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Abstract

We present a computational fluid dynamics (CFD) model that predicts the sedimentation of activated sludge in a full-scale flat-bottom circular
secondary clarifier that is equipped with a suction-lift sludge removal system. The axisymmetric single-phase model is developed using the general-
purpose CFD solver Fluent. A convection—dispersion equation, which is extended to incorporate the sedimentation of activated sludge in the field
of gravity, governs the mass transfer in the clarifier. Sludge removal by suction-lift in the near-bottom region of the clarifier is simulated using
negative source terms on all field equations. The standard k—e turbulence model is used to compute the turbulent motion, and our CFD model
accounts for buoyancy flow and non-Newtonian flow behaviour of the activated sludge in the clarifier. The rheological flow behaviour was measured
for varying sludge concentrations and temperatures. These measurements show that at low to moderate shear rates typical of secondary clarifiers,
the relationship between shear stress and shear rate follows the Casson law for pseudo-plastic flow behaviour. The rheology study was carried
out together with measurements of the settling velocity during on-site measurements. The well-known double-exponential law is used to describe
the dependence of the settling velocity on the concentration. Light scattering was applied to measure the local sludge distribution in the clarifier.
The computation of the local sludge distribution in the clarifier by the CFD model compares well with concentration profile measurements for
two different treatment plant loadings. Our CFD computations show further that the sludge viscosity dominates the flow and the sedimentation of

activated sludge within the sludge blanket.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Secondary clarifiers represent the final stage in the activated
sludge wastewater treatment process (Fig. 1). They are preceded
by the aeration basin, where previously developed biological
sludge flocs are brought into contact with the organic material in
the wastewater. Within the activated sludge process, secondary
clarifiers fulfil a triple-role, acting as (i) clarifier, (ii) sludge
thickener, and (iii) sludge storage zone. The clarifying function
produces the clear supernatant, whereas the thickening func-
tion provides a continuous underflow of thickened sludge that
is recycled to the aeration basin. The storage function ensures
that sludge may be kept within the system during peak flows.
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Failure with respect to either of these functions can result in
increased suspended solids concentrations in the effluent or in
the deterioration of the entire activated sludge process. Practical
experience has shown that the secondary clarifier is often the
main bottleneck in the activated sludge process [1-4].

The present study concerns circular clarifiers that are
equipped with suction-lift sludge removal systems. In these
clarifier systems, which usually have a flat bottom, the sludge
is withdrawn through an array of vertical suction (or aspiration)
pipes from the near-bottom region (Fig. 2). These pipes are
situated underneath the slowly rotating clarifier bridge and
remove sludge locally underneath the bridge. This design form
may be contrasted with clarifiers that have conical bottoms
and bottom scraper systems, and where the sludge is removed
centrally at the bottom through the sludge hopper. The latter
design form has received considerable attention by researchers
in recent years [5—7]. On the other hand, studies on clarifiers
with flat (or nearly flat) bottoms that are equipped with
suction-lift sludge removal systems are rare.
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Nomenclature

Latin symbols

constant in turbulence model

parameter in sludge viscosity model

(m!12 kg=32 1)

constant in turbulence model

parameter in sludge viscosity model

(m>2 kg=12 571

constant in turbulence model

constant in turbulence model

clarifier diameter (m)

non-settleable fraction of solids in the effluent
gravitational acceleration constant (m s72)
generation of turbulence kinetic energy due to
buoyancy (kgm™! s73)

height of sludge removal zone (m)

clarifier depth (m)

height of sludge in the settling column (m)
turbulence intensity

turbulence kinetic energy (m*s~2)

turbulence kinetic energy at the inlet (m? s~2)
Casson yield stress parameter (kg'> m~12s~1)
Casson viscosity parameter (kg'/> m~1/2 s~1/2)
mean Casson viscosity parameter

(kg'? m~172 512

turbulent length scale (m)

pressure (Pa)

generation of turbulence kinetic energy due to
shear (kg m~! s_3)

recycle mass flow rate (kgs™')

flow rate at the clarifier inlet (m3 s~ 1)

radial coordinate (m)

parameter describing hindered settling (m> kg~!)
parameter describing particulate settling
(m¥kg™)

inner radius of the inlet annulus (m)

outer radius of the inlet annulus (m)

baffle skirt radius in the inlet region (m)

inner radius of the sludge removal zone (m)
outer radius of the sludge removal zone (m)
sludge removal source term in equation for turbu-
lent kinetic energy (kgm™! s73)

sludge removal source term in continuity equation
(kg m3s7h

sludge removal source term in radial momentum
equation (kgm~2s72)

sludge removal source term in
convection—dispersion equation (kgZm~°s~1)
sludge removal source term in axial momentum
equation (kgm~2s72)

sludge removal source term in equation for turbu-
lent kinetic energy dissipation rate (kgm~! s™%)
time (s)

temperature (°C)

axial velocity component (ms™!)

Uin axial velocity component at the inlet (ms~!)
U sludge settling velocity (ms™!)
UsQ maximum sludge settling velocity (m s7h
v radial velocity component (ms~!)
Vin radial velocity component at the inlet (ms~!)
Viec volume of the sludge removal zone (m3)
X sludge concentration (kg m~>)
X; sludge concentration at the inlet (kg m™3)
Xns concentration of non-settleable sludge fraction
(kgm™)
* sludge concentration at transition point (kg m~3)
z axial coordinate (m)
Greek symbols
o correlation parameter (mh™!)
B correlation parameter (g ml~!)
1) correlation parameter (I1ml~1)
€ turbulent kinetic energy dissipation rate (m?s—>)
&in turbulent kinetic energy dissipation rate at the

inlet (m2s—)
correlation parameter (1g~!)

14

y shear rate (s~1)

K von Karman constant

n sludge viscosity (kgm~!s™1)
Ut turbulent viscosity (kg m s
U viscosity of water (kgm~!s~1)
0 sludge density (kgm™3)

Pp dry sludge density (kgm™?)

Pw density of water (kgm™?)

Ok turbulent Prandtl number for k
o turbulent Schmidt number

O¢ turbulent Prandtl number for &

Computational fluid dynamics (CFD), which resolves the
fluid mechanics and the sludge transport locally in the clari-
fier, is often used for designing and optimising new and existing
secondary clarifiers, and to detect the causes of malfunction of
these process separation units. For example, short circuits in the
clarifier, a local hydraulic phenomenon, can result in the dilution
of the sludge in the recirculation stream to the aeration basin, so
that the concentration in the aeration basin falls below the value
necessary for the efficient conversion of the organic matter in
the wastewater. A local hydraulic problem can thus lead to the
deterioration of the entire activated sludge process.

Aeration Secondary
Basin Clarifier
Influent |© o_° o ° Effluent
o =] o
Mo © o o
(=} (=1 OO
T Excess Sludge

Sludge Recirculation

Fig. 1. Schematic representation of the activated sludge wastewater treatment
process.
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Fig. 2. Schematic drawing of the flat-bottom clarifier showing the inlet annulus
and the effluent outlet. The dash-dotted line marks the vertical centre line of the
axisymmetric clarifier basin. The slowly rotating array of vertical suction pipes
withdraws settled sludge from the near-bottom region of the clarifier into the
sludge collection canal. The thickened sludge passes through the siphon and is
recycled to the aeration basin.

