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 ABSTRACT 

Analysis of the velocity gradient of flocculators through Computational Fluid Dynamics (CFD) simulation can 
be essential to the optimization of hydraulic conditions in Water Treatment Plants. This study aims to simulate 
the velocity field in the last tank of a perforated tray-type flocculator and quantify locally velocity gradient (G) 
through CFD. This stage of flocculation has a higher risk of flocs rupture when there are not adequate 
conditions. Thus, simulations occurred at the flocculator current operational flow rate (7 l s-1), and at full 
capacity (9 l s-1). An alternative cost-effective and easy to implement modification was tested by increasing the 
number of orifices in the flocculator trays. As result, the velocity field indicates the formation of dead zones at 
the edges of the tank for all simulations, which facilitates short circuit occurrences. This is an indicator of 
reductions in water treatment efficiency. After structural modifications, simulations indicate a reduction in dead 
zone areas. Plus, as the flow rate increases, the maximum G inside the structure increases considerably (184 to 
266 s-1), causing a risk for floc rupture. However, changing the number of orifices from 22 to 33 creates 

conditions for the flocculator to operate at higher flow rates without increasing the velocity gradient.  

Keywords: Water treatment plant; Turbulence; Floc rupture; Orifices; Hydraulics. 

 

1. INTRODUCTION 

Flocculation is an important step in either drinking 
water and some wastewater treatment plants. This 
process is preceded by a coagulation phase, which 
consists of the application of chemicals such as 
Ferric Chloride, whose purpose is to destabilize 
colloidal particles charges. Therefore, it becomes 
possible for these particles to aggregate into larger 
diameters. Flocculation is stimulated by fluid 
agitation to form flocs, which may subsequently be 
easily sedimented and/or filtered (Vadasarukkai et 
al. 2011). Besides, the flocculator efficiency 
depends on hydraulic parameters, such as retention 
time and velocity gradient (G). The velocity 
gradient is fluid agitation representation. To avoid 
flocs disruption, the values of G must decrease as 
retention time increases, to avoid flocs 
disruption. Consequently, as the flow rate 
increases, it is expected higher velocity gradient in 
the structure and, thereby, impairs the equipment 
efficiency.  

Perforated Tray-Type Flocculators (Fig. 1) were 
created in the 1970s by Vianna (2019) as part of a 
prefabricated Water Treatment Plant (WTP). The 
equipment is composed of four vertical tanks with 
perforated trays, creating necessary agitation for 
flocculation. Each tank is designed to generate a 
different velocity gradient, decreasing from first to 
last, to minimize flocs rupture. Therefore, the 
diameters of the orifices increase from the first to the 
last tank. Thus, a larger cross-flow area in the last tank 
provides less turbulence, and consequently, 
preserving coagulated flocs. Furthermore, Brazilian 
Technical Regulation recommends that water velocity 
inside pipes for flocculated water is greater than 0.1 m 
s -1 and under 0.3 m s -1 (ABNT 1992). 

The main advantage of the perforated tray-type 
vertical hydraulic flocculator is the possibility of 
installation in reduced areas. In addition, as it is a 
nationally used product, the equipment is in full 
operation in more than 200 Brazilian water treatment 
plants, mainly in the Minas Gerais state (Vianna 
2019). Despite having been designed for the Brazilian  
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Fig. 1. Hydraulic perforated tray-type flocculator (a), computational domain (b), and geometry 
dimensions (in meters) (c).

 

demands, the possibility of increasing water 
treatment capacity in a reduced area of the WTS 
installation makes this type of flocculator highly 
adaptable to different locations, especially in small 
remote communities 

There are not many experimental studies involving 
perforated tray-type flocculators in literature. 
Studies carried by experimental prototypes in a 
laboratory (Vianna et al. 2008) and real scale 
flocculators (Castro et al. 2018) estimated the mean 
G by head loss measurements and found much 
smaller agitation than projected. However, these 
results do not consider local G, which can be highly 
elevated in orifices boundaries (Shah et al. 2012). 

Experimental studies demand installation of 
prototypes, needs of specific materials, requiring 
time, and generating residuals. An interesting 
alternative to improve a project is the application 
of Computational Fluid Dynamics (CFD) tools to 
obtain a virtual response of the flow, before 
implementing experimental tests (Shah et al. 
2012). The rise of computational tools has provided 
an advance in the Computer Assisted Engineering 
area. Thus, CFD tools have been increasingly 
utilized to analyze water and wastewater treatment 
plants (Alalm et al. 2016; Bridgeman et al. 2009; 
Samaras et al. 2010; Wang et al. 2014; Zhang et al. 
2014).  

