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Detailed experimental and numerical characterization of

turbulent flow in components of a water treatment plant

Ivan Matías Ragessi, Carlos Marcelo García, Santiago Márquez Damián,

Cecilia Pozzi Piacenza and Mariano Ignacio Cantero
ABSTRACT
This paper presents a detailed characterization of turbulence in the incoming flow to the clarification

component of a water treatment plant, ‘Los Molinos’ (Córdoba, Argentina). The main problems were

related to the presence of turbulent flow patterns throughout the treatment, affecting the proper

development of the physical processes required for water clarification. Namely: (a) a poor hydraulic

design that could produce a non-homogeneous spatial distribution of the flow, recirculation zones

and flow stagnation, and a non-uniform discharge distribution among the sedimentation units as a

result of different cross-sectional dimensions of the transverse-channel, and (b) high turbulence

intensity that affect the flocs’ size as well as the efficiency of the settling tanks and filters. Firstly, a

detailed in-situ experimental characterization of the turbulent flow was undertaken. An acoustic

Doppler velocimeter (ADV) was used to characterize the flow turbulence, whereas for discharge

measurements and mean flow velocity field an acoustic Doppler current profiler (ADCP) was

employed. Secondly, a numerical model, based on the Reynolds-averaged Navier–Stokes (RANS)

equations and the k-ϵ turbulence closure model, was validated with the experimental data. Finally,

based on the results, a diagnosis and recommendations were made for the optimization of the

hydraulic design of the water treatment plant.
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INTRODUCTION
The optimization of existing drinking water treatment plants
has an important significance in satisfying the increasing
needs for drinking water of a growing population in large
urban agglomerations. The design and evaluation of this

type of infrastructure is usually done according to sanitary
engineering criteria (Adams et al. ). However, hydro-
dynamic singularities of the flow during the water

treatment process can greatly affect their performance due
to the incompatible high turbulence flow intensity with
respect to the intended sanitarian design.

On the one hand, turbulence is considered as a deter-
mining factor in a variety of problems in engineering, for
instance the coagulation-flocculation step. It is well known
that the floc size is directly related to the Kolmogorov
scale and, thus, to the dissipation rate of turbulent kinetic
energy. On the other hand, the coagulation-flocculation
step is a relevant process in drinking water treatment

plants and is used in 95% of such facilities. Therefore, it is
important to optimize both the coagulant dosification as
well as the hydraulic design in order to minimize the turbu-

lence intensity (and, therefore, avoid floc break) throughout
this part of the treatment.

In this context, there is a need to characterize in detail

the turbulent flow in the different hydraulic components of
water treatment plants in order to evaluate some incompati-
ble tri-dimensional flow patterns with respect to the physical
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conditions required in the treatment process (e.g. mixing,

flocculation and sedimentation).
This paper reports a detailed experimental and numeri-

cal characterization of the incoming turbulent flow into the

clarification process of the water treatment plant ‘Los Moli-
nos’ (Figure 1) operated by the Aguas Cordobesas SA
Company in Bower, near the capital city of Cordoba pro-
vince, Argentina (from now on, the water treatment plant).

This water treatment plant supplies drinking water to
approximately 30% of the population of the city of Córdoba
and together with the Suquia water treatment plant supplies

drinking water to approximately 1.4 million people.
The main problems observed in the study case are

related to the presence of turbulent flow patterns throughout

the treatment process that could affect the proper develop-
ment of the physical conditions required for water
clarification. Namely:

(a) a poor hydraulic design that could produce a non-homo-
geneous spatial distribution of the flow, recirculation
Figure 1 | Plain view of the flume, transverse-channel and cross-sections dimensions. The flu

treatment plant ‘Los Molinos’. The arrows indicate the flow direction.
zones and flow stagnation, and a non-uniform discharge

distribution among the sedimentation units as a result of
different dimensions of the cross-sections in the trans-
verse-channel (see Figure 1); and

(b) high turbulence intensity that could affect the floc’s size
and the efficiency of the clarifiers and filters.

