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2)NLthematicai fomas are given from which target strength spectra
arid acoustic intensity vectors are calculated. The excitation is a tim-
harmionic plane wave. rntensity vector plots show the considerable distortion
of the incident sound field that may be present when an elastic scatterer is
excited at a resonant frequency.
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The dynmics and acoustics of a uniform sphericl, shell A a basic
probim in the field of fluid-structure interaction because the relative .
simplicity of the gemtry and equations enables closed-fore solutions in
terms of series of Lagendre polynmials and spherical 8esl0 functions, thus
rendering possible general. insight into the effect of fluid lading on the . *.-'.

dynamics of non-planar elastic surfaces. Additioall.y, numarica results My
be used as a check of the correctness of c uter program based on purely

irimal forulations such as the coupled finite e]Iman and Helmholtz
integral equation mothods. *ba. h of the theoretical work on the dynamics and
acoustics of a thin spherical shell is contained in the standard test (1] o"
fluid-structure interaction. Wong a Haek E2] have analysed, both analyti-
cally and experimentally, the vibration and acoustic madiation from point
force ex.ited shells in air and In water. They found good aqreemnt betwee
the resonant frequencies determined by theory and exgeriment. Other

. references of interest are Contained in the locations Cited.

Acoustic intensity vector plots can illustrate vividly the power flow in .-
an acoustic fluid. Spicer's plots (3] show the subsonic and leaky' waves
associated with t interaction between an elastic plate and a fluid when the
fo6rm is drimen a tim-hazmic force. James E41 gives vector plots which
sho that there be significant interchange of power between a duct's wal.:
and its fluid when the excitation is a force. Intensity vector
plots of t scattered sound field due to plane wave excitation of an infinite
fluid-ft, cylindrical shell have been given by Jams (5]. Vector plots of
the t sound field were also obtained but not reported. The plots did not

ignificant distortion of the incident wave, except for the special came
of( pressure release scatterer, possibly because there was no marked resonant
ri•sponse of the shell.

it Is the main purpose of this mimorandum to examine, by mans of
- acoustic intensity vector plots, the distortion of the incident sound field

due to the presence of a spherical shell who target strength spectrm
Scotains well-defined resonant peaks. The mathemtics is given in Section 2
•' with a mu1nlma of explanation becamse of it can be found scattered '

". thog the standard text (1]. -strength spectra and vector plots
obtained from rortran program are d "din Section 3.

(a) T /
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The radial and tangential displacements at the shell's surface are
expressd as a series of Legendre polynials of argment p - cos, via.
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wOhos inlitudes and W are obtained from the mtrix relation

~~1.
W F'

a21 J2 Un J([ (3)

whmc, o oupled i and bending theory in w effect due to rotay-
ra and transverse shear are neglected,

12 - 1  
2( ) n 3s(L-v)S(4) 5:.'?-

a2l A a1

a 2 2  2 31
2ax (V4A a-1) + z 1(1HV) - a 2Psh

+ p2c2w ( )/hn(le2 ) - PiCiEjn(k tl n(k a)

In the above, 1% is the shell's thictness and a IS its Man maeius,
ECV 3L2)a2] %here Z is Young's modulus and v' to Poisson's ratiopu'

P h2/12a2 An - n(nl1) Ps ois the density of the shell*' material,an.
P1 and p2 ae the densities of the interior and exterior fluids whose sound
velocities are cl and C2 , respectivelyl k, and k2 a acoustic wave moebers,

e/, and W/C2; Jn and he are spherical messel functiom, and P are TAendZe,
olynomia~ls of degree no the prim on various quantities denotes differentia-

tion with respect to their argiments. 'he tme-harmeonic factor, exp(-Jt),
will be o tted throughout. The geometzy of the problem is shown in Figure 1, '.,.

in which It is enIdent that the problem is azom.setric, i.e. in a system of
spherical coordinates (R, O,*) the dlsplacens=t are ind e of the ,
circinfrenialangle 4.

(b) ZA±At n

In equation (3) Fn are the coefficients of the ,egendre Series expansion -.:
of the excitatioin strasw*~~~
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Ftr tn specia. case of acoustc eitation.
.