Some studies in flocculators were performed in 
experimental mechanical prototypes, such as in jar 
test equipment (Bridgeman et al. 2008, 2010; Jarvis 
et al. 2004; Wang et al. 2014). Jarvis et al. (2004) 
have monitored particle size by analyzing the 
retention time and mixing velocities using different 
coagulants. When iron hydroxide was applied as a 
coagulant at a mixing rate of 75 rpm, the particle 
size tends to drop after 15 minutes of mixing. 

Comparing these results to the computational 
simulations (Bridgeman et al. 2008), under the same 
conditions, it was observed that, in the mixing speed 
above 75 rpm, local velocity gradient values above 
200 s -1 were observed. Thus, this may be considered 
a threshold value to avoid floc breakage.  

Simulations of hydraulic flocculators using CFD 
(Bridgeman et al. 2010; Vadasarukkai et al. 2011) 
indicate the occurrence of flow recirculation and dead 
zones. Hence, it is possible to detect short circuits in 
these structures, and consequently, reducing the 
retention time. Vadasarukkai et al. (2011) have found 
values of G lower than 0.8 s-1 in 50% of the volume in 
the last tank structure.  

In this way, the main objective of this study is to 
simulate the water flow in the last tank of a perforated 
tray-type flocculator via CFD (OpenFOAM, 2021). 
The last tank provides the formation of the final floc, 
and its proper functioning completes an appropriate 
flocs conglomeration. Ensuring ideal velocity 
gradients in this tank can provide flocs integrity. 

A modification in the flocculator structure has been 
proposed and computationally simulated to increase 
the equipment's treatment capacity. The velocity 
gradient values were evaluated through comparison 
analysis when increasing flow rate and orifices 
number per tray. The effects of minimally invasive and 
low-cost modifications on velocity gradients and floc 
preservation were analyzed to improve solid removal 
efficiency in a drinking water treatment plant. 

Despite being widely used in the Brazilian context, the 
perforated tray-type flocculator proposed by Vianna 
(2019) has never been studied using CFD resources. 
Thus, this study brings an essential contribution of 
innovation to the Brazilian context, with a strong 
possibility of expansion to other drinking water 
treatment contexts. 
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2. MATERIAL AND METHODS 

2.1 Water Treatment Plant and Floccu-
lator Description 

The water treatment plant simulated in this study 
was installed in 1991, and it is located on Federal 
University of Lavras (UFLA), in Minas Gerais 
Brazilian state, at coordinates 21° 13' 49.3 " S and 
44 ° 58' 39.8" W, whose altitude is in 893 meters 
above sea level. Currently, the average flow rate 
operation is 7.0 l s -1. The maximum water treatment 
capacity of the station is approximately 9 l s-1.  

The water treatment brings autonomy to the 
university in terms of water supply, and the process 
follows seven steps: raw water catchment, pre-
oxidation, coagulation, flocculation, decantation, 
filtration, and disinfection. Ferric chloride is used 
as a coagulant, followed by a rapid mixing 
generated by a Parshall flume. Next, the flocculator 
unit comprises four cylindrical tanks with five 
perforated trays each, where it is granted a 
decreasing velocity gradient. The orifices' diameter 
grows sequentially in each tank, reaching 0.05 m in 
the last flocculator, ensuring the velocity gradient 
reductions and preserving flocs’ diameter for 
sedimentation in the next step. 

The last tank was chosen to perform the CFD 
simulations in this study due to its importance in the 
flocculation process and the higher risk for floc 
rupture, guaranteeing the final preservation of the 
aggregated flocs before the decantation process.  

The actual conditions in the current operation (7 l s-

1) were replicated and compared to their maximum 
capacity (9 l s-1). As an alternative to increasing the 
flow rate, it was proposed to implement 11 extra 
orifices for each tray. 

The fourth flocculation tank has a 1.0 m diameter 
cylindric and 3.3 m height. Inside the equipment, in 
its center, there is a 0.25 m diameter pipe. The trays 
are spaced every 0.5 m. Each plate has 22 orifices, 
each of 0.05 m diameter (Fig. 1c). The tank was 
dimensioned and projected to guarantee an average 
velocity gradient of 20 s-1. 

2.2 Computational Fluid Dynamics  

2.2.1 OpenFOAM 

OpenFOAM is a software created in 1993 by Henry 
Weller and Hrvoje Jasak at the Imperial College of 
London. The routines are a C++ library composed 
of solvers with finite volume method to solve a 
continuous physical problem, as well as utilities to 
work in data manipulation (Ansoni and Seleghim 
2016).   

