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Abstract. This paper is a study of the vibroacoustic behavior of orthotropic laminated
composite rectangular plate under a sound wave excitation in thermal environments. An
improved analytical procedure has been developed that allows for an efficient solution
of the finite composite plate sound transmission problem. A symmetrically orthotropic
laminated composite plate is considered. The plate is modeled with classic thin-plate
theory and is assumed to be clamped 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, 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

From the 50s up to now, the research problem of the behavior of acoustic vibration
through sheet structures (metallic, composite, ...) has received a lot of attention from
scientists around the world through various studies, for example. Ko [1] proposed a the-
oretical model to evaluate noise reduction through an isotropic, infinite iron plate struc-
ture using elastic baffles in water and air environments. The study used the transmission
matrix method and Fourier series expansion to calculate the sound propagation loss of
the structure. Tadue et al. [2,3] calculated sound transmission loss through infinite sin-
gle and double steel walls in air and water environments excited by harmonized sound
waves. Using the Kirchhoff or Mindlin theory combined with the inverse Fourie function
to calculate the sound insulation capacity of environment including isotropic layers, air
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and water, were analyzed. Kuo et al. [4, 5] studied the sound transmission loss through
an infinite orthotropic composite laminated at different frequencies used to transmission
matrix method determined by stress and velocity on 2D and 3D models. The experi-
mental and numerically calculated sound transmission loss results were compared, and
their material and sound propagation properties were studied and discussed. Thinh and
Thanh [6] investigated the vibroacoustic of a clamped finite orthotropic laminated dou-
ble composite plate with a closed air cavity. Using the method of modal decomposition, a
double Fourier series solution is obtained to characterize 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

However, these theoretical and numerical methods could provide direction for engi-
neering design in room temperature. The current there are few literatures about the STL
of composite panels in the thermal environment. Meanwhile lots of machineries work
in high temperature environment especially aerospace structures. Some of the studies
below partly say that, such as, hypersonic aircraft are always exposed to the thermal en-
vironment for aerodynamic heating [7,8]. The closed system will introduce thermal stress
in the high-temperature environment, which changes the dynamic characteristics of the
system significantly. Therefore, investigating composite panels in a thermal environment
is of significance. Hoang [9] investigated the nonlinear response of doubly curved func-
tionally graded material sandwich panels resting on elastic foundations in a thermal en-
vironment. Frostig [10] presented the classical and high-order computational models
of unidirectional sandwich panels with incompressible and compressible cores. Sun et
al. [11] carried out compression tests to investigate the mechanical properties of carbon
fiber sandwich with the combined core. Wang et al. [12] conducted comprehensive ex-
periments of tandem hexagonal honeycomb structures subjected to axial compression.
Caliskan and Apalak [13] addressed the low-velocity impact bending response of sand-
wich beams with expanded polystyrene foam core. Mohammadimehr and Shahedi [14]
investigated the high-order buckling and free vibration behaviors sandwich beams using
the generalized differential quadrature method.

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 clamped 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 composite materials
types, the thermal loads, the incident and azimuth angles on STL are evaluated.

2. THEORETICAL FORMULATION

2.1. Plate geometry and assumption

Consider a finite, rectangular laminated composite plate clamped in an infinite acous-
tic rigid baffle, as shown in Figs. 1(a) and 1(b). The plate has length a along x-direction,
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width b along y-direction and thickness h along z-direction, with h << aand h << b

assumed.
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Fig. 1. Schematic of sound transmission through a clamped composite plate: (a) overall vie;
(b) view from the direction of arrow in (a)

The plate divides the spatial region into two regimes, i.e., the incident field (z < 0)
and the transmitted field (z > 0). An oblique plane sound wave varying harmonically
in time is incident on the bottom side of the plate, with elevation angle, ¢ and azimuth
angle, 0, Fig. 1(b). The incident sound wave excites the plate causing the plate to vibrate
and divides space into three regions: the incident domain, the reflected 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 [6]

otw (x,y;t)
oxt

otw (x,y;t)
dx29y?
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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
Ni=). / [QilkajATdz, (i, =1,2), @)
k:lzki1

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).
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The flexural rigidity of laminated composite plate is determined by

Z Ql] Zk+l ) (3)
where the reduced stiffnesses of the k' layer are defined as
Eq vi2Ep E, Vi2 _ Un
= = - - G ;A T A 4
Qu= 11— —— Quz= 71— —— Q= 7— B Qo6 = G12 E L (4)

and Ey, E», Gyo, V1 are the k" layer elastic constants.

