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Composite barriers, consisting of thin plates separated by light matrix structures, are widely used for
fuselage construction in the aircraft industry, and in partitions in the building trade. The acoustical
properties of such materials can vary considerably by altering the interior geometry, and
perforations can be added to one or both sides. With perforations the interior cavities can act as
Helmholtz resonators, causing a substantial modification to the overall transmission and reflection
properties of such barriers. Leppington@Proc. R. Soc. London, Ser. A427, 385–399~1990!# devised
an effective boundary condition for a perforated sandwich plate structure, valid in the limit of low
frequency ~acoustical waves long compared with the typical dimensions of the hole/cavity
construction!, and obtained transmission and reflection coefficients for infinite planar structures.
This article investigates the radiation properties of perforated sandwich plates by examining a
simple infinite one-dimensional model~employing Leppington’s effective boundary condition!
which is loaded by a line force or moment. The radiated far field, and unattenuated subsonic plate
wave coefficients, are found explicitly, and are plotted over a range of frequencies for two physical
configurations, namely an aluminum plate in water and in air. It is revealed that, unlike the usual
thin plate equation, the model discussed herein has two bi-directional unattenuated plate waves, and
for the structure in air the two waves are of similar magnitude over most frequencies. Surprisingly,
these amplitudes are shown to become very large at a frequency below that of the structure’s
Helmholtz resonance frequency. Further, the field radiating into air is also significantly modified by
the cavity/perforations well away from the Helmholtz frequency. ©1999 Acoustical Society of
America.@S0001-4966~99!04006-0#

PACS numbers: 43.20.Fn, 43.30.Jx, 43.40.Dx, 43.40.Fz@CBB#
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INTRODUCTION

Sound transmission through panels has long been a
ject of importance in a variety of applications, includin
room acoustics1 and aeroacoustics. In the latter applicatio
for instance in the fabrication of aircraft fuselages, the bod
are often of a sandwich construction composed of two th
plates separated by stiffeners or ribs in between.2 The trans-
mission and reflection of sound waves through the sandw
structure is determined by the properties of the plates and
enveloping fluid. In aircraft, and in particular helicopter d
signs, it is usually the case that sound transmission is
quired to be minimized over a specific range of frequenc
Sound transmission can be a ameliorated to some exten
adding perforations to one or both sides of the flexi
structure.3,4 Leppington5 examined the simple but physicall
realistic model of a perforated sandwich panel; namely
constructed of a honeycomb cellular structure~usually made
of thin foil or similar material! bounded by two planar thin
elastic plates. Perforations were included on one side of
structure. Leppington’s model can accommodate variati
in size of the cavities, number of perforations as a fraction
the number of cavities, perforation hole size, etc. The o
restriction on the model is that the wavelength of the aco
tic waves is long compared with the length scales of
composite structure, i.e., cavity width and height, thickn
of thin plates and perforation hole size. In this limit th
sound field will experience the ‘‘averaged’’ effect of th
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sandwich structure rather than scattering/radiation from
individual cells. Leppington exploited this fact to solve th
transmission and reflection problem, of long waves incid
on the sandwich structure, by the method of match
asymptotic expansions. He showed that the cavities w
small holes behave as individual Helmholtz resonators wh
dramatically alter the pressure field on the perforated~upper!
side of the plate near the resonance frequency. The upsh
that away from a resonance the barrier behaves as a s
elastic plate~in the long wavelength limit!, with fluid on both
sides, but near the Helmholtz frequency the sound transm
sion is significantly reduced with almost all energy reflecte
In the latter case it is as if there is no fluid above the barr

In his article, Leppington5 concluded with the derivation
of a new plate equation which included the effects of t
cavities and perforations. This reproduced his results fo
by matching, and is a very useful approximate boundary c
dition that can be employed in more complicated mo
problems. In particular, it is important to understand how
sandwich panel scatters acoustic waves as well as its tr
mission and reflection properties. In the former case only
energy be fed into the flexural wave mode of the struct
and this could have significant consequences on the so
field above and below the composite plate. Jones6 discussed
the canonical scattering problem of a semi-infinite sandw
panel attached to a rigid half-screen and irradiated by pl
waves from below. Unfortunately, the semi-infinite geome
30096)/3009/12/$15.00 © 1999 Acoustical Society of America
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adds significantly to the mathematical complexity, and
boundary value problem is reduced to a matrix Wiener-H
problem. Such equations cannot, in general, be solved
actly ~see, for example, Ref. 7!, although an approximate
procedure has recently been presented by the author8 which
can be applied9 to the class of matrices to which the on
examined by Jones6 belongs. However, Jones merely r
stricted attention to the case when the effect of the perfo
tions almost vanished, and hence obtained a perturbation
lution for which the standard scalar Wiener-Hopf techniq
is applicable. Jones did not obtain any numerical results

