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Modeling settling tanks for water treatment using
computational ﬂuid dynamics
Anastasios Stamou and Anthoula Gkesouli

ABSTRACT
A computational ﬂuid dynamics model is presented for the calculation of the ﬂow, suspended solids,
and tracer concentration ﬁelds in the settling tanks of the water treatment plant of Aharnes, an
important component of the water supply system of the greater area of Athens, Greece. The model is
applied to investigate the expected negative effect of the wind on the hydraulic and settling
performance of the tanks and to evaluate the improvement resulting from the installation of one and
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two bafﬂes; the wind is modeled using a simple and very conservative approach that involves the
setting of a constant horizontal ﬂow velocity on the free surface. The model is calibrated and veriﬁed
with ﬁeld turbidity measurements. Calculations show that the effect of wind on the ﬂow ﬁeld and the
hydraulic efﬁciency is strong, with the creation of massive re-circulation areas with intense mixing
and high short circuiting; however, the effect of wind on the settling performance of the tanks is not
pronounced. The removal efﬁciency of the tanks, which is 72.48% in calm conditions, is reduced to
68.07% for windy conditions; moreover, it increases to 70.00 and 71.04%, when one or two bafﬂes
are installed, respectively.
Key words

| bafﬂes, computational ﬂuid dynamics (CFD), ﬂow through curves (FTCs), settling tanks,
wind effect

INTRODUCTION
Sedimentation is one of the most important treatment pro-

(PF)), and the solids settle freely as in quiescent conditions

cesses in conventional water treatment plants (WTPs); a

(without any re-entrainment or ﬂocculation); the OR con-

signiﬁcant percentage of suspended solids (SS), which is

cept is still applied in the design of settling tanks.

formed by the aggregation of particles of the untreated

In real tanks, however, the ﬂow ﬁeld is usually 3-D and

water with ﬂocculants in the upstream coagulation units,

complex being characterized by re-circulation regions

settles by gravity and therefore inﬂuences the degree of treat-

(Stamou et al. , ) that enhance mixing and inﬂuence

ment of the downstream units of ﬁltration and disinfection

the sedimentation of SS via their ﬂocculation (Lyn et al.

and subsequently the efﬁciency of the plant. Sedimentation

), breakup or re-entrainment, which depend on their

is performed in circular or rectangular settling tanks; the

physical characteristics, such as particle size, density and

determination of the removal efﬁciency of these tanks has

settling velocity (Stamou et al. ). Owing to its

been the subject of numerous theoretical and experimental

importance, the determination of the hydrodynamic charac-

studies. In the early to mid-20th century, Hazen () and

teristics of settling tanks has also been the subject of

Camp () presented the classical theory of ideal settling

numerous studies. It can be achieved: (1) experimentally,

that is based on the concept of overﬂow rate (OR). Accord-

via the performance of velocity measurements; (2) numeri-

ing to this theory, sedimentation occurs in an ideal tank, in

cally, with computational ﬂuid dynamics (CFD) models;

which the ﬂow is steady, horizontal and free from inlet and

and (3) via the experimental or numerical derivation of

outlet disturbances (this ﬂow ﬁeld is usually called plug ﬂow

ﬂow through curves (FTCs).
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The performance of ﬂow velocity measurements, usually

installation of bafﬂes (Goula et al. ) and use of lamellas

via Laser Doppler velocimetry (Shiono & Teixeira ), is

(Okoth et al. ). Prior to its use, a CFD model must be

a costly and time-consuming task; moreover, it can be

validated. The validity of CFD models in settling tanks can

applied only in existing tanks for upgrading and modiﬁ-

be checked by comparing the model’s results with

cation purposes, and not in tanks that are in the stage of

experimental data (Stamou ), which include ﬂow

design.

velocity distributions, streamline patterns, size of recircula-

CFD models have been applied in various chemical/
water engineering problems, such as in membrane reactors

tion regions, SS concentration proﬁles and/or removal
efﬁciencies.

(Ghidossi et al. ), trickle-bed reactors (Souadnia et al.

FTCs can be derived experimentally using a simple

), chlorination tanks (Falconer & Liu ; Shiono &

tracer technique (Stamou & Noutsopoulos ). A mass

Teixeira ; Stamou ), oxidation tanks (Stamou

of tracer is injected at the inlet of the tank instantaneously

), industrial multi-staged stirred vessels (Alliet-Gaubert

and the plot of tracer concentration at the outlet vs. time

et al. ), column separations (Egorov et al. ), and

is the FTC. The FTC is essentially the probability density

ﬂocculation tanks (Bridgeman et al. ). Dufresne et al.

function (pdf) of the detention times in the tank (Stamou

() stated that even though the measurements are prob-

& Noutsopoulos ); its shape and statistical character-

ably the best indicator for understanding the ﬂow and

istics provide information regarding the main convective

pollutant behavior in a tank, they cannot be carried out

and diffusive (dispersion) characteristics of the ﬂow. There-

before its construction and only CFD models can be applied

fore, it can be used for assessing the hydraulic performance

a priori. Matko et al. () reviewed the numerical model-

of different geometrical conﬁgurations in tanks or reactors,

ing techniques that are applied to sedimentation tanks in

including settling tanks.

wastewater treatment; they pointed out that CFD models

It is generally recognized that sedimentation tanks are

are capable of predicting the ﬂow pattern and SS concen-

sensitive to wind effects (Asgharzadeh et al. ); however,

tration distributions within the tanks and of ﬁnding the

the latter are usually neglected and there are only a few rel-

relationship between the tank hydraulics and process per-

evant studies in the literature. Sivakumar & Lowe ()

formance. Liu & Garcia () developed a 3-D multi-

investigated the effect of wind on the removal efﬁciency of

phase numerical model for the design of the primary settling

a rectangular settling tank using a 2-D model that involves

tank at the Calumet water reclamation plant at Chicago

the k-ϵ turbulence model (Rodi ) and observed that

implementing the Flux-Drift model, which is derived from

with increasing wind speed, the re-circulation region in the

the two-ﬂuid model (Brennan ), to describe the behavior

tank becomes more extended leading to intense mixing

of the solid-water mixture, in which the solid volume frac-

and uniform distribution of the SS. Moreover, they con-

tion at the inlet was equal to 103 or 1,000 mg/L. Owing

cluded that the wind has a detrimental effect on the

to the relatively high inlet solids concentration Liu &

distribution of SS and the removal efﬁciency decreases

Garcia () also modeled: (i) hindered settling using an

with increasing wind speed with counter current wind

empirical exponential relationship between the settling vel-

speed being more signiﬁcant. Khezri et al. () performed

ocity and the local solids concentration (see also Stamou

an experimental study in a pilot sedimentation tank and

et al. ); (ii) coagulation following the approach of Lyn

concluded that: (i) the actual efﬁciency of the tank

et al. (); and (iii) ﬂow of settled sludge (blanket) as Bing-

(61.24%) decreases with co-current wind speeds of 4.5, 5.5,

ham plastic with parameters estimated from experiments.

