Int. J. Appl. Mechanics 2012.04. Downloaded from www.worldscientific.com
by XI'AN JJAOTONG UNIVERSITY on 12/26/12. For personal use only.

International Journal of Applied Mechanics Imperial College Press
Vol. 4, No. 3 (2012) 1250028 (16 pages) WWW.icpress.co.uk
© Imperial College Press

DOI: 10.1142/S1758825112500287

ANALYSIS OF DYNAMIC AND ACOUSTIC
RADIATION CHARACTERS FOR A FLAT PLATE
UNDER THERMAL ENVIRONMENTS

QIAN GENG and YUEMING LI*

State Key Laboratory for Strength and
Vibration of Mechanical Structures
Xi’an Jiaotong University
Xi’an 710049, China
*liyueming @mail. zjtu. edu.cn

Received 24 April 2012
Accepted 23 June 2012
Published 30 September 2012

A study on vibration and acoustic radiation characters of an isotropic rectangular thin
plate under thermal environments is presented in this paper. It is assumed that ther-
mal loads caused by thermal environments just change the structure stress state. Ther-
mal stresses induced by uniform temperature rise of the plate are determined with the
thermo-elastic theory. Then the stress state is used in the following dynamic analysis as
a pre-stressed factor. It is observed that thermal loads influence the natural frequencies
evidently, especially the fundamental natural frequency. The order of mode shapes stays
the same. Dynamic response peaks float to lower frequency range with the increment
of structure temperature. Acoustic radiation efficiency of the plate subjected to thermal
loads decreases in the mid-frequency band. For validation, numerical simulations are also
carried out. It can be found that the combined approach of finite element method (FEM)
and boundary element method (BEM) is more appropriate for radiation problems.

Keywords: Isotropic rectangular thin plate; thermo-elastic analysis; pre-stressed vibra-
tion; acoustic radiation; thermal environment.

1. Introduction

In modern aerospace exploration, structures not only absorb various loads, but also
work under many different environments like thermal and moisture. These factors
will affect the performance and stability of structures.

In service, spacecraft usually works in an extreme condition of high ambient
temperature and the structure is heated seriously [Behrens and Muller, 2004]. Tem-
perature changes caused by the thermal environment change will make a number
of impacts on the material properties, structure configuration and the stress state
and so on. The early researches of structure dynamic characters under thermal
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environment may date back to more than 50 years ago [Boley, 1956; Boley and
Barber, 1957]. Jadeja and Loo [1974] investigated thermally induced vibration of
rectangular plates subjected to a sinusoidal heat flux and an approximate solution
with double trigonometric series was given. They found that the inertia terms are
very important for heated plate. Ganesan and Dhotarad [1984] employed numerical
methods to study the vibration behavior of thermally stressed plates. In their work,
FEM was used in thermal stress analysis, and finite difference technique and varia-
tional approach were applied in dynamic analysis. Shu et al. [2000] analyzed the free
vibration of clamped circular plates with coupling temperature and stress field. Yeh
[2005] studied the large deflection vibration of a simply supported orthotropic plate
with thermo-mechanically coupled effect. It is found that the thermo-mechanical
coupling effect performed as thermo-elastic damp causes a decay of vibration ampli-
tude and the coupling effect must be considered when the initial deflection is large.
Kim [2005] developed a theoretical method to investigate the vibration of func-
tionally graded rectangular plates under thermal environments. Thermal stresses
and temperature-dependent material properties were considered in the study. The
results confirmed that material compositions, plate geometry and temperature rise
influence the vibration behavior significantly. Amabili and Carra [2009] presented a
study of nonlinear forced vibration of a plate computationally and experimentally.
They found that temperature variations and geometric imperfections play impor-
tant roles. Recently, Brischetto and Carrera [2011] investigated the free vibration of
one-layered and two-layered metallic plates using a fully coupled thermo-mechanical
model.