Other areas of application for CFD modelling techniques
in the wastewater treatment process include sludge digestion,
where the excess activated sludge that is withdrawn from the
process (Fig. 1) is digested to produce methane. For example,
Keshtkar et al. presented a mathematical model of an anaerobic
digester for cattle manure, which includes a model for the micro-
bial kinetics and that describes the non-ideal mixing behaviour
in the continuous flow reactor [8]. Their computations show that
deviations from the ideal mixing regime decrease the methane
yield. Vesvikar and Al-Dahhan used a liquid/gas CFD model
to analyse the flow pattern in an anaerobic digester [9]. The
authors compared their computed data with flow visualisation
experiments. The overall flow pattern, the location of circulation
cells and regions of stagnant flow in the experiment and in the
CFD prediction agreed well. They have used their CFD model
to study the effects of changing draft tube sizes, clearance, and
shape of the digester bottom on the flow pattern.

CFD modelling techniques are also used to study mixing
and oxygen transfer in the aeration basin. To support start-up
procedures and to verify equipment performance, Essemiani et
al. simulated the velocity field in two types of aeration basins
for clear water and without aeration [10]. The CFD prediction
of the velocity field was shown to be in good agreement with
local velocity measurements. Using a two-phase flow modelling
technique, Glover et al. extended the CFD model of the aeration
basin to account for the aeration phase [11]. Further, using scalar
transport equations and conversion reaction mechanisms, they
implemented the biological conversion of the organic matter
in the wastewater. The comparison with measurements of the
various components over time (ammonia, nitrate, and dissolved
oxygen) showed excellent agreement with the CFD predictions.
However, the CFD model under-predicts the chemical oxygen
demand by about 30%. The authors attribute this difference to
the addition of anti-foaming agent, which is not accounted for
in the CFD model.

Our study describes a CFD model of the flat-bottom
secondary clarifiers at a wastewater treatment plant in the
north-west of France, which has been constructed for 122,000
inhabitant-equivalents and that consists of two identical bio-
logical treatment lines. Each treatment line consists of one

continuously fed aeration basin and two identical secondary
clarifiers.

The CFD model presented in this paper, which we have devel-
oped using the general-purpose CFD solver Fluent, rests on the
numerical model presented by Lakehal et al. [5]. It differs from
that of the aforementioned authors in mainly two ways: (i) it
employs negative source terms on the governing field equations
that represent the removal of settled sludge by suction-lift, and
(ii) it uses the Casson rheology model instead of the Bingham
rheology model to reflect the non-Newtonian flow behaviour of
the activated sludge mixture in the clarifier.

We have carried out on-site measurements to determine the
rheological flow behaviour of the sludge mixture. A detailed
description of these measurements and our rheology analysis
may be found elsewhere [12]. Measurements of the settling
velocity of the sludge flocs were conducted in addition to our rhe-
ology studies. Furthermore, the boundary conditions for the CFD
model, such as the inlet concentration and the flow rates, were
determined. We have measured concentration profiles within the
clarifier to validate the numerical model.

All measurements were conducted in March and April 2005,
and again in July of the same year, which enabled us to study
periods of low and high treatment plant loadings, respectively.
The wastewater treatment plant, on which we conducted the
study presented in this paper, is situated in a region of France
that is frequented by a large number of tourists in the summer
months, which explains the increase in treatment plant loading
in July.

2. Mathematical model
2.1. Reynolds-averaged Navier—Stokes equations
The system of Reynolds-averaged Navier—Stokes equations

for two-dimensional, axisymmetric, unsteady, density-stratified,
and turbulent mean flow may be given as [3,5-7]

du v v

(o o+ =) ="5m, )
dz Oor r
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The equation of continuity is given by Eq. (1), and Egs. (2)
and (3) represent the z and » momentum conservation equations,
respectively. The origin of the coordinate system is placed on the
vertical centre line, with the z-axis pointing vertically upwards
from the bottom boundary. We note that the field equations are
given in terms of averaged flow variables, where u and v are
the mean velocity components in the z (axial) and r (radial)
directions, respectively, ¢ is the time, p is the pressure, p is the
density of the mixed liquor, py, is the density of water, g is
the gravitational acceleration constant, p is the viscosity of the
sludge mixture, and ; is the turbulent viscosity.

The governing field equations are formulated using the den-
sity of water, and we account for the varying density of the sludge
mixture only in the buoyancy term in the axial momentum equa-
tion, g(p — pw). We add the buoyancy term to the z momentum
equation using a user-defined function (UDF) in Fluent.

The on-site density measurements of Dahl have shown that
the relative density increase at a total suspended solids concen-
tration of 12kgm™ is only 0.4% [13]. However, the buoyancy
effect on the flow in the clarifier that is caused by the den-
sity gradient at the upper limit of the sludge blanket cannot be
neglected.

We have added source terms to Egs. (1)—(3) that represent
sludge removal by suction-lift. These source terms are defined
as

qrec
S = — ) (4)
" Viec
qrec
S; =——u, )
T Ve
and
Grec
S = — U, (6)
' Viec

and they are built into the CFD model using UDFs. The source
terms are negative since sludge is removed from the system. In
Egs. (4)—(6), grec 1s the mass flow rate of the recycle stream in
kgs™!, and Vi is the volume of the sludge removal zone in the
near-bottom region of the clarifier in m>. The recycle mass flow
rate is obtained from flow measurements around the clarifier, and
the volume of the sludge removal zone is defined further down
in the paper. The source term Sy, represents the withdrawal of
sludge mass from the bottom region of the clarifier. The source
terms S; and S; account for the momentum change that is asso-
ciated with the removal of sludge mass in the removal zone. All
source terms are zero outside the sludge removal zone.

2.2. Standard k—¢ turbulence model

The turbulent (or eddy) viscosity, ¢, is determined by the
turbulent kinetic energy, k, and also by the rate of dissipation of
turbulence kinetic energy, ¢, according to

k2
Mt = Pw C;L ? s @)

where C, =0.09 is a constant. The semi-empirical model trans-
port equations for k and ¢ may be given as [3,5-7]

<8k duk) B(Uk))
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is the generation of turbulence kinetic energy due to mean velo-

city gradients, that is, due to shear, and
Mt 3£

PwOt 02

G=-

an

corresponds to the generation of turbulence kinetic energy due to
buoyancy. In Eq. (11), oy =0.85 is the turbulent Prandtl number.
Eq. (11) is implemented into the CFD model using a UDF.

In Egs. (8) and (9), ox=1.0 and o.=1.3 are the turbulent
Prandtl numbers for k and ¢, respectively. In Eq. (9), C;1=1.44
and C;=1.92 are constants. For stably stratified flow, which
prevails in secondary clarifiers and which tends to suppress tur-
bulence (G <0), the constant C3 takes a value of 0.8-1.0 [5].
Note that the gravity vector in our model is —g as it points in the
negative axial direction. Assuming C3 =1.0, Eq. (9) reduces to

de  due)  J(ve)
pw<8t+ o 8r)

_ d Mt de 10 Mt o€
Tz ((M+ 08) 8z> + ror (r <M+ og> ar)

& g2
+Ci1-P — pyCr— + S, (12)
k k
so that the effect of buoyancy on the rate of dissipation of tur-
bulence kinetic energy is not considered. Egs. (8) and (12) are
used in our CFD model to compute k and ¢.