Note that, for an isotropic plate, Dy; = Dy = Eh®/[12(1 — v?)], D1o = vDyy, Dgs =
Gh®/12.

The displacement of the composite plate induced by the incident sound can be ex-
pressed as

w (x,y;t) = woe I (e thw-—t), 5)
The acoustic velocity potential in the incidence field (Fig. 1) is defined as [6]
o, (x, Y,z t) _ Imnefj(kxx+kyy+kzszt) + ‘anefj(kxerkyy*kzszt), (6)

where I 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 [6]

@2 (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, 0
of the incident sound wave as

ky =kosingcos0, k,=kosingsinf, 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 clamped onto a rigid baffle, the boundary conditions can be
expressed as

0

Atx=0,0; YO<y<b, w=0, %:o, )
Jw

Aty=0,b; VO<x<a, w=0, @:O. (10)

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

B 0P, 0P _ .
Atz =0, ~ 5, = 5 = jww, (11)
Atz =h, _9P1 aq>2 = jww. (12)

9z 0z
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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)

mn=1

where the modal function, ¢, and modal coefficient, g,,, are given by

Omn (x,y) = <1 — Cos Zmarcx> <1 — cos 2n;’cy> ;G (1) = apnelt (14)
Similarly, the acoustical velocity potentials of Egs. (6) and (7) are expressed as
D (x,y,z;t) = i Linn gomne_j(kzz_“’t) + i Binn (pmne_f(_kzz_“’t), (15)
mn=1 m,n—=1
D, (x,y,2;t) = i smn(pmne’j(kzz""t). (16)
mn=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

92 1 ap1 0> 1 apz
8 T ooz, % T Tprozly 47
where p; (i = 1,2), the acoustic pressure can be expressed by Bernoull’s equation, as
0P; .
pl:p0|:atl:|/ (12112) (18)

The displacements of the air particle adjacent to the plate can be expressed as
Cl — écloe*]'(kxxﬂ*kyy*wt)’ (;12 — ézoe*]‘(kxXﬂkay*wt)‘ (19)

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

ClO = Z Imn Pmn — Z ﬁmn Pmn ie](kxx—&-kyy),
m,n=1 m,n=1 w

" i (20)
éZO — Z Smn(Pmnaze](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

G0 =Wol,_g, G20 = wol|,_;- (21)
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The following relation between coefficients I, and Iy is obtained

4T0abk2k2 (1 — e—jakx) (1 — = Jbk
I, = 0a xy( e )(1—e y)' .
(4m? 72 — a?k2) (4112712 — b2k§)

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

w w
5mn = Imn - F“mn/ Emn = F“mn- (23)
z

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

2 () jwpo Imne_f(k z—az)t) + Bum ne—f(—kzz—wt) _ Emne_j(kzz_“’t)-|— iy
Gmn T WiynGmn - AN, (T’HTC) N, (nbn_) _o,
(24)

where, Gy (t) is the plate displacement second-order differential, g,y (£) = &ne/™"; wWmn
is the natural frequencies of the orthotropic cross-ply rectangular laminated composite
plate are determined by the plate properties, as

48 b 16 b\* 48
D11m <El> +2(D12+2D66) 9 2712 (ﬂ) + 9D221’l

4
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where [* = Z pék) (hg41 — hy). Therefore, the modal coefficients, &, is determined by

. -1
_ 2jwpo mr niy2 2 I
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Once the panel displacement coefficients, «,,, are known, the acoustical velocity po-
tentials will be known, given by

@y (x,y,0) = 20 (bxthwy) _ Z X @ (X, Y), (27)
Z mun=1
w (o]
@, (x,y,0) “ Z Con P (%, ). (28)