2.2.2 Governing equations  

The general equation of continuity Eq. (1) is 
sufficient to describe a given flow of any specific 

quantity (߶) (Holzmann 2017): 

߲
ݐ߲
߶ߩ ൌ െߘ ∙ ሺܷߩ߶ሻ  ߘ ∙ ሺߘܦ߶ሻ  ܵథ	

 (1)

Where D is the diffusion coefficient (vector or 
scalar), ܵథ is the source term, ρ is the specific mass, 
and U the velocity. 

Equation (1) is the mathematical representation for 
fluid flow. It is described as the introductory physics 
for fluids laws, like mass conservation and Newton's 
second law, where the momentum is equal to the 
forces acting on a particle (Lira, 2014). By replacing 
the term ߶ into Eq. (1) by 1, the governing mass 
conservation Eq. (2) was obtained. The terms 
representing diffusion and source terms are annulled 
since the mass is not transferred through the diffusion 
process or into energy. For incompressible flow, the 
specific mass (ρ) will be constant, which allows 
dividing both sides of the equation by ρ, obtaining Eq. 
(3) (Holzmann 2017). 

߲
ݐ߲
ߩ ൌ െߘ ∙ ሺܷߩሻ

(2) 

ߘ ∙ ܷ ൌ 0 (3) 

The forces acting on the fluid particles can be 
separated into two groups, i.e., surface forces or body 
forces. The first group is related to forces acting on the 
surface, such as pressure (p) and shear stress (τ).  

The second group covers the forces acting on the body, 
such as gravity force. It is common to use surface 
forces separately in the moment conservation equation 
and present the body forces as source terms. Thus, the 
moment conservation Eq. (4) is obtained by replacing 
the term ߶ for velocity (U) in Eq. (3) (Holzmann, 
2017). 

߲
ݐ߲
ܷߩ ൌ െߘ ∙ ሺܷߩ ൈ ܷሻ  ߘ ∙ ߬ െ .ߘ    (4) ݃ߩ	

2.2.3 Modeling turbulence by Standard k-ε model 

In turbulent flows, the variables such as velocity, 
pressure, and temperature, oscillate in time and 
space. These fluctuations can be represented around 
an average value and in a defined interval time, 
called Reynolds-Average. Among those, there are 
turbulence models able to measure these oscillations, 
whose characteristics must include precision, full 
application, and reduced computational cost. Thus, 
the k-ε model, besides having such attributes, is the 
most used and validated in the literature. Two 
equations are solved, one for k and another for ε, 
where k is the turbulent kinetic energy, in m2 s-2, and 
ε the rate of kinetic energy dissipation, in m2 s-3. 
These can be used to find the turbulent viscosity 
 as shown in Eq. (5), where Cμ is a ,(	௧ߤ)
dimensionless constant (Versteeg and Malalasekera 
2007). 

௧ߤ ൌ ݈ߴߩܥ ൌ ఓܥߩ
ଶܭ

ߝ

(5) 

Thus, the equations that will then define the values of 
k and ߝ will be: 
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(7) 

The term S ij is represented in Eq. (8), given by: 

ܵ ൌ ܵ௫௬ ൌ
1
2

ݔܷ߲
ݕ߲


߲ܷ௬
ݔ߲

൨	
(8) 

The five constants	ܥఓ, ߪ, ߪఌ, ܥଵఌ, and ܥଶఌ have 
standardized values by default. The standard 
constants are defined by Eq. (9). These were 
validated for an orifice simulation experiment 
(Shah et al. 2012). 

ఓܥ ൌ ߪ	;0,09 ൌ 1,00	; ఌߪ	 ൌ 1,30; 
ଵఌܥ	 ൌ ଶఌܥ	;1,44 ൌ 1,92		

(9) 

As discussed by Bridgerman et al. (2009) and 
Vadasarukkai et al. (2011), the k-ε turbulence 
model is simple, robust, and well-established. This 
turbulence model can be applied for flocculation 
tank computational simulations to evaluate the 
gradient analysis, which is more meaningful to 
guarantee the flocs integrity. 

Moreover, under steady-state conditions, the 
distribution of k and ε at various locations in the 
tank can be predicted by solving the corresponding 
transport Eqs. (6) and (7) of the standard k- ε model. 
Then, the local velocity gradient can be evaluated 
for each of the control volumes. 

