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Panel Dynamic Response to a Reverberant Acoustic Field

H. Nelisse,* O. Beslin,T and J. Nicolas*
Université de Sherbrooke, Sherbrooke, Québec JIK 2R1, Canada

A novel semianalytical approach based on the integral equation method has been developed to predict the
structural response of a panel located in a rigid-walled cavity. This problem is related to the study of the acoustic
response of satellite panels with electronic equipment. The main difficulty lies in the treatment of the response of
an unbaffled panel, strongly coupled to a high modal density pressure field. A two-indices empty cavity Green’s
function is used, inspired from electromagnetism. The plate contribution to the sound pressure is obtained by
expanding the pressure jump and Green’s function on the same basis functions. This approach presents two main
advantages: it reduces the size of the linear system to be solved and avoids ill-conditioning problems. This method is
found to be quite efficient (10 s per frequency point on a 10 Mflops machine). Results show that the panel responds
better at acoustical eigenfrequencies than at its in vacuo modes. The values at which the diffraction phenomena
governs the structural and acoustic responses are pointed out in terms of density and flexural rigidity. Finally, the
formulation allows the quantification of differences between light and heavy fluid environments.

Nomenclature
bum = deflection related unknown coefficients
c = sound velocity
D = flexural rigidity
E, = Young’s modulus
fiw = driving frequency, driving angular frequency
H = Hamiltonian functional of the panel
J =v/-1
K = panel stiffness matrix
k = wavenumber
L,,L,, L, =x,y,zcavity dimensions
.1, = x, y panel dimensions
M = panel mass matrix
N¥, N¥ = number of acoustic modes in the x and y directions
NP, Nyp = number of in vacuo modes in the x and y directions
Ny, = normalization constant for function v,
n, = rigid wall normal unit vector
n, = panel normal unit vector
n; = normal unit vector in the z direction
Prae = plate sound pressure contribution
Psource = source sound pressure contribution
” = sound pressure jump related unknown coefficients
P = sound pressure in the cavity
P(x,y) = sound pressure jump across the panel
S = basis change matrix
S, = rigid wall surface
A\ = panel surface
Sy = source surface (piston)
S = surface of the xy section of cavity
St = § matrix transpose
14 = cavity volume
Vu(x,y) = acoustic velocity in the z = z,, plane
A = source velocity amplitude

w(x, y) = panel deflection

= plate operator
Zp = z position of the panel

= Kronecker delta
Ny = fluid damping coefficient (modal damping)
7y = structural damping coefficient (modal damping)
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v = Poisson coefficient

0 = fluid density

Os = mass per unit area of the panel

Py = mass per unit volume of the panel
¢um{x,y) = in vacuo mode of the panel

Y, (x,y) = acoustic basis function

I. Introduction

T is well known in the aerospace industry that the acoustic pres-

sure levels generated by the launch vehicle engines are extremely
high. They are responsible for the high levels of acoustic excitation
on the different structural components. This strong acoustic pres-
sure excites the secondary spacecraft structures, such as solar panels,
communication reflectors, payload panels, and so on. Even though
the payloads are designed to maximize the acoustic transmission
loss, the satellite and its components are still subject to very high
levels of acoustic excitation. This excitation leads to elevated dy-
namic responses (accelerations) which have to be taken into account
by payload designers to circumvent equipment damages. In order to
launch proof their product, satellites manufacturers submit their ma-
jor structural subsysterns to standards tests in a reverberant chamber.
Some of these major structural subsystems are made up of panels.
Such a panel is hung in a large reverberant room and immersed in a
diffuse acoustic field. The acoustic pressure (in a one-third octave
band) is spatially constant.!™* The excitation spectrum and levels
are specified, and the structure acceleration levels are measured.
These tests lead to a vibroacoustical problem that presents many
interesting challenges: 1) the panel is unbaffled, 2) the panel is ex-
cited on both sides by an acoustic field, 3) the coupling between the
panel and the fluid has to be treated rigorously in order to obtain the
pressure jump function across the panel, and 4) the proposed for-
mulation must take into account the pressure of an extremely high
modal density in the cavity, even at low frequencies. In other words,
even if the field is initially diffuse, the simplifying hypotheses us-
ually found in these types of problems are not admissible.

