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Two parallel semi-infinite plates are joined together at their common end, with vacuum in the
infinitesimal gap between them and acoustic fluid outside. The configuration is an idealization of a
realistic structural member such as the bow or keel of a ship where the structural elements are joined
at an acute angle. The exact solution for acoustic diffraction from the parallel double plate junction
is obtained using thin plate theory and the Wiener—Hopf technique. The diffraction coefficient is
strongly dependent upon frequency, unlike the analogous coefficients for edge diffraction from hard
or soft screens. However, the relative simplicity of the general solution permits analytical
comparisons with these idealized boundary conditions. At low frequencies the diffraction simulates
the response from a soft or pressure release screen. At high frequencies, or more precisely under
light fluid-loading conditions, the hard screen approximation is more appropriate. Numerical
examples illustrate the transition from soft to hard diffraction, and an approximate but simple
uniform diffraction coefficient is proposed which has the correct limiting behavior at low and high
frequency. ©1996 Acoustical Society of America.

PACS numbers: 43.40.Dx, 43.40.Rj

INTRODUCTION Fig. 2. However, despite the apparent similarity, the acousti-

The structural element depicted in Fig. 1 is typical of C?I _behawor of the single plate and QOubIe platgs are quite
: . distinct, as we will show later. In particular, the single plate

bows and keels on ships and large ocean going vessels. It is

composed of two similar plate or shell segments that mee?OIUt'on does not suffice for the double plate, but the single

along a line, where they are structurally attached in the SerI%Iate solution is contained within the latter. The present dif-

that forces and bending moments mav be transmitted fro action problem is, however, mathematically similar to that
9 Y o the single plate in that we need to use the Wiener—Hopf

one to _the other, .bUt only_ along t_he jom. T_he purpose of t.hlstechnique to derive the pressure transform. Diffraction from
paper is to examine the interaction and diffraction of an in-_ single plate was first analyzed by Lafbnd Lyamshet
cident acoustic sound wave, as ShO_W” n F'g' 1. we W.'”subsequently included the effects of flow, but both papers
concentrate on the acoustic-to-acoustic diffraction emanatlnﬁeat the light fluiding limit only, and they suffer from a

from the vertex, and in particular, we restrict attention 10 ndamental error in the Wiener—Hopf analyihe correct

acute structural angles such that the bow junction is approxi-_, ~: . ) .
. . : . solution was provided by Cannell, who in a series of two

mated for convenience as a double plate junction, as depicte 7 .

in Fig. 2 paper$’ gave a detailed account of the proper procedure for

This type of structural acoustics problem is protot icalSOIVing the problem posed by Lamb, although Cannell’s so-
yp P P YPICA \tion is limited in its applicability, as we discuss below. The

of bow-type configurations, and an understanding of it is resent analysis is also related to Wiener—Hopf solutions for
fundamental to interpreting first arrival diffracted acoustic” y Pt
structural elements composed of flat plates joined end to

waves. Thus one might ask whether the double plate Junctiog ys-13 although such configurations are quite distinct from

is acoustically more akin to either a haar rigid) screen in :
the present one. However, we will draw upon some recent

the same position, or a screen with pressure release boundar 1 : X - )
o P ; . resultd! in this area to derive very explicit and simple for-
conditions—a “soft” screen. Edge diffraction from these ) . -
mulae for the diffraction coefficient.

limiting structures is well understood, and the associated dif- The exact problem and the general method of its solu-

fraction coefficients have simple formsin particular, the tion are outlined in Sec. I. The analytical details of the

hard and soft acoustic diffraction coefficients are mdepen.Wiener—Hopf method are discussed in Sec. I, followed by a

dent of frequency. The response from the double plates 'Seneral discussion of the acoustic diffraction coefficient in

expected to depend strongly on frequency, butas we wil Se%ec. lll. There we examine the relationship between the gen-

it behaves like the soft and hard screens at low and hlgk(]aral exact solution and the simpler limiting diffraction coef-

frequencies, respectively. ficients for soft and hard screens.

Despite the ubiquity of the double plate configuration
and its acoustic significance, it does not appear that this FORMULATION OF THE SCATTERING PROBLEM
acoustic diffraction problem has been considered until now, _ .
Thus Crighton’s review articlementions many related but A. Dynamic equations
different problems. The most relevant of these is the case of We consider time harmonic motion of frequeney-0,
a singleplate in the position of the double plate structure ofthe factor R¢-e'“"} understood but suppressed. We restrict
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............................................... o L\ ap ,
——— AR B—a—mo Gy TP p=0, 0<x<w, y==0.