2.2.4 Mesh generation and conditions 

In this study, the problem geometry domain was 
created on a scale of 1:1, with a total volume of 2.24 
m3. Free Gmsh software was applied to generate an 
unstructured, three-dimensional, and tetrahedron-
shaped mesh for the geometry with 22 orifices. The 
number of elements of the generated meshes can be 
seen in Table 1. 

 

Table 1. Descriptions of meshes used for 
convergence tests. 

Mesh 
identification 

Flocculator with 22 orifices 

Number of elements 

Mesh 1 215228 

Mesh 2 373313 

Mesh 3 602963 

Mesh 4 1029250 

 

2.2.5 Boundary conditions 

An initial approximation for velocity was assigned 
to the entire internal structure (internalField) for a 
value of 0 m s -1. For the boundary conditions 
(boundaryField), the velocity structure entrance 

was calculated through the flow rate and cross-
sectional area. Since the pipe is 0.25 m in diameter, the 
velocity at the inlet pipe for a flow rate of 7.0 l s-1 is 
approximately 0.14 m s-1.  

By increasing the flow rate to 9.0 l s-1, the velocity 
changes to 0.18 m s-1. These values were assigned 
using the fixedValue condition of OpenFOAM, which 
assures a constant value on that surface. The geometry 
walls have noSlip condition, which assigns the 
velocity equal to 0 m s -1. The output is zeroGradient, 
which indicates that the gradient is null, i.e. the 
direction will remain perpendicular to the surface. For 
the upper surface of the flocculator, the slip condition 
was adopted, allowing to perform the behavior of the 
water surface. This setting assigns a null velocity 
value to the surface and uses zeroGradient in the 
tangential components. This configuration is 
commonly applied in other studies (Bridgeman et al. 
2008, 2010; Vadasarukkai et al. 2011). 

The structure outlet pressure was assigned according 
to the value of 29.4 kPa, and the specific mass of the 
water at 20 °C, 1.0 g cm -3. The other surfaces of the 
geometry were given the zeroGradient condition. 

The initial approximations for ε and k values were 
calculated using Eqs. (10) and (11). 

݇ ൌ
3
2
ሺܫ| ܷ|ሻଶ

ߝ ൌ
ఓܥ

,ହ݇ଵ,ହ

ܮ

(10) 

(11) 

where I is the turbulence intensity (10%), ܥఓ is a 
constant equal to 0.09, and L is the reference length 
(Salgado 2006).  

During the flocculation process, the actual flow in the 
tank is a multiphase flow, composed of water and flocs 
formed by dust and several kinds of organic residues.  

According to Richter (2009), as the flake grows, its 
density decreases. Thus, the flocs become more 
subject to the hydrodynamic shear stress generated by 
velocity gradients. Considering the process simulated 
in the last flocculation tank, maintaining the stability 
of the floc formed becomes more relevant for the 
efficiency of the processes than simulating the 
interaction between the flocs that are already fully 
formed. The flocs do not exceed the average size of 
0.44mm (Tambo and Hozumi, 1979), with passive 
behavior. Thus, the computational modelling can be 
simplified as a single-phase model. The velocity 
gradient analysis is enough to predict the flocs 
integrity. 

Thus, the flow inside the flocculation equipment can 
be considered stationary, incompressible, and single-
phase. Therefore, the simpleFoam routine 
implemented in OpenFOAM was applied as the 
problem solver. The simpleFoam routine applied the 
SIMPLE (Semi-Implicit Method for Pressure Linked 
Equations) algorithm. It was necessary to apply a low 
relaxation factor to avoid floating point exception, run 
the simulation more stable, and allow the convergence 
of the problem (Holzmann 2017). In this study, a 
relaxation factor of 0.1 was used, which ensured the 
convergence of the simulations. 
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The simulations start with all velocities set zero, 
whilst k and ε were set to 1.44e-4 m 2s-2 and 3e-5 
m 2s -2, respectively. For all simulations, the 
convergence criteria were set 1e-4 for pressure and 
set 1e-5 for velocity and turbulent components. The 
percentage of relative error (%ER) was evaluated 
by: 

%ER୨ 	ൌ 	
ห	X୨

୧ 	െ 	X୨
୰ୣห

ห	X୨
୰ୣห

x100 (12) 

ܧܯ ܴ ൌ ୀଵߑ
ே ܧ ܴ

ܰ
 

(13) 

where X is the velocity magnitude at point j, N is the 
number of cells in the mesh, and the indexes i and 
ref refer to coarse and fine mesh, respectively. 
MERi is the factor of safety. As indicated in Roche 
and Patrick (1998), the MERi was set equal to 3. 