In order to evaluate the effects of the above mentioned
problems on the treatment plant efficiency, a detailed spatial
and temporal characterization of the incoming turbulent

flow into the clarification component was made for different
operational conditions. This characterization has been done
by experimental measurements and numerical modeling.

Firstly, the experimental characterization was made

with two advanced flow velocity measurement techniques:
(a) an acoustic Doppler velocimeter (ADV) that samples
high-temporal resolution time series of the three velocity

vector components; and (b) an acoustic Doppler current
profiler (ADCP) that records vertical profiles of the three
velocity vector components.
me and transverse-channel length is 29 meters and 23.3 meters, respectively. Water
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Secondly, a numerical model, based on the Reynolds-

averaged Navier–Stokes (RANS) equations and the k-ϵ tur-
bulence closure model, was validated with experimental
data: comparing mean velocity fields, size and location of

the recirculation and stagnation zones, three-dimensional
flow structures, values of turbulent kinetic energy (k), dissi-
pation rate (ϵ), and inflow discharge to each clarification
unit. In this study OpenFOAM® (OpenCFD), an open-

source toolbox, was used.
There are recent technological and scientific advances

dedicated to optimize water treatment processes using in-

situ experimental techniques, and so the use of ADV and
ADCP techniques begins to be relevant. Garcia & Garcia
() have characterized the flow turbulence and the

mixing induced by air-bubble plumes in wastewater
reservoirs in non-stratified conditions using ADV measure-
ments. Kiss & Patziger () used ADV for a better
understanding of flow patterns in a primary sedimentation

tank of a wastewater treatment plant. Also, ADCP has
been used to characterize the flow in clarifiers describing
the key physical processes: hydrodynamics, particle aggrega-

tion and floc breaking (De Clercq et al. ; Vanrolleghem
et al. ).

Numerical models have also been an important alterna-

tive for studying turbulent flows on hydraulic components of
water and wastewater treatment plants (Huggins et al. ;
Goula et al. ; Shahrokhi et al. ; Zhang ). Most of

these works remark the importance of dissipating as much
energy as possible in the incoming flow in order to improve
the settling tanks’ efficiency. So, the design of the incoming
flow structures is of great importance, not only to avoid

incompatible values of turbulent kinetic energy in the
tank, but also to avoid floc breaks and to ensure the settling
efficiency of tanks and filters. Also, research has been done

about the size and position of baffles and their effects on the
inlet flow, in order to minimize recirculation zones and
improve the floc removal efficiency (Huggins et al. ;
Goula et al. ; Zhang ). The main objective was to
establish specific criteria and provide design guidelines for
engineers.

More recently, Patziger & Kiss () have calibrated
and validated a primary settling tank tridimensional
model, based on experimental in-situ measurements (ADV
and optical turbidity meter) and settling tests.

Also, Patziger et al. () reported the results of a com-
prehensive investigation programme on the design and
operation of primary settling tanks for wastewater treatment.

Removal efficiency, settling properties of primary sludge,
internal flow structures within primary settling tanks and
the impact on their performance were investigated and eval-

uated. According to Wei et al. (), the flow fields of a pilot
Carrousel oxidation ditch can be accurately simulated by LES
(large eddy simulation) with the Smagorinsky model, based

on experimental validation. They established how to calculate
the best submerged depth value in the surface aerators in
order to improve the pollutant removal capability and to pre-
vent sludge deposition.

On the other hand, Samstag et al. () provide an over-
view of CFD (computational fluid dynamics) applied to a
wide different range of unit processes in water and

wastewater treatment plants. They articulate the state of
practice, research and development needs. In addition,
they conclude that CFD is nowhere used (except possibly

in the disinfection process) as a routine tool for design,
risk-management, or troubleshooting. Laurent et al. ()
presented a protocol to develop more practical and everyday
use of CFD models.

Finally, Wicklein et al. () tried to briefly outline the
principal features of good modeling practice for wastewater
treatment as part of the International Water Association

(IWA) investigation work. The main objective was to guide
newmodelers in the application of CFD studies in the waste-
water field.