In the literature, when predicting the effect of an unbaffled struc-
ture on an acoustic field, a first approximation is made by assuming
that this structure is motionless, leading to diffraction theories. The
diffraction of acoustic waves by simple structures, such as rectangu-
lar plates, circular disks, and apertures in a baffle, has been studied
analytically, numerically, and experimentally by many authors.’~1"
For a flexible structure, even if it has a simple geometry, not many
analytical or numerical studies have been conducted. The fact that
the structure is unbaffled and acoustically excited tends to compli-
cate the problem since the fluid-structure coupling cannot be ne-
glected. Statistical energy analysis (SEA) approximations are used
for the prediction of the high-frequency response,'!~!* whereas,
for low and medium frequencies, numerical approaches based
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on modal approaches give good results.'*~!® However, these ap-

proaches require significant computer resources (storage space and
CPU time) for a simple configuration used for parametric analysis.

To obtain efficient computer codes, some semianalytical ap-
proaches were attempted. Ouellet et al.!” studied the behavior of
a limp panel in a rigid-walled rectangular cavity. Their formulation
uses an integral equation method. They used a modal expansion
on the cavity modes to describe the physical quantities of interest.
Since the chamber is three dimensional, the number of modes in-
creases rapidly with frequency. Therefore, this method is limited
to small cavities and plates. Moreover, the presence of an obstacle
implies a discontinuity of the pressure function across its surface.
To take care of this discontinuity, the authors suggested using three
sets of coefficients in the expansion of the pressure gradient and,
then, increasing the size of the linear system of equations.

Beslin?® avoids the discontinuity problem by using a two-indices
Green’s function first introduced in electromagnetism?! and applied
in acoustics by Bruneau.?? Beslin studied the case of a holed panel
in a rigid-walled cavity. For this panel configuration, there is no
straightforward analytical expression for the in vacuo modes. Thus,
the author used an approach based on Hamilton’s principle where
Beslin expressed the holed plate displacement on a set of basis func-
tions independent of the hole shape and defined by the section of
the cavity. This formulation leads to a solution that is nonunique.
To remove this nonuniqueness problem, he introduced the notion of
“ectoplasm.” Ectoplasm is an inconsistent material having negligi-
ble mechanical properties compared to those of a real plate. It allows
the extention of a structure initially defined over a noncanonical do-
main to a canonical domain and then solves the problem by using a
functional basis defined over the canonical domain. This technique
can be used to simulate an unbaffled free panel. However, care must
be taken in the choice of numerical values of the ectoplasm proper-
ties to avoid numerical ill conditioning. For a large cavity, the linear
system to solve tends to become quite large since the basis functions
are defined over the entire section Sy of the cavity, and so more basis
functions must be taken.

In this paper, we present a semianalytical formulation to predict
the behavior of an unbaffled plate in arigid-walled rectangular cavity
excited by an acoustical source. This new approach includes several
interesting features: 1) the panel is flexible and unbaffled, 2) the
excitation on the panel is an acoustic diffuse field rigorously treated
with a modal decomposition, 3) the fluid-structure coupling is intro-
duced exactly and allows treatment of light and heavy fluids, and 4)
the method is fast enough to allow parametric analysis, a necessary
condition for aerospace applications. Our formulation is based, like
that of Ouellet et al.,' on an integral equation method. The acoustic
pressure is expressed using a pressure jump function. The coupling
between the fluid and the structure is introduced exactly with this
pressure jump function and in the velocity continuity relation at the
surface of the panel. A two-indices Green’s function?? is used to ex-
press the pressure and the pressure jump functions whereas modal
expansion on in vacuo modes is used for the plate deflection. Judi-
cious choice of the integration domain for the basis functions allows
one to write a system of linear equations. The pressure jump across
the surface and the panel deflection are then obtained with standard
linear algebra techniques. Since the two-indices Green’s function is
used and the in-vacuo modes are defined by the surface of the panel,
the formulation becomes a lot faster than those of Ouellet et al.”
and Bestin.?’