4
The diffraction problem can now be formulated entirely in
WATER terms of the pressure. Thus we need to solve the Helmholtz
/\ equation(l) in the fluid, subject to radiation conditions as
/ / (x?+y?)Y2_ 0 and the boundary conditiorid) ony=*0.

Four edge conditions must be specified at the junctiery
=0. The plates are assumed to be in contact only=a0
FIG. 1. A plane acoustic wave incident on the bow of a ship. with no interaction forx>0. The ends ax=0 are mechani-
cally joined such that the displacements and rotations are
the analysis to the two-dimensional configuration, see Fig. io:entlcal there,l an(iljthe mo_mentﬁ and shear fo(;cfes on e'”:fr
where the plates lie along the positixeaxis. The acoustic Paté are equal and opposite. The moment and force condi-
pressure(x,y) satisfies the Helmholtz equation in the fluid pons ensure that the tip has zero net moment and force act-

region ing, but there are still non zero moments and forces between
’ the plates. Thus
2 2n— _ _
Vep+kp=0, 0 <IX< 0, o<y, (1) W, (0)=w_(0), (53)
wherek= w/c is the acoustic wave number ands the fluid dw dw
sound speed. The plate deflection in the positivdirection d i (0)= f (0), (5b)
on the top and bottom plates awe. (x), respectively. The X X
equation of kinematic continuity between the plates and the d2w, d2w_
fluid is B (00=—B =z (0), (50
ap d3 d3
2 = W W
Pw W, (X) ay (X,£0), 0<x<oo, (2) B 03 (0)=—B 3 (0). (5d)

wherep is the fluid mass density. The two plates are identicalThe formulation of the problem is complete once we have
and are modeled by the classical theory of dynamic flexurespecified the incident wave field(%), which we take to be a
4 plane wave,
W

dx*

(X)_meWt(X):ip(x,i—o), O<x<oo, p(o)(x,y)=p0eik(x €os gty sin 6p) (6)
)

The plate parameters are the mass per unit arend the } ]

bending stiffnes8 and are constant on each plate. These Ve split the total pressure into two parts,

quantities may be related to the intrinsic plate properties; =

thusm=p.h, andB=Eh?*12(1- v?), whereh, p, E, andv PUCY)=Ps(XY)+ PalXe), _ _ @ _

are the thickness, volumetric mass density, Young’s modulusuch thatps and p, are, respectively, symmetric and anti-

and Poisson ratio, respectively. We note that the acoustigymmetric about the ling=0, that is,

pressure in the infinitesimal gap between the plates is as- — _

sumed to be zero. Thus the only interaction between the Ps(x.Y)= (p(xy) +p(x, =¥))/2,

plates is through the fluid and the junction. PA(X,Y)=(p(X,y)—p(X,—Y))2.
Eliminating the plate deflection between the pair of

boundary conditions in Eq$2) and (3) reduces them to a

single equation for the pressure,

B. Solution procedure

®

For each constituent we need only consider the problem de-
fined iny=0. Thus for the symmetric part of the pressure the
conditions ony=0 are

9Ps _

r 3y 0, -—%<x<0, y=0, (93
y 0
(B o ,| ps

—4—mw)—+pw2ps=0, 0<x<w, y=0.

X X ay
(9b)
WATER ) ) o
\ The antisymmetric part of the pressure satisfies
/ / X pa=0, —®<x<0, y=0, (10a
0
a* ]
( B—— mwz) 7Pa +pw?pa=0, 0<x<w, y=0.
FIG. 2. The idealized junction formed from two parallel elastic plates joined IX ay
at the end. (10b)
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The end conditions can be found by noting thatbecause itis assumed that the acoustic pressure is identically

W (X) =wg(X) EwW,(X), where zero in the infinitesimal unflooded gap between them, and
ap ap hence the governing equatighOb). However, the pressure
pw’Ws(X) = s (X,+0), pwwa(x)= FA (x,+0). drop across aingleplate in a fluid is D, , and its equation
ay y is therefore
(10 .
The conditiong5a) and (5b) therefore become (B’ %_ mrw2) %ﬂLZszpA:O, 0<x<w, y=0,
ws(0)=0, S (0)=0, a2 1o
X with the same end conditions as Hd3). A comparison of
while (5¢) and (5d) are Egs.(10b and(16) shows that the antisymmetric parts of the
42w 4w pressure f<_)r the c_JoubIe plate and single plz_:\te problems are
_2A (0)=0, —3A (0)=0. (13) the same if the single plate has bending stiffness and mass
dx dx