The aforementioned study indicates that the flow turbu-
lence characterization in water treatment plant components
is still a challenge and that it is of great convenience to

complement modern experimental techniques with
numerical tools in order to obtain a more detailed flow
characterization.

It must be emphasized that the validation of the CFD

model is crucial. Firstly, CFD can be used for optimizing
the hydraulic design and to improve the effluent quality. Sec-
ondly, it could increase the basic understanding of internal

processes and their interactions. This knowledge can,
again, be used for process optimization.

Finally, based on the experimental data and the results

of numerical modeling, a diagnosis and several recommen-
dations were made for the optimization of the hydraulic
design and the operation of the plant. This validated

model is now available as a tool for Aguas Cordobesas SA
to apply it to future studies in order to optimize the hydrau-
lic design of the components.
MATERIALS AND METHODS

Six in-situ measurements were performed in order to exper-
imentally characterize the incoming flow to the clarification
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units, representing six different plant operating conditions;

that is, flow discharges between 1.33 m3/s and 2.10 m3/s,
according to the acoustic flowmeter installed in the plant.
The latter value is above the design water treatment plant

capacity, and was due to the strong seasonal variations in
drinking water consumption in Cordoba city. The main
characteristics of the tested experimental conditions (includ-
ing the number of operating settling tanks) are reported in

Table 1. All the in-situ measurements at the treatment
plant are ordered chronologically.

The turbulent flow in the study area presents large spatial

and temporal variations. The characteristic spatial and tem-
poral scales of the largest turbulent structures are estimated
about 1 meter and 1 second respectively based on the mean

flowvelocity values (about 1 m/s) and geometryof the channel
(water depth about 1 m), while the smaller spatial scales are
expected to be around 0.0001 meter (validated later in this
paper). So, the experimental work not only requires measure-

ment techniques that can be applied to large experimental
facilities, but also for them to be capable of sampling high
spatial and temporal variations in order to obtain relievable

flow turbulent parameters (mean velocities, turbulent fluctu-
ations, characteristic scales of the problem, etc.).

Some preliminary tests indicated that the concentration

of suspended particles in the flow was appropriate for the
use of both acoustic Doppler techniques (García & Herrero
). The main characteristics of the experimental tech-

niques implemented in this work are summarized in the
following subsections.

Acoustic Doppler velocimetry (ADV)

A MicroADV Sontek® 16 MHz was used, recording time
series of the velocity vector components within a measure-

ment volume of 4.5 mm in diameter and 5.6 mm of height
Table 1 | Experimental conditions evaluated in each filed work

In-situ
measurements Date

Number of
settling
tanks in
operation

Flow
depth
[m]

Flow discharge
measured by the
plant acoustic-
flowmeter [m3/s]

1 06/10/2009 3 0.94 1.53

2 07/09/2009 4 0.94 1.55

3 09/23/2010 4 0.95 1.33

4 07/05/2009 4 0.94 1.67

5 02/15/2011 4 0.94 1.67

6 07/08/2011 4 0.94 1.87

7 12/27/2011 4 0.99 2.10
and using recording frequencies of up to 50 Hz. During in-

situ measurements 1 and 2, specific experimental methods
developed by García & Herrero () were applied. Time
series were recorded in ten locations in section A-A

(Figure 2(a)): five points at 0.25 m and 0.75 m from the
flume bottom, and separated horizontally 1 m from each
other. In sections B-B and C-C (see Figure 2(a)), sampling
was made at four vertical locations across sections’ width

at three depths from the free surface: 0.07 m, 0.27 m; and
0.67 m. Sections B-B and C-C are located at X-axis
15.25 m; y 21.85 m, respectively. Finally, at locations D

and E, flow velocity measurements were performed in the
center line (X-axis 22.9 m and 24.7 m in Figure 2(a)) at
0.15 m upstream of each gate, at 0.88 m, 1.28 m and

1.48 m from the transverse-channel bottom. In each section
and gates’ flow discharges, three-dimensional flow patterns
and turbulence intensity were quantified.

Acoustic Doppler current profiler (ADCP)

This acoustic technique provides commonly three-dimen-
sional mean flow velocity information and is used

worldwide to characterize turbulent flows in river systems
and artificial channels. The ADCP used in this study is a Riv-
erSurveyor S5 YSI/Sontek.