The simulations were carried out in parallel (24 
threads) on a cluster running under CentOS Linux 
release 7.4.1708 and OpenFoam v7 [OpenFOAM, 
2021]. Table 2 shows the cluster specifications 
applied to perform the simulations. 

 

Table 2. Workstation specifications. 

Cluster Workstation specifications

Head Node 
Intel(R) Xeon(R) CPU X5670 

2.93GHz; RAM: 16GB; HD 1TB 

9 compute 
nodes 

Intel(R) Xeon(R) CPU X5660 
2.80GHz; RAM: 12 GB; HD 

500GB 

 

The results for the performance of the four meshes 
tested are shown in Table 3. 

 

Table 3. Convergence tests results 

Mesh 
Average 
relative 
error 

Processing 
time[s] 

Number 
of 

iterations

Mesh 1 23.78% 571.00 2795 

Mesh 2 17.55% 2974.72 2821 

Mesh 3 14.12% 33626.00 62812 

Mesh 4 
Reference 

mesh 
50216.00 52542 

 

The increase in grid density between the Mesh 3 
and Mesh 4 led to an increase in computation time 
of about 5 hours to achieve a converged solution. It 
was concluded that the increased computational 
effort was not reflected in a corresponding increase 
in the accuracy of results. This can be seen in Fig. 
3, where the velocity magnitude was plotted over a 
line inside the flocculator, showed in Fig. 2.  

In this way, the best cost-benefit in the analyzed 
meshes was obtained by mesh 3. This mesh was 
applied in the subsequent simulations. 

 

Fig. 2. Lines defined in the flocculator 
geometry for analysis of mesh convergence. 

 

2.3 Velocity Gradient 

The velocity gradient (G) is an essential factor for the 
formation of flocs because it defines the intensity of 
the mixture in a flow. To calculate it locally (ܩ), the 
energy dissipation rate (Camp and Stein 1943) should 
be included and calculated by Eq. (14).  

ܩ ൌ ට
ߝ
ߴ

(14) 

Since dissipation energy (ߝ) is in m 2 s -3 and the 
kinematic viscosity (ߴ) in m 2 s -1, the local velocity 
gradient (ܩ) will be given in s -1.  

For a hydraulic flocculator, the velocity gradient value 
is calculated as a function of the head loss (hf) in 
meters, the retention time (T) in seconds, kinematic 
viscosity (ߴ) in m2 s-1 and the gravity acceleration (g) 
in m s-2 (Bridgeman et al. 2010) by Eq. (15). 

G ൌ ඨ
݃ ݄
ܶߴ

(15)

The velocity gradient inside a flocculator is not 
uniform, so an average or overall value for G may not 
accurately represent the flow conditions. However, it 
is possible to use numerical methods to calculate the 
gradient at each point of the control volume 
(Bridgeman et al. 2010). 

3. RESULTS 

To analyze the velocity gradients inside the 
flocculator, two initial simulations were executed. In 
the first simulation, the tank has an operating 7 l s-1 
flow and four plates with 22 orifices each. With the 
increased demand for treated water, the second 
simulates the flocculator while operating at the 
maximum capacity (9 l s-1). Thus, the third and final 
simulation was to evaluate how a low-cost, non-
invasive change could improve the flocculator 
performance in terms of hydraulic efficiency. As a  
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(a) (b) 

Fig. 3. Influence of mesh quality over the magnitude of velocities over line 1 (a) and line 2 (b). 

 

 

Fig. 4. Velocity in the flocculator for 7.0 l 
s -1 flow rate in 22 orifices per plate. 

 

result, the number of orifices in each plate was 
changed from 22 to 33. Detailed results are 
presented in this section. 

3.1 Velocity field analysis 

The first simulation was performed for the 
flocculator with 22 orifices and flow 7 l s-1 flow 
rate. The velocity in the last flocculation tank in the 
longitudinal section is shown in Fig. 4. It was 
observed that the velocity in the structure does not 
exceed values of 0.3 m s -1, as required by 
the Brazilian standard (ABNT 1992). However, 
most of the domain has velocity values lower than 
0.05 m s -1, which is favorable for the sedimentation 
of flocs, not intended at this stage of treatment. 

In Fig. 5, the velocity vectors generated by the flow 
inside the structure can be observed. Notice that the 
flow exhibits recirculation behavior, where the fluid 
near the bottom plate tends to return to the top plate 
at the edges of the tank in the 22 orifices simulations 

(Fig. 5a and 5b). Then, it is possible to identify the 
dead zones formation qualitatively. Such conditions 
are consistent with other studies about hydraulic 
flocculators (Bridgeman et al. 2010; Vadasarukkai et 
al. 2011), where standard dead zones and short circuits 
were identified. This type of recirculation is an 
unwanted process in flocculators, causing retention 
time reduction. 

