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A CFD modeling procedure to assess the effect of wind
in settling tanks
A. Gkesouli and A. Stamou

ABSTRACT
We propose a systematic procedure that combines computational ﬂuid dynamics (CFD) modeling and
experimental work to answer two research questions that are usually posed by researchers and
managers of water treatment plants: ‘Is the effect of wind on settling tanks important?’ and ‘How can
we determine this effect in our settling tanks?’ We apply this procedure in the water treatment plant
of Aharnes, Athens to derive the following conclusions. (1) The effect of wind increases with
increasing co-current wind velocity, increasing settling velocity and decreasing ﬂow rate. (2) In windy
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steady-state ﬂow conditions, the degree of complexity and three-dimensionality of the ﬂow ﬁeld that
is observed in calm conditions is reduced and the removal efﬁciency decreases from 85.1 in calm
conditions to 82.0%. Predicted efﬁciencies for constant and variable inlet solids’ concentrations
compare favorably with measurements. (3) In windy, transient ﬂow conditions, ﬁeld data show that
the effect of wind on the tank’s efﬁciency can be very pronounced and within the ﬁrst half hour of
the windy period the efﬁciency decreases to approximately 55%; the present model does not capture
this effect, because it cannot simulate the sludge layer and the subsequent re-suspension of the
settled solids.
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INTRODUCTION
Sedimentation is a physical treatment process that is widely

composition-concentrations of SS, the characteristics of

applied in water and wastewater treatment. In conventional

the tank, such as its geometry including its inlet and outlet

water treatment plants (WTPs), the most widely applied

structures and the hydrodynamics, and the environmental

treatment technology combines four processes: coagulation,

characteristics, mainly the wind characteristics. There have

sedimentation, ﬁltration, and disinfection. Sedimentation

been numerous studies on the determination of the effect

takes place into the so-called settlings tanks, in which a sig-

of the above-mentioned factors that inﬂuence the hydraulic

niﬁcant percentage of suspended solids (SS) that is formed

or the removal efﬁciency of settling tanks, which are theor-

by the aggregation of particles of the untreated water with

etical, experimental, or numerical (e.g., Deininger et al. ;

ﬂocculants in the upstream coagulation units, settles by grav-

Stamou et al. ; Al-Sammarraee & Chan ).

ity and therefore inﬂuences the degree of treatment of the

Practically, all performed studies dealt with the effect of

downstream units and the efﬁciency of the plant. The most

the characteristics of the untreated water or the character-

important characteristic of a settling tank is its removal

istics of settling tank on the tank’s efﬁciency, while the

efﬁciency, which depends on the characteristics of

effect of the wind has always been neglected, although it is

the untreated water, such as the ﬂow rate and the

generally recognized that the operation of settling tanks is
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sensitive to wind effects (Abdel-Gawad & McCorquodale

due to the increase of solids’ retention time; while (iii) for

; Matko et al. ; Goula et al. ; Jover-Smet et al.

counter-current wind velocity equal to 3.5 m/s and 5.0 m/s,

) and this should be taken into account in their design

the efﬁciency decreases to 55.07% and 47.00%, respectively,

(Kawamura ). Moreover, troubleshooting guidelines

due to solids’ re-suspension. Based on their conclusions, the

for managers and operators of treatment plants (Florida

proper placement of a settling tank towards the wind could

Rural Water Association ) suggest that settling tanks

increase its efﬁciency by approximately 6%.

