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Ocean surface  Dirichlet boundary
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¢, = 1500 m/s

p, = 1800 kg/m?
¢, = 2500 m/s

>
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(H = 200 m)
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L e, s
Bl 3 VRN SRS AR

Fig. 3. Acoustic propagation model of point source in shallow water.
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Fig. 4. Verification of point source used FEM-PE: (a) f= 30 Hz; (b) f= 300 Hz.
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SRR SN, BT AN 5 FTR BRI RS20
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SET ROCEFR A bR T A2 A BR S Y A S R A
FEM-PE #81 BR5 ipi (7 F X BRI 7 18] -
100 m A, 7F HET5 v it Jon 2 L 1] A 3 A b
F,=1000 N. BR7EF48 20 m, JEFE 0.1 m, BER

4340 BV, P P IRBE SR S M A R a3k B
5 PR UERR AR SR Z DT 25 T Bk
FCEIRIE NS A, JF 5 FEM B4R R
FEGHEAT T X, A 6 Bs. AT RAE Tk
AR SN A BRI 4 RAT 2 15317
b, ok Tz kxRS R R
(AR PE.

Seabed P

Y —200 m
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Bl 5 iR SRR o 5 AR AT A FROGARDR A
Fig. 5. FEM model diagram of elastic spherical shell in shallow water.
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Fig. 6. Verification of elastic sphere used FEM-PE: (a) f = 30 Hz; (b) f= 300 Hz.
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OY A G XA SRS BE s, T LIARA &
LR AR %R FEM i PE W& X 436144
RS . RORISEMRLEE. R T o Wmizornik e A
R LA RS, i SO R2E A

_ |pu1(n) —pt(ﬂ)l

N
1

w=—= n), n(n) = x 100%,
v 2 1), (o) et

(26)
Hdr po(n) i FEM-PE 3B 45 5 p(n) bR H
FFP BTSSR, n(n) AFEA S LH it
SRR R 22, n N3 BT HOE, N BSOS AR
B AP AE 502000 m TG AERE 5 m YEH—
Y, B N = 391 Ji.

7 1 5 FEM A1 PE FEA[A] A& X 53 T 207
THE AR R 25 L 15 A B EE (DOF). 35 it [a]
(1) VA Bt B AL N AR (RAM). I 328 A5 78 oy
3.1 1T I UEAR AR B X FR Pekeris 3 5 R s IR A1
FEAGHY AR K 30 Hz, M7 R IR BB 40 e 1Y

FFP #7115 A BRoT AR A B4 COMSOL
multiphysics # 37, PE iT 5 72 # % | Matlab %
P, A A 1E Intel(R) Core(TM) i7-4790
CPU 3.60 GHz Fizf7, WAF 16 GB. Al F i, X
8 PE W& K/NER A, = N/8, d, = N4)5, iTH
K BE B & FEM M A& BT & /9 42 = m 3 3
FEM MIASI/NEIN/6 )5, TR EE AT IA R 3% 2 f
HAETRE ; AR s 2 BN AT KR B
EORE B, RO it A, # I FEM S R/
BN N/6. A FRIC MAS B S A /6 ), IR
2 1A A% KN d A ZESR A /16, H v J7 1] A
BRI dp G 2R T d, = 2d. IR R, 2 d I/
MNAJE, YR IR 22 P F] 109% LN . 5, 24
d. > \/8JF, I AT A RN R 2R 3.34%
L HETRE. 28, BT B8R m TR
AR AR, #EB0Z %0 A S 53 7 R
drpm = M6, d, = \/8 ) d, = \/4, K UJGLL1TA
PSR FH X — P &) 43 =K

#1 TEBEMES
Table 1.  Convergence analysis of the method.
drem A A A A A A A
FEM 2 4 6 8 10 6
d. A A A A A A
8 2 4 8 16
PE A A A A
dp=2d. vy 22 A 3 1 8
w /% 11.6 6.8 4.2 3.3 3.4 3.5 13.8 11.2 7.8 3.3 3.5
DOF/ x10* 2.2 3.4 7.2 13.1 20.9 40.9 11.5 11.6 11.9 13.1 17.7
RAM/GB 1.9 2.0 1.9 2.0 2.2 2.5 2.0 2.0 2.0 2.0 2.1
t/s 2.3 4.5 7.5 12.4 17.3 21.9 11.5 11.6 11. 7 12.4 14.1
3.3 FEM-PE EBRIES FARXT L E. TTA Y, %075 CWSM 35

FEX RIS T oSS A AR I ESY, H i
FEERIWIFIT A B . S RS RS
BB kAT A i T BRI AR S 2 A ATk T
RIS N 5 e — 7 BTSSR R L P (P RS, BRAR =
27 SR PR ANBC A Il B 1 X L R, ]
P R R R AUL IR ) A0 A TR 5 7 2 I T A5
(ELR AR IR L, A )2 S A G RO A B i, R 40
DRECH R, e TRENH L B RCRA R k24l .
N T UITZITIEAMGEE R T LI IT A KA a]
AL, HASH AR AT A R ek R —E L
e, LURHEAT 7207 i SIS s A A R B
NGRS TR Fe A, TSRS Sk [17)— 2