3. DEFINITION OF SOUND TRANSMISSION LOSS

The power of incident sound is defined as [6]

b a
I = ;Re//plvfdxdy, (29)
00



Vibroacoustic behavior of a rectangular composite plate in thermal environment 451

where, the asterisk symbol denotes complex conjugate, v7 = p1/(poco) is the local acous-
tic velocity, and

p1 = joowd; (x,y,0) = jpow [21 we I th) _ k Z o Pron (X, y)] (30)

Z mn=1

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

b a b a
w _ R i
lepgc() a2, [ / ) dady — g [ [t g axdy
0 = 00
b a
k2 Z Z ocmnrxkz//fpmn X, Y) ¢u (x,y) dxdy| .
Z mn=1kl=1 0
(31)
The transmitted sound power can be defined as [6]
1 b a
I, = ERE / / p2vsdxdy, (32)
00
where, v; = p / (poco) is the local acoustic velocity and
, LW &
P2 = jpow®s (x,y,0) = jieo— Y @nnPun (%,Y), (33)
Z mn=1

is the sound pressure in the transmitted field. Combination of Egs. (32) and (33) and the
expression of v5 results in

b a

(U4 [e) (e
I, = Po 5 E 2 ucmnock,// @mn (%, y) o (x,y)dxdy| . (34)
ZCOkZ mn=1k,Il=1
b At O

The power transmission coefficient can be obtained as [6]

0(0,9,f) = gj (35)

Then the sound transmission loss across the composite plate is defined by [6]

STL = 10logy, ( (36)

o)
o (¢.0,f))"
4. VALIDATIO

For validation, the theoretical STL is compared with the experimental results of
Kuo [5] through two typical orthotropic laminated composite plates: [UD]; and [Rovin];
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are excited by wave varying harmonically with incident angle, ¢ = 30° and azimuth an-
gle, 6 = 30° and AT = 0°C. Each of two plates comprises seven layers of glass fiber com-
posite. Exactly, the laminating sequence of [UD]; is [0°/0°/0°/0°/0°/0°/0°] and [rov-
in/rovin/rovin/rovin/rovin/rovin/rovin] for [Rovin];. Note that the composite mate-
rial [UD]y is a transverse isotropic materia; [Rovin]y is an orthotropic material. The finite-
size plate is 120 cm x 120 cm. Table 1 presents the mechanical properties of the materials
used for the plates. The property parameters of plates is presented 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=1m?/s.

Table 1. Mechanical properties of composite materials

. Eyy Exn Ej G Gz Gos Thickness Density
Material U1p U1z U3 3
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (mm) (kg/m?)
UD 378 13.1 13.1 8 8 53 025 0.25 0.25 0.503 1633
Rovin 24 24 10.5 9 8 8 0.25 0.25 0.25 0.429 1531

We see a good agreement between the comparison results for all two types of com-
posite plates. The difference between the current sound transmission loss values and the
experimental results of Kuo [5] for all two layered composite plates is less than 5 dB over
the entire 1/3 Octave frequency range.

Sound transmission loss
STL(dB)

—i Present

————— =@ Kuo [5]

125 160 200 250 315 400 500 630 300 1000 1250 1600 2000 2500 3150 4000 6300

Frequency (Hz)

Fig. 2. Comparison STL between present numerical calculation and experimental results of Kuo
[5] through [UD]; plate
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Fig. 3. Comparison STL between present numerical calculation and experimental results of Kuo
[5] through [Rovin]; plate

5. NUMERICAL RESULTS AND DISCUSSION

5.1. Influence of composite materials type on STL

The influence of composite materials on STL through a finite clamped laminated
composite plates is studied in this section by selecting three types of composite materi-
als: Fiberglass/Epoxy, Graphite/Epoxy and Kevlar/Epoxy are excited by wave varying
harmonically with incident angle, ¢ = 30° and azimuth angle, 6 = 30° under thermal loads
AT = 0°C and AT = 20°C The composite plates are composed of 8 balanced, symmetri-
cal layers, with a configuration of [0/90/0/90]s. The mechanical properties of composite
material are shown in Table 2. Speed of sound in air, ¢ = 343 m/s; the density of the air,
po=121kg/ m? and the initial amplitude, Ip =1 m?/s. The results are shown in Fig. 4.

