1992) com

bined hydraulic laboratory experiments with a 
theoretical approach to optimize the design of 
perforated baffles with regard to flow distribu
tion and flocculation enhancement in the 
sedimentation region, whereas Baumer et al. 
(1996) tested the effect in a pilot-scale experi
ment with activated sludge as the suspended 
solids.

The following effects are induced by a single 
perforated baffle:

• if the head loss due to the baffle is greater 
than that due to the pressure differences 
causing the uneven flow pattern, the flow 
just before the baffle becomes more uni
form, that is, in the ideal case, a forward 
flow over the entire water depth

• the holes in the baffle induce shear layers
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Figure 8.18. Sketch o f the sludge distribution in a SST with several perforated baffles (Krebs et al 1992).

Figure 8.19. Dynamic experiment in a rectangular pilot-scale SST (Baumeret al 1996). Effluent concentrations 
produced by original tank without perforated baffles and by tank with three perforated baffles. 
SOR = 1 m/h, 1.5 m/h from 3 to 3.5 hours, 2 m/h from 4 to 5 hours; XF = 2.8 kg/m3; SVI = 90 l/kg.

after the baffle that might -  if they are in a 
favourable range -  enhance flocculation

• through the barrier effect the depth of the 
sludge blanket is increased in the chamber 
upstream of the baffle. Because of the diff
erence in sludge blanket heights just before 
and after the baffle, a density current 
might be induced in the chamber after the 
baffle.

Krebs et al (1992) formulated the following 
conditions to optimize the porosity fraction ς .

1. The hole jets must be turbulent at 
minimum loading.

2. The mean velocity gradient induced by 
the hole jets of the baffle must be low but 
still in a flocculation enhancing range.

3. A minimum hole diameter of 5 cm should 
be used for maintenance reasons because 
clogging might become a problem.

4. The hole diameter should not exceed
10 cm because the individual jets out of 
the holes become linearly longer with the 
diameter and reduce the sedimentation 
volume.

Typical values for the porosity fraction ob
tained from this optimization procedure are in 
the order of ς  = 0.05 for longitudinal-flow SSTs. 
This coincides with the smaller porosity frac
tion successfully tested by Okuno and Fukuda 
(1982) (see Section 8.2.3).

The adverse effect of the density current

after the baffle can be significantly reduced in a 
system with several perforated baffles (Figure 
8.18). Instead of inducing a big difference in 
the sludge blanket levels at a single baffle, the 
sludge blanket heights in several chambers can 
be diminished in small steps, where the density 
effect becomes almost negligible at each baffle. 
At the same time, the sludge concentrations 
decrease from the inlet end to the outlet end 
chamber, such that very little sludge mass re
mains in the last chamber.

Baumer et al (1996) compared a system with 
three perforated baffles with the original tank 
without baffles. Figure 8.19 shows the ESS 
concentrations during a dynamic loading test. 
The base SOR was 1 m/h, from 3 to 3.5 h it was 
increased to 1.5 m/h for half an hour, from 4 to 
5 h it was increased to 2 m/h, and afterwards 
SOR was set back to its initial value of 1 m/h. 
The inlet sludge concentration XF was 2.8 kg/m3 
and the SVI was 901/kg. The ESS concentra
tion of the original tank shows a sensitive re
sponse to the overload after 4 h. The tank with 
perforated baffles proved to react much more 
stably to dynamic loading. Okuno and Fukuda 
(1982) reported similar findings on testing 
perforated baffles with porosity fractions of 0.4 
and 0.05 in the inlet region. Because short- 
circuiting from the inlet to the outlet was 
avoided, it was particularly robust to a shock 
load. During the entire test run, ESS values 
were below 20 mg/l (Figure 8.19), even though 
the tank was overloaded according to the ATV
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guidelines. An estimate of the sludge mass in 
the SST shows that more sludge is stored in the 
tank with perforated baffles. The system allows 
sludge to be stored in the first chambers with
out causing a high sludge blanket in the vicinity 
of the effluent launder at the end of the tank.

A tank with several perforated baffles is 
partitioned into a sequence of flocculation and 
sedimentation volumes. Of course the fraction 
of the flocculation volume should be limited, to 
allow enough space for sedimentation. The 
absolute lengths of the flocculation zones are 
dependent purely on the hole diameter and 
thus occupy a far higher volume fraction in 
transverse tanks. In contrast, it is not recom
mended to compensate for this by installing 
only one perforated baffle in a transverse tank, 
because the difference in sludge blanket 
heights between the first and the second parts 
could be too high and could induce relatively 
strong density currents in the second part.