Two source terms S; and S appear in Eqgs. (8) and (12),
respectively, which we use to take the effect of the sludge
removal on the turbulence kinetic energy and its dissipation rate
into account. Both S} and S, which are defined as

qrec
Sk = — k (13)
Viec
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(14)
respectively, are built into the CFD model using UDFs.
2.3. Conservation of particulate mass in turbulent flows

The sludge transport equation for turbulent flow may be writ-
ten as [5,6,14]

g <3X n ((u — us)X) n a(vX))
ot a0z

or
=—|——= —— | r—— Sx, 15
8z<as 8z)+r8r(ras 8r)+ X 1%

where oy is the turbulent Schmidt number, us = us(X) is the set-
tling velocity function, which we discuss further down in the
paper, and Sy is the sludge removal source term, given by

Sy = — qrec X

(16)
Vrec

InEq. (15), the sedimentation of activated sludge is accounted
for in the axial convection term. Other researchers have added
the settling velocity function to the mass transport equation using
a source term on the right-hand side of Eq. (15) [15,16]. Typical
values for the turbulent Schmidt number are in the range 0.5-1.0
[3]. We use the value proposed by Lakehal et al., that is, 03 =0.7
[5].

We have added Eq. (15), including the settling velocity func-
tion, the sludge removal source term, Eq. (16), and the turbulent
dispersion coefficient, ui/o, to the CFD model as a user-defined
scalar equation in Fluent using UDFs.

3. Closure models for sludge properties
3.1. Sludge rheology

We have used a rotational viscometer to carry out on-site rhe-
ology experiments. These experiments, in which we have varied
the sludge concentration (2.8-8.4g1~!) and the temperature
(10, 15, and 20 °C), have shown that the non-Newtonian flow
behaviour of the activated sludge mixture changes qualitatively
depending on the shear rate employed in the experiment. At
low shear rates of up to 50s~! (up to 100s~! at concentrations
greater than 5gl~!), the sludge rheology is well described
using the Casson law for pseudo-plastic flow behaviour. The
sludge displays Bingham plastic flow behaviour at shear rates
exceeding 50s~! (exceeding 100s~! at concentrations greater

Table 1
Viscosity parameters in Eqs. (18)—(20) for varying temperatures, 7'

than 5g17"). The rheology experiments were conducted over
3 consecutive days in April 2005. Although not to the same
extent, the experiments were repeated on 1 day and for one
temperature in July of the same year. The experiments were
repeated to verify whether the sludge flow behaviour is different
at times of increased treatment plant loadings. These repeated
measurements have shown that the flow behaviour had not
changed. We have given a detailed account of this experimental
study on the non-Newtonian flow behaviour of activated sludge
elsewhere [12].

The flow in secondary clarifiers exerts low shear rates on the
activated sludge mixture. The shear rates are largest in the inlet
region, where the stream of activated sludge enters the clarifier,
reaching values that are on the order of 10s~!. Outside this
region, the flow is rather stagnant, and the shear rates are well
below 1s~! [6]. Thus, relating the shear rates that prevail in the
clarifier to the shear rates applied in the rheology experiments,
the Casson rheology model for pseudo-plastic flow behaviour is
used in our CFD model.

The Casson equation for the sludge viscosity, ©, may be given
as

(i xe)
ll/: .7 2 9
y172

where p is the shear rate, K| the Casson yield stress parameter,
and K is the Casson viscosity parameter [17]. Our rheology
experiments have shown that K| depends quadratically on the
concentration:

a7

K| = AX* + BX. (18)

In ourrheology analysis, the viscosity parameter, K>, does not
show a clear dependence on X and appears to be independent
of the sludge concentration over the range of concentrations
studied. Neglecting the yield stress parameter, K1, Dollet found
that K> does not depend on the sludge concentration, and he gave
amean value of 0.032 kg'> m~12 s=1/2 for the Casson viscosity
parameter [18]. Both Dollet’s observation on the concentration
dependence of K> and his mean value for K; agree well with the
results of our study (Table 1).

We have thus assumed that K> is independent of the concen-
tration for X> X" =2 kg m~3 and equal to the mean value, K.
For the water viscosity value, wy, to emerge correctly as X — 0,
K> is assumed to depend linearly on the concentration on the
interval 0 < X< X" .

Thus, for X > X":

K> = K>, (19)

T(C) A (mn/z kg—3/2 S—l) B (ms/z kg—l/2 s—l) K, (kgl/z m-1/2 S—1/2) M‘lv/2 (kg1/2 m-1/2 S—l/Z)
10 0.00307 0.0187 0.0463 0.0362
15 0.00281 0.0176 0.0445 0.0341
20 0.00319 0.0146 0.0436 0.0361

The temperature in the clarifier was 15 °C in March and April, and 20 °C in July.
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and for0 < X<X":
= 2
Kz — il

K= uwil® +——;

X. (20)

The values for the parameters in Eqgs. (18)—(20) are given
in Table 1 for three different temperatures. Egs. (17)—(20) are
added to the CFD model using a UDF.

In the sludge rheology model employed by Armbruster, the
sludge viscosity is composed of three additive terms: (i) the
viscosity of water, (ii) a square root dependence on the sludge
concentration, and (iii) a Bingham-type yield stress term [7].
The terms in Armbruster’s rheology model were calibrated
using different rheology measurements, and all three model
components were necessary to give good agreement between
measured and computed velocity and concentration fields.
The Herschel-Bulkley rheology model for pseudo-plastic flow
behaviour, which includes a yield stress, was used in De Clercq’s
CFD simulations [6]. De Clercq has conducted rheology mea-
surements at sludge concentrations of about 15gI~! to avoid
the occurrence of turbulent roll cells in his measurement annulus
(Taylor—Couette effect). He then extrapolated his approximation
of the sludge flow behaviour into the region of lower sludge con-
centrations. The Bingham model used by Dahl needed substan-
tial recalibration of the model parameters to improve the CFD
prediction of the sludge concentration and the velocity field [13].
A Bingham model was also used by Lakehal et al., but their CFD
modelling results were not compared with measurements [5].

3.2. Sludge density

The density of the sludge mixture, p, depends on the sludge
concentration, X. This dependence is usually taken to be a linear
function, given by

0
pzpw+(p— )X

Pw

2

where py = 998.2 kg m~ is the density of water, and Pp is the
density of the dry sludge [3,5,13].

Dahl [13] and Nopens [19] have measured the sludge den-
sity as a function of the sludge concentration using pycnometry.
Their measurements have confirmed the linear dependence of p

Hm]

on X, and they have found values for the dry sludge density from
a fit of Eq. (21) to their measured data. In the CFD model, we
rely on their measurements and use a value of pp = 1600 kg m~3
for the dry sludge density.

Eq. (21) is used in the CFD model to express the dependence
of the sludge density on the sludge concentration in the buoy-
ancy term in Eq. (2), and it is used in Eq. (11) to describe the
generation of turbulence kinetic energy due to buoyancy.