FP(O) - -pi(Ra, ) + p (R )3 (G)

44O

ihe ac tic pressure d to the icent plane wave and

PiCO-.--ep(1.--,SO

, (l, ) -P (2n+l)iL OSoS)j (k2R)hlk2R)h,(k )
S(0 , 2a)

n-0

is the Pressure scattered by the shell behaving as a rigid iinovab3le body.Af

CoinIng equations (7) and (S), with the help of the Wronsckian relation, .'-

n(X )Y' n(X)-n( X)yn() 1/Z 2 , gives the exitation as

F - -(P /k e )(2n.l)i /h1 + (a) (9)

* (a) xazioz'1hsuhn, .... -:.

S.. , *4**

"The pmssu In the exterior fluid ts the mm of three terms, via

Pa - pj.(R,O) + pr(R,) + pe(R.e) (10)

The first tem, pi, l.s the pressure due to the incident wme, equation .-",-.-
(7); the Second term, Pr, is the Pressure scattered by the shell behaving as a
rigid body, equation (8)1 and the third te, P, is the sound field axising
from elastic Vibrations of the shell. This term is

p "("" ) "2~ Wn"-o -'(ceh n" '(k" 2)"-n(k 2) (12) "
n-0

It is very easily verlfied that the boundary oondition

Cp 2 (R..)/oR21 .w - p2w2W.() (12)

.- ,S..

Whh mbodes ont- nu:Lt of normal displacement between exterior fluid and
shel sur-face to satisfied. The effect of the interior fluid is ompletely

• .' . *,-

* ,' - ' 9



described by the term pcujn(&)/jn(k a) in the eupression for the

coeffenJ t a of equation 14), whose m, p 2 c2 h(kta)/hn(k2a), is
evidently the radiation loading of the exterior fluid.

t2e scaA e pressure is simly
p9(3, O) Pr(aRo + p*(a, *) 13

whih IU put into Its far-fleld fom, Pg, by repLacing the Spherical Hmkel
S function by Its value for a large agumnt, via.,

h (k K) ep(I(k2 R - (n+)r/211/k3 (14)

; (d) [ntsouty 4Lvacton

.e radial aid l"cmmez-enti omwonents of the tim averaged exterior
4, Intensity vector of the total aoustl field are defined am

"Il(R.O) (./2)1E[p 2 (R,O)* 2 (R,)11

..J " .-
)W2('0)1

1O(R.0) = (2/2)RQep 2 (R,O), 2 (RO)]

where * and • (, -isi) denote complex conjugate and time-differentiation0
respectively. 2he particle ditsp aciento

W2(R,S) - W.LCR,G) + wr(R,O) + Wo(R,o)
(16)

U2 (R,O) - Ui(R,O) + Ur(R,O) + Uo(R,D)

am related to the pressure by the fozsm3Ae

-.-P,(R,e)/*R - p26s2 -2(R,*)

-p(,O/J P2 0 2 U2(RO) (7

.- Nence, from equations (10) and (126)
*-.-

p2w2 Vi(RO) - tk 2PLComsC-e3( k2R.oGOe)
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22

Rp2 wU (R,O0) m 02C2W~,. .:.'-.-.'.-"~(kR)hk a

I -,VEX 2 R,G)41*2( R,*)J

09 +- arctanEXCRIO)/IR(RG)l

in which R V(X2+Z2 ) and 0 arctan(K/Z).

3. ..'. H-M.

(a) mwa

A Fortran program has been witten to calculate the a target strength
S defined as

TS 20.0 X log1 0 [(R/Pi)IPqf(R,0)IJ

where

Pxf(R,D) - -izm p ,(R-o) + Pn(RBG)
R-,

* is the pressure scattered to the far-fi*24. The intensity vectors are
* calculated from comutations of pressure and displacements close to the shell.

In Figures 2-6, the following constants in S1 units were used to obtain
* the plotted datat

steel shell: Z - 19.SXaIOI O . 0.29 Ps 7700.0 a - 1.0
h- 0. 01/0. 1 for the thin/thc shell

-. o . ".Waer -.P ) ":-00'-.- c:0.

-7- .* ..

*(a)



Shl am~ing was included In the computations by setting Young'*s modulus to
the cope au ..I-in) wher i, the hysteretic lose-factor, mes chosen as
0.01.

