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Abstract
Drag and lift forces are very important in engineering applications and, therefore, many research projects have been
conducted to control these forces. In this paper, the effects of an upstream porous plate on the hydrodynamic forces over
a square cylinder are investigated using lattice Boltzmann method. The main idea is to separate the obstacle from the upstream
flow by adding such a porous plate, since the magnitudes of the drag and lift forces have a direct relationship with the
phenomena of vortices shedding from the obstacle. In order to have a better insight into the problem, streamlines, vorticity
contours and lift and drag coefficients are presented for different case studies. Results proved that the porous plate can reduce
the drag and lift coefficients. Furthermore, increasing the height and the gap spacing (i.e., the surface-to-surface distance
between the porous plate and the obstacle) could significantly affect the flow field characteristics and the forces acting on the
obstacle.
c 2020 International Association for Mathematics and Computers in Simulation (IMACS). Published by Elsevier B.V. All rights
⃝
reserved.
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1. Introduction
It is an undeniable fact that boundary layer separation happens during the passage of viscous flow over an obstacle
due to the pressure gradient. This separation induces forces on the obstacle and leads to energy loss. Controlling
these forces is an important topic in different industrial applications since they can cause many damages to the
structure of the obstacles, e.g., in bridges and buildings. These forces are generated by the wakes regions and can
be controlled by the wake vortex dynamics [1]. One of the important approaches to control such forces is to use
the active methods, which affect the flow field by implementing an extra force or momentum, e.g., fluid injection
strategies [2]. The other promising solution, which has also been considered in the present work, is to use the passive
control techniques, where the flow field is manipulated by making special changes in the geometry of the problem,
e.g., by adding splitter plates, wavy surfaces and porous layer strategies that can reduce the drag forces [1,3].
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Some of the researches conducted on the passive control techniques are as follows. Bruneau et al. [1] studied the
effects of adding a porous layer between the solid obstacle and the main flow field. They found that the permeability
coefficient and the thickness of the porous layer have strong effects on the boundary layer characteristics and hence
on the flow field. The effects of adding a porous slice to some parts of an obstacle were considered by Bruneau
et al. [4] in order to find the optimum location of the porous layer to decrease the drag coefficient, which has a
direct relationship with the size of wake transverse. They found that the maximum reduction in the drag coefficient
was achieved by putting the porous slices on the upper front corner and roof. Yucel et al. [5] investigated the
hydrodynamic and heat transfer effects of adding a porous layer to the discrete heat sources, which were located
on the bottom of the channel wall. Their results showed that, in optimum cases, heat transfer was enhanced by
adding a porous layer with high thermal conductivity but the pressure drop was negligible due to the thin thickness
of the porous layer. Chatterjee et al. [6] conducted a numerical simulation of flow passing over a column of square
cylinders. Their results showed that the jets and the shed vortices can interact with each other so that at small vertical
gaps, clusters could be formed by wake merging and jets deviations. These effects, however, could be controlled
by the vertical distance between obstacles. Bao et al. [7] conducted research about the flow field around six inline
square cylinders. They reported that the distances between the obstacles had significant effects on the wake patterns