and 7.0 m/s to 50.01, 46.04, and 45.03%, respectively;

Goula et al. () presented a CFD methodology for the

(ii) for counter current wind speed equal to 2.5 m/s the efﬁ-

design of sedimentation tanks in potable water treatment.

ciency increases to 65.00% due to the increase of solids

CFD models have been extensively used to assess the

retention time; and (iii) when the counter current wind

effect of various parameters and alternative modiﬁcations

speed increases to 3.5 and 5.0 m/s, the efﬁciency decreases

on the hydraulic and removal efﬁciency of settling

to 55.07 and 47.00%, respectively, due to re-suspension

tanks, including inlet conﬁgurations with or without the

of solids.
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In the present work, a CFD model is presented that is

tanks via four inlet openings, which are located near the

based on the commercial code CFX () to calculate the

bottom of the tanks, and exits via a series of V-notch weirs

ﬂow ﬁeld, the SS concentration ﬁeld, and the FTC in the

installed at three outlet channels. The ﬂow rate to each

settling tanks of the WTP of Aharnes in Athens, Greece.

tank (Q) ranges from 0.25 to 0.31 m3/s, which corresponds

The model is applied to investigate the expected negative

to OR ranging from 0.85 to 1.07 m/h and theoretical deten-

effect of the wind on the hydrodynamic and settling per-

tion times (T ) from 4.1 to 3.3 h.

formance of the tanks and to evaluate the improvement
resulting from the installation of one and two bafﬂes in the

The practical problem and the proposed method of

tank.

solution
The settling tanks of the WTPA occasionally experience the

THE CHARACTERISTICS OF THE SETTLING TANKS
AND THE PRACTICAL PROBLEM

effect of strong northerly winds with maximum velocities of

The WTP and the settling tanks in Aharnes

channels. During these windy conditions, the personnel of

the order of 10.0 m/s in the direction x that is parallel to the
side walls of the tanks (see Figure 1), i.e., toward the outlet
the WTPA observed the development of waves on the

Drinking water is supplied to the city of Athens from four

water surface of the tanks and very high turbidity, especially

WTPs in the areas of Galatsi, Aharnes, Polydendri, and

in the ﬁrst half of the tanks; however, the turbidity values at

Aspropyrgos, which have a total capacity of 1.9 × 106 m3/d.

the efﬂuent were always less than 2.0–2.5 NTU. Moreover, it

The treatment of raw water in these plants involves coagu-

should be noted that the water quality of the efﬂuent is excel-

lation, sedimentation, sand ﬁltration, and chlorination. The

lent. We have been asked by the Athens Water Supply and

WTP in Aharnes (WTPA), which provides water to the

Sewerage Company (EYDAP SA): (i) to determine quantitat-

areas of Athens with high altitude, consists of two hydrauli-

ively the expected detrimental effect of these winds on the

cally independent treatment lines: the ‘old’ and the ‘new’

efﬁciency of the tanks; and (ii) to propose relatively simple

line. Settling in the old line is performed in 16 similar rec-

and inexpensive measures to deal with this effect. Based

tangular settling tanks that are shown in Figure 1. The

on our experience in similar situations (Stamou ), we

total ﬂow rate to the settling tanks ranges from 4.0 to

suggested the use of bafﬂes that are an inexpensive and

5.0 m3/s.

simple means to reduce short circuiting and improve the

The top view of each tank is shown in Figure 2(a); the

hydraulic efﬁciency of the tanks. Initially, we proposed to

tank has a length equal to L ¼ 73.2 m, width equal to

examine the use of one and two bafﬂes at the locations

w ¼ 14.4 m, and an average water depth equal to H ¼ 3.5 m.

that are shown in Figure 2(b) and 2(c), respectively. The

Water from ﬂocculation tanks enters into the settling

ﬁrst bafﬂe is located at x ¼ L/2 ¼ 36.6 m and the second at
x ¼ L/4 ¼ 18.3 m. The thickness of the bafﬂes was 0.10 m
and their lower edge was 0.50 m from the surface, i.e.,
their submergence was equal to 14%.
Subsequently, we performed calculations for four scenarios: (a) calm conditions, without wind (n-W); (b) windy
conditions (W); (c) windy conditions and one bafﬂe
(W-1B); and (d) windy conditions and two bafﬂes (W-2B).
All calculations were performed for three OR values equal
to 0.85, 0.96, and 1.07 m/h.
It is noted that during the investigation period, the

Figure 1

|

The settling tanks of the WTPA (obtained from http://www.google.de/intl/de/
earth/).
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Top view of the tank: (a) initial, (b) with one bafﬂe, (c) with two bafﬂes.

was performed periodically (typically every 2 months) via

nρm/ρs),

portable pumps. Subsequently, the solids that settled were

class of solids is modeled by a mass balance equation,

accumulated in the tank forming a sludge blanket, the

which allows a relative movement (phase slip, i.e., settling)

height of which has been progressively increasing with time.

between the solids and the continuous medium (water).

diameters (ds,n), and settling velocities (Vs,n); each

Flow ﬁeld equations

EQUATIONS OF THE MODEL
Algebraic slip model
We use the algebraic slip model that is virtually a simpliﬁed
variation of the drift ﬂux model by Ishii (), which assumes
a continuous medium-mixture (i.e., the water in the settling
tanks) with a dispersed phase component (i.e., the SS). This
mixture behaves as a single ﬂuid and generally its density
(ρm) can be affected by the presence of solids at any point
of the mixture. In the present work, the SS (with density
ρs ¼ 2,730 kg/m3) are divided into four (n ¼ 1, 4) classes of
different mass fractions (Ys,n), volume fractions (rs,n ¼ Ys,
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bulk continuity and momentum, Equations (1) and (2),
respectively, which are derived by summing the corresponding equations over both phases and classes (ANSYS-CFX
).


