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Abstract

In this paper, the isogeometric analysis (IGA) is employed to develop an acous-
tic radiation model for a double plate-acoustic cavity coupling system, with a
focus on analyzing the sound transmission loss (STL). The functionally graded
(FG) plate exhibits a different material properties in-plane, and the power-law
rule is adopted as the governing principle for material mixing. To validate the
harmonic response and demonstrate the accuracy and convergence of the
isogeometric modeling, ANASYS is utilized to compare with numerical ex-
amples. A plane wave serves as the acoustic excitation, and the Rayleigh integral
is applied to discretize the radiated plate. The STL results are compared with
the literature, confirming the reliability of the coupling system. Finally, the in-
vestigation is conducted to study impact of cavity depth and power-law pa-
rameter on the STL.
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1. Introduction

Double-plate system is a commonly used sound insulation structure, which is
widely used in engineering and life. However, the coupling characteristics be-
tween the plates and the acoustic cavity of the double-plate system will affect the
sound insulation ability. Functionally graded materials (FGMs) are currently
highly popular and useful materials, as they possess exceptional heat resistance
and mechanical properties. With the widespread use of FGMs, FGMs will appear
in double-plate system. Therefore, studying the STL of the system with in-plane

FGMs has important engineering value for acoustic design and noise control of
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engineering and machinery.

Researchers have begun to study the double-plate system very early, and have
done a lot of research [1]-[4] on the system in theory and experiment. Based on
these literatures, it is not difficult to see that the research is basically focused on
homogeneous materials, and now under the industrial background of large-scale
application of composite materials, the acoustic radiation characteristics of ani-
sotropic composite such as FGMs have attracted the attention of researchers.
Chandra et al [5] studied the vibro-acoustic characteristics and STL of FG plates
using the first-order shear deformation theory and the power-law rule, and ob-
tained the effect of the volume fraction of the constituent material on the transmis-
sion efficiency. In addition, they [6] also proposed an improved model of the near-
field element radiator method to study the acoustic radiation and transmission
characteristics of FG plates. Three-dimensional elasticity theory was applied firstly
by Yang et al [7] to investigate the acoustic radiation of FG plates. In their next
study, they [8] supplemented the acoustic radiation study of FG plates in a thermal
environment, and conclusion showed that temperature has a significant effect on
the acoustic radiation characteristics. Isaac et al [9] studied the vibro-acoustic be-
havior of functionally graded lightweight square plate (FGLSP) under different
boundaries; through analysis and experiments, it was proved that FGLSP was better
than homogeneous materials. Fu et al [10] applied Reddy’s high-order shear de-
formation theory to study the radiation efficiency of laminated FG carbon nanotube
reinforced composite plates. The hyperbolic shear deformation theory (HSDT) was
presented by Talebitooti et al [11] to study the STL of FG plates. Based on the
FGMs acoustic window of the simplified sonar dome model, Li ef al [12] optimized
the STL of FGMs acoustic window through double Fourier transform and wave-
number spectrum analysis to suppress noise. The multi-layer plate (MLP) transfer
function method and the wavenumber-frequency spectrum of turbulent fluctuating
pressure were used by Zhou et al [13] to study the STL of multi-layer FGMs acous-
tic window excited by external turbulence. Drawing from the aforementioned lite-
ratures, the parameters of the FG plates can affect the STL of the system and adjust
the appropriate parameters that is great significance for noise control.

IGA can avoid the errors caused by the interaction between CAD and CAE. In
the collected literatures [14]-[18], IGA has good adaptability and accuracy to
FGMs and acoustic structure coupling system. As far as the author knows, the
research on the STL of the double plate-acoustic cavity coupling system with
in-plane FGMs is limited. Inspired by these, we use IGA to establish acoustic
radiation model to study the STL of the system. The accuracy and convergence
are verified using ANASYS and published literature. The influence of the pow-
er-law parameter and cavity depth on the STL is studied.

