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Controlling noise pollution is one of the most crucial parameters in various industries. The use of elastic plates
has a substantial impact on noise pollution control and associated factors, such as transmission loss. Additionally,
the transmission loss is affected by geometric variations. However, the effect of a rib and elastic plate on the
acoustic properties of a channel for a wide range of Reynolds numbers has not yet been investigated, although
their use could reduce noise pollution. This study thus investigates the acoustic and flow impacts of a rib and an
elastic plate. The control variables for fluid-structure-acoustic coupling numerical simulations are rib height, rib
angle, elastic plate length, elastic plate position, Reynolds number, and the Young module of the elastic plate.
The governing equations are discretized using the Galerkin method. The results indicate that the transmission
loss is 27% more at the elastic plate’s highest position. By decreasing the length of the elastic plate by 50%, the
mean transmission loss is reduced by 9%. The findings of this study can be utilized by mechanical and aerospace

engineers in the design of aircraft, automobiles, and cooling and heating systems, particularly fan coils.

Introduction

To solve fluid flows or thermos fluid flows problems, solid bound-
aries are considered rigid. Nevertheless, in practical problems, solid
boundaries are not rigid. The forces at the fluid-solid interface change
the shape of the solid. Solid deformation affects the velocity and tem-
perature fields. Hence, to obtain an accurate solution to these problems,
it is necessary to solve the fluid flow governing equations and the solid
body governing equations simultaneously. These problems are known as
fluid-solid problems. Solid-fluid interaction is a destructive phenome-
non in most engineering applications, and researchers have always
searched for ways to study and control this phenomenon, such as flow-
induced vibration (FIV) in mechanical systems. Different classifications
can be introduced from different perspectives for this phenomenon.
Vibrations induced by the output fluid in dams, the performance of fluid
measurement systems, the phenomenon of induced vibrations in the
aircraft wings, biological systems, marine systems, and the dynamic
behavior of ships and vessels are some of these phenomena. Turbulent
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thermo-flow equations in conjunction with fluid-solid interaction (FSI)
and acoustic transmission equations are applied to simulate the
mentioned phenomena. In another view, noise is one of the leading
causes of environmental pollution. Therefore, the noise generated by the
devices must be controlled. Noise reduction can be shown as a loss in
pressure inside the duct. The elastic plates and some structures like a
muffler are applied for reducing the noise and disturbance created by the
equipment.

FSI analysis has been performed in many studies. Chile and Zhang
[1] reviewed the studies that ignored heat transfer, internal stresses, and
plate thickness. Their work had been done experimentally. Accurate
numerical methods were used in this work too. The results of numerical
simulations were validated by that experimental work. Good agreement
was seen and more simulations were done numerically. Turk and Hiron
[2] considered solid boundary deformations in fluid flow. In their study,
a flexible plate was attached to a rigid cylinder. They considered the
flow two-dimensional and laminar and simulated it in three different
inlet velocities. Hill et al. [3] simulated the flow through an elastic plate
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attached to a rigid cylinder. They also plotted plate movement over
time. Their results showed that the Monolithic solvers were more ac-
curate than the segregated ones. Li and Yu [4] combined two numerical
schemes to study the flow around an elastic plate attached to a cylinder.
The cross-sections were circular and square. They investigated the drag
coefficient for different Young modulus. In addition, the simulations
were repeated for different cylinder diameters. They also stated that the
vibration frequency of the oscillating plane is different from the plane’s
natural frequency. The results showed that the vibration frequency is
different from the vortices’ frequency too. In addition, they showed that
the frequency of the oscillating plane does not depend on the sizes of the
grids. Fu et al. [5,6] proposed a new analytical method to solve the
Flexible plate problems. A numerical solution validated the accuracy of
their method. The numerical simulation was performed by software
employing a finite element scheme. Comparing the results of numerical
and analytical methods revealed that the proposed analytical method is
sufficiently accurate. In [7], Zhao and Fu contributed to the field of
shape-memory materials. The simulations were conducted by ABAQUS
software. Another study, namely an analytical study on microstructures
was summarized by Fang et al. [8]. They reviewed the fabrication
method in their work.