This paper is divided in three parts. The first part presents an
overview of the integral equation formulation dedicated to this prob-
lem. In the second part, a novel semianalytical formulation using the
two-indices Green’s function and the expansion of pressure jump
and deflection of the plate is presented. Finally, the third part presents
some numerical results, such as the importance of the fluid-structure
coupling and the conditions (in mechanical terms) for which the
diffraction is the governing phenomena.

II. Integral Equations
A. Geometrical Considerations
A rigid-walled rectangular room (dimensions L, x L, x L,)
containing a thin panel of dimensions I, x [, is considered, as shown

—

L s 0

x x z

Fig.1 Generalrepresentation of arectangular cavity containing a plate
of surface S, excited by a piston of surface S;.

in Fig. 1. The cavity can be excited by a vibrating surface S, lying
in the z = 0 plane. The wall surfaces (excluding S,) are S,, the
panel surface is S,, and the interior volume (excluding S,) is V.
This configuration simulates a satellite panel submitted to acoustic
excitation tests in a reverberant chamber.

B. Formulation for the Acoustic Pressure
The pressure field P(r) must satisfy the following Helmholtz
equation and boundary conditions:

VZP(r)+ kK P@r) =0 €}
in V, and
VP -n =0, Neuman condition on S, @
VP -n, = jopV, on S,

Also, k is the wave number related to the piston driving frequency
w by

2
2 w

P% S A
A+ jm) ©

where 7, is the acoustic damping factor, which includes losses in
the fluid. The piston normal velocity V, is imposed as a boundary
condition on S;.

Using layer potential theories,?>2 the pressure field can be ex-
pressed as follows:

P (ry) 2// G@r,ryV, . P(r)-ndS
Sy

- // P(x,y)V,G(r,ry) - n,dS )
Sp
where G (r, ry), Green’s function, satisfies
VrzG(r,r(,)+k2G(r,r(,) =—8@r —ry) (5
in V, and
VG, r)  n=0 (6)

on S, U §,. The quantity P(x, y) is the pressure jump across the
surface S, and is defined by

P@.y) =lmlP(x,y,2,+€) = P(x.y.z, =) (]

The pressure jump function P(x, y) can be related to the panel
normal velocity (or plate deflection). The pressure jump and the
panel normal velocity are both unknowns. They can be identified
using the equation of motion of the fluid loaded panel and the con-
tinuity of the panel and acoustic field velocities on S,.
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III. Semianalytical Resolution

To identify the pressure jump and the plate deflection, Green’s
function Egs. (5) and (6) and pressure jump equation (7) can be ex-
panded on a two-dimensional functional basis. The plate deflection
can be expanded on in vacuo modes. Then, a linear system of equa-
tions can be obtained by considering the equation of the fluid loaded
plate motion and the panel and fluid velocities continuity on §,.

A. Pressure Field

Instead of expanding Green’s function on cavity modes, which
implies a triple summation, the function is expanded on a set of
two-dimensional functions. It reduces the number of summations
by one, which is a great improvement for algorithm efficiency. Such
an expansion is written, as shown by Bruneau,? in the following
form:

G(r,10) = Y 8z, 20) ¥ (%, )W (x0, Yo) @®)

tu

The orthonormal basis functions ¥, are given by

4 tmx umwy
cos(—)cos( ) )
A +800 +80)L:Ly  \ L, L,

and the function g, (z, zy) by

'Q[/;;,(X, )’) =

_ Cos[kz/u (Lz - Z())]COS(kzn,Z)

i, <
kusin ko, L) ne=
&z, 20) =
_ Cos[kz/u (Lz - Z)]Cos(kszl)) ifz >z
kzru Sin(kzruLz) - ()(10)
where
k2, =k = [(t7r/ L) + (u/Ly)| (11

With this Green’s function, all of the modes along the z axis are
implicitly present and faster convergence can be achieved compared
to classical three-indices Green’s function.!® Moreover, since g;, is
defined in two parts, it takes into account the pressure discontinuity
at z = z,. Ouellet et al.”® and Beslin® have explained the problems
related to the use of the three-indices Green’s function to reproduce
the discontinuous pressure function.

