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. Acoustic radiation characteristics arec determined for a doubie shell

t structure, consisting of two circular cylindrical shells separated by, and immersed
. in, an acoustic medium,

=2 The fluid is assumed tc de inviscid and compressible and its moticn is

R governed by the wave equatica; the shell response is determined by using classical
b= shell theory. Coupling of these equations arise from two interface conditions,

i. namely: (1) the fluid pressure is exerted on the shell, and, (2) the radial fluid and
gz shell velocities are equal. L
s The vesults indicate that in certain regions of the frequency ratio (Q 2),
“ the pressure in ti.e outer fluid at the interface was somewhat greater for the double
1 shell than for the single shell. However, the infinite response at the nonradiating
b frequency (Q = D) no longer was present for the double shell. Furthermore, the

introduction of structural damping did result in improved transmission 13ss properties
e for th~ double shell.

Finally, it shoild be pointed out that greatly improved transmission loss
properties can be expected for the double shell construction by choosing the ap-
propriate combination of materials for the inner and outer shells. Such a parametric
study will be forthcoming in the future,
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Abstrac:

Acoustic radiation characieristics are c¢-termined for ¢ double
shell structure, consisting of two circular cylindrical sheils separated
by, and inmersed in. an acoustic medium.

The fluid is assumed to be inviscid and cororessibie and its
motion is governed by the wave equation; the shell resoonse is determined
by using classical shell theory. Ccuoiing of these equations arise from
two interface conditions, namely: (1)} the fluid oressure is exerted on
the shell. and. (2) tne radial fluid and shell velocitic, are egual.

The results indicate that in <ertain regions of ihe frequency
ratio (° é). the pressure in the outer fiuid at the interface was somewhat
greater for tiae double shell than for the single shell. However, the
infinite resporse at the nonradiating frequency {~ = “'\ no longer was
present for the double shell. Furthermore, the introduction of structural

darping did result in improved transmission loss oroneriics for the
double shell.

Finally, it should be pointed out that greatiy imoroved trans-
mission loss properties can be expected for the¢ double shell construction
by choosirg the appropriate combination of materials for the inner and

outer shells. Such a parametric study will be forthcoming in the future.




List or Symbols

v, V,w = nongirensional disnlacements n the axial, circunferential.
and radial directions resneciively.
x.A,r = nondimensional axial, circurferentiai, and rasizl coordinates

resoectively.

= = fluid velocity potentiel.
V. = ragial accustic velocitv.
o, = radial acoustic oressurc.
T.0g = mass density of the fluid and <sbell resoectively.
c, ¢ = velocity of sound in the fliui- and shell resoectively.
a,b = radias of the ouvter and inner <tell resnectively.
. c . . - , -x 1.7 :
Pi = amolitude of the internal oressure:- 0.=", COot > cos — € :
L
o} = the total external oressure acting
on the shell. :
(1y . (2) , ; . e r el .
H Hn = tankel functions of nth order of the first and second kinds ‘
respectively. :
;
Ih’Kn = medified Bessel functions. .
3
- !
o = angular frequency ;
1
1
; i
E, = elastic mdulus of shell. i
i
n = circurnferential wave number. ;
. = nondimensional half-wavelengtkh. )
. . . 3
u,v,w = nondimensional amplitndes of the corresoonding gisclacements. §
T = nondimensional time (-=ct/a) ;
h = thickness of the shell. §
,é
w . = nondimensional static radial dispiacement of the sheli. 3
static )
H
wstat'c = nondimensional amplitude of the static radial disolacement %
| |
of the shell. 3
b
i
¢
H
4
i
i
§
K
s Ferion E
R o I T P " . ,vég




Poisson's rat:o.
coefficient of structural derping.

refers to the inner or outer shell ard fiLi’ resnestively.
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INTRGDUCT 10N

The Navy has long been interested in cbitaining accurate information

on the transmission of sound through water. Such knowledge is useful in

designing sonar gear for echo ranging, as well as ia providing da*a which is
heloful in determining the choice of submarine tactics.