3.3. Sludge sedimentation

We have conducted batch settling experiments using
Applitek’s Settlometer [20-22]. This automated device uses a
scanner system to detect the height of the sludge blanket during
the batch settling experiments, which take place in a column
that has a height of 70 cm and a diameter of 14 cm, and that is
equipped with a slowly rotating stirrer. We have carried out daily
settling experiments at varying initial sludge concentrations of
about 2-8 g 1. The sludge was taken at the outlet of the aeration
basin, and the initial sludge concentration during the experi-
ments was varied using decantation and dilution. The settling
experiments were carried out parallel to the rheology experi-
ments, and we have used sludge taken from the same sampling
for both experiments. A typical set of smoothed batch settling
curves is shown in Fig. 3.

From the set of batch settling curves, as shown in Fig. 3, we
can deduce the parameters ugy and r, of the exponential settling
velocity function of Vesilind [23]:

dH
Us = | — = ugo exp(—rpX).
dt max

(22)

Table 2 summarises the values for ugy and r, that were
obtained from our batch settling experiments in March/April
and in July 2005. The results in Table 2 show that the settling
behaviour was relatively constant.

Generally, well-settling sludges have ugy and ry, values of
about 13mh~! and 0.25m>kg~!, respectively. On the other
hand, poorly settling sludges have uyy and r, values of about
5mh~!and 0.5m>kg~!, respectively [3]. The parameter values
displayed in Table 2 agree well with these criteria. Taking the
ratio ugo/rp, we find values of 52 and 10kg m~2h~! for well
settling and poorly settling sludges, respectively. For the sludges

10 3
3
E 14
=
01 T T
2 4 6 8

X [gN

Fig. 3. Typical set of batch settling curves (left) showing the height of the sludge blanket in the settling column, H, as a function of the settling time, ¢. The curves
were measured on 13 April 2005 and are for sludge concentrations of 2.82g1~! (0J), 3.71g17! (), 4.56g17! (x), 5.48 217! (A), and 7.04 g1~! (+). The settling

velocity, us = (dH/dt)max = us(X), is deduced from the batch settling curves (right).
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Table 2

Parameters of the Vesilind function, Eq. (22)

Date usp (mh=1) h (m3kg™h)
21 March 2005 5.0175 0.3485
23 March 2005 3.9326 0.3436
29 March 2005 5.0581 0.2723
30 March 2005 4.6398 0.2424
31 March 2005 4.3748 0.2501
01 April 2005 4.1813 0.2495
11 April 2005 5.4402 0.3350
12 April 2005 4.0096 0.2679
13 April 2005 4.1866 0.2844
14 April 2005 4.3210 0.2872
04 July 2005 3.0609 0.2436
11 July 2005 3.2100 0.2247
19 July 2005 4.1338 0.3059
20 July 2005 3.5063 0.2578

studied in the present work, we obtain an average value of about
20kgm~2h~! for this ratio, which is in the intermediate range.

In addition to ugo and r,, we have measured the stirred
sludge volume index (SSVI35) using Applitek’s Settlometer.
The SSVI3 5 values were found to be in the range 70-105 ml g’1 ,
and they were by a factor 0.64 smaller than the values for the
diluted sludge volume index (DSVI), which were measured by
the plant operator. This value agrees well with the factor of 0.67
given by Ekama et al. [3].

We have correlated the Vesilind parameters, ugy and ry,, with
the SSVI; 5 values using the general correlation equations [3]:

uso = aexp(—p x SSVIzs5) (23)
and
rh =38 x SSVIz5+ y. 24)

We have found values of 5.5728 mh~! and 0.0034 gml~!
for o and B, respectively. The correlation for ugy shows that
this parameter of the Vesilind function is practically indepen-
dent of the SSVI;3 s, since = 0. This observation agrees well
with the results of Daigger’s sludge sedimentation study [24],
who set 8=0 and hence us=c«. Daigger found a value of
a=7.973mh~! for the first parameter in Eq. (23), which agrees
well with our value for «. Similarly, Daigger’s values for the
parameters in Eq. (24), §=0.004051m1~! and y=0.05381g~,
show good agreement with our values (8=0.00261ml~! and
y=0.06281g~"). In Eq. (23), uso is in units of mh~!, and ry, in
Eq. (24) is in units of 1 g_l. The SSVIs 5 values are in units of
ml g~ ! in both equations.

In our CFD model, we have used the values for ugg and ry, that
were directly measured and that are given in Table 2. The settling
velocity is expressed using the double-exponential function of
Takacs et al. [25], an extension of the Vesilind formula that
contains two additional parameters and that is given by

us = uso expl—rn(X — Xns)] — uso exp[—rp(X — Xns)].  (25)

The parameter 7}, characterises the settling behaviour at low
concentrations, and Xy is the concentration of non-settleable
solids in the effluent of the clarifier. We have measured X5 by

3

us [m/h]

0 e

0.001 0.01 0.1 1 10
X [91]

Fig. 4. Fit of the double-exponential settling velocity function, Eq. (25), to
the experimental settling velocity data (symbols) that were measured on 13
April 2005. The parameter values are ug =4.1866mh!, r, =0.2844 m3 kg‘1 s
rp=10 x ry,, and Xps =5.2 x 103 kgm >,

means of decantation, which gave a value of 5.2 x 1073 kgm™3.
The value for r,, is generally one order of magnitude larger than
that of r,, and we thus take r, = 10 x r, [3]. Fig. 4 shows the fit
of Eq. (25) to the experimental data displayed in Fig. 3.

To prove the validity of Eq. (25) over the entire concentra-
tion range, measured settling velocities at concentrations below
2g1~! would have been necessary. We have not been able to
obtain reliably measured data in this range of concentrations
using our measurement device. However, the settling velocity
measurements of Dupont and Dahl confirm the behaviour at low
sludge concentrations as described by Eq. (25) [26]. Their mea-
surements show that ug passes through a maximumat X ~ 1 g1~!
and that u; decreases with decreasing sludge concentration at
X<lgl™L

In their original work, Takdcs et al. [25] expressed the
concentration of non-settleable solids in the effluent, Xy, using
a non-settleable fraction, fs, of the clarifier inlet concentration,
Xin. Takécs et al. employed f;s =0.00123, 0.00228, and 0.00259
to distinguish between the cases of low, medium, and high
clarifier loadings, respectively. Assuming concentrations of
Xin=3and 5 g1~ for the cases of low and high clarifier loading,
we find values of X,s=3.7 and 13.0mg1~!, respectively. The
value for X5 used in our CFD model corresponds thus well
to the criteria of Takics et al. for low to medium clarifier
loading. At concentrations ranging from about 0.2-2.0g1~!,
and stating that the sludge flocs reach their maximum size in
this concentration region, the authors have taken the settling
velocity to be independent of the concentration. Imposing
this constraint on the settling velocity, Takacs and co-workers
obtained good agreement between their one-dimensional
modelling results and concentration profile measurements.

The double-exponential settling velocity function for
us =ug(X) has been used widely in CFD models of secondary
clarifiers [5,6,15,16,27-29]. From a practical point of view, the
Takécs formula for ug provides an easy-to-use function to char-
acterise the sedimentation of sludge over the entire concentration
range. However, the description of the settling velocity at low
concentrations in the Takacs formula represents a coarse approx-
imation of the individually settling sludge particles. Further, the
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compression of sludge at high concentrations is not accounted
for in this settling velocity formula.