should be checked for wind currents and, if required, the

Despite its importance, the research dealing with the

operators may install protection bafﬂes. We can explain

effect of the wind in the literature is very limited and

practically the effect of the wind assuming a long rectangu-

mainly computational. Sivakumar & Lowe () investi-

lar settling tank that is aligned co-currently with the wind,

gated the wind effect using a 2-D model, the k-ε

which has an inlet in its beginning and an outlet at its far

turbulence model (Rodi ) and the sediment transport

end, such as the tank in Figure 1(a). The strong wind

equations; they applied their model on a rectangular pilot

causes waves and high ﬂow velocities at the water surface

settling tank for various wind velocities and concluded

and creates the typical two-layer wind-induced ﬂow ﬁeld

that: (i) the wind effect on the tank’s ﬂow and SS concen-

which consists of a strong surface current towards the

tration ﬁelds is detrimental since extended re-circulation

outlet and a return current (towards the inlet) along the

areas are created due to wind action which lead to intense

bottom (Stamou & Gkesouli ; Gkesouli et al. ). In

mixing and uniform distribution of the SS; (ii) as the wind

other words, the ﬂow in the tank is governed by a massive

velocity increases the length of the re-circulation areas also

recirculation region occupying practically the whole tank

increase while the efﬁciency of the tank decreases; and (iii)

which increases the degree of turbulence and mixing and,

the wind action should be taken into consideration in the

thus, hinders settling and reduces the efﬁciency of the tank

design procedure of settling tanks. Stamou & Gkesouli

(Ekama & Marais ). Moreover, the strong surface cur-

() applied a 3-D computational ﬂuid dynamics (CFD)

rent drives the water fast towards the outlet where high

model on the settling tanks of the WTP of Aharnes

ﬂow velocities are observed and, thus, high surface loadings,

(WTPA) to investigate the effect of a strong (15 m/s) co-cur-

creating signiﬁcant short-circuiting (Crittenden et al. ),

rent wind on their hydraulic and settling performance; the

i.e., signiﬁcant reduction of the retention time (Khezri

wind was modeled via a constant horizontal ﬂow velocity

et al. ), while the high ﬂow velocities in the bottom

on the water surface. The results showed that the wind

upstream current create re-suspension of the settled solids

effect on the ﬂow pattern and the hydraulic efﬁciency

and their accumulation in the tank (Aalderlink et al. ),

was strong; the wind action caused the creation of massive

thus, reducing the tank’s efﬁciency. For the above-men-

re-circulation areas, which covered the biggest part of the

tioned orientation of the tank, the negative effects are

tank, intense mixing, and high short-circuiting. However,

more pronounced when the length of the tank is longer

the wind effect on the removal efﬁciency was not pro-

than 30 m (Crittenden et al. ). It is noted that very

nounced; for an overﬂow rate, which is deﬁned as the

rarely (practically never) the effect of the wind is taken

tank’s inlet ﬂow rate divided by its surface area, equal to

into account in the design-orientation of the tanks. Khezri

OR ¼ 0.85 m/h, the tank’s efﬁciency was reduced by

et al. () performed experiments in a pilot-scale settling

approximately 4.5%. Gkesouli et al. () carried out a

tank to determine the effect of the orientation of the tank

computational study with a 2-D CFD model, which

in respect to the wind direction and velocities ranging

employed the volume of ﬂuid (VOF) method and the sedi-

from 2.5 to 7.0 m/s on the tank’s efﬁciency and drew the fol-

ment scour model, to evaluate the wind effect of various

lowing conclusions: (i) with increasing co-current wind

co-current and counter-current wind velocities of up to

velocity to 4.5 m/s, 5.5 m/s, and 7.0 m/s, the turbidity efﬁ-

7.5 m/s on a rectangular settling tank for two modes of

ciency of the tank (61.24%) decreases to 50.01%, 46.04%,

tank’s operation: when the sludge removal mechanism (a)

and 45.03%, respectively; (ii) for counter-current wind vel-

was in operation and (b) when it was out of operation.

ocity equal to 2.5 m/s, the efﬁciency increases to 65.00%,

The results showed that in both modes the effect of wind
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Top view of (a) the tank, (b) the modeled ‘half tank’ and (c) the computational domain for 2-D and two-phase calculations (dimensions in m).

on the ﬂow and SS concentration ﬁelds is signiﬁcant; in the

work, which we apply to the settling tanks of the WTPA,

case of wind a two-layer ﬂow is developed, in which the

which is one of the most important components of

surface layer follows the wind direction, and the SS distri-

the water supply system of Athens that provides water

butions are more uniform due to a high degree of mixing.