On reexamining Jones’ model problem using the meth
described in Ref. 9 by the author, and performing a num
cal investigation over all values of the perforation parame
t, various results regarding the scattered field and trave
plate waves were deduced. These were sufficie
perplexing10 to justify appraisal of a simpler radiation prob
lem, which avoids the complexity of a Wiener-Hopf anal
sis. In particular, we demonstrate that Leppington’s pl
model5 has two unattenuated wave modes for all nonz
values of the fluid/plate parameters. Apparently, this re
has hitherto not been noticed by others. The problem to
discussed here consists of an infinite planar perforated el
plate immersed above and below in a compressible stat
ary fluid. A time-harmonic line force provides the excitatio
and we seek the cylindrically radiating sound field plus
coupled surface wave terms. The paper is constructed as
lows: in the following section the boundary value problem
posed, and in Sec. II the dispersion relation for unattenua
waves on the perforated plate is derived and then show
have two real roots. In Sec. III the boundary value problem
solved by recourse to Fourier transforms, from which
radiated far-field and plate wave coefficients are deduced
the final section we examine the behavior of these quant
for variations in the numerical values of parameters~consis-
tent with physical models! and concluding remarks are o
fered.

I. THE BOUNDARY VALUE PROBLEM

The boundary value problem is summarized in Fig. 1
consists of a compressible, stationary fluid occupying
whole of space, outside of the plate, for which tim
harmonic small disturbances are governed by

]2f

]x2
1

]2f

]y2
1

]2f

]z2
1

v2

c0
2

f50. ~1!

Here (x,y,z) are dimensional Cartesian coordinate
f(x,y,z,t) is the velocity potential of the acoustic perturb

FIG. 1. The perforated plate construction.
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tion, v is the oscillation radian frequency, andc0 is the
sound speed in the fluid at rest. The fluid pressure fluct
tions, p, and the density fluctuations,r, are related to the
potential via

p~x,y,z,t !5c0
2r~x,y,x,t !5R$r0ivf~x,y,z!e2 ivt%,

~2!

wherer0 is the ambient fluid density, and similarly the ve
locity fluctuations are

u~x,y,z,t !5R$“f~x,y,z!e2 ivt%. ~3!

For brevity we omit the exponential time-factor and real p
braces until the end.

Omitting all details regarding the derivation of an effe
tive boundary condition for a perforated elastic plate~instead
referring the reader to the article by Leppington5!, we state
the equations for a structure consisting of two thin elas
plates, each of bending stiffnessB, densityrp and thickness
h, separated by a light but acoustically rigid honeycom
structure of widthd. Round perforations of hole size 2a are
included on the top plate, and for the sake of mathemat
simplicity, the honeycomb arrangement is taken so that e
cavity is a cuboid with heightd, and widths in thex and z
directions ofd1, as shown in Fig. 1. Then, forkd!1, kd1

!1, kh!1, ka!1 wherek5v/c0, we find that the compos
ite plate structure satisfies~see, e.g., Ref. 11!

H 2BS ]2

]x2
1

]2

]z2D 2

22v2rphJ h~x,z!2F~x,z!

