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ABSTRACT

Rectangular gravity separators are commonly used within wastewater treatment systems
to remove fat, oil, and grease from water. The performance of these vessels is dependent to
a great extent on the uniformity of the flow, since turbulence and recirculating eddies tend
to break drops together, thus reducing the separation efficiency. Therefore, adding the inlet
baffle is a feasible way to improve the hydraulic stability in the separator. To simulate the
characteristics of flow in the gravity separator tanks, a two-dimensional computational fluid
dynamics (CFD) model of a single-phase flow has been developed with Flow-3D (v11.04).
The numerical model employed was based on the Finite Volume Method (FVM), used the
Volume of Fluid (VOF) technique to simulate the free surface behavior, and implemented an
RNG k-¢ turbulence model. Flow behavior was analyzed using three parameters: the velocity
standard deviation, which denotes the flow uniformity, the percentage of recirculation zones
corresponding to mixing and stability, and kinetic energy distribution. The results showed
that the baffle with two apertures provided the best hydraulic performance by minimizing
velocity fluctuations and cross-flowing and also kinetic energy distribution. Thus, this
arrangement was determined to be the most effective design in promoting the flow stability
and separation performance inside a rectangular gravity separator.

Keywords: Computational fluid dynamics, Gravity separation tank, Inlet baffle, Oil-water
separator, Perforated baffle.

1. INTRODUCTION

Oil and grease contamination is considered a major environmental problem occurring in
drinking water facilities as well as in natural aquatic systems. The accumulation of these
substances can lead to sewer blockages, reduced efficiency of treatment processes, and
negative impacts on aquatic ecosystems (Jameel et al., 2011; Keener et al.,, 2008;
Mattsson et al., 2014; Mohana et al., 2023; Hartal et al., 2023; He et al., 2017;
Yousefelahiyeh et al., 2017). Gravity separators are commonly used as one of the simplest
and most widely applied treatment technologies to address these problems (Metcalf and
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Eddy, 2014). The distribution of flow within the separation chamber is an important factor
affecting the hydraulic efficiency of separators. Excessive turbulence and the formation of
recirculation zones reduce the effective hydraulic residence time, hinder droplet
coalescence, and consequently reduce separation performance (Wilkinson et al., 2000;
Mee and Nor, 2011).

Previous investigations have demonstrated that separator performance is highly sensitive
to baffle configuration. Variations in baffle geometry can significantly influence separation
efficiency (Wilkinson et al., 2000). The use of perforated baffles has also been shown to
suppress internal flow disturbances within the separator (Mee and Nor, 2011). In addition,
the relative position of baffles plays an important role in controlling the formation and
intensity of recirculation zones inside the separator (Hussein et al., 2013). More recent
studies confirmed that, when properly designed, perforated baffles may outperform solid
plates in improving separation performance (Efendioglu et al., 2014; Al-Yacouby and
Ahmed, 2022; Kim et al., 2025; Nascimento et al., 2025). However, these studies mainly
focused on general baffle geometry, material characteristics, or overall porosity ratios rather
than examining the specific hydraulic influence of the number of perforations .From a
hydraulic perspective, the number of perforations in a baffle directly affects the
fragmentation of the incoming jet, the dissipation of momentum, and the redistribution of
velocity downstream of the plate. Changes in the number of openings may therefore alter
turbulence intensity, the development of recirculation zones, and the overall uniformity of
the flow field inside the separator. Despite this potential influence, the hydraulic
implications of simplified perforated baffle configurations with limited numbers of openings
have not been systematically investigated. This highlights the significance of baffles in
separation equipment (Solov’eva et al., 2021). However, relatively little attention has been
given to simplified perforated baffle designs with reduced numbers of openings.

Therefore, the present study addresses this gap by examining the hydraulic performance of
arectangular gravity separator equipped with three inlet baffle configurations: a solid plate,
a perforated plate with three openings, and a perforated plate with two openings. The
simulations were performed using Computational Fluid Dynamics (CFD) with the Volume of
Fluid (VOF) technique. Flow conditions were evaluated using two hydraulic indicators,
namely the standard deviation of streamwise velocity and the recirculation zone ratio, which
represent measures of flow uniformity and separation performance.

