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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. Leppingtid®roc. R. Soc. London, Ser. 427, 385—-3991990] 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 modéémploying 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. 1899 Acoustical Society of
America.[S0001-496809)04006-7

PACS numbers: 43.20.Fn, 43.30.Jx, 43.40.Dx, 43.40088]

INTRODUCTION sandwich structure rather than scattering/radiation from the

Sound transmission through panels has long been a Su%)n_dmdual cells. Leppington exploited this fact to solve the

ject of importance in a variety of applications, including ran;r]n ISsion dapdhrefltect|;)n probble:r;], of Iort\rg]g v(;/av?s |nct|dr(]e n(;
room acousticsand aeroacoustics. In the latter application,On € sandwich structuré, by ihe method of maiche

for instance in the fabrication of aircraft fuselages, the bodie&SYMptotic expansions. He showed that the cavities with

are often of a sandwich construction composed of two thin-sma” holes behave as individual Helmholtz resonators which

plates separated by stiffeners or ribs in betw2@he trans- dramatically alter the pressure field on the perforategpe)

mission and reflection of sound waves through the sandwicfide Of the plate near the resonance frequency. The upshot is

structure is determined by the properties of the plates and tHfat away from a resonance the barrier behaves as a single
enveloping fluid. In aircraft, and in particular helicopter de- €lastic platgin the long wavelength limjt with fluid on both

signs, it is usually the case that sound transmission is resides, but near the Helmholtz frequency the sound transmis-
quired to be minimized over a specific range of frequencie§ion is significantly reduced with almost all energy reflected.
Sound transmission can be a ameliorated to some extent 59 the latter case it is as if there is no fluid above the barrier.
adding perforations to one or both sides of the flexible I his article, Leppingtonconcluded with the derivation
structure®* Leppingtor? examined the simple but physically of a new plate equation which included the effects of the
realistic model of a perforated sandwich panel; namely on&avities and perforations. This reproduced his results found
constructed of a honeycomb cellular struct(usually made by matching, and is a very useful approximate boundary con-
of thin foil or similar material bounded by two planar thin dition that can be employed in more complicated model
elastic plates. Perforations were included on one side of theroblems. In particular, it is important to understand how the
structure. Leppington’s model can accommodate variationsandwich panel scatters acoustic waves as well as its trans-
in size of the cavities, number of perforations as a fraction ofmission and reflection properties. In the former case only can
the number of cavities, perforation hole size, etc. The onlyenergy be fed into the flexural wave mode of the structure
restriction on the model is that the wavelength of the acousand this could have significant consequences on the sound
tic waves is long compared with the length scales of thdield above and below the composite plate. JBmkscussed
composite structure, i.e., cavity width and height, thicknesghe canonical scattering problem of a semi-infinite sandwich
of thin plates and perforation hole size. In this limit the panel attached to a rigid half-screen and irradiated by plane
sound field will experience the “averaged” effect of the waves from below. Unfortunately, the semi-infinite geometry
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2a 4 tion, o is the oscillation radian frequency, amg is the
— sound speed in the fluid at rest. The fluid pressure fluctua-
tions, p, and the density fluctuationg, are related to the
potential via
d ; —iw
“ P(X,Y,Z,t) =cip(x,y.x,t)=R{pol 0 p(x,y,2)e '},
k 2
wherep, is the ambient fluid density, and similarly the ve-
FIG. 1. The perforated plate construction. locity fluctuations are
u(x,y,z,) =R{V p(x,y,2)e"'“}. &)

adds significantly to the mathematical complexity, and the

boundary value problem is reduced to a matrix Wiener-Hopf~or brevity we omit the exponential time-factor and real part

problem. Such equations cannot, in general, be solved elraces until the end.

act|y (see, for examp]e, Ref_)]a]though an approximate Omitting all details regarding the derivation of an effec-

procedure has recenﬂy been presented by the M{uch tive boundary condition for a perforated elastic pléitestead

can be appliedto the class of matrices to which the one referring the reader to the article by Leppingtorwe state

examined by Jonésbek‘)ngs_ However, Jones mere|y re- the equations for a structure Consisting of two thin elastic

stricted attention to the case when the effect of the perforaPlates, each of bending stiffneBs densityp, and thickness

tions almost vanished, and hence obtained a perturbation sB- separated by a light but acoustically rigid honeycomb

lution for which the standard scalar Wiener-Hopf techniquestructure of widthd. Round perforations of hole sizeaZare

is applicable. Jones did not obtain any numerical results. included on the top plate, and for the sake of mathematical
On reexamining Jones’ model problem using the methodimplicity, the honeycomb arrangement is taken so that each

described in Ref. 9 by the author, and performing a numericavity is a cuboid with height, and widths in thex andz

cal investigation over all values of the perforation parameteflirections ofd;, as shown in Fig. 1. Then, fdtd<1, kd,