The first study of sound radiation from structures was carried out by Rayleigh
in 1896. He derived the Rayleigh integral to calculate the far-field acoustic response.
With the development of mechanical technology, acoustic radiation from vibrating
structures has been of great interest to researchers and engineers since the mid-
dle of 20th century [George, 1961; David, 1961; Richard, 1962; Maidanik, 1962].
In aerospace industry, noise generated from structures will affect the mechanical
environment of space vehicles and might be harmful to human beings working with
the facilities [Wilby, 1996]. As the groundwork for noise control, the acoustic radi-
ation characters of simple structures are analyzed widely. A statistical method was
proposed to estimate the acoustic response of a ribbed panel in the whole frequency
range by Maidanik [1962]. It is found that the ribbing increases the radiation resis-
tance. A good agreement between the theory and experiments was obtained. Wallace
[1972] studied the radiation resistance associated with natural modes of a finite rect-
angular panel using the total energy radiated. Asymptotic solutions were derived
in low frequency range, and a waviness of radiation resistance was observed below
the critical frequency. Williams [1983] used a series expansion in ascending pow-
ers of wave number for acoustic power to investigate the radiation from baffled
and unbaffled planar sources. He studied rectangular plates with various boundary
conditions and pointed out that the volume flow across the surface must be zero.
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Radiation characters of finite thin structures with general elastic boundary con-
ditions were studied using the variational formulation by Atalla et al. [1996]. It is
found that baffles have very important effect at low frequency range. Xie et al. [2005]
investigated the average radiation efficiency of plates and strips and found that the
radiation efficiency of strips below the fundamental frequency is proportional to
the square of the shorter edge length. Putra and Thompson [2010] calculated the
sound radiation from a perforated plate and obtained that the radiation efficiency
reduces with the increment of perforation ratio and the size reduction of the hole
at a certain perforation ratio.

With the increasing importance of the thermal environment of space vehicles, the
structural dynamic and acoustic radiation characters considering the thermal effect
bring about some new problems. Jeyaraj et al. [2008, 2009] investigated vibration
and acoustic response of isotropic and composite plate under thermal environments
with combined FEM and BEM. They found that the natural frequencies decrease
with an increase of the temperature applied on the plate while vibration response
and sound radiation increase. Kumar et al. [2009] carried out parametric studies
on vibro-acoustic response of FGM elliptic disc under thermal environments with
commercial software. It is obtained that the vibration response increases suddenly
when the thermal load increase from 0.25 to 0.5 times critical buckling temperature.
Besides the articles above, there are not yet many studies on this topic and the
existing researches are almost based on numerical simulations.

In this paper, structural dynamic and acoustic radiation characters under the
thermal environments are analyzed theoretically, and numerical simulations are also
employed as validation. The vibration of an isotropic rectangular thin plate in the
pre-stressed state due to the change of thermal environment is studied. The influence
of membrane forces induced by thermal loads on dynamic response is considered.
And then, the radiation character of the thermally stressed plate is investigated.
The material properties are temperature-independent.

2. Theoretical Model

Consider a rectangular thin plate simply supported on each edge vibrating in the air
domain as shown in Fig. 1. The plate is lying in the plane z = 0 with dimensions a
in the z-direction, b in the y-direction and h in the thickness. The acoustic medium
occupies the half-infinite space (z > 0). The plate is assumed to be vibrating under
thermal environments.

2.1. Plate under thermal environments

Assume that the plate is stress-free at the reference temperature Ty. When the
structure temperature changes to 7', stress state of the plate will be changed by the
resulting thermal stresses. If the temperature change across the thickness is uniform,
the thermo-elastic problem of plate can be described with plane stress state. The
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Fig. 1. Scratch of the radiating plate: (a) global view, and (b) cross-section view.

stress—displacement relations will be [Hetnarski and Eslami, 2008]

E ou ov

ro= 25 [(2 402 -0+ aar) (1)
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—— [(6—y +U%) —a +u>aAT], 2)
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where u and v are the in-plane displacements, F and v are the Young’s modulus
and the Poisson’s ratio of plate material respectively, « is the thermal expansion
coefficient, and AT =T — T} is denoted as the temperature change.