per unit length that are both twice the values for the indi-
The procedure for finding the separate solutions of dif-vidual plates in the original problem. Another way of looking

ferent parity is similar. In either case we let at it is that the double plate system has an effective bending
0 " stiffness of B and its effective mass density isr2
Pa(X,Y) =P, (X,Y)+P, (XYy), a=SorA (14 As mentioned in the Introduction, acoustic diffraction

where p%0) and p&O) are the symmetric and antisymmetric from a single plate has been considered in detail by
parts of the incident field, Whil@(sl) and pt!) are the sym- Cannell®’ The problem can be reduced to a Wiener—Hopf
metric and antisymmetric parts of the scattered pressure. THhalysis for the half-space « <x<, 0<y< with differ-

latter automatically satisfy the Helmholtz equatidn if we €Nt conditions along the boundagy=0 on the half-lines
write them as —0<x<0, and 0<x<o. In his first paper Cannélberived

the full formal solutiont* but only analyzed the limiting case
of light fluid loading. The general results for arbitrary fluid
loading were given in an indirect form involving two un-
known parameterg andq, which must be obtained by solv-
ing four simultaneous equations. In the second pa@an-
for a=S or ao=A. The square root function nell examined the heavy quid-Ioading limit, but for a
(&)= (£2—k?)Y?is defined to be analytic in the compleéx different problem in which there is a baffle present on the
plane with two L-shaped branch cuts fromk to —i0 to  half-line complementary to the plate, although the plate is
—io, and fromk to i0 toiw, such that the real part ofis  Still free atx=y=0 (no moment or shear force acfThe
non-negative. For convenience, we have givem small diffraction from the end of the baffle turns out to dominate
positive imaginary part, i.ek =| k|e‘51, 0<§8,<1.Along the the acoustic diffraction in the far field, leaving open the
real axis y(§) = —iJk2—& for |&<|k| and y(&  question of the precise form of the acoustic diffraction from
= JE—K2 for |&>]|k|. The difficulty is now reduced to anisolated plate edgén the heavy fluiding-loading regime.

finding the transform®s and p,, which we address sepa- We v_viII answer this in Sec. lll. In summary, the problem.
rately for the two subproblems. considered here concerns the double plate geometry of Fig.
2, but the antisymmetric part of the full solution is closely
related to the single plate problem. In fact, we will obtain a
C. Physical significance of the two problems very explicit formula for the double plate solution from
The separate problems fpg andp, can each be related yvhich we can easily extract the response for the single plate
to the acoustic scattering from a single plate in a fluid me" @ fluid.
dium. Thus the symmetric pressupg(x,y) for y>0 corre-
sponds to the solution for a plate joined to an infinite baffle.
That is, the semi-linx<0, y=0 is a rigid baffle, and the

point at which the plate meets the baffle is pinn@ad  A. Solution of the symmetric problem

clamped. We note that Canné_llconsidered a similar plate Substituting the assumed form of the solution, defined
and baffle configuration but with the plate end free of MO-py Eq. (14) and the transform of Eq(15), into the two

ment and shear force. boundary conditions of Eq9a and (9b) and using Eq(6),

The antisymmetric solutiorp,, is simply the antisym-  yia|4s two simultaneous integral equations for the unknown
metric part of the total pressure field for the plane wa{8 Ps()

incident on a plate with bending stiffneBs =2B and mass
densitym’=2m in an infinite fluid medium, and which is
free of moment and shear at its end. In order to see this we
note that the antisymmetric pressyrg on the double plate L
system of Fig. 2 bends both plates in the same direction, so + [~ ~ i&X e Al0) i £oX

thatw, =w_ . The pressure drop from one side to the other 27 fﬁxD(g)ps(g)e de=—As D(&e™, x>0,
iS 2p,, but the pressure drop acting on each plate is fust (17b

1 (=~ :
(1) N B (iéx—=y(8)y)
Pa (Xy)=5— fﬁmpa(@e d¢,

—oo<x<o, 0Osy<o, (15

Il. WIENER-HOPF ANALYSIS

1 * ~ .
on jﬁw?’(f)ps(f)e'gx dé=0, x<O0, (174
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where£,=k cos,, AQ=(D(&,)) po, andD is the fluid- —¥(&) Go(&)

loaded plate dispersion function, Ws(§) = £, God) (26b)
D(&)=1+(mw?=BE) y(£)/(pw?). (18 Using Egs.(19), (20), and(22), we have

Dual integral equations like these can be solved using the K= (&)

Wiener—Hopf techniqué> We will not go into the details of Ws(§)=—Gs(&o) =& (27)

the method, but just provide a solution which will be shown 0

to satisfy the integral equations. Let which is analytic in.7Z". Furthermore, it follows from Egs.

