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Abstract. In this investigation, by an analytical approach, the influence of several key
parameters, especially the temperature on the sound isolation capacity of the symmetri-
cally finite orthotropic laminated composite plate is studied. The plate is modeled with
classic thin-plate theory and is assumed to be simply supported on all four sides. The
incident acoustic pressure is modeled as a harmonic plane wave impinging on the plate at
an arbitrary angle. The sound transmission loss is calculated from the ratio of incident to
transmitted acoustic powers.

Keywords: vibroacoustic behavior, simply supported laminated composite plate, sound
transmission loss, thermal loads.

1. INTRODUCTION

Composite sandwich structures are extensively applied in automotive, marine, and
aircraft because of superior stiffness-to-weight ratios. These structures are invariably
exposed to the thermal and noise environment in their service life, especially as a com-
ponent of the hypersonic aircraft

The problem of vibro-acoustic behavior through laminated composite plate struc-
tures has received a lot of attention from scientists. In the work of Koval [1], the plate
elements and the acoustic element are coupled together to determine the vibrational
characteristics of the composite plat; some numerical results are compared with experi-
mental results conducted at NASA’s Langley Research Center. Used transmission matrix
method and based on 2D and 3D models, Lin et al. [2] and Kuo et al. [3] studied the sound
transmission loss through an infinite orthotropic composite laminated plates at different
frequencies. Lu and Xin [4] studied the vibro-acoustic behavior of structures of the form:
metallic panels or metallic panels with reinforcement ribbed, metallic double panels with
air cavity, and sandwich panels consisting of the skin is metallic with a core of porous
elastic is excited by harmonic sound waves in an air or liquid medium, both theoretically
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and experimentally. Thinh and Thanh in [5] investigated the vibroacoustic of a clamped
finite orthotropic laminated double composite plate with a closed air cavity. Using the
method of modal decomposition, a double Fourier series solution is obtained to charac-
terize the vibroacoustic performance of the structure. The sound transmission loss (STL)
is calculated from the ratio of incident to transmitted acoustic powers. The accuracy of
the solution is shown by comparing the STL values obtained from this presented model
with the experimental and theoretical results available in the literature

The development of the modern science and technology, structural dynamic char-
acteristics in thermal environment exert a tremendous fascination on quite a few folks.
However, few researches have been done on the STL of composite and sandwich struc-
tures in thermal environments. Trinh et al. [6] addressed an analytical method for vibra-
tion and buckling behaviours of Functionally Graded beams under mechanical and ther-
mal loads. Akavci [7] presented a new hyperbolic shear and normal deformation plate
theory to study the static, free vibration and buckling analysis of the simply supported
functionally graded sandwich plates on elastic foundation. Mantari et al. [8] assessed dis-
placement field of the sandwich plate by performing several computations of the plate
governing equations. Mantari and Granados [9] addressed a thermoelastic bending anal-
ysis of functionally graded sandwich plates by using a new quasi-3D hybrid type higher
order shear deformation theory. Liu and Li [10,11] applied mode superposition method
to investigate the vibration and acoustic response of a rectangular isotropic sandwich
plate in thermal environment. Yuan et al. [12] presented a thermal post-buckling solution
for sandwich panels with truss cores under simply supported condition in thermal envi-
ronment. Recently, Li et al. [13, 14] presented a piecewise shear deformation theory for
sandwich panels and investigated the vibration and acoustic responses of the sandwich
panels exerted on a concentrated harmonic force in a high temperature environment

This study is carried out on vibroacoustic response of a finite orthotropic laminated
composite rectangular plate under a sound wave excitation in thermal environments
by analytical method. The plate is assumed to be simply supported on all four sides
mounted on an infinite acoustic rigid baffle. The sound transmission loss is calculated
from the ratio of incident to transmitted acoustic powers. Different influences: the tem-
perature, the material anisotropy, the plate thickness, the lamination scheme on STL of
plate are evaluated.

2. THEORETICAL FORMULATION

2.1. Plate geometry and assumption

Consider a finite orthotropic laminated composite plate is assumed to be rectangular
and simply supported along its boundaries in an infinite large acoustic rigid baffle. The
plate (Fig. 1) has length a along x-direction, width b along y-direction and thickness h
along z-direction, with 1 << a and h << b assume thicknesses, h. The plate partition
divides the spatial space into two fields, i.e., sound incidence field (z < 0) and sound
radiating field (z > h).