Tian et al. [9] numerically examined the flexible plate in two modes;
in the first one, the density ratio of solid to fluid was ten, and in the
second one, it was one. Nair et al. [10] numerically and experimentally
investigated the flow around an elastic plate attached to a rigid cylinder.
The Reynolds number of water flow in their study was equal to 30470.
Their study shows that the Young modulus’s size is very influential in
plate oscillations. Khanafer et al. [11] simulated a flexible plate attached
to a square-section cylinder in the channel with working fluid air. They
also examined the effect of plate elasticity, inlet velocity, and cylinder
size on the characteristics of thermos-fluid flow. They concluded that
increasing the input speed causes harmonic oscillations in the plate. In
addition, as the input speed increases, the vortices become more visible.
Shi et al. [12] numerically investigated the increase in heat transfer by
an oscillating plate in the airflow within a channel with elastic solid
boundaries. The boundaries had a constant temperature. Two-
dimensional flow is simulated numerically, and fluid in the inlet of the
channel was considered at two different temperatures. The results show
that heat transfer in this channel can increase up to 90%. The pressure
drop is obtained too and the results demonstrate that increases in
pressure drop are acceptable. Soti et al. [13] examined the effect of the
elastic plate on Newtonian fluid and incompressible laminar flow within
the channel. They simulated the flow in three cases; on the rigid cylin-
der, on the rigid plate attached to the rigid cylinder, and on the elastic
plate attached to the rigid cylinder. They also investigated the effect of
Reynolds number, Prandtl number, and material properties on fluid flow
parameters. The results show that the mean Nusselt number increases up
to twice by using an elastic plate connected to the rigid cylinder.
Yoshinaga et al. [14] performed a one-dimensional aeroacoustics flow
numerical simulation. The result shows that the fast variation in the flow
rate formed a vigorous source. Xiaoji et al. [15] proposed a novel scheme
to simulate turbulent flow restricted in elastic borders. Springer et al.
[16] studied the aero-acoustics and the vibrio-acoustic sound radiations
numerically. The turbulent flow inside an elastic solid channel is
simulated. Prajapati et al. [17] studied the fluid-structure acoustic
thermo-flows numerically. The flow was turbulent and direct numerical
simulation was used to analyze it.

Pitchaimani et al. [ 18] performed a simulation for a two-dimensional
flow inside a cavity with elastic solid boundaries. The influence of
different geometry and different physical properties on the flow char-
acteristics was elaborated. The results were compared with the out-
comes of the rigid boundaries. Significant differences were observed.
Torregrosa et al. [19] performed experimental and numerical analysis
on a fluid-structure-acoustic coupling problem. The results show that
numerical outputs validated by the experimental one are very good.
Considering the results of this paper and the fact that numerical methods
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are much less expensive compared to experimental methods, it can be
expected that more researchers will use numerical methods to analyze
complex fluid-structure-acoustic coupling problems. Lam et al. [20]
used the direct aeroacoustics simulation of a fluid-structure coupling
problem. The flow inside an elastic cavity with different boundary
conditions was simulated in this work. The simulations were performed
in low Mach numbers. Massimo et al. [21] performed an experimental
analysis using Laser Doppler Velocimetry for a three-dimensional fluid-
acoustic coupling problem. The flow was laminar and incompressible.
Borvornsareepirom and Rojanaratanangkule [22] simulated a two-
dimensional external flow over a plate at a high Mach number.
Compressible flow governing equations were solved according to the
Mach number. The Reynolds number was 1000 and the flow was
laminar. The influence of Mach and Reynolds numbers on the acoustic
noise was surveyed. Purohit et al. [23] simulated a two-dimensional
acoustic flow over a flexible plate numerically. The influence of geom-
etry on the fluid-structure-acoustic characteristics was surveyed. Simu-
lations were done for different velocities of fluid and the hardness of
solid. They detected that the significance frequency is marginally
different from the natural vibration frequency of the flexible boundaries.

As evidenced by the relevant literature, the effect of a rib and an
elastic plate on the acoustic characteristics of laminar and turbulent
flows has not yet been investigated. The present work is the first to
simulate the fluid-structure-acoustic interaction in a channel featuring a
rigid rib and an attached elastic plate. At laminar and turbulent regimes,
the influence of varied rib and elastic plate geometries is studied
numerically. In addition, the effects of various materials are examined.
These findings could be utilized by mechanical and aerospace engineers
in the design of aircraft, automobiles, and cooling and heating systems,
particularly fan coils. This research could reduce noise levels in air
conditioning systems and other factories. As a result, it will benefit
workers in a range of industries and reduce noise pollution in the
workplace.