Based on flow depth and mean flow velocity, this ADCP

adapts the acoustic pulse scheme in order to obtain high
spatial data resolution (with cells up to 2 cm) at 1 Hz fre-
quency. In the in-situ measurements, 3, 4, 5, 6 and 7

vertical velocity profiles were recorded in different locations
(see Figure 2(b)): (1) Section F-F (flume cross-section at
Y-axis 9.0 m) for discharge measurements, Section G-G

(longitudinal section at flume centerline at X-axis
18.55 m), and Section H-H (longitudinal profile at the cen-
terline of the transverse-channel). These measurements
provide the mean flow velocity fields (i.e. secondary flows,

recirculation zones, etc.). Finally, the inlet flow discharges
for each sedimentation tank were quantified using measure-
ments at the center line of the gates 1, 2, 3 and 4 (at X-axis

7.1 m, 8.85 m, 22.9 m and 24.7 m, respectively).
NUMERICAL MODELING OF TURBULENT FLOW

Reynolds-averaged Navier-Stokes (RANS) equations with a
k-ϵ standard turbulence closure model (Launder &
Sharma ) was used to simulate three-dimensional flow

in the study area and to detect recirculation and high turbu-
lence intensity zones.



Figure 2 | Scheme of the studied area and location of the measuring sections with ADV (a) and ADCP (b). The blue arrows indicate the flow direction. Please refer to the online version of

this paper to see this figure in color: http://dx.doi.org/10.2166/wst.2020.013.
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The ‘Semi-Implicit Method for Pressure-Linked
Equations’ scheme (simpleFoam in OpenFOAM®) has

been used to solve the Navier-Stokes equations with an
iterative process using the finite volume method. The
simpleFoam scheme applies to single phase steady flow,
with constant density and viscosity (Versteeg & Malalase-

kera ; OpenFOAM Wiki. The SIMPLE algorithm in
OpenFOAM).

http://dx.doi.org/10.2166/wst.2020.013
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RANS equations model considering steady-state, incom-

pressible flow and a standard k-ϵ closure model is presented
in Equations (1)–(5). Equation (1) is the continuity equation
for incompressible flow; Equation (2) is the RANS equations

considering the Boussinesq approximation. This approxi-
mation adds a new unknown to the system: μT (turbulent
viscosity), which is estimated using Equation (3). Finally,
Equations (4) and (5) are the transport equations for k and

ε required to determine the value of μT in the selected turbu-
lent closure model.

@�ui

@xi
¼ 0 (1)

ρ �ui
@�ui

@xj

� �
¼ � @ �p

@xi
þ @

@xj
μ

@�ui

@xj
þ @�uj

@xi

� �� �

þ @

@xj
μT

@�ui

@xj
þ @�uj

@xi

� �� �
þ @

@xj

2
3
ρkδij

� �
(2)

μT ¼ ρCμ
k2

ϵ
(3)

�uj
@k
@xj

� �
¼ @

@xj

μT
σk

@�ui

@xj
þ @�uj

@xi

� �� �

þ μT
@�ui

@xj

@�ui

@xj
þ @�uj

@xi

� �� �
� ρϵ (4)

ρ �uj
@ϵ

@xj

� �
¼ @

@xj

μT
σϵ

@�ui

@xj
þ @�uj

@xi

� �� �

þ C1ϵ
ϵ

k
μT

@�ui

@xj

@�ui

@xj
þ @�uj

@xi

� �� �
� C2ϵρ

ϵ2

k
(5)