of excellent quality to 60% of the region of Attica

However, the wind effect on the efﬁciency is minor since

(EYDAP SA; https://www.eydap.gr/en/SocialResponsibility/

it is approximately equal to 1%, when the sludge scraper

BusinessPractice/QualityCheck/). In the ﬁrst and third step

is in operation, and 1.3%, when the scraper is out of oper-

of the proposed procedure, we apply the 3-D model of

ation; this effect is negative in the case of co-current winds,

Stamou & Gkesouli () in calm and windy conditions,

i.e., the efﬁciency decreases, while for counter-current

respectively, after having deﬁned in the second step of the

winds it is enhancing, i.e., the efﬁciency increases.

procedure the water surface velocity – wind boundary con-

In this work, we extend the work of Stamou & Gkesouli

dition via 2-D and two-phase (air-water) calculations. We

() to answer two research questions that are usually

perform calculations for both steady and transient windy

posed by researchers and managers: ‘Is the effect of wind

conditions and various combinations of ﬂow rates and

on settling tanks important?’ and ‘How can we determine

wind velocities and compare our results with ﬁeld data;

this effect in our settling tanks?’ To answer these questions,

this investigation, that involves both experimental and com-

we propose a systematic three-step procedure that combines

putational work, is the ﬁrst in the international literature

computational ﬂuid dynamics modeling and experimental

and the main novelty of the present work.
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1.2 ± 0.6 mg/L, respectively, from which we derived the aver-

EXPERIMENTAL

age value of the tank’s efﬁciency equal to R ¼ 78.9 ± 8.1%.
There are 16 identical rectangular settling tanks in the

To model efﬁciently the performance of the settling tank,

WTPA; the top view of one tank is shown in Figure 1(a).

we had to determine a certain number of SS classes at its inlet

Water from ﬂocculation tanks enters into the tanks via

(Stamou et al. ). For this reason, we measured the SS con-

four inlet openings and exits via a series of V-notch weirs

centrations at the tank’s inlet and classiﬁed them into four

at the three outlet channels; more details can be found in

classes: C1, C2, C3, and C4; we selected this number of classes

Stamou & Gkesouli ().

after extensive preliminary laboratory measurements starting
with seven ﬁlters. For each class, we applied the ﬁltration
method 2540D (APHA et al. ) to determine its percentage in the mixture, as shown in Table 1, together with the

Turbidity and concentration measurements

characteristics of each class; the settling velocity is calculated
In the period October 2014–May 2015, when aluminum sul-

using Stokes’ law.

fate and PACL (polyaluminum chloride) were used as

For the veriﬁcation of the model, we performed in situ

coagulants, we recorded every 5 minutes the turbidity

measurements of turbidity at various positions on the 15

(NTU) at the inlet and outlet of the tank with online turbidi-

December 2014 throughout the tank; we translated these

meters; then, using simple averaging, we calculated the daily

NTU values into SS concentrations via Equation (1) and we

values only for the period with aluminum sulfate. To trans-

compared them with model predictions. During this period,

late NTU values to SS concentrations (in mg/L), we

the wind was weak (0.6 ± 0.5 m/s), the inlet ﬂow rate of the

measured the turbidity and SS concentration at various

16 tanks was equal to Q ¼ 4.3 m3/s, the inlet SS concentration

locations of the tank with a Hach 2100Ν turbidimeter and

was equal to 9.2 ± 7.5 mg/L, the outlet SS concentration was

method 2540D (APHA et al. ), respectively, and we

equal to 1.2 ± 0.2 mg/L, while the corresponding average efﬁ-

derived Equation (1).

ciency was equal to R ¼ 86.0 ± 1.0%. Moreover, we observed
visually the length of the recirculation region at the water sur-

SS ¼ 1:29  NTU  0:35

(1)

face of the tank, which ranged from 25 m near the symmetry
plane to approximately 45 m near the wall.