8.7.3 Sludge removal in combination with 
baffles

The feasibility of SSTs with internal baffles 
strongly depends on whether they can reason
ably be combined with the sludge removal 
systems. From the viewpoint of flow character
istics, the longitudinal tanks would be best 
suited for the perforated baffles system. How
ever, it is very difficult to install perforated 
baffles in combination with conventional sludge 
removal systems of longitudinal tanks in that 
the removal direction is the same as the main 
flow direction and consequently the collector 
system needs to pass through the internal 
baffles. A better solution is to remove the 
settled sludge by separate systems from each 
chamber. In a full-scale longitudinal SST, Okuno 
and Fukuda (1982) tested a perforated baffles 
system in the inlet region with removal by 
transverse flight scraper from each chamber. 
The sludge removal would not cause problems 
in transverse and circular tanks with suction 
systems because the system operates laterally to 
the main flow, i.e. parallel to the internal 
baffles.

When a longitudinal SST is to be retrofitted 
by the installation of perforated baffles without 
changing the removal system, the systems 
passage through the baffles must be made 
possible. Perforated baffles have been installed 
in combination with a suction removal system, 
where the baffle part in the path of the col
lector is equipped with flexible rubber flaps 
that allow the collector to pass and are other
wise closed (Baumer et al 1995). In the longi
tudinal pilot-scale SST of Baumer (1996) the 
sludge was removed by a flight scraper system. 
The cross section where the scrapers passed 
the baffle (scraper aperture) was evaluated with

and without rubber flaps. In the case without 
rubber flaps, forward flow was observed through 
the scraper aperture in the period after a scra
per passed, whereas the removal transport of 
sludge in the front of the scrapers was not hin
dered. In the case with rubber flaps, the sludge 
removal transport was hindered because the 
rubber flap was lifted only shortly before a 
scraper passed, whereas adverse forward flow 
through the scraper aperture was prevented by 
the rubber flaps when no scraper was near the 
baffle.

Summarizing the problems with the removal 
system and taking into account that typical 
sludge concentrations in the chambers are re
duced in a stepwise manner from the inletend 
to the outlet-end chambers of the tank, it seems 
best to remove the sludge from each chamber 
individually. This means that the removal sys
tem has to be changed in longitudinal tanks, for 
example removal by a suction collector for each 
chamber or by transverse scrapers as intro
duced by Okuno and Fukuda (1982), whereas 
in circular and transverse tanks with suction 
collectors, removal from each individual cham
ber is inherent in the system and might need 
only some adjustment of the flow rate control 
owing to the new concentration distribution.

8.8 Research needs
Flocculation and flocculation enhancement are 
obviously key points with regard to the perfor
mance of SSTs. The significance of the inlet 
arrangement and of turbulence for flocculation 
and improvement of sludge settling properties 
was pointed out in Chapters 7 and 8. Because 
more experience is documented on flocculation 
wells in circular tanks, rectangular SST re
search should profit from this and attempt to 
adapt these concepts. Prototype studies should 
be performed to obtain an approach on the 
flocculation efficiency as a function of GIn (i.e. 
dissipated energy caused by inflow or stirring, 
and inlet volume), the residence time, the sludge 
concentration and DSVI. A sensitivity analysis 
is necessary, to predict how load variations 
might affect the sludge settling properties.

The placement of the sludge hopper is cru
cial for good removal efficiency and for the 
influence of the removal on the flow field. The 
optimum placement can vary with different 
tank geometries and removal systems. Short- 
circuiting from the inlet to the sludge hopper 
placed at the inlet should be investigated for 
rectangular tanks. For a sludge hopper in the 
middle of a tank, the flight scraper speed in the 
first and in the second part of the tank, trans
porting the sludge with and against the main 
flow direction respectively, should be subject to 
dynamic control. There are options such as con
trolling the scraper speeds separately according
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to the inflow rate, the sludge blanket and the 
sludge concentrations at the bottom.

The removal system needs investigation in 
combination with internal baffles. Is the suction 
removal system passing through the baffles, as 
described in Section 8.7.3, a valuable solution? 
Should not at least the recycle flow rate be con
trolled according to the sludge concentration at 
the bottom? The crucial question for flight 
scraper removal systems is whether the baffle 
cross section at the bottom, where the scraper 
blades pass, should be equipped with a rubber 
flap or whether it should be left open. The 
answer to this question depends on the press
ure difference at the baffle (from momentum 
and difference in sludge blanket heights before 
and after the baffle) and the viscosity of the 
sludge over the height of the scraper blades 
(i.e. to what extent does the thickened sludge 
flow?). These questions apply to the installation 
of internal baffles into existing SSTs while 
keeping the existing sludge removal system.