In the present study, the thermal environment is assumed to induce a uni-
form temperature rise in planewise in the plate. Taking the boundary condition
into account, the thermal load here will not cause in-plane displacement. Then
Egs. (1)-(3) will be simplified into

EaAT
T — 5 4
o T (4)
EaAT
Uy == 1—v ’ (5)
Oy = Ov (6)

and the membrane forces can be obtained by integrating Eqgs. (4)—(6) along the
thickness, expressed as follows:

~aEATh

N, =
1—v

; (7)
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aFEATh
Ny=-——> (8)

N,y = 0. 9)

2.2. Vibrating plate under thermal environments

Considering the membrane forces, the governing equation of flexural motion of a
rectangular thin plate subjected to transverse loads is given by Dickinson [1971]
2 2 2 2

DoV + ph%t;u =N, g 5+ N, ‘?,)yf + 2ny§x—;”y

where Dy = ERh3(1+jn)/12(1 —v?) is the flexural rigidity of plate, 1 is the material

loss factor which takes damping into account [Pritz, 1998], p is mass density, w is the

transverse displacement, ¢ is the transverse mechanical load applied on plate, j is

the imaginary unit. In this study, the membrane forces are induced by thermal load

on the plate and assumed to be constant which can be evaluated with Eqs. (7)-(9).

The out-of-plane displacement at any location on the plate can be found by

superposing the modal contributions from each mode of structural vibration of the

plate as

+q, (10)

m,n

where m and n are mode indices, wy,, is the amplitude of mode displacement of the

(m,n) mode, and ¢, (z,y) is the mode shape function. For the simply supported

boundary condition, the shape function of rectangular plate takes the following form

sin Y. (12)
b

By applying the weighted residual (Galerkin) method, the integral of a weight

residual of mode shape function should be set to zero

0*w 0*w 0*w O*w
4 — _ _ —
// [DOV W+ ph——- 92 <N$ 92 + N, 37 + 2Ny 8x8y> q}

« Omn(z,y)dA = 0. (13)

To simplify Eq. (13) and solve the mode displacement, substitute Eqs. (7)-(9), (11)
and (12) into Eq. (13), and use the orthogonality properties of the mode shape as

// <D0¢kl 2,9)V b (7, y)

02 02 02
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The amplitude of mode displacement can be expressed as
(15)

Wmn =

where Q.. is the orthogonalized force, w is the frequency of applied load, wy,, is
natural frequency of the (m,n) mode as

m2  n? 2Do N, /mm\2 N, /nm\2
_fafm 7\ Do Ne mm Ny (nm
Wmn \/7T <a2+b2) ph+ph<a> +ph(b>‘ (16)

The out-of-plane displacement of the plate will be stated as

w(z,y,t) = Z 2an 5 sin m;rac sin n%bryej”t, (17)
—w

myn MmN

and the out-of-plane velocity of the plate can be evaluated as
v(T,y,t) = van(ﬁmn(%y)ejma (18)

where v, is the complex amplitude of mode velocity of the (m,n) mode and can
be obtained by

JwQmn
Umn = m (19)

2.3. Far-field acoustic radiation

The far-field acoustic radiation associated with the vibrating plate can be calculated
with Rayleigh integral [Fahy and Gardonio, 2007]. Using the vibration velocity
obtained by Eq. (18), the sound pressure radiated from vibrating plate at a point
in acoustic field can be expressed as

(517 z t) = jwpaejwt/ Em,n vmnqﬁmn(x,y) ’ e_ij
P\Zp,Yp, Zp, o o R

dA, (20)

where p, is air density, R = \/(xp —2)% + (yp — y)? + 22 is the distance between
the observation point (xp,yp, 2p) in acoustic field and the integration point (z,y)
on the plate, k is the wave number which is evaluated by the load frequency w and
the sound speed ¢q by k = w/cp.

3. Example Results and Discussion

In this section, the formulations derived previously are used to calculate the vibra-
tion and the sound radiation characters of a simply supported rectangular thin plate,
and the influence of thermal environment is studied. The plate is modeled with the
geometric size as 0.4m and 0.3m in z- and y-direction respectively, and 0.01m
in thickness. Aluminum, with Young’s modulus 70 GPa, Poisson’s ratio 0.3, mass
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density 2700 kg/m?, thermal expansion coefficient 2.3e-5/K and loss factor 0.001, is
chosen as the plate material. The acoustic medium is modeled as air with the den-
sity 1.21kg/m? and the sound speed 343 m/s. The material properties are regarded
as temperature-independent in this study.