Using Equation (1) and simple averaging, we derived the
temporal variation of daily SS concentrations at the inlet

Wind measurements

and outlet of the tank. Based on these time series, which
are plotted in Figure 2(a), we determined the average SS

Since the scope of the work was to assess the effect of the

concentrations at the inlet and outlet equal to 5.7 ± 1.9 and

wind, we measured wind velocity (Uw) and direction in the

Figure 2

|

(a) Daily average SS concentration at the inlet and outlet of the tank and (b) wind rose.
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Characteristics of the SS at the tank’s inlet and calculated removal efﬁciency

Class
(–)

Range of SS
diameter (μm)

Average
diameter (μm)

Percentage
(%)

Settling
velocity (m/h)

Ha
(–)

Sin
(mg/L)

Calm conditions
R (%)

Windy conditions
R (%)

Ideal conditions
R (%)

C1

>22.5

41.0

70.0

5.80

6.32

6.4

100.0

98.0

100.0

C2

11.0–22.5

17.0

20.5

0.96

1.04

1.9

65.6

57.5

100.0

C3

8.0–11.0

9.5

4.0

0.31

0.34

0.4

28.5

26.6

33.5

C4

2.5–8.0

5.0

5.5

0.09

0.10

0.5

9.7

9.5

10.2

Sum

–

–

100.0

–

–

9.2

85.1

82.0

92.4

period October 2012–May 2015 with a RNRG 40C anem-

assumes a continuous medium-mixture that is the water in

ometer and a 200P sensor, respectively, which were

the settling tanks with a dispersed phase component that

installed near the inlet of the tank at a height equal to

is the SS. This mixture behaves as a single ﬂuid and generally

2.5 m from the water surface. From the distribution of the

its density can be affected by the presence of SS at any point

winds that is shown in the wind rose of Figure 2(b), we

of the mixture. In the present work, we classiﬁed the SS of

note that the prevailing winds originate from the north

density equal to 2,730 kg/m3 into four classes (see

(NW, NNW, N, NNE, and NE), i.e., they are co-current

Table 1); each class of solids is modeled by a mass balance

with the main direction of the ﬂow in the tank, with a total

equation which allows a relative movement (phase slip)

frequency equal to 55.7%; these winds may reach values up

between the solids and the continuous medium (water)

to 16.2 m/s, while the corresponding frequencies for the

that is the settling. To determine the 3-D ﬂow ﬁeld in the

strong velocities of 10 and 15 m/s are equal to 2.7% and

settling tanks, we solved the bulk continuity and momentum

0.4%, respectively. Generally, the effect of co-current winds

equations which are formed by summing the corresponding

on the tank’s performance is expected to be negative, while

equations over both phases and classes (ANSYS-CFX )

that of counter-current is opposite (Gkesouli et al. ).

and the SST k-omega turbulence model. More information
on the equations of the model and the numerical code can

Turbidity measurements under strong windy conditions

be found in ANSYS-CFX () and Stamou & Gkesouli
().

In the period October 2014–May 2015, we identiﬁed three

The settling tanks, whose simpliﬁed top view is shown in

periods of strong northerly winds: 21–22 December 2014,

Figure 1(a), are approximately symmetrical; therefore, we

30–31 December 2014, and 12 January 2015. During these

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

periods, we monitored the temporal variations of wind vel-

in Figure 1(b), assuming symmetry on a plane xy in the

ocity and turbidity at the inlet and outlet of the tank as

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

shown in Figure 3, where t is the time and t ¼ t0 is the

of relatively symmetrical ﬂows to reduce the total compu-

time at which the wind velocity starts to be signiﬁcant

tational effort. Then, we deﬁned the boundary conditions

(8–10 m/s).