During World War il a2 large amount of infermation was obtained on the

propagation of underwater sound(]). Since that pericd, the research effort

has continued unabated, and has been instrumental in develoning a more silent

submarine, tnat is, one for which the transmission los; of the vehicle's noise

is large. Typical noise reduction tschniques irclude dynamic absorbers and

isolators to reduce machinery induced vibratiors, streamlining the hull so
as to minimize flow noises, corrective propulsicn designs to reduce cavitation

and prevent "singing' propelilers, acoustic filters for purmps, and structural

damping treatment to reduce hull vibrations.
In particular, durirg the last decade or twon, a series of theorctical

(2’3 114 5 ,6"

investigations have been carried out in -hich the radiation due to

. hull vibration has been analyzed. The presen. stu., .5 & continuation of

this effort to obtain a bacic understanding of the radiation characteristics

of structures, Of prime interest is the transmission loss characteristics

of a double huil construction, includirg the effect of structural damping.
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PART 1.  SINGLE SHELL
A. Basic Equations
Consider the response of a circular cylindrica! shell acted upon
. St .
by an internal pressure, pi = Pi cos n=3cos -E-e and submerged in
a fluid which is assumed to be compressible and inviscid. (see Fig. 1}
The motion of the shell is described by the following nondimensi-
onal Donnell shell equations.(7)
h2 Ty Em - 2V o= Ry, - a(l-ve) o+ (1-v°), ¢ 2 ng =0 (12)
5 = ) e LE—) >
123~ 38 2 x hES s 3t
2
Py o+ (- PFuos 0+9) 22 | v, 2=
,x2 2 7:52 2 3x58 3x hEs
2, ¢ 2 Beu
-1 -v)Y (=) —=0 {1b)
c 5
S o]
v, (1 -w B (1 +v) Py dw a0 -
36° 2 3 2 2,38 30 hE,
2 32 \
- -v )(%.) ;_\’2= 0 (1c}
s 23T

where u, v, w are the nondimensional components of the displacement, x
is the nondimensional axial coordinate, T( = E%) is the nondimensional
time, and ¢ and ¢, is the velocity of sound in the fluid and shell
respectively. p, X, © are the external forces acting on the shell
per uniti area in the radial, axial, and circumferentiai directions,

respectively. All length dimensions are nondimensionalized with respect

]
ks



to thz shell radius a.

The governing fluid

and the corresponding radizted radial velocity and pressure are

and

Thus the total pressure ac

p:-pi".Lp

field equation car be expressed as

RUPY
|

-
Y
2

~
so¢c °2°¢

a =

ting on the shell surface can be written as

r

which is the sum of the internal and radiated pressures.

Since the fluid velocity and the shell velocity are equal at the

interface,

v
<
<

i 1 3¢
\—;:-——V =—‘~—v‘| -
~q c ¢ ec? r=.
B. Solution
Solutions are assumed of the form
. Tx T
u= Uccs nb sin e
. Tx 0T
v=1Vsinn9 cos = e’
T 0T
w=Wcos n8 cos = e
~X inT
¢ = R(r) cos n 8 cos —— e

R e

()

(3}

(L)

)

(6)

(7)
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e - renes e

Fron 5q. (2) one obtains the foilowing differential

equation:
2 2 ]
d r(r) . 1 dr(r) . (k2— Py RirY = 0 3
2 r dr 2
dr r
’) —
where k= /-2 (E\e (91
The solution of Fg. {8) which satisfies the radiation
N ('S
condition can be expressed as
c\“') = A E {I") ”0\
n
/ -—
where H () (kv , if..>—
n L
Flr) =1r ) iff‘-i , niagr” (i1)
, (7 ~ -
'\I:n r) , if < [
5 =
and ‘= /‘E" - oF (12)
The interface cordition (3) yields
A—, atl..w
T (13>
1., dF
vhere F (i = drl c= i
Sutstituting Egs. (5) und (7) into Eq. (1), and letting X = = = 0,
then results in the following displacement expressions
2, P m
atl = 7V ) .
T B R N e o S ' s
- -w L SN (CE L <y =
s { ) 5 ( 2 )t K=
¥
V l(' - )21 .i " 3 }
= ! \
hE 2 . 'Dla‘,(f2 ,%2”:2 _w?) 4 (s