A beneficial number of perforated baffles 
and the need for a corresponding sludge remo
val system should be evaluated. In a system 
with several perforated baffles, is it a significant 
advantage to install separate removal equip
ment in each chamber compared with having a 
single removal system passing through the 
baffles?

Systems with more than one sludge hopper 
as well as systems with perforated baffles and 
individual sludge removal from the chambers 
include multiple sludge collection points; the 
question then arises: From where is the waste 
activated sludge to be withdrawn?. Does taking 
the greatest portion of waste activated sludge 
from the chamber with the highest concentra
tion (which is most possibly that closest to the 
inlet) mean that mostly heavy, well-settleable 
flocs are withdrawn, whereas light flocs are main
tained in the system? Investigation is needed to 
clarify this.

The hydraulic features of transverse flow 
SSTs are not sufficiently understood. The influ
ence of the flow, which is usually introduced at 
the bottom, on the sludge blanket and in turn 
the influence of the sludge blanket on the 
hydraulics needs investigation. The interaction 
of flow and sludge blanket presumably deter
mines the ESS concentration and allows a better 
characterization of the design criteria.

Important facts about the position of the out
let are known, whereas some questions of detail 
still need clarification. Is the weir loading rate 
an important factor once the outlet has been 
correctly positioned? Does it matter whether 
the outlet weirs are transverse or longitudinal, 
because with the longitudinal arrangement an 
explicit three-dimensional flow pattern is 
induced in the effluent region? The efficiency

and design criteria of submerged outlet tubes 
need special attention here.

In general, the special features of the various 
types of tank (i.e. circular, longitudinal and 
transverse SSTs) should be reflected in design 
guidelines. To develop the basis for this, full- 
scale investigations should be performed where 
all boundary conditions are reproducible. The 
different types of tank should be compared 
under equivalent conditions (i.e. depth and 
sludge quality).

Investigations leading to generally valid 
recommendations for specific design features 
of SSTs are very demanding. Anecdotal infor
mation that indicates that one inlet arrange
ment in one plant performs better than another 
inlet arrangement in another plant is usually 
not very informative, because all the relevant 
information is either not collected or not 
reported. The ASCE CRTC has developed a 
test protocol (described briefly in Section 3.4.1) 
that specifies the types of information to be 
collected at each site so that it will be generally 
useful in either directly drawing conclusions 
from the data itself or be useful in calibrating 
or verifying dynamic models that can be used 
to answer relevant research and design ques
tions. Nevertheless, there will be some types of 
questions or problems that are only answerable 
by means of side-by-side testing where the only 
difference is the design arrangement under in
vestigation and where current models do pro
vide sufficient detail (such as the influence of 
the method of sludge collection on maximum 
sustainable SLR). It is important that all such 
design issues be addressed at a high scientific 
level at prototype scale under a full range of 
load variations.
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9 . Vertical-flow SSTs

9.1 Introduction
If the horizontal flow distance within an SST is 
relatively small compared with the water depth 
(ratio of horizontal distance to depth less than 
2 :1 ), the flow can be assumed to be predomi
nantly vertical. In such a geometry, if the inflow 
is positioned low within the sludge blanket, an 
upflow is induced and the sludge becomes 
fluidized. The sludge blanket then serves as a 
floc filter and even fine particles are removed 
from the upflow.

The first vertical-flow settling tanks, called 
Dortmund tanks, were built at the end of the 
19th century (Dunbar 1954). Early investiga
tions by Stobbe (1964) and Merkel (1974) 
showed a correlation between the DSV3 0 , F in 
the floc filter and the filter surface overflow 
rate qA. On the basis of these investigations and 
those of Resch (1980, 1981), according to ATV 
(1991), vertical flow SSTs can be designed with 
a surface overflow rate (SOR) increased by 
30% compared with horizontal flow SSTs, pro
vided that the DSV3 0  values are the same. Fig
ure 9.1 shows a sketch of the funnel-shaped 
Dortmund tank, which is the vertical-flow SST 
type most often adopted. The filter layer is 
located between the thickening zone and the 
clear water zone. Within this filter layer both 
the separation and the storage of activated sludge 
take place.