7, various results regarding the scattered field and travelingg 1, kh<1, ka<1 wherek= w/cy, we find that the compos-

plate waves were deduced. These were sufficientljte plate structure satisfigsee, e.g., Ref. 31

perplexing® to justify appraisal of a simpler radiation prob- ) :

lem, which avoids the complexity of a Wiener-Hopf analy- 25(_+ -

sis. In particular, we demonstrate that Leppington’s plate| ax?  9z?

modef has two unattenuated wave modes for all nonzero . .

values of the fluid/plate parameters. Apparently, this result ' @Po$(X.0=.2) —iwpod(x,0+.2) @

has hitherto not been noticed by others. The problem to beny=0, in which 5(x,z) is the deflection of the plate in the

discussed here consists of an infinite planar perforated elastic(vertical direction and the right hand side is the pressure

plate immersed above and below in a compressible stationump across the plafg.e., 0+ (0—) indicates thay goes to

ary fluid. A time-harmonic line force provides the excitation zero from abovebelow)]. The functionF(x,z) is the im-

and we seek the cylindrically radiating sound field plus theposed plate forcing to be specified later. The vertical velocity

coupled surface wave terms. The paper is constructed as fabf the plate must equal the fluid velocity on the plate’s un-

lows: in the following section the boundary value problem isderside, but the holes on the top plate means that this is not

posed, and in Sec. Il the dispersion relation for unattenuategb in general for the fluid velocity above. Hence,

waves on the perforated plate is derived and then shown to ]

have two real roots. In Sec. Ill the boundary value problem is (X,2)= ! %(x 0-.2) (5)

solved by recourse to Fourier transforms, from which the w9y

rad|a}ted far-f!eld and platg wave coefflc_lents are deduceq._ Ignd the pressure above the plate is related to the jump in

the fmgl §ecthn we examine the behavior of these qu‘f’mtme\?elocity across the structireia

for variations in the numerical values of paramet@ansis-

- 2w2pph] 7(x,2) —F(X,2)

tent with physical modejsand concluding remarks are of- d¢ d
fered. W(X’CH Z)— W(X'O_ ,2)+k7é(x,0+,2)=0 (6)
. THE BOUNDARY VALUE PROBLEM in which the perforation parameteris

The boundary value problem is summarized in Fig. 1. It~ 7=2fkda/[2a—k?V], )

consists of a compressible, stationary fluid occupying the ig the fraction of cells with aperture, is the volume of

whole of space, outside of the plate, for which time-gq,ch cell and, a are the plate spacing and perforation hole
harmonic small disturbances are governed by radius, respectively. For the cuboid cavities mentioned

Pd  Pp P P above, with a single hole in each one, we find
—2 —2 + —2 + —2 ¢: 0 (1) 2 2
IX ay 9z Co 7= 2kda/[2a—k=dd7], (8)

Here (x,y,z) are dimensional Cartesian coordinates,and note that the cavities resondtdelmholtz resonange
$(x,y,z,1) is the velocity potential of the acoustic perturba- when r— oo, or when
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FIG. 2. Roots of the dispersion rela-
tion (23) given by the intersection of
the function on the rightdashed ling
and left(solid line) hand sides 0f24).

