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This paper dealswith apressure-displacement formulation based on thefinite-elementmethod of an elastoacoustic

coupling problem. Since directly solving the resulting system isCPU intensive for largemodels, the solution is usually

based on only a few uncoupled structural modes in vacuum and rigid cavity modes. However this classical pressure-

displacement formulation leads to nonsymmetric eigenvalue problems. Furthermore, if this method is accurate for

weak couplingmodels, significant errors occurwhen the truncatedmodes are coupled to the ones used in the analysis.

Thepresent paper suggests amethod combining the pseudostatic correction of the truncatedmodes inmodal analysis

with a symmetrization technique of the eigenvalue problems. It allows the calculation of the real coupled modes and

frequencies, as well as the computation of an accurate elastoacoustic response, even for the strong coupling of a

structure with a heavy fluid (liquid). It is less CPU expensive than the classical method, because it leads to a

diagonalized system.

Nomenclature

Af , As = compact forms of the matrices corresponding to
fluid and structure, respectively

B = coupling matrix
C = compact form of the coupling matrix
c = sound speed
Df, Ds = fluid and structure diagonal matrices containing

the eigenvalues
Ff, Fs = fluid and structure loads
FfaddFf ,
FsaddFs

= added loads due to the neglected cavity and
structure modes, respectively

Ft = compact form of the load of the fluid
Kf = stiffness matrix for the fluid
Ks = structural stiffness matrix
k = wave number
Mf = mass matrix for the fluid
Ms = structural mass matrix
Mfadd = added compressibility due to the neglected

structure modes
Msadd = added mass due to the neglected cavity modes
Nf , Ns = fluid and structure shape functions
n = normal
p, hp2i = cavity pressure and cavity mean-square pressure
pn = pressure due to truncated modes
St = compact form of the load of the structure
SL, SR = left and right transformation matrices
u = structure displacement
un = displacement due to truncated modes
VL� , VR� = left and right eigenvectors of the transformed

system
VL, VR = left and right eigenvectors of the original system
hv2i = structure mean-square velocity
Xf, Xs = fluid and structure eigenvectors
�f, �s = fluid and structure eigenvalues

�f, �s = modal pressure and modal displacement
�f, �s = fluid and structure densities
� = stress
�f , �s, �sf = fluid surface, structure surface, and fluid–

structure surface
�K , �M = compact form for the coupled system
�s, �f = some fluid and some structure eigenvectors
� = diagonal matrix containing the eigenvalues

of the coupled system
�f, �s = fluid and structure volumes
! = pulsation

I. Introduction

I NTHE last two decades, the noise radiated by vibrating structures
has attracted increasing interest in many industrial applications

such as aerospace and aeronautics. Vibroacoustics now represents
a crucial aspect in the design of space vehicles, airplanes, and
helicopters.

Typical examples include cabin noise inside vehicles and aircraft,
which are always considered as a cavity with a flexible vibrating
structure [1] and simulated bymodal analysis [1–4]. However,modal
analysis must be used with caution to obtain accurate results.

In the past, a large amount of effort has been devoted to investigate
the vibroacoustic behavior of such systems. Stavrinidis et al. [2] gave
an overview of approaches that have been used for the prediction of
structural loads in satellites due to the acoustic environment. Pirk
et al. [3] carried out the numerical vibroacoustic analysis of the
fairing structure in the Brazilian vehicle satellite launcher. A cylin-
drical cavity was designed to represent a typical aircraft construction
in the work of Pritchard et al. [4]. Modal tests were conducted for
several configurations of the cylinder assembly under different load
conditions in order to study the vibroacoustic response. Jollet et al.
[5] used numerical approaches in the early stages of the satellite
design to estimate the vibration environment of sensitive instruments
and equipments.

In recent years, many numerical methods have been proposed to
simulate the interaction between an elastic structure and fluid. This
coupling can be done by using either coupled or uncoupled ap-
proaches that are based on different numerical methods, such as the
boundary elementmethod (BEM) [6–8], thefinite-differencemethod
(FDM) [9], and the finite-element method (FEM) [8,10–15].