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

NUMERICAL

turbulent intensity equal to 5% while the solids’ concentration was assumed to be uniformly distributed with

Equations of the model, numerical and calculation

concentration equal to Sin. At the two outlet channels the

details

‘opening’ boundary condition was used that allows the
water to enter or exit the tank and the pressure was set

We applied the algebraic slip model that is virtually a simpli-

equal to zero, while the gradients of SS, k, and ω at the

ﬁed variation of the drift ﬂux model by Ishii (), which

outlet channels were set equal to zero. The vertical walls
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Proposed modeling procedure to assess the effect of
the wind
To examine the effect of the wind, we propose a modeling
procedure, which consists of the following three steps.
Step 1
We perform calculations in calm conditions to determine
the 3-D hydrodynamic characteristics of the tank and its
removal efﬁciency, after selecting the proper grid that
ensures grid independence. When measurements are available, these can be used for model calibration and/or
veriﬁcation. It is noted, however, that the hydrodynamic
model does not commonly contain parameters or coefﬁcients that can be tuned; typically, the only two calibration
possibilities are the value of the Schmidt number or the portions of the SS classes (Stamou & Gkesouli ). When no
measurements are available, which is typically the case in
tanks in the design phase, we may use a model that has
been veriﬁed in similar tanks and conditions.
Step 2
Ideally, the second step is to use a 3-D and three-phase (air–
Figure 3

|

(a) Wind velocity, (b) turbidity at the tank’s inlet, and (c) turbidity at the tank’s
outlet under strong windy conditions.

water–solids) model to perform simulations that take into
account the effect of the wind. Practically, a single run of
such calculation, even using relatively simple, but effective

were treated as no slip–smooth wall boundaries with the

turbulent models may require a few months with normal

exception of the right side of the tank, at which, the sym-

PCs (e.g., an Intel Core i7–3.33 GHz desktop) (Gkesouli &

metry condition was used. At the bottom, which was

Stamou ). An alternative, but more economical and

treated as a smooth wall, the solids were assumed to be

faster approach is to determine a typical value of the ﬂow

deposited and removed from the computational domain,

velocity at the water surface and set it as a boundary con-

i.e., the formation of sludge layer was not taken into

dition along the water surface. This ‘surface velocity’ Us, is

account. The free surface was treated as a free slip wall;

expected to depend on the velocity of the wind that is

accordingly, the normal velocity component and the

usually deﬁned at a height of 10 m (U10). The easiest way

normal gradients of all other variables were set equal to

to determine values of this velocity is directly from the

zero. The modeling of the wind effect is described in the sec-

experience from coastal modeling. In the present case, we

tion ‘Proposed modeling procedure to assess the effect of the

applied a more rational and accurate approach to derive

wind’. The computational grid consisted of approximately

such values after performing a series of calculations using

127,000 elements with dimensions ranging from 1 to

the model in its 2-D and two-phase (air–water) formulation;

30 cm and approximately 472,000 nodes; this grid size was

a view of the computational domain is shown in Figure 1(c).

selected after a series of preliminary calculations that veri-

Based on these calculations, we found that the variation of

ﬁed grid independence.

Us with distance from the beginning of the tank (x ¼ 0) is
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expressed satisfactorily (correlation coefﬁcient ¼ r2 ¼ 0.949)

concentrations are lower than measurements. This behav-

by Equation (2).

ior was expected, since in the real tank, mixing in the
eddy is intense and causes solids’ re-suspension of the

Us =U10 ¼ 0:005 ln (x) þ 0:002

(2)

sludge layer that results in very high SS concentrations in
this area. The formation of the sludge layer and the process

Equation (2) shows that Us increases with increasing x

of solids’ re-suspension are not taken into account by the

until x ¼ 25 m, while for x > 25 m it is approximately constant

present model. However, this does not affect the capability

and equal to 2.3% of U10; this value is within the range of

of the model to predict satisfactorily the solids’ removal

values encountered in the literature (0.9–5.8%) for coastal

efﬁciency of the tank, which was calculated equal to

waters, lakes, and reservoirs (see, for example, Wu ).

85.1%, as shown in Table 1, depicting a very good agreement with the measured value (86.0 ± 1.0%). It is

Step 3

mentioned that the present 3-D model has also been veriﬁed successfully in the same tank, when the scraper

We apply the constant value of 2.3% of U10 as a boundary

mechanism was not in operation and the removal efﬁ-

condition at the water surface and we perform 3-D and

ciency ranged from 67 to 72% (Stamou & Gkesouli ).

two-phase (water–SS) calculations to examine the effect of

Figure 5 illustrates that the calculated removal efﬁciencies

the wind. However, these calculations should be performed

for transient conditions are in satisfactory agreement with

not only for steady, but also for transient conditions, which

the respective experimental values, thus showing that the

are expected to produce less conservative results according

model predicts successfully the tank’s behavior for variable

to the performed experiments (see Figure 3(c)).