Mathematical modeling

The fluid-solid interaction simulation is one of the most complex
problems in computational fluid dynamics. In these problems, the gov-
erning equations for fluid flow and the flexible solid body should be
solved at the same time. In this section, the governing equations are
presented. The continuity equations or conservation of mass in a fluid
flow is generally expressed as equation (1) [24].

Vy=0 (€D)]

In equation(1), v is the velocity vector. The momentum equations for
viscous and incompressible Newtonian fluids are expressed as equation
(2) [24].

pa = VT/A (2)

In equation (2),v is the velocity vector andz, is the stress tensor. Dis-
cretization of the equation becomes three equations in three directions
of coordinates. The stress tensor is expressed as follows:

T = —pl+t,1=p[Vy+ (V)] 3)

Where p is the viscosity of a fluid, p is the pressure, and I is the
identity tensor. Three sets of equations are required for a flexible solid
body. The first is the stress equilibrium equation [25]:

v.o + f = pa ()]

Where f is volumetric forces, a is the acceleration, and ¢ is the
Cauchy stress tensor. There are nine unknowns in these three equations.
The following equations are strain—displacement relations that represent
the deformations of the body in proportion to the displacement [25]:
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Where ¢ is the strain, and u; is the displacement in the x-direction.
For minor strains, partial derivative terms can be ignored. Another six
equations are required to solve the system of equations that relate the
mechanical properties of the model to stress and strain. The material
used in this paper is linear and isotropic elastic, so Equation (6) is as
follows [25]:

v
(&5 + 6j——=—€w) (6)

%i 1—2v

T i+
Where E is Young’s modulus, v is Poisson’s coefficient and 6 is the
Kronecker delta. The governing equations are solved numerically. Due
to the deformation and displacement of the joint fluid-solid boundary,
the grid deformation equations must also be solved. Fig. 1 shows the
flow simulation steps. The simulation continues until the convergence
criterion is reached.

The discretization of displacement and diffusion terms is performed
with a second-order accuracy scheme, and the turbulence model used in
this research is the standard k —e model. This method shows the transfer
of spectral energy better. Another advantage of this model is that the
dissipation term has no singular point, even if k reaches zero or becomes
negative. This model has been measured for various flows such as jet
streams, interference layers, intra-channel flows, boundary layers, ho-
mogeneous rotational shear flows, and separating flows. The standard
k —¢ turbulence model is a quasi-experimental model-based. The
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Table 1
Different parameters for simulations.
Model 1 2 3 4 5 6 7 8
Variable a/h  e/h  b/h c/h  f/h a EM Re
Pa)
Variations 5 0.2 0.8, 15 0.25, —45, 0.1, 100,
1.2, 0.5 0, 45 1, 4000
1.6 10

modeled transfer equation k is obtained from an explicit equation, while
the modeled transfer equation ¢ can only be justified by physical
reasoning and is therefore very similar to the explicit equation k. In the
development of the standard k —e model, it is assumed that the flow is
entirely turbulent, and the effects of molecular viscosity are ignored. The
transfer equation of the turbulent kinetic energy model k and the
depreciation rate € are two equations [26].

oK)  0(pKu) 0 u\ K

o o g \FTa) ag TGk TG et )
d(pe)  Olpew;) 0 u\ Oe € &

o % o p+ o) o +Cap (Gk + Ci3Gp) — Ceap X (®

In Equations (7) and (8), G is the kinetic energy of the turbulence K
under the influence of the mean velocity gradient, and G, is the kinetic
energy of the turbulence K under the buoyancy force. Y}, is the oscillating
expansion in the turbulence of the depreciation rate. C.;.C.».C.3 are
experimental constants. ok and o, are also chaotic Prandtl numbers. The
experimental constants and Prandtl numbers are as follows [26]:

Cii=1044C,;, =1092C,3 =0009k =16, =103 9

Where k = 2xf /c, is the wavelength and c, is the speed of sound. q is
the polarity term, which is equal to the acceleration per unit volume and
is assumed to be zero in this paper. With this expression, the solution in
the frequency range can be done parametrically. The transmission loss in
the channel can be calculated as follows [27]:

TL = 1010g(pin/Pous)

Where p;, and p,,, represent the power of incident wave coming to-
wards the control volume and the power of transmitted wave going
away from the control volume.