For many problems, it is not necessary to consider a strong
coupling. For instance, in the case of vehicles, many authors have
treated the vibroacoustic coupling as a weak one [13]. In this ap-
proach, the mechanical response of the structure alone is calculated
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first. The obtained results are used as boundary conditions for the
acoustic part of the problem.Hence, thevibrations of the structure are
never influenced by the propagating waves through the fluid.

In fact, in their study of the elastoacoustic interaction, Kim et al.
[16,17] have proposed an optimization procedure of real vehicle
compartments by assuming that the acoustic pressure does not affect
the structure behavior. They simulated the fluid by the BEM and the
structure by the FEM. This optimization allowed them to reduce the
thickness and the weight of the vehicle, as well as the internal
acoustic pressure. The uncoupled approach was also used to predict
the acoustic pressure of impacted plates by rigid bodies [18]. By
assuming a weak coupling, Lambourg et al. [19] and Schedin et al.
[20] have simulated the plate by the FDM and the fluid by the
Rayleigh method.

It is obvious that the uncoupledmethod is easier to implement than
the coupled one, since two small models are to be simulated one after
the other [13]. However, this method is still limited to interaction
problems involving heavy structures and light fluids. For instance,
for underwater acoustics, the mechanical response is strongly
affected by the surrounding fluid. In this case, it is necessary to study
fluid–structure interaction problems in a coupled manner by con-
sidering the compressibility of the fluid and the structure flexibility
effects.

In the coupled approach, the structure is always expressed in terms
of a displacement-based formulation, while multiple choices of
independent variables exist for the fluid [15]. When the fluid domain
is represented by displacement potential, it leads to a symmetrical
system. Expressing the fluid in terms of displacement involves a
symmetric system and makes the coupling of their elements to the
structural ones easy. However, this approach significantly increases
the degrees of freedom of the fluid and, consequently, the compu-
tational time [14]. Another alternative involves the velocity potential
formulation. Although the system is symmetric, it presents a
nonclassical form of an eigenvalue problem [14,21]. Finally, the
classical coupling based on pressure formulation also leads to a non-
symmetric eigenvalue problem.

The direct solution of these problems based on the FEM is
computationally expensive for large-scale problems. Modal ap-
proaches are often preferred [22]. They constitute an efficient
alternativewhen the problem size becomesmore andmore important.
In the pressure-displacement-based formulation, the modal analysis
consists of calculating only a few structure modes in vacuum and a
few rigid cavity modes. However, this truncation can lead to signifi-
cant errors for some strongly coupled vibroacoustic problems [22].
To improve the convergence, Tournour and Atalla [22] extended the
pseudostatic correction (PSC), usually applied to elastic structures in
a vibroacoustic interaction problem. They corrected the elastoacous-
tic response with a static correction in the classical modal super-
position technique. However, they never computed the coupled
modes of a nonsymmetric eigenvalue problem.

This paper adopts the pseudostatic method [22]. Left and right
eigenvectors are calculated from a new symmetric form of the
eigenvalue problem to transform the governing matrix system into a
diagonal form. Sandberg [15] was the first to use this procedure to
make the classical coupling eigenvalue problem symmetric without
any static correction. This efficient and fast computational symme-
trization method with PSC permits us to compute accurate modes,
even for a strong coupling of a structure with a liquid.

The governing equations for vibroacoustic problems are first
presented. Then, a reviewof the classicalmodal analysis is discussed.
Finally, the PSC is described along with the different steps of the
symmetrization procedure and validations of the method.

II. Statement of the Problem

Thevibroacoustic problem in the present paper is the interaction of
an elastic structure (�s) with an ideal fluid occupying the volume
(�f) [Fig. 1]. A force is imposed on the surface (�s). The boundary
(�f) is assumed to be rigid, whereas the surface (�sf) represents the
fluid–structure interface. The external normal of the structure is ns,
and n is the external normal of the fluid cavity.