The effect of thermal environments is assumed to change the plate temperature
uniformly in both planewise and the thickness direction. All the thermal load cases
are designed below the critical buckling temperature. The critical buckling load of
plates compressed in two perpendicular directions can be obtained by Timoshenko
and Gere [1985]

2.2 2 2.2

m-m n 71'2 m-m 71271'2 2
N, + Ny :—D0< — +b—2) : (21)

Substituting Egs. (7) and (8) into Eq. (21), the critical buckling temperature of
plate can be evaluated with

h2n? 1 1
Ter = 12(1+v)a (a_2 * b_2) (22)
For the plate model described above, the critical buckling temperature is about
47.7°C. Therefore, five load cases are chosen with uniform temperature rises of
5°C,15°C, 25°C, 35°C and 45°C respectively, and 0°C is defined as the reference
temperature to represent the stress-free state case.

First, natural vibration characters under thermal environments are studied. The
first five natural frequencies of the plate under different thermal loads are listed in
Table 1, and the mode shapes are stated in brackets. It is clear that the natural
frequencies decrease with the increase of the plate temperature while the mode
shapes stay the same. The softening effect of thermal loads on the structure is quite
obvious, and the influence of thermal environments on the fundamental frequency
is most remarkable.

The frequency ratios, defined by fr/ fo, are plotted in Fig. 2, where fr and fj are
the natural frequencies obtained with thermal loads and under the reference envi-
ronment (0°C in this work). The absolute value of the slope of frequency ratio curve
of the first natural frequency is much greater than others, and the slope increases
more rapidly with the temperature rise. The thermal environment influences the
fundamental frequency greatly.

Table 1. Comparisons of natural frequencies of plate with thermal loads (Hz).

Mode Thermal load cases

0°C 5°C 15°C 25°C 35°C 45°C
1st 420.2(1,1 397.6(1,1 348.0(1,1 290.1(1,1 217.2(1,1 100.9(1,1
2nd 874.0(2,1 851.7(2,1 805.3(2,1 756.1(2,1 703.4(2,1 646.4(2,1

4th 1630.4(3, 1 1608.2(3, 1 1563.0(3, 1 1516.4(3, 1 1468.3(3, 1 1418.6(3, 1

) ) ) ) ) )
3rd 1227.0(1,2% 1204.8(1,2% 1159.1(1,2% 1111.6(1,2% 1061.9(1,2% 1009.8(1,2%
) ) ) ) ) )
5th 1680.8(2,2)  1658.6(2,2)  1613.4(2,2)  1566.9(2,2)  1519.0(2,2)  1469.5(2,2)
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Fig. 2. Frequency ratio for the first five natural frequencies.

As the foundation of acoustic radiation, dynamic response of the pre-stressed
plate which considering the membrane forces induced by thermal loads is studied. A
transverse harmonic point force with amplitude 1N is applied on a proper location
of the plate to make sure all the modes below 2000 Hz can be excited.

The temporal and spatial average of square of surface velocity of the plate is cal-
culated under harmonic excitations under different thermal environments, as shown
in Fig. 3. For the change of natural vibration under thermal loads, the reduction
of natural frequencies and mode shapes invariance, the global characters of velocity

0.01

1E-3
1E-4

1E-5

1E-9 g4 e ATS5C e AT=35C 1
; — a4 AT=15C < AT=45C

Average mean square velocity (m*/s”)

500 1000 1500 2000
Frequency (Hz)

Fig. 3. Average mean square velocity of the plate under different thermal environments.
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Fig. 4. SPL at the observation point in acoustic field.

response keep the same, while response peaks float to lower frequency range and
the amplitude at the first resonant decreases.

Acoustic radiation is calculated for the vibrating plate. The sound pressure level
(SPL) versus the load frequency at a point in the acoustic medium located 3m off
the centroid of the plate is plotted in Fig. 4. As the SPL is influenced by the vibration
velocity directly, acoustic radiation has the same trend with velocity response under
thermal environments. It can be seen clearly that the resonant frequencies decrease
and the SPL responses float to the lower frequency range generally with temperature
rise. For the first response peak, related to the first mode of plate, a decrease of the
amplitude is obtained with the softening effect under thermal loads.

Figure 5 shows the acoustic radiation power of the plate under thermal envi-
ronments. In the case of mechanical excitations, the radiated sound from vibrating
plate is mainly produced by the structure resonant modes [Norton and Karczub,
2003]. As a result of the natural frequency reduction under thermal environments,
the sound radiation power response floats to the lower frequency range showing the
same trend with the average mean square velocity. And the amplitude of the first
response peak decreases obviously under thermal loads.