The transmission loss is the channel’s acoustic pressure input and
output. This loss is independent of the noise source and depends on the
channel structure. Noise generated by the system as a source of noise
pollution must be controlled. The governing equations, including con-
tinuity equations, momentum equations, and Helmholtz equations, were
presented in the acoustic analysis along with the boundary conditions of
the problem. The integral function of the transmission loss at the input
and output is used in the acoustic analysis of the flow inside the channel.
The elastic plate exhibits muffler-like behavior and can therefore help
reduce the noise created by the equipment. Noise reduction can be
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Fig. 2. Schematic of the channel, elastic plate, and rib.
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Fig. 3. A) Distribution of sound pressure density spectrum against frequency (validation is done with the works of springer et al. [28]) b) Channel with elastic plate

and rib with zoom-in grid.

shown as a drop in pressure inside the duct. The geometry of the
channel, along with the elastic plate and the rib, is shown in Fig. 2.
Simulations are done for different parameters which are shown in
Table 1.

In the Table 1, a is the distance between the inlet and rib, b is the
elastic plate length, c is the distance between the elastic plate and outlet,
h is the outlet height, e is the rib thickness, and f is the rib height. Alpha
(a) is the angle between the rib and the elastic plate. E is the elasticity
modulus, and the Re is the Reynolds number. The velocity in the x and y

direction is given in the inlet and the pressure in the outlet is known too.
These are hydraulics boundary conditions. In addition, no-slip condition
is considered in the walls. Changing each of the variables in Table 1
leads to different results that make it possible to discuss changes in flow
characteristics such as pressure, stress, velocity, and noise.

Results and discussion

Various numerical simulations are done and the results are reported
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and discussed in this part. Validation and grid independence should be
done in the first step. Hence, to verify the results of the present simu-
lation are compared with the results of Springer et al. [28]. They
simulated the turbulent flow inside a channel with a rib and an elastic
plate. The experimental and numerical simulations were done by
Springer et al [28]. The validation is done with numerical and experi-
mental results in Fig. 3a. The used grid is shown in Fig. 3b. An un-
structured triangle grid is used.

The computational time and stability are disrupted by increasing the
number of elements. Therefore, making selected grids finer does not
always increase the accuracy of the solution. The grid independence is

ressure

ity P

Veloci
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done to find and use the optimum grid. The grid independence is done in
this work and is shown in Fig. 4. As it is observed, changing the grid, the
horizontal velocity components inside the channel change, but this
change is minimal between grid numbers 4 and 5. In other words, the
results in the grid with 4800 cells have a negligible difference from the
results in the grid with 7550. Therefore, grid number 4 is chosen for
numerical simulations.

In this paper, the effect of the existence of an elastic plate after the rib
on the flow behavior inside the channel is investigated. The results are
displayed as velocity and pressure contours, and in addition, pressure,
velocity, and displacement diagrams are plotted in different figures.
First, the influence of the elastic plate’s location after the rib inside the
channel for different Reynolds numbers is surveyed. Fig. 5 shows the
velocity and pressure contours for different positions of the elastic plate
at Re = 4000. As shown in Fig. 5, areas of high pressure are located
upstream before the rib, whereas areas of low pressure are located
downstream after the rib and elastic plate. Behind the rib, vortices form
due to the boundary conditions. Moreover, by examining the velocity
profiles, it is evident that the velocity has increased as the area at the
location of the rib has decreased. According to the law of conservation of
mass for incompressible flows, a decrease in cross-section results in a
rise in average velocity. In addition, the velocity decreases when
approaching stationary walls and reaches zero on the walls due to the
non-slip condition law. The results of Fig. 5 therefore appear to be ac-
curate. At Reynolds numbers of 100 and 4000, simulations have been
performed. At Re = 100, the flow is considered as laminar. As the
Reynolds number increases above 2000 in the channel’s flows, distur-
bances within the flow form and develop. High Reynolds numbers result
in turbulent flow because the presence of ribs and elastic plates gener-
ates more flow disturbances.