2. MATERIALS AND METHOD
2.1 Mathematical Model
2.1.1 Governing Equations

The Flow-3D model framework is based on mass continuity within the Reynolds-averaged
Navier-Stokes (RANS) equations for incompressible viscous flows. Collectively, these
governing equations conserve mass and momentum throughout the velocity field (Selim et
al,, 2024; Zhang et al., 2023). The RANS method improves the traditional Navier-Stokes
expression to take into consideration that the Reynolds stress has influence and thus is a
much better representation of turbulent flow (Hussein et al., 2015; Versteeg, 2007; Fang
etal., 2020; Li et al.,, 2022; Mir Emad et al., 2025).
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2.1.1.1 Mass Continuity Equation

The generalized continuity equation, leading to the mass conservation of fluid within the
computational region, can be written (Shahrokhi et al., 2012; Hirt and Nichols, 1981; Hirt
and Sicilian, 1985; Wahba, 2022) as follows:

V224 o2 (pud) + 5 (pud,) = 0 (1)

Here, p denotes the fluid density, u and w are the velocity components along the x- and z-
directions, respectively, and Vf represents the fluid volume fraction within a computational
cell.

2.1.1.2 Momentum Equations:

In a two-dimensional computational domain, the momentum equations, expressed in the
form of the Navier-Stokes equations, can be written as (Tsega, 2024):

10P
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Here, the viscous acceleration terms are given by fx and fz, while the gravitational
accelerations are denoted by Gx and Gz. The dynamic viscosity u is defined by the formulas
below:

prfx = wsx — {_ (A Txx) + (A sz)} (4)
PV, = wsz — {2 (A,7;) + = (4,7,,)] (5)
where

[7] a 6
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Where wsx and wsz represent the wall shear stress values applied in the x- and z-directions,
respectively.

The air-water interface was dynamically modeled by means of the VOF method, which could
precisely capture the movement of the interface through time during the numerical
simulation. In this way, the accurate depiction of the free-surface profile in the
computational domain is achieved. As for what concerns the VOF equation, it represents an
evolution equation of the volume fraction field (Azimi and Shabanlou, 2020; Fluent, 2009;
Torres et al., 2021; Roy-Biswas and Singh, 2025).

aF 1

o { (FA) + 2 (FA, w)}_ 0 6)

The tank internal geometry, with solid or perforated baffles, was described using the
Fractional Area/Volume Obstacle Representation (FAVOR) method. In this approach, solid
boundaries are integrated in the structured mesh by means of fractional cell volumes and
face areas to give an accurate representation of fluid-solid interfaces present within the
simulation domain (Hirt and Sicilian, 1985; Nimisha et al., 2022).

3



M.S. Resin et al. Journal of Engineering, 2026, 32(4)

2.1.2 Turbulence Model

The RNG (Reynold’s stress) k-€ model was used as the modified form of the standard k-¢
model in this work. It is frequently used to predict the turbulent hydraulic flows with
recirculation due to its stability and enhanced predictive capability when compared with the
conventional model (Laleh et al., 2012). The model describes turbulence by two transport
equations: one for the turbulent kinetic energy (k), which is an indication of the amount of
velocity fluctuations, and the other for the dissipation rate (€), which represents the pace at
which turbulent energy is wasted (Hussein et al., 2013). A significant related advantage of
the RNG method is that it has marginal reliance upon empirically determined constants,
leading to a more systematic statistical foundation and increasing the reliability of
simulations for high Reynolds number flows (Yakhot and Orszag, 1986; Yakhot et al,,
1992). The RNG k-& model equations are given by Egs. (7) and (8):

ok 1 ok ok .

E+ﬁ+{qua+qua—Z}—p+DLff—£ 7)
9 | 1 9¢& 9E) _ pE o &

E'{'V—f{quE-FUAZZ} = Clg X +Dle ng X (8)

The most significant parameters considered in this study are the dissipation rate (¢),
turbulent kinetic energy (k), gravitational acceleration (G), and pressure (P). The RNG
model includes model constants defined as C1e=1.42, C2¢=1.68, and C3¢=0.2 (Yakhot and
Orszag, 1986).