For a time-harmonic wave, the sound pressure P at any point
fluctuates with a pulsation ! as

P� p ei!t (1)

where p is the pressure amplitude.
Thewave equation in the case of a compressible and inviscid fluid

is the following Helmholtz equation [23]:

�p� k2p� 0; ��f� (2)

where k� !=c is the wave number, c is the sound velocity in the
fluid, and! is the circular frequency of the pressure oscillations. The
normal derivative of the pressure is related to the normal velocity via
the Euler equation @p

@n
��i�!vn for which the normal velocity is

imposed on the surface. Since the surface (�f) is rigid, the boundary
condition for the fluid is

@p

@n
� 0; ��f� (3)

The structure is governed by the elastic wave equation [21]:

@�ij
@xj
���s!2ui � fvi; ��s� (4)

where � is the stress, �s is the structure density, ui is the displacement
in the ith direction, and fvi is the mechanical volume load. By noting
(�s) the boundary on which a force is applied, the associated
boundary condition is written as

�ijn
s
j � fi; ��s� (5)

At the interface fluid–structure (�sf), the continuity of the normal
displacement and the stress gives

@p

@n
� �f!2u � n; ��sf�; �ijn

s
j ��pnsi � pni; ��sf�

(6)

III. Modal Analysis

A. Governing Equations

The application of the FEM to the variational formulation leads to
the following linear system:

Ks � !2Ms �B
�!2BT �Kf � !2Mf�

� �n
u
p

o
�
n Fs
Ff

o
(7)

where

Ks �
Z
�rNs�TDrNs d�s

is the structural stiffness matrix,

Ms � �s
Z
�Ns�TNs d�s

is the structural mass matrix,

Fig. 1 Fluid–structure problem.
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Kf �
1

�f

Z
�rNf�TrNf d�f

is the stiffness matrix for the fluid,

Mf �
1

�fc
2

Z
�Nf�TNf d�f

is the mass matrix for the fluid, and

B�
Z
�Nf�TnNs d�sf

is the coupling matrix.
D in the expression of Ks is a symmetric matrix containing the

structural elastic coefficients, Ns and Nf are the shape functions for
structure and fluid, respectively. Equation (7) can be written in a
condensed form as

�K � !2M�
n
u
p

o
� F (8)

Directly solving the linear system is a computationally inefficient
approach because of the great number of DOFs in the coupled
models. As mentioned previously, modal analysis significantly
reduces the discretized problem size, and it allows us to diagonalize,
block by block, the matrix system. The following generalized
eigenvalue problems corresponding to the structure in vacuum and
the fluid with stiff boundaries are independently solved:

KsXs � �sMsXs; KfXf � �fMfXf (9)

where �s and �f are the structural and fluid eigenvalues, and �s and
�f are the structural and fluid eigenvectors.

The matrices consisting of some eigenvectors in the structural and
the fluid domains are �s and �f , respectively, such as

u
p

� �
� �s 0

0 �f

� �
�s
�f

� �
(10)

By using the following relation of orthogonalization,

�TsMs�s � Is; �Ts Ks�s �Ds; �TfMf�f � If
�TfKf�f �Df

(11)

the coupling system can be rewritten as follows:

Ds � !2Is ��Ts B�f
�!2�TfB

T�s Df � !2If

� ��
�s
�f

�
�
�
�Ts Fs
�TfFf

�
(12)

It can take also the form,

Ds ��Ts B�f
0 Df

� ��
�s
�f

�
�!2

Is 0

�TfB
T�s If

� ��
�s
�f

�
�
�
�Ts Fs
�TfFf

�
(13)

whereDs andDf are diagonal matrices containing the structural and
fluid eigenvalues, respectively, and �s and �f represent the modal
structural displacement and the modal fluid pressure, respectively.