2. Theoretical Formulas
2.1. Acoustic Radiation Model

Figure 1 is a schematic diagram of the acoustic radiation model of the double
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plate-cavity coupling system with in-plane FGMs. The plane wave with tilt angle
@ and azimuth angle @ is incident on the upper plate. Some of the wave ra-
diated from the lower plate through the acoustic cavity or reflected from the up-
per plate. According to the model, the STL of the coupling system is studied. A

unit force Fis applied on the upper plate to obtain the response of the system.

Incident wave

Ly
|7 .
Y Y
L X Lx
(a)
Reflected wave Incident wave
¢l‘ It %% ]
?
z Acoustic cavity
X
IR /
=
\d

Radiated wave
(b)

Figure 1. Acoustic radiation model of double plate-cavity coupling system with in-plane
functionally graded materials. (a) The top view; (b) The side view.

The material of the FG plates is formed by mixing two materials according to
the volume fraction. The material properties of FGMs change smoothly from one
side to the other side. The uniform change of the two colors in Figure 1 can
represent the material properties and properties of the material in the in-plane

gradient change, and the material properties meet the following equations:

x )
vl "

Vv, =1-V, ()
E=EV, +EV,
P = PV + PV, (3)
M= Vo + eV

where k; is the power-law parameter; e and m are aluminum alloy and ceramic;

E, p and pu are Young’s modulus, density and Poisson’s ratio respectively.
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2.2. Isogeometric Analysis

IGA is a new numerical method based on splines function. The commonly used
spline functions are non-uniform rational B-splines basis function (NURBS basis
function), and two-dimensional and three-dimensional forms can express the

surface and volume:

@i N; , (E)M; 4 (1)

Ri,qu(én): P (4)
$80 N, (OM )
R(¢m)= ééRif’jq (&mB,; (5)
R (67.0) = mw‘.""kN“p(f)Mi'q(n)Lk"(g) (6)
Ejglgla)i,j,kNi‘p(é:)M ig (mL.. (&)
R(¢.7.¢) = E‘lééRi?ﬂr (Zjln!é’)Bi,j,k (7)

where p, g, rare the orders of basis function; 7 j, k are the total numbers of basis
function; @ are the weightsand B are the control points.
2.3. Description of the Coupling System

The IGA is used to describe the displacement field and sound pressure field of

the coupling system:

W, (&,m) =R(&,mu, =R U, (8)
W2(5777) = R(f:ﬂ)uz = RSUZ (9)
pf(f:ﬂ,é’):R(‘f,ﬂng)p:RfP (10)

where U, is the displacement vector of the incident plate, u, is the displace-
ment vector of the radiation plate; p is the sound pressure vector of the acous-
tic cavity.

On the coupling surface, the force and velocity are continuous, and the weak
formula of the governing equations of the double-plate coupling system can be
obtained by the variational method:
d*uy

atZ
T o’ug,
IQ2250 ng+jQsz55u52 -at—dQ +jr22pf (du,-n)dr=F,  (12)

2

J.Q,;lé'ojgdﬂ +| 250U -, p (Suy-n,)dr=F, (11)

2
0"Uy

1 .

J.Q?V5pf -fodQ+C—2J.th5pf pfdQ+Ir215pf {p, —n Jdl“
f

(13)

v,
_J.rgzgpf [pf at—gz'nf ]dr =F

Substituting Equations (8)-(10) into Equations (11)-(13) can obtain the coupl-

ing equation of the system:
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Ksl 0 _Cupl Msl 0 0 Ul Fsl
0 K, Cup2 —w? 0 M,, 0 U, =1F, (14)
0 0 Ky Ps CIpl —Ps CIpZ M P F

where sl is the incident plate, s2 is the radiated plate; K, M and C are the stift-
ness matrix, mass matrix and coupling matrix respectively, and F represents the

external excitation; p; isair density; @ isangular frequency.

2.4. Sound Transmission Loss

The STL as a crucial metric in the study of noise control, it can be expressed as a

ratio of incident power II, to radiated power II,:

I1.
STL =10log,,(—™) (15)

Hr
The acoustic excitation of the incident plate is the oblique plane wave with tilt
angle @ and azimuth angle &. The acoustic excitation as the plane wave can

be converted into pressure applied to the incident plate:

P(x,y,z) = 2P exp(jot — jkyzcosg— jk,xsingpcosd— jk,ysingsind) (16)

where P is the amplitude of the incident wave; K, is the wave number,
k,=w/lc,; c; isthesound velocity.