1. Source Contribution
With Eqgs. (2), (4), (8), and (10) one can calculate the contribution
of the piston to the sound pressure:

Vru COS[kZ”, (Lz — Z)]
kzru Sin(szu LZ)

Poouree (F) = —j wp Z

tu

Vu(x,y)  (12)

The term V,,, is obtained from the integration over the piston surface
and is given by

V/u = V\/ dS wfu(-xv V) (13)
Sy

The contribution of the piston to the pressure, expressed in Eq. (12),
is also the expression for the acoustic pressure for the empty room.

2. Plate Contribution

To compute the plate contribution to the pressure, the pressure
jump function is expanded on the same basis functions previously
used for Green’s function. This choice of functions for the expansion
is one of the key aspects of our formulation since it allows, as we
will see, considerable reduction of the size of the system to be solved
and avoids ill-conditioning problems. One then writes

P, y) = Puvn(x, ) (14)

where the P, are unknown coefficients. Inserting Egs. (8), (9), (10),
and (14) in Eq. (4), one gets

Pplum (r)

Sin[kzm (Zp - Lz)] =
Z WP”,I//W(X, yvicos(k,z) Yz =<z,

Sin(kzruzp)
E —————= P, VU, (x, y)cos[k,,(z — L Vz>
sin(kyn L) Wi (X, ¥) ko (z 2] ZZ2Zp

fu

1s)

Itis to be noted that the pressure jump at z = z,, is taken into account
since the pressure field (15) is defined in two parts.

B. Fluid-Structure Coupling
1. Equation of Motion of the Plate

The acoustic pressure field is entirely defined by the pressure jump
function, as one can see in Egs. (12) and (15). This pressure jump is
due to the presence of the plate. We then have to relate the pressure
jump function to the plate deflection w. The equilibrium condition
between the two quantities can be written

P(x,y) = Z[w(x,y)] Y,y €S, (16)

where Z is an operator that represents the mechanical behavior of the
plate. P(x, y) is, in fact, the density of forces acting on the panel. To
obtain the operator Z in a matrix form we developed the deflection
of the plate on in vacuo modes of the panel. One then can write

WEY) =) bt (x,3) YV ES, A7)

nm

Two types of boundary conditions have been considered for the
plate: the guided plate and the simply supported plate. This choice is
motivated by the fact that the in vacuo modal shapes ¢ for these
boundary conditions are well-known analytically and are given by

¢nm (X ’ Y)

4 nTx mmy .
cos(—)cos( - ) guided
(1 + (Sn())(l + (Sm())lxly l)c ly

4  /nmx\ . /muy .
sm( ) sin ( ) simply-supported
Ll L, N
(18)

The guided plate allows a rigid body translation mode along the z
axis. The influence of this mode atlow frequencies can be studied by
comparison with the simply supported plate which does not allow
this mode.

The Appendix shows the calculations for the Z operator for
a guided and simply supported plate. Both can be expressed as
follows:

anpq = —sznmp([ + Knmpq (19)

The M and K matrices are given in the Appendix.
Using Eq. (14), the fluid loaded plate motion is given by

DY Zumpibpgban V) = =D Pt (x, ) (20)

nm - pq

on §,. Equation (20) represents one part of the fluid-structure cou-
pling. As will be shown in the next section, the other part is given
by the fluid and panel velocities continuity.

2. Velocities Continuity Condition

At the interface between the panel and the fluid, the panel and
acoustic velocities must be equal. This is what we call velocities
continuity on §,,. The acoustic velocity V, in the z = z,, plane can
be written

1 aP )
Volx,y) = ——— 2D
jwp 8z |,

=Zp
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Using Eqgs. (12) and (15), Eq. (21) can be rewritten

1 _
Valxo ) = = D WP = Wolb(x.y)  (22)

tu

where
1 sin[k,,, — L)sin(k,,,
v, = Ly sinlkaG, = Lolsinthnz,) 23
p Sln(kztuLz)
sinfk,;,(z, — L
w,, = jme—[z'(p—Z)] (24)

Sin(szuLz)

Difterentiating the panel deflection with respect to time, the veloc-
ities continuity reads, after multiplication by jw,

Z[Yru ﬁru - Wtuh[/fu (x, Y) = _w2 Z bnm¢nm (X, V) (25)

fu nm

on S,. Equations (20) and (25) completely define the fluid-structure
interaction.