and, hence, on the flow characteristics. They also found that the spacing between the obstacles is the key factor for
the transition from symmetrical flow to asymmetric vortex shedding pattern affecting the forces on the obstacles.
Rashidi et al. [8] simulated the flow around a cylinder covered with a porous media. They reported that the wake
length was increased by the porous layer and the adverse pressure gradient was reduced by increasing the Darcy
number. The flow over a porous circular cylinder was studied by Zhu et al. [9]. Their results confirmed that the
porous cylinder had a lower critical Reynolds (Re) number of the recirculating wake than a solid cylinder since the
recirculating wake could be suppressed by the flow through the porous layer. Laminar flow around a heated cylinder
covered by a porous layer was investigated by Salimi et al. [10]. They demonstrated that the porous layer caused an
increment in the pressure drop but its trend was not changed with the Re number. They also found that the blockage
ratio had stronger effects than the porous layer. Vijaybabu et al. [11] studied the flow over a permeable obstacle
and reported that the vortex shedding strength was decreased by converting the solid obstacle to a permeable one
as flow could pass through the permeable obstacle. This reduction in the vortex shedding strength led to a decrease
in the drag coefficient. In order to control the vortex shedding, Xu et al. [2] investigated the off-body passive
method, in which, porous materials were added at the downstream of the obstacle. They found that this approach
could convert the turbulent flow pattern around the obstacle to the laminar pattern and, hence, had a direct effect
on the lift fluctuations and aerodynamic noise reduction. This method did not have a positive effect on the drag
coefficient. Sooraj et al. [12] carried out an experimental study on the fluid flow around three obstacles placed
side-by-side. Their results illustrated that the flow pattern was significantly affected by the Re number and the gap
spacing between the obstacles so that increments in the Re number and the gap ratio led to a reduction in the drag
coefficient. Ma et al. [13] studied the effects of a circular bar placed upstream and downstream of a square cylinder
on the aerodynamic forces using a lattice Boltzmann method (LBM). They found that the bar affects mainly the
drag force if placed upstream of the cylinder while it suppresses the lift fluctuations if placed downstream. The
other important parameter is the distance between the obstacle and the bar, which could significantly affect the flow
patterns. Ma et al. [14] performed LBM simulations to consider the effects of a circular bar and a splitter plate
placed respectively upstream and downstream of a square cylinder. The results showed that vortex shedding can
be suppressed by the splitter plate and that the amount of suppression is very sensitive to the distance between
the splitter plate and the cylinder. Besides, they found that the drag force is very sensitive to the distance between
the cylinder and the splitter plate because the bar could not act as a shelter for the square cylinder from the direct
interaction with approaching flow.
In the available literature there is a real scarcity for the drag reduction for the flow past a square cylinder using
an upstream porous plate and to the best of the authors’ knowledge, there is no reported work on this subject. In
the present paper, this new passive strategy and the associated parameters shall be presented. First, the flow over a
square cylinder with and without an attached porous layer in a channel is considered and validated against available
numerical results. Then, the effects of an upstream porous layer with different heights, locations, gap distances,
porosity values, as well as the effect of Re number on the drag and lift coefficient are investigated.
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Fig. 1. Schematic of the considered problem and nomenclature.