i
@ρm @ ρm Um
¼0
þ
@xi
@t

(1)



j


i
ij
ij
ij
i
@ ρm Um Um
@ ρm Um
@P @(τ m þ τ Tm þ τ Dm )
þ
¼ iþ
þ gi ρm
j
j
@x
@x
@x
@t
(2)
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where t is the time, xi is the Cartesian coordinate in the

where ωm is the turbulence frequency and S represents

i
i-direction, Um
is the mixture ﬂow velocity in the i-direction,

the ﬁrst velocity derivative (U0 ). The distributions of km

ij

ij

P is the pressure, gi is the acceleration of gravity, and τ m , τ Tm ,
and

ij
τ Dm

are the viscous, turbulent, and apparent diffusion

stresses, respectively.
Using the subscripts m, w, and s,n to denote quantities for
the mixture, water phase, and class of solids, respectively, we
write the equations for the properties of the mixture as
follows:

ρm ¼ rw ρw þ ρs

4
X

(3)

rs,n

n¼1

"

i
Um
¼

4
X
1
i
i
rw ρw U w
þ ρs
rs,n Us,n
ρm
n¼1

#
(4)

and ωm are calculated from the following transport
equations:


j


μtm  @km
@ ðρm km Þ @ ρm Um km
@ 
þ
¼
μ
þ
m
@t
@xj
1:18 @xj
@xj
þ Pk  0:09ρm km ωm

(9)



j
@ ρm Um ωm



μtm  @ωm
@ ðρm ωm Þ
@ 
þ
¼
μ
þ
m
@xj
@t
@xj
2:0 @xj
5 ωm
3
2ρm @km @ωm
ρ ω2 þ (1  F1 )
Pk 
þ
9 km
40 m m
1:17ωm @xj @xj

(10)

where Pk ¼ μtm S2 is the production term of km by the
mean velocity gradients. F1 and F2 are blending func-

ij

ij

τ m ¼ rw τ w þ

4
X

tions; F1 switches between 1 near the wall and 0
ij

rs,n τ s,n

outside the boundary layer.

n¼1
j

¼ r w μw

i
@Uw
@Uw
þ
j
@x
@xi

!
þ

4
X

In the investigated settling tanks the mass and volume
ij

rs,n τ s,n

(5)

fraction of water are very high (Yw ¼ 0.9999929626 kg
water/kg

n¼1

mixture

and

rw ¼ 99.999743%),

while

the

volume fractions of the solids are extremely low (ranging
j

ij
τ Tm

¼ μt m

ij
τ Dm

¼

i
@Um
@Um
þ
@xj
@xi

j
i
ρw rw UDw
Uw

!

from 0.38 × 106 to 1.16 × 106); then, based on Equation

2
 δ ij ρm km
3

 ρs

4
X

(6)

(3) the density of the mixture (ρm ¼ 997.004 kg/m3) is
approximately equal to the density of water, i.e., ρm ≈
ρw ¼ 997 kg/m3. Subsequently: (i) the properties of the mix-

j
i
rs,n UDs,n
Us,n

(7)

n¼1

ture

that

are

calculated

by

Equations

(4)–(6)

are

approximately equal to the corresponding properties of
ij

ij

ij

ij

i
i
and UDs,n
the drift
In Equation (7) we denote with UDw

i
i
the water, i.e., Uw
≈ Um
, τ m ≈ τ w and τ Tm ≈ τ Tw ; (ii) the

velocities for the water and the solids, respectively, i.e.,

drift velocity for the water is approximately equal to zero

i
i
i
i
i
i
UDw
¼ Uw
 Um
and UDs,n
¼ Us,n
 Um
. In Equation (6) we

i
(UDw
≈ 0); (iii) the drift velocity for the solids is equal to

apply the Bussinesq approximation for the calculation of

i
i
i
i
the slip velocity, i.e., UDs,n
¼ Us,n
 Uw
¼ USs,n
; and (iv)

the Reynolds (turbulent) stresses, where μtm is the eddy vis-

the apparent diffusion stresses, which are calculated by

cosity of the mixture, δ is the Kronecker delta (δ ¼ 1 for

Equation (7), are approximately equal to zero (τ Dm ≈ 0)

i ¼ j and δ ¼ 0 for i ≠j), and km is the turbulent kinetic

and thus they are neglected in the bulk momentum

energy; the distribution of μtm is determined by the shear

Equation (2). The above-mentioned approximations justify

stress transport (SST) k-ω based model (Menter ),

the non-dependence of the ﬂow ﬁeld on the presence of

which combines the standard k-ϵ model (Rodi ) with

the solids.

ij

ij

ij

ij

the standard k-ω model (Wilcox ), by the following
equation:

μt m

5
km ρ
95 m 
¼
max 9 ωm , SF2
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for each class of mass fraction Yn,s, which after using the

equations of the model are integrated over each control

Bussinesq approximation is written as follows:

volume of a co-located (non-staggered) grid layout, such that
the relevant quantity (mass, momentum, C, S, k, and ω) is con-




j
j
@ ρm Ys,n Um þ USs,n

served, in a discrete sense, for each control volume. Coupling

@(ρm Ys,n )
þ
@t
@xj

@
@Ys,n μt m @Ys,n
¼ j μm
þ
@x
0:9 @xj
@xj

between pressure and velocity in Equations (1) and (2) is
(11)

handled implicitly by a fully implicit coupled solver, which
employs the 4th order accurate Rhie & Chow ()
interpolation procedure to avoid numerical oscillations

The slip velocity in Equation (11) is used to model

(decoupling) due to pressure checkerboard ﬁelds. Moreover,

settling in the direction of gravity of the Cartesian system

the second-order upwind Euler scheme approximates the tran-

and it is equal to the settling velocity Vs,n that is deter-

sient term. More details can be found in ANSYS-CFX ().

mined via the following equation (Hendricks ):
USs,n ¼ Vs,n

Calculation domain and boundary conditions

1, 000ðs  1Þgj ρw d2n,s
¼
18μw

(12)
The settling tanks, whose simpliﬁed top view is shown in

where s ¼ 2.74 is the speciﬁc gravity. Alternatively, the

Figure 2, are approximately symmetrical. Therefore, we

settling

empirical

decided to model the left half of the tank, which is shown

equations based on experiments; see for example Liu &

in Figure 2, assuming symmetry on a plane xy in the

Garcia () and Brennan ().

middle of the tank. This approach has been used in cases

velocities

can

be

determined

by

of relatively symmetrical ﬂows to reduce the total computational effort. An indicative top view of the calculation

FTC equation

domain for scenario W-2B is shown in Figure 3.