2.2 Numerical Model

The progressive improvement of numerical procedures has led to CFD becoming a well-
established and widely accepted tool in the industrial community. Conventional flow
measurements require complex and expensive instrumentation, whereas CFD methods
afford a more versatile and less expensive one. It is also more generally applicable than the
semi-empirical models employed in many separator designs (Acharya and Casimiro,
2020). The physical space of the separation tank in this study was transformed into an
equivalent discretized computational mesh, and the governing equations were solved using
FLOW-3D (version 11.04). The flow field was described by the incompressible Navier-
Stokes equations. The RANS-based method was used to model turbulence using the RNG k-
€ closure (Hussein et al., 2013; Yakhot and Orszag, 1986). The free surface was modeled
using the VOF method (Hirt and Nichols, 1981), and solid structures like baffles and inlets
were represented according to FAVOR (Fractional Area/Volume Obstacle Representation)
for an accurate geometry representation. These numerical schemes together formed a
complete system and served as fertile ground for the examination of velocity distribution,
fluid motion characteristics, and separation efficiency.

2.2.1 Computational Model

The separation tank was modeled as a three-dimensional rectangular-shaped region with a
length of 2.0 m, a depth of 0.5 m, and a width of 0.5 m. Fig. 1 shows the geometry of the
separation tank. The inflow boundary was located along the left vertical wall, where a
uniform horizontal velocity with a value of 0.04 m/s corresponding to a discharge rate of Q
= 0.002 m3/s has been imposed, and the outlet was represented on the right side (bottom),
placed at 0.45 m from the bottom to allow surface water withdrawal. Another vertical baffle
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was installed near the outlet in order to keep a constant hydraulic condition, and it rose 0.1
m above the bottom of the tank.

Inlet Baffle

_L ﬁ*—‘
Inflow 10cm

40 cm

End Baffle Qutflow

| B
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|2

15 om \ }

10 cm l

z
175em i |
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Figure 1. Longitudinal section of gravity separation tank.

The geometry of the tank was modeled using the FLOW-3D platform, as explained in
Appendix A, which shows the complete CFD setup in the FLOW-3D platform. The perforated
baffles were designed using AutoCAD in three dimensions and then exported in STL format,
which is the only format that the FLOW-3D platform can be investigated in the present
research, as shown in Fig. 2. In the former arrangement, a solid vertical baffle was installed
at 0.15 m downstream of the corner as shown in Fig. 2a. For the second case, the baffle had
three equally sized circular perforations, as shown in Fig. 2b, and a similar configuration
was adopted for the third one with two circular openings, as shown in Fig. 2c¢. In both the
perforated cases, the hole diameter of two-dimensional openings was kept constant at 0.06
m. For all setups, the height of baffles above the tank bottom was set at 0.4 m to have identical
hydraulic conditions and a common base for comparison in the study.

These three configurations were chosen to create a consistent comparison of the variation
between solid and perforated baffles with different hole quantities. This was with the aim of
evaluating their effects on the velocity field inside the tank and the overall separation
efficiency of the rectangular gravity separator.
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)

Figure 2. Separation tank geometry with different inlet baffle configurations (a) solid
baffle, (b) perforated baffle with 3 holes, and (c) perforated baffle with 2 holes

The reliability of the developed numerical model was confirmed by comparing the simulated
velocity distributions, obtained using the RNG k-¢ turbulence closure, with the experimental
measurements (Shahrokhi et al., 2012).
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Figure 3. Validation of simulated and experimental velocity measurements.

Fig. 3 shows a clear agreement between the numerical predictions and the experimental
data, where both the correlation coefficient and the coefficient of determination (R = 0.98
and R? = 0.96) indicate high model accuracy, thereby reinforcing confidence in the adopted
computational approach and justifying its application in the present study.

2.2.2 Mesh Generation

The computational domain was discretized in a structured mesh of rectangular elements, as
shown in Fig. 4a. Base cell dimensions of 0.03 m were used in both directions, which resulted
in a total of 9,625 cells over the whole computational domain. Adjoint solutions to increase
resolution, the mesh was homogenized around the inlet baffle, as shown in Fig. 4b at cell
size 0.02 m, generating approximately 1150 cells in that region. An additional course with a
spacing of 0.015 m was imposed near the perforation openings, which resulted in
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approximately 490 cells to characterize properly all the velocity gradients and shear layers
adjacent to the hole edges, as shown in Fig. 4c.