2. Problem statement
The main objectives of the present work are the simulation of laminar flow around a square cylinder and
investigation of the effects of an upstream flow controlling porous plate on the associated hydrodynamic forces.
The schematic of the problem and the associated nomenclature are illustrated in Fig. 1. The effects of horizontal
distance from the obstacle s/d, height h/d, vertical upward displacement with respect to the channel centerline
β/d and porosity ε of the porous plate placed upstream of a square obstacle in a channel and the Re number on
the flow pattern and hydrodynamic forces are investigated. Throughout the paper, the thickness of the porous plate
δ/d, and the Darcy number (Da) are kept fixed at 0.1 and 10−4 , respectively. The simulations are carried out using
LBM implemented into an in-house developed FORTRAN code.
3. Mathematical formulation
In the present work, the effects of an upstream flow controlling porous plate on the laminar flow over a square
cylinder placed on the centerline of a channel are investigated. The equations governing the flow field are the
continuity and momentum equations [15],
∇ · u⃗ = 0

(1)

( )
∂ u⃗
u⃗
1
+ (⃗
u · ∇)
= − ∇ (εp) + ν∇ 2 u⃗ + F⃗
∂t
ε
ρ

(2)

where ρ, u, p and ε represent the fluid density, velocity, pressure and porosity, respectively. The other important
term in these equations is the force F⃗ that represents the total body force due to the presence of a porous medium
and other external force fields and is calculated as follows,
ε Fε
εν
⃗
F⃗ = − u⃗ − √ |⃗
u | u⃗ + ε G
(3)
K
K
1.75
Fε = √
(4)
150ε 3
ε 3 d 2p
(5)
K =
150 (1 − ε)2
⃗ represent the geometric function, permeability of the porous medium, and body force induced
where Fε , K , and G
by an external force, respectively.
The LBM has been developed as an alternative and promising numerical technique for simulating various fluid
flows [16–18]. This mesoscopic method has been implemented successfully to study the fluid flow in porous
media [19,20]. The microscopic interactions can be modeled conveniently with this method due to its kinetic nature
and simple implementation of the no-slip boundary conditions [15].
In the present work, single-relaxation LBM is used to simulate the incompressible flow over a square obstacle
with an upstream porous plate in a channel. The main objective is to control the flow characteristics over the
obstacle via the upstream porous plate. In addition, among the different methods developed to simulate fluid flow
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in a porous media including the Forchheimer-extended Darcy model, the generalized model that considers all forces
in the momentum equations is used. The governing equations in the framework of LBM used in the present work
are as follows [15]:
eq

x , t)
f i (⃗
x , t) − f i (⃗
f i (⃗
x + e⃗i δt , t + δt ) − f i (⃗
x , t) = −
+ δt Fi
τ
[
]
e⃗i · u⃗ u⃗u⃗ : (⃗ei e⃗i − cs2 I )
eq
f i = wi ρ 1 + 2 +
cs
2εcs4

(6)
(7)

with the weight coefficients w0 = 4/9, w1−4 = 1/9, and w5−8 = 1/36 for the lattice model D2Q9. The velocity e⃗i
in this model is defined as,
⎧
i =0
(0, 0) ,
⎪
⎪
(
)
⎪
⎪
⎪
⎨c cos (i − 1) π , sin (i − 1) π ,
i = 1, 2, 3, 4
e⃗i =
(8)
2
2
⎪ (
)
⎪
⎪
(2i − 9) π
(2i − 9) π
⎪
⎪
⎩c cos
, sin
, i = 5, 6, 7, 8
4
4
where c = δx /δt with δx and δt being the lattice spatial step and time step, respectively. In addition, Fi in Eq. (6)
is defined as,
]
(
)[
1
u⃗ F⃗ : (⃗ei e⃗i − cs2 I )
e⃗i · F⃗
Fi = wi ρ 1 −
+
(9)
2τ
cs2
εcs4
eq
where f i , f i and F⃗ are distribution function, equilibrium distribution function, and external force, respectively.
The macroscopic parameters of the flow are obtained from the relations obtained from the Chapman–Enskog
expansion, and the hydrodynamic forces, i.e., the drag and lift coefficients, are calculated from the relations obtained
from the momentum-exchange method [21],

ρ=

8
∑

(10)

fi

i=0
8
∑

ρ u⃗ =

i=0

e⃗i f i +

δt ⃗
ρF
2

(11)

Eq. (11) is a nonlinear equation for the velocity u⃗ since F⃗ also contains the velocity u⃗. However, due to the
quadratic nature of this equation, the velocity u⃗ can be given explicitly by,
v⃗
√
(12)
u⃗ =
c0 + c02 + c1 |⃗
v|
where,
8
∑

δt ⃗
e⃗i f i + ερ G
2
i=0(
)
δt ν
c0 = 0.5 1 + ε
2 K
δt Fε
c1 = ε √
2 K
The drag and lift coefficients are calculated from the following relations,
Fx
Cd = 1
ρU 2 d
2
Fy
CL = 1
ρU 2 d
2
ρ v⃗ =

where, d is the square obstacle width.
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Fig. 2. Schematic of the reference works considered for model validation.
Table 1
Boundary conditions for velocity.
y=0
y=H
x =0 , 0 < y < H
x =L

u(x, 0) = 0
u(x, H) = 0
u(0, y) = U = 1
∂u(L, y)/∂ x = 0

v(x, 0) = 0
v(x, H) = 0
v(0, y) = 0
∂v(L, y)/∂ x = 0

The Reynolds number Re, and the Darcy number Da are defined as follows,
LU
ν
K
Da = 2
L
where L and U are the characteristic length and characteristic velocity, respectively.
Re =