When this water treatment plant operates at lower flow 
rates, unwanted sedimentation can be observed in the 
flocculator trays, requiring constant equipment 
cleaning. The sedimentation is a consequence of dead 
zones occurrence in this unit. 

Figure 5b shows the simulation results while 
increasing the flow rate from 7 l s-1 to 9 l s-1 in a 
flocculator with 22 orifices in each tray. Observing the 
velocity vectors for this flow rate simulation makes it 
possible to identify a few differences in flow behavior. 
However, dead zones regions continue to occur in 
some parts of the volume. The most relevant 
difference between the two flow conditions is the 
increase in the magnitude of velocity. As the fluid 
passes throughout the orifices and conduction tubes to 
the following structure, these values reached 0.2 m s-1. 
The water velocity in the flocculator did not exceed 
0.3 m s-1 in this case. 

As the flow increases, the theoretical retention time of 
the structure decreases due to the volume to flow ratio, 
which is now 17 minutes counting the four tanks. Once 
there is no observed improvement in the short-circuits 
formed, this condition can interfere in the flocculation 
efficiency. The flocs may not reach desirable 
diameters to guarantee the following decantation 
process, thus overloading the filters. 

To propose improvements in the flocculation 
conditions at a flow rate of 9.0 l s-1, this study proposes 
solutions that would be easy to implement, avoiding 
the complete tank replacement. The proposal is to 
make the most of the old configuration, reducing 
environmental impacts and damage to the project. In 
this way, the flocculator trays were redesigned, 
increasing the number of orifices in each tray. It was 
suggested to add another 11 orifices to the existing
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 Fig. 5. Velocity vectors with 7.0 L s - 1 (a), 9,0 L s -1 (b) in 22 orifices , and 9,0 L s -1 with 33 orifices per 
plate (c). 

 

tray, totalizing 33 orifices. The goal is to increase 
the flow cross-section area, reducing the Reynolds 
number and velocity gradient in the orifice. 

Figure 5c shows a moderated improvement in the 
short circuits between trays due to the newly added 
orifices, which allows a better distribution between 
one compartment and another. However, the dead 
zones appear to be occupying a smaller space in the 
structure than observed in the previous simulations. 
This condition can improve the distribution of the 
particles, increase the real retention time, and 
reduce flocs sedimentation inside these structures. 

3.2 Velocity Gradient 

Values of ε from turbulence model k-ε were applied 
in the equation of the local velocity gradient (Eq. 
(14)). When calculated in the whole mesh, it was 
found values of ܩ at each point of the control 
volume. Thus, it was possible to provide a 
quantitative analysis of the turbulence behaviors in 
the structure.  

The spatial projection of ܩ can be seen in Fig. 6a. 
It is possible to notice that closer to the orifices the 
values are greater than 30 s -1, reaching 150 s -1. 
These values are higher than the expected by which 
the structure was designed (20 s -1). Also, smaller 
  values in a larger portion of the tank wereܩ
observed in another study performed for hydraulic 
flocculators (Vadasarukkai et al. 2011). This 
condition causes the average velocity gradient of 
the structure to be 8.55 s -1, which would explain the 
results found by Castro et al. (2018), where 
experimental analysis of G indicated smaller 
agitation than projected.  

Considering the importance of the ܩ	analysis for 
the flocculation process, it is essential to analyze the 
gradient values behavior when fluid passes through 
the tray orifices. Thus, in Fig. 6b and 6c, the orifices 
of a single tray can be observed by a cross-section 
cut and its respective histogram of the ܩ 

distribution. 

Figure 6b shows most occurrences of local velocity 
gradient between 50 and 70 s -1 when passing through 
the orifice, with the maximum value close to 145 s -1. 
These values are not adequate for the last flocculation 
tank. Higher intensity of ܩ in this water treatment step 
can promote flocs breakage and prejudice the 
following decantation step in water treatment. 

As the flow rate increases, the turbulence in the 
structure is also intensified. Therefore, it was 
necessary to understand the effects of a flow rate 
increase in the values of ܩ, considering the treatment 
system at a higher capacity. By simulating a flow rate 
of 9.0 l s -1 (Fig. 7a), an increase in velocity gradient 
was observed as the fluid passed through the orifices. 