C. System of Linear Equations

The pressure jump (14) to be identified is defined over the St do-
main. Equation (20) relates the pressure jump and the panel velocity
on the §, domain. On the complementary domain Sy — S, the pres-
sure jump must vanish since there is no obstacle. Thus, multiplying
both sides of Eq. (20) by the basis function v, and integrating over
St one gets

> B, /S AV b = = D Y Zumabi
s T

nm pg

X / dS d)nmwm + / O dS (26)
Sp

Sy—~Sp

A transform matrix S from the i to the ¢ basis can be defined:
Snmru = / ds ¢mnlr//ru (27)
Sp

Then, Eq. (26) can be rewritten, since ¥ is an orthonormal basis,

Pn/ = - Z Z S,'F'me anqupq (28)

nm pg

Using the same approach, multiplying relation (25) by ¢,, and

integrating over S, one can write

D Sounls Py = Wil = =0 Y " bunlumpy  (29)

nm

with I, the unit matrix.
Inserting Eq. (28) in Eq. (29), one obtains the following linear
system of equations to solve:

[SYS'Z —w? 1[b] =[-8 W] (30)

This system is well conditioned and easily resolved with classical
algorithms. It has to be solved for each frequency step.

Advantages related to this formulation are that all of the physical
quantities can be obtained with just the b, set; it also reduces the
computation time. The plate velocity and the acceleration can be
obtained from Eq. (17), the pressure jump can be obtained from
Eg. (28), and the sound pressure is given by Eqs. (12) and (15).
In their formulations, Ouellet et al.'” and Beslin® had to solve a
system containing more than one set of coefficients. The formulation
developed here only requires one set of coefficients. This is due to
1) ajudicious choice of functions and domains of integration and 2)
the use of orthogonal basis functions. This last point is a determinant
advantage in favor of this formulation since it allowed us to obtain
the unit matrices in the fluid-structure coupling equations.

IV. Numerical Results

A. Change of Basis Matrix S: Convergence of the Method

The S matrix is the transform matrix from the ¥ (acoustic) basis
to the ¢ (structural) basis whereas S is the transform matrix from ¥
to ¢. To ensure convergence of the method, the number of acoustic
and structural basis functions must be determined properly. If it is
assumed that enough in vacuo modes for the plate are used so that
the last modes have less weight in the modal expansions, one can
state the following criterion: the smallest x(y) wavelength of the
acoustic basis functions must be less or equal to the smallest x(y)
wavelength of the in vacuo modes. Mathematically, for cosine or
sine functions and modes, this condition can be expressed as

N{¢/Ly = N{/lx

31
Ne</Ly = NJ /1, ey
In other words, the acoustic basis must have greater or equal “defi-
nition” than the definition of the structural basis.

One can distinguish three zones for our criterion: the subcritical
where the criterion is not met, the critical [equal sign in Eq. (31)],
and the supercritical cases. As an example, if we have a 2 x 2 m
panel, a 4 x 6 m section for the cavity and if we choose 10 x 10
(100) modes for the panel, we will have to take at least 20 x 30 (600)
acoustic functions to ensure good accuracy, a value that represents
the critical limit. Then, it becomes clear that the namber of acoustic
functions increases rapidly with the x—y dimensions of the room.

Figure 2 illustrates this effect. A 0.7 x 0.5 m? simply supported
plate has been placed in the center of a 2.6 x 2.0 x 2.0m> room
excited at 90 Hz. The absolute value of the pressure jump is rep-
resented vs the x position in the cavity (the y position is fixed at
a value that stands between the y limits of the plate). In the x di-
rection, the plate lies between 0.95 m and 1.65 m. For the critical
and supercritical case, the pressure jump vanishes, as expected, for
the Sy — §, domain. However, for a subcritical number of acoustic
functions (20 x 20 acoustic functions for 10 x 10 structural modes),
the sound pressure jump presents an oscillatory behavior that is in-
consistent with the physics of the problem. The wavelength of this
oscillation corresponds to the smallest x wavelength of the  basis
set. It could be thought the Fig. 2 does not directly demonstrate
that the pressure jump has converged to an accurate solution for the
physical problem under investigation. However, it has been verified
that, substituting this pressure jump back into Eq. (25), acoustical
and panel velocities are actually equal. As will be shown in the next
sections, panel velocity levels obtained using this method are mean-
ingful, and so it can be assumed that the pressure jump presented in
Fig. 2 corresponds to an expected physical result.