The convection-diffusion equation for the mean tracer concentration C after implementing the Bussinesq approximation has
the following form:

@ ðρw C Þ
þ
@t



j
@ ρw CUw
@xj

We deﬁned boundary conditions at the borders of the calculation domain. At the two inlet openings, a parallel ﬂow was
imposed with uniform horizontal velocity, vertical velocity
equal to zero, and medium turbulent intensity that was set
equal to 5%; the solids and tracer concentration were assumed



¼

@
@C μt w @C
μ
þ
@xj w @xj 0:9 @xj

(13)

to be uniformly distributed with concentrations equal to Sin
and Cin, respectively. At the two outlet channels, the sum of
ﬂow rates was set equal to the inlet ﬂow rate, while the gradi-

The FTC is calculated from the solution of Equation (13)

ents of C, S, k, and ω at the outlet channels were equal to

using the calculated steady-state ﬂow ﬁeld as input. The injec-

zero. The vertical walls of the tank were treated as no slip –

tion of the tracer is represented by a square step input, having

smooth wall boundaries with the exception of the right side

duration equal to the injection time (Tin); see Stamou & Nout-

of the tank, at which the condition of symmetry was used;

sopoulos ().

see Figure 2. At the bottom of the tank, which was treated as
a smooth wall, the solids were assumed to be deposited and
removed from the computational domain, i.e., the formation

NUMERICAL AND CALCULATION DETAILS

of sludge layer was not taken into account. For scenario n-W,
the free surface was treated as a free slip wall; accordingly,

Numerical code

the normal velocity component and the normal gradients of
all other variables were set equal to zero. For scenarios W,

Calculations were performed with the numerical code

W-1B, and W-2B, the effect of wind was modeled by applying

ANSYS-CFX () that uses the ﬁnite control volume

a constant horizontal ﬂow velocity equal to 0.50 m/s on the

method for the spatial discretization of the domain; the

free surface in the direction of ﬂow (x). This value is very
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View of the calculation domain for scenario W-2B.

conservative and is based on a free stream-wind speed of 15 m/s

openings for a time equal to Tin ¼ 3.0 min. The concen-

(Tsahalis ) which is higher than the maximum value of

tration of tracer was monitored at the two outlet channels,

wind in the area of tanks that was measured in the range

i.e., two FTCs were numerically determined for a period

7.0–9.0 m/s at a height equal to 2.0 m from the water surface.

equal to Texp ¼ 4Τ; this duration of the numerical FTC experiments ensured that the recovery of the tracer is practically

Numerical grids

equal to 100%. The average tracer concentration in the
tank was equal to Co ¼ 1.23 kg/m3.

In the central part of the tank, where the geometry is simple,

The calculated FTCs at the left and right outlet channels

structured grids that employed hexahedral cells were used,

were normalized following the procedure described in

while in the regions of complex geometry, such as the two

Stamou & Noutsopoulos (), i.e., tracer concentrations

inlet openings, the two outlet channels and the two bafﬂes,

(C) were divided by the average concentration (Co), times

unstructured grids were used; the latter permit a very accu-

(t) by the theoretical detention time (T ), while the area

rate representation of the geometrical details in these

below the FTC was set equal to unity (after division with

areas, minimization of numerical errors and consistency of

tracer recovery). Then, using simple tracer mass balance

the solution throughout the domain. The computational

the representative average FTC for the settling tank E(θ)

grids consisted of approximately 127,000 elements for scen-

was constructed, which represents the pdf of the normalized

arios n-W and W, 181,000 elements for scenario W-1B, and

detention times (θ ¼ t/T ) in the tank. From E(θ) the cumulat-

220,000 elements for scenario W-2B; these sizes were

ive FTC F(θ) was built, whose values represent the

selected after a series of preliminary calculations to ensure

probability that a part of the water in the tank has a deten-

grid independent results.

tion time less or equal to t.

FTC calculations, processing of FTC data and hydraulic

the hydraulic efﬁciency of the tank by simply comparing

efﬁciency

their values with the corresponding values of (a) the

Certain FTC characteristics are used as indicators of

desired ideal for settling PF and (b) the undesired compleIn the FTC experiments a mass of tracer equal to Μin ¼

tely mixed (CM) conditions. In the present work, we have

2,250 kg was injected in the incoming ﬂow from the two

estimated 15 characteristics of indicators following the
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procedure and using the equations that are described in

APHA, AWWA, and WEF () to establish the following

Stamou & Noutsopoulos (). We have grouped these

relationship:

indicators into four broad categories: (1) short circuiting,
(2) mixing-dispersion, (3) degree of PF, and (4) efﬁciency.

S ¼ 1:49NTU  0:45

(14)

Short-circuiting indicators are the initial arrival time (θ0)
and the time at which 10% of the tracer has passed the

Equation (14) was derived for NTU values ranging from

outlet (θ10). Mixing indicators are measures of the width

0.50 to 8.00 that correspond to SS concentration values

of the FTC, such as time differences (θ75–θ25 and

from 0.30 to 11.47 mg/L and was used to translate NTU

θ90–θ10), time ratios (Mo ¼ θ90/θ10) and the (statistical) var-

values into SS concentration values.

iance of E(θ), Var. The PF indicators attempt to establish

At the inlet, the turbidity ranged from 2.00 to 19.50 NTU

effective fractions of the PF (p) and CM conditions (1–p)

and at the outlet it ranged from 0.40 to 2.50 NTU; the corre-

regions according to the theory of Rebhun & Argaman

sponding average daily values were equal to 5.00 and

(). The characteristic times, which are used as indi-

1.60 NTU, respectively. A representative value for the SS

cators of the efﬁciency, are the most probable time

concentration at the inlet is equal to Sin ¼ 7.0 mg/L; for com-

(θmax) and the time at which 50% of the tracer has

parison purposes all calculations were reduced to this value.