Here: �ui: the mean i component of velocity vector (i¼
1–3), �p: mean pressure, ρ: water density, μ: momentum
diffusivity (viscosity), k: turbulent kinetic energy, μT : turbu-
lent viscosity, ϵ: rate of dissipation of k, δij: Dirac delta

function, σk: ratio of momentum diffusivity (viscosity) and
k diffusivity, σϵ: ratio of momentum diffusivity (viscosity)
and ϵ diffusivity, Cμ,C1ϵ, C2ϵ are k-ϵ model parameters. In

this work, σk ¼ 1:00, σϵ ¼ 1:30, Cμ ¼ 0:09, C1ϵ ¼ 1:44 and
C2ϵ ¼ 1:92 based on Launder & Spalding (, ) rec-
ommendations as implemented in OpenFOAM®. These

parameters have not been modified in this work.
Computational domain

The spatial discretization of the computational domain
(Figure 3(a)) has been performed with a mesh of variable

volumes. A mesh convergence analysis was performed in
order to select a mesh that offered acceptable results with
a relatively low computational cost. Near the bottom and

walls, volumes are 2.5 cm wide, increasing their width to
3.5 cm, 5 cm and 6 cm towards the center of the domain.
The central domain zone contains volumes of equal size.

The mesh was densified in the area where the flow has a
transition from the flume to the transverse-channel
(Figure 3(b)). The structured mesh is composed of 339,976
hexahedrons.
Boundary and initial conditions

Table 2 summarizes the boundary conditions imposed on
the computational domain.
RESULTS

Validation of the numerical model

The validation of the numerical model was done comparing

experimental data and numerical simulation results in sec-
tions B-B and C-C (transverse-channel in Figure 2(a)). The
data collected in the flume (section A-A in Figure 2(a)) are

not included in the validation because the experimental
values were used as an inlet boundary condition in the
numerical model. Also, to determine whether the observed

differences between experimental and numerical results
are statistically significant, confidence intervals of the exper-
imental values were used. In this work, the Moving Block
Bootstrap (MBB) technique, proposed by García et al.
(), was used to estimate confidence intervals for differ-
ent turbulent parameters.

Figure 4(a) and 4(b) compare the numerical model

results with the experimental data (from in-situ measure-
ments 2, see Table 1) in both sections, B-B and C-C
(transverse-channel). The mean longitudinal-velocity values

were similar for the three depths, respectively.
The larger differences are observed for the deepest

locations in both sections (B-B and C-C). In these zones, a

non-stationary phenomenon occurs that could explain the
largest differences found. Figure 4(a) and 4(b) also show
that there are large areas in cross-sections B-B and C-C
that do not significantly contribute to the main flow

and that recirculation affects 50% of the cross-section
width. The secondary flow velocity and the streamflow indi-
cate two counterclockwise recirculation cells in section B-B

(Figure 4(c)) and two clockwise cells in section C-C
(Figure 4(d)).



Figure 3 | (a) Computational domain and (b) the computational grid transition zone from the flume to the transverse-channel.

Table 2 | Boundary conditions adopted for RANS simulations

Region �ui �p k ε

Inlet Mean velocity values
measured experimentally
in cross-section A-A

~∇p �~n ¼ 0 Calculated from experimentally
measured data in cross-
section A-A

Estimated from experimentally
measured data in cross-section
A-A

Outlet ∇��!~U ¼ 0 Average static
pressure at the
faces of the
volumes

~∇k �~n ¼ 0 ~∇ϵ �~n ¼ 0

Wall/bottom 0 (zero) ~∇p �~n ¼ 0 kqRWallFunctiona epsilonWallFunctiona

Free surface Slip ~∇p �~n ¼ 0 ~∇k �~n ¼ 0 ~∇ϵ �~n ¼ 0

akqRWallFunction and epsilonWallFunction are standard OpenFOAM® wall functions for k y ϵ used in wall and bed, see Takano & Moonen (2013) and Robertson et al. (2015).
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Figure 5(a) and 5(b) show the results at locations close
to gates 3 and 4 (points D and E, see Figure 2). The mean
longitudinal flow velocity profile (incoming flow to each
gate) resulting from the numerical model and the one

recorded with the ADV are quite similar.
The mean inlet velocity at gate 3 is 50% smaller than at

gate 4, so the inlet discharge at settling tank 4 is larger and

thus has a smaller detention time All this results in a lower
floc removal efficiency.
Table 3 summarizes the maximum values of k from the
experimental data and the ones from the numerical model
for flow conditions 2 (see Table 1). The experimental values
k have been computed using the observed values of velocity

variances k ¼ 0:5 (u0
i2)

1=2 while the numerical values have
been computed using the standard k-ϵmodel. The numerical
data indicate the maximum value of each section.

