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Vibroacoustics of Axisymmetric Cylindrical Elastic Shells:
Wall Impedance of the Plane Mode
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ABSTRACT

Fluid loading of a vibrating cylindrical shell has influence on natural frequencies and vibration
magnitudes of the shell and the acoustic pressure of fluid. The vibroacoustics of fluid—filled
cylindrical shells need the coupled solution of Helmholtz equation and governing equation of a
cylindrical shell with boundary conditions. This paper proposed the wall impedance of fluid—filled
axisymmetric cylindrical shells, focusing on the inner fluid/shell interaction. To propose the
impedance, shell displacements used the linear combination of in vacuo shell modes. Acoustic
pressure prediction of fluid used Kirchhoff—Helmholtz integral equation with Green’s function of the
plane mode. For the demonstration of the proposed results, numerical applications on mufflers
were conducted.

s HA
7l 24 83— u, v, w S AW W ek A
As) W]
a 4 JANA Uw cAel w37
O A~
c =5 + Q) &
E RAASEY A% poam e
A z gulEs
M k<3
G :Creen %5 viieEee Q)
h 1.3]9,] T”ﬂ "—I“LZﬂ'-}‘:]
. PP no e
J o oiEaT .
N § :Kronecker delta
k : ‘ﬂ’"ﬂ-’] J‘]’T . u]E
p ‘H
L 49 7o w ARES
m (RS AT v ¥FoldH]
n AR $A2E 5w
t AR A3 Y, AR AR ER e 3HH =}
E-mail : pci@kangnung.ackr g A
Tel : (033)640-2392, Fax : (033)640-2244 o4
S
# o] =EL 2008 AGEUI N $FEREOE g ‘REAF

©
w
9
rok
H
B
mjo
A
ofn
Ok
1o
Lo
i

S&/4 184 A9 3, 2008



3w meo) o

jok ke

.M B
9% 4= 9 99 &5 739 %Y 24
< 7183 ‘&—fE"é “:H—Er“"ﬂ 2 dyE] glo a9
U gFEe] d7E2 98 vEed s AR

7Vdste] 4% A9 FAC tig Wi &% 54

¢ dz34 2an 0. 4% 49 A% 3%
s4e & olE FF71e FA, A% A
A, AYE TIT L o) B wE EROIE 7}
Az vk £ oA A% Aol #42 A9A 2
& A% A% A% fA9 45 Hge A9 AF
% g% Bope) 23 94 BAT sharh A9

%J%J"% FAY B3 &L 72 AT A7), 74
FRETFd & JFS Tt ojzd Ao digt
T°r"]94 35 Ade fAY o] dwrH oz A
FALE v E] o] WEst & frAldA A
ke A FREAN I = 49 74
FEHE £ F Utk

FrAZ ZHH"‘ A WF %2 d7=E Fullerst
Fahy?& %3 9% dote] 1 A9E T8, A
28] zfute] oyx] B39 EAHdispersion)=
g ZAFEHATH Brevart$h Fuller'™= Kennard®]
A FEYARAE A FAR AN 53 9%
Aol FEieAlE ez ATt g
t o9 E=EellM AAE FAg 73 4% Ao &
Aex] g o] Res §3 4% A9 A%S B4
7le AR @tk o9t thE WHOoR Jungerst
Feit"&= fA9 4o A%S v A4AY REg ¥
g3ta, 4% A2RY 52 WlsHe & BA
39t} Gautiers} Tahani®e W3 #4& 712 &
3 A Ao T S4& BAs] el separate
modal expansion & Aotslu v} JuuA

(radiation impedance)®& ZA3}3c}h Pico et al.”
2 Az AN 3 S A9 & 48 A9
dAE A Hoz Fotd 4 ¥o] 1FE HEFN
o F8 FAEY QFHV WHET) ojejzte] v
9 AT A8 A ZEae g AHEgd
a3 9% Ao W ouual wEHR 929kt 1
2O 2 o] AFelXE &7 fA9 TS FAs
I, iF- fAe Az ds &8 s 3y,
Pico et al”9 2&2 F48tn a4 AAxAS