Table 2. Composite materials properties and the geometrical dimensions

Composite E1 (GPa) E, (GPa) Gip (GPa) vqp p(kg/m3) a(m) b(m) h(mm)

Kevlar/epoxy 76 6 2 0.34 1360 091 152 1.02
Graphite/epoxy 137 10 5 0.30 1550 091 152 1.02
Fiberglass/epoxy 39 9 2 0.30 2190 091 1.52 1.02

From Figs. 4(a) and 4(b), it can be seen that, under the effect of thermal load, the
STL curve changes significantly, especially in the frequency region, f < 800 Hz. 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 struc-
tural system, and alters the dynamic characteristics of the system essentially. Leads to a
significant drop in the STL value when the plate is in a thermal environment especially
in the high frequency region, f > 900 Hz. Therefore, plates in a thermal environments
have less sound insulation than in a non-thermal environments.
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40 ———Fiberglass/Epoxy
3 =+ =+ =8 Graphite/Epoxy
----- —=Kevlar/Epoxy
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(a) Thermal load, AT = 0°C
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Frequency (Hz)
(b) Thermal load, AT = 20°C

Fig. 4. Influence of composite materials on STL of a clamped composite plate

5.2. Influence of the thermal load on STL

In order to quantify the effects of the temperature on STL through the Fiberglass/e-
poxy laminated composite plate excited by wave varying harmonically with incident an-
gle, ¢ = 30° and azimuth angle, 6 = 30°, in this section, four temperature load, AT = 0°C,
20°C, 30°C and 40°C are imposed on the composite plate. The geometrical and material
parameters are shown in the Table 2. 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.
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Fig. 5. Influence of the temperature load on STL

The Fig. 5 depicts the curves of STL in different temperature load, AT. It manifests
that the peaks and the dips tend to decrease and flow to the lower frequencies with the
increment of the temperature load. The reason is, obviously, that temperature softens
the stiffness of the structure and decreases the natural frequencies due to the internal
compressive stresses. As can be observed, for this reason, the STL decreases as the tem-
perature load rises especially in the low frequency range.

5.3. Influence of the incident angle on ST

The influence of sound incident angles (elevation angle and azimuth angle) on STL
through the Graphite/epoxy laminated composite plate excited by wave varying har-
monically under temperature load, AT = 20°C. We consider two cases of influence of
incident angle on STL as follows: change of elevatio angle, ¢ = 0°, 30°, 45°, 60° and az-
imuth angle fixed at 8 = 30°; change of azimuth angle, 8 = 0°, 30°, 45°, 60° and elevation
angle fixed at ¢ = 30°. The geometrical and material parameters are shown in the Tab.2.
Speed of sound in air, ¢ = 343 m/s; the density of the air, py = 1.21 kg/m? and the initial
amplitude, Ip =1 m?/s. The results are shown in Fig. 6 and Fig. 7.

From Fig. 6 obviously, the STL decreases with the increment of the incident angle.
Consequently, a smaller incident angle of sound results in a promising capability of
sound insulation. Fig. 7 shows that, azimut angles slightly impact on the STL. But in
the high frequency range, the STL is slightlydifferent along with various azimuth angles
due to the anisotropy of the plate.
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Fig. 7. Influence of the azimuth angle on STL, ¢ = 30°

6. CONCLUSIONS

An analytical approach has been developed to study the vibroacoustic behavior and
the sound transmission loss across a finite clamped orthotropic laminated composite un-
der a sound wave excitation in thermal environments. We get some of the following
conclusions:

- The theoretical predictions on STL are in good agreement with existing results.

- The plates in a thermal environment have less sound insulation than in a non-
thermal environment.

- The temperature softens the stiffness of the structure and decreases the natural
frequencies due to the internal compressive stresses. Therefore, the STL of the clamped
composite plates decreases as the temperature load rises especially in the low frequency
range.
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- The incident angle has a stronger influence than the azimuth angle on the sound
transmission loss.
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