“The solution for n = 0 does nct satisfy the radiition condition. Also
the total kinetic energy in the medium for n = 0,1 for these ceses is
not finite (see Ref, 4).
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2.0 i
y a(l - %) i f s 1 3
2 2 3
hE @ - - Pe? le?) s (16) :
2 3 = 3
1+ 3 Q ) 2, 2 :
- g 2 \; -y}~ - c (2 2 i
where " = (1 - () - v ()0 -2 (17) :
. :
K
2 .. . — 3 fas ;
a_ _ (Y 2v 2 _2_(]-\))n* € 2. _ .2\-2 /18 :
2=~ (- — Y on (L) — —— *n (cs) (1 - v :
é
= N -v) -~ z 2.2. 2 = v - &
g2 @2 WP s (97 0 - PR s (E’ZJ“D_TB—) . :
g
2 2
+ [0 - N (19) %
s g
|
~2 2), o/c ) ¥
Q//(]""‘)(C)2(i\ HnZ)\k) (/S 5
i k : h (&) _h (2) ~s T z
s S [Hn _ l(k\ k Hn (k\] ’ for = > §
. %
K = <- -(]—;——\)——)- (ci)‘ (ﬁ‘ 2 s/ ) , for = .-':- (20) £
s ‘ :
3
L 2K ¢y (e/e) - g
AN [ - 2K (0= K )] :
and :uk(k = 1,2,2 V are the three in vacuo frequencies for a given !
k-
length L and numoer n. 3
The empl!itude of the static deflection, wstat’c’ obtained bv
letting Q= 0, is :
(1 - v) . m2 2.2 ;
\ —) 1 4
2,P. STt e B )
w - a(] -\ ) I 4 (2] ;‘::
static hE ) i
s (w w, w3) %
2
Finally, from Eq.(4 ), the radiated pressure is E
P = (o =% 2(1 NG (—‘;—) o) XP. 3
s s F (1) ;
= ] - i g
X ——>—% 2’ 5 = J& cos n€ cos —L)i eﬁr (221 %
©Q -w])(ﬂ-wQ)(Q - w7) + KE %
3 %
g
4
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C. Limiting Case : Pure Breathi.g Mcde (n = 0,L 2 ©)
Considering that the radial displacement is independent of
the spatial coordinates, and neglecting the axial inertia term,

Eqs. (1b)} and (ic) result in

3u = vy (23)
OX
and v=20 (24)

while equation (1a) yields

2
(—;) de +we= Fai p (25)
Fer this case then
w_ e (26)
Ystatic [1 - (@ f—)z (—\ % @——;'@)— }]
s
ap
where Wetatic = " hE' @7
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SART . DQUBLE SHELL
A. Basic Fquations

Consider two concentric circular cylindrical shells separated

by, and, immersed in an acoustic medium. An internal oressure,

-

~ X 1.7
p. cos n€ cos = e
i

D.
I

Fig. 2 .

acts on the inner shell as illustrated in

Since al: length dimensions are nondimensionalized with resvect

# to the outer shell radius a, the Donnell equaticns describing the
:ﬁ motion of the inner shell of radius b are
. o ] _Bv, 3 b=
b =7 Es = - (B — - =
3 1 267w + [ vy - () 557 - vi53d R.E
k 2a iTs.
; 2
o 8w
4 o2y (S 2b i
= - (1 - J;)(C ) > 3 (28a)
' si ’-l
32U~ (1 -v.) 2 ""-dU- (1 +v) >?2V V. 3w,
v bos i (3 1 1 (ﬁ) 1 _ 2 _1