The resolution of the last algebraic linear system [Eq. (12)] for
each frequency permits us to obtain the modal unknowns �s and �f
and, consequently, u and p can be deduced from Eq. (10). Although
its size is reduced, the system is a nonsymmetric eigenvalue problem
[Eq. (13)]. Hence, efficient algorithms solving symmetric eigenvalue
problems cannot be used.Many alternatives [15] have been proposed
in order to diagonalize thematrix by considering the projection of the
system on the left and right eigenvectors. By using some matrices
transformations, Sandberg [15] wrote the right [Eq. (14)] and the left
[Eq. (15)] eigenvalue problems into a symmetric form that permits us
to diagonalize the system and solve the problem in an efficient
manner. The direct method (DM) is compared with the modal
approach and the Sandbergmethod in the next section. The following
simulations are performed by using MATLAB on a PC (Intel Xeon,
4 GB, 3 GHz):

� !2
Is 0

0 If

" #� �s
�f

�

�
Ds �

��������
�c2

p ������
Ds

p
�Ts B�f

�
��������
�c2

p
�TfB

T�s
������
Ds

p
Df � �c2�TfBT�s�Ts B�f

" #� �s
�f

�

�
� ��������

�c2
p ������

Ds

p
�Ts Fs

�TfFf � �c2�TfBT�s�Ts Fs

�
(14)

where �s � �
��������
�c2

p ������
Ds

p
��1�s, �f � �f

� !2
Is 0

0 If

" #� �s
�f

�

�
Ds � �c2�Ts B�f�TfBT�s �

��������
�c2

p
�Ts B�f

�������
Df

p
�

��������
�c2

p �������
Df

p
�TfB

T�s Df

2
4

3
5� �s

�f

�
(15)

where �s � �s, and �f � �
��������
�c2

p �������
Df

p
��1�f

B. Numerical Simulations

In this section, the vibroacoustical responses are represented in
terms of mean-square pressures and velocities [Eq. (16)] for a simple
example. This later consists of a rigid cavity �0:312 � 0:351 �
0:14� m3 with only one simply supported elastic face (E� 72 GPa,
�� 0:3, and �� 2700 kg=m3) of a thickness of t� 0:0015 m. This
plate is excited by unit punctual force at point (0.039,0.0702,0) m
[Fig. 2]: (

hv2i � 1
2Ss

R
Ss
jVnj2 dS

hp2i � 1
2Vf

R
Vf
jpj2 dV (16)

The response of the coupled system is performed using the
following methods: 1) the DM, given by Eq. (7); 2) the classical
modal method (CMM), given by Eq. (12); and 3) the symmetrization
of the modal method (SMM) proposed by Sandberg [15], given by
Eqs. (14) and (15).

The plate is discretized into (40 � 50) discrete Kirchhoff
quadrilateral (DKQ) plate elements, whereas the cavity is divided
into (40 � 50 � 4) eight-node brick elements. Hence, the mesh
consists of 10,455 DOFs for cavity pressure and 6273 DOFs for the
structure displacement and rotation. This implies the resolution of a
system of (16728 � 16728) in case of the DM. It is to be emphasized
that the models in the second and the third method use 50 structural
modes (fsmode�50 � 2456 Hz) and 50 cavity modes leading to a
reduced system of (100 � 100). Two different cases are considered to
compare these methods. In the first one, the cavity is filled with air
(�� 1:21 kg=m3, c� 343 m=s, and ffmode�50 � 2722 Hz) while, in
the second case,we usewater (�� 1000 kg=m3, c� 1500 m=s, and
ffmode�50 � 11; 904 Hz) [Fig. 2]. Figures are given for a frequency
range of [1–700] with a step of 1 Hz.

Figure 3 represents the mean-square velocity of the structure,
while Fig. 4 gives the mean-square pressure in the cavity when it is
filled with air. The different methods agree well with each other.

These results are calculated using the first 50 modes for the struc-
ture (fsmode�50 � 2456 Hz) and 50 modes for the fluid (ffmode�50�
2722 Hz).

Fig. 2 Plate-backed cavity vibroacoustic problem.
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When the cavity is filled with water, the response is performed
for the following range of frequency: 1 to 700 Hz. The modal
analysis, the DM, and the symmetrization procedure lead to
different results [Figs. 5 and 6], even with a maximal frequency of
11,904 Hz for the cavity and 2456 Hz for the structure, which are
greater than the maximal frequency of the considered spectrum
(700 Hz). In fact, the interaction of the structure with a heavy fluid
like water leads to a strong coupling between the structure and
cavity modes, including the truncated ones. Consequently, the
application of the modal analysis can give wrong physical results
for strong coupling problems, since the accuracy is not guaranteed.
Hence, it is necessary to remedy the observed poor precision of the
method for liquids.