-2

2 2a 2acq © 92 92
= 27°=\ g9 —+—+1 X,y)=0, y<0, —oo<x<, 13
dd? dd, e oy $o(X,Y) y (13

It is worth observing from(9) that the constraint 5 5

kd;<1 10 |5+ 511 duxy)=0, y=0, —o<x<=, (14
remains valid at or near a Helmholtz resonance if and only if

a<d. (11) and on the plate
Note that in the Leppington model used above the long- gt 4| 990 B ,
wavelength assumption allows the sandwich plate to be ap- | ;4 # WJ”)‘(%_ bo) =AS(X) +BS(X),
proximated by one of infinitesimal thicknelggd) and(6)]; by
this means, all the details of the perforations and cell geom- y=0, —oo<x<»,
etry are conveniently wrapped up in the single parameter (19

As 7—0 then the perforation’s influence vanishes and weyth the fluid velocity jump determined by
recover the usual flexural thin-plate equation, across which
the fluid velocity is continuous. As already stated, large Lﬁl_ Lﬁo
indicates that a Helmholtz resonance is approached, so that gy ay
the perforations have a significant effect on the fluctuatin
field. Here we taker real, indicating that the flow in the
cavity is lossless. However, if viscous motions through the pohcs PoCe
. . . 4 Pp"Co _ PoCo

apertures are assumed, themwill be complex, which will =, a= o,
limit the maximum size of 7|. Other effects could also be »B 20°B
included without difficulty, such as two or more different \which, with » defined in (8), give three nondimensional
families of cavities, each yielding a different resonancefiyid/structure coupling parameters for the problem. Note
value, i.e.,|7| will have multiple peaks when plotted over that , is the (dimensionlesswave number of free waves on
wave number. the platein vacua The first term on the right hand side of

As a final step in posing the problem, it is convenient to(15) is a line force of magnitud& and the second is a bend-
nondimensionalize USing the acoustic Wavelength and Souﬂqg moment of Strengﬂ‘B [5(X) is the usual genera”zed
speed function and the dash denotes differentiation with respect to

. _ k its argument These coefficientsh andB, can be chosen as
(x,¥,2)=(kx,ky,kz), ¢>J:C—O¢j , 1=1.2, (12 desired. Equationél3)—(16), together with the condition of

_ ) _ outgoing waves at infinity constitute the boundary value
where we write ¢, (¢41) as the acoustic potential below problem to be solved.

(above the composite plate. Also, for the purposes of this
article, we take a simple line force and bending moment
acting upon the plate or=0, Vz. Thus, the forcing and
plate geometry are independentgfand so the boundary
value problem may be considered as two-dimensional, the To examine free plate modes for the homogeneous
(x, y)-plane. Summarizing, and dropping the overbars on theoupled/plate system it is convenient to try the following

dimensionless variables for convenience, we have form for a surface wave:

+7d=0, y=0, —o<x<. (16)

g1—|ere, thew anda are

(17)

II. UNATTENUATED PLATE WAVES
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_ . y>0, sponding to two roots,, s,, say, of the original dispersion

Ps= eSO b sreal. (18 equation(23). In fact, a little elementary calculus shows that
. y<oO, . . .

the unbroken curve may, ifs|>1, have a turning point at

Clearly (by direct substitution ¢4 satisfies(13) and (14) if the location (2+ {4+5u*)/\/5, which is always to the

Y2(s)=s—1 (19) left of the point of divergence in Fig. 3; , but this does not

' alter the number of roots dR4). As 7— 0 the dashed curve

and so the wave will decay exponentially away from themoves down, hence moving the intersection pointsts to

plate if and only if

[s|>1, (20 . : .
As will be shown in the next section, wher=0 the root
or y(s)= (s>~ 1)"2>0. For|s|<1 theny(s) is pure imagi- s,=1 in fact gives no contribution, hence recovering the
nary, and s@18) represents a plane wave which takes energyingle plate unattenuated mode for the case of no perfora-
away from the plate. Hence, for study of surface waves intions. Asr—x, the dashed curve is pushed upwards, yield-
which the energy is constrained close to the plate the conding roots at
tion (20) is required. Substitutingl8) into the homogeneous

7—0, s1—1, $;—5;. (27

form of (15) yields To®, SST, ST (28)
(s*— uHy(s)b+ a(a—b)=0 (21) Again, it will be shown that thes, plate wave term has
vanishing coefficient as—o, hence recovering just the
and similarly(16) gives single unattenuated plate wave tersh,.
— y(s)(a+b)+ ra=0. (22) It is to be stressed that for all values af u, 7 the

dispersion relatior(24) yields two, and two only, positive
The two equations yield a nontrivial solution if and only if real roots. One can be assigned to be a modified form of the
the determinant vanishes: unperforated plate wave number, but the other is entirely
K(s)=[(s*— u*) y(s)— a](7— ¥(s)) + ay(s)=0, (23) new anq unti! now undispovered. The purpose of the follow-
ing sections is, for a typical boundary value problem, to see
the left hand side of which is referred to as the diSperSionf the new p|ate wave term has a contribution to the sound
relation fors. Rearranging gives an alternative form of con-field of the same order as the usual plate wave téom
straint ons, namely perhaps larg@rfor typical values of fluid/plate parameters. If
(= 1) y(s)— 2a , it has, then the effect of the perforations can be seen as
Ry (24) significant on the scattered/radiated field in such models.