Fig. 5. Velocity, and pressure contours for different positions of the elastic plate at Re = 4000.
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Fig. 6. A) Pressure variation on the elastic plate at different reynolds numbers b) displacement of the elastic plate in different positions and reynolds number.
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and the length of the elastic plate.

As seen in Fig. 5, the velocity contour shows the most significant
change on the elastic plate at the top position attached to the rib. The
pressure field is affected by the impact on the rib, and the most negli-
gible change is for the elastic plate attached to the channel floor. The rib
cause different vortices in the channel. The combination of rib and
elastic plate changes the position and power of the vortices. The least
effect on vortices happens when the elastic plate is in the bottom posi-
tion and the most effect on vortices happens when the elastic plate is at
the top position. When the elastic plate locates at the top position, the
pressure of space between the elastic plate and rib reduces and a weak
vortex is formed in this space. The flow pattern changes a lot in this
position, especially in high Reynolds numbers. Pressure distribution on
the elastic plate shows more detail of flow characteristics. Hence, the
pressure is obtained on the elastic plate in different Reynolds numbers
and different positions of the elastic plate and is shown in Fig. 6a.

As observed in Fig. 6a, pressure variation at low Reynolds numbers is
less than its variation at high Reynolds numbers. The velocity of the fluid
and its variation in the flow field is greater at high Reynolds numbers. As
a result, the pressure variation is higher too. The vortex is made by the

(a) (b) 25
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—=A— E=1076 Pa

—<&—— E=1077 Pa

25

P (Pa)

20

15
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1
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X{mm)

rib and covers the region above the elastic plate. Consequently, the
pressure and its variation are low when the elastic plate is in the bottom
position. However, when the elastic plate locates in a high position, the
elastic plate separates the high and low-pressure regions. Hence, the
pressure and its variation on the top part of the elastic plate are higher in
this position. The pressure variation chart has a maximum valve. The
maximum pressure happens near the first point of the elastic plate when
the elastic plate locates at a high position. This maximum pressure oc-
curs near the end of the elastic plate when the elastic plate locates at the
bottom part of the channel. When the elastic plate locates at the top
position, the low and high-pressure regions reach together at the end of
the elastic plate and as a result, the minimum pressure is on the end of
the elastic plate. When the elastic plate locates at the bottom part, the
vortex on it cause a low-pressure region, and the pressure on the plate is
low. The combination effect of rib and elastic plate makes a complex
flow and hence, the maximum pressure happens at different points ac-
cording to the different boundary conditions. The displacement of the
elastic plate in different positions and different Reynolds numbers is
shown in Fig. 6b.
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Fig. 8. A) Variation of the pressure on the elastic plate at different young’s modulus b) displacement of the elastic plate with different materials.
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Fig. 9. A) The von mises stress on the elastic plate due to flow in different types of plates b) transmission loss versus frequency at different positions of the

elastic plate.

Fig. 6b shows that the displacement of the elastic plate at the top
position attached to the rib at high Reynolds is greater than its value at
other positions and low Reynolds. When the elastic plate is at its highest,
the pressure distribution on its two sides is the most different. The
reason is the presence of vortices under the elastic plate. The existence of
vortices under the elastic plate creates a wide low-pressure region. The
large difference between the upper and lower pressure of the elastic
plate causes the forces to be downward. Because of this force, the elastic
plate bends downward and the internal forces of the plate create a new
statics state. Deformation of the elastic plate causes a slight change in
the flow characteristics. All the mentioned cases become weaker as the
elastic plate goes down, and the least changes are when the elastic plate
is in its lowest state. As the Reynolds number decreases, the velocity in
the channel decreases. Decreasing the velocity reduces the velocity and
pressure gradients and reduces the strength of the vortices. Therefore, by
reducing the Reynolds number, the displacement of the elastic plate
decreases.
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Fig. 7a illustrates the displacement Variation for the different lengths
and heights of the rib and the plate. Fig. 7a shows that the maximum
plate displacement occurs at high rib heights and plate lengths. As the
length of the separator increases, the elastic plate is placed at a higher
height. As a result, the pressure difference between the top and bottom
of the elastic plate increases, and the vertical displacement of the elastic
plate increases. The points closer to the support have less displacement.
In addition, with the increase in the length of the elastic plate, the
vertical displacement of the endpoint in the plate increases. When the
elastic plate bends, the velocity and pressure fields change a little. The
displacement variation for different angles and lengths is shown in
Fig. 7b. The reduction in length at any angle of the rib leads to a decrease
in the displacement of the elastic plate. The maximum displacement is
shown in the vertical position of the rib.