(18) through(20) thatK ™ (£)=0(¢™ %) as|é—x=, and hence

K(&)=D(&)/7(§), (19) Wg(£€)=0(¢3) in the same limit. The inverse transform

and defineK * (&) as Wiener—Hopf factors such that Wg(x) consequently has leading-order behavior like

] Ws(x) =0(x?) for x— +0, and therefore the end conditions
K(&)=K"(&IK™(§) with K7 (=§)=1K"(§). of Eq. (12) are automatically satisfied if the polynomial
(20) Ag(€) is simply a constantd=0). Hence, using Eq23),

The functionsK = (&) are analytic in the half-planes?™, A(£)=AL) (28)
where.77* are the upper and lower half-planes, &= 5, S S

where 6<48,<1 is related tos; and is included to ensure a This completes the solution to the symmetric problem.
small region of overlap that includes the real &XisThe

general solution for the pressure transform is

IAs(£) Gs(£o) B. Solution of the antisymmetric problem
s(§)= = a (21) . _ N
§—& Gs(§) Dual integral equations for the transfofim follow from
whereGg is Egs.(6), (103, (10b), and(15),
Go(£)=D(E)K" ()= EIK (&), @ [ puee a0, x<o (299
77- — oC

and Ag(¢) is a polynomial of as yet unspecified degrge
g=0, satisfying

1 (=~ . ) ,
z—f D(£)Pa(£)€'™ dé=—ARD(&p)e'o, x>0,
As(£0)=AY. (23) 7)o

(29b)

It can be shown by direct substitution pf from Eq. whereAY)=[1-(D(£&o))‘Ipo- The general solution is

(21) into the two integral equatiofl.7g and(17b) that they

are automatically satisfied. Thus, the left member of Eq. . = 1AA(§) Ga(£o)
(179 becomes, using the second identity of E2p), Pa(£)= E—¢&y Gu(é) (30
G25(§o) > K’£§) e . (24 whereG, is
mo e o é GA(£)=D(£)/D*(£§)=1D"(¢), (31)

If x<<0 then the integrand is clearly analytic.i#—, and the andA,(£) is a polynomial satisfying

contour can be deformed to one at infinity in the same half- A0

plane, along which the integrand is zero, implying that the Aa(fo)=An" - (32)
integral vanishes foany function K~ () that is analytic in  The \Wiener—Hopf factor®*(¢£) are analytic in the half-
7 with appropriate behavior at infinity. Similarly, using planes7#* and satisfy

the first identity of Eq.(22) it follows that Eq.(17b holds N B . B N

for any K™ (£) analytic in.77". The arbitrariness in the D(£)=D"(&)/D (§) with D (=£=1D"().
choice ofK = (&) is removed by the restriction from E(R2) (33
that D/K™ = y/K ™. However, the general solution still con- The factorization is closely related to the factorization for the
tains an undetermined polynomiag(€). The problem there- symmetric problem and is discussed in detail in the Appen-
fore consists ofi) factorizingK and(ii) finding the polyno-  dix.

mial Ag(£). The first of these is outlined in the Appendix, so The deflection for the antisymmetric solution can be

we will proceed to the determination &éfs. written in the same form as the symmetric solution in Eq.
First we note that the deflection for the symmetric solu-(25), but now using the functionV, and its transform
tion can be expressed as W, (€). Thus
2 _ S 0)—Ag| —i d W, 25 2 —ap(AO) 0)—Ap| —i d W, 34
pw Wg(X)= ay (X,00—Ag| —i ax s(x), (25 P WA(X)= ay (X,0) = Ap| —i ax A(X), (343
where 1 © :
Wa(X)=5— f Wa(£)e' de, (34b)
1 (> . _ o
Wg(X)= =— Wq(&)e'$ d¢, 26
S(0=5— f s(O)e' d¢ (69
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—Y(£) Gal(o)
=& Ga(§)

The functlonsW;(f) and\7vf§(§) are defined to be analytic
in .77, respectively, and they partitio, as

Wa(£) =W, (&) +W, (£), (36)
and bothW; = O(£™2) as|g—. The behavior ofV,(x) for

WA(f)_

(39

D™ (&) 2 ;
_ 0 ny m
xn—GA@o)[ Ve "2 T

(—1)"up,

R <zm>] (45)
for n=0,...,5.