(S = y(s)—a NS

The last expression is useful as it is simple to examine thg; soLUTION OF THE BOUNDARY VALUE PROBLEM
limiting casesr— 0, 7—o0. As 7— 0 the equation reduces to
To solve the system of equatios3)—(16) it is conve-

4 4 —
(s"=u")y(s)~2a=0, (29 hient to define the Fourier transform pair
whereas forr— o, w A
_ isx
(s*— 1) Y(8)— a=0, (26) Fio)= | 100eax 29
which correspond to the usual thin-plate dispersion relations 1 _
when the fluid is on both and one side, respectivsgg, e.g., f(x)= ELF(S)ef'SXdS, (30)

the article by Cannélf). This is as it should be; when
—0 the perforations are closed yielding the usual plate equawhere C is the contour running along the real line, from
tion, but asr—oo the perforation flow is large and so the — to +«, indented above any singularities on the negative
effect of the fluid above the plate becomes negligible. half-line and below those occurring on the positive half-line

For all values ofu, «, it is known that(25) and (26) (see Fig. 3. The reason for passing abotleelow) singulari-
each have one and only one positive real r@td one real ties on the lef(right) hand part of the real line is that, for the
negative root due to even behavior &) at s;, s} say, given time dependence, wave terms will be recovered that
respectively, wheress >s} . To see this, plos*—u* and are outward propagating andot incoming. The Fourier
c/y(s), ¢>0, againsts for s=1. As the first function is transform of the reduced wave equatiqa8) and (14) is
monotonic increasing with a finite value a1, and the )
second is monotonic decreasing with valuee ats=1, then ®; _\Gd. _ -

. . . . ; . 5 (8y)+(1-s9)Pi(s,y)=0, =01, (39

there is clearly one unique point of intersection for arbitrary dy
real values ofu andc (>0). The full dispersion curve can
now be examined by plotting the left hand siiebroken
curve and right hand sidédashed curveof (24) for s>1 in Dy(s,y)=C(s)e”®Y, y=0, (32
Fig. 2. Again, it is easy to prove that the form of the function _
on the left hand side is as shown for all valuesagfu and ©y(s,y)=D(s)e 7, y=0, (33
the dashed curve is for a finite nonzero valuerofThat is,  with y(s) as given by(19). Herey(s) is made single valued
there are two, and two only, points of intersection corre-by cutting the plane frons=1 to +« in the first quadrant

which has the bounded/outgoing solution
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FIG. 3. The inverse transform pathof (30) passing above the branch point

at —1 and the simple poles ats,;, —s,, and below the branch point at1

and the poles &, , s,. The branch cuts are denoted by dashed lines, and the

steepest descent path fér 7/2 is shown asS.

ands=—1 to —« in the third quadrant, as shown by the
dashed lines in Fig. 3, and choosifn0)= —i. Theny(s) is
negative imaginary fos real and|s|<1, which implies that
(32 and(33) are outgoing ay— —o,+«, respectively, in

view of the chosen time dependen(®. Also, for |s|>1
then y(s)>0 and so®, and ®,; decay exponentially ag
— —o0, 400, respectively.

in which C runs from—« to + on the real line but passing
above the branch point at 1 and the simple poles at
—s;, —S, [zeros ofK(s)], and below the branch point at
+1 and the poles &;, s, (see Fig. 3.