5 ivr0f~x,02,z!2 ivr0f~x,01,z! ~4!

on y50, in whichh(x,z) is the deflection of the plate in th
y ~vertical direction! and the right hand side is the pressu
jump across the plate@i.e., 01 (02) indicates thaty goes to
zero from above~below!#. The functionF(x,z) is the im-
posed plate forcing to be specified later. The vertical veloc
of the plate must equal the fluid velocity on the plate’s u
derside, but the holes on the top plate means that this is
so in general for the fluid velocity above. Hence,

h~x,z!5
i

v

]f

]y
~x,02,z!, ~5!

and the pressure above the plate is related to the jum
velocity across the structure5 via

]f

]y
~x,01,z!2

]f

]y
~x,02,z!1ktf~x,01,z!50 ~6!

in which the perforation parametert is

t52 f kda/@2a2k2V#, ~7!

f is the fraction of cells with apertures,V is the volume of
each cell andd, a are the plate spacing and perforation ho
radius, respectively. For the cuboid cavities mention
above, with a single hole in each one, we find

t52kda/@2a2k2dd1
2#, ~8!

and note that the cavities resonate~Helmholtz resonance!
whent→`, or when
3010I. David Abrahams: Perforated sandwich panel
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FIG. 2. Roots of the dispersion rela
tion ~23! given by the intersection of
the function on the right~dashed line!
and left~solid line! hand sides of~24!.
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k25
2a

dd1
2
⇒v5A2a

d

c0

d1
. ~9!

It is worth observing from~9! that the constraint

kd1!1 ~10!

remains valid at or near a Helmholtz resonance if and onl

a!d. ~11!

Note that in the Leppington model used above the lo
wavelength assumption allows the sandwich plate to be
proximated by one of infinitesimal thickness@~4! and~6!#; by
this means, all the details of the perforations and cell geo
etry are conveniently wrapped up in the single parametet.
As t→0 then the perforation’s influence vanishes and
recover the usual flexural thin-plate equation, across wh
the fluid velocity is continuous. As already stated, larget
indicates that a Helmholtz resonance is approached, so
the perforations have a significant effect on the fluctuat
field. Here we taket real, indicating that the flow in the
cavity is lossless. However, if viscous motions through
apertures are assumed, thent will be complex, which will
limit the maximum size ofutu. Other effects could also b
included without difficulty, such as two or more differe
families of cavities, each yielding a different resonan
value, i.e.,utu will have multiple peaks when plotted ove
wave number.

As a final step in posing the problem, it is convenient
nondimensionalize using the acoustic wavelength and so
speed

~ x̄,ȳ,z̄!5~kx,ky,kz!, f̄ j5
k

c0
f j , j 51,2, ~12!

where we writef0 (f1) as the acoustic potential belo
~above! the composite plate. Also, for the purposes of t
article, we take a simple line force and bending mom
acting upon the plate onx̄50, ; z̄. Thus, the forcing and
plate geometry are independent ofz̄ and so the boundary
value problem may be considered as two-dimensional,
( x̄, ȳ)-plane. Summarizing, and dropping the overbars on
dimensionless variables for convenience, we have
3011 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999
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S ]2

]x2
1

]2

]y2
11D f0~x,y!50, y<0, 2`,x,`, ~13!

S ]2

]x2
1

]2

]y2
11D f1~x,y!50, y>0, 2`,x,`, ~14!

and on the plate

S ]4

]x4
2m4D ]f0

]y
1a~f12f0!5Ad~x!1Bd8~x!,

y50, 2`,x,`,
~15!

with the fluid velocity jump determined by

]f1

]y
2

]f0

]y
1tf150, y50, 2`,x,`. ~16!

Here, them anda are

m45
rphc0

4

v2B
, a5

r0c0
5

2v3B
, ~17!

which, with t defined in ~8!, give three nondimensiona
fluid/structure coupling parameters for the problem. No
that m is the~dimensionless! wave number of free waves o
the platein vacuo. The first term on the right hand side o
~15! is a line force of magnitudeA and the second is a bend
ing moment of strengthB @d(x) is the usual generalized
function and the dash denotes differentiation with respec
its argument#. These coefficients,A andB, can be chosen a
desired. Equations~13!–~16!, together with the condition of
outgoing waves at infinity constitute the boundary val
problem to be solved.

II. UNATTENUATED PLATE WAVES

To examine free plate modes for the homogene
coupled/plate system it is convenient to try the followin
form for a surface wave:
3011I. David Abrahams: Perforated sandwich panel
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fs5eisx2g(s)uyu3H a, y.0,

b, y,0,
s real. ~18!