This table also includes confident intervals estimated
using the MBB method. Even though the experimental



Figure 4 | Mean longitudinal flow velocity values comparing numerical model and experiment observations (in-situ measurement 2) for section B-B (a) and section C-C (b) at different

distances from the bottom (Z). Secondary flow velocity for section B-B (c) and section C-C (d). In X-axis, 0 indicates the left bank of the transverse-channel in (a) and (c) and right

bank in (b) and (d).

Figure 5 | Comparison of the values of the average longitudinal flow velocity resulting from numerical model and ADV measurements at location near gates 3(a) and 4(b) (points D and E in

Figure 2(a)). Flow conditions present in the in-situ measurements 2.
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Table 3 | Maximum values of turbulent kinetic energy k [cm2/s2] experimentally observed

and numerically simulated in different cross-sections of the study area for flow

conditions present in in-situ measurements 2

Section Experimental k Numerical k

Flume 50± 5 50a

Section B-B 128± 13 191

Section C-C 494± 44 554

Gate 3 369± 37 385

Gate 4 339± 51 447

aBoundary inlet flow condition.

Table 4 | Values of ϵ [cm2/s3] estimated and numerically simulated at various cross-

sections of the plant for flow conditions present in in-situ measurements

Section Experimental ϵ Numerical simulation ϵ

Flume 2.19 7.7

Section B-B 42.66 115.3

Section C-C 414.54 310.85

Point D 162.42 212.4

Point E 20.68 119.3
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and numerical values of k are statistically different in sec-

tions C-C and in gates 3 and 4, both sets of data show
similar trends: k values near the gates and in section C-C
are one order of magnitude larger than the values of k in

the incoming flow (flume). This observation does not agree
with standard sanitary design guidelines.

The observed differences in the k values in section C-C,

gates 3 and 4, can be due to the outlet boundary condition
used: an average static pressure at the faces of the volumes.
This is not completely true, since flow changes over time

imply changes in the total pressure values. It is important
to mention that a k-Omega SST model was used for the
same domain and no significant improvements were
observed in the velocity distribution and absolute k values.

The high turbulence intensity in the mentioned
locations may affect the floc size. Ducoste et al. ()
claim that the maximum floc size, dmax, is related to the aver-

age intensity of the turbulent fluid motion. These authors
presented a formula to estimate dmax as a function of ϵ,
the turbulent dissipation rate of k. Their formula presents

variations with respect to other formulas presented by differ-
ent authors as:

dmax ¼ C=ϵn

where C is a coefficient related to the strength of the floc par-
ticles and n is a coefficient related to the breakup mode. This
formula shows that the higher the value of ϵ, the smaller the

expected maximum floc size dmax. Table 4 shows values of ϵ
estimated at different locations both from experimental
results and numerical simulations.

The values of ϵ from the experimental observations were

estimated as ϵ ¼ k2=3=L, where L is the scale of the largest
eddies present in the flow. Scales L were estimated from
the correlation analysis of temporal flow velocity signals at

each location and Taylor’s Frozen approximation (Garcia
& Garcia ). The numerical values of ϵ have been
computed using the standard k-ϵ model. Comparisons of
the numerical and experimental values of ϵ show a very
good agreement and therefore indicate the relevance of

the use of CFD models in this type of problem.
This statement can also be demonstrated by analyzing

the values of the average velocity gradient value (Gav). This

is a parameter generally used in sanitary design and can be
estimated based on ϵ and νZ (kinematic viscosity of the
fluid), as follows:Gav ¼ (ϵ=ν)1=2. In the sections A-A and B-
B, Gav values are in the order of 20–80 Hz, which is accepta-

ble for flocculation to occur (Tambo & François ).
However, in section C-C the values Gav are significantly
higher than in section A-A. Thus, turbulence could cause

the breakage of the flocs generated in the mixing chamber.
Previous studies show that the size of the flocs formed in
the flocculation process (with Gav equal to 50 Hz) decays

to a minimum size when the particles are subjected to Gav

values of 100, 300 and 500 Hz after 1 minute. The latter
values are similar to those found in the B-B and C-C sections,
and in gates 3 and 4 of the treatment plant. Finally, the pres-

ence of particles of smaller size and weight generates low
efficiency of the sedimentation tanks with floc volumes
extraction below those provided in the design.