(a)

(c)

Figure 4. Numerical grid of the separation tank and inlet baffles for different perforations.

This model solidification refinement approach enabled the simulation to capture flow
structures in regions of interest with better accuracy and maintain a reasonable overall
computation time. The solid boundaries, such as the inlet baffles, were treated using the
FAVOR method, which provides an exact geometry description within the mesh, as shown in
Fig. 5.

Figure 5. Separation tank computational domain described with the FAVOR tool.
7
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2.2.3 Boundary Conditions

The boundary conditions used in numerical modeling are shown in Fig. 6. These were
determined in this way to simulate the real hydraulic behavior of the separation tank, as
produced under steady inflow conditions. The left boundary was given a uniform horizontal
velocity of 0.04 m/s at the inlet. The outlet was placed on the right boundary and defined as
an outflow boundary for surface water. The top wall was considered a free surface by the
VOF model for tracking the interface motion. The bottom, sidewall, and baffle surfaces were
set with no-slip conditions to mimic the solid boundary as non-penetration.

Figure 6. Conditions at the boundary of the Computational Domain for the separation tank.
3. RESULTS AND DISCUSSION
3.1 Velocity Profile Distribution

Stability of the horizontal velocity plays an important role in promoting droplet coalescence
and separation efficiency, as it affects the growth and rise of oil droplets to a large extent
(Wilkinson et al., 2000; Ma et al., 2024; Xu et al., 2023).

Table 1. Velocity deviations in separation tank

SD of x-velocity (m/s) * E-02
Case Description of inlet baffle Sections x(m)
0.2 0.6 1.2 1.6
a Solid baffle 0.80 0.64 0.98 0.28
3 openings with a diameter of 6 cm 5.22 8.06 8.43 4.06
c 2 openings with a diameter of 6 cm 1.55 0.49 0.25 0.41

Table 1 presents the standard deviation for streamwise velocity with respect to three inlet
baffle configurations. The standard deviation (o) of the velocity along the flow direction
(m/s) is calculated using the following formula:

o = \/% YN (U; - T)? (9)

where U;is the velocity measured at the i‘"point, Uis the mean velocity across all

measurement points, Nis the total number of measurement points along the flow direction.

The findings indicated that the three-hole perforated baffle produced the greatest deviations
8
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in the separation zone, indicating a very non-uniform flow distribution, which would lead to
instability of the tank. This phenomenon is due to the formation of more complex flow
patterns, as multiple small jets enter the tank simultaneously through the baffle openings.
These jets interact to create regions of acceleration and deceleration, generating eddies and
recirculation zones and consequently making the velocity field highly non-uniform with
significantly higher standard deviation values. In contrast, the solid baffle recorded higher
standard deviation values at the peripheral measurement sites, while the double-hole
perforated baffle recorded the lowest differences (fluctuations) at the intermediate
measurement sites, demonstrating continuity in flow homogeneity. which means dynamical
patterns of velocity fields and hydraulic conditions were better, and consequently, the
separation efficiency is improved. These results validate the use of standard deviation as an
indicator for flow uniformity in separation tanks

3.2 Flow Field

The analysis of recirculation patterns provides further evidence of the effect of an inlet baffle
design on the internal hydraulics of the separator. Recirculation zones are undesirable
because they reduce the effective residence time and intensify internal mixing, thereby
limiting separation efficiency (Mee and Nor, 2011; Zhu et al., 2022). The streamline shown
in Fig. 7, combined with the values in Table 2, illustrates clear differences among the three
configurations.

Table 2. Recirculation zone percentages as influenced by inlet baffle configuration.

Cases a) Sold baffle | b) Baffle with 3 openings | c) Baffle with 2 openings
Recirculation zone % 58 59 45

0.6

04 =
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Figure 7. Flow streamlines for different inlet baffle configurations: (a) solid baffle, (b)
perforated baffle with three holes, and (c) perforated baffle with two holes.