Clearly ~by direct substitution! fs satisfies~13! and ~14! if

g2~s!5s221, ~19!

and so the wave will decay exponentially away from t
plate if and only if

usu.1, ~20!

or g(s)5(s221)1/2.0. For usu,1 theng(s) is pure imagi-
nary, and so~18! represents a plane wave which takes ene
away from the plate. Hence, for study of surface waves
which the energy is constrained close to the plate the co
tion ~20! is required. Substituting~18! into the homogeneou
form of ~15! yields

~s42m4!g~s!b1a~a2b!50 ~21!

and similarly~16! gives

2g~s!~a1b!1ta50. ~22!

The two equations yield a nontrivial solution if and only
the determinant vanishes:

K~s!5@~s42m4!g~s!2a#~t2g~s!!1ag~s!50, ~23!

the left hand side of which is referred to as the dispers
relation fors. Rearranging gives an alternative form of co
straint ons, namely

~s42m4!g~s!22a

~s42m4!g~s!2a
5

t

g~s!
. ~24!

The last expression is useful as it is simple to examine
limiting casest→0, t→`. As t→0 the equation reduces t

~s42m4!g~s!22a50, ~25!

whereas fort→`,

~s42m4!g~s!2a50, ~26!

which correspond to the usual thin-plate dispersion relati
when the fluid is on both and one side, respectively~see, e.g.,
the article by Cannell12!. This is as it should be; whent
→0 the perforations are closed yielding the usual plate eq
tion, but ast→` the perforation flow is large and so th
effect of the fluid above the plate becomes negligible.

For all values ofm, a, it is known that~25! and ~26!
each have one and only one positive real root~and one real
negative root due to even behavior ins) at s2* , s1* say,
respectively, wheres2* .s1* . To see this, plots42m4 and
c/g(s), c.0, againsts for s>1. As the first function is
monotonic increasing with a finite value ats51, and the
second is monotonic decreasing with value1` at s51, then
there is clearly one unique point of intersection for arbitra
real values ofm andc (.0). The full dispersion curve can
now be examined by plotting the left hand side~unbroken
curve! and right hand side~dashed curve! of ~24! for s.1 in
Fig. 2. Again, it is easy to prove that the form of the functi
on the left hand side is as shown for all values ofa, m and
the dashed curve is for a finite nonzero value oft. That is,
there are two, and two only, points of intersection cor
3012 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999
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sponding to two rootss1 , s2, say, of the original dispersion
equation~23!. In fact, a little elementary calculus shows th
the unbroken curve may, inusu.1, have a turning point a
the locationA(21A$415m4%)/A5, which is always to the
left of the point of divergence in Fig. 2,s1* , but this does not
alter the number of roots of~24!. As t→0 the dashed curve
moves down, hence moving the intersection points~roots! to

t→0, s1→1, s2→s2* . ~27!

As will be shown in the next section, whent50 the root
s151 in fact gives no contribution, hence recovering t
single plate unattenuated mode for the case of no perf
tions. Ast→`, the dashed curve is pushed upwards, yie
ing roots at

t→`, s1→s1* , s2;t. ~28!

Again, it will be shown that thes2 plate wave term has
vanishing coefficient ast→`, hence recovering just the
single unattenuated plate wave term,s1* .

It is to be stressed that for all values ofa, m, t the
dispersion relation~24! yields two, and two only, positive
real roots. One can be assigned to be a modified form of
unperforated plate wave number, but the other is entir
new and until now undiscovered. The purpose of the follo
ing sections is, for a typical boundary value problem, to s
if the new plate wave term has a contribution to the sou
field of the same order as the usual plate wave term~or
perhaps larger! for typical values of fluid/plate parameters.
it has, then the effect of the perforations can be seen
significant on the scattered/radiated field in such models

III. SOLUTION OF THE BOUNDARY VALUE PROBLEM

To solve the system of equations~13!–~16! it is conve-
nient to define the Fourier transform pair

F~s!5E
2`

`

f ~x!eisxdx, ~29!

f ~x!5
1

2pECF~s!e2 isxds, ~30!

where C is the contour running along the real line, from
2` to 1`, indented above any singularities on the negat
half-line and below those occurring on the positive half-li
~see Fig. 3!. The reason for passing above~below! singulari-
ties on the left~right! hand part of the real line is that, for th
given time dependence, wave terms will be recovered
are outward propagating andnot incoming. The Fourier
transform of the reduced wave equations~13! and ~14! is

d2F j

dy2
~s,y!1~12s2!F j~s,y!50, j 50,1, ~31!

which has the bounded/outgoing solution

F0~s,y!5C~s!eg(s)y, y<0, ~32!