sub-critical

critical

------ super-critical

|
a

sound pressure jump (absolute value)

0.0 0.5 Lo 1.5 2.0 25
X (meter)

Fig.2 Absolute value of the sound pressure jump level as a function of
the x position in the cavity (y position fixed) for three different numbers
of acoustic basis functions.
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Fig. 3 Mean-squared deflection as a function of the frequency for a
sandwich plate of 2.0 X 1.5 m?; cavity is 8.9 X 6.9 X 9.75 m?; thick line
is the guided boundary condition and thin line is the simply supported
case.

B. Physical Results
1. Effect of the Boundary Conditions on the Velocity Response

As mentioned earlier, the formulation developed allows the rapid
calculation of a panel response in a room for typical aerospace
applications. Curves shown in Fig. 3 present the mecan-squared
velocity levels for a typical 2.0 x 1.5m? simply supported and
guided honeycomb sandwich panel in a large chamber of dimen-
sions 8.0 x 6.9 x 9.75m" as a function of the frequency (the NAE
chamber in Ottawa, Canada, is this size and 1s used for acoustic
testing for the acrospace industry). The panels were placed at the
7, = 3.8 m position. In the frequency range studied 10,000 points
were taken and integrated over the 1/16th octave bands since the
number of acoustic modes is very large for this type of room. Each
frequency step took about 10 s of CPU time on a 10 Mflops com-
puter; therefore, large quantities of data can be obtained in a rela-
tively short time.

For low frequencies, the guided plate gives higher velocity lev-
els. This was expected since the piston mode is present for such a
boundary condition. Moreover, one obtains the well-known flexural
behavior at very low frequencies for the simply supported case. For
the guided case, a mass-law behavior should be expected at very
low frequencies. However, the frequency dependence is driven by
the acoustic impedance since the mass per unit area of a honeycomb
sandwich panel is low compared to this impedance. For higher fre-
quencies, the two curves tend to merge since the contribution of the
piston mode decreases with frequency. Since the number of acous-
tic modes is important for a large room, frequency integration must
be made to obtain reasonable and comprehensive results. Thus, the
remainder of this paper is restricted to medium-sized cavities and
plates in order to quickly demonstrate some interesting physical
features related to our formulation.

2. Structural Velocity and Pressure Jump Interpretation

To validate the computer code, the case of a 0.7 x 0.5 m? simply
supported aluminum panel placed ina 2.6 x 2.0 x 3.0 m?® cavity has
been studied in order to determine the possibility of retrieving the
acoustic and structural resonances of the empty cavity and in vacuo
panel. The panel has a Young’s modulus of 7.1 x 10'? Pa, thickness
of 1 mm, and a density of 2700 kg/m*. Figure 4 shows the pressure
jump level and the mean-squared velocity level as a function of the
frequency in the 2-152-Hz range.

All of the peaks have been identified and correspond to the (i, j, k)
empty cavity and (#, m) in vacuo panel modes. At the bottom of the
figure, the corresponding modes have been identified for each peak.
It is interesting to see that the plate response is more prominent for
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Fig. 4 Mean-squared sound pressure jump and velocity levels as a
function of the frequency for a0.7 X 0.5 m? simply supported aluminum
plate; cavity is 2.6 X 2.0 X 3.0 m*; left axis refers to the sound pressure
jump, right axis to the velocity; empty cavity acoustic modes are indexed
(i,J, k) in vacuo structural modes are indexed (n,m) at the bottom of
the graph.

acoustical modes than for its own in vacuo modes. Moreover, the
pressure jump seems unaffected by the velocity resonances [see,
for example, the (2, 1) mode] except for the first mode (1, 1). This
confirms the importance of the fluid-structure coupling. Neverthe-
less, not all of the acoustical and structural modes appear in the
velocity response. Structural modes for which an integration over
the panel surface is zero seem not to contribute above the first acous-
tical mode frequency. Acoustical modes with no z component also
do not contribute.