A plane sound wave varying harmonically in time is oblique (with the incident an-
gle,  and azimuth angle, 0), Fig. 1(b). The incident sound wave excites the plate causing
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Fig. 1. Schematic of sound transmission through a simply supported composite plate: (a) overall
view; (b) view from the direction of arrow in (a)

the plate to vibrate and divides space into three regions: the incident domain, the re-
flected domain, and the transmitted domain

2.2. Composite laminate plate dynamics

The dynamical displacement of an orthotropic symmetric laminated composite plate
in the air on both sides and subjected to uniform, plane sound wave varying harmoni-

cally can be described by [5]
o*w (x,y;t) L0%w (x,y;t)

ar?

o*w (x,y;t o*w (x,y;t
Dny +2 (D12 + 2Des) I (x,yi) + D2 E()y4y ) +m

x2dy?
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(1)
(x, , . .
o TN a2 = jwpo [P1 (x,y,z;t) — a2 (x,y,2;1)],

where D;; (ij = 11,12,66,22) is the flexural rigidity, m™ is the surface density of the plate,
po is the air density, w is the angular frequency of the incident sound and ®; (i = 1,2)
are the velocity potentials for the incidence field and the transmistted field, respectively.
N; (i = 1,2) are constants determined by

N %
N; = Z / [Ql’]‘]kﬂc]'ATdZ, (i,j = 1,2), (2)
k=1,

where &; (j = 1,2) are coefficients of thermal expansion in longitudinal and transverse
direction; AT is temperature difference (is assumed to be constant in this study).
The flexural rigidity of laminated composite plate is determined by

Ly ok (3 3
Dij =3 Y Qi (z1 — Z3), ©)
k=1
where the reduced stiffnesses of the k" layer are defined as
Eq vioEp E; Vio _ Un
= T . = 3T = T - G = 4
Qu = 1— — Q2= 1— —— Qu = 1— —— Qo6 = G12 E T (4)

and Ey, Ep, G1a, 117 are the k" layer elastic constants.
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The displacement of the composite plate induced by the incident sound can be ex-
pressed as

w(x,y;t) = woe (ke thyy—et), (5)
The acoustic velocity potential in the incidence field (Fig. 1) is defined as [5]
@, (x, v,%; t) _ Imne—j(kxx+kyy+kzz—wt) + ﬁmne—j(kxx—&-kyy—kzz—wt), (6)

where [ and B are the amplitudes of the incident (positive-going) and the reflected
(negative-going) waves, respectively.
Similarly, the velocity potential in the transmitting waves, given as [5]

(DZ (x/ y/ Z; t) — emne—j(kxx-i-kyy-&-kzz—wt)/ (7)

where ¢ is the amplitude of the radiating (positive-going) wave.
These wave numbers are determined by the elevation angle, ¢ and azimuth angle, 6
of the incident sound wave as

ky =kosingcos®, k,=kosingsin, k, = kocos ¢, (8)

where kg = w/ ¢ is the acoustic wave number in air and cy is the acoustic speed in the air.
With the plate fully simply supported, the boundary conditions can be expressed as

o*w

Atx=00; Y0<y<b w=0, 35=0, 9)
o*w
Aty=0,b; YO<x<a w=0, a—yZ:O. (10)

At the air-plate interface the normal velocity is continuous, yielding the correspond-
ing velocity compatibility condition equations

0P, 0P, .
— =TT = 11
Atz =0, = 5, = jww, (11)
B ob; 0Dy .
Atz =nh, 5 T 9. jww. (12)

Under the excitation of harmonic sound waves, the transverse deflection of the com-
posite plates can be expressed in a form of modal decomposition

w(x,y;t) = Z Pmn (X,Y) Gun (1), (13)

m,n=1

where the modal function, ¢,,, and modal coefficient, g, for simply supported plate are
given by

@ (X,y) = sin m:x sin %, Gon (t) = e (14)

Similarly, the acoustical velocity potentials of Egs. (6) and (7) are expressed as

D (x,y,zt) = Z Imnq)mne_j(kzz_m) + E :an(Pmne_j(_kZZ_Wt)/ (15)

m,n=1 m,n=1
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D, (x,y,2;t) Z Epn Qe 1K), (16)
m,n=1
Let {1 and ¢, represent the acoustic particle displacement in the incident and trans-
mitted air medium, respectively. The air particle displacement and the acoustic pressure
are related by the air momentum equation, as