F1~s,y!5D~s!e2g(s)y, y>0, ~33!

with g(s) as given by~19!. Hereg(s) is made single valued
by cutting the plane froms51 to 1` in the first quadrant
3012I. David Abrahams: Perforated sandwich panel



e

n

rs

t

se
at-
ves.
m

the
by

t

d

t
ted

t

th
and s521 to 2` in the third quadrant, as shown by th
dashed lines in Fig. 3, and choosingg(0)52 i . Theng(s) is
negative imaginary fors real andusu,1, which implies that
~32! and ~33! are outgoing asy→2`,1`, respectively, in
view of the chosen time dependence~2!. Also, for usu.1
then g(s).0 and soF0 and F1 decay exponentially asy
→2`,1`, respectively.

The Fourier transform of the perforated plate equatio
~15! and ~16! gives

~s42m4!
dF0

dy
1a~F12F0!5A2 isB, ~34!

dF1

dy
2

dF0

dy
1tF150 ~35!

on y50, which allowsC(s) andD(s) to be determined by
direct substitution of~32! and ~33!. This yields

g~s!~s42m4!C~s!1a~D~s!2C~s!!5A2 isB, ~36!

2g~s!~D~s!1C~s!!1tD~s!50, ~37!

or inverting gives

S C~s!

D~s!
D 5

1

K~s! S t2g~s! 2a

g~s! g~s!~s42m4!2a D
3S A2 isB

0 D , ~38!

whereK(s) is the dispersion function written in~23!. The
solution to the problem is therefore given by the inve
transforms:

f0~x,y!5
1

2pEC~
t2g~s!!~A2 isB!

K~s!
e2 isx1g(s)yds,

y<0, ~39!

f1~x,y!5
1

2pEC
g~s!~A2 isB!

K~s!
e2 isx2g(s)yds, y>0,

~40!

FIG. 3. The inverse transform pathC of ~30! passing above the branch poin
at 21 and the simple poles at2s1 , 2s2, and below the branch point at11
and the poles ats1 , s2. The branch cuts are denoted by dashed lines, and
steepest descent path foru.p/2 is shown asS.
3013 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999
s

e

in which C runs from2` to 1` on the real line but passing
above the branch point at21 and the simple poles at
2s1 , 2s2 @zeros ofK(s)], and below the branch point a
11 and the poles ats1 , s2 ~see Fig. 3!.

The most useful information to extract from the inver
integral representations is the far-field cylindrical wave p
tern and the amplitudes of the unattenuated surface wa
The former is obtained by determining the contribution fro
the integral at the saddle point~when r 5x21y2→`). To
achieve this end we write

x5rcos~u!, y5rsin~u!, 2p,u,p, ~41!

and introduce the transformation

s52cos~ uuu1 iu !, ~42!

which mapss50 to the pointu5 i uuu2 ip/2. Thus

g~s!52sin~ uuu1 iu ! ~43!

has the correct value (2 i ) at the image point ofs50, and
the exponents of the integrands in~39! and ~40! become

2 isx2g~s!uyu5 ir cosh~u!. ~44!

The saddle point occurs at

u50⇔s52cosuuu, ~45!

which lies between the image of the branch points, and
path of steepest descent from this point is the curve given

R$cosh~u!%51. ~46!

The contour of integrationC is deformed into the steepes
descent pathS, shown in Fig. 3 foruuu.p/2, which, in the
u-plane, is the path starting at2 ip/22` passing through
the origin at an angle ofp/4 radians to the real line, an
ending at1 ip/21`. Then, by the usual arguments~see,
e.g., p. 34 of the monograph by Noble13!, asr→`,

f0~r ,u!;D~u!
eir 1 ip/4

A2pr
, 2p<u<0, ~47!

f1~r ,u!;D~u!
eir 1 ip/4

A2pr
, p>u>0, ~48!

with

D~u!5
sin~u!~A1 iBcos~u!!

K~2cos~u!!

3H ~2 i t2sin~u!!, 2p<u<0,

sin~u!, p>u>0.
~49!