Bx2 2 b >‘132 e b’ 2x?8 b Ax

£ 2 2

. 2, c,2 Y ali-vy)
L = (1 - v]Y (=) > T~ X
bS e i (285)
: o0 (1 -v0Bu (wv) 3Pu 25w o p v,
(2) ! + 1 | R |_a_ |1 - (i) ' = (1 - \)'-\ (_C_\ -__I‘
1 b 2 2 £ 2 2 bax*e ‘b’ 28 e sl .
E 36 Ax "
i
- (1-v9) 2
b 3) (28¢)
% “h, € ‘
b i s,
X i
E The interface condition at the inner shell is expressed as,
I aw' . Bwi
i —_— = — 29
; 3T  ac Or Ir = b/a (29)

3
K%
24
K
3
=
2
<3
e
E
B
7
2,
3

{gle .

Teedm — ©

e
e L -




on

while at the surface of the outer shell the radial velocities of the
separating fluid, the outer surrounding fluid, and the shell are all

equal . Thus

where the subscripts o and i refer to the outer and inner shelis, and :o

the surrounding and seoarating fluids respectivelv.

B. Soiution
Solutions are again assumed of the form of Fas.(7) for both the
inner and outer shells and fluids.

The solution of Eq.(8) then yields for the outer fluid

R (r) =8 F(r) (31)

where J/hn(e}kr\ , ifa> i?
F(r) = ] e , ifl= 1%* (321

Lv\n(rr) . if % (L:—

and for the inner fluid

Ri(r\ = CnG(r\ + 0 Fir) (33)

7, () RN -

where H, (kry iFD > T
6(rY = {¢" , if.?:'l (34

) i _—

Tn(’r , if - C

“For the outer fluid, no steady-state soluticn for Q = — and n = 0,1
exists (see footnote pg.lL ). L




From irterface conditions 129 aad /20!

aci i
E = o on
n £l
~7 \
aci.’.[\...ri -y r,(b/(.] N
C = ° ¢y
P 2 (Y - 6T (bl -

minTy £ (b/aly 1
i ac SRV ==l e
o AR ,
and D, = - - - : - {37}
F (1) G v/ay £y - ¢ s o w/a)

Substituting Egs. (5) and (7) into €qs. (1) and 28, and
letting X =~ = 0, then resultls in the followina di~lacaments for

the inrer and outer shells

A2
2l=—1 ¢ 1

-, 2 i 2 - ) N 4 . gy, T
y =l;~;(l - /i\ oL o= b{l - "-.c i b/a) -~ F '!,_/.a\.2 u 38
D RETC? -2 252y 2 E s v gy e’ 2y
1 S. 1 1 ] . a h. 1 o tae
i 1 2 3 ] Si Si
2l
(/2 V(cle Valh) (1 -2y gy,
S.. Sy 0 o 177
W == -
2 ? 2 ’ 1o -
° Pa@ Pl (B - 2y T AR s e
o, o 03 2s, Cgo o o -,
where 7 is obcained from ¥ by replacing n by ? n in Eq.{19), rd
b, = ¢ () FO) - F (1) 6.1) (L)
6 (b/ay F' (1) - 6" (1) F (b/a)
7 . _ G’ ;
32 _f {(1)G(b/a) {1) F(b/a) )

6 (6/3) F (1) = ¢ (1) E (h/a)




10
One could find W _and W, by solving Egs. (38) and (39)
5 simul taneously, and substituting Egs. (32) and (34)
3
3 Again, for convenience it is desirable to nondimensionalize
} the shell displacement with respect to the static radial displacement

X

of the sheli. in order to determine this displacemenrt, it is required
to know the charge in the pressure of the enclosed fluid, which, of

course, is a function of the change of the volume contained between

& the two skells., This volume change may be expressed as:

2L 27, 2L A2,

AV = wadSdx -; w.b d8dx

g < v (o) v [3 1

= o o o ¢

' Yowever, the harmonic form of the displacement functions results

; in the vanishing of the above intearals except for the !imiting case
H n=0, L2, which describes the plane breathing mode. Thus in the

ctatic case the fluid pressure of botn the separating and surrounding

fluids vanishes, and therefore letting 2 = 0 in Eqs. (38) and (39

f; results in
2 Ostatic
% 2
7 b(1-v73) (1-v.) - 2
: W, b N T 0 DT, o, o, 21 (13)

'static i s; 23

Finally, the inner and outer fluid pressures are, from Eq. 4,
[ (P‘)
=6 (DR ' (116(r)]
o - o2 MiE (166" (DF()] + Yo "7 ) —_—
ri 6 (b/a)F (1) - 6" (1)F (b/a)

+-?#T¥§£l}cos n8 cos %? t':i:‘T (L4)

and

it
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Wy - i
p = - cc2 .2 F(r) 0s nf zos — e (L5)

ro g (1) L

€. Limiting Case: Pure Breathing Mode (n =0, L + =)
The axisymmetric, axially independent equation of motion
vields for the outer shell

c .2 d2wo a 2c e Yo ec ;‘Fi
(—) + v = = —(r=1n - = (r =171 (L6)

and for the inner shell

d2w 2 3%
(L)z(—c—\z —2' +w, = a——b—-[ —p.e"r + 9:39 ATI(" = b/al] (L7

a c .
S5 dr i's;

The solution of €as.(46) and (47) is

2, , 2~y oy
[b“ - ‘J|: pi + kil [m] (H fﬁb/a:-!
i Hy(2) l'

an @ twrar w20 - PR

' 3
hE_ T A (1 - E (P (R 0105507

i S, S. ‘s,
i ] i

L8

and

—
"

2 r2 2 ~ 2 2 2
/ﬂs )(C/CS ) (a/ho)u (1 - \,'o \Q ][(t_;;_) (] - Vo )f‘ ]wi ”49)
W o= - o foX ,20)
0] 2 2 , . 2 - > { -
@ ") - ‘c/os,(clcs) (a/h)"2“ - V) N (ab/a) & [(-_) (|_(«)?\-\?]°

o ) ) (2},)) 90

o m s p s,

.
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i2

R (9) (9» H’l
11 "- -~
where " = }~é % 8 ] G { o f ;Tf GL\ (50)
Hy l.ib/alH, ) [~y -8, T"Yh' (Tv/a) ~—
(" (1 R (2>
5 = Hi (- \HO (:b/a) - I] (.'d\) ’. b/a\ (_‘_‘ (S])
2 H(!}}.\ 12y . LA y 2
p b H] Y- H] (:b/a
Solving Eas. .58) and ‘49) one abtx re the amclitudes of the
radial displacements of the inner and outer <hells, respectively.
For this case th» static pressure of the separating fluid is
{(b/a v, wo
~ .‘I - _ . .
p-~~ri = - 5 = —~2¢* :( static 5 static ] (52)
Stval [of ‘_ (b/a)
but equilib ifur of b~ inner and outer shells demands that
2
- - = —) (= £31)
pi static Es ( ‘ b\ wi . (53
i static
and
hc
Pstati. (—a')wo . 5t
o static
and thus, it can ecsil be shown that
P,
W = ' —
Ostatic h hy b 20 % 2f
i M b al .
O ¢ (2 ) (2 °\ A R (55)
£ (a\ s.(a” (b 5 )( ( )( . o) 5
o o
and
W R -
i . c 0
static h h, 2 h - s s h | -
oy iy @y 4 {o e 9By (=92 (20 <2y (1 - (%4 21b
e, (RURIE + 12 e, RV (LU0 - G0 2
i)



The expiessisns for the radiated pressures become

i
HYA Y
— _ht
b, ==y
ri i
|
/
\

I
’.1‘”(
1

*

-
4 r2")' ‘- — ,
H, (.1}
1
anc
]
w
)
= O
c =-2s¢c 7
i O

iz )
HS (ir) !
o

(2‘ o~
1

A ey @l L o
o 1 o) b

H (2 }.’.b/a‘.