Figure 6 shows a good agreement by comparing the
observed and simulated longitudinal flow velocity field for
the in-situ measurement 6 (see Table 1), along section G-G.

It can be observed that the numerical model correctly
represents the observed zones of flow stagnation (flow vel-
ocities close to zero) in the region between Y-axis 0 (wall

of the transverse-channel) and 0.5 m. Something similar
occurs downstream of the central pile of the gateway
(Y-axis 9.5 m).

Transverse-channel data were recorded with the ADCP

during the in-situ measurement 6 in section H-H (see
Figure 2(b)). Figure 7 compares the flow velocity magnitude
for the transverse-channel. Similar patterns are observed in

both measured and simulated areas of stagnant flow and vel-
ocity magnitude. Note that the transverse-channel has a



Figure 6 | Observed (top frame) and simulated (bottom frame) values of the mean longitudinal flow velocity component along section G-G (in-situ measurement 6). The zero in the Y-axis

corresponds to the wall of the transverse-channel.

Figure 7 | Observed (top frame) and simulated (bottom frame) distribution of the flow velocity magnitudes for the transverse-channel.
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large region of stagnant flow (flow velocity magnitude close

to zero), 6 m to the left side (X-axis 6 m in Figure 7) and 5 m
to the right side (X-axis 26 m in Figure 7).

As a summary of the numerical model validation it can
be stated that: (a) the experimental data collected in the

flume were successfully used as boundary conditions for
validating the numerical model; (b) the open-source
toolbox OpenFOAM® adapts to the problem in an appro-

priate way and indicates the relevance of using CFD
models in this type of study case; (c) the use of a rigid lid
at the free surface was allowed to solve the problem with-
out requiring the use of a two phase flow simulation

scheme with a consequent reduction in complexity in the
numerical model; (d) the numerical model accurately
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reproduces the average values of flow velocities (character-

izing flow stagnation and acceleration zones), and the
largest differences were found in the recirculation zones
where a non-stationary phenomenon occurs; (e) the

model accurately simulates the spatial evolution of k.
Analysis and optimization of water treatment plant
operation

In this case, the smaller largest ϵ observed in sections B-B
and C-C indicates that the flocs formed in the mechanical
agitators located upstream in the treatment plant would

break in these sections.
Once the numerical model was validated, it was used to

simulate two operating conditions of the water treatment
Figure 8 | Plane view: mean velocity magnitude at z¼ 1.55 m. Front view: mean velocity magn

tanks. (a) Settling tank 1, (b) settling tank 2 and (c) settling tank 3 under maintenance

only settling tanks 3 and 4 are in use.
plant and to characterize the flow stagnation and accelera-

tion zones as well as the spatial evolution of k and ϵ.
Firstly, the case where the treatment plant operates with

3 settling tanks was numerically modeled; that is, while one

settling tank is under maintenance (tank cleaning, for
example). The results were compared with the results in
normal operating conditions (4 settling tanks working).

Figures 8 shows values of the velocity field for the

hydraulic conditions obtained in in-situ measurement 1 in
the study area, when the treatment plant operates with
three sedimentation tanks: Figure 8(a)–8(c) for settling

tank 1, 2 or 3 under maintenance, respectively. These figures
show an increase in the velocity value in the opposite
branch of the transverse-channel where the settling tank is

out of service, owing to a redistribution of the discharge
among the three operating tanks. Also, the maximum k
itude at gates. Numerical model results when the treatment plant operates with 3 settling

. (d) Numerical model results when the treatment plant operates in an emergency situation:
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values are in the order of 600 cm2/s2 in the transverse-chan-

nel and the order of 1,000 cm2/s2 at the gates. These values
are larger than the recommended maximum values for
normal operating conditions (four settling tanks, see

Table 3). These results indicate that it would be rec-
ommended to perform maintenance and cleaning tasks
firstly on tanks 1 and 2, and then on tanks 3 and 4.