The incident sound power of the system is:
l *
IT;, = 5 ReJ.J.A P -Vvi dA (17)

where Re denotes the real part; p, is the sound pressure of the incident wave;
V.

. is the sound velocity of the incident wave; * is the complex conjugate.

Due to the using of plane wave and the medium is air, the formula will be

transformed into:

p/ cos¢- Lx-Ly

o =—— (18)
2pCq
The sound power of the radiated plate is:
1 *
I, :EReﬂA p, -V dA (19)

where p, isthe sound pressure; Vv, is the sound velocity of the radiated wave.

r

v, can be expressed by the displacement of the radiated plate:
Ve (X, ¥) = jo-w,(x,y) (20)

Based on Rayleigh integral, the radiated sound pressure and sound power can

be expressed as:

_ jkpaircair eijkr
pr(va)_T”‘svr(Xs’ys) r ds (21)
P Car 1K e
11, :%g Reﬂsﬂsvr(xs, yS)TVr(x, y)dsds (22)
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The radiated plate is discretized, and divided into M xM squares.

The area of each squareis S_:

M M c. k2 sin(kr. ) ,
=YYV M—(Sm)z Mv, (23)
mn=t " 2 271 kr., "
where v, denotes the vibration velocity of the center of each square; I, de-
notes the distance between the center points of each square.
MM * H
I =X%v, RV, =(v,)" Ry, (24)

m=In=1

where v, is the column vector of velocity; H denotes conjugate transpose; R

is a real symmetric matrix, and its elements obtained by Equation(25):

k2 (AS)ZpairCair Sin(krmn)

4 K m=n
T rmn
mn kZ(AS)Zp . (25)
air Yair m=n
4

3. Numerical Examples

This part verifies the accuracy and convergence of isogeometric modeling, based
on this, this article study effects of cavity depth and power-law parameter on the
STL of the coupling system.

3.1. Verification Analysis

The FG plates are composed of ceramic and aluminum alloy. The material proper-
ties of both are shown in Table 1. The medium in the acoustic cavity is air. The
physical parameters are as follows: sound velocity ¢, =344 m/s, density p, =
1.21 kg/m?. In particular, the boundary conditions of the two plates in this paper
are simple supports. In the acoustic cavity, except for the coupling surfaces, the

other four surfaces are rigid.

Table 1. Physical parameters of functionally graded material composition.

Young’s modulus Density Poisson’s ratio
Ceramic 201.04 GPa 8166 kg/m? 0.3262
Aluminum alloy 71 GPa 2720 kg/m? 0.33

To obtain a convergent result for the STL of the system, it is necessary to de-
termine the appropriate order of the basis function and the number of elements.
The order and the number of elements divided in each direction of the cavity
and the two plates are the same. Figure 2 is the STL at the order p = {3, 4, 5},
and the number of elements in each direction m = {5, 8, 10, 12}. After compari-
son, when the order is 4, the elements of each direction is 10, it is enough to
achieve the convergence condition.

The size of the two plates is LxxLyxt=0.8mx0.7mx0.005m; the size of
the acoustic cavity is LxxLyxh=0.8mx0.7mx0.16m, the power-law para-
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meter k.= 1. The tilt angle ¢ =7/4 and azimuth angle 0=7x/4.
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Figure 2. Sound transmission loss corresponding to different order of basis function and
element number. (a) p=3;(b) p=4; (c) p=5.

The reliability of isogeometric modeling need be verified, which will be veri-
fied by ANSYS. The unit force Fis applied at the incident plate (0.24, 0.14, 0.16).
The reference value of the decibel is the velocity 10~° m/s, the sound pressure 2 x

107° Pa.
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Figure 3. Response of the coupling system under point force excitation. (a) Velocity re-
sponse at (0.4, 0.14, 0.16) point on the incident plate; (b) Velocity response at (0.56, 0.49,
0) point on the radiated plate; (c) Sound pressure response at (0.24, 0.35, 0.12) point in
the acoustic cavity.