(18)
(19)

4. Validation
Two problems are considered in this section that are associated with the laminar flow around a square cylinder
without a porous layer in a channel (Fig. 2A) and the laminar flow around a square cylinder with a porous layer in a
channel (Fig. 2B) and the results are compared with the corresponding numerical results reported in [22] and [23].
In both cases, Re = 100 and in the case with porous layer we considered ε = 0.4, Da = 10−4 and δ/d = 0.2. In
addition, the boundary conditions are given in Table 1. The flow is considered uniform at the inlet, and the no-slip
boundary conditions are imposed on all solid surfaces.
To simulate the porous medium (plate), a macroscopic approach has been employed in the present work. In this
approach, no boundary conditions are enforced on the boundaries of the particles constituting the porous medium.
The presence of the porous plate, instead, is realized through adding an extra term δt Fi to the governing equations
eq
(i.e., Eq. (6)) and inclusion of the porosity ε in the equilibrium distribution function ( f i in Eq. (7)). The extra
term in Eq. (6) is zero everywhere in the computational domain except within the porous medium.
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Table 2
Results of the grid independence test for the lift coefficient for the problem considered
in Fig. 2B.
Mesh size

Lift coefficient

Coarse-mesh (51 100 cells)
Medium-mesh (204 400 cells)
Fine-mesh (817 600 cells)

±0.395
±0.354
±0.352

Table 3
Comparisons between the present results and those available in the literature for the
problem with a porous layer (Fig. 2B).
Research

Lift coefficient

Drag coefficient

Present work
Rong et al. [22]

±0.354
±0.334

1.575–1.635
1.655–1.665

Table 4
Comparisons between the present results and those available in the literature for the
problem without porous layer (Fig. 2A).
Research

Lift coefficient

Drag coefficient

Present work
Rong et al. [22]
Chen et al. [23]

±0.315
±0.3476
±0.3355

1.495–1.535
1.425–1.363
1.371–1.389

Here, we also perform grid independence study to find the optimum number of grid size. For this purpose, three
different grid sizes are considered as given in Table 2. Choosing the grid size of 204 400 cells as the optimum grid
size, the results of the current work are validated by comparing them with the numerical results reported in [22]
and [23]. The results are given in Tables 3 and 4, indicating that the current computer code could predict the flow
over a square cylinder with and without a porous layer covering its surface in a channel (Fig. 2) with reasonable
accuracy.
5. Results and discussions
In this section, the results associated with the problem described in Section 2 (see Fig. 1) are presented in terms
of streamlines, vorticity contours, and the drag and lift coefficients. The effects of s/d, h/d, ε, β/d, and Re number
on the flow pattern and hydrodynamic forces are investigated. In all the cases, Da = 10−4 and δ/d = 0.1. The CPU
time is about 9 h using a computer with specifications of Intel Core i5-4200M @ 2.50 GHz and 6.00 GB RAM.
5.1. Effects of height and spacing of the porous plate on the flow characteristics
In this section, the hydrodynamic characteristics of the flow field (Re = 100) around the square obstacle with
an upstream porous plate (δ/d = 0.1, ε = 0.4 and Da = 10−4 ) in a channel are investigated and the effects of the
height and spacing of the porous plate while other parameters kept fixed are evaluated. In order to provide better
insight into the flow pattern inside the channel, streamlines are shown in Figs. 3 and 4. Here, with “base” we mean
the problem without the upstream porous plate.
As could be seen from these figures, the porous plate has significant effects on the flow pattern over the obstacle,
so that the slope of streamlines is changed before reaching the obstacle due to the presence of the permeable plate.
Furthermore, streamlines are not fully attached to the obstacle and there is a wake region (a stagnant recirculation
zone, i.e., vortex) behind the square obstacle. The location of this vortex is not symmetric that can have significant
effects on the forces acting on the obstacle. Besides, the separated streamlines reach each other again after the
vortex location behind the obstacle.
It is also observed from Fig. 3 that by increasing s/d from 1 to 2, the vortex moves towards the downstream.
With a further increment in the spacing from s/d = 2 to s/d = 4, the length of the wake region decreases and
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Fig. 3. Streamlines for the cases with different spacing between the porous plate and obstacle but for fixed β/d = 0, h/d = 1, ε = 0.4,
Re = 100, Da = 10−4 and δ/d = 0.1.