9.2 Investigations
The characteristics of upflow and the processes 
in a sludge blanket clarifier have been derived

Figure 9.1. Sketch of a Dortmund vertical-flow tank.

from two years of investigations in several acti
vated sludge plants in Germany that employed 
Dortmund tanks for final sedimentation 
(Merkel 1974; Resch 1980, 1981). The key data 
of these treatment plants and their SSTs are 
compiled in Table 9.1. The construction 
characteristics of the Dortmund tank of the 
wastewater treatment plant (WWTP) 
Berlin-Ruhleben are presented in Figure 9.2.

9*3 Results and discussion
The results clearly demonstrated the high load 
capacity of the Dortmund tanks (see Figures
9.3 and 9.4). Up to the higher limits for vertical 
SSTs (ATV 1991), a deterioration in the effluent 
quality could not be observed either through an 
increase in the sludge volume loading rate

Figure 9.2. Dortmund tank Berlin-Ruhleben.
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Figure 9.3. Suspended solids (in mg/l) distribution in the vertical SSTs o f (a) Ampfing, (b) Greding and (c) 
Ruhleben.

Table 9.1. Characterization of test WWTPs (see Figure 9.1)

Tank type Characteristic Symbol Unit Ampfing* Greding* Ruhleben t
Aeration tanks Volume total VAT m3 2,120 750 41,580

Loading kg BOD/m3.d 0.28 0.29 0.31
MLSS XF kg/m3 2.5-4.5 2.0-3.0 1.5-2.5
Sludge volume d s v 30 1/m3 300-900 150-400 300-500
Sludge volume index DSVI l/kg 120-200 80-140 180-220

Dortmund tank Diameter D m 12.00 7.00 12.50
Surface area ASt m2 112.30 37.35 118.50
Volume Vst m3 307.00 102.00 955.00
Depth htot m 6.75 5.60 14.40
Slope m: 1 - 1.00 1.4-1.7 1.70
Inlet depth m 4.85 3.90 4.40
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* One SST. 
t Twenty-four SSTs.

(= qaXf DSVI) or through an increase in the 
recycle sludge rate R. The effluent quality was 
good as long as the sludge level did not reach 
the water surface. Figure 9.4 shows that the low 
effluent suspended solids (ESS) values (average 
XE = 7.4-9.7 mg/l) depend on the sludge vol
ume loading rate. The sudden increase in ESS 
concentration indicates the failure of the Dort
mund tanks when the sludge level almost 
reached the water surface.

In the fluidized sludge filter there was no

difference between the separation zone and the 
storage zone. Figure 9.3 shows that the filter is 
characterized by a nearly constant vertical sus
pended solids (SS) concentration distribution 
and by a horizontal sludge level. The total height 
of the filter layer amounts to hFi = h2 + h3 (see 
Figure 9.1). Tesarik et al. (1958) and Tesarik 
(1967) described the conditions in a fluidized 
floc bed and the transition stages between 
dispersed suspensions and channelling. The 
fluidization of a sludge layer in an upflow mode
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Figure 9.4. Effect o f sludge volume loading rate on ESS in Ampfing (a), Greding (b) and Ruhleben (c) vertical 
SSTs. (X E = mean; s = standard deviation.)

is comparable to sedimentation in stagnant 
wastewater. Richardson and Zaki (1954) proved 
for several suspensions with known particle size 
and density that the hindered settling velocity 
of a suspension in quiescent water is equal to 
the upward velocity of liquid required to main
tain a suspension when the concentration is the 
same. Stobbe (1964) applied the resulting fluidiz- 
ation theory to the behaviour of activated sludge 
in an upflow SST. Merkel (1974) described the 
relationship between the average sludge vol
ume concentration DSY30.f in the floc filter and 
the upward velocity qA = Qi/Ast by two equa
tions for different ranges of DSV30 p:

DSV30.F = 1,000 -  590(qa)013, (1/m3) (9.1)
for DSV30 f  ≤ 4001/m3, and

DSV30.F = 1,000 -  450 (qa)1'4 , (1/m3) (9.2) 
for DSV30.f > 4001/m3.

Unlike in Equations 9.1 and 9.2 (Merkel 1974)
(see also Figure 4.16 in Section 4.8.2), the 
experiments performed in the Dortmund tanks 
of Ampfing, Greding, Ruhleben and in the pilot 
plant of Ismaning by Resch (1981) did not show

any discontinuity in the correlation between 
DSV30 and SOR (Figure 9.5). A best-fit curve 
gives the equation

qA = 605(DSV30.f)-0'97 (m/h) (9.3)
with a correlation coefficient of R2 = 0.84. Note 
that qA is related to the local horizontal cross 
section AF, which is not constant in the conical 
part of the SST.