passed the outlet (θ50).
Classes of SS
SS calculations and removal efﬁciency

The SS at the inlet were grouped into four classes, C1, C2, C3,
and C4 with characteristic diameters equal to 41, 17, 9.5, and

The SS at the inlet are usually grouped into a number of

5.0 μm, respectively. The fractions of these classes were deter-

classes; in the present work we have used four classes; see

mined according to the standard methods of APHA, AWWA,

the section Classes of SS. Each class has a characteristic

and WEF () equal to p1 ¼ 45%, p2 ¼ 17%, p3 ¼ 23%, and

diameter (ds), a characteristic settling velocity (Vs), and it

p4 ¼ 15%, respectively. The settling velocities were calculated

participates in the total mixture of solids at the inlet of the

using Equation (12) equal to 5.80, 0.96, 0.31, and 0.09 m/h,

tank with a fraction or percentage (pi). Equation (11) is

for C1, C2, C3, and C4, respectively; and the corresponding

solved for each class of solids to determine the steady-state

Hazen numbers (Ha ¼ Vs/OR) were equal to 5.80, 0.96,

concentration ﬁeld for this class; then, the weighted average
concentration ﬁeld of the tank is determined from the concentration ﬁelds of all classes using their fractions as

0.31, and 0.09, assuming a typical value of OR equal
to 1.0 m/h.
Based on the above-mentioned values, 7.0 mg/L of SS at

weights following the procedure described in Stamou et al.

the inlet consist of 3.15, 1.19, 1.61, and 1.05 mg/L of classes

().

C1, C2, C3, and C4, respectively. In the settling tank we
expect: (i) 100% of the ‘heavy particles’, i.e., 3.15 mg/L from
Class C1 (Ha ¼ 5.80 > >1.0) to settle and be completely

FIELD AND LABORATORY MEASUREMENTS

removed from the tank; and (ii) a very large percentage
(around 100%) of the ‘light particles’, i.e., 1.05 mg/L from

Turbidity measurements at the inlet and the outlet of

Class C4 (Ha ¼ 0.09 < <1.0) not to settle and to be eventually

the tank

present in the outlet. This practically implies that the removal
efﬁciency of the tank is expected to range between 45 and 85%

Turbidity measurements were carried out at the inlet and

independently of the hydrodynamic and other processes

outlet of the settling tank for a period of 1 year using turbi-

(such as coagulation and re-suspension) in the tank. Therefore,

dimeters. Also, turbidity (NTU) and SS concentration (S)

the removal efﬁciency is virtually controlled by the settling

measurements were performed for the same inﬂuent and

behavior of the two remaining classes, C2 and C3, whose con-

efﬂuent samples according to standards methods of

centrations in the inﬂuent sum up to 2.80 mg/L and their
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fractions add to p2 þ p3 ¼ 40% and whose behavior is expected

We attributed this behavior to the combination of the processes

to be inﬂuenced signiﬁcantly by the hydrodynamics and other

of coagulation and re-suspension in this region, which is occu-

processes in the tank.

pied by large recirculation areas (see the section Flow ﬁeld
calculations); these areas are characterized by intense mixing
that enhances coagulation of solids in the tank and their re-sus-

Distributions of the SS in the tank

pension from the sludge blanket that is formed near the bottom
We have performed a series of in-situ turbidity measurements along the left wall of the tank and close to it at 12
locations at x ¼ 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 55, and
63 m. At each location the turbidity of the samples was
measured at six water depths; then, turbidity measurements
were translated to values of concentrations of SS via
Equation (14). In Figure 4, two series of measurements are
shown that were performed on the 3 October 2012 for
OR ¼ 1.07 m/h

and

on

the

17

October

2012

for

OR ¼ 0.91 m/h, respectively, following the evacuation of
the tanks and the removal of solids on the 28 September
2012; the ﬁrst series was used for the calibration of the
model and the second for its veriﬁcation.
During measurements, the SS concentration at the inlet
ranged between 7.50 and 7.70 mg/L. We have estimated,
using the integral model CORMIX (Doneker & Jirka ),

of the tank. Moreover, the day of the evacuation of the tank for
the removal of sludge, we observed a small ‘hill’ of sludge that
had formed in this region with the maximum height and length
that are shown in Figure 4.
It is noted that the processes of solids accumulation,
sludge-blanket formation, coagulation, and re-suspension are
not described in the present model; for example, via the modiﬁcation of the source terms of Equation (11) and/or the
boundary condition at the bottom wall (Lyn et al. ). Nevertheless, these processes are taken into account indirectly via
their effect on the distribution of solids and particularly on
the change of fractions p2 and p3 of classes C2 and C3 that virtually control the efﬁciency of the tank (see the section Classes
of SS); this is achieved in the process of calibration in which p2
is determined so that the calculated removal efﬁciency
coincides with the experimentally determined value.

the average dilution of the inlet jets equal to 1.8 and 3.7 at
x ¼ 5 m and x ¼ 10 m, respectively, and the corresponding SS
concentrations equal to approximately 4.22 and 2.05 mg/L.

RESULTS AND DISCUSSION

Surprisingly, as shown in Figure 4, we have measured maximum values up to 10–12 mg/L, i.e., higher than the inlet

Flow ﬁeld calculations

concentrations, especially close to the inlet of the tank
(x ¼ 0–25 m); moreover, in this region the distribution of con-

In Figure 5, the streamlines for all scenarios (OR ¼ 0.85 m/h)

centrations exhibited a relatively high degree of homogeneity.

are shown, while in Figures 6 and 7 various ﬂow

Figure 4

|

Iso-concentration lines for SS in the tank based on NTU ﬁeld measurements: (a) OR ¼ 1.07 m/h and (b) OR ¼ 0.91 m/h.
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Figure 5

|

Streamlines ﬁelds for scenarios: (a) n-W, (b) W, (c) W-1B, and (d) W-2B.