Other approaches to describe the settling velocity of activated
sludge were used in connection with flocculation models. For
example, Lyn et al. have assigned individual settling velocity
values that came from measurements to each class of particles in
their CFD sludge flocculation model [30]. In the two-component
CFD model of Mazzolani et al., Eq. (25) was used to describe
the settling velocity of larger sludge flocs, and an equation that
relates the settling velocity of smaller sludge particles to their
diameter was employed to express the settling velocity of this
second component [31]. Some researchers have applied Eq. (25)
to primary clarifiers, which precede the activated sludge aeration
basin [32,33].

The double-exponential settling velocity function was also
employed by Armbruster in his clarifier CFD model, but only
up to a critical sludge concentration value [7]. Above this critical
concentration value, Armbruster used a settling velocity function
that considers the compression of sludge. During compression
settling (or thickening), the sludge flocs are in mutual contact
and become part of a sludge matrix that is compressed by the
pressure of the upper sludge layers. The water that is contained in
this matrix of sludge is released through channels in the matrix.
Gravity-thickening of sludge may thus be understood as the flow
(or filtration) of liquid through a deforming saturated flocculent
medium [34].

Following an approach proposed by Vaccari and Uchrin [35],
Armbruster included a dependence on the spatial concentra-
tion gradient in his settling velocity function. In this approach,
an increase in the concentration gradient reduces the settling
velocity, which in turn reduces the concentration in the thicken-
ing layer and therefore the concentration gradient. Thus, sludge
concentration and settling velocity are coupled through the con-
centration gradient.

4. Computational domain and sludge removal zone

The clarifier has a depth of Hjarifier =3 m everywhere and a
diameter of D =33 m (Fig. 5). Settled sludge is removed from the
bottom region of the clarifier by means of suction-lift through
an array of vertical suction pipes (Fig. 2). The suction-lift sludge
withdrawal mechanism disturbs the otherwise axisymmetric
geometry of the clarifier. To reduce computational efforts, we
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Fig. 5. Computational domain and sludge removal zone of the axisymmetric
clarifier model. The centre line of the clarifier is indicated by the dash-dotted line,
and the hatched area at the clarifier bottom represents the sludge removal zone
in the model (not to scale). Rj=3.7m, R, =14.7m, h=0.15m, Haifier =3 m,
and D=33m.

have abstracted the sludge withdrawal mechanism with a disk-
like sludge removal zone in the near-bottom region of the clarifier
in our axisymmetric CFD model. In the CFD model, sludge
is thus removed everywhere in the near-bottom region of the
clarifier. The computational domain of the clarifier is shown in
Fig. 5, where the disk-like sludge removal zone in the near-
bottom region of the clarifier is indicated by the hatched area.
In total, about 44,000 regular mesh elements are used for the
discretisation of the computational domain. Each mesh element
has a characteristic length of about 3 cm.

The volume of the sludge removal zone, Vi, can be calcu-
lated using

Viee = T(R2 — RY)h. (26)

With an inner radius of R;=3.7m, an outer radius of
Ry,=14.7m, and a height of #=0.15m from the clarifier bot-
tom, the volume of the sludge removal zone is Vi =2.86 m3.
The height of the sludge removal zone, A, corresponds to the dis-
tance between the lower end of the suction pipes and the clarifier
bottom. The distance R,—R; = 11.0 m corresponds to the length
of the array of suction pipes underneath the bridge.

In the physical situation, the settled sludge is withdrawn from
the clarifier through the suction pipes, which have an opening
area that is smaller than the area of the sludge removal zone
used in the CFD model. The local fluid velocities in the region
of sludge withdrawal are thus greater than the CFD model can
admit, if the same amount of sludge is to be withdrawn. In the
region of sludge removal, the CFD model may thus predict lower
levels of mixing and turbulence when compared to the values
that occur locally in the real settling tank. Another deficiency of
our axisymmetric CFD model is the fact that the directionality of
the suction pipes is not accounted for. A three-dimensional CFD
model would have been necessary to give a better representa-
tion of the flow pattern around the complicated sludge removal
mechanism of the clarifier. However, such a model would come
at much higher computational costs than the simplified model
presented in this paper.

5. Numerical solution procedure

The general-purpose CFD solver Fluent uses the finite-
volume method to discretise the set of governing field equations.
A second-order upwind scheme was used for the discretisation in
space, and a second-order implicit scheme for the discretisation
in time. Employing a segregated solving algorithm in combina-
tion with Fluent’s SIMPLE algorithm for the pressure-velocity
coupling, we have computed the steady-state conditions using
a time-marching procedure to facilitate the convergence of the
computations. Fluent’s pressure staggering option (PRESTO!)
is used to interpolate the pressure values between neighbouring
elements.

To ensure that the computations have reached steady-state
conditions, we have performed the mass balances around the
clarifier for both the total fluxes and the sludge fluxes. Another
convergence criterion was the local sludge distribution in the
clarifier. Using three vertical concentration profiles at varying
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radial distances from the clarifier centre, we have compared
the profiles computed at time ¢ with those at time 7+ At, where
At=10,000s. Depending on the values chosen for the initialisa-
tion of the flow variables, convergence was attained after about
300,000s.

6. Boundary conditions
6.1. Clarifier inlet

At the clarifier inlet, we apply the inlet concentration, Xjp,
which is obtained from measurements and which equals the con-
centration at the outlet of the aeration basin, and the inlet velocity
components, i, and vi,. The radial component of the inlet veloc-
ity is set to zero, vi; = 0. The axial component of the inlet
velocity is determined by the flow rate and the cross-sectional
area of the inlet annulus, hence

Qin

=—, (27)
H(ngo - Ri,i)

Uin
where R, ,=1.0m and R,;=0.3m are the outer and the inner
radius of the inlet annulus, respectively, and Qj, is the flow rate
at the clarifier inlet. The latter is obtained from the measured
flow rates of the recycle stream and in the effluent outlet canal,
and a mass flow balance around the clarifier.

We have installed a Miltronics XPS10 ultrasonic flow meter-
ing sonde above the open effluent outlet channel of the clarifier
to measure the height of water in the channel. These height
measurements, together with the known geometry of the chan-
nel, were then used to calculate the effluent flow rate using a
weir formula. In addition to the effluent flow rate data, we have
used the data of the flow rate in the recirculation stream, which
is continuously measured by the process control system of the
wastewater treatment plant. Balancing the flow rates around the
clarifier gave the flow rate at the inlet of the clarifier.

The flow rates that were measured on 7 July 2005 are shown
in Fig. 6. The concentration profile measurements on that day
were carried out from about 9:30 to 10:30 in the morning (see
Fig. 8). The flow rates show substantial variations over time.
However, our concentration profile measurements—which were
measured over time and at varying locations in the clarifier, due
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Fig. 6. Flow rates, Q, measured at the effluent outlet (x) and in the recycle
stream (A). The flow rate at the clarifier inlet (ll) was obtained from a flow
balance around the clarifier. The data were measured in the morning of 7 July
2005.

to the rotation of the clarifier bridge—have shown that the effect
of these changing flow rates on the sludge blanket height and the
distribution of sludge within the sludge blanket are negligible.
The flow rate value for Qj,, which is used in Eq. (27) to cal-
culate u;,, was thus averaged using flow measurement data that
were recorded during (~1 h) and before (~3 h) the concentration
profile measurements.