0? 1 9p; 02 1 9p2

ﬁél— —%g z:O’ ﬁéz— _%g ZZOI (17)

where p;(i = 1,2), the acoustic pressure can be expressed by Bernoull’s equation, as
[0D; .
;= =1,2). 1
pi Po_at]' (=12 (18)
The displacements of the air particle adjacent to the plate can be expressed as
&1 = Gpe 1 xthy—et) g g emi(katky—or), 19)

Substituting (18)—(19) into (17) and applying the acoustical velocity potentials of (15)
and (16), one can obtain

G0 = ( i A — Z ﬁmngomn> k, ol (kextkyy)

m,n=1 m,n=1

" : 20)
o= Y gmn¢mn£e](kxx+kyy)_

m,n=1
The factual case that the composite plate immersed in an air medium requires that
the displacements of the air particles adjacent to the panel should be the same as those of
the attached panel particles. Accordingly, the displacement continuity condition can be
written as

810 = wol,—g, 20 = Wo|,_y, - (21)
From (5), (20) and (21), the following relation between coefficients I, and Iy is obtained
algmn? {1 — (=1)" et — (=1)" eIl 4 (—1)" e miRet) |
s = 2.2 22y (1252 — 1272 - (22
(k2a? — m?7?) (kyb —n’m )

One can express the coefficients in the acoustical velocity potentials by the plate dis-
placement coefficients, as

w w
,an = Ly — kf“mm Emn = F“mn- (23)

z y4
Substituting (13)—(14) into (1) and applying the orthogonality of the modal functions,
one gets

jwpo Lyne™ j(kzz—wt) —|—‘B —kz—wt) Smne—j(kzz—wt)+

i + i (1) = m* | 4N (m7T>2+4N2 (7175)2 -
b
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where, Gy, (t) is the plate displacement second-order differential, gy (t) = amne/™’;
wmn the natural frequencies of the orthotropic cross-ply rectangular laminated composite

plate are determined by the plate properties, as
? m ny\2
3 [ () e (5)].

(25)

71.4 b 4 b 2
w%nn:W Dllm4 <a> +2(D12+2D66)m2n2 (a> +D22n

n
where [* = Z p(()k) (hg41 — hy). Therefore, the modal coefficients, &, is determined by

-1
2jw T nr 2
Kmn = ]mPO |:Imn +2N1< ) +2N2< b ) :| [w%m_w +2] *]fo] : (26)

Once the panel displacement coefficients, a,,, are known, the acoustical velocity po-
tentials will be known, given by

@ (x,y,0) = 2[e I (kexthy) _ k Z i Qo (X, ), (27)
Z m,n=1
w oo
@ (x,y,0) “ i Z Coin P (X, ). (28)

3. DEFINITION OF SOUND TRANSMISSION LOSS

The power of incident sound is defined as [5]

b a
I1, = ;Re//plvi‘dxdy, (29)
00

where, the asterisk symbol denotes complex conjugate, v; = p1/(poco) is the local acous-
tic velocity, and

p1 = joow®1 (x,y,0) = joow [21mn€ kaxhy) k Z X Pn (X, y)] (30)

Z mn=1
is the sound pressure in the incident field. Substitution p; and v] into (29) yields

a

b a oo b
I = pOCU 412 // k x+kyy dXdy 4, kg Z // k erkyy P dXdy
0 n=1 0 0

2C0
b a
w?r &
+tz L Y St / / P (%, ) @i (x,y) dxdy|.
Z mn=1k,I=1 0

(31)
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The transmitted sound power can be defined as [5]

b a
I, = %Re / / pavydxdy, (32)
00
where v3 = p; /(poco) is the local acoustic velocity and
, Wt &
P2 = joow®s (x,y,0) = joo1— Y Cn P (%,Y), (33)
Z mn=1

is the sound pressure in the transmitted field. Combination of Egs. (32) and (33) and the
expression of v; results in

b a

Yo ) wmnen / P (X,Y) r (x,y)dxdy| . (34)
mn=1k,Il=1 00

2C0k%

I,

The power transmission coefficient can be obtained as [5]

w(6,0,1) = [ (35)

Then the sound transmission loss across the composite plate is defined by [5]

STL = 10log,, ( (36)

1
T (9,0, f )) '
4. VALIDATIO

For validation, the theoretical STL is compared with the experimental results of
Koval [1] through Fiberglass/epoxy laminated composite plateexcited by sound wave
varying harmonically with incident angle, ¢ = 30° and azimuth angle, 6 = 30° and AT
= 0°C. Composite materials properties and the geometrical dimensions of Fiberglass/e-
poxy laminated composite plate in Table 1. Speed of sound in air, ¢ = 343 m/s; the density
of the air, pg = 1.21 kg/ m? and the initial amplitude, Ip =1 m?/s. The results are shown
in Fig. 2.