Figure 6

|

Calculated ﬂow ﬁeld characteristics for scenarios n-W and W: (a) streamlines on an xy plane at z ¼ 5.3 m for scenario n-W; (b) streamlines on an xz plane at y ¼ 0.7 m for scenario
n-W; (c) ﬂow velocities on an xz plane at y ¼ 0.7 m for scenario n-W; (d) streamlines on an xy plane at z ¼ 5.3 m for scenario W; (e) ﬂow velocities on an xz plane at y ¼ 0.7 m for
scenario W.

characteristics for the scenarios without and with bafﬂes are

by the formation of two main re-circulation regions

shown, respectively.

(eddies). The ﬁrst eddy (V1) that is shown in Figure 6(a) is

Figures 5(a) and 6(a)–6(c) show that the ﬂow ﬁeld for

created due to the incoming jets from the two inlet openings;

scenario n-W is 3-D and very complex, being characterized

it is anti-clockwise and its size varies along the width of the
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Calculated streamlines on an xy plane at z ¼ 5.3 m for scenario (a) W-1B and (b) W-2B.

tank from 20 m (close to the right, symmetry plane at

outlet channels are approximately the same for all scenarios

z ¼ 7.2 m) to 30–40 m (close to the left wall at z ¼ 0 m).

in spite of the 3-D character of ﬂow.

The second eddy (H1) that is shown in Figure 6(b) is very

Figure 6(b) and 6(c) show that the two jets entering the

large and anti-clockwise; it is formed on the xz plane in

tank via the openings immediately undergo the inﬂuence of

the lower part of the tank (y < 1.5 m) due to the interaction

the two eddies (V1 and H1), which force the ﬂow to exit the

of V1 with the solid wall of the tank. Flow velocities in the

tank following short-circuiting routes; practically, H1

tank range from 0.002 to 0.02 m/s in the main body of the

pushes the incoming left jet to the right and delays its

tank and from 0.06 to 0.08 m/s near the outlet channels

appearance at the left outlet channel (see also Figure 8(a)).

(see Figure 6(c)). Moreover, the ﬂow rates at the two

This short-circuiting results in much lower hydraulic

Figure 8

|

Calculated FTC, Ε(θ), at the left and right outlet channels for scenarios (a) n-W, (b) W, (c) W-1B, and (d) W-2B.
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retention times than T and reduced removal efﬁciencies (see

respectively. The ﬂow enters the tank, passes under V1-1

also Table 1).

and following V0-1 it raises rapidly to the surface, then it

The degree of complexity and three-dimensionality of

sinks to pass under the bafﬂe that acts as a new opening

the ﬂow is reduced when wind is present (see Figures 5(b)

for the second part of the tank, in which the same behavior

and 6(d)); the wind creates a clockwise eddy on the vertical

of the ﬂow is observed (see Figures 5(c) and 7(a)). Sub-

plane xy (V0). This eddy is massive and covers approxi-

sequently, the existence of the bafﬂe reduces signiﬁcantly

mately 70% of the tank’s volume leading to intense mixing

the short circuiting that was observed in scenario W.

and more uniform distribution of all quantities, including

Figures 5(d) and 7(b) show that the addition of the second

velocities and SS concentrations. Moreover, it reduces the

bafﬂe in the middle of the ﬁrst half of the tank in scenario

size of V1 above the inlet openings, as shown in Figure 6(d).

W-2B practically creates two smaller tanks in the ﬁrst half

The ﬂow enters the tank, passes under V1, rises rapidly to

of the tank and in total three smaller tanks in the whole

the surface and exits the tank via the outlet channels follow-

tank; in these smaller tanks the ﬂow is similar to that for

ing a short-circuiting path (see Figure 6(d)) with velocities

scenario

that range from 0.01 to 0.10 m/s in the main body of the

regions (V0-1, V1-1, V0-2, V1-2, V0-3, and V1-3), while the

tank and from 0.10 to 0.14 m/s near the outlet channels

short circuiting is further reduced (see also Figure 8 and

(see Figure 6(e)).

Table 1).

W-1B

with

a

total

of

six

re-circulation

Figure 7(a) shows that the use of one bafﬂe divides the
tank into two parts that occupy the ﬁrst and second half

FTC calculations

of the tank, while the 2-D character of the ﬂow that was
observed in scenario W is retained. In both parts of the

In Figure 8, the calculated FTCs at the left and right outlet

tank, the ﬂow shows the behavior of scenario W with the

channel for all scenarios are shown, which correspond to

creation of two main re-circulation regions of type V0 and

the ﬂow ﬁelds of Figure 5. These FTCs have been used to

V1 in each part, which are named V0-1, V1-1, and V0-2,

derive the average FTCs that are plotted in Figure 9(a),

V1-2, in the ﬁrst and the second part of the tank,

from which the cumulative FTCs were constructed, that

Table 1

|

FTC characteristics for all scenarios

(1) Short circuiting

(2) Mixing-dispersion

(3) PF fractions

(4) Efﬁciency times

Indicator

CM

n-W

W

W-1B

W-2B

PF

θ0

0.00

0.18 (1)

0.06 (4)

0.08 (3)

0.11 (2)

1.00

θ10

0.11

0.37 (2)

0.23 (4)

0.34 (3)

0.43 (1)

1.00

HBP

0.37

0.26 (3)

0.32 (4)

0.25 (2)

0.20 (1)

0.00

θ75θ25

1.10

0.76 (3)

0.90 (4)

0.75 (2)

0.69 (1)

0.00

θ90–θ10

2.20

1.54 (3)

1.78 (4)

1.45 (2)

1.39 (1)

0.00

Mo

21.85

5.13 (2)

8.65 (4)

5.23 (3)

4.22 (1)

1.00

Dt0.1

4.61

1.96 (2)

2.21 (4)

2.08 (3)

1.88 (1)

0.00

Dt0.5

1.39

0.76 (1)

0.97 (4)

0.91 (3)

0.89 (2)

0.00

Var

1.00

0.13 (2)

0.19 (4)

0.13 (2)

0.10 (1)

0.00

PFP

0.58

0.41 (2)

0.50 (4)

0.41 (2)

0.35 (1)

0.00

SEG

0.00

0.10 (3)

0.05 (4)

0.12 (2)

0.17 (1)

0.37

p

0.00

0.28 (3)

0.22 (4)

0.46 (1)

0.36 (2)

1.00

1–p

1.00

0.72 (3)

0.78 (4)

0.54 (1)

0.64 (2)

0.00

θmax

0.00

0.42 (3)

0.30 (4)

0.55 (2)

0.67 (1)