Figure 3 shows the velocity and the sound pressure responses of the system
after applying the unit force. It can be seen that both the velocity and the sound
pressure responses are basically consistent with ANSYS, indicating that the iso-

geometric modeling is accurate.
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Since the literature on the STL of the coupling systems is limited, FGMs de-
generate the power-law parameter k. = 0 and compare it with homogeneous
materials of related literature [1] to verify the accuracy. Except that the thickness
of the incident plate and the radiated plate is modified to 0.003 m and 0.004 m

respectively, other physical parameters remain unchanged.

Ref[1] .

L 1 L s | L
0 200 400 600 800

Frequency (Hz)

Figure 4. The STL of this current method is compared with literature [1].

Compared with the results solved by IGA in Figure 4, the STL curves are still
basically consistent, which verifies the reliability of modeling again.

3.2. Parameter Analysis

Next, the influence of key parameters is studied such as cavity depth and pow-
er-law parameter on the acoustic radiation of the double plate-cavity coupling
system with in-pane FGMs. The material used is the same as the previous sec-
tion, and the thickness of the plates is 0.005 m.

This part investigates the effect of cavity depth on the STL when the pow-
er-law parameter &, = 1. Figure 5 is the 3D plot of the STL with different cavity
thickness. At 0 - 200 Hz, the STL will increase with the increase of the cavity

depth; when it is greater than 200 Hz, the cavity depth increases monotonously

100.0
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

Figure 5. 3D plot of the STL with different cavity depths A.
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in the range of 0 - 0.2 m, and when it is greater than 0.2 m, it changes irregularly.

Figure 6 is the STL curves with cavity depth 4 = {0.10 m, 0.15 m, 0.20 m}.
Most obviously, as the cavity depth increases, the STL will also increase. In addi-
tion, at 200 - 800 Hz, the valleys in the curve are concentrated at the same fre-
quency, indicating that the cavity depth has little effect on the frequency. There
will be a certain offset at other frequencies, that is, when 0 - 200 Hz, the cavity

depth has a great effect on the frequency.

120
100 !
80

60 :-.

STL (dB)

40
20

0 200 400 600 800
Frequency (Hz)

Figure 6. The STL with cavity depths /4 = {0.05 m, 0.10 m, 0.15 m}.
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Figure 7. 3D plot of the STL with different power-law parameters &x.

Finally, the influence of power-law parameter on the STL is studied. Figure 7
is the 3D plot of the STL with different power-law parameters. The change of
STL is very regular. The STL increases with the increase of the power-law para-
meter, and the increase of &k, = 0 - 4 is larger than that of 4, = 4 - 10. This is be-
cause when the power-law parameter increases, the metal content in the FG
plates decreases, and when the power-law index is small, the material properties
of the FG plates are more affected.

Figure 8 is the STL curve with the power-law parameter & = {0, 1, 2} when
the cavity depth is 0.16m. As the power-law parameter increases, the STL of the
system also increases. In the frequency range of the study, the peaks and valleys

of the same order do not appear at the same frequency, and there is a certain de-
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gree of deviation, indicating that the power-law parameter has a great influence

on the natural frequency of the system.

120

100 -
80 1
60 !

STL (dB)

40
20

(]

0 200 400 600 800
Frequency (Hz)

Figure 8. The STL with power-law parameters & = {0, 1, 2}.

4. Conclusions

The acoustic radiation model of the double plate-cavity coupling system with
in-plane FGMs is established by IGA. The two-dimensional NURBS basis func-
tion and three-dimensional NURBS basis function are used to represent the plates
and acoustic cavity, respectively. The accuracy and convergence of this model is
verified by ANASYS and literature. On this basis, the influence of power-law pa-
rameter and cavity depth on the STL of the coupling system is studied, and the
following conclusions are obtained:

1) When the frequency is small, the STL will increase with the increase of the
cavity depth. However, at higher frequencies, the relationship between the cavity
depth and the STL becomes less regular.

2) As the power-law parameter increases, the STL also exhibits a correspond-
ing increase. In other words, a higher metal content results in a smaller STL,

whereas a higher ceramic content leads to a greater STL.
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