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Abstract: An investigation of compressible flow over two-dimensional obstacles is presented in this paper.
When shock waves are formed on surfaces due to compressibility and these shocks interfere with the boundary
layer, undesirable effects such as friction, separation, and flow instability occur. To weaken the shock and
reduce its effects, various methods have been employed in the past, including surface suction, surface blowing,
and vortex generators. Using numerical solutions, the present work attempts to reduce the negative effects of
the shock generated by the obstacle by creating porosity on its surface. Numerical methods such as the finite
volume method and the Navier-Stokes equations as well as the Spalart-Allmaras model are used. By creating
suction and blowing and increasing the cross-sectional area of the flow, porous surfaces reduce the effects of
shock. Achieving around 50% porosity on the obstacle weakened the shock and reduced the Mach number
after it, according to this paper's results. Also, the area under the skin friction diagram has decreased by about
38% as a result of less interference between the shock and the boundary layer and blowing caused by the porous
surface.

Keywords: compressible flow; numerical solution method; porous media; shock control; skin
friction

1. Introduction

Many years have passed since the first study of researchers on flow obstacles. The topic of flow
around these objects and the phenomenon of vortex shedding caused by it is of great importance due
to its practical applications in engineering. Some of the practical applications of these types of flows
include flow around buildings and tall structures, around mountains, aircraft wings, blood flow in
arteries, and many other cases. This type of flow often includes complex phenomena such as flow
separation, wake, shock, vortex flow, and vortex shedding. At very low Reynolds numbers, the flow
around these objects is completely attached to them and separation does not occur. With increasing
Reynolds number, the flow separates from their surface and a vortex is formed behind them. With
increasing Reynolds number, the size of the vortices also increases. With further increase in Reynolds
number, the vortices become oscillatory and in the resulting flow, the flow changes from steady to
unsteady. Flow over obstacles inside channels is of interest to many researchers in different fields of
engineering.

Fadda and Raad [1] conducted experimental and numerical studies of flow over triangular and
semi-circular obstacles in an open channel. They found that the downstream Reynolds number
increases with increasing obstacle height, while the upstream Reynolds number decreases linearly
with increasing obstacle height. Rosales et al. [2] investigated unsteady laminar flow over square
obstacles in a channel. They calculated the average Nusselt number and aerodynamic properties such
as drag coefficient, pressure coefficient, and Strouhal number. They found that the Nusselt and
Strouhal numbers decrease when the obstacle is close to the channel walls. Okajima et al. [3]
conducted experiments on incompressible laminar flow around a square cylinder in the center of a
channel for three different Reynolds numbers (150, 300, and 1500). Other relevant work includes
Marquillie and Ehrenstein [4] and Ehrenstein and Gallaire [5], which investigated the separation of
the boundary layer flow over an obstacle. This flow is subjected to many backflows.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Griffith et al. [6] investigated the effects of a blockage on the instability of flow and wake
behavior in a confined channel. They found that the separation and impact length and the three-
dimensional instability structure are observed from blockage 0.5 by changing the Reynolds number
from 25 to 3000 and the blockage rate from 0.05 to 0.9 of the channel. Mendonca and Sharif [7]
investigated the effects of surface roughness on the supersonic turbulent flow. They conducted
experimental studies of the flow passing over a semi-circular obstacle with different heights in a
channel and used different solvers such as k-e and k-w to investigate the shock phenomenon and skin
friction coefficient. Their results show that the skin friction coefficient increases with increasing
surface roughness and shock displacement. Wang et al. [8] studied the effects of combined jets on the
boundary layer separation point and vortex dynamics over a two-dimensional obstacle. They used
hydrogen bubble flow visualization and two-dimensional PIV techniques to detect the phenomena.
Their experiments showed the formation of a fully stretched and narrow separation bubble when the
laminar boundary layer separates from behind the obstacle and there is no control on the flow.
However, with combined jet control, the average time length of the separation bubble decreases with
the excitation frequency when the excitation frequencies are in the range close to the natural
frequency of vortex rolling up.

Lo and Kontis [9] conducted experimental studies to investigate shock waves generated by an
obstacle at Mach 1.3. They used oil flow and fluorescence to successfully detect and capture
instantaneous images of the shock. Their experimental data showed that the normal shock generated
is divided into a series of lambda shock wave structures by the obstacle. They also showed that the
flow pattern of the generated shock waves in the upstream of the obstacle is strongly dependent on
the location of the normal shock collision. In their study, an open channel with supersonic flow is
investigated. In this channel, a barrier is initially placed up to a height of 10% of the width of the
barrier, and it is tried to reveal the boundary layer separation, friction coefficient, and bubble
formation using numerical simulation using the Fluent software, and compare it with the case where
about 50% of the surface of the barrier is porous.