Ymra.e Stretws ooar tagtsrnt pcrOf the thin shell. Mhe
ezeqpncyage extendstoakvauofS4. nthlwfrqec M
thr aedominant resonant peaks w %arlbeedby their individual

hamnic nubrs. These resonances belong to the lover branch, which bas n
reoace tn- r1 of the drqec/od-te ispersion Plot E 2].

te resnonant peaks of the nipty shell are pefticularly high, the n-2 peak
being almset 20d3 above the 'rigid body * datum Plot. Above 400Hz the smooth
variation in the target strength spectra is caused by the dominance of sodes
which are e=Iited at frequencies remote from their natural frequncies. In
this frequency regm the plots are sintlar to those of sound scattering from
an Infinite cylindrical. shell E51.

In Figure 3, whih shows targe strength spectra of the thick shell, the
resonant peaks are broader and extend throughout the entire frequency range,

* their levels being up to INdS above the 'rigid' datum plot. When the shell is
filled with water there is a smll peak due to an n-1 resonance, presumably Of
the upper buanch (2] of the dispersion plot.

(C) Intnh..y Vector

In Figures +-9, which show intensity vector plots, in the Z-X plane, at
selected frequencies, the plotted lengths of the vectors are proportional to
11/2. They have been flornalised, in each plot separately, to a naxium length
equal to the grid spacing. Due to the symmestry of theeitto an
geometry, It is only the vectors in the region X 0 0 that have been plotted,t
the plotting region extending over the ranges -2 -4Z 19 2 anid 0 4 (K (2.

In Figure * plots of a rigid C iinovable) sphere are shown at 250 and
10000S. There Is a minimum of distortion of the incident sound field,

althughthe initial develomnt of the shadow zone behind the sphere Is
evidet a 0OK

In Figure 5 the large distortion of the incident sound field at resonant
frequencies of the empty thin shell is shown. At 271Hz (n-2) there is a
~moiu of power flow into the shell at the poles, and a i-m- of power flow

S out of the sheoll at the equator. At 342Hz (n-)teeia numopwr
flow into the shell at the poles, but still a mo~mm of power flow out of the
Shell at the equator. This behaviour is consistent with the behaviour of the
UNgendre Polynomials P2 an P3

2he vector plots of the empty thin shell at 760Hz (dip in spectrum) and at
1200Km (a uwdm in spectrum) are shown In Figure 6. Unrlike the previous
plots which show violent distortions at resonance, these plots are much the

smas the I rigid body 0plot of Figure 48.

In Figure 7, the veetor plot of the fluid-filled thin shell at the .- *'

resonant frequency of 1948a (n-2) is much the sow as the plot of Fgure SA. '



2he vector plot of the fluid-filled thin shell at 175Hz (dip in spectrum)
uhows significant distortion at the equator only.

in Figure SA, the vectors of the empty thick shell, are shown at 497E0,
the resonant frequency of the n-2 mode. The Most significant feature is the
the intense pwer circulation in the illuminated region. In Figure 83, the -
vectors of the fluid-filled thick shell are shown at 55619s, the resonant
freencyof t n-i ode which is t ht to belong to the upper branch of
the ll dispersion relation. It IA difficult to interpret these pls due
to iterference frm neighbouring modes.

4.

The limited numer of intensity vector plots shown her in have illustrated
vividly the substantial distortion of the incident sound field that my take
place %awn a system is exited at a resonant frequency, which is defined as a
frequecy at which there is a sharp maxlmin in the target strength spectra. -
Due to the importance of the sphore as a standard target for underwater
reflectivity measurements, the following follow-up projects may be of some --

value i

(i) Development of Fortran progrm for prodictin target stength and
intensity vectors of a sphere composed of an arbitrary nmber of -.

layers of elastic solids and fluids. Skelton's work on layered
cylinders E61 is of relevance here.

(it) Investigation of sound scattering by a fluid-filled spherical
shell with poiLnt attachtments: such as masses and springs . The.',.-'-:,.-..-,

method of dynamic stiffness coupling as used by, for mple,
Spicer (31 enables the point attachments to be treated as forces '
of constraint.

J.H.,NIS (PSO)
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A. FREQINy - ;27]Iqs (n-'2 resonance)
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* A. FPRUENCY -788Hz (dip in spectrum)
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*A. FREQUE1NCY -194Hz (n-2 resonance)
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ULIMITED
A. FREUENCY -497Hz (n=2 resonance)
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