Note, whent50, then the potential field is odd iny, i.e.,
f0(r ,2u)52f1(r ,u) as expected, and ast→`, f1(r ,u)
5O(1/t) and

f0~r ,u!;
2 isin~u!~A1 iBcos~u!!

@ i ~cos4~u!2m4!sin~u!2a#

eir 1 ip/4

A2pr
,

p<u<0. ~50!

In the deformation of~39! and ~40! from C to the steepes
descent pathS the poles corresponding to the unattenua
surface waves are crossed for values ofuuu sufficiently close

e

3013I. David Abrahams: Perforated sandwich panel
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FIG. 4. Polar plots of the scaled amplitude of the fa
field diffraction coefficient~49!, uD(u)u31015/ f 3, for
an aluminum plate in water@parameter values as in
~53!–~57!#. The curves are for frequencies 500 H
~solid line!, 1 KHz, 2 KHz, and 3 KHz~largest dash
size!, and forcing coefficients are~a! A51, B50, and
~b! A50, B51.
es
to 0 orp. Picking up the residue contribution at these pol
s1 , s2, gives

fsj
~x,y!5

i ~A1 isjsgn~x!B!

K8~sj !
eisjx2g(sj )uyu

3H g~sj !, y.0,

t2g~sj !, y,0,
~51!

for j 51,2, wheresj are the two positive real roots ofK(s)
3014 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999
,50, ~23!, K8(sj ) is the derivative ofK(s) evaluated atsj ,
and, as expected, the applied force,A, and couple,B, yield
even and odd behavior, respectively, inx. It will prove useful
later to define the plate wave coefficientPj as

Pj5
ig~sj !~A1 isjsgn~x!B!

K8~sj !
. ~52!

We can confirm directly from expression~51! that, as
3014I. David Abrahams: Perforated sandwich panel



FIG. 5. Plate wave amplitudes~52! uP1u ~dashed line corresponding to roots1), uP2u ~solid curve for roots2) versus frequency,f, for an aluminum plate in
water. Forcing coefficients are~a! A51, B50, and~b! A50, B51.
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t→0, the lower wave number roots1 ~which tends to unity
in this limit! has amplitude which goes to zero. Similarly,
t→`, the upper roots2;t, K8(s2);2t5, and sofs2

→0.
Thus, in both limits only a single plate wave is recovere
This completes the solution of the boundary value proble
and in the following section we will numerically evaluate th
far-field ~47!, ~48! and plate wave terms~51! for a physically
realistic range of values.

IV. NUMERICAL RESULTS AND CONCLUDING
REMARKS

For brevity we will confine attention to a couple of se
of physically reasonable values for the nondimensional
rameters. The composite plate will be taken to be made
3015 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999
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aluminum, with a thin acoustically rigid honeycomb spac
~of cuboid shape! in between; the values of the plate/cavi
constants are

rp52.83103 Kg/m, h52.531023 m,
~53!

E57.431010 N/m2,

n50.33, d5231022 m, d15231022 m ~54!

~see Fig. 1!, which are typical for normal engineering appl
cations. Note thatE and n are Young’s modulus and Pois
son’s ratio, respectively, for the plate, from which we c
deduce the bending stiffness:
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FIG. 6. Polar plots of the scaled amplitude of the far-field diffraction coefficient~49!, uD(u)u3105/ f , for an aluminum plate in air@parameter values as in
~53!–~56! and ~59!#. The curves are for frequencies 200~solid line!, 600, 764, and 800~largest dash size!, and forcing coefficients are~a! A51, B50, and
~b! A50, B51.
or
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e
in

g,

f

are

nd
ap-
B5
Eh3

12~12n2!
5108.13 N m. ~55!

Also, each cavity is assumed to have a single round perf
tion of radius

a5131023 m. ~56!

The embedding fluid is taken in the first instance as wa
with density and sound speed

r05103 Kg/m3, c051439 m/s, ~57!

and so

m;289/f 1/2, a;32717m4/ f , t;
3621f

A10~362122 f 2!
~58!
3016 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999
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in which f is the frequency of the forcing term. Note that w
take f to lie below the Helmholtz frequency, 3621 Hz,
view of the assumptions used in Sec. I.