The wide and increasing application of porous surfaces in various fields of engineering,
including acoustic wave attenuation in porous materials [10], the use of porous medium rock masses
to strengthen building materials [11], the extensive use of the properties of porous surfaces in heat
transfer [12], and the wide range of applications in thermal insulation, energy storage units, heat
exchangers, oil tanks, and many other cases cannot be denied. A porous material is a material that
consists of a continuous network of voids and pores filled with air or other fluid. Many natural
materials such as soil or body tissues such as cartilage, bone, and muscle are examples of porous
materials. Voids and pores can be very large or very small. In general, voids and pores in a porous
medium have irregular shapes in size and distribution throughout the porous network. The original
idea for the passive control of shock and boundary layer interference using porous structures was
proposed by Bahi et al. [13]; this idea included a porous surface and a chamber below the location of
shock and boundary layer interference. With the formation of a shock, a large pressure difference is
created on the two sides of the shock [14]. This method is based on the fact that the static pressure
difference on the two sides of the shock will result in a flow inside the chamber from downstream of
the shock to upstream of it. These effects lead to a decrease in the shock angle and its weakening.

In general, fluid flow in a porous medium is a very complex phenomenon and cannot be
precisely defined as similar to internal fluid flows in pipes or channels. Fluid flow in pipes or
channels, due to the known path of flow and their length, can simply be expressed as a function of
pressure. While in porous media, often due to the ambiguity of the flow path, measuring the
properties of the flow is particularly complex. In porous media, Darcy's law is one of the fundamental
equations, and the principles of fluid movement in porous media are based on this law. The law and
in fact Darcy's formula includes coefficients of inertial (K2) and viscous (K1) resistance of the flow in
passing through the porous surface. In this formula, pressure changes and in fact pressure jumps in
passing through the porous surface are calculated using viscous and inertial terms, and the
simulation of flow passing through the porous surface is carried out.
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The aim of the study is the use of porous structures to reduce shock waves caused by the
compressibility of fluid flow and, in general, to reduce the effects of shock and boundary layer
interference. This has not been done before, and the study has the potential to lead to new and
innovative ways to control shock waves in a variety of applications, such as aircraft design, wind
turbines, and power plants. Specifically, the study found that creating porosity on the surface of an
obstacle can weaken the shock and reduce its effects. This is because the porous surface creates
suction and blowing, which increases the cross-sectional area of the flow and reduces the effects of
shock. The study also found that a porosity of around 50% is sufficient to weaken the shock and
reduce the Mach number after it. Additionally, the study found that the area under the skin friction
diagram is reduced by about 38% as a result of less interference between the shock and the boundary
layer and blowing caused by the porous surface. Overall, the study provides new and valuable
insights into the use of porous structures to control shock waves. The findings of the study have the
potential to lead to new and innovative ways to design and operate a variety of engineering systems.

2. Geometry and Problem Formulation

The basic geometry of the problem consists of a flat plate with a two-dimensional cylinder that
is homogeneously stretched in the depth direction. To validate the study, we first implement the
geometric conditions governing the reference problem [15] and then implement the desired geometry
in the problem. Newtonian fluid flow with zero pressure gradient is considered, the flow is
compressible and its direction is from left to right as shown in Figure 1. The schematic and boundary
conditions for the base state calculation are given in Figure 1. The computational domain dimensions
are x € [-1, 4] x y € [0, 1.5] in millimeters. The dimensions of the circular arc of the protrusion are
length L and height H in meters, which are measured using the dimensionless parameters of the
obstacle length, temperature, velocity, density, and dynamic viscosity and with respect to the
freestream value. The x-axis is in the flow direction, the y-axis is the normal to the wall, and the z-
axis is in the depth direction. The computational domain is divided into two regions: region 1 and
region 2 (according to Figure 1). Non-viscous velocity and adiabatic temperature boundary
conditions are considered in region 1, while viscous velocity and adiabatic temperature boundary
conditions are considered in region 2. The freestream boundary condition is considered at the top
and outer boundary. The figure shows the computational domain and boundary conditions for the
problem.

The inlet boundary condition is Dirichlet, which means that the velocity at the inlet is specified.
The top and right walls are freestream boundaries, which means that the flow conditions are the same
as the freestream flow. The bottom wall in region 1 is adiabatic and no-slip, which means that the
temperature is constant and the flow is not allowed to slip at the wall. The bottom wall in region 2 is
adiabatic and slip, which means that the temperature is constant and the flow is allowed to slip at the
wall [16,17].