These results suggest that the panel acts first as a fixed obsta-
cle so that the acoustical response is first driven by diffraction
effects. Therefore, if the flexural response ot the panel is desired,
knowledge of the sound pressure jump (the forces acting on the
plate) is not sufficient to completely characterize the response of the
plate.

3. Diffraction as a Governing Phenomenon

The importance of the diffraction effect becomes clear by look-
ing at Figs. 5a and 5b. In these figures, two 0.7 x 0.5m? simply
supported panels have been compared in the 2.6 x 2.0 x 3.0m’
cavity at 90 Hz. The first case presents an aluminum plate of 1 mm
thickness, denoted “light” on the figure, whereas the second case
is a heavy “hypothetical” panel of weight 472 kg (p, = 27,000
kg/m®, E, = 7.1 x 101 Pa, and thickness = 5 c¢m). In Fig. 5a the
absolute value of the pressure jump is shown as a function of x tfor
a fixed y position. In Fig. 5b, the mean-squared velocity is shown
as a function of x where in this case x is lying only on the plate
limits. Despite the great difference in mass between the two panels,
the sound pressure jump remains approximately unchanged for the
two cases whereas the velocity falls dramatically (~90-dB drop).
Consequently, it confirms the prior assertion that the diffraction ef-
fect is dominant for the acoustical part of the problem, at least for
the type of panel studied.

A question must now be answered: For what type of plate is this
diffraction effect important? Investigating the sound pressure jump
changes while modifying the mechanical properties of the panel
(mass and flexural rigidity) brings forth some answers. Figure 6
shows pressure jump level as a function of log(p,) and log(D)
for the 0.7 x 0.5 m® panel in the 2.6 x 2.0 x 3.0 m® cavity. The
frequency of excitation is 90 Hz. As expected, the pressure jump
is low for low-flexural rigidities and masses. For some values of
D and p, the sound pressure jump reaches a plateau, after which
the level remains unchanged. Five typical cases of plates encoun-
tered in the industry have been plotted on the figure: aluminum
of 5 mm and 1 cm (1 and 2), steel of 5 mm and 1 cm (3 and 4),
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Fig. 5 Comparison of the response of a light and a heavy panel: a)
absolute value of the sound pressure jump as a function of the x position
in the cavity, y position fixed, and b) deflection level, in dB, as a function
of the position x on the panel.

and a typical sandwich panel (5). One can see that about all of
the interesting applications lie in the plateau. This plateau repre-
sents, once again, a region where the diffraction effect is the most
important. However, such a conclusion can only be made for low
frequencies.

4. Fluid-Structure Coupling: Light and Heavy Fluid

Another important aspect of our approach is that the fluid-
structure coupling is taken into account without approximation.
Figure 7 shows the case of a 0.7 x 0.5m? simply supported
aluminum panel of 5 mm thickness positioned at z, = 1.8m in
22.6 x 2.0 x 3.0m* cavity. The mean-squared velocity is plotted
for the panel immersed in air and in water. The curve for the air
shows two narrow peaks which represent the (0, 0, 1) and (1, 0, 1)
real acoustic modes. Note that the (1, 0, 0) and (0, 1, 0) modes do
not appear since they have no z component. The broad peak repre-
sents the first in vacuo mode of the panel (in vacuo calculations give
f11 = 74 Hz). When the cavity is filled with water, the structural
peak is shifted toward the low frequencies, in agreement with the
well-known added-mass effect. The second peak comes from the
second in vacuo mode of the plate, considerably shifted by the fluid
(in vacuo calculations give f;; = 149.8 Hz). No acoustic peaks

sound pressure jump level (dB)
g 0

2y

0
IQg(D)1,7 0 1

o)
. s
9 0.12,2 108

Fig.6 Mean-squared sound pressure jump level as a function of log(p)
and log(D); panel is 0.7 X 0.5 m?, cavity is 2.6 X 2.0 X 3.0 m® and
frequency of excitation is 90 Hz; five values of p; and D are shown for
typical panels.
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Fig.7 Mean-squared velocity of a panel immersed in water and in air
as a function of the frequency for the 0.7 X 0.5 m? simply supported
panel and for the 2.6 X 2.0 X 3.0m> cavity.

are present in the water case since the first nonzero frequency mode
appears at 246 Hz. Using the same velocity magnitude for the acous-
tical source, the velocity levels are higher in the water case since the
injected energy is higher. Similar results have been obtained for
the mean-squared sound pressure-jump levels. These results show
that the model can be used to understand and validate experimental
studies for the case of a panel immersed in a water tank.