the vortex moves towards the bottom of the obstacle. In addition, Fig. 4 reveals that increasing the height of the
porous plate h/d from 0.6 to 0.8 causes a little increment in the length of the wake region. Further increment in
the height of plate from h/d = 0.8 to h/d = 1.2 leads to the reduction in the length of the wake region. Besides,
the vortex moves towards the bottom of the obstacle.
The location of compressed streamlines represents high-speed region (low-pressure region according to the
Bernoulli equation). It is observed in Figs. 3 and 4 that the streamlines accumulate on the bottom of the obstacle
in the base case (i.e., the case without a porous plate). In addition, in the cases with small ratios of s/d or h/d, the
location of the accumulated streamlines and hence the rotational direction of the vortices is the same as for the base
case. However, for higher ratios of s/d or h/d, they will change. It is concluded that the effects of porous plate on
the flow behavior become more appreciated for s/d and h/d ratios higher than some critical value. This may be
attributed to fact that the porous plate causes a disturbance in the flow by speeding it up (due to the pressure drop
caused by the presence of the plate). Such effect seems to change the local flow behavior and modify the direction
of rotation of the vortices, apparently clockwise for small ratios of s/d or h/d and counterclockwise for larger
ratios. It is worth mentioning that these features are only valid for the cases shown in Figs. 3 and 4. The overall
effects of s/d and h/d are dependent on each other and hence the behavior of the fluid flow is a function of both
of these ratios.
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Fig. 4. Streamlines for different height of the porous plate but for fixed β/d = 0, s/d = 2, ε = 0.4, Re = 100, Da = 10−4 and δ/d = 0.1.

The vorticity contours are illustrated in Figs. 5 and 6. It could be seen from these figures that adding a control
plate upstream of the obstacle leads to create two vortices after the control plate, which are shed from the top and
bottom of the plate. These vortices are stationary because as can be seen from Figs. 5 and 6, in all cases studied, the
structure of these two vortices does not change with time. In addition, these vortices are the same for a given plate’s
height, but they change if the plate’s height changes. Increasing the plate-obstacle distance increases the penetration
length of these two vortices towards the downstream. According to Figs. 5 and 6, there are also two small vortices
on the top and bottom of the obstacle in all studied cases which are not swept efficiently far downstream by the free
stream. Besides, flow separation from the edges of the obstacle occurs in all cases studied. This separation of the
flow is strongly affected by the spacing and height of the porous plate. Turning to the flow field after the obstacle,
there are distinct and clearly visible vortices in the flow field after the square cylinder while there is no significant
lateral spread for these vortices in the computational domain. Furthermore, adding the porous plate can affect the
vortex shedding pattern in comparison with the base case without a porous plate.
Regarding the number of vortices after the obstacle in Figs. 5 and 6, for a given distance downstream of the
obstacle, there are eight vortices behind the obstacle without the porous plate, but adding the porous plate decreases
the number of vortices to seven. A further change in the height of the plate can lead to a decrement in the number
of the vortices. For instance, the number of vortices decreases to 6 at h/d = 1.4 case, as seen in Fig. 5. Therefore,
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Fig. 5. Vorticity contours for different height of the porous plate at two different times but for fixed β/d = 0, s/d = 2, ε = 0.4, Re = 100,
Da = 10−4 and δ/d = 0.1.