The porous medium is located in the normalized interval between 0.25 and 0.75 of the unit width
of the obstacle. The depth of the porous medium is from 0.3 to 0.4 of the local thickness of the obstacle.
The porosity is 50% with fine particles with a diameter of 0.012 millimeters.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2023 d0i:10.20944/preprints202310.1889.v1

|
= - ,rhbu.mp
Lbump

Figure 1. Solution domain and boundary conditions: Inlet Dirichlet (left wall), Freestream (top and
right walls), Adiabatic and no-slip wall (bottom wall in region 1) and Adiabatic and slip wall (bottom
wall in region 2) [Pérez et al., 2015].

3. Governing Equations

As previously explained, the numerical simulation of the channel and porous medium will be
performed using computational fluid dynamics. Therefore, the governing equations for the problem
in the case of compressible flow will be as follows.

The governing equations for compressible flow are the Navier-Stokes equations, which are a set
of partial differential equations that describe the motion of a fluid. These equations can be written in
a variety of forms, but the following form is commonly used [18-20]:
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In the equations above:

e  uis the three-dimensional velocity vector,

e pisthe pressure,

e  Tis the temperature, and

e 0 is the viscous stress tensor of the Newtonian fluid.

Here, 1; and u; are the mean and fluctuating velocities in the x-direction. The fluid density is p
and the dynamic pressure is P.

The dimensionless parameters used are the Reynolds number and the Mach number, which are
defined as follows:
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4. Validation

To validate the numerical modeling of flow through a channel with the desired geometry,
experimental results were used. Pérez et al. used the open-source software OpenFOAM and the Roe-
CentralFoam module to solve the two-dimensional compressible Navier-Stokes equations in this
numerical work. This module is a density-based compressible solver and uses an unstructured grid
with a finite volume method. A total of 221015 cells were used to solve the flow. The flow was steady
with a Reynolds number of 1,380 and a Mach number of 0.675 at the inlet, p,, = 1.2 kg /m3, Uy, =
229.5m, and p, =2 X 10‘4%‘9. Figure 2 (a) shows the skin friction coefficient. The skin friction
coefficient is highest on the obstacle and lowest near the obstacle (obstacle domain). To some extent,
the skin friction coefficient at the inlet and outlet of the channel is similar. Figure 2 (b) shows the
velocity in the flow direction. With increasing channel length, the velocity increases in the vicinity of
the obstacle. It is also important to note that there is a reverse flow near the obstacle with a negative
flow velocity in this region. The simulation results show acceptable agreement with the work done
by Pérez, which confirms the validity of the numerical modeling. With confidence in the accuracy of
the numerical solution method, we proceed to the numerical study of shock wave and boundary layer
interaction control using surface porosity.
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Figure 2. Velocity and skin friction coefficient immediately downstream of the obstacle.

5. Porous Media to Control Shock and Skin Friction

The geometry used to study the effects of porosity and skin friction is the same as that used in
the experimental results, except that there is a depth of 30 to 40 percent of the obstacle's local thickness
created as porosity on the obstacle from 25 to 75 percent of its length and to a depth of 25 to 75 percent
of its length (Figure 3). Approximately 50% of the porosity is comprised of small particles with a
diameter of 0.12, non-dimensionalized with the length of the obstacle. It is based on the results of that
a two-dimensional porous medium is simulated. In an article, Nakayama et al. [21] proposed
equation (7) to calculate the equivalent diameter of different porous media structures.

’32](
deqg = < ! (€)

In this equation, ki is the viscosity coefficient in the flow through the porous medium and ¢ is
the equivalent structure coefficient of the porous medium. The overall fluid properties are exactly the
same as in the uncontrolled state, and 221,015 cells are used for unstructured gridding, which is
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clearly shown in the porous region of the grid in Figure 3. To ensure the accuracy of the gridding, a
grid independence test is used in such a way that 5 types of gridding with different cells are created
and finally the best type of gridding is selected.

Figure 3. Creation of porosity on the obstacle and its grid structure.

Figure 4 shows the velocity profile along the flow where the flow immediately passes the
obstacle in two cases: with flow control and without flow control. As is clearly visible, with flow
control, the velocity in the upstream flow decreases. The greatest difference is in the middle of the
channel, which will cause the shock to be less severe and delayed. Flow control is a method of
modifying the flow of a fluid in order to improve its performance or characteristics. In this case, flow
control is used to reduce the velocity of the upstream flow. This can be done by using a baffle, a
screen, or other device to obstruct the flow.

The reduction in upstream velocity has two main effects. First, it reduces the amount of energy
that is available to create the shock. Second, it delays the formation of the shock. This is because the
shock wave is generated when the upstream flow is forced to change direction. By reducing the
upstream velocity, the flow is less likely to change direction abruptly, which reduces the severity of
the shock. The results shown in Figure 4 are consistent with these expectations. The velocity profile
with flow control shows a clear reduction in velocity in the upstream flow. The greatest difference is
in the middle of the channel, which is where the shock wave is most likely to form. The results of this
study show that flow control can be an effective way to reduce the severity and delay the formation
of shock waves. This can be beneficial in a variety of applications, such as reducing noise pollution
and improving the efficiency of turbines [22-24].
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Figure 4. the velocity profile along the flow immediately downstream of the obstacle.

