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Fig. 1. Coordinate figure of the physical model.
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Fig. 2. Convergence analysis of the root mean square velocity levels.
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Table 1. Comparison of the fundamental frequency

with different immerged depth (in Hz).

H/R, ‘ Preset?ils ‘ Preser?ilg ‘ FEM
(UL FEBGRHCRAR) (B FERURHOR %) (Comsol)
-0.9 15.45 15.57 15.57
-0.8 15.06 15.07 15.16
-0.7 14.33 14.51 14.45
—0.6 13.24 13.31 13.33
—0.5 12.65 12.67 12.72
—0.4 12.36 12.36 12.43
—-0.3 12.24 12.24 12.31
—0.2 12.19 12.19 12.26
—0.1 11.44 11.45 11.51
0 10.72 10.72 10.77
0.1 10.08 10.08 10.13
0.2 9.52 9.53 9.57
0.3 9.06 9.06 9.10
0.4 8.67 8.67 8.71
0.5 8.35 8.35 8.39
0.6 8.10 8.10 8.14
0.7 7.91 7.91 7.95
0.8 7.76 7.74 7.80
0.9 — — 7.67

MR LTI LA ), bR Ar % pR BBl 1k 3 5 T
BR B B Rk B, B A R o S R AT
REF. I HI R IEFERSEA R 5, T EIRBORE
H /Ry ¥R LA —0.9 4246 3 0.8 (2475 B AR IR
JE i R s i N B R DAk, IXRRETA
SCRIRRTE FHYEBEES T, 5k BAT — Atk

UeAh, WK 1IE R BLE Y, AR SO kT3 45
5 Comsol i HH HAF AT & R4F, M AR J5 ik

T E B E A AR B B AR A A e — B
. XA W T REE TR IR I EOR, SR &
T3 K, BRSBTS A S 1, AR [ A R 2
BTN

3.3 JERAMEIGIE
3.3.1 B Wk IRIE

Ut B AR SC 5 VA A R B i) Y T
Mt AL ENRNREIREH/R, = —0.7H
H/R, = 0.7, tFH R G AT FB EA S, JF5H R
TCE A Comsol 7 BT 45 B AT X LE. 58 LA
AR FIAR X R 22 Error = | f1 — fa]/f2 x 100%.

%2 H/Re = —0.7TH MG HER . (S8R H)
Table 2. Comparison of the the first ten order natural
frequencies when H/Rs = —0.7 (in Hz).

7 Present (f1) FEM (f2) Error/%
1 14.33 14.45 0.83
2 15.01 15.10 0.59
3 43.66 43.94 0.64
4 45.32 45.75 0.94
5 84.41 85.09 0.80
6 90.83 91.61 0.85
7 144.34 145.77 0.98
8 144.90 145.93 0.71
9 213.75 215.40 0.77
10 219.91 219.90 0

#3 H/Rs = 0.7 W H-TBEAMEI L (FPAH He)
Table 3. Comparison of the the first ten order natural
frequencies when H/Rs = 0.7 (in Hz).

e Present (f1) FEM (f2) Error/%
1 7.91 7.95 0.50
2 8.86 8.90 0.45
3 25.59 25.74 0.58
4 28.26 28.42 0.56
5 55.30 55.63 0.59
6 57.74 58.10 0.62
7 96.25 96.88 0.65
8 97.65 98.26 0.62
9 147.42 148.36 0.63
10 150.77 151.78 0.67
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M2 MR 3T LAE H, AR SO VETHEAS 21
1T 10 B 8 A 4248 5 Comsol 17 B it 5 45 B4 &
R, S KRR 22 AN 1%, B8R A A S i
THELE G AT 2 A R AT 521
3.3.2 iR EYEFAEIRIE

TEr M52 B IR I HE#E 2 J5, 3 —25
I MT AR B I HE R M. BUE B AR B
H/R, = —05M H/Ry = 0.5, 515 ¥ il 1155
250500 Hz I I 23 4% ) 2 B (49126 (] B 10 Hz),
E AR FBEEH VL, = 20 x log(|V|/ Vo), HF VAN
Bl B, R E V) = 107% m/s. B 7108
BFy, =1N, BUIAE e = 0. W 62T 19 A
o = mhb.