Pressure changes due to flow on the elastic plate by changing the
material of the plate with the maximum length are shown in Fig. 8a. The
pressure on the plate increases with increasing Young’s modulus. The
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Fig. 10. a) Transmission loss versus frequency at different geometry of the elastic plate b) Transmission loss versus frequency at different rib angles.
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material with a high Young’s modulus is more hardened than the ma-
terials with a low high Young’s modulus. As a result, the material with
high Young’s modulus resistance is more to deform. Consequently, the
elastic plate supports higher forces. In other words, the pressure gradient
becomes more in the elastic plate with a higher Young’s modulus.
Fig. 8b shows the displacement of the elastic plate at different Young’s
modulus. With the increase of Young’s modulus, the material that makes
up the elastic plate becomes harder. As a result, it is more resistant to
deformation. At a higher Young’s modulus, the elastic plate behaves like
a rigid plate, and therefore, its deformation becomes very small.

Fig. 9a shows the Von Mises stress on the elastic plate by changing its
characteristics. As the hardness of the elastic plate increases, the stress
inside it increases. The stress in the support has the highest value, and in
a downward trend, its value reaches zero at the free end of the elastic
plane. The change for stress along the length of the beam has a
decreasing trend, and the highest stress gradient is observed in the
support. Transmission loss can detect the amount of noise coming out of
the equipment. It determines the level of acoustic pressure in the input
and output of a device. The pressure drop and transmission loss depend
on the geometric structure of the device. The operating frequency range
of the device is also effective in the pressure drop and transmission loss.
Fig. 9b demonstrates the influence of the position of the elastic plate on
transmission loss. Transmission loss depends on frequency highly.

Mean transmission loss for a higher position of the elastic plate is
more as is observed in Fig. 9b. The mean transmission loss for the higher
position of the elastic plate is 2.65 and for the lower position of the
elastic plate is 2.09. Therefore, the transmission loss is 27% more in the
highest position of the elastic plate. The influence of the length of the rib
and elastic plate on transmission loss is shown in Fig. 10a for different
frequencies. Fig. 10 shows that shortening the elastic plate not only
changes the peak location of the graph but also reduces its number Mean
transmission loss for a long elastic plate is more than the short one. The
mean transmission loss for a long elastic plate is 2.65 and for a short
length of the elastic plate is 2.22. Then By reducing the length of the
elastic plate by 50%, the mean transmission loss decreases by 9%. The
effect of the angle of the elastic plate on transmission loss is shown in
Fig. 10b for different frequencies. The mean transmission loss for a =
—45 is 2.86, for a = 45 is 2.85, and @ = 0 is 2.65.

Conclusion

Using the fluid-structure-acoustic coupling method, a numerical
analysis of a fluid inside a channel with an elastic plate attached to the
rib has been performed in this paper. Fluid flow and characteristics
including pressure, velocity, and frequency have been investigated for
the existence of rib and elastic plates. The influence of different pa-
rameters such as plate length, plate position, rib angle, rib height, plate
material, and Reynolds number on flow characteristics have been
studied. The Galerkin method has been applied in a finite element
simulation framework. The mean transmission loss for the elastic plate’s
higher position was found to be 2.65, while the mean transmission loss
for the lower position was determined to be 2.09. These results indicate
that the transmission loss is 27% more at the elastic plate’s highest
position. By reducing the length of the elastic plate by 50%, the mean
transmission loss is decreased by 9%. Additionally, the mean trans-
mission loss is 2.86 for a = —45, 2.85 for a = 45, and 2.65 for « = 0.
The highest displacement of the elastic plate occurs when it is attached
to the top of the rib, and its displacement decreases when the position is
changed and the Reynolds number is decreased. Flow damping occurs at
higher induced frequencies when Young’s modulus of the plate is lower
and the plates appear more rigid. As the plate advances along its length,
the displacement and slope increase. Increasing the slope increases the
displacement faster. As the modulus of elasticity increases, the
displacement of the plate decreases and there is an almost linear rela-
tionship between displacement and elasticity modulus. So that when the
elasticity modulus increases tenfold, it decreases almost tenfold.
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