We note that when balancing the flow rates around the clari-
fier, we have made the supposition that any change in flow rate
at the inlet of the clarifier is instantaneously measurable at the
effluent outlet, so that damping effects of the (large) clarifier
volume are not considered. This assumption implies that the up
and down movement of the surface, which is small compared to
the depth of the clarifier, is neglected.

The turbulence kinetic energy at the inlet, kj,, is calculated
using

kin = 1.5 x (L,uin)?, (28)

where [, =0.025 is the turbulence intensity [5]. Its dissipation
rate at the inlet, &, is obtained from

3/4,3/2
Cl/« kin

&in = —— &, 29

in oL, (29)
in which ¥ =0.4 is the von Kiarman constant. The turbulence
length scale, L, =0.5 X Rpaffie, Where Rp,ge is the radius of the
baffle skirt in the inlet region of the clarifier, is calculated using
the recommendations of Lakehal et al. [5].

6.2. Free surface

The vertical movement of the free surface of the clarifier is
assumed to be negligibly small. This assumption simplifies the
computation greatly, as it helps to keep the computational efforts
to aminimum. The vertical (axial) velocity component is thus set
to zero at the surface, u =0, and the horizontal (radial) velocity
component, v, is computed assuming full slip, that is, the surface
is treated as a stress-free entity. Furthermore, the gradients of all
scalar variables (X, k, and ¢) normal to the surface are set to
zero, and the same condition applies to the gradient of the radial
velocity in the direction normal to the surface, thatis, dv/dz = 0.

6.3. Effluent outlet

At the effluent outlet boundary, the values of the variables are
extrapolated from computed near-outlet values. This extrapola-
tion sets the stream-wise gradients to zero.

6.4. Solid walls

The no-slip condition must be obeyed at all solid boundaries,
that is, u#, v = 0 at all clarifier walls. The boundary condition on
the concentration is that the gradients perpendicular to all solid
walls is set to zero, so that the solid walls are made impenetrable
for the scalar species. We also apply logarithmic wall functions
to model the turbulent flow in the near-wall region of the
clarifier. Using this approach—which applies to the velocities,
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the concentration, and the turbulent variables—the viscosity-
affected near-wall region is not resolved by the mesh. Instead,
a collection of semi-empirical equations is used to link the
solution variables in the near-wall cells and the corresponding
quantities on the wall.

7. Results and discussion
7.1. Local sludge distribution in the clarifier

The local sludge distribution in the Clarifier was measured
using a Solitax-ts light scattering sonde. The sonde was con-
nected to an aluminium tube of 4.5m in length that allowed
for measuring the sludge concentration down to the bottom of
the clarifier. A custom-built support was used to attach the alu-
minium tube to the clarifier bridge and to easily change both the
vertical and the horizontal position of the sonde. The custom-
built support enabled us to conduct our profile measurements
at a perpendicular distance of 0.5m from the clarifier bridge
at its advancing side. Starting at the bottom of the clarifier, we
have taken concentration value readings every 5—10 cm. At least
five readings were taken at each vertical position, and the ave-
rage value of these readings was calculated. We have measured
several vertical concentration profiles, usually 3-5, at varying
radial distances from the centre of the clarifier along the slowly
rotating bridge. Measuring a complete set of concentration pro-
files took around 50 min, which corresponds roughly to the time
required for the clarifier bridge (and therefore for the sludge
removal mechanism at the bottom of the clarifier) to circumfe-
rence the clarifier once. We have used the sludge concentration
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profile measurements to validate the predictions of our CFD
model.

Figs. 7 and 8 show two sets of vertical concentration pro-
files that were measured in March and July, respectively. In the
summer months, the loading of the treatment plant is increased,
and more sludge is stored in the clarifier. The concentration pro-
files show that the sludge blanket height—which we define as
the vertical distance from the clarifier bottom to the point at
which the sludge concentration falls below 1 g1~!—has a value
of 40-50 cm in March, and 60-70 cm in July, depending on the
radial distance from the centre of the clarifier. The sludge blanket
is more elevated at shorter distances from the clarifier centre in
both sets of concentration profiles. The measured data show fur-
ther that the sludge concentration at the clarifier bottom is higher
in July, reaching concentration values that exceed 10g1~!. At
greater distances from the clarifier centre, the July data show
that highly concentrated sludge has accumulated in the bottom
region. This accumulation of sludge is presumably caused by
the slowly rotating sludge collection system at the clarifier bot-
tom, which compresses the settled sludge and pushes it in the
direction of movement of the bridge. The bottom concentration
is lower in the close vicinity of the inlet region, where the con-
vective motion of the incoming stream of sludge dilutes and
disturbs the sludge that has settled in that region. In March, the
bottom concentration was well below 10 g 17!, and we did not
observe the accumulation of highly concentrated sludge in the
near-bottom region that occurred in July.

The comparison between computed and measured concen-
tration profiles shows that the CFD model is well capable of
predicting the local sludge distribution in the clarifier. For both
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Fig. 7. Activated sludge concentration, X, and radial velocity, v, profiles in the clarifier between the surface (z= Hclarifier =3 m) and the bottom of the clarifier basin
(z=0). The data are for 31 March 2005 (X;;=391g 17!, 4, =0.049 ms ™!, Grec =75.7kg s_') and are for varying radial distances, r, from the clarifier centre. The
CFD predictions of the concentration profiles are compared with measurements (symbols).
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Fig. 8. Activated sludge concentration, X, and radial velocity, v, profiles in the clarifier between the surface (z=Hlarifier =3 m) and the bottom of the clarifier basin
(z=0). The data are for 7 July 2005 (X;, =4.93 g 17!, uj, =0.065m g1 , Grec = 100.4 kg s~ ) and are for varying radial distances, r, from the clarifier centre. The CFD
predictions of the concentration profiles are compared with measurements (symbols).

the March and the July data, the CFD model reproduces the
sludge distribution in the region close to the inlet well. In
the case of the July data, the CFD model slightly over-predicts
the height of the sludge blanket away from the inlet region. This
over-prediction may be caused by unequal sludge withdrawal
through the individual suction pipes or by the dynamically vary-
ing flow rates at the clarifier inlet and in the sludge recycle stream
during the measurements. In the CFD model, the same amount
of sludge is removed in each element in the sludge removal zone.
We do not account for the individual flow rates in each of the
suction pipes, which are likely to differ somewhat from each
other. Instead, we take the total amount of sludge that is with-
drawn from the clarifier bottom, gy, and relate this amount to
the total volume of the sludge removal zone in the CFD model,
Vrec. Additional measurements of the sludge flow rates in each
suction pipe may help to improve the prediction of the sludge
blanket height by the CFD computations further.