SS inlet concentrations.
After the veriﬁcation of the model, we applied the model
for 36 combinations of ﬂow rates and settling velocities to

RESULTS AND DISCUSSION

determine the curve 1  R versus Hazen number (Ha) that
is shown in Figure 6, which is expressed by Equation (3)

Calculations in calm conditions

(r2 ¼ 0.995); it is noted that Ha number is deﬁned as the
solids’ settling velocity divided by the tank’s overﬂow rate

To verify the model, we performed calculations in calm

(OR).

conditions: (a) for steady-state ﬂow and constant inlet SS
concentration (24 hours daily average, 15 December
2014) and (b) for transient conditions and variable inlet

1  R ¼ exp1:087Ha

(3)

SS concentration (from 4:00 to 8:00 of the 22 December).
In steady-state conditions, Figure 4 depicts that the ﬂow

Figure 6 is of great practical importance because it can

ﬁeld is 3-D and very complex, being characterized by the

be used to determine the efﬁciency of the tank for various

formation of a main anti-clockwise re-circulation region

combinations of OR and settling velocities without any

(eddy V1), which is created due to the incoming jets

CFD computations. Moreover, we determined the percen-

from the two inlet openings. Its length ranges from about

tages of ﬂow (% of Q) exiting the tank via the four outlet

47 m near the solid wall (see Figure 4(b)) to about 20 m

weirs that are shown in Table 2. These percentages do not

near the symmetry plane (see Figure 4(c)); these values

depend on the ﬂow rate while the weir loading is the same

are in satisfactory agreement with the respective observed

in all weirs and ranges from 371 to 764 m3/d per m.

values (i.e., 45 to 25 m). Moreover, Figure 4(a) and 4(d)
indicate a satisfactory agreement between the calculated

Calculations in windy steady-state conditions

SS concentrations (denoted by contours) with measurements (denoted by circles) in the tank, outside the region

We performed steady-state calculations for the maximum

of eddy V1; however, in the eddy, the calculated SS

wind velocity U10 ≈ 20 m/s. Figure 7 shows that when the
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Figure 6
Figure 5

|

2019

Comparison of calculated removal efﬁciency vs. experimental.
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Outlet ﬂow rates (% of Q) and weir loadings
Calm conditions

Windy conditions

Calm conditions

Windy conditions

Flow rate (%)

Flow rate (%)

Weir loading (m3/m.d)

Weir loading (m3/m.d)

Outlet weir (–)

Weir length (m)

Q ¼ 3 m3/s

Q ¼ 6 m3/s

Q ¼ 3 m3/s

Q ¼ 6 m3/s

Q ¼ 3 m3/s

Q ¼ 6 m3/s

Q ¼ 3 m3/s

Q ¼ 6 m3/s

1

1.15

5.3

5.3

9.6

6.6

375

749

674

930

2

0.62

2.9

2.9

7.2

4.7

382

764

943

1214

3

10.00

45.9

45.9

43.0

45.1

371

743

349

731

4

10.00

45.9

45.9

40.2

43.6

372

744

325

706

Sum

21.77

100.0

100.0

100.0

100.0

–

–

–

–

Figure 7

|

Calculated SS concentrations and ﬂow velocities in windy steady-state conditions on (a) a vertical plane near the wall and (b) a horizontal plane near the surface.

wind is present the degree of complexity and three-dimen-

Equation (3). As expected, the presence of the wind results

sionality of the ﬂow is reduced; a massive clockwise eddy

in decrease of the tank’s efﬁciency.