ME 4R PUE H, AR SCTH5H 45 AT Comsol 15
FHE S R BAART & RAF, SLHAR SO i 2ia
PRB) & MER TS 0. H 2 M AR A i (LA 4
B, KT 400 Hz), iR ZIFHIEAR. 32 B0 I A o] G

80
L (a) —a— Present method
75 F —o— Comsol
70
M 65 -
o
~
=60 |
55
50 |
45 L+ T T T T T T T T T
100 200 300 400 500
f/Hz
80
L (b) —&— Present method
75 L —e— Comsol
as]
o
3
BS
45 T T T T T
100 200 300 400 500
f/Hz

B4 AFETETFRAEERSLL  (a) H/Rs = —0.5;
(b) H/Rs =0.5

Fig. 4. Comparison of the radial velocity levels with
different methods: (a) H/Rs = —0.5; (b) H/Rs = 0.5.

S A PRGBS [E AR A n) A, B A O, 0
DR 3 FE R SRt vy, THIRORS BE 2 AR
3.3.3 B YR RAELRIE

3k — 20 BB AR ST VR B R 3 R R 11,
WEENREIREH/R, = —04F H/Rs = 0.4,
T BB AR N 50 Hz I B R IEE = B, 5
Comsol fij B 11 & &5 it 47 % b, F A 3 7
B Fy, = 1N, B E e = 0, mBIRHN
1.2 m x 0.6 m.

MBS A 6 7] LLE t, A7 AR 3
75 &z B A R 64 Comsol 17 BT 845 AT &

=N Wk Ot N 0

O =N WK Tt N 00

K5 H/Rs=—04ARAFNEFHEERESEXNL () 4
X J7i%; (b) Comsol i H

Fig. 5. Comparison of the sound pressure contour map
with different methods when H/Rs = —0.4: (a) Present
method; (b) Comsol.

{

Kl6 H/Rs=04MARFEGETHERMESENE (a) &
X J7i%; (b) Comsol fi B

Fig. 6. Comparison of the sound pressure contour map
with different methods when H/Rs = 0.4: (a) Present
method; (b) Comsol.
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KLU, HT IR T BLE B AR ST v T B 3 I AT
FEM.

BEAh, AR PRI, AT AR B
FEH v, LUK 5 8L 6 A Ik BRSO B, A2
Matlab HAAN 7 ZEAE] 2 s RIAT oF 5 RSB e 1

=+
4h

4 1 #

FERAIE T ASOTE T E A & RaRksh &
PR SREBIMERA AT 5E 2 ), 3E— 2D 0 Hr SR 2>
RB TR ISR | T B YR R EEXS 318 R3]

IR DLz 7 T 98 TR PERFAL.

4.1 RESWRESH

N T BB AR T A [ AR S R A E IR
P, WM ENREIRE H/R, = 0.7 LRI 1
A BT 4 MBS R A L [ A A

XHEEAR 4RI 5 AT LLE Y, MR 0L TR
METLRBIRMEAZER. LH/Ry = 0.TH 25—
B PR 2 A ], PR 78 bR EZ0 A cos 2 + 0.25 - cos p —
0.05 - cos 3ep, TR TToFRIEFEAR, X7 4 2 o £
N cos 2 (KRN JE ) 2Y). 3% R TSR AAR A S )
AL, TS SRR R S AR T A SR
Ji e BT R, SRR U P D ] 9 2 A 2 AR LA,
TE IR 2% B4R 204 oR

#4 H/Rs = 0.7 AT 4 SRR
Table 4. Modal shapes of the first four orders when

H/Rs =0.7.
[ 1 2 3 4
\
PR
7.91 Hz 8.86 Hz 25.59 Hz 28.26 Hz

®5  JORIEAAT 4 PSR
Table 5. Modal shapes of the first four orders when in
infinite fluid.

e 1 2 3 4
PR . N |
) (
PR ( Q ) J
\\\/ / \

6.34 Hz 6.34 Hz

20.37Hz 20.37Hz

A, T B BRI AAE, REOCH HE—XT
FRAh, REFR AT BN FRARAS 8] G A A7 AE 25 5. DA
H/Rs = 0.7 50 F 1 P8 B [5G 502 4, 5390 8
7.91 Hz f18.86 Hz, £ B & 72 57 (H2& X T JC fR 3
L, BT RGEA R R FR M, SR A O FR S
A EA R A F 0, A7 5 5 X

FAN, FRAFIRBE THUT, KRR SO0 TR A PR
Y o Hi 2 T) f o) 1) 8 EL R R B RN AR R {75 BA
H/Ry = 0.7 O, 55 — B R 24 ok £ (S X FR)
24 sin 2¢ + 0.38 - sin ¢ — 0.08 - sin 3, BREH AT
2 TE) P LR FH X AR ARSI 102 0.25 1 —0.05 48 R [ %f
FREF1 :0.38 : —0.08. Tixd T TR IAE I, X7 F
PR PR U sin2¢, X2 RIPIRE T BIRFFEX
5l T BRI T 450 ) X — 4 AE.