jg

T

Yuistalel, PR tha] 3 AE 4 He 9
sd2 A& Addnt, o] At 49 FAHA A

& Ho}@l HES Y A 2l ¥ i 9
f?}% T &AA @ES’} A e Fapo] wre

1 88 49 28YE4
o] AtAME Fig 19 FHEAN 54 b, A
a, 4ol Lo T dds 4% A& gt
T_% A 9l —3_—% 44 Donnell-Mashtari®] 2]e]
AMRET 4% A FYWY &5 WY, 4F
oy, BhA ““’J«] TS 44 JepiE ¥ o, v,
w2 BEdC 9 A59s a2, ¥ o
wi 95 W] vEY &5 vo HdAs "o
g AF o g IS FAUCH, dF 49 &

Zurgale ol yuke] Wz theal o] fr}d?,

6_2'4+ng_+_&3_“ O (1)
&' adz C
vou w o _, ,0'w @® p(l-v?)
——t—+ B e
R @
o 7] A

h* E
fr=— C=rr—p.

12a p(1=-v7)

o] A& Ao F F 220, =LA v AN
=

22 4 e 8% AP
A Uiie fAl og ok prh ARtk sl 2

Fig. 1 Coordinate system of a cylindrical shell



ne

A HFAA1L thg3} o] Helmholtz2] 2.2 't}
(V2+kHp=0. @)

o Mol Aol EH S, 5, S, YWHA 37
3 AAEAL ) Pol Relgnh

A% Aol AT z=004 SLFAEE V] 4
4% A2 FRANA) A £ w, ()
AE Ao &7 z=LoA % (6)
UM AAE AT A9 2EWAH, 4 R
Helmholtz2], @A AAZAT S84 AAZ
2 93l #3 9% 4 99 3 JdguxE
FE3}
2.3 Y8 do 2EYFAY o
A5 Aol FWAATN Helmholtz 42 AA 3
317) 18] XE(n vacuo) A9 RE=Z AR

. e A% gl Fuigelda Agsnz,
Ao 298 preathing RE2 EdE U3 <1)q
zook gdn o] RtEe Zugky) dbd WE
A9 dAdd 5% XT¥HL, 1 BE ‘%
soz gAEG?,

o«

U_cos /L
cpq—[ o C0S(47 )] @

| W, sin(grz/L) |

HME 43 98 FaZe] AAY 4 @)
o WSk Theel Hoz ok

[AlY, w,17" =0, ®
714 [A]=
— @2 (Paye qm
( L ) +(a)a) v L

am
vz
@, =—Ep,A=v").

LHASEE [A|=001A4 & A Fa o] 42

-1- B + Ly

=28/A118 48 A 9%, 2008

5 - 9)
A2RE LpAE5 0,8 7a0”.

(wq/wa)4—K2(a)q/a)a)2+K0=O, 9

o714
K, =(-v*)gm/L)’ + p(gmal/L)",
K, =1+(qm/L)* + B(qmal L)*.

=3 W37 0% waeld s 4@
56 The3} go] FojAith,

v, v(gma/L)
= 2 2 - 1o
W, (qmalL) —(a)q l@,)

q

o] Al w, =12 Fa 299 F #HF 4
(10l didsted U7t FaA L 29 APkE &
2 BAZEE Bg A 0t ol

LQZ(I’q'pShdS = mqaqq' ’ (11)

AN m, = pshmal(U} +W}).

SO A HAE X =[uw] 2 JET, "X
9 BE F7] 4,8 7B RESS A48 23 4
(12)2, +5344L 4 (13)e2 2@dh

X=) 40, 12)
g=1
Pshz(‘a’z +w:)Aqq)q = P, 13
q
o374 P=[0 pY.