Secondly, the treatment plant was modeled in an emer-

gency situation; that is, only settling tanks 3 and 4 are in use,
while a gate at the end of the right side of the transverse-
channel is opened and settling tanks 1 and 2 were bypassed.

The outflow at the right gate is then mixed with a coagulant
and goes directly to the filtering process.

Figure 8(d) shows the flow velocity field resulting from

the simulation of this operational condition. Velocity magni-
tudes in gates 3 and 4 are similar to those for the normal
operating conditions and the k values indicate that flocs
reach their smaller size on the gates of sedimentation

tanks 3 and 4.
The experimental and numerical characterization pre-

sented up to here indicates that geometric modifications

are needed in the transition zone from the flume to the
transverse-channel and in the gates, since in these zones
the flocs break into smaller particles and, therefore,

decrease the settling tanks’ efficiency.
It is important to highlight that the validated CFD model

is now available for the Aguas Cordobesas SA Company to

apply in future hydraulic design optimization studies for
the water treatment plant ‘Los Molinos’.
CONCLUSIONS

In this work, experimental and numerical characterizations

of the incoming flow to the clarification component of the
water treatment plant ‘Los Molinos’, Córdoba, Argentina,
has been presented.

The experimental characterization has been performed
using advanced flow velocity measurement techniques; that
is, an ADV and an ADCP. Both these techniques provide

valuable information not only for turbulent flow characteriz-
ation, but also for the definition of boundary conditions and
thus helping the validation of the numerical model used.

The results of the experimental work show a strong

three-dimensional flow with high turbulence intensity in sec-
tions B-B and C-C, and a strong flow separation zone that
affects 50% of the cross-sectional width. Turbulent kinetic

energy values in that zone are one order of magnitude
larger than those observed in the upstream flume
cross-section, and thus the Kolmogorov length scale reaches

its minimum value.
At this point the flocs break into smaller particles, indu-

cing a lower efficiency in the sedimentation tanks, with floc

volume extractions below those provided in the design
manuals.

A numerical vertical Reynolds-averaged Navier-Stokes
(RANS) equations model was employed, using a k-ϵ stan-

dard turbulence closure. This numerical model accurately
reproduces the mean flow velocity values (characterizing
flow stagnation and acceleration zones), the spatial evol-

ution of turbulent kinetic energy and the dissipation rate.
This indicates that a RANS k-ϵ model (with sufficient
mesh resolution) is a valid engineering tool in order to

obtain turbulence characteristic parameters such as k and
ϵ, directly related to the floc size. The largest differences
between experimental observations and numerical results
were found in the recirculation zones where non-stationary

phenomena occur.
It should be stated that the use of a rigid lid at the top

surface allowed solving of the problem without requiring

the use of a two-phase flow simulation scheme; that is,
with a consequent reduction in numerical model complexity

Also, the open-source toolbox OpenFOAM® was shown

to accurately represent the observations and so indicates the
relevance of the use of CFD models in this type of study
case.

Further, the validated model was used to simulate two
different operating conditions: (a) the treatment plant oper-
ating with only 3 settling tanks while one was under
maintenance (tank cleaning, for example); and (b) the treat-

ment plant operating in an emergency situation with only
two settling tanks (settling tanks 1 and 2 were bypassed).

Both the experimental and the numerical characteriz-

ations presented indicate that geometric modifications are
needed in the transition zone from the flume to the trans-
verse-channel and in the gates, because in these zones the

flocs break into smaller particles and therefore decrease
the settling tanks’ efficiency.

Finally, the validated CFD model is available for Aguas

Cordobesas SA company to be applied in future studies for
hydraulic design optimization in ‘Los Molinos’ water treat-
ment plant.
FUTURE RESEARCH

We strengthen the need to incorporate a sediment transport
model and a floc breakage model in order to improve and to
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complement the characterization of the problems observed

in the areas upstream of the clarification components.
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