Radiation efficiency is the value to describe the radiating effectiveness of struc-
ture, obtained by dividing radiation power with acoustic impedance, plate area and
surface vibrating velocity [Fahy and Gardonio, 2007]. It is very useful for the estima-
tion of acoustic radiation and noise control [Norton and Karczub, 2003]. Figure 6
shows the radiation efficiency of the vibrating plate below 5000 Hz. The results
obtained here compare well with Wallace [1972]. Under different environments, the
radiation efficiency curves show the same tendency. The response peaks come out
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Fig. 5. Acoustic radiation power of plate under different thermal environments.
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Fig. 6. Radiation efficiency of plate under different thermal environments: (a) frequency domain
below 2000 Hz, and (b) frequency domain from 1500 Hz to 5000 Hz.

just above the critical frequency (about 1200 Hz for the plate in this work). Below
that value, the efficiency increase gradually and the waviness is quite obvious. Well
above the critical frequency, the efficiency curves reduce to unit asymptotically.
Known from the results shown in Fig. 6, thermal loads affect the radiation
efficiency of the plate evidently but does not change the global characters. It is clear
that there is almost no influence of thermal load on radiation efficiency of plate in
low frequency band (below about 250Hz) under thermal environments, shown in
Fig. 6(a). Above that range, the radiation efficiency with considering thermal effect
decreases greatly below the critical frequency. At about 500 Hz, the decrement of
radiation efficiency for the case with the structure temperature of 45°C, which is
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very close to the plate critical buckling temperature, reaches more than half of that
value obtained in the reference case (with the structure temperature of 0°C). As the
temperature increases, the waviness of radiation efficiency curves become smoother
and the first wave comes in lower frequency region. With the increment of load
frequency, the differences of efficiency among the thermal load cases reduce rapidly.

At about 1600 Hz, the radiation efficiency without thermal effect reaches peak
value and the value keeps the same under thermal environments. In higher frequency
region, the radiation efficiency becomes to reduce gradually with the increment of
load frequency. It can be seen from Fig. 6(b) that the conversion capability of
mechanical energy to radiated sound energy is higher under thermal environments.
Especially when the thermal load applied on the plate is much closer to the critical
temperature, the radiation efficiency comes out a new peak. In other words, the peak
value of radiation efficiency is higher under thermal environment, and it appears at
higher frequency range.

4. Validation

Numerical simulations for the same model used in previous section are also employed
as validation studies. At first, vibration characters obtained with theoretical solu-
tions of plate under 0°C and 45°C are compared with the results obtained from
Abaqus using FEM. The plate is modeled with mesh density of 20 x 20.
Comparisons of natural frequencies are listed in Table 2 and are visualized in
Fig. 7. It can be seen that the values match well except the first natural frequencies
under thermal environment. From previous analysis, it is known that thermal envi-
ronment influences fundamental natural frequency greatly. It is confirmed in this
validation study as well. On the one hand, the first natural frequency is much less
than higher-order frequencies. So it is more sensitive to membrane forces change.
On the other hand, the different methods used to deal with eigenvalue problems
in theoretical and numerical analyses result in the differences. However, the results
still show the same tendency of softening effect of plate under thermal environment.
Velocity response comparisons at the harmonic excitation point on the plate
are plotted in Fig. 8. The response curves show a good agreement. Because of
the difference of natural frequencies between the theoretical values and numerical

Table 2. Comparisons of natural frequencies of theoretical and numerical results (Hz).

AT Natural frequency (Hz)
1st 2nd 3rd 4th 5th
Theoretical 420.2 874.0 1227.0 1630.4 1680.8
0°C Abaqus 416.0 867.7 1222.7 1636.9 1658.9
Error/% 1.00 0.72 0.35 0.40 1.30
Theoretical 100.9 646.4 1009.8 1418.6 1469.5
45°C Abaqus 89.3 642.5 1010.5 1432.7 1453.6
Error/% 11.5 0.60 0.07 0.99 1.08
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Fig. 8. Velocity response comparisons at the excitation point: (a) AT = 0°C, and (b) AT = 45°C.

results, the response peaks appear a little mismatch. However, the overall dynamic
characters of the theoretical results are well accordant with the numerical ones.