1.00

θ50

0.69

0.78 (3)

0.74 (4)

0.84 (2)

0.90 (1)

1.00
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Calculated FTC, E(θ), and cumulative FTC, F(θ), for all scenarios.

are shown in Figure 9(b). For comparison purposes, in both

signiﬁcant differences between the FTCs at the left and

Figure 9(a) and 9(b) the theoretical curves for PF and CM

right outlet channels due to the relatively 2-D character of

conditions are also plotted, while the characteristics of all

the ﬂow imposed by the action of the wind in the x-direction.

curves are depicted in Table 1. The numbers in parentheses

Moreover, for all scenarios, the total mass of tracer at the two

in Table 1 compare the four scenarios; (1) refers to the best

outlet channels was approximately the same, following the

scenario and (4) to the worst.

equal distribution of ﬂow rates (see the section Flow ﬁeld cal-

All FTCs in Figures 8 and 9(a) consist of three parts: the
ﬁrst rising part embodies the volume of tracer leaving the

culations); this behavior was also valid for scenario n-W in
spite of the signiﬁcant differences in the shapes of FTC.

tank via a short-circuiting path; the second declining part

The FTC characteristics of the initial geometry (scenario

represents the volume of tracer, which exits the tank after

n-W) shown in Table 1 indicate: (1) high short-circuiting

following a series of paths imposed by the ﬂow ﬁelds of

(low values of θ0 ¼ 0.18 and θ10 ¼ 0.37); (2) intense mixing

Figure 5; and the third part is the ‘tail’ of the FTC, which rep-

(high values of mixing indicators); (3) low fraction of PF

resents the volume of tracer that exits the tank after

(p ¼ 28%); and (4) low efﬁciency (low values of θmax ¼ 0.42

remaining in the relatively slow (re-circulation) regions in

and θ50 ¼ 0.78).

the tank.

Based on Figure 9 and the characteristics of Table 1,

Figure 8(a) shows that for scenario n-W, the tracer

scenario W exhibits the worst behavior (noted also in

arrives earlier at the right outlet channel than at the left

Table 1 with the number 4 in parentheses for all character-

(smaller values of initial arrival times), after having under-

istics), i.e., it shows very high levels of short circuiting

gone relatively smaller levels of mixing that are indicated

(extremely low values of θ0 ¼ 0.06 and θ10 ¼ 0.23), very

by the relatively high values of maximum concentration.

intense mixing (very high values of mixing indicators),

This behavior is consistent with the 3-D ﬂow ﬁeld (see the

very low fraction of PF (p ¼ 22%) and very low efﬁciency

section Flow ﬁeld calculations), but it is contrary to the

(very low values of θmax ¼ 0.30 and θ50 ¼ 0.74). Scenario

expected behavior for 2-D ﬂows in which the tracer arrives

W-2B with two bafﬂes exhibits the best hydraulic perform-

earlier at the left outlet channel (due to the larger size of

ance (noted also in Table 1 with the number 1 in

eddy V1 that is equal to approximately 35 m) than at the

parentheses for the majority of the characteristics), while

right outlet channel (where the size of V1 is equal to

scenario W-1B with one bafﬂe seems to approach more PF

approximately 20 m). Practically, this means that in tanks

conditions than scenario n-W (with no wind), which how-

where the ﬂow is expected to be 3-D and with more than

ever exhibits the lowest degree of mixing, judging only by

one outlet channel, the experimental derivation of just one

the maximum concentration (see Figure 9(a)). The above-

FTC at one of the outlet channels is not necessarily represen-

mentioned behavior is in accordance with the theoretical

tative. For scenarios W, W-1B, and W-2B there are no

concept that the ﬂow in a series of CM reactors approaches
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PF with increasing number of reactors, but also with the

equal to 70.86%, i.e., it is the same as the experimentally

ﬂow calculations for all scenarios in which we have

determined value, while the comparison of calculated SS

observed the formation of 4 and 6 recirculation regions for

concentrations with measurements, which is shown in

scenarios W-1B and W-2B, respectively.

Figure 10(b), is also very satisfactory, thus indicating that
the veriﬁcation of the model is successful. The main data

Calculations of the concentrations of SS

of the processes of calibration and veriﬁcation are shown

Calibration and veriﬁcation of the model

assuming ideal settling in PF conditions, which were calcu-

in Table 2 together with the maximum removal efﬁciencies
lated equal to 79.75 and 83.88% for OR ¼ 1.07 and
We performed the calibration of the model for the ﬁrst series

0.91 m/h, respectively; i.e., they were by 13% higher than

of measurements (see the section Distributions of the SS in

the actual values.

the tank) and determined the percentage of the second class

From the data of Table 2 some important practical con-

of SS equal to p2 ¼ 36% for which the calculated removal

clusions can be drawn. First, the concentrations of solids in

efﬁciency coincides with the experimentally determined

the inﬂuent for the classes C1, C2, C3, and C4 are 3.15, 2.52,

value. Moreover, the calculated SS concentrations at

0.28, and 1.05 mg/L, respectively. From the total of

x ¼ 55 m and x ¼ 63 m that are plotted in Figure 10(a)

7.0 mg/L it is expected that 3.15 mg/L (100% of class C1)

show very good agreement with measurements. To verify

is completely removed, while 1.05 mg/L (100% of class

the model, we used the determined value of p2 and per-

C4) is always present in the outlet, i.e., the maximum

formed

of

removal efﬁciency of the tank can never exceed 85%,

measurements. The removal efﬁciency was calculated

which is indeed correct (see the section Classes of SS).