Table 1. Composite materials properties and the geometrical dimensions

Composite E; (GPa) E;(GPa) G (GPa) wvip p(kg/m®) a(m) b(m) h(mm)

Fiberglass/epoxy 39 9 2 0,30 2210 091 152 1.02

From Fig. 2, we see that the difference appears clearly in the low frequency region,
f < 200 Hz; In this region, the STL is controlled by the flexural stiffness of the plate.
In the frequency region, f > 200 Hz, the theoretical STL curve is quite similar to the
experimental results of Koval [1] over the entire frequency range, the biggest difference
between these two curves is 6.22 dB at the frequency, f = 6000 Hz.
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Fig. 2. Comparison of STL between present numerical calculation and experimental results
of Koval [1] through Fiberglass/epoxy plate

5. NUMERICAL RESULTS AND DISCUSSION

5.1. Effects of material anisotropy on STL

In order to quantify the effect of the material anisotropy on STL through an or-
thotropic finite simply supported laminated composite plate excited by sound wave vary-
ing harmonically with incident angle, ¢ = 30° and azimuth angle, 6 = 30° under tem-
perature load, AT = 20°C. The laminated composite plate is assumed to possess nine
independent parameters, namely three Young’s moduli, three shear moduli and three
Poisson ratios. Fig. 3 plots the transmission loss of this material with different values
of E11/E, set to 1, 5, 10 and 15. Other values of material properties in all calculations
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Fig. 3. Effect of anisotropy on sound transmission loss of a simply supported
orthotropic composite plate for various values of E1;/E
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were E22 = E33 =E=10 GP,‘ Vip = V13 = Vp3 = 0.3,' Glz = G13 = G23 =G=5 GPa; P =
1590 kg/m® and thickness, & = 1.02 mm. Ej;/E = 1, implies an isotropic material. This
case suits the fiber orientations for the 8-ply plate were balanced symmetric layups of
[0/90/0/90]s. Speed of sound in air, ¢ = 343 m/s; the density of the air, pp = 1.21 kg/m3
and the initial amplitude, Iy = 1 m?/s.

Fig. 3 shows that the sound transmission loss through the laminated composite plate
increases if the fibrous stiffness of the material increases, and the STL through the isotropic
plate will obey the mass law, but with the orthogonal laminated composite plate the mass
law is no longer valid. When the value of Eq; is very large, that is, the bending stiffness of
the plate will be high, resulting in very small bending waves, so only sound plane waves
are transmitted through the plate. This phenomenon gives an upper limit of the sound
transmission loss when Ej; is very large. At the same time, the occurrence of dip points
is more because the thermal environment is a cruel factor that results in thermal stresses
internal to the structures, modifies the stiffness of the structural system, and alters the
dynamic characteristics of the system essentially.

5.2. Influence of the plate thickness on ST

In this subsection, consider the effect of plate thickness on STL through an orthotropic
finite simply supported laminated composite plateexcited by sound wave varying har-
monically with incident angle, ¢ = 30° and azimuth angle, 6 = 30° under temperature
load, AT = 20°C by changing the plate thickness as follows: & = 1.02 mm; 5.10 mm and
10.20 mm. The laminated composite platesare composed of 8 balanced, symmetrical lay-
ers, with a configuration of [0/90/0/90]s and E1;/E = 5. Geometric dimensions of the
plate: length x width, a x b = 0.91 m x 1.52 m and the mechanical properties of the mate-
rial are: Eyp = E33 = E =10 GPa; vip = v13 =123 =0.3; G1o = G13 = Gz = G=5GPa; p
=1590 kg/ mS. Speed of sound in air, c = 343 m/s; the density of the air, pg = 1.21 kg/ m?
and the initial amplitude, Iy = 1 m?/s. The results are shown in Fig. 4.
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Fig. 4 shows that the STL increases as the plate thickness increases. The low fre-
quency region, f < 640 Hz, under the effect of temperature loads, thermal stress is gen-
erated inside the structure, which changes the stiffness of the structure and the dynamic
characteristics of the basic system. As a result, the occurrence of more embedded points.
On the other hand, great thickness and large volume correspond to the flexural stiff-
ness large of structures. Therefore, when the thickness of the composite material layers
increases, the sound insulation capacity of the plate increases and the loss of sound trans-
mission through the plate tends to conform to the mass law.