Figure 9.6 shows how the height of the 
sludge filter bed expands with increasing sludge 
volume loading rate qsv = qAXF DSVI, whereas 
the recycle ratio R seems to have no effect. 
However, ESS values remain almost constant 
up to a limiting sludge volume loading rate (see 
Figure 9.4). Use of the ratio of the filter height 
hFi (=h2 + /1 3 ) to the depth hFi + h1 of the inlet 
(see Figure 9.1) and correlating it with the 
sludge volume load reflects somehow the 
influence of the inlet arrangement (Figure 9.7).

In Ampfing and Greding a filter was formed 
even under low loadings because the thicken
ing zones of the tanks were too small. However, 
the funnel-shaped construction led to a flat 
curve because the filter could expand both
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Figure 9.5. Upflow velocity at which a stable filter layer could be maintained (redrawn from Resch 1981).

Figure 9.6. Filter layer height as a function o f the sludge volume loading rate and the recycle ratio in the WWTP of 
Ampfing.

Figure 9.7. Ratio o f filter layer height hFi and inlet depth hFi + h1 plotted against sludge volume loading rate.
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vertically and horizontally. At the pilot plant 
and in Ruhleben, the depth of the thickening 
zone was always sufficient, so that a fluidized 
floc filter formed only under higher sludge vol
ume loading rates. The cylindrical type of tank 
then caused a rapid rise of the sludge filter 
layer and its height, which is shown by the 
steep slope of the curves.

9.4 Practical design considerations
On the basis of the analysis presented above, 
design guidelines could be set up. Resch and 
Denzol (1979) stated that Dortmund tanks can 
be considered as SSTs in view of their con
struction costs not only for small WWTPs but 
also for medium-sized and large WWTPs.

In the WWTP Berlin-Ruhleben a new type



9. Vertical-flow SSTs

Figure 9.8. Berlin Tank (dimensions in millimetres).

of vertical flow SST was installed (Peter and 
Schmidt 1992). The Berlin Tank (Figure 9.8) is 
a square tank (16.3 m x 16.3 m) with vertical 
flow. The bottom has a small gradient and 
therefore a sludge scraper -  called Squarex™ -  
is necessary. The Squarex ‘flips' into the cor
ners, so the comers have not been filled with 
concrete. The influent system is called Fitch- 
Influent™. It divides the inflow into the central 
cylinder in two streams that flow in opposite 
directions, thereby destroying the inflow energy 
and providing improved conditions for floccu
lation of the sludge flocs. Through a circumfer
ential outlet at the bottom of the influent feed 
well the flow is discharged horizontally and radi
ally outwards into the clarification zone. Instead 
of the circumferential outlet, pipes around the 
feed well at the same level are possible. The

clarified water flows through submerged outlet 
tubes to the effluent channel in the middle of 
the tank. The pipes are 80 cm below the water 
level. This prevents a heavy overgrowth of 
algae. The scum is removed by a skimmer 
bridge.

Before these settling tanks were built at the 
wastewater treatment plant of Ruhleben, one 
full-scale SST made of steel in accordance with 
Figure 9.8 was tested. The experiments with 
the prototype have shown that the performance 
of the Berlin Tank is comparable to the existing 
Dortmund tanks (Figure 9.2). The main advan
tages of the Berlin tanks are good effluent 
quality and small surface areas.

For good performance the inlet design is also 
very important. Saitenmacher (1966) investiga
ted different inlet configurations (Figure 9.9).
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9. Vertical-flow SSTs

Figure 9.9. Inlet configurations and flow patterns in vertical-flow SST

Figure 9.10. Tube distributor.

In vertical SSTs, good inlet energy dissipation 
and configuration decrease stagnant regions 
and optimize the effluent quality.

With a four-arm tube distributor (Meyronat

1962) designed for a flow velocity of 0.20 m/s in 
the tubes, a decreased amount of fine particles 
in the clear water zone and lower values of ESS 
were achieved (Figure 9.10).
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9. Vertical-flow SSTs

9.5 Research needs
In addition to the research needs of Chapters 7 
and 8, side-by-side testing and comparison with 
circular and rectangular horizontal-flow SSTs 
are essential. For vertical-flow SSTs, the posi
tion and the design of the inlet have a great 
influence on the performance. Further investi
gations leading to design features of the inlet 
are therefore required.

Vertical SSTs are designed rectangular, circu
lar, cylindrical or conical. More information is 
required from carefully conducted comparative 
work on the advantages and disadvantages of 
the performance of these different shapes of 
vertical flow SST.
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