Figure 10

calculations

|

for

the

second

series

Calculated SS concentrations vs. measurements: (a) OR ¼ 1.07 m/h, (b) OR ¼ 0.91 m/h.
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Summary of the calculations for the calibration and veriﬁcation of the model
Calibration for OR ¼ 1.07 m/h

Characteristics at inlet

Veriﬁcation for OR ¼ 0.91 m/h

Class

pi (%)

Vs (m/h)

Sin (mg/L)

Sout (mg/L)

R (%)

R (ideal settling) (%)

Sout (mg/L)

R (%)

R (ideal settling) (%)

C1

45

5.80

3.15

0.03

99.00

100.00

0.01

99.71

100.00

C2

36

0.96

2.52

1.08

57.02

89.65

0.88

64.96

100.00

C3

4

0.31

0.28

0.21

24.93

28.84

0.20

28.35

33.53

C4

15

0.09

1.05

0.96

8.69

8.81

0.95

9.96

10.24

Total

100

–

7.00

2.28

67.43

79.75

2.04

70.86

83.88

Second, the actual removal efﬁciency of the tank depends

in parentheses compare the four scenarios: (1) refers to the

mainly on the fractions of classes C2 and C3, whose concen-

best scenario and (4) to the worst. Figure 11 shows that the

trations in the inﬂuent sum up to 2.8 mg/L; this remark

concentration ﬁelds are strongly inﬂuenced by the respect-

virtually justiﬁes the selection of p2 of class C2 as ‘calibrated

ive ﬂow ﬁelds, which are shown in Figure 5; in the

parameter’ (p3 ¼ 40%  p2). Assuming a conservative per-

recirculation areas SS concentrations tend to be uniformly

centage of removal for these fractions equal to 30%, the

distributed, while the lowest values are observed close to

minimum removal efﬁciency of the tank is expected to be

the free surface and the highest near the bottom due to the

higher than 57%.

process of settling. Figure 11 shows that the action of wind
(scenario W) leads to higher values of SS concentration in

Distributions of SS

the tank compared to the no-wind scenario (n-W); the isoconcentration lines of SS are shifted to the right, i.e., the

The steady-state SS concentration ﬁelds are plotted in

solids move faster toward the outlet due to the action of

Figure 11 and the removal efﬁciencies for all classes and

wind on the water surface, and the vertical distribution of

scenarios are shown in Table 3. As in Table 1, the numbers

SS concentration is relatively more uniform, since mixing

Figure 11

|

Concentration ﬁelds of SS for scenarios (a) n-W, (b) W, (c) W-1B, and (d) W-2B.
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upon the characteristics of SS in the efﬂuent, while the
hydraulic efﬁciency is not. Therefore, when the inﬂuent contains mainly very heavy or very light particles (i.e., particles
with very high or very low Hazen numbers), the hydrodyn-

Class
C1

100.00 (1)

97.90 (4)

99.09 (3)

99.61 (2)

100.00

amics in the tank does not affect its removal efﬁciency

C2

68.36 (1)

59.09 (4)

62.81 (3)

64.95 (2)

100.00

signiﬁcantly, because it is expected that the very heavy par-

C3

29.81 (1)

28.13 (4)

29.04 (3)

29.65 (2)

36.05

ticles are removed by 100%, while the very light particles are

C4

10.51 (1)

10.16 (4)

10.23 (3)

10.36 (2)

11.01

not removed at all.

Total

72.48 (1)

68.07 (4)

70.00 (3)

71.04 (2)

84.18

Table 3 shows that for windy conditions the SS concentration in the efﬂuent increases from 1.93 to 2.24 mg/L, i.e.,
the difference is not that pronounced. In other words, the

is intense in the large wind-generated re-circulation area V0

effect of the wind on the efﬂuent concentration is not

(see Figure 6(d)). Τhe use of one bafﬂe in scenario W-1B

intense, as it was initially considered based on the optical

divides the settling tank into two parts and practically

observations during strong winds (extended areas with

shifts the iso-concentration lines of SS upstream thus

high turbidity, especially close to the inlet of the tank),

improving the efﬁciency of the tank, while the implemen-

and even more, as it was expected based on the dramatic

tation of two bafﬂes divides the tank into three parts and

differences of the calculated ﬂow ﬁelds. The presence of

improves further its efﬁciency.

turbid areas is due mainly to the re-suspension of the
solids, which are accumulated in the bottom of the tank.

Removal efﬁciency, its relation with hydraulic efﬁciency
and practical aspects

The extent of these areas and the degree of turbidity are
expected to decrease signiﬁcantly when the sludge removal
mechanism is set back in operation. Under these normal

According to Table 3, the tank shows the best removal efﬁ-

conditions and during strong winds, the use of one or two

ciency (72.48%) without wind (scenario n-W), which as

bafﬂes improves the efﬁciency of the tank by reducing the

expected is signiﬁcantly lower than the efﬁciency for ideal

SS concentrations at the efﬂuent to 2.10 and 2.03 mg/L,

settling (84.18%). When the wind is present (scenario W),

respectively.

the worst efﬁciency (68.07%) is observed, which however
increases using one bafﬂe (70.00%, for scenario W-1B),
while a further improvement can be achieved when two bafﬂes are installed in the tank (71.04%, for scenario W-2B).

CONCLUSIONS

This order of removal efﬁciency, which was observed
among the four scenarios for the average SS concentrations,

We applied a CFD model (i) to investigate the expected

was also valid separately for each class of solids.

negative effect of the wind on the hydrodynamic and settling

The order of removal efﬁciency among the four scen-

performance of the settling tanks of the WTP of Aharnes,

arios shown in Table 3 is not the same as that of hydraulic

and (ii) to evaluate the improvement resulting from the

efﬁciency of Table 1, in which the scenarios with bafﬂes

installation of one and two bafﬂes in the tank. The wind

under wind conditions (scenarios W-1B and W-2B)

was modeled using a simple, but very conservative

showed a better efﬁciency than the scenario without wind

approach, which involves the setting of a constant horizon-

(scenario n-W) (see the section FTC calculations). In other

tal ﬂow velocity on the free surface. We calibrated and

words, in the comparison of various alternative scenarios

veriﬁed the part of the model that describes the behavior

for tank conﬁguration or operation, the scenario that

of SS with ﬁeld measurements; in this validation procedure

shows the best hydraulic performance does not necessarily

the effects of solids re-suspension and coagulation, which

exhibit the best removal efﬁciency. The main reason for

were not accounted by the model explicitly, were indirectly

this behavior is that the removal efﬁciency is dependent

taken into account.
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Calculations showed that the effect of wind on the ﬂow
ﬁeld and the hydraulic efﬁciency is very strong, with the creation of massive re-circulation areas with intense mixing and
high short circuiting. However, the effect of wind on the
settling performance of the tanks was not pronounced;
their initial removal efﬁciency of 72.48% was reduced to
68.07%, when a strong wind was present. Moreover, it was
increased to 70.00 and 71.04%, when one or two bafﬂes
were installed, respectively.
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