5.3. Influenceof the lamination scheme on STL

In order to quantify the effects of lamination scheme on STL through an orthotropic
laminated composite plate excited by sound wave varying harmonically with incident
angle, ¢ = 30° and azimuth angle, 6 = 30° under temperature load, AT = 20°C, four
following configurations of the laminated composite plates are selected: [0/90/0/90]s,
[0/0/0/0]s, [90/90/90/90]s and [90/0/0/90]s and E11/E = 5. Geometric dimensions
of the plate: length x width, 2 x b = 0.91 m x 1.52 m and thickness,# =1.02 mm. The
mechanical properties of the material are: Eyp = E33 = E = 10 GPa; v12 = 113 = 123 = 0.3;
G2 = Gi3 = Gy = G =5 GPa; p = 1590 kg/m3. Speed of sound in air, ¢ = 343 m/s; the
density of the air, pg = 1.21 kg/ m? and the initial amplitude, I =1 m?2/s. The results are
shown in Fig. 5.
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Fig. 5. Influence of laminate configuration on STL of a simply supported
orthotropic laminated composite plate

As can be seen from Fig. 5, STL curves almost coincide in the frequency range, f <
1600 Hz region is determined by the flexural stiffness of the plate. Thereby, it can be
concluded that the configuration of the material does not seem to affect the STL value
of the composite sandwich plate structure. In the high frequency region, f > 1600 Hz
plate with the [90/90/90/90]s configuration have the largest STL value compared to plate
with other configurations. The reason is, obviously, that temperature softens the stiffness
of the structure and decreases the natural frequencies due to the internal compressive
stresses.
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5.4. Influence of the temperature on STL

In order to quantify the effects of the temperature on STL through an orthotropic
laminated composite plate excited by sound wave varying harmonically with incident
angle, ¢ = 30° and azimuth angle, 6 = 30°, in this section, four thermal loads, AT = 0°C,
20°C, 30°C and 50°C are imposed on the composite plate. The laminated composite plate-
sare composed of 8 balanced, symmetrical layers, with a configuration of [0/90/0/90];
and Ei1/E = 5. Geometric dimensions of the plate: length x width, a x b = 0.91 m X
1.52 m and thickness, h = 1.02 mm. The mechanical properties of the material are: Ep
= E33 =E=10 GP; V12 = V13 =Vp3 = 0.3,‘ G12 = G13 = G23 =G=5 GPa,' o= 1590 kg/m
Speed of sound in air, ¢ = 343 m/s; the density of the air, pg = 1.21 kg/ m? and the initial
amplitude, Ip =1 m?/s. The results are shown in Fig. 6.
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Fig. 6. Influence of the thermal loads on STL of a simply supported
orthotropic laminated composite plate

Fig. 6 shows the STL curves under different thermal loads, AT. It is found that, as
the temperature load increases, the peaks and dips tend to decrease at low frequencies,
f < 1000 Hz. It is clear that, the temperature softened the stiffness of the structure and
reduced the natural frequency due to the internal compressive stresses. It can be con-
cluded that, STL decreases as the thermal load increases especially in the low frequency
range.

6. CONCLUSIONS

An analytical approach has been developed to study the effect of temperature on
sound transmission loss through an orthotropic finite simply supported laminated com-
posite plate excited by sound wave varying harmonically in thermal environments. We
get some of the following conclusions:

- The theoretical predictions on STL are in good agreement with existing results.
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- The thermal environment is a cruel factor that results in thermal stresses internal
to the structures, modifies the stiffness of the structural system, and alters the sound
transmission loss of the system essentially.

For a given temperature:

- The sound insulation capability of the anisotropic plate differs from those of an
isotropic plate, even though their surface densities are the same.

- When the plate thickness is increased, the sound insulation ability of the orthotropic
laminated composite plate will increase.

- Sound transmission loss of the laminated composite plates with configuration
[90/90/90/90]; is higher than that of plates with other configurations: [0/90/0/90]s,
[0/0/0/0]s, and [90/0/0/90]s.
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