The symmetrization of the modal matrix with the PSC [22] is a
solution presented in the next section.

IV. Symmetrization of Modal System
with Pseudostatic Correction

A. Pseudostatic Correction

The PSC [22] is shortly described in this section. The structure and
cavity truncated modes are �fn and �sn, respectively:�

u� �s�s � �sn�sn � �s�s � un
p� �f�f � �fn�fn � �f�f � pn

(17)

where un and pn represent, respectively, the displacement and the
pressure due the truncated modes.

The relation of orthogonality is applied to the truncated modes by
assuming that their contribution is only static (structural kinetic and
fluid compressibility energies are neglected):

Fig. 3 Mean-square velocity of the plate coupled to a cavity filled with air.

Fig. 4 Mean-square pressure of the cavity filled with air.
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(
Dsn�sn � �Tsn�Fs � Bp�
Dfn�fn � �Tfn�Ff � !2BTu� (18)

For the correction of a first order, the neglected modes can be
expressed as the following:

�
un��K�1s ��sD�1s �Ts ��Fs�B�f�f��K�1sn �Fs�B�f�f�
pn��K�1f ��fD�1f �Tf ��Ff�!2BT�s�s��K�1fn �Ff�!2BT�s�s�

(19)

Consequently, by substituting Eq. (19) in Eq. (17), the structural
displacement and the fluid pressure can be expressed by

�
u� �s�s � K�1sn Fs � FTsadd�f
p� �f�f � K�1fn Ff � !2FTfadd�s

(20)

Combining Eqs. (7) and (20), with consideration of orthogonality
relations, lead to the following linear system:

Ds � !2�Is �Msadd� ��Ts B�f
�!2�TfB

T�s Df � !2�If �Mfadd�

" #� �s
�f

�

�
� �Ts Fs � FfaddFf
�TfFf � !2FsaddFs

�
(21)

whereMsadd andFfaddFf represent, respectively, the added mass and
load due to the neglected cavity modes, and Mfadd and FsaddFs
represent, respectively, the added compressibility and load due to the
neglected structure modes:

Msadd � �Ts BK�1fn BT�s; Fsadd � �TfBTK�1sn
Mfadd � �TfBTK�1sn B�f; Ffadd � �Ts BK�1fn

Fig. 5 Mean-square velocity of the plate coupled to a cavity filled with water.

Fig. 6 Mean-square pressure of the cavity filled with water.
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In Eq. (19), both Kf and Ks are assumed to be positive definite
matrices and, consequently, invertible. Otherwise, a constraint must
be applied to these matrices to eliminate rigid modes [24]. More
details on PSC can be found in [22].

B. Projection on Coupled Modal Basis

Equation (21) can be written as the following:

Ds �C
0 Df

� ��
�s
�f

�
� !2 As 0

CT Af

� ��
�s
�f

�
�
�
St
Ft

�
(22)

whereAs � Is �Msadd,Af � If �Mfadd,C� �TfB�f , St � �Ts Fs�
FfaddFf , and Ft � �TfFf � !2FsaddFs.

1. Right Eigenvectors

Equation (22) can be used to calculate the right eigenvectors. The
system matrix in Eq. (23), which is almost symmetric, can be
obtained bymultiplying Eq. (22) on the left by the inverse of themass
matrix:

� !2

� �s
�f

�
�

A�1s Ds �A�1s C
�A�1f CTA�1s Ds A�1f C

TA�1s C� A�1f Df

" #� �s
�f

�

�
� A�1s St

�A�1f CTA�1s St � A�1f Ft

�
(23)

Using the base given by Eq. (24) permits us to transform Eq. (23)
into a symmetric system, presented in Eq. (25):�

�s
�f

�
� �

������
Ds

p
��1 0

0 �
������
Af

p
��1

� ��
�s
�f

�
� SR

�
�s
�f

�
(24)