9 REel 57 4AL g the
o] e,

m (-0 +})4, = (P|®,), 14

oj 714 <P!(Dq> = LP’(quS =2m f:OL p(z)sin(qmz
/L)dz

A (14)o04 T2 27 299h Loz Hh



ZUY 4%

94 Aol 15% g9 weo W Qi

m, (-0 +@2(1- jn, )4, = (P|®,). (15)

o HolH A ulel 5 p7t FeiAW, A RE
a7) 47h Asm Ag) w9 Xk e,

244 U2l ol o
AEsE WA $E2HE goke AAEH %
5 WA40) A% PPN Ul & Qo

o, A Rl &5 7] A8 -9 Kirchhoff

~Helmholtz integral equationg AT,

p(2)= [[G(z,2,)0p(z,)/ on—

p(2,)0G(z,z,)/ onldS.

o] Ao p& Ao YHZ b= W s
& Abgsta, BQE Green@doe A HoA B2
BEAL7} °é°1"h- Byt RE wgoR sH= o] of
g zFo% oz HM} A7} o}F

of 9% mrtol=(wave guide)?} HHE TEE AL
A o Aoz FARG,

G(z,z,) = T:mz el an

AANE AU wstd, o A YR
S92 thg T 2ol drt
p(z)=[A" + B*(2)]e’ +[4 + B (2)]e”* 7,
(18)
o7]4
N 1
VS +—— [ pdS
_ P V(0)+£—(92 , (19
2 2
A=—" j Up,o)VdS+—— j pdS
(20)
= BﬁV(L).‘..M ,
2 2
B (2)= 2L [einz, e, )
a

B (2)= p_faci e [ e iz, )z, ©2)

9t 2 (18)o] Aol ok Fol 4HE iyshH,
p(0)= A" +B*(0)+[4™ + B (0)]e’* (23)

p(L)=[4" +B" (D)™ +[4" +B (D)]=p,.
@4

B (0)=B (L)=001E8 A (24)H 4 & +
ata1, ol& A (23)o] tidstar vhAl A (19)el Y
ato) At thge] AES derh

N 1 ~ )
A" = 1+ ¥ [-p,e,V, +(B (0)+p,)e™
. (25)
- B (L)e"™].
i N
A =—lpye Y, ~ B (0
i (26)
- B (L)+pe’™].
Ao Wyt e zguma zgaiH 4 Ho

AT - o)
W Sre g B

Al Ssf ol

w(z) = —ja)z W, sin(gnz/L). 27

gq=l

o] A& A (2D, (22)o] st thE o] Lo
=y
jp/c[wz W,q

Be=- LT —(qr I L))

(28)

qz o T gT 4T
——+(jksin-—z+-—cos=~—z)e "],
(-7 + Uksin= -z +==cos==2) ]

L Jpie,o W, qqn'
B (z)=-— zq:[k’ ~@r ] x[(=1)

; (29
+ (jksinﬂz — ﬁcosq_ﬂ'_z)elk(Z—L)] .
L L L

A gre) ggte Ag) By s ¥ %4
go] A7 Hol &3 AA 27 ol o3 LA
£ ogoel Foz ¥d ¥ 4 Ao AT SE /A

=E8/4184 A 9%, 2008d/933



2 3 Y
s 27 4 prol @ A AN ANHE
YL (25)(26),28),299 W,=08 thgstel zqq=zszfcf[2(§1”“)zta“2"f_ _ K ZJ,
(1) HeFo2H the Hoz Fojalct AF-rlT -Gl
(35)
o
D@ = oy ¥, o D p, B2y o) 8 A5 dYsel AW oe
* s Ng Qud.

3 A ¥e gAY NF gl o3 2ge v=
2

PL=0% BYFOEA T oz FolAit,
_2pcw w,
pelaslic(z)— a ;[kZ_(qﬂ_/L)Z]X
; _ (31
4z SMLE=2) 4 n 97 5y,
L coskL L

2.5 4 o YmEA
29 2 459 $89) ekl Sl v

39 P kel g8 FE 4 o of Yusa

e 2 Ao $33 B4 B9 53¢ Belsa
23} o] 27 7o,

L .
(Pn.g,.d |<I> q> = ZﬂaL Prigia(2)sin(grz/ L)dz
. qr/L
=2najp,c/V tankl —>-——
YPsCs%e K —(qr/Ly
2
X ((~1) coskL — 1 qr/L -
cosk —(gz/L)
(32)
<Pelastic (Dq> = ja)z qu'VV‘I' . (33)

A7 YA Z, =
o, fAd o 4 R5so A3 A4S BARke
g#q'? A% Y92 (mutual impedance)$} ¢ =g’
1 AA A x(self impedance)2 FEHT, 7]
Akd A% 972 £HaH, O Yoz 77