Observing the histogram (Fig. 7b), it is noticeable that 
there was a significant increase in the velocity gradient 
there. For a higher flow rate (9.0 l s-1), local velocity 
gradients occur mostly between 80 and 100 s-1, 
reaching a maximum value close to 200 s-1. Thus, if 
the increased demand for treated water is met through 
changes in flow rates, the efficiency of the flocculation 
process will be strongly jeopardized. Bridgeman et al. 
(2008) found a threshold for flocs breakage of 200 s-1 
for local velocity gradient after 15 minutes in a jar test 
CFD experiment for iron hydroxide precipitate flocs. 
Hence, at full treatment capacity, it will not be possible 
to guarantee the flocs preservation. 

The solution proposed for the higher velocity gradient 
problem was to increase each flocculation tray's 
orifices number. The modification is minimally 
invasive, cost-effective, and easy to implement in the 
flocculation tank configuration with removable trays. 
Figure 8a presents the local velocity gradient for the 
modified geometry, where the number of perforated 
tray orifices was increased from 22 to 33. It is 
observed that the value of ܩ reduced considerably 
compared to Fig. 7. It is possible to notice that there is 
a turbulence reduction due to the increase in cross-
flow area. As a result, the external orifices have lower  
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Fig. 6. ܩ  for 7.0 L s -1 flow rate in 22 orifices per plate (a), cross-section 2D cut of the perforated tray 
(b) and its respective ܩ histogram distribution (c). 

 

 

Fig. 7. ܩ for 9.0 L s -1 in 22 orifices per plate (a), cross-section 2D cut of the perforated tray (b) and its 
respective  ܩ	histogram distribution (c).
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Fig. 8. ܩ for 9.0 L s -1 in 33 orifices per plate (a) cross-section 2D cut of the perforated tray (b) and its 
respective ܩ histogram distribution (c). 

 

Gl values. The low fluid velocity may justify this 
fact in this section of the flow, as the turbulence 
depends on the interaction of the fluid velocity with 
the wall. This condition explains the occurrence of 
higher ܩ values at the edges of each orifice, where 
the fluid is affected by the wall contact. 

Plotting a 2-dimensional plane on the trays (Fig. 
8b), it is possible to evaluate the distribution of ܩ 
as it passes through the orifices when the flocculator 
geometry is modified. Here, the values of ܩ 
occurred mostly between approximately 40 and 60 
s -1, with a maximum value of 105 s -1. Therefore, 
there was an improvement in the turbulence 
conditions since the configuration of the perforated 
tray does not generate high values for ܩ. 
Furthermore, the flow simulation for this geometry 
configuration provided the most favorable situation 
for the flocculation process in the last tank. Thus, 
the new geometry configuration ensures smoother 
mixing rates and the formed flocs preservation. 

To complete the quantitative velocity gradient 
parsing, Table 4 presents a statistical analysis. The 
simulations performed at current conditions (7 l s-1) 
were compared for the flows of 9 l s -1 with 22 
orifices and 33 orifices. Measuring the position and 
dispersion of the values of ܩ, it was possible to 
notice that there is a considerable reduction in all 
variables when structural modifications are made. 
The mean ܩ decreased from 12.48 to 9.51 s -1, and 
the standard deviation was reduced from 12.37 to 

8.54 s -1. This reduction shows that the ܩ values are 
close to average in the perforated tray with 33 orifices. 
The occurrence of 95% percentile and 99% percentile 
of ܩ in the mesh also reduced considerably. The 
values were from 33.14 to 25.24 s -1 and from 73.46 to 
46.76 s -1, respectively. 

 
Table 4. Velocity gradient statistical analysis using 

position and dispersion measurements 

Statistics 
 

G (s -1) 
7.0 L s -1

(22 orifices)
9.0 L s -1 

(22 orifices) 
9.0 L s -1 

(33 orifices)
Average 8.55 12.48 9.51 
Standard 
deviation 

8.50 12.37 8.54 

5% 
percentile 

2.48 3.66 2.87 

50% 
percentile 

6.08 8.93 6.85 

95% 
percentile 

22.77 33.14 25.24 

99% 
percentile 

50.34 73.46 46.76 

Maximum 183.83 265.68 157.49 
 

Thus, a similar condition observed when isolating only 
the orifices tray is also observed when the entire 
flocculator structure is analyzed. Comparing 
simulations results between the flocculators with 
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increased flow rate (9 l s-1) and 33 orifices (Fig. 8a) 
and reduced flow rate (7 l s-1) with 22 orifices (Fig. 
6a), it is possible to observe that the dispersion and 
position measurements reach very close values. 
Thus, it is possible to ensure the flocs preservation 
despite the necessary increase in flow rate. 