The most useful information to extract from the inverse
integral representations is the far-field cylindrical wave pat-
tern and the amplitudes of the unattenuated surface waves.
The former is obtained by determining the contribution from
the integral at the saddle poifitvhenr=x?+y?—x). To
achieve this end we write

x=rcog#0), y=rsin(f), —w<o<mr, (41
and introduce the transformation

s=—cog|6|+iu), (42
which mapss=0 to the pointu=i|8|—iu/2. Thus

¥(s)=—sin(| 6] +iu) (43

has the correct value—(i) at the image point o§=0, and
the exponents of the integrands(0) and (40) become

—isx—y(s)|y|=ircoshu). (44)
The saddle point occurs at
u=0&s=-cod4|, (45

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

The Fourier transform of the perforated plate equations

(15) and(16) gives

4_ 4 d®o ;
(S"™—u )d_y+a(q)1_q)0):A_ISB! (39
dd, ddg
Oy Ty T®i=0 (35

ony=0, which allowsC(s) andD(s) to be determined by

direct substitution 0f32) and(33). This yields
¥(s)(s*~ u*)C(s)+ a(D(s)~C(s))=A—isB, (36)

—¥(s)(D(s)+C(s)) +7D(s)=0, (37)
or inverting gives
C(s) 1 [7=¥(s) —a
(D(s)):@< wS)  AS(s'—uh)—a
A—isB
o ) (38)

where K(s) is the dispersion function written it23). The
solution to the problem is therefore given by the inverse

transforms:

_ 1 ((7—y(s))(A—isB)
d)O(X!y)_ ch K(S) e

y<0, (39

1 v(s)(A—isB)
¢1(X,y)—§fCTe

—isx+ y(s)yd s,

—isx— y(s)yd s, y= 0,
(40)

3013 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999

R{cosHu)}=1. (46)

The contour of integratiol is deformed into the steepest
descent patks, shown in Fig. 3 forl 6|> =/2, which, in the
u-plane, is the path starting ati/2— passing through
the origin at an angle ofr/4 radians to the real line, and
ending at+iw/2+. Then, by the usual argumentsee,
e.g., p. 34 of the monograph by Noble asr —,

ir +iml4

J2mr

eir+i77/4

V2ar

$o(r,0)~D(0) — m=6=0, 7)

$h1(r,0)~D(0) 7= 0=0, (49)

with

sin(#)(A+iBcog 6))
K(—cog#))
(—i7—sin(0)), —7w<60<0,
x sin(#), w=6=0.
Note, when7=0, then the potential field is odd ip i.e.,

do(r,— 0)=— ¢,(r,0) as expected, and as—x, ¢4(r,0)
=0(1/7) and

D(6)=

(49

—isin(@)(A+iBcog §)) et
[i(cod(0)— u*)sin(0)— a] V2mr '
< 60=<0. (50)

In the deformation 0f39) and (40) from C to the steepest
descent patlS the poles corresponding to the unattenuated
surface waves are crossed for values@fsufficiently close

bo(r,6)
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FIG. 4. Polar plots of the scaled amplitude of the far-
field diffraction coefficient(49), |D(6)|x 10'%f3, for
an aluminum plate in watefparameter values as in
(53—(57)]. The curves are for frequencies 500 Hz
(solid line), 1 KHz, 2 KHz, and 3 KHz(largest dash
size), and forcing coefficients ar@ A=1, B=0, and
(b) A=0,B=1.

to 0 or. Picking up the residue contribution at these poles,=0, (23), K'(s;) is the derivative ofK(s) evaluated as;,

S1, Sy, gives
s (X,y)= [(A+15;50rx)B) gisix=¥(slyl
] K/(SJ)
¥(sj), y>0,

T— ’)/(SJ), y<0, (51)

for j=1,2, wheres; are the two positive real roots &f(s)

3014 J. Acoust. Soc. Am., Vol. 105, No. 6, June 1999

and, as expected, the applied forée,and coupleB, yield
even and odd behavior, respectivelyxirt will prove useful
later to define the plate wave coefficiePf as

b :i’y(Sj)(A-f-iSngr(X)B)

i 2
J K,(SJ) (5 )

We can confirm directly from expressigbl) that, as

|. David Abrahams: Perforated sandwich panel 3014
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FIG. 5. Plate wave amplitudg§2)
water. Forcing coefficients af@ A

P,| (dashed line corresponding to rag, |P,| (solid curve for roots,) versus frequencyf, for an aluminum plate in
=1,B=0, and(b) A=0,B=1.