Foj7},

2(qr/L)(g'7/L)tankL
—(g7/ LY )k —(g'z/ L)’]’
(34)

Z‘I‘I' = 27[jpfcf [k2

el
w
i
~
3
H
B>
oo
A
omn
OHl
Jo
o
FH’

ZZ/A 188 A9 3, 20089

(-m,@" +m @} (1- jn,) - joZ, W, =

(b0 05w,z @

q=q'

of HolH RE A7 oiAz 1 2RHE 4
@Dell didstd g Adrke} Jgbe] Tzt 1
99 Ao B4 Esuel o W9 dudae 4
@NE 4 GDE Wrod v& ez 7zl

— y4 elastic(z)
——W(z) . 37

3719 22 e fAle FREA 4 35y
ol 24 Pomz, vEz yre st 3
9] o'?‘ }\o]-i o]y,,]c—]/k‘— B-i olj_}c—]/\oﬂ =2 o:]zg:___
FA gt mebd A4 dedang ueEd
¥ Jdudag AUSlE 28T FRE 2 5 9
olM EE A& H (3R F E1 Fs) Ak
AT o] BE 37 3l gl W Yuida
E Agshd 4 (392 TOPSE}.

@
_Bwl®)
-m,® +mqa)q(1 in)-joz,

._4

D

W =

q

2jp¢; 3 i .
2 2
aZW sin(gmz/ L) 5 [k* —(gn / L)*]

gz sink(L -z) N ksm——z] (39
L

L coskL

w
4>
pe]
it}
olo

% =9

3.1 42 ARFSH El: B2E

o] aj& A HAZE Yl Pico et al. Vo)
AREE 9 7.12mm, 2ol 0.5m, ¥4 0.5mm9]
A gho) Z(p=7800 kg/m®, E=210GPa, v=0.29)



]
)

S

aul

45

O

3 Aol AE g gyl mrol ¥ Qluds

AHEEY AFAEFE AL A g=19]
A AHANF5E 5.188kHz, =29 A WA Lf
54+ 10.374 kHz & Picod] =& dA&9c}.
W7 82.2mm, o] 257.2mme AA WEe 3
29l Selamet et al’ 4 dlo|ge] 1.2mm, 1.0
mm, 0.8mm Al &7 FA g3 2f2F49
RE AR 1 Adx 2g A%e 1.226 ke,

rﬁ [
o

1.022kg, 0.818kgeE ZAHAY, {3 F5w
8.863kHz, 11.947kHz, E=+ 00986, -1. 014'5

sYste, FA gk T 3L Uk o] %
& Fu WA FAE BEdshe 84 fY 4
o] A9 Q7] wjFolch, 3 HARe} AAE ol
o] ¥4 24.5mm, Zo] 257.2mm F4 1.2 mmol| o
& AXE aHAFFE 10,046 kHz, 35.364 kHz <]
aFato| et

3.2 4% guHae HHRES P

2o udAE Ayl At si4 dlolgz +
2724E 001, Y¥E&=E= oZeo Py 3ES
Hehis 0.6mvs"”, 279 ¢43e 100kPa, 49
B A8 F7)(Pr=1.21keg/m®, ¢,=343.21 m/s)
2 33, AL 97 8292 mm, o] 257.2 mm, 4
1.2mm2, AFL Foz &3

FoArc o g et ¥ dujuise] gg &
7} 98 #dd R 4= 5, 10, 15, 202 3kHzol 4]
@ AHEAE AL 2 ATE Fig. 2¢] EA
it 2= SR Albe dibs 107] ooz

10
....... 5
————— 10
eee 15
~20
g
£
©
[« %
3
Q
c ]
© ety A
° o,
@
a
E
s
2
10°
100 o
0 02 0.4 06 0.8 1

L

Fig. 2 Effect of a number of modes on wall impe—
dance

ro

3

24

3.3 4 2IXe Fopof ot B uEA

Fulgeo] mE B guuae ANE H7] H
1, 2, 3kHzoll A HARE=E 10702 stx, A Bl
o] w2 ¥l o x A AE Fig 3o U
ERATh 1 A3 a5wst Ho weh Zdolo] mE
B3yt st 9ast Z71eHe & 4 it