1

[er}m

() T,
.;o/a)H;' Cy - H.I') Y H

...,y .
[H] x..)Ho (..r\-H]
](2)(Qb/a)
x0T

- X L
;TéTT\COS n® cos L—e
. s

.o

-

Structural damping is introduced into the analysis simply

by replacing the modulus of elasticity E,5 by the complex modulus

Es : Es (1+#ig) where q is called the coefficient of structural damping.
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Jiscussion

Calculatioas were nerformed at the Polytechnic Inst:tute of
Brooklyn on the 1BM 360 Digiwal Comoute .

The resu't> for a s shell immersed in sea water are

b
w0
,

shown ir Figs. 3. 4. 5. and € ‘or a buoyency factor of two (oafesh = 4),
i.e., for a ratio of ¢k« mes>s of the displaced water to the shell mass

of 2. These results are identical to those obtained by Bleich and Baron(3)
who expressec the resooinses in teres 231 Lhe in vacuo modes, and thus their
significance will bt briefly ne discussed. It is chserved that a non-
radiating free viarational mode exists for the submerged shell at a
frequency “If —1i For ™- ~/L non-radiating modes are ncnexistent. and
the fluid acts a~ a darmping mechanism. This is illustrated by the peak
responses that occur in the vicinity of the in vacuo shell frequencies,
which is typical for = lamped -vstem. At {-equencies lying between the

in vacuo frequencies. the rad.al shell disnlacement and fluid pressure
vanish., thus incicating that a these freauencies the longitudinal and
circumferential modes of the shell act as dynamic dampers. Finally, as

(3)

wvas pointed out . the displacements and oressures are in phase with the

applied force for - T and therefore no energy is imparted into thc fluid.

thus resulting in the non-radiating resoons2. When =~ > ~/L, the resoonse
is radically dificrent: the di<olacemcnts and pressures are not in phase

“uorce. thereb' resulting in energy being radiated into

with the aoplied
the fluid.
These resu ts have baen externded to include the effects of

structural dampina mor the response. It is seen in Figs. 3, 4, 5, and 6

o e mkhh g oeed %
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that the neak resnunses are siqnificantly reduced as a consequence of
the inclusion of the <t uctu 3l damping inte the analysis and that these
~neak responses decrezs as the <tructural damping constant g increacec,
Results o:fered for the ce<e of the twh corcentric <hells
separated bv an acouctic Tluid are showun in Figs. 7 through 14, It
is seen that the non---iiati‘g mode, which for the single shell is to he
found at a frequencv 7 - 3], w longer exists for the double shell con-
struction. The multi peaxed response whicin cccurs in all of these fiqure<
indicatec that the separating i1luid has the effect of making the conce-
tric snell structure into a1 ir.inite nunber of degrees of freedom sys. :n
(six, if one were to i<cume an .ncompres iblc separating fluid) for esch
value of n and 1 . While for th sinale sbell, in general, three "n vacuo
natural frequencies are nie,ent, for the concentric shell structure an
infinite number (f frequencie< are obtained. Thus in certain -c¢qions
the pressure in the outer 1'uid at tl» interface is <cmewhat grester
for the double <hell than for the single <heil. However, the infinite
resnon<e at :l no tonger i< nresent for the double shell, and the pressure
ratio drops to avout 0.7 “or n = 0, L = 4 (Fig. 9) and to the relatively
farge value of 22.6 when n =2, L = 4 (Fig. 13). The 'ow pressure
occuring in the former case is & consequence of the noncoincidence of
the frequency of the non-radiating free vibrational mode and that of
the lowest in vacuo mode of the concentric shell,

Finally it has been demoactrated that the introduction of

structural damping results in improved transmission loss properties for

the double shell,
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OUTER FLUID

FIG.2 : CONCENTRIC SHELLS SEPARATED
BY AN ACOUSTIC MEDIUM
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