4.2 BFIRIRIESE 4

32 g R, BEE R BRI K, WEMAE
[ 238K, BHZEK BT st 2 ARG . Sk — i
BXAM A, ASCER T H/Ry = —0.6, —0.3, 0,
0.3, 0.6 X FLNIREE, XF HL o B & T K ¥ 05 R 3
FER A th 2. Wah 71 s Fo = 1 N, BUsh i BE
0o = 0, BIHIZE N 1-—100 Hz, 1H55AI5% 1 Hz.

M7 AT LA W, Bl R TR B K (VR T T
), SLHRESS MARANFE Bl X 2 R R EIR
R ORATAF B K BB 3G R, NI T RS0
i, FECELIRAR A, Sk fh 2 sk 52

4.3 WIHEEIREMS S

FRIFPIRA T B AL AT EE H AR 7K T 4 5 e 75 %o
THRRMEAEEER . FHik, AP RE
T YE RIAEAE ST e g A R AR A PERRAE AT AT

WEENZEIFREH/R, = —0.5, 0, 0.5, 7
S B A f = 100, 200 Hz Bz 7 &
Gfgm R KB IEER = 1N, ¥
AL B oo = m/4. w3 REUE B AR R, P
£ R = 1000 m, fAJE 68 0—r, HUE A K% 6/180.
5E X E R SPL = 201g(|p|/po), F&H 3 #EH IE
po=107% m/s.

M8 W LAE th, BrA 75 48 1a) o it 2 #57E A
fE60 = /21 (IE77) BUR KE. T HS & MAL
BIFAE AR B R B R R T R
B AR AR A DL X I R I R AT P B
iR
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100} (2) - H/R;= —0.6
I ' o -e H/R,=-0.3
90 u‘\ L4 +H/Rs =0
M 80 ‘
2
<
= 70
>
60
50 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
f/Hz
100} (b) wH/R =0
- H/R.,=0.3

7 ANERRBCREE T BTN A Hh 2k

Fig. 7. Spectrum curves of the root mean square velocity levels at different immersion depths: (a) H/Rs

—0.6, —0.3, 0; (b) H/Rs =0, 0.3, 0.6.

100 -
80 -
60 -
40 +
20 -
0+

SPL/dB

20 -
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80

1004

90
20/(%)

8  MFNRZIRIE T A R Jdg rtk

50 60 70 80 90 100
f/Hz
(a) H/Rs = —0.6, —0.3, 0; (b) H/Rs =0, 0.3, 0.6

100 |-
80 -
60 -
40 +
20+

SPL/dB
o
T

20 +
40 -
60 -
80 -
100 |-

90
20/(%)

(a) f =100 Hz; (b) f =200 Hz

Fig. 8. Directivity of the sound pressure levels at different immersion depths: (a) f = 100 Hz; (b) f = 200 Hz.

IR T3 AL 1337, WL EF, Fedk
MR _PAT R — s 337 mU BT LA A2 I oL
RIS F KT A8 S i AT BLAE 808 — A mUE,
7 HZX A m IR EE 2 B (P S AE 0—2 R Z [H]
(XIS LA A K, ZARFI).

FETHURIRIE B E B KR A R
A UUIE R AE B I ) 25— O 3 S 1) (R 2
VRUTHD E ) PA KSR A RIS S BIL. UK 7 37
A LAIA A A o SR R S (] o ik, L R YR S

SEFEAE T A R AE B i L2 N F RS, Sk
B b, TSN R PR B R, AEARIIT, IXRER
POERAR R R AR TR, H b, AT S E A A
PSR () B2l 5 B

P= % exp(—ikeR)[—2i sin(keD sin 0)], (35)

Horh AR OR FOUR ) S IR IR AE, RARER I s B A
FARAR R R EE R, D RN MRS BRI EE &
(D/Rs < 4).