Although the prediction of the bottom concentration values
agrees well with the values measured in March, the CFD model
is not capable of predicting the much higher bottom concentra-
tions that were measured in July, presumably as a consequence
of the three-dimensional effects of the sludge collection mech-

anism, which we do not consider in the two-dimensional CFD
model. However, the average concentration value in the sludge
removal zone of the CFD model (9.04 g1~1) corresponds very
well to the concentration value that was measured in the recycle
stream (9.71 g1~ ). The computed effluent concentration values
for the March and July data are 10.7 and 12.9mg1~!, respec-
tively, and they agree well with the averaged measured effluent
concentration of 11 mgl1~!.

7.2. Velocity field and density current in the clarifier

The computed vertical velocity profiles in Figs. 7 and 8 show
the radial velocity component, v, as a function of the axial clar-
ifier coordinate, z, and for varying radial distances from the
clarifier centre, r. We have plotted the radial velocity compo-
nent to illustrate the density current along the upper limit of the
sludge blanket.

The profiles show that the flow is very calm in the clear water
region of the clarifier, above the sludge blanket. Significant flow
velocities are encountered a short vertical distance above and
below the upper limit of the sludge blanket. The velocities are
largest in the inlet region and become smaller with increasing
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Fig. 9. Stream functions (top), in units of kg s~

, and velocity vectors in the region underneath the effluent outlet (bottom left) and in the inlet region (bottom right).

The computations are for 7 July 2005 (Xi, =4.93 g1, 45, =0.065m s, grec = 100.4 kg s~1). Note that only every other vector is shown in the velocity vector plots
in both the axial and the radial direction and that a uniform length scale has been assigned to each vector shown in the plots.

radial distance from the centre of the clarifier. In addition to
the convective motion of the incoming sludge mixture, the den-
sity difference between the sludge and the clear water above
the sludge blanket transports the sludge into the clarifier along
the upper limit of the sludge blanket. This buoyancy force is
weakened with increasing radial distance from the inlet region
by the viscous forces that dominate the flow within the sludge
blanket, as shown in the next section of this paper. The strong
viscous forces within the sludge blanket are also responsible for
the low velocities in that region of the clarifier basin. In a cir-
cular clarifier, the velocity is further reduced by the increasing
cross-sectional area with increasing distance from the centre.
The graphs in Figs. 7 and 8 show that the vertical position of the
positive peak velocity coincides with the height of the sludge
blanket, where the sludge density gradient is largest.

The velocity profiles in the clarifier show negative velocities
above and below the upper limit of the sludge blanket. These
negative velocities correspond to zones of flow reversal and
recirculation in the clear water region and in the near-bottom
region. Fig. 9—which shows the streamlines and the velocity
vectors in the regions next to the clarifier inlet and underneath
the effluent outlet—illustrates these zones of flow reversal and
recirculation. We note that in the plots of the vector field, to
improve the visual appearance of the zones of recirculation,
we have plotted only every other vector in both the axial and

the radial direction. Furthermore, we have assigned a uniform
length to each vector, so that the length of each vector does not
correspond to its true velocity value.

The velocity profiles shown in Figs. 7 and 8 are typical for
both rectangular and circular centre-fed clarifiers. Krebs et al.,
using glass spheres and a rectangular laboratory-scale sedimen-
tation tank, have performed velocity profile measurements that
matched their numerical predictions of the bottom density cur-
rent very well [14]. Dahl et al. measured velocity profiles in a
rectangular pilot sedimentation tank, which had been installed
on a wastewater treatment plant and that was fed with activated
sludge from the aeration basin [36]. Although their CFD calcula-
tions of the density current in the pilot sedimentation tank agreed
well with measured velocity profiles, the agreement was less
good in the case of full-scale rectangular sedimentation tanks
[13].

A radioisotope tracer technique was used by Kim et al.
to study the flow in a rectangular full-scale clarifier [37]. An
impulse injection of tracer at the outlet of the aeration basin was
applied, and the residence time distribution (RTD) of the tracer
material was monitored at 20 different points in the clarifier. The
authors have further measured the sludge concentration at the
inlet and at the effluent outlet of the clarifier. The RTD measure-
ments and the measured effluent concentration were compared
with the computed RTD and effluent concentration value of
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a two-dimensional numerical model of the turbulent flow and
mass transport in the clarifier. The mathematical description of
the numerical model that was used by Kim et al. is essentially
identical with the CFD model presented in this paper, except
for the description of the viscosity, where Kim et al. neglected
the molecular viscosity of the activated sludge mixture. The
authors have further tested two approaches for the settling velo-
city function—the double-exponential function used in this
paper and a discrete settling velocity function. The latter func-
tion, which was also used by Mazzolani et al. to describe the
sedimentation of individual sludge particles at low concentra-
tions [31], assumes that the settling velocity is a function of the
particle diameter.

The authors obtained good agreement between measured and
calculated RTD near the inlet and in the centre of the clarifier.
Near the effluent outlet, the agreement was less good, which
the authors attribute to the three-dimensional effects of the dis-
charge weir in this region of the clarifier, which is not considered
in their two-dimensional model. A second peak in the mea-
sured RTD indicated local flow reversal, which was partially
confirmed by the computed RTD. Referring to the removal effi-
ciency in the clarifier, the discrete settling model predicts a value
of 98.4% for the average solids distribution. Using the mono-
disperse (double-exponential) settling model, a lower value of
94.3% is calculated.

The inlet sludge concentration in their study was relatively
low, at only 1.3g1™!. Relating the removal efficiency that
was calculated by Kim and co-workers using the discrete set-
tling model to this inlet concentration, we obtain a value of
20.8 mg1~! for the effluent concentration, which is a factor 4.2
larger than the average measured value of S mg1~!. The fact that
the discrete settling model gives a better prediction of the efflu-
ent concentration than the mono-disperse settling model may
be due to the low inlet concentration. In the present paper, inlet
concentrations of 3.9 and 4.93 g1~ were studied. As we have
discussed in Section 7.1, our CFD model gave predictions of the
effluent concentration that differed by a factor of 0.97 and 1.17
from the averaged measured value. Furthermore, our CFD model
accounts for the complex rheological flow behaviour of the acti-
vated sludge mixture. Kim and co-workers neglected the sludge
rheology, which, through the coupling between viscosity, sludge
concentration, and shear rate, affects the sludge distribution and
therefore the effluent concentration.

7.3. Shear rate and sludge viscosity in the clarifier

A contour plot of the shear rates in the clarifier is shown in the
top of Fig. 10. It shows that the highest shear rates are encoun-
tered in the inlet region, where the incoming stream of activated
sludge is bound by the walls and baffles in that region, and around
the upper limit of the sludge blanket, close to the clarifier inlet.
The elevated shear rates around the upper limit of the sludge
blanket are caused by the density current, which is strongest in
the inlet region of the clarifier. Above the sludge blanket, and
for the most part also within the sludge blanket, the shear rates
are below 0.1 s~! (blank area in the top contour plot in Fig. 10).
De Clercq’s CFD computations of the flow and the sludge sed-
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Fig. 10. Shear rates (top), y, in units of s~!, and turbulent viscosity (bottom),
[, in units of kg m~!s™!, in the clarifier for 7 July 2005 (Xin =4.93gl’1,
tin=0.065m s, grec =100.4kgs™1).

imentation in a secondary clarifier with bottom inclination and
sludge removal through the sludge hopper in the bottom centre
of the clarifier exhibit similar shear rate distributions [6].