We are now ready to apply the conditions of Ef3),

x—+0, and hence the response near the end, depends UpQ8ing Egs.(34a, (44), and (45). Assuming the polynomial

the behavior ofWj (&) as|g—oe.
The transformW, can be rewritten using E¢31) as

(D7 (§-D"(¢)

Wa(6)=8(é0) 7= g5vig (37
whereV is the dispersion function for a dry plate,
B
— 4_ 4
V(&)= ol — (£ k"), (39)

expansmn

AN =AD+ (A1 +Ax6)(£— &),

it follows after some algebra that the end conditions reduce
to the system

(46)

Na— o\, M—gostA} £5piy(0,0 — AN,
Ng—&oN3 — Eohy)| A2 fop(o)((),o)_ASAO))\S.
(47

and « is the dry plate flexural wave number, defined by

k*= w?m/B. The four zeros o¥/(&) are evenly divided be-
tween.7z" and.7~, with the former pair being;=« and

{,=Iik. By adding and subtracting poles with suitable resi-

dues in Eq.(37) we can arrive at explicit formulae for the

partitioned functions. For our purposes we need only
~ . Galé) | D"(§) D7 (¥
WalO= %%, { ViE) V()
2 +
(§—&o)u,
t2 Ls—gnm—go)
(§—&o)upy
YE e —go)“’ 39
where
u, =residue ofD=(&)/V(&)] at é==*¢,. (40)

The residuesi, andu,, are related to one another by the fact
thatD(*¢,)=1. Thus

+

TR
n 4m

v

e ’n, n=1,2, (41

wherev; and v, are defined by
D" (Ln)= n=1,2.

Suppose thaW;(g) has the limiting behavior
M-1

Wi (&)= 2 Np& "D +0(¢ M Viog §),
n=0

Vn

(42

| €] —oe,

(43)
for some integeM =1, then

)"
( ) ——+0(xM log x),

WA(x)_E A X—+0. (44)

According to its definitionD’(§)=O(§’5’2) as|g—», and
hence the first fewk,, can be obtained directly by expanding
Eq. (39), yielding

1479 J. Acoust. Soc. Am., Vol. 99, No. 3, March 1996

This can be further reduced using the results of E4$),
(45), and the identity

Ga(£0)D " (£0)/V(é0) =Py (0,0/AY, (48)
to give
(M1+M2)[2j A(o)( gOM 21 §0M2§2)[§1}’ (49)
where
coshv, ¢,*sinhy,
"“|¢ sinhv,  coshw, } n=12. 50

The pair of equation$49) are easily solved and combined
with Eq. (46) to give, finally,

A
ﬁfﬁ[é%—
X[ (&= €0) {14, sinhvy sinhw,

+(&€g+ ¢3¢, sinh vy coshy,

(£—¢o)

(coshv, coshv,+1)

Ap(é) =

+(&€o+ L3) psinh v, coshp] . (51)
IIl. THE ACOUSTIC DIFFRACTION COEFFICIENT

A. The exact diffraction coefficient

The symmetric and antisymmetric partial solutions may
now be combined to give the total solution for the incident
plane wave of Eq(6),

p(x.y)=p'V(x,y)+pH(x.y), (52)
where the scattered response is
W(x,y)= i fw P&, &)l & YO gg,
27 ) w
—0<X, y<o, (53
Andrew N. Norris: Diffraction from parallel plates 1479



The transformp= pg+ p, follows from Egs.(21), (29), (28),

The far-field diffracted pressure in the fluid may be

(30), and (51). This may be simplified further using Egs. found using the method of steepest descents applied to the

(22), (31, (A1), and(A2), to

iPo Y(&o)
E=& DT (&)D (¢

P(&,&0)= [‘}’(fo)‘)’(_f)