increasing the height of the porous plate decrease the vortex shedding strength. Similar characteristics of the vorticity
contours are seen by changing the porous plate-obstacle distance (see Fig. 6).
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Fig. 6. Vorticity contours for different spacing between the porous plate and the obstacle at two different times but for fixed β/d = 0,
h/d = 1, ε = 0.4, Re = 100, Da = 10−4 and δ/d = 0.1.
Table 5
Drag and lift coefficients for different height of the porous plate (β/d = 0, s/d = 2,
ε = 0.4, Re = 100, Da = 10−4 and δ/d = 0.1).
h/d

Cd,max

Cd,min

Cd,average

CL

Base
0.6
0.8
1
1.2
1.4

1.535
0.883
0.755
0.715
0.679
0.645

1.495
0.854
0.781
0.685
0.638
0.603

1.515
0.868
0.768
0.7
0.658
0.624

±0.315
±0.165
±0.159
±0.153
±0.161
±0.157

Coefficients of the hydrodynamic forces, i.e., the drag and lift coefficients, for different values of the height and
spacing of the porous plate are illustrated in Tables 5 and 6, respectively. Results of these tables show that adding
the porous plate significantly decrease these coefficients281
as compared to the base case.
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Table 6
Drag and lift coefficients for different spacing of the porous plate (β/d = 0, h/d = 1,
ε = 0.4, Re = 100, Da = 10−4 and δ/d = 0.1).
s/d

Cd,max

Cd,min

Cd,average

CL

Base
1
2
3
4

1.535
0.827
0.715
0.692
0.699

1.495
0.805
0.685
0.655
0.663

1.515
0.816
0.7
0.6735
0.681

±0.315
±0.195
±0.153
±0.129
±0.120

Fig. 7. Temporal variations of the drag coefficient for different height of the porous plate (β/d = 0, s/d = 2, ε = 0.4, Re = 100, Da = 10−4
and δ/d = 0.1).

The results given in Tables 5 and 6 can be interpreted as follows. Table 5 illustrates that increasing the height of
the porous plate leads to the reduction in the lift coefficient. These reductions can be explained by the changes in the
flow pattern which affects the suction pressure. The maximum reduction in the lift coefficient is seen for the case
with h/d = 1.4 while the minimum reduction is reported for the case with h/d = 0.6. In addition, the maximum
reduction in the drag coefficient is achieved for the case with h/d = 1.4. Table 6 illustrates that increasing the
spacing between the plate and obstacle decreases the lift coefficient owing to the Bernoulli effect (i.e., lowering of
fluid pressure in regions where the flow velocity is increased). The highest and lowest amounts of reduction are
achieved in the cases with s/d = 4 and s/d = 1, respectively. Furthermore, there are no significant differences in
the reduction of lift coefficient between the case with s/d = 4 and s/d = 3. Therefore, it can be concluded from
Tables 5 and 6 that the maximum reduction in the drag and lift coefficients are achieved by increasing the height
of the porous plate and spacing between the plate and the obstacle, respectively.
In order to give a better insight into the effects of adding a porous plate, time-trace analysis of the drag coefficients
for the cases studied in Figs. 3 and 4 are illustrated in Figs. 7 and 8. As can be seen, these coefficients have transient
periodic nature and there is fluctuation in all the studied cases due to the vortex shedding behind the obstacle. The
height and spacing of the porous plate can affect the amplitude of the drag coefficient. Furthermore, the results
indicate that increasing the plate-obstacle distance leads to the reduction in the drag coefficient. The results of the
drag coefficient for different plate’s heights are depicted in Fig. 7 showing that the drag coefficient decreases with
the height of the plate due to the changes in the wake region. Besides, recirculating wake could be suppressed by
the flow through the porous layer as reported by Zhu et al. [9]. For these reasons, the maximum suppression of the
drag coefficient is seen in the case with h/d = 1.4. These results are in good agreement with those achieved by
Bao et al. [7] who studied the flow around an inline array of square cylinders.
In addition, it can be noted from Fig. 8 that the minimum drag coefficient is achieved for the case with s/d = 3,
while there are no significant differences between the drag coefficient in this case and the case with s/d = 4.
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Fig. 8. Temporal variations of the drag coefficient for different spacing between the porous plate and the obstacle (β/d = 0, h/d = 1,
ε = 0.4, Re = 100, Da = 10−4 and δ/d = 0.1).