BIR D ERARFN, (B IHATZ 04 45 R 4
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k. R 2 S AR AN K I, ke A1 D FR3ReAR &
ANF /200 BRI s AT e A Y G IR
JiS (0m/2), M (35) IR LA Y, 75 1 I {E R B
KAE. BBk, M (35) b IE 5% = £ B& B B Pk
WA LA Y, 75 5 2 i 2ok T X0 Akl (0 = m/2) #%
ERFR A, KBRS T S A R AR
P £ AR

5 % ®

P T PR R WTIRAS T B A 5 75 R 1]
(BT, I 75 S e R B S AE AN R g A
R, 7R T AT RIA, S5 R
Galerkin 2 DA S A4 b 75 3 5 28 A 31 75 (3] #8545 S THI
3 T 2 4, B 28] DIAR 4R | o 200 SR A 1%
ARG IRRA N, AR 2 18] g i 254
5o G A IR e R AR TR . Bk
e,

1) 3 I 0B R & A R 2 a R ) AR
S 7 R SRR 5 BR G B AR AT X b o AT, 56
UE T AT R RIRER P, HASO kR IE A TR %
TR B R AR A ) — A 15 O

2) B B E T PR v R TR B K, R
15 S5 ARG A SRR K, 5 BB % 7K 5T B A B
R, T HEA RGEIBHE KR B SR, Mk
[ oA VR[] AT 2 28 T /S

3) FAR B LT BIRFFIE AT, itk 5 45
P4 T30 0 8 & BARAS, AT 5 8 5 A5 2
Sy (0 75 YR 28 7 20l S AR R, B N R A
7 Y. AR O 7 3 BV F DL SR e A
F T 25 M1, S 80550 0 JE i kAR EA, BR Ut
GE A 1D JE TR RS A TR AN T2 D g 2

4) BT E B R A7 BN E R AN
M0 AR G, AR T B4 Fe IR BN 7E J& ) AT
RETFRPE. R 45 44 PR 5o R AR s %o R A 245 11 [t 5 47
Ko R ER.

5) BT SAEAR T 28, FR G A DA K B A

SRR R AE TR0 B IR A B, AR
FET BN eR AR PR IR, 3239 75 s 20 ) i K AL A 2
HIESHIIE TR 5.
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Abstract

Vibroacoustic analysis of a partially submerged cylindrical shell-liquid coupling system is a typical acoustic-structure
interaction problem in an acoustic half-space. Generally, the vibration and acoustic solutions of this problem almost
depend on numerical method in previous studies. However, whether from the aspect of verifying the numerical methods or
from the aspect of revealing the vibroacoustic mechanism of the acoustic-structure interaction system, the development
of an analytical or semi-analytical method is indispensable. In this study, a semi-analytical method is proposed to
address the vibroacoustic response of a horizontal cylindrical shell partially immersed in water The acoustic coordinate
system is established on the free surface, and the sine series function is introduced to express the sound pressure to
meet the pressure release boundary condition on the free surface automatically. Then based on the two-dimensional
Fligge shell theory, the motion equation of the shell-liquid coupling system is established with using the center of the
shell as the origin of the coordinate system. By using the Galerkin method, the velocity continuous condition on the
fluid-structure interface is established. Then the relation matrix between the acoustic pressure amplitude and the shell
displacement amplitude is derived after converting the sound pressure from different coordinate systems into that in the
same coordinate system by using the geometry relationship of two coordinate systems. Then the vibration and sound
radiation of this coupling system are predicted by solving the coupled matrix equations, and the coupled free vibration
can also be addressed by solving the characteristic equation after setting the determinant of the coefficient matrix to
be zero. To verify the accuracy and reliability of the present method, the coupled natural frequencies, the vibration
response and the distribution of the sound pressure obtained from the present method are compared with those obtained
from the finite element method, showing that they are in good agreement with each other. Then the shapes of the first
four order modes for the coupled system are presented and compared with those of the system submerged in unbounded
fluid field, and the couple between different modes, and the couple between the symmetric and antisymmetric modes
are observed due to the effect of the free surface. The characteristics of the root mean square velocity of the shell with
different immersed depths are discussed, which reveals that the peaks of response curves shift to the lower frequencies
with increasing immersed depth. The characteristics of far field sound pressure directivity are presented and explained
by the image method in detail. This study provides a novel method to analytically predict the vibroacoustic response of

an elastic structure partially coupling with the fluid field when bounded in a sound half space.

Keywords: cylindrical shell, free surface, Galerkin method, sine series
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