V0, which practically covers the whole tank is created
that results in intense mixing and more uniform distri-

1  R ¼ exp0:936Ha

(4)

bution of all quantities. The SS iso-concentration lines
become more vertical in comparison with the no-wind

In Figure 8(a) and 8(b), the curve 1  R vs. Ha is shown

case (see Figure 4), and they are shifted upwards and

for various ﬂow rates and wind velocities, respectively;

towards the surface and the outlet. Subsequently, the SS

Figure 8(a) and 8(b) show clearly that the effect of co-current

concentrations

wind on the removal efﬁciency increases with increasing

increase

and

the

removal

efﬁciency

wind velocity, increasing Ha and decreasing OR, i.e., the

decreases to 82.0% (see Table 1).
Moreover, we carried out 36 series of additional calculations for various combinations of ﬂow rates (3–6 m3/s)
2

effect of wind is suppressed by high ﬂow rates.
In Table 2 the percentages of ﬂow rate (Q1/Q, Q2/Q,

and Ha (0.11–3.50) to determine Equation (4) (r ¼ 0.979)

Q3/Q, and Q4/Q) exiting the tank via the four outlets for

that is compared in Figure 6 with the no-wind case; see

the maximum wind velocity (U10 ¼ 20 m/s) are compared
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(a) Efﬁciency curve (1  R) vs. Hazen number (Ha) for various ﬂow rates (3–6 m3/s); (b) efﬁciency curve (1  R) versus Hazen number (Ha) for various wind velocities (15–25 m/s);
(c) outlet ﬂow rates vs. U10/OR.

with the corresponding values for calm conditions, while in

within 1 hour practically linearly from an initial value

Figure 8(c) these percentages are plotted vs. U10/OR for var-

U10,0 to a very high value of about 8–10 m/s and then

ious ﬂow rates (3–6 m3/s) and wind velocities (15–25 m/s).

reaches its maximum value U10,max. In the second stage,

Table 2 and Figure 8(c) depict that the percentages of ﬂow

wind velocity remains approximately constant around its

exiting via the outlets 1 and 2 increase signiﬁcantly when

maximum value for about 2–5 hours, and in the third

U10/OR increases, while the outﬂows via outlets 3 and 4

stage it drops to its ﬁnal value U10,end following approxi-

decrease. The behavior of weir loadings is similar; they

mately a linear line. Figure 9(a) shows that the turbidity

increase dramatically (up to 1.5 times) at the outlets 1 and

at the tank’s outlet exhibits similar behavior. In the ﬁrst

2, and decrease up to 13% at the outlets 3 and 4. The SS con-

stage, turbidity starts (at t ¼ t0) to increase linearly with

centrations increase at all outlets, when U10/OR increases;

time from its initial value NTU0 to a maximum value

this increase is higher at the central outlets 2 and 4 in com-

NTUmax within 20–40 min (t ¼ tmax). Then, in the second

parison with the outlets 1 and 3 near the wall.

stage it remains around its maximum value for a short
period until the start of the third stage, where NTU

Calculations in windy transient conditions

decreases exponentially with a decay coefﬁcient (kd) as
shown by Equation (5), to reach its ﬁnal value (NTUend).

Generally, it is extremely difﬁcult to standardize the behav-

The values of these behavior characteristics are shown in

ior of the wind velocity; however, for the purpose of

Table 3. The measured behavior of the wind and the turbid-

modeling we identiﬁed three stages that are shown in

ity at the outlet is depicted in Figure 9(b), while its

Figure 9(a). In the ﬁrst stage, wind velocity increases

characteristics are shown in Table 3; generally, the
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Variation of the wind velocity and the turbidity at the outlet of the tank; (a) typical behavior and (b) measured values (21–22 December 2014).