�!2

� �s
�f

�

�
������
Ds

p
A�1f

������
Ds

p
�

������
Ds

p
A�1s C�

������
Af

p
��1

��
������
Af

p
��1CTA�1s

������
Ds

p
�
������
Af

p
��1�CTA�1s C�Df��

������
Af

p
��1

" #

�
� �s
�f

�
�
� ������

Ds

p
A�1s St

��
������
Af

p
��1�CTA�1s St�Ft�

�
(25)

K� andK� are the matrices in the � and � systems, respectively.VR�
and VR� are the right eigenvectors of the systems in � and �,
respectively. According to the multiple steps done previously, the
following form can be written: K�SRVR� � �SRVR� . Since the eigen-
values do not change, the eigenvectors V� are equivalent to those of
SRVR� . This result permits the deduction of the relation in Eq. (26)
between the right vectors VR of the original system and those of the
symmetric eigenvalue problem VR� :

VR � �
������
Ds

p
��1 0

0 �
������
Af

p
��1

� �
VR� � SRVR� (26)

2. Left Eigenvectors

The left eigenvectors of the initial problem are solutions of
Eq. (27):

Ds 0

�CT Df

� ��
�s
�f

�
� � As C

0 Af

� ��
�s
�f

�
(27)

This system can be written as an almost symmetric one as the
following:

A�1s Ds � A�1s CA�1f CT �A�1s CA�1f Df

�A�1f CT A�1f Df

� ��
�s
�f

�
� �

�
�s
�f

�
(28)

The scaling in Eq. (29) is used to make Eq. (28) symmetric:�
�s
�f

�
� �

�����
As
p
��1 0

0 �
�������
Df

p
��1

� ��
�s
�f

�
� sL

�
�s
�f

�
(29)

Consequently, thefinal symmetric eigenvalue problem is given by:

A�1=2s �Ds � CA�1f CT�A
�1=2
s �A�1=2s CA�1f

�������
Df

p
�

�������
Df

p
A�1f C

TA�1=2s

�������
Df

p
A�1f

�������
Df

p
" #�

�s
�f

�

� �
n �s
�f

o
(30)

And the eigenvectors of the original problem are given by

VL � �
�����
As
p
��1 0

0 �
�������
Df

p
��1

� �
VL� � SLVL� (31)

Fig. 7 Mean-square velocity of the plate coupled to a cavity filled with water.

ALIA AND SOULI 2201



3. System Diagonalization

The original system given by Eq. (22) can be written in the
following condensed form:

�Km � !2Mm��� Fsf (32)

Bymultiplying Eq. (32) from the left by SL, with the consideration
of�� SR�, the system takes the following form:

��K � !2�M��� SLFsf (33)

where �K � SLKmSR, and �M � SLMmS
R. Multiplying Eq. (33)

from the left by �VL� �T and considering the following scaling
(�� VR� 	) allows us to obtain the diagonal system:

�� � !2I�	� �VL� �TSLF) �� � !2I�	� �VL�TFsf (34)

where �� �VL� �T�KVR� is a diagonal matrix constituted from the
eigenvalues of the coupled system, and the eigenvectors are defined
as �VL� �T�MVR� � I.

The introduction of the different last transformations (�� SR��
SRVR� 	� VR	) permits us to deduce thefinal solution of the problem:

�
�s
�f

�
� VR

�VL�TFsf
�� � !2I� (35)

where FTst � 	STt FTt 
 is the total load. This last equation gives the
modal pressure and displacement of the coupled system calculated
by taking the static correction into account. The physical unknown
variables are obtained by substituting the value of �s and �f in
Eq. (20).

One can see that the multifrequency problem analysis consists of
an inversion of a diagonal matrix for each spectrum frequency.
Hence, once the left and right eigenvectors are calculated, the
solution of the problem is obtained by simple matrix multiplications.
Another advantage of this method is that the resonance frequencies
and the mode shape of the coupled system can be deduced, which
gives the vibroacoustic behavior of this system in its totality.

Fig. 8 Mean-square pressure of the cavity filled with water.