+aF %,—é)sgr(y) , (54)
where the characteristic lengthis defined by
a=m/p, (55
and
F(Lm)=1— 29+ [(1—{n)sinh v, coshv,
—i(1+¢n)sinh v, coshv,—i(Z+ 7n)
+
xsinhvy sinh v, ] (1+ cogi vln(zosh v,) "
(56)

integral in Eq.(53), and is a cylindrical wave emanating
from the origin of the form

pM'=C(6,0) poV2/(mkr)e ek,
0<9<2m. (57

[—00,

The polar coordinatesr(6) are defined in Fig. 2, and the
dimensionless diffraction coefficient is

i
C(0,600)=— 3 k|sin 8|p(k cos#, kcosfy). (59

This can be simplified to

C( 0, 00) =

Equation (59) is valid for all 0<@y<m, 0<6<27, except

near the geometrical singularities at which @sscosé,,

sin( /2)coq 6y/2) — (i/2)kaF((k/k)cos 8y, — (k/ k)cos 6)sin 6 sin 6,
(cos §—cos 6)D " (k cos fy)D*(—k cos ) :

(59

C. Discussion

corresponding to shadow and reflection boundaries. It is post. Reference structures and characteristic
sible, although we will not do so here, to derive a uniform frequencies

far-field approximation which is valid in these transition

zones. We note that the diffraction coefficient of E§9)

It is of interest to compare the exact acoustic diffraction
coefficient of Eq.(59) with the analogous quantity for sim-

clearly satisfies the reciprocity identity that it should be un-pjer giffracting structures. The two natural points of refer-
altered if the incident and scattering directions are intergnce are the limiting cases 6 an ideal hard screen in the

changed, or

C(m— 0y, m—0), OO

C(6,60)=
(6, 60) C(m+6g,0—m), m<0<2m.

(60)

B. Acoustic diffraction from a single plate

The acoustic diffraction coefficient for a single plate in a
fluid can be obtained from the diffraction coefficient for a
pair of plates. As discussed earlier, the single plate has bend-
ing stiffnessB’ =2B and mass densityn’ =2m, and there-
fore the flexural wave number is the samé= . The single

same position as the plates, afid) a “soft” screen, for
which the total pressure vanishes on the half-lirexd<o,
y=0. Both of these are standard, canonical problems for
which the diffraction coefficients can be obtained from Som-
merfeld’s classic solution &%

cog 6/2)sin( 6,/2)

Chard 0, ‘90) = COS 6— COS 6, (623
sin( 6/2)cog 6,/2)
Coorl 0, 00) = 55 9—cos 6 (62h)

One immediate difference between both of these and the

plate diffraction coefficient is then the antisymmetric part of oy 5t coefficient in Eq(59) is that the latter depends upon

C(8,6,) for the pair of plates each with bending stiffné®s

and mass densityn, or using Eq.(59),
Csingle( 0, 90)
=3(C(6,00)— C(27— 6,60))

s ikaF((k/«)cos 6y, — (k/k)cos )sin 6 sin 6,
~ 2(cos#—cos fy)D " (k cosy)D " (—k cosb)

single plate. (61)

1480 J. Acoust. Soc. Am., Vol. 99, No. 3, March 1996

the operating frequency, where&,,,4 and C; are con-
stants. In order to discuss the frequency dependence we use a
dimensionless measure of frequency, suchkas w/w,,
wherea is defined in Eq(55) and w,=pc/m is the “null”
frequency at whiclka=1. Alternatively, it is more common

in fluid loaded structural acoustics problems involving flex-
ural waves to use the dimensionless param@terk?/ 2 or

Q= wl/w, wherew, = c2/m/B is the coincidence frequency

for acoustic and flexural waves. The two parameters are re-
lated by

Andrew N. Norris: Diffraction from parallel plates 1480



Q=eka, (63 10,

where e= w,/w. is independent of the plate thickness and
hence provides a useful measure of the fluid loading.

2. Low-frequency/heavy fluid-loading regime 057

We first consider the low-frequency limi€<1. It may
be shown using known expressidhfor the limiting behav- 3 e W
ior of D* (&) that the termsD *(k cos6,), D*(—k cos#),

andF in Eq. (59) all tend to unity, and therefore, 0.0~ 55130 366 240 300360
0 (deg)
C(8 C 2k sin 2 cos 2 ¢ 9
( 'QO)N soﬁ( 0'00) ! a Smi COS? haro( 0, 0) FIG. 3. The magnitude of the normalized exact diffraction coefficient

(cos#—cosby)C(0,6,). The three solid curves are for the incident angle
—Cqoii(0,6y) as Q—0. (64) 6,=20° and the frequencies 100, 1205, and 4000 Hz. The top and bottom
dashed curves show the magnitudes of the frequency independent soft and
This limiting behavior is not unexpected if one considers thahard normalized diffraction coefficients.