Acoustic radiation of plate is calculated with FEM in Abaqus and combined
approach of FEM/BEM in VA One. Computational models used here are shown
in Fig. 9. In Abaqus, both the plate and the air domain are modeled using FEM
meshes. To simulate the infinite domain with the finite elements, the faces of the
acoustic meshes are all set as non-reflection boundaries. In FEM/BEM analysis,
finite element meshes are used to model the plate, while the BEM fluid is used to
simulate the acoustic field. Normal mode results are obtained from MD Nastran
with finite element analysis and imported into VA One, and then the structure
response and BEM fluid analysis are carried out.

Acoustic radiation responses are compared with the theoretical and the numer-
ical results as shown in Fig. 10. It can be observed that results obtained from VA
One show more satisfactory agreement with the theoretical solutions. There are
some extra peaks in response curves obtained from Abaqus. In acoustic radiation
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Fig. 9. Numerial calculation models used for validation: (a) FEM/FEM model in Abaqus, and
(b) FEM/BEM model in VA One.
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Fig. 10. SPL comparisons at the observation point: (a) AT = 0°C, and (b) AT = 45°C.

analyses of vibrating structures with light fluid such as air in this work, which can be
considered as sequentially coupled problems, acoustical effects acting on structures
are negligible. With Abaqus FEM/BEM (plate/air) simulations, the interaction
between structures and acoustic medium is fully considered. The extra response
peaks obtained from Abaqus represent the effect of acoustical modes. Acoustic
medium is not only perturbed by the vibrating structures, but also produces feed-
backs on the structure in FEM/FEM simulation. On the other hand, due to the
limitation of the finite number of elements used in FEM simulations, the error in
higher frequency band becomes much larger in dynamic analyses. It is clear that
the FEM/FEM results appear much higher above the second resonance frequency in
Fig. 10. For these reasons mentioned above, the combined approach of FEM/BEM
(plate/air) method is better than FEM/FEM simulation for studying the acoustic
radiation problems of structures with light fluid.
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5. Conclusion

The influence of thermal environments on the dynamic response and acoustic radi-
ation characters are investigated in this paper. Theoretical expressions are first
derived for the vibration and acoustic radiation of a simply supported rectangu-
lar thin plate with considering the membrane forces induced by thermal environ-
ment change. Numerical simulations with FEM/FEM in Abaqus and the combined
approach of FEM/BEM in MD Nastran and VA One are also employed to validate
the theoretical results.

It is observed that with the uniform structure temperature rise below the critical
buckling temperature, the mode shapes stay the same, while the natural frequen-
cies of plate decrease evidently. Especially, the fundamental natural frequency is
influenced most greatly. With the change of the natural vibration characters under
thermal environments, plate velocity and SPL response peaks float to lower fre-
quency range, however, the global characters of responses do not change.

The radiation efficiency decreases obviously below the critical frequency, and
the influence of thermal environment reduces gradually with the increment of load
frequency. The waviness of efficiency curves becomes smoother with the increment
of structure temperature, and the first wave comes at lower frequency. In the low
frequency band (below 250 Hz in this work) and the region near the critical frequency
of the plate, thermal effects can be neglected. Above the critical frequency, the
radiation efficiency is higher for plate under thermal environments, and the peak
value comes at higher frequency range. Thermal environment has the opposite effect
on the radiation efficiency below and above the critical frequency. The plate has
higher effectiveness to convert mechanical energy into sound radiation energy above
the critical frequency under thermal environments.

In the validation study, the theoretical values and the numerical results generally
match well. The error of the fundamental natural frequency, which is much sensitive
to thermal loads, is larger than others under thermal environment. But the dynamic
and acoustic responses show a good agreement between the theoretical and the
numerical results. For the acoustic radiation problems of the vibrating structure
with light fluid, results obtained with the combined approach of FEM/BEM are
more approximate to the theoretical solutions.

The present study will be a base for further researches of more complex objects
to estimate the working state under thermal environments. It may be useful to
predict the mechanical environment of spacecrafts or other structures to reduce the
potential harms to human beings and apparatus. This paper can be a foundation
of the system control and optimization design.
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