Figure 4~a! and ~b! offer plots of the modulus of the
far-field diffraction pattern,uD(u)u, over all u (2p,u
,p) for the aluminum plate in water and taking the loadin
respectively, as a unit force,B50, A51, and unit moment
A50, B51. Each polar plot gives four different values o
forcing frequency, f 50.5,1,2,3 KHz ~the corresponding
t50.0445,0.0945,0.251,0.8354, respectively! and are
marked in increasing dash size. The different curves
scaled using the factor 1015/ f 3 purely to allow them to be
drawn on the same figure. As can be deduced fromuD(u)u,
the first field is dipole in form, whereas Fig. 4~b! exhibits
quadrupole structure. The lobes iny.0 are roughly the same
size as those iny,0, i.e., the energy radiated above a
below is more-or-less equal, except when the frequency
3016I. David Abrahams: Perforated sandwich panel



FIG. 7. Plate wave amplitudes~52! uP1u ~dashed line corresponding to roots1), uP2u ~solid curve for roots2) versus frequency,f, for an aluminum plate in
air. Forcing coefficients are~a! A51, B50, and~b! A50, B51.
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o
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te/

ts as
proaches the Helmholtz resonance value. Clearly the o
significantly asymmetric curve is the one forf 53 KHz. Re-
lated to Fig. 4 are the corresponding plate wave amplit
moduli uPj u ~52!, whereA51, B50 in Fig. 5~a!, A50, B
51 in Fig. 5~b!, and j 51,2 relates to the two plate wave
numberss1 , s2 (s1,s2) from ~23!. These figures strongly
indicate the fact that the perforations are unimportant o
most of the frequency range, that is,s1 has negligible ampli-
tude in comparison withs2, recognizable as the usual thin
plate wave component. So, the effect of the perforations
the radiated and plate wave fields only becomes importan
frequencies very close to the Helmholtz resonance value

The above figures could perhaps indicate the lack
3017 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999
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necessity for including a complicated perforated plate mo
except very close to the Helmholtz value. However, it
worth investigating the problem in a different physical sit
ation, namely for an aluminum plate in air. Keeping pla
cavity values as those in~53!–~56!, the fluid density and
sound speed are now taken as

r051.2 Kg/m3, c05330 m/s, ~59!

respectively. This gives the three dimensionless constan

m;66/f 1/2, a;9m4/ f , t;
830f

A10~83022 f 2!
~60!
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FIG. 8. Polar plots ofuD(u)u ~49! for an aluminum plate in air, with parameter values as in~53!–~56! and ~59! and fixed frequencyf 5500 Hz but with
varying perforation parametert. The curves are for values oft5 0 ~solid line!, 1, 2.75, and 4~largest dash size!, and forcing coefficients are~a! A51, B
50, and~b! A50, B51.
tz
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in terms of the frequencyf, and the structure has a Helmhol
resonance value of 830 Hz. The far-field amplitude plo
uD(u)u, for line force (B50) and moment (A50) are given
in Fig. 6~a! and ~b!, for frequency f 5200 ~continuous
curve!, 600, 764, and 800 Hz~largest dash size! ~correspond-
ing t values are 0.08, 0.48, 1.9, and 4.3, respectively!. The
amplitudes have again been scaled, this time by the fa
105/ f , in order to show the curves with approximately sim
lar size in one figure. Notice that, despite the scaling fac
decreasing withf, the curves increase in size in the regi
y,0. However, there is a marked diminution in value of t
ratio of energy flow above the plate as compared with ra
3018 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999
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or
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ated energy below as the frequency increases. Not only
the cavity perforations be seen to be important in terms
the energy partitioning for frequencies above say 200 Hz,
in the line force case the remarkably uniform field~in u) in
y.0 is significantly modified asf, and hencet increases.
This is to be contrasted with the field iny,0, and Fig. 4~a!
and ~b! which do not exhibit any noticeable ‘‘beaming’’ ef
fect. Most marked are the two noticeable lobes iny.0, in
Fig. 6~b!, whose angle of radiation increases with frequen