at very low frequency, or equivalently, under heavy fluid-

Iqading conditions, the inertial effects of the plate are neg_li-4_ Example: steel plates in water
gible. Also, the geometry of the double plate structure exhib-
its no effective stiffness in the static limit. It is interesting to ~ Numerical computations were performed for a steel/
contrast this behavior with that of an empty cylindri¢ed ~ Water combination, for which the fluid-loading parameter is
2D) or Spherica|(in 3D) shell, which also show no inertial €=0.134. The thickness of each plate is 2.54 cm, Correspond-
effects in this limit, but do display a finite stiffness in the ing to a null frequency of 1205 Hz and a coincidence fre-

static limit. Also, the leading order approximation to the dif- quency 8986 Hz. Figures 3 and 4 show the magnitude of the
fraction from a single plate in the low-frequency limit fol- €xact diffraction coefficient as a function of the observation

lows from Eq.(61) as angle ¢ for different frequencies. Note that the diffraction
_ _ _ coefficient is multiplied by the factdcos #—cos 6| in Fig. 3
Caingid 0, 00) = —ika sin 6 sin fo as Q00. (65) and 4 in order to avoid the geometrical singularities at the
2(cos 6—cos 6) reflection and shadow boundaries. The soft and hard diffrac-
This tends to zero a®—0, in contrast to the exact diffrac- tion coefficients are shown for comparison. The three fre-
tion coefficient which tends to a nonzero limit, in B§4). ~ duencies considered, 100, 1205, and 4000 Hz, are low, me-

dium, and high relative to the null frequency, and the high
frequency is below coincidence. It is evident in both Figs. 3
and 4 that the low-frequency diffraction is more like that of a
_ soft screen than a hard screen, but at high frequencies it is
The impedance lengtla=m/p becomes large under petter approximated by the hard screen behavior. The same
light fluid-loading conditions, and we may accordingly ap- trend is apparent in Fig. 5 which shows the magnitude of the
proximate the dispersion function Bs=—yV. This is easily  gjffraction coefficient for backscatter, that &= g+ .
factorized to give Figure 6 shows the real and imaginary parts of the dif-
DY (&)=aY2%k 2y (&) (k+E)(k—i§), (66)  fraction coefficient as a function of frequency for back-
scattering withd,=45°. The transition from the soft response
at low frequency to the high-frequency behavior is compli-
e"1=—i(8ka)YA1+ QY312 cated by a change in the phase of the diffraction coefficient.
(67)  In this particular case the soft and hard diffraction coeffi-

3. Light fluid-loading regime

implying that

e’2= (8ka)1’2(i + 9_1/2)1/2.

Both ofe”* ande”2 are large in magnitude becausa>1 by
assumption, and therefore we may consistently take the ap- 1=4000 Hz
proximations sinhy,—(1/2)e*n, coshy,—(1/2)e’n, n=1,2, 100

which imply that ’

D*(k cos8,)D"(—k cos )

_ 6o 0 [k k 05 )
=—i2ka cos— sin F|—cosfy,——cosf|. (68 N
2 2 K K 7
The acoustic diffraction coefficient of E¢9) then becomes / —
relatively simple in form, 00— a0 240 305350
6 (d
C( 0100):Charo( 0!00)! (69) (deg)
to leading order inka) ~* for ka>1. FIG. 4. The same as in Fig. 3 but for the incident angle 135°.
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FIG. 5. The magnitude of the normalized backscattering diffraction coeffi- or ()
cient, —2 cos6,C(6y+ m,6,), for three frequencies.
. L . . 60|
cients are of opposite sign, or 180° different in phase. The c
frequency dependence of the phase of the exact diffraction a(ri:) ) APPROXIMATE
coefficient is plotted in Fig. (b). The phase changes
smoothly with frequency, although the total phase change is -120
less than 180° over the frequency range considered.
In an attempt to better approximate the full frequency
dependence of the diffraction we introduce the idea of an -180, 1000 2000 3000 3000 5000
intermediate frequency regimeefined such that the light f (H2)

fluid-loading conditionka>1 holds while the frequency is i it " it

: " ; : FIG. 7. Comparison of the exact diffraction with the approximate diffraction
low rEIat_IV,e to j[he coquence freql',len?y’ Implylng thatcoef“ficient of Eq.(71) for the backscattering configuratiof=225° and
0<1. T_h|5_|5 an mt_ermedlgte asymptotic situation which cang — 45° The magnitudes are plotted(@, and the phase, or argument of the
only exist if the fluid-loading parameteris truly small. If  coefficients are shown itb).
so, then the frequency is both large and small at the same
time, with respect to two different reference frequencies: in
this case.w,<w<w;. Under these circumstancé€s=1 in Cunir( 0, 60)