A X uhel ¥ Az AE Bl Y3
4 7Zole] 0.25, 0.5, 0.7504 FARE=E 1002
stn Fopo]l wE B quds AN AnE
Fig. 4o Yehidch 2 2x, 9o wel gL &
Frro dud Hazt EAgE & F Uk

—— 1kHz
----- 2kHz
s e 3kHz
10
s
£
£ 10°
8 :
H S SRR 505 UV N -
B V| : ]
E10 i A Fil
= i I\,
8 e SN A
2 AN ~. 7 T
10° kV4

o] 0.2 04 0.6 0.8 1

Wail impedance({Pa/mys)

0 500

1000 1500 2000

Frequency(Hz)

2500 3600

Fig. 4 Frequency characteristics of wall impedance

X

(s

oo
ol

89 =

=H/A 184 A 93, 20081/935



&
2

o

o] A7 AR AAN /¥ F Y @4
o AF =% 54 €71 A, aA A
% FE&& 49 5843 Helmholtz 22|
El

A #HE FAUA o2 A 7T 4T A A

T FE¥NEE A A HEY MY £He2 #

s, FHR=Y i8] Kirchhoff-Helmholtz inte-
_9_

HES] A e S
Weg Adsd AdE 42
5 Attel ool 2

4
X
re
2
L
o r
Ey
4
o
n
32
dlo

(1) Cummings, A. and Chang, 1. J., 1988, “Sound
Attenuation of a Finite Length Dissipative Flow Duct
Silencer with Internal Mean Flow in the Absorbent”,
Journal of Sound and Vibration, Vol. 127, pp. 1~17.

(2) Peat, K. S., 1991, “A Transfer Matrix for an
Absorption Silencer Element”, Journal of Sound and
Vibration, Vol. 146, pp. 353~369.

(3) Kirby, R., 2001,
Predicting the Transmission Loss of a Circular
Dissipative  Silencer”, Journal of Sound and
Vibration, Vol. 243, No. 3, pp. 403~426.

(4) Selamet, A., Xu, M. B, Lee, L. J. and Huff, N.
T., 2004, “Analytical Approach for Sound Atten—

“Simplified Techniques for

=28/4 1848 A9 35, 2008

uation in Perforated Dissipative Silencers”, Journal
of Acoustical Society of America, Vol. 115, pp.
2091~2099.

(5) Fuller, C. R. and Fahy, F. J., 1982, “Cha-
racteristics of Wave Propagation and Energy Distri-
bution in Cylindrical Elastic Shells Filled with
Fluid”, Journal of Sound and Vibration, Vol. 81, No.
4, pp. 501~518.

(6) Brevart, B. J. and Fuller, C. R,, 1993, “Active
Control of Coupled Wave Propagation in Fluid—filled
Elastic Cylindrical Shells”, Journal of the Acoustical
Society of America, Vol. 94, No. 3, pp. 1467~1475.

(7) Junger, M. C. and Feit, D., 1986, “Sound
Structures and Their Interaction”, Second Ed. MIT
Press, Cambridge.

(8) Gautier, F. and Tahani, N., 1998, “Vibro-

acoustics of Cylindrical Pipes: Internal Radiation
Modal Coupling”, Journal of Sound and Vibration,
Vol. 215, pp. 1165~1179.

(9) Pico, R, Gautier, F. and Redondo, J., 2007,
“Acoustic Input Impedance of a Vibrating Cylindrical
Tube”, Journal of Sound and Vibration, Vol. 301, pp.
649~664.

(10) Soedel, W., 1993, “Vibrations of Shells and
Plates”, Second Ed., Marcel Dekker, New York.

(11) Pierce, A., 1991, “Acoustics”, The Acoustical
Society of America, New York.

(12) Fahy, F. and Gardonio, P., 2007, “Sound and
Structural ~ Vibration”, Second Ed., Elsevier,
Amsterdam.

(13) Morse, P. M. and Ingard, K. U., 1968, “The-
oretical Acoustics”, McGraw-Hill, New York.

(14) Morse, P. M., 1949, “Vibration and Sound”,
the Acoustical Society of America, New York.

(15) Munjal, M. L., 1987, “Acoustics of Ducts and

Mufflers”, Wiley-Interscience, New York.