Turning now to the plate wave coefficients~52!, these
are computed for the parameter values~53!–~56! and ~59!
over the range of frequencies below resonance. As befor
3018I. David Abrahams: Perforated sandwich panel



re
FIG. 9. Plate wave amplitudes~52! uP1u ~dashed line!, uP2u ~solid curve! versus perforation parametert, for an aluminum plate in air. Forcing coefficients a
~a! A51, B50, and~b! A50, B51.
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Fig. 7~a! and ~b! the curve corresponding to the small wa
numbers1 is dashed, and the higher root,s2, which becomes
the usual propagating wave number ast→0, is the solid
line. Immediately noticeable is the fact that, unlike the a
minum plate/water case@Fig. 5~a! and ~b!#, the coefficients
take comparable values over most of the range of the o
nate. Therefore, energy partitioning has been affected by
modified plate model well away from the Helmholtz res
nance value. Indeed, Fig. 7~a! shows that the new wave (s1)
coefficient actually exceeds that ofs2 at about 540 Hz~when
t is just 0.357!. However, the most significant, and une
pected, feature of graphs 7~a! and ~b! is the presence of a
very large peak at about 764 Hz@hence the reason for takin
3019 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999
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this as one of the values in Fig. 6~a! and~b!#. This apparent
‘‘resonance’’ phenomenon does not seem to be easily at
utable to any physical confluence of natural frequencies,
Nevertheless, at or very close to this value both wave mo
attain very large~but finite! amplitudes, greater than 10
times larger than amplitudes at 200 Hz~corresponding to 104

times the energy in these surface waves!! Note that this is
true for both traveling wavess1 , s2, and for arbitrary forcing
~any values ofA, B).

To illustrate the ‘‘pseudo-resonance’’ phenomenon
little more clearly, it is interesting to plot the radiated fa
field and plate wave coefficients, at a fixed frequency, ove
range oft values. This is tantamount to varying the cavitie
3019I. David Abrahams: Perforated sandwich panel
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resonance parameters, such as by altering the perforatio
dius or cavity interior lengths. In Fig. 8~a! and~b!, uD(u)u is
plotted unscaled at a frequency of 500 Hz for fourt values:
0 ~solid line!, 1, 2.75, 4~largest dashing!, and for the two
cases of line force and moment loadings, respectiv
Clearly, the radiated field into the regiony,0 is remarkably
insensitive tot values, whereas iny.0 there is amonotonic
decreasein amplitude of the field with increasingt. Figure
9~a! and ~b! show typical plate wave coefficients for th
same frequency and forcing as in Fig. 8~a! and ~b!, respec-
tively and witht varying from 0 to 10. As expected from th
results of Sec. II@~27! and ~28!#, the coefficient of thes1

wave vanishes ands2→s2* as t→0, and the coefficient of
thes2 wave vanishes ands1→s1* ast→`. Clearly indicated
is the fact that the amplitude of thes2 wave is only signifi-
cantly greater than thes1 term for very small values oft. It
can thus be concluded that for aluminum plates in air, p
forated composite plate structures will have a significant
fect on the radiation of sound into the enveloping fluid, ev
for modestt values. The very large amplitude of both pla
waves at the ‘‘pseudo-resonance,’’ occurring in Fig. 9~a! and
~b! at t52.775, is a totally unexpected feature, which m
have important physical consequences. For example, t
are significant structural dangers in employing finite pan
with sharp resonance characteristics. Note, however,
nothing regarding a peak in the surface wave amplitude
t'2.75 is apparently discernible from the cylindrical wa
fields in Fig. 8~a! and ~b!.

In conclusion, this article has investigated the sim
problem of sound radiation from an infinite perforated co
posite plate. It was shown that Leppington’s plate mod5

yields two distinct unattenuated surface waves for all n
zero values of the plate/fluid parameters. In the case o
sandwich construction for typical engineering applicatio
say composed of thin aluminum plates, the effect of perfo
tions and an interior cavity was noticeable for problems
air but not so marked in underwater applications. In
former case, it is clear thatsignificant modification to the
energy radiation into the fluid above the plate~perforated
side!, and into the surface wave terms, occurs ast increases
3020 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999
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from zero. An unexpected result is the discovery of a ‘‘res
nant’’ frequency ort value at which both plate wave ampl
tudes increase dramatically. This is likely to be of significa
engineering interest, if it proves not to be purely an artifa
of the mathematical model, and is to be investigated furt
in a forthcoming article on the topic by the author.10
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