Fig. 9. Vorticity contours for different values of porosity (β/d = 0, s/d = 2, h/d = 1, Re = 100, Da = 10−4 and δ/d = 0.1).

5.2. Effect of porosity of the porous plate on the flow field characteristics
Three different porosity ε values of 0.2, 0.4 and 0.6 are considered while the other parameters (i.e., Re, Da, h/d,
s/d and δ/d) are kept fixed. The porosity can affect the permeability of the porous media that has direct influence
on the flow field. The vorticity contours are presented in Fig. 9. As could be seen, the case with highest ε has the
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Fig. 10. Temporal variations of the drag coefficient for different values of porosity ε; (β/d = 0, s/d = 2, h/d = 1, Re = 100, Da = 10−4
and δ/d = 0.1).
Table 7
Drag and lift coefficients for different values of porosity ε; (β/d = 0, s/d = 2,
h/d = 1, Re = 100, Da = 10−4 and δ/d = 0.1).
ε

Cd,max

Cd,min

Cd,average

CL

Base
0.2
0.4
0.6

1.535
0.689
0.715
0.739

1.495
0.655
0.685
0.713

1.515
0.672
0.7
0.726

±0.315
±0.155
±0.153
±0.145

same number of vortices (8 vortices) as the base case (i.e., the case without porous plate) although the size and
shape of the vortices are quite different. In fact, according to the definition of the porosity, the effects of the porous
media are neglected as the porosity approaches unity (i.e., ε→1).
The drag and lift coefficients for different porosity values are presented in Fig. 10 and Table 7. It is observed that
increasing the porosity causes an increment in the drag coefficient. As it was mentioned for the vorticity contours,
increment in the ε leads to the reduction in the effects of the porous control plate. Therefore, the highest amount of
reduction in the drag coefficient is associated to the case with ε = 0.2 due to the highest effect of porous plate on
the flow field in this case. Furthermore, the lift coefficient is not affected too much by the change in the porosity
value. This finding is consistent with those achieved by Rong et al. [22], who reported that the effect of porosity
on the lift coefficient is very weak when Da ≤ 10−4 .
5.3. Effect of Re number on the flow characteristics
Three different values of Re number, i.e., 100, 150 and 200 are considered while the other parameters (i.e., ε,
β/d, Da, h/d, s/d and δ/d) are kept fixed. The Re number affects the flow pattern, as can be seen from the vorticity
contours presented in Fig. 11. This figure illustrates that varying the Re number changes the size, number, and shape
of the vortices. These characteristics could affect the hydrodynamic forces on the obstacle.
The drag and lift coefficients for different values of Re number are presented in Fig. 12 and Table 8. It is observed
that increasing the Re number causes an increment in the lift coefficient. Furthermore, although the amplitude of the
drag coefficient (the difference between the maximum and minimum values of the drag coefficient for each case)
increases with Re number, the average drag coefficient does not change significantly. These findings are consistent
with those reported by Rong et al. [22], who considered the effects of Re number on an obstacle covered by a
porous layer.
5.4. Effect of β on the flow field characteristics
In this section, the effects of vertical upward displacement of the porous plate center with respect to the channel
centerline β/d (see Fig. 1) on the flow pattern and on the hydrodynamic forces are investigated. Four different
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Fig. 11. Vorticity contours for different values of Re number (β/d = 0, ε = 0.4, s/d = 2, h/d = 1, Da = 10−4 and δ/d = 0.1).