7—0, the lower wave number roaf (which tends to unity aluminum, with a thin acoustically rigid honeycomb spacer
in this limit) has amplitude which goes to zero. Similarly, as (of cuboid shapein between; the values of the plate/cavity
7—, the upper roos,~ 7, K'(s,)~ — 7°, and so¢s,—0.  constants are
Thus, in both limits only a single plate wave is recovered.
This completes the solution of the boundary value problem,  p,=2.8X 10* Kg/m, h=2.5x10"3 m,
and in the following section we will numerically evaluate the (53)
far-field (47), (48) and plate wave term&1) for a physically E=7.4x<10° N/m2,
realistic range of values.

v=0.33, d=2x102 m, d;=2X102%2 m (54
IV. NUMERICAL RESULTS AND CONCLUDING

REMARKS (see Fig. 1, which are typical for normal engineering appli-

For brevity we will confine attention to a couple of sets cations. Note thaE and v are Young's modulus and Pois-
of physically reasonable values for the nondimensional pason’s ratio, respectively, for the plate, from which we can
rameters. The composite plate will be taken to be made ofleduce the bending stiffness:
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FIG. 6. Polar plots of the scaled amplitude of the far-field diffraction coefficié®), |D(6)|x 10°/f, for an aluminum plate in affparameter values as in
(53—(56) and(59)]. The curves are for frequencies 2@lid line), 600, 764, and 80Qargest dash sizeand forcing coefficients ar@) A=1,B=0, and
(b) A=0,B=1.

Eh3 in which f is the frequency of the forcing term. Note that we
=108.13 Nm. (550  takef to lie below the Helmholtz frequency, 3621 Hz, in
view of the assumptions used in Sec. I.
_ Figure 4a) and (b) offer plots of the modulus of the
Far-field diffraction pattern,|D(6)|, over all 8 (—w7<6
<) for the aluminum plate in water and taking the loading,
a=1x10"% m. (56)  respectively, as a unit forc&=0, A=1, and unit moment
A=0, B=1. Each polar plot gives four different values of
The embedding fluid is taken in the first instance as waterforcing frequency, f=0.5,1,2,3 KHz (the corresponding

B:—
12(1-1?)

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

with density and sound speed 7=0.0445,0.0945,0.251,0.8354, respectiyelyand are
. marked in increasing dash size. The different curves are
po=10° Kg/m®, c,=1439 m/s, (57)  scaled using the factor 3%f3 purely to allow them to be

drawn on the same figure. As can be deduced f{Difp)|,
the first field is dipole in form, whereas Fig(b} exhibits
quadrupole structure. The lobesyik-0 are roughly the same
- 3621f (58) size as those iry<O0, i.e., the energy radiated above and
\/ﬂ)(36212—f2) below is more-or-less equal, except when the frequency ap-

and so

w~289f12  o~32717u1,

<3
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FIG. 7. Plate wave amplitude§2) |P,| (dashed line corresponding to rami), |P,| (solid curve for roots,) versus frequencyf, for an aluminum plate in
air. Forcing coefficients aré@) A=1, B=0, and(b) A=0,B=1.

proaches the Helmholtz resonance value. Clearly the onlpecessity for including a complicated perforated plate model

significantly asymmetric curve is the one fior 3 KHz. Re-  except very close to the Helmholtz value. However, it is

lated to Fig. 4 are the corresponding plate wave amplitudevorth investigating the problem in a different physical situ-

moduli |P;| (52), whereA=1, B=0 in Fig. 5a), A=0,B  ation, namely for an aluminum plate in air. Keeping plate/

=1 in Fig. 5b), andj=1,2 relates to the two plate wave- cavity values as those it63)—(56), the fluid density and

numberss;, s, (s51<s,) from (23). These figures strongly sound speed are now taken as

indicate the fact that the perforations are unimportant over

most of the frequency range, that $s,has negligible ampli- po=1.2 Kg/m?, ¢,=330 mis, (59

tude in comparison witls,, recognizable as the usual thin- . . . .

plate wave component. So, the effect of the perforations orrlespectlvely. This gives the three dimensionless constants as

the radiated and plate wave fields only becomes important at

frequencies very_close to the Helmholtz_ resonance value. p~66/12  a~9utf, T~ A (60)
The above figures could perhaps indicate the lack of V10(830%— 2)
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FIG. 8. Polar plots ofD(#6)| (49) for an aluminum plate in air, with parameter values a$58)—(56) and (59) and fixed frequency =500 Hz but with
varying perforation parameter. The curves are for values o= 0 (solid line), 1, 2.75, and 4largest dash sizeand forcing coefficients ar@) A=1, B
=0, and(b) A=0,B=1.