Mach number contours in two controlled and uncontrolled cases by a porous medium in the
two-dimensional plane of passing through the obstacle are shown in Figure 6. As shown in Figure 5,
the start of the shock in both cases occurred on the obstacle. The main difference that can be seen in
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both cases is the reduction in the length of the shock in the controlled flow state with porosity, which
is less and delayed compared to the uncontrolled state.

Velocity contours along the flow in the two controlled and uncontrolled cases with porosity are
shown in Figure 6. According to Figure 6, it is quite clear that the shock generated is much weaker
than the uncontrolled state and the Mach number after the shock has also decreased (Figure 5). The
boundary layer after the shock has also thickened, due to the suction before the shock and the blowing
after it due to the presence of porosity. The blowing of the flow from the porous surface has caused
the boundary layer after the shock to grow more and the size of the bubble formed has become larger
than the uncontrolled state. The results shown in Figure 6 are consistent with the expectations of the
study. The reduction in the length of the shock wave in the controlled flow state with porosity is due
to the reduction in the upstream velocity caused by the porous medium. This reduction in velocity
makes it less likely that the flow will change direction abruptly, which reduces the severity of the
shock wave.

The thickening of the boundary layer after the shock is also due to the presence of the porous
medium. The porous medium creates a suction effect before the shock wave, which draws the fluid
towards the surface. This suction effect helps to thicken the boundary layer. The blowing of the flow
from the porous surface after the shock wave also helps to thicken the boundary layer. The blowing
effect helps to mix the fluid in the boundary layer with the fluid in the freestream. This mixing helps
to reduce the velocity gradient in the boundary layer, which also helps to thicken it.

a1 (RIS

Figure 5. Mach number contours in the two-dimensional plane passing through the center of the
obstacle in the uncontrolled flow state (a) and the controlled flow state (b).
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Figure 6. Velocity contours along the flow in the two-dimensional plane passing through the center
of the obstacle in the uncontrolled flow state (a) and the controlled flow state (b).

Figure 7 shows a graph of the friction coefficient in two uncontrolled and controlled states by a
porous medium. According to Figure 7, the skin friction coefficient has decreased significantly and
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the area under the graph has decreased by about 38%. The main reason for this is the reduction of the
effects of shock interference with the boundary layer and the blowing created by the porous surface
after the shock. The friction coefficient is a measure of the resistance of a fluid to flow over a surface.
A lower friction coefficient indicates that the fluid flows more smoothly over the surface.

In the uncontrolled flow state, the friction coefficient is high. This is because the shock wave
causes the boundary layer to thicken and become more turbulent. The thickening of the boundary
layer increases the friction coefficient. In the controlled flow state, the friction coefficient is lower.
This is because the porous medium reduces the severity of the shock wave. The reduction in the
severity of the shock wave reduces the thickening of the boundary layer, which in turn reduces the
friction coefficient. The blowing effect of the porous surface after the shock also helps to reduce the
friction coefficient. The blowing effect helps to mix the fluid in the boundary layer with the fluid in
the freestream. This mixing helps to reduce the velocity gradient in the boundary layer, which also
helps to reduce the friction coefficient.

—— Controlled mode
500 «  Without control

Skin Friction Coefficient

0 05 1 15 2 25 3 35 4 45 5
1000x (m)

Figure 7. Skin friction coefficient in the controlled flow state and the uncontrolled flow state.

6. Conclusion

An open channel with a compressible fluid in it was studied in this study in order to develop a humerical
model to simulate the behavior of an obstacle. The porosity of a portion of the obstacle surface was created, and
the effects of the porosity on the shock wave, and the interaction between the shock wave and the boundary
layer of the obstacle surface, were investigated as a result of the porosity. A significant weakening of the shock
wave can be observed after the shock, while a decrease in the Mach number can be observed after the shock.
Due to the reduction of the effects of shock waves and boundary layer interaction, the friction coefficient of the
skin is also reduced by about 38%. After the shock, the porous surface may cause the skin to create a blowing
effect, which contributes to the reduction in skin friction. Consequently, the boundary layer is thickened after
an obstacle compared to when there is no porosity present, and the size of the bubble that forms behind the
obstacle is also increased as a result of this blowing effect. Finally, it may be possible to reduce the severity
and delay the formation of shock waves by using a porous medium, as well as to reduce the
coefficient of friction between the skin and the medium. Various applications can benefit from this,
including the reduction of noise pollution and the improvement of turbine efficiency.
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