Eq. (29)6 and the acoustic diffraction coefficient is approxi- _ Cool 0, 00) —i2Ka Sin( 6/2)cos 06/2) Crard 0, 60)
mated by = 1—12Ka sin(0/2)cod 6./2)
1—i2ka sin(6y/2)cog 6/2
» G 8,60)| _n(o) g ).
1—i2ka sin( 6/2)cog 0y/2)

. N
+| —i2ka smz cos; Csoi( 0,60),

C(6,00)~Chard 0, 00)

(71)

(70 This function has the property of reducing to the limiting soft
and hard approximate forms at low frequency and under light

which is the same as Edq69) plus a correction of order fluid-loading conditions, respectively. The latter situation is

(ka) "*. Comparing Eqs(64) and (70) suggests the follow- Synonymous with high frequency in the sensekaf-1 if

ing form for an approximation over the whole frequency €<1. It should be emphasized that Eg1) is not a uniform
range,C~C,,, where approximation in the usual sense. Rather, it is simply an

educated guess at such an approximation which has the use-
ful features of(i) being composed of the well-known soft

0.2 RIGID and hard diffraction coefficientsii) it reproduces the limit-
ing soft and hard behavior discussed above, @ingdis de-

0.0 Re(C) Im(C. fined for all frequencies. We make no claims about the uni-
versal accuracy of this approximation, but offer it as a useful

-0.2 benchmark for acoustic diffraction from wave-bearing struc-
tures. For example, the magnitude and phase of the exact and

-04 “uniform” diffraction coefficients are compared in Fig(d

0.6 SOFT and (b) for the backscattering configuration of Fig. 6.

) Finally, we note that the most common scattering con-
08 figuration is backscattetd=6,+ ). In this case, it can be

0 1000 2°°f° (Hz;’°°° 4000 5000 shown using Eqs(62a and (62b) that the soft and hard
diffraction coefficients are always of opposite sign. Hence,

FIG. 6. The real and imaginary parts of the diffraction coefficieqs, 6,) e exact backscatter diffraction coefficient will exhl_blt an

for §=225° andf,=45°. approximately 180° phase change as the frequency is swept
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from low to high. This can have interesting implications for

the time-dependent edge diffraction, which will be exploredtion 1— y?(£)V3(¢) are+¢£,,n=1,2,...

elsewhere.

IV. CONCLUSION

The exact acoustic diffraction coefficient derived here

for the parallel double plate configuration, E§9), is rela-

tively explicit in form and reduces to the simpler soft and
hard diffraction coefficients in certain limits. The general so-
lution also contains the solution for the acoustic diffraction
from a single semi-infinite thin plate in a fluid. The numeri-
cal computation of the exact diffraction coefficient of Eq.
(59) requires the functiorD™ of the Appendix, which is

easily evaluated in practice. However, the analytical form of

Eq. (59) is sufficiently explicit and simple in nature that it
can be easily reduced to the limiting cases of soft and har
diffraction coefficients under heavy fluid and light fluid-

summarize here. Thus the ten zeros of the rationalized func-
,5,defined such that

&, are in.77". Of these five, it can be shown that three, say
&, &, and &, are zeros oD(&). Define 6,=cos Y(&,/k),
n=1,2,...,5 where the branch of the inverse cosine is
cos 1(§/k)—| log[&/k+ y(£)/K], and the principal branch of
the logarithm is taken;-7<Im log(-)<. Then

Sl 8

&3 &s

0 sin 6,— 6, sin 6
cos 6—cos 6,

3

1+ 1+

DY (¢)=(1-ika)d 1+§é

1
cos”
Xex
7T

0 sin 6,— (7— 6,,)sin 6
cos 0+cosd,

1£/k

1
2m

>

n=1

}(—l)”d& , (A3)

d
wherea is defined in Eq(55). The functionD ™ then follows

loading conditions, respectively. The former limit means thatfrom Eqgs.(31) and(A3).

the low-frequency limit of the diffraction coefficient is par-
ticularly simple, and in contrast to the low-frequency limit
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APPENDIX: FACTORIZATION OF THE KERNEL

The Wiener—Hopf factors of/(¢) are defined as such
that y=y"/y~ andy (—&€=1/y"(£), or explicitly,

7i(§)=eii”’4(kt g)il/Z. (Al)
The factors oK defined in Eqs(19) and(20) are therefore
K=(&)=D=(&)/y=(§). (A2)
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