In the case of the two-hole perforated baffle as shown in Fig. 7c, the flow field was dominated
by two circulation cells: a small surface vortex upstream of the plate and a more compact
primary recirculation cell extending downstream. This configuration reduced the net
circulation area by decreasing mesh openings, which did not exist in other schemes, and
created a regular pattern for vortex shedding, resulting in its minimum percentage value
compared to other structures given in Table 2. Meanwhile, the 3-hole baffle, as shown in
Fig. 7 b, achieved the biggest recirculation zone that penetrated to the center of the tank and
further promoted intensive internal circulation. The solid baffle, as shown in Fig. 7a,
behaved as an intermediate case, featuring a high and quite stable vortex that retained part
of the separation region. These findings underline that less recirculation leads to more
homogeneous flow velocity and improved separation conditions and confirm the gain in
hydraulic efficiency with a two-hole arrangement (Efendioglu et al., 2014; Al-Yacouby and
Ahmed, 2022; Chen et al., 2024).

3.3 Kinetic Energy

The kinetic energy represents an important factor for the separation tank under
examination in this study. The three tested inlet baffle configurations were used with the
aim of reducing kinetic energy within the tank, thus slowing down the flow while ensuring
an equal fluid status (Wilkinson et al., 2000).

Table 3. Kinetic Energy distribution along the separation tank

KE (m?/s2) * E-03
Case Description of inlet baffle Sections x (m)
0.2 0.6 1.2 1.6
a Solid baffle 7480 | 7890 | 64.40 | 0.05
b 3 openings with a diameter of 6 cm 1.43 2.91 338 | 7.77
C 2 openings with a diameter of 6 cm 0.18 0.09 0.02 | 0.14

Table 3. presents the values of kinetic energy (m2/s?) at specific points in the separation
tank for the various baffle-hole arrangements. The use of a solid baffle will result in relatively
higher kinetic energies, which will fall off gradually, indicating higher velocities in the
incoming stream of fluid. The kinetic energies will fluctuate in value as the baffle has three
holes, indicating a fall in value along the length of the separation tank. The use of the two-
hole baffle will result in lower kinetic energies, indicating a higher fall in the value of the
fluid velocity, which will result in a calm fluid with higher droplet cohesion.
10
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4. CONCLUSIONS

The hydraulic performance of a rectangular oil-water separation unit was investigated with
three types of inlet baffles: a solid baffle, the perforated baffle with three holes, and the
perforated baffle with two holes. The aforesaid features were evaluated based on three
leading parameters, namely, streamwise velocity standard deviation, recirculation zone
ratio, and kinetic energy, which are the direct gauges of flow stability and separation
efficiency, respectively. The results of the study showed that the three-hole baffle was the
worst hydraulic condition, with each having significantly high velocity fluctuations, large
circulation regions, and fluctuating kinetic energy. The solid baffle had a predictably
intermediate efficiency to help reduce velocity variations in the local zones and, at the same
time, provide an extended, stable vortex within the separation zone and increase Kkinetic
energy. On the other hand, two-hole baffles provided optimal conditions, as they associated
a smaller velocity fluctuation with a circulation area far more strictly limited, as well as
kinetic energy. Finally, based on the performance analysis of these three baffle designs, it
can be concluded that the design with two openings has a better performance by obtaining
a more balanced distribution of the flow magnitude compared to the others and also
generating favorable hydraulic conditions for easier de-oiling.

NOMENCLATURE
Symbol Description Symbol Description
Vf Volume of a fraction Tyx, Tx, | Normal stress (x, z-direction) (N/m?)
p Fluid density (kg/m?) u Dynamics viscosity (Pa-s)
t Time (s) F Volume fraction function (VOF)
X, z Horizontal and Vertical coordinate (m) k Turbulent kinetic energy (m?/s?)
u,w Velocity in x, z-direction (m/s) Diff Diffusion term of k (m?/s®)
. . . Dissipation rate of turbulent kinetic
- 2
Ay, A, Area in x, z-direction (m?2) € energy (m?/s°)
P Pressure (Pa) Clgéiﬂ 2¢, Empirical constant
b Production of tl(lrrgg}igl)t kinetic energy Q discharge rate (m3/s)
Gy, G Body accelerations (m/s?) U mean velocity (m/s)
fx, fz Viscous acceleration (m/s?) SD standard deviation (m/s)
wsx,wsz [Momentum source tergm (x, z-direction KE Kinetic energy (mz2/s?
(N/m?)
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