Fig. 9 Mean-square velocity of the plate coupled to a cavity filled with air.
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C. Validation of the Method

1. Plate-Backed Box Cavity

The example studied in Sec. III is considered. The vibroacoustic
response is calculated using the three following methods: 1) the DM,
2) the corrected symmetric modal method (CSMM), and 3) PSC.

Figure 7 shows the mean-square velocity computed by using the
two last methods. Good agreement is observed between these
methods. The comparisons of Fig. 5 with Fig. 7 and Fig. 6 with Fig. 8
show the improvement of the accuracy by using the static correction.
These plots show the accuracy of the present method. The CPU
efficiency of themethods is as follows: theDM is 6 days, the CMM is
9.20 s, the SMM is 64.4 s, PSC is 2427 s, and the CSMM is 1146 s.
The method presented in this paper appears twice as fast as the PSC,
and it is noticeably faster than the DM. Compared to the SMM, the
added time in the CSMM to compute the pseudostatic correction is
significant for this large problem. This time is decreasing when
smaller meshes are studied. This CPU time is considered for the

whole frequency range (700 frequencies). It includes all intermediate
computations required by each method, except the stiffness, the
mass, and the coupling matrices, which are common to all methods.

Finally, the first case consisting of a cavity filled with air is solved
by the new method. Both the mean-square pressure and the velocity
are still in good agreement with the DM [Figs. 9 and 10]. This last
result proves that the present method can be successfully used for
weak coupling.

2. Plate-Backed Cylinder Cavity

The test case presented in this section is a rigid cylinder with one
elastic steel plate end,while the second onehas a spherical shape. The
plate, of a thickness of t� 0:00122 m, has the followingmechanical
properties: E� 210 GPa, �� 0:3, and �� 7800 kg=m3. The
cylinder dimensions are represented on Fig. 11. The cavity is filled
with water and excited uniformly from its plate end by a unit force.

Fig. 10 Mean-square pressure of the cavity filled with air.

Fig. 11 Plate cylinder cavity system.
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The plate is discretized using 64 DKQ plate elements, whereas the
interiorfluid is discretized using 1072 eight-node brick isoparametric
elements. The total node number is 1264.

Figures 12 and 13 show the plate mean-square velocity and the
cavity mean-square pressure, respectively. Their spectra are plotted
for 500 frequencies over a frequency range of [0.2,100] Hz with a
step of 0.2 Hz. Fifty plate modes (fs�mode�50� � 888 Hz) and 50
cylinder modes (ff�mode�50� � 6201 Hz) are considered in the modal
analysis.

The CMM fails to predict vibroacoustic responses, while there is a
full agreement between the DM and the CSMM. It proves the ability
of the CSMM to predict the response of the coupling system.

As given in Sec. IV.C.1, estimations of the CPU time for 500
frequencies of [0.2,100] Hz with a step of 0.2 Hz are as follows: the
DM is 5113.6 s, the CMM is 59.50 s, and the CSMM is 10.96 s. An
important speed up is performed by the CSMM in comparison with
the DM and the CMM.

V. Conclusions

This paper deals with a vibroacoustic analysis based on rigid
cavity and in-vacuum structure modes to simulate strong structure–
cavity interaction, namely, when the interior fluid is a liquid. The

eigenvalue system obtained from this method is nonsymmetric.
Consequently, the classical efficient algorithms computing eigen-
values and eigenvectors cannot be used. In addition, it does not give
any information about the frequencies and the modes of the coupling
system.

Among variousmatrix symmetrization procedures of the pressure-
displacement formulation, one possibility is to start from the right
and left eigenvectors of the initial unsymmetric matrix system.
Although it is great at saving time, this technique can be sometimes
dangerous because of the truncation of certain modes susceptible to
be required for the coupling.

The symmetrization procedure of the corrected eigenvalue
problem using PSC accurately analyzes a vibroacoustic problem.
The method not only gives accurate frequencies, modes, and
responses, even for the strong coupling problem, but it also proves to
be very CPU efficient in comparison with the traditional approaches.
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