We performed transient calculations to determine the

Characteristics of the behavior of the tank for transient windy conditions

tank’s efﬁciency for the conditions of the 5-hours’ strong

21–22
Parameter

Units

Typical

December 2014

U10,0

m/s

0.0–5.0

4.4

Slope U10,0 > U10,max

m/s2

0.0023–0.0026

0.0023

U10,max

m/s

12.0–17.0

12.5–13.0

Slope U10,max > U10,end

m/s2

0.0008–0.0012

0.0008

U10,end

m/s

2.0–6.0

6.0

NTU0

NTU

0.40–0.70

0.65

Slope NTU0 > NTUmax

NTU/s

0.0005–0.0007

0.0005

NTUmax

NTU

1.20–2.92

1.65

NTUmax/NTU0

–

2.2–4.0

2.5

kd

1/h

0.24–0.33

0.24

NTUend

NTU

0.30–0.90

0.50

wind incident of 21–22 December 2014, from 23:00 until
4:00, which is shown in Figure 5 together with the measured
values. During these calculations, the wind and the turbidity
at the inlet were set equal to their measured values, which
are shown in Figures 9(b) and 3(b), respectively. Figure 5
shows that in the ﬁrst half hour (23:00–23:30) the tank’s efﬁciency decreases to approximately 55% and then it increases
progressively to reach its steady-state high values of about
83% at 1:30. The model does not capture the decline of efﬁciency during this 2.5-hour period showing practically no
sensitivity to the increase of the wind velocity. However,
from 1:30 until 4:00, the calculated efﬁciency is very close
to the measured and thus the model performs very well.
Moreover, after 4:00, when the wind velocity is not strong
and its effect can practically be ignored, the performance

behavior during this incident follows the typical pattern of

of the model is also very good (see Figure 5). The unsatisfac-

Figure 9(a).

tory prediction of the model during the period 23:00–1.30 is
due to the fact that the present model cannot take into
account the effect of the sludge layer and the subsequent

NTU ¼ NTUmax =NTU0 expkd(ttmax)
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solids that settle on the bottom form a sludge layer of a

researchers and managers of water treatment plants ‘Is the

height around 15–20 cm; the settled solids may re-suspend

effect of wind on settling tanks important?’ and ‘How can

due to the effect of the eddy V1 in calm conditions (see

we determine this effect in our settling tanks?’ Then, we

Figure 4) or the eddy V0 in windy conditions (see Figure 7).

apply this procedure in the water treatment plant of

Figure 10 shows the temporal variation of the ﬂow ﬁeld from

Aharnes, Athens to derive the following conclusions. (1)

the steady-state calm conditions to the windy conditions

The effect of wind increases with increasing co-current

with the corresponding times and efﬁciencies. Figure 10

wind velocity, increasing settling velocity and decreasing

illustrates clearly that in the initial period the transient

ﬂow rate. (2) In windy steady-state ﬂow conditions, the

ﬂow ﬁeld ‘pushes’ the solids contained in the eddy V1

degree of complexity and three-dimensionality of the ﬂow

towards the outlet. The SS concentrations in the eddy V1

ﬁeld that is observed in calm conditions is reduced and

are much higher in the real tank, due to the effect of the

the removal efﬁciency decreases from 85.1 in calm con-

sludge layer and the subsequent re-suspension, and thus

ditions to 82.0%. Predicted efﬁciencies for constant and

their effect on the efﬁciency is more pronounced than that

variable inlet solids’ concentrations compare favorably

predicted by the model. Therefore, to increase the predictive

with measurements. (3) In windy, transient ﬂow conditions,

accuracy of the model in transient conditions, we need to

the effect of wind on the efﬁciency of the tank can be very

model the effect of the sludge layer and the subsequent re-

pronounced. Within the ﬁrst half hour of the windy period

suspension.

the efﬁciency decreases to approximately 55%; the present
model does not capture this effect, because it cannot simulate the sludge layer and the subsequent re-suspension of

CONCLUSIONS

the settled solids. Such a simulation is an important research
challenge. The above-mentioned remarks illustrate the need

We presented a systematic procedure that involves compu-

for the managers of water treatment plants to apply the pro-

tational ﬂuid dynamics modeling and experimental work

posed procedure to determine the effect of the wind on their

to answer the research questions that are usually posed by

settling tanks and on all types of tanks and reactors of their
plants as well. Moreover, they show that the placement of
rectangular tanks co-currently to the prevailing wind direction should be avoided.
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