The cumulative frequency distribution analysis 
(Fig. 9), as discussed in other studies (Bridgeman et 
al. 2010; Vadasarukkai et al. 2011), allows 
comparing the changing of Gl values for the 
performed cases in this study. As the flow rate 
increases, it is possible to notice a curve shift to the 
right, showing an increase in the structure's velocity 
gradient. However, by increasing the number of 
orifices, it is possible to observe that the curve shifts 
back to the left. Therefore, it is possible to conclude 
that when increasing the flow rate and the number 
of orifices from 22 to 33, the turbulence in the 
structure will be similar to those at a lower flow rate 
(7 l s -1 and 22 orifices). This flow behavior 
contributes to the formation of the floc in the 
transition between the flocculators compartments. 
The cumulative frequency distribution results 
shown in Fig. 9 show the same behavior as those 
found by Vadasarukkai et al. (2011). 

The shear stress analysis can also provide 
parameters for flocs preservation. Table 5 shows 
the shear stress values for the two operating flow 
rates of the flocculator and the two simulated 
geometric conditions. It is possible to observe that 
the shear stress values increase with increasing flow 
rate from 7 L s -1 to 9 L s -1 in the flocculator. This 
increase can cause flocs disruption, impairing the 
decanting process. With the proposed geometric 
modification from 22 to 33 orifices, it is possible to 
notice the drop in the shear stress values, ensuring 
the integrity of the flocs already fully formed in the 
last flocculation tank. 

 

 

Fig. 9. Cumulative frequency distribution as a 
function of Gl.  

Table 5. Shear Stress analysis (m2 s -2) for 
flocculator tank with 22 and 33 orifices per 

plate 

Flow rate 22 orifices 33 orifices 
7m s-1 9.70e-4 6.70e-4 
9m s-1 1.60e-3 1.20e-3 

4. CONCLUSIONS 

The process of flocculation by controlled agitation and 
coagulation is crucial for the proper functioning of a 
drinking water treatment plant. Improving this process 
ensures better agglomeration of the colloid found 
naturally in raw water collected from nature. 
Furthermore, it also contributes to improving the 
performance of decantation, the following stage of 
treatment, and, consequently increases solid removal 
efficiency 

In this study, Computational Fluid Dynamics was 
applied to simulate the flow of water in the last tank of 
a perforated tray-type flocculator using a CFD open-
source software: OpenFOAM. A modification in the 
flocculator structure has been proposed and 
computationally performed to increase the 
equipment's treatment capacity. As a low-cost and 
minimally invasive intervention, the number of 
orifices was increased from 22 to 33. The velocity 
gradient values were evaluated through comparison 
analysis when increasing flow rate and orifices 
number per tray. 

Before the geometry modification, the numerical 
results indicated velocity gradient values above the 
projected, due to the occurrence of areas with greater 
turbulence within the wall of the orifice. Dead zones 
were found at the perforated tray extremities, which 
resulted in unnecessary decantation of flocs. Thus, 
there is a formation of short circuits. The short circuit 
occurrence reduces the retention time of the flocs in 
the flocculation process, impairing the efficiency of 
the equipment.  

To increase flocculator processing capacity, by 
increasing the flow rate from 7 l s -1 to 9 l s -1, by the 
simulation for the geometry with 22 orifices 
configuration, it was possible to identify a significant 
increase of Gl in the orifices, causing flocs breakage. 
Therefore, the proposed solution was to increase the 
number of orifices from 22 to 33. Hence, obtained 
values for Gl were similar to the flocculator with a flow 
rate of 7 l s -1. Consequently, this geometry 
improvement upgraded the equipment's efficiency by 
a simple change in geometry despite the increased 
flow rate.  

The results obtained for the analysis of velocity 
gradients agree with the results given by Bridgeman et 
al. (2010) and Vadasarukkai et al. (2011). 

In conclusion, analyzing the efficiency of flocculators 
through Computational Fluid Dynamics can be an 
important way to optimize this type of equipment and 
the Water Treatment Plant as a whole. Flocculators 
working at a suitable velocity gradient provide better 
flocs aggregation. Consequently, they also improve 
following processes, such as decantation and filtration, 
for example, removing larger amounts of solids and 
producing better quality drinking water. Thus, the 
CFD simulations performed in this study meet 
increased demand for treated water for the increasing 
population through an affordable and non-invasive 
optimization process. 
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