From Eq. (17), we see that the sludge viscosity is inversely
proportional to the shear rate, that is, © — 0o as ¥ — 0. On the
other hand, the viscosity decreases with decreasing concentra-
tion, so that u — uyw as X — 0. The concentration above the
sludge blanket is very low, as shown in Figs. 7 and 8. Thus,
although the shear rates are very low above the sludge blan-
ket, the viscosity does not exceed values that equal five times
the water value, due to the low sludge concentrations in that
region (top of Fig. 11). Within the sludge blanket, where the
computed sludge concentration reaches values of almost 10 g1~!
in the near-bottom region, the sludge viscosity takes values that
are by several orders of magnitude larger than the water value
(bottom of Fig. 11). When comparing the high sludge visco-
sity values within the sludge blanket with the values of the turbu-
lent viscosity, which are shown in the contour plot in the bottom
of Fig. 10, we see that the sludge viscosity dominates the flow
within the sludge blanket. Above the sludge blanket the turbulent
viscosity contribution may not be neglected, as both the sludge
viscosity and the turbulent viscosity are mostly of the same order
of magnitude.

Deininger et al. have used a numerical two-phase flow model
to compute the flow and the solids distribution in a circular clari-
fier [38]. Their model does not account for the non-Newtonian
flow behaviour of the activated sludge mixture. Instead, the
authors have taken the viscosity value of water, that is, u =
pw = 1073 kgm~"' s~!. They have compared their model pre-
dictions with measurements of both the radial and vertical
velocities in the clarifier and the local solids distribution.

A forward flow along the tank bottom towards the outer tank
rim and a backward flow in the upper (clear water) region of the
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Fig. 11. Sludge viscosity, , in units of kgem~! s~ in the clarifier for 7 July
2005 (Xin =4.93 217!, 15, =0.065ms ™!, greec = 100.4 kg s~1). The contour plots
show the sludge viscosity above (top) and within (bottom) the sludge blanket.

clarifier towards the centre of the clarifier were shown in both
velocity measurements and computations. However, the area of
computed forward velocities is larger than the measured area.
To obtain better agreement between model prediction and mea-
surements, Deininger et al. have assigned a constant value of
wy=0.1kgm~" s~ to the turbulent viscosity. This value is two
orders of magnitude larger than the water value, (. The k—¢ tur-
bulence model and the closure model to calculate 1y were thus
not used. The authors report that this measure reduced the com-
puted area, in which flow reversal occurs, and it improved the
agreement between measurements and computations. Similar
observations were made in the case of the calculated and mea-
sured downward velocities in the clarifier inlet region, which
differed by a factor of about 2. Using u;=0.1kgm~!s™!,
Deininger and co-workers could predict downward velocities
in the inlet region that agree with the measured values.

The concentration field, and in particular the sludge concen-
tration at the bottom of the settling tank, was well predicted by
the numerical model. However, from =7 m to the outer rim at
r=12m, the model predicted virtually no sludge accumulation
at the bottom, which disagrees strongly with the concentration
measurements. This discrepancy between model prediction and
measurements was attributed to sludge conveyance by the bot-
tom scraper, which is not considered in the numerical model.
However, it does not seem to be evident that this disagree-
ment between the computed and measured concentration field
is caused by the bottom scraper, since it had been kept from
moving during the measurements, as stated by the authors.

The observations made by Deininger et al. show that the
viscosity plays an important role in predicting both the velocity
and the concentration field in the clarifier. Instead of using a
different approach to describe the molecular viscosity of the
activated sludge mixture, Deininger and co-workers have set

the value of the turbulent viscosity to a constant value that is
much larger than the viscosity value of water. In the present
paper, we have computed the turbulent viscosity using the k—e
turbulence model, and the molecular viscosity of the sludge
mixture is described using a non-Newtonian closure model,
which is based on our rheology measurements. The agreement
between the measured and the computed concentration field
that we have obtained shows that the k—¢ turbulence model is an
adequate means to describe the turbulent viscosity, provided the
rheological flow behaviour of the sludge mixture is considered.
Similar conclusions can be drawn from the works of Dahl [13],
Lakehal et al. [5], De Clercq [6], and Armbruster [7].

8. Conclusions

This paper presents a computational fluid dynamics (CFD)
model of the flow and the sedimentation of activated sludge in
a full-scale flat-bottom clarifier that is equipped with a suction-
lift sludge removal system. Negative source terms on all field
equations were used to approximate the removal of sludge
in the bottom region of the clarifier in the two-dimensional
CFD model. The clarifier CFD model, which was developed
using the general-purpose CFD solver Fluent, accounts for
the turbulent motion in the clarifier and considers buoyancy-
driven flow. Our on-site rheology measurements have shown
that the activated sludge mixture exhibits pseudo-plastic flow
behaviour at shear rates that are comparable to those encoun-
tered in the clarifier. The Casson rheology model was used
to describe the non-Newtonian flow behaviour of the activated
sludge mixture in the CFD model. Using the double-exponential
settling velocity function, the sedimentation of activated sludge
flocs was incorporated in the axial convection term of the
convection—dispersion equation that governs the sludge trans-
port in the clarifier. The parameters of the settling velocity func-
tion were obtained from on-site sedimentation measurements.

Measured sludge concentration profiles were compared with
CFD predictions of the local sludge distribution in the clari-
fier. The concentration profiles that were computed by the CFD
model agree well with measured profiles for two different treat-
ment plant loadings. The CFD model reproduces the local sludge
distribution in the inlet region, where the incoming sludge mix-
ture dilutes and disturbs the sludge that has settled in this part of
the clarifier. In the case of the higher inlet concentration, the CFD
model slightly over-estimates the height of the sludge blanket.
This over-estimation may be due to the dynamically changing
flow rates at the clarifier inlet and in the sludge recycle stream
during the measurements. Unequal sludge withdrawal through
the individual suction pipes of the sludge-removal mechanism
may be another explanation for this over-estimation. For the
same set of experimental data, the CFD model is not capable
of predicting the high bottom concentrations. These high bot-
tom concentrations are presumably due to the accumulation of
compressed sludge at the advancing side of the slowly rotat-
ing sludge collection mechanism, which is not accounted for in
our two-dimensional CFD model. The CFD model has shown
that within the sludge blanket, the flow and the sedimentation of
sludge is dominated by the viscous forces, and the effects of the
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turbulent viscosity contribution are negligible within the sludge
blanket.

We have simplified the representation of the sludge removal
mechanism in our CFD model. A correct representation of
this complex system requires a three-dimensional model, which
would come at significantly increased computational costs. The
model presented in the present paper predicts the sludge distribu-
tion in the clarifier well, at reasonable computational expenses.
In combination with design rules, the CFD model helps the
design engineers to calculate different clarifier loading scenarios
and to ensure the proper functioning of the secondary clarifier
under all loading conditions. The geometry and the inlet and out-
let configuration of existing clarifiers may be optimised using
the CFD model. The effect of varying sludge properties on the
clarifying, thickening, and storage capacities of the clarifier may
be studied and assessed.
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