V. Conclusion

Pure diffraction and acoustic radiation (baffled structures) have
been investigated for about two decades and are well understood.
However, the combination of these two phenomena, for a nonbaftled
structure and for a closed volume of fluid, presents many unstudied
aspects. The dynamic response of a panel immersed in a diffuse
field is not only an open problem with regard to the theoretical
formulation and comprehension of physical phenomena, butitis also
of technical interest from the point of view of the aerospace industry.

The novel formulation proposed in this study deals with all of
the difficuities without approximations and takes the fluid-structure
coupling rigorously into account. The main originality in this work
lies in the fact that the sound pressure jump is expanded on the
same basis functions as the ones used for Green’s function, these
being especially chosen to be expanded with a set of two indices
instead of three, as is done classically. The resulting system of linear
equations presents two important advantages: on one hand, the ill-
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conditioning and convergence problems are solved and, on the other
hand, the numerical resolution is fast since it involves only the set
of unknown coefficients related to the deflection of the panel. The
proposed approach is not limited by the frequency, converges strictly
with the use of a simple criterion, facilitates the comprehension of
physical phenomena, and is convenient for parametric analysis.

The main points are as follows: 1) One obtains a higher struc-
tural response of the panel at acoustic modes than at its own in
vacuo modes. Physically, this fact expresses a strong coupling be-
tween the fluid and the structure. In practice, it indicates that the
experimental characterization of the pressure and sound pressure
jump distribution is not sufficient to correctly obtain the dynamic
response of the panel. 2) The importance of the diffraction effect,
which seems to be the dominant effect on typical panels, is deter-
mined. The parametric analysis, as a function of p, and D, brings
to light probably for the first time, for which zones the panel acts
as if it is rigid and the zones for which this effect is less important.
3) The generality of the model allows a quantification of the differ-
ence between the behavior of a panel immersed in a light fluid (air)
and a panel immersed in a heavy fluid (water). Future studies will
be devoted to the addition of mass and inertia effects on the panel
in order to simulate the attachment of electronic equipment and to
determine, thanks to the present model, the level of acceleration to
which they are submitted.

Appendix: Calculation of Operator Z

The purpose of this calculation 1s to obtain a matrix form for the
operator Z. The Hamiltonian functional of a simple panel submited
to external forces Fi,, can be written as

t 1 5 D 2 2 2 2
m=| | [me,y)(a,w) —3{(%@ + (#w)
f i

+ 2007wl w +2(1 — v)(af_‘,w)z} + me]dS de (A1

¥y

The mass per unit area p,(x, y) is chosen to be space dependent
in order to allow the placement or positioning of added masses on
the plate. The first term of Eq. (A1) represents the kinetic energy
whereas the second is the potential energy. The last term is the energy
due to external forces. In the present case of interest, the external
force is the sound pressure jump £.

If we use the in vacuo modes of the guided or simply supported
plate from Eq. (18) to develop the plate deflection w, it is easy to
show that the Hamiltonian is given by

H = Hkin + Hpol + chl

2
L .
= / [Ebannmqupq -

fl

The matrices M and K are given by

bum Kumpgbpg + Fpybpg |dt (A2)

Mnmpq = / dS/)\ (xv y)¢l1m¢pq (A3)
N

P
2
Knmpq = D(k]27 + ki) 811]781111] (A4)

with k, = prr/l; and k, = qn/l,. F is the so-called generalized
force and is written

Fpy = / dS Foa(x, )by (AS)

Sp

By the use of Hamilton’s principle, the solution vector b is found to
minimize the Hamiltonian given in Eq. (A2). Then, one can write

n_ 0 Y (n, m) A6
8b!‘lln N n’ " ( )
If an harmonic state is assumed for the time dependence of the

deflection, one has b, (1) = b,,,e/“". Then, one can easily show
that Eq. (A6) gives

Z anqupq = I}nm (A7)

rq

where

anpq = _sznmpq + Knmpq (Ag)
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