in terms of the frequencly and the structure has a Helmholtz ated energy below as the frequency increases. Not only can
resonance value of 830 Hz. The far-field amplitude plotsthe cavity perforations be seen to be important in terms of
|D ()|, for line force 8=0) and momentA=0) are given the energy partitioning for frequencies above say 200 Hz, but
in Fig. 6@ and (b), for frequency f=200 (continuous in the line force case the remarkably uniform fi¢id 6) in
curve, 600, 764, and 800 Hiargest dash sizécorrespond- y>0 is significantly modified a$, and hencer increases.

ing 7 values are 0.08, 0.48, 1.9, and 4.3, respectivdlie  This is to be contrasted with the field yn<0, and Fig. 4a)
amplitudes have again been scaled, this time by the factand (b) which do not exhibit any noticeable “beaming” ef-
10°/f, in order to show the curves with approximately simi- fect. Most marked are the two noticeable lobes/in0, in

lar size in one figure. Notice that, despite the scaling factoFig. 6(b), whose angle of radiation increases with frequency.
decreasing witHf, the curves increase in size in the region Turning now to the plate wave coefficients82), these
y<0. However, there is a marked diminution in value of theare computed for the parameter valu&8)—(56) and (59)

ratio of energy flow above the plate as compared with radiover the range of frequencies below resonance. As before, in
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FIG. 9. Plate wave amplitudé€52) |P,| (dashed ling | P,| (solid curve versus perforation parameterfor an aluminum plate in air. Forcing coefficients are
(@ A=1,B=0, and(b) A=0,B=1.

Fig. 7(a) and(b) the curve corresponding to the small wave this as one of the values in Fig(ed and(b)]. This apparent
numbers, is dashed, and the higher roes, which becomes ‘“resonance” phenomenon does not seem to be easily attrib-
the usual propagating wave number &s:0, is the solid utable to any physical confluence of natural frequencies, etc.
line. Immediately noticeable is the fact that, unlike the alu-Nevertheless, at or very close to this value both wave modes
minum plate/water casfig. 5@ and (b)], the coefficients attain very large(but finitey amplitudes, greater than 100
take comparable values over most of the range of the ordiimes larger than amplitudes at 200 Horresponding to 10
nate. Therefore, energy partitioning has been affected by thimes the energy in these surface wavedote that this is
modified plate model well away from the Helmholtz reso- true for both traveling waves; , s,, and for arbitrary forcing
nance value. Indeed, Fig(&] shows that the new waves{) (any values ofA, B).

coefficient actually exceeds that f at about 540 Hfwhen To illustrate the “pseudo-resonance” phenomenon a
7 is just 0.357. However, the most significant, and unex- little more clearly, it is interesting to plot the radiated far-
pected, feature of graphgaf and (b) is the presence of a field and plate wave coefficients, at a fixed frequency, over a
very large peak at about 764 Hlzence the reason for taking range ofr values. This is tantamount to varying the cavities’
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resonance parameters, such as by altering the perforation risem zero. An unexpected result is the discovery of a “reso-
dius or cavity interior lengths. In Fig.(8 and(b), [D(6)| is  nant” frequency orr value at which both plate wave ampli-
plotted unscaled at a frequency of 500 Hz for fewalues: tudes increase dramatically. This is likely to be of significant
0 (solid line), 1, 2.75, 4(largest dashing and for the two engineering interest, if it proves not to be purely an artifact
cases of line force and moment loadings, respectivelyof the mathematical model, and is to be investigated further
Clearly, the radiated field into the regigr<0 is remarkably in a forthcoming article on the topic by the autHfr.
insensitive tor values, whereas in>0 there is anonotonic
decreasein amplitude of the field with increasing Figure
9(a) and (b) show typical plate wave coefficients for the
same frequency and forcing as in FigaBand (b), respec- The author wishes to acknowledge useful discussions
tively and with 7 varying from 0 to 10. As expected from the with Professor A. N. Norris, Rutgers University, and Profes-
results of Sec. I[(27) and (28)], the coefficient of thes;  sor F. G. Leppington, Imperial College, University of Lon-
wave vanishes and,—s} as 7—0, and the coefficient of don, regarding the work contained in this article.

thes, wave vanishes angl —s] ast— . Clearly indicated
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