Fig. 12. Temporal variations of the drag coefficient for different values of Re number (β/d = 0, ε = 0.4, s/d = 2, h/d = 1, Da = 10−4
and δ/d = 0.1).
Table 8
Drag and lift coefficients for different values of Re number (β/d = 0, ε = 0.4, s/d =
2, h/d = 1, Da = 10−4 and δ/d = 0.1).
Re

Cd,max

Cd,min

Cd,average

CL

100
150
200

0.715
0.72
0.711

0.685
0.672
0.671

0.7
0.696
0.691

±0.153
±0.257
±0.299

Table 9
Drag and lift coefficients for different values of β/d (Re = 100, ε = 0.4, s/d = 2,
h/d = 1, Da = 10−4 and δ/d = 0.1).
β/d

Cd,max

Cd,min

Cd,average

CL

Base
0
0.05
0.1
0.15

1.535
0.715
0.721
0.728
0.740

1.495
0.685
0.687
0.689
0.695

1.515
0.7
0.704
0.708
0.718

±0.315
±0.153
±0.147
±0.139
±0.129

distances β/d of 0, 0.05, 0.1 and 0.15 are considered. The vorticity contours are shown in Fig. 13. It is observed
that the flow pattern changes with change in β/d, which can affect the hydrodynamic forces. Fig. 14 and Table 9
show the hydrodynamic forces. It can be seen that the drag coefficient increases with an increment in β/d because
285

S. Hassanzadeh Saraei, A. Chamkha and A. Dadvand

Mathematics and Computers in Simulation 185 (2021) 272–288

Fig. 13. Vorticity contours for different values of β/d (Re = 100, ε = 0.4, s/d = 2, h/d = 1, Da = 10−4 and δ/d = 0.1).

Fig. 14. Time history of the drag coefficient for different values of β/d (Re = 100, ε = 0.4, s/d = 2, h/d = 1, Da = 10−4 and δ/d = 0.1).

the porous plate no longer shelters totally the square obstacle from direct interaction with approaching upstream
flow. However, the lift coefficient decreases by increasing β/d.
6. Conclusions
In this paper, a new passive strategy to control the drag and lift coefficient was proposed by adding an off-body
porous plate upstream of a square obstacle in a channel. Single-relaxation LBM is employed to simulate the problem.
The effects of different location, height, porosity of the porous plate, and Re number on the flow pattern as well as
on the hydrodynamic forces are studied. Results of this study could be summarized as follows:
• The height of the porous plate and the distance between the plate and the obstacle can change the flow pattern
over the obstacle, i.e., it affects the length of wake region, and the location and strength of the vortices formed
around the obstacle.
• There is nearly a similar flow pattern for all of the cases studied, i.e., there is a quasi-stationary vortex behind
the obstacle. Besides, the Karman vortex street is observed after the obstacle by rolling-up of the shear layer.
• The porous plate, regardless of its height and location, causes a significant reduction in the drag coefficient.
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• The average drag coefficient and the lift coefficient decrease by increasing the height of the porous plate
and the distance between the plate and obstacle. The maximum reduction in the drag and lift coefficients are
achieved in the cases with h/d = 1.4 and s/d = 4, respectively.
• The drag coefficient decreases as the porosity of the plate decreases from ε = 0.6 to ε = 0.2.
• The lift coefficient increases and the average drag coefficient decreases with the Re number.
• Vertical upward displacement of the porous plate with respect to the channel centerline reduces the lift
coefficient, while it increases the drag coefficient.
Nomenclature
Cd
CL
cs
Da
dp
d
F⃗
Fε
f i (x, t)
f eq
G
H
h
L
K
LB
LBM
p
s
u⃗
u
v
τ
ε
ν
ρ
δ
β

Drag coefficient
Lift coefficient
Speed of sound
Darcy number
Solid particle diameter
Width of the square obstacle
Total body force
Geometric function
Distribution function
Equilibrium distribution function
Body force induced by an external force
Channel width
Height of the porous plate
Length of the channel
Permeability coefficient
Lattice Boltzmann
Lattice Boltzmann method
Pressure
Spacing between the porous plate and the obstacle
Volume-averaged velocity
Velocity component in x direction
Velocity component in y direction
Dimensionless single relaxation time
Porosity
Kinematic viscosity
Fluid density
Thickness of the porous layer
Vertical upward displacement of the plate center with respect
to the channel centerline
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