K7 AR R R %075 5 CWSM it

SEREA R — B0k, FRUGIEIZ T A A It R
MIERRTE. SR)5, HEAT 1T iZ05 ARG P E e
ANTEIBE BT R (1) AR (f) T X 5 F R

SER R P S B I, Wk 2 g

FEM-PE ———— CWSM

1500 2000 2500

Range/m

0 500 1000 3000
Bl 7 60 Hz % F FEM-PE 5 CWSM 485 5%t L
Fig. 7. Contrast between method of FEM-PE and CWSM

at 60 Hz.
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AL, BRI, FEM-PE %1840
PAERHEAL, TSR I FEM 115 A& K
FEREN, X FEM BT RCE S 2 m, S H
PRRCRIEAR; (HREE PR R N, FEM-PE 42403
B, NI PE A, PE R RcrER
TR R R ARCR. BT TE] FL A FoR

FEM-PE ¥E X -5 T 450 7 R g sk
T, e T ERCR R T CWSM 1Y 17 4%,
BARACRARAIR R T 8 %, BRI ERCR LIS
WL T — B, R S T4
P AT B B 7 3 AL i s PR R e S

2 AT I (B min)
Table 2. The contrast test of runtime between FEM-PE and CWSM (unit: min).

I/km A—5 A—1 A—10 A—50 A—100
f/Hz 30 60 100 60
CWSM 24.62 40.47 68.78 27.97 98.98 189.57 276.68
t FEM-PE 2.20 4.18 9.45 2.17 5.98 11.60 18.76
T)CWSM /FEM-PE 11:1 10:1 8:1 14:1 17:1 16 : 1 14:1

T TICWSM /FEM-PE HEFP T A LS, FEM-PERIAS N depu=A/6 , d.=X\/8 M d,.=\/4.

4  Pekeris 3% 5 T ¥ 4E B A 7% 5 IRA
AT

e 8 Fron, Wit iz 7 =4k Pekeris I
T A BRA B [ A 50 7 i S e AR . Jrh | i
IKIREE Hyppper = 30 m, WK N Hyppeq = 60 m,
THIE PML %% Hpyp, = 100 m, BHFEK A =10 m,
JEJE d = 0.01 m, BHEN 4340 BIR (p,, E, I o
Gy BIR R B | Az AR RIIARA EL). B AT 0%
FS A 2t Z Y GRS FEM 1T 0
Y PE THAEIM 4, 2 TCBR IR AT RIS R
FHERM PML ALUUTC RS A, ik FBSH Y
PML.

4.1 FEM-PE £ =$HEMEEREEES

FT T A A T VA T 45 R R A 52 i) 2 2R
RIS RS AR T A A, A5 R
P A A ] DAL PR IR 5 A LR A, B SR 45 A

PE 4038

FEM 4035

Sea water

30- Seabed

PML e |
w0 e
100 0 e x 10°
m—100 O

U5 H SRR shRrE. R TR R R 254
PRENFFE R LA, SRR AR R R 7 Y
A BSIRAEAT T X oA

2 3R T ORI RIS T 0k B A 5T 45 By
FEASHRIY (m, n) FTXF R AR A 450R, Horp ) m Al
n 4390 22 7 JE] ) R ) A AR R B TR S T IR
hRRERR TS, Bl R = 2 m, [ B35 A
J& Smerfield i F 48 K 5614, = W L H R
Dirichlet ¥1 %4, HAth i1 5185 /& Smerfield 2514, AT
F i, AT H 3, PR 1 F Dirichlet
N FAEAE, 105 S5 75 (25 0 2% 1o B 2 7K 5 U
b BRSBTS AR R 1
Fi 2 S N DS e e S 5] AN i o8 e AT = R3S U R
AR 25 R R K BT B 1N, S5 FRE A IR REAIR, (2
P B2 57 A VA T 7 5V IFS , YR JES RE MR AR/ 0N, T
T e E AR, & IR ShF A B R
L2 ] FREE N AR A MRS, L A 5 3REE A
L ESN

Pekeris Dirichlet boundary
1| Ii\\'zucr =30m
PML m g, =60m  I=10m

Hpy, = 100 m r=1m

p, = 1024 kg/m* d=0.01 m
F, = 1000 N

¢, = 1500 m/s p. = 7850 kg/m?
p, = 2000 kg/m*® E, =2 x 10" Pa
¢, = 1800 m/s u, = 0.33

B8 WIS T AL T 4R T FEM-PE Tl £
Fig. 8. Model of cylindrical sound radiation used FEM-PE in shallow water.
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%3
Table 3.

fluid environments (unit: Hz).

AR T B TR S BESR (AL Ha)

Comparison of coupled modal frequency in different

Environment  (4,1) (4,2) (6,1) (6,2) (6,3) (6,4)
Free field 7.72 2718 9.75 18.19 35.12 57.63
Half-space 7.83 2753 9.87 1841 35.62 58.18

Pekeris 7.80 2742 980 1826 35.26 57.71

R TS 7 AV VAR G R RS X6 (B A ST IR o R P
RS2 R AL, 8 9 715 T Pekeris I 5 T RIFETE4
MR RS AT R R AR TR 28, IR 5 A g T
(AR AR T He. v 2 A 7 S g ThT
() i, HEAWURIL A ki T2 (%), 4%
TR B — e B VE e, i S T RS2 A 40
5 AR A RIS T3, BRI G
FELPN, B ARG N, U 5 P AR A RS H i

i e ol A ) LA || M= U3 [i o SR T St
ST ED S B R SR O N D B NS RIS AR T EAT IR
Bl e VR TR B/ 78 SCRR(15]H, A R
JIE A EEAR R IR B T RS RS B R AR
1) — SR B DX R A 1 TR IS S KT 4 A5 4%, BD
4r < h < H — 4r; 1 Pekeris 35 T A #5767 1 25
KT 45 HIERGSIIOR T 2 e, B 4r < h
< H —2r. AJE W, WA R AR 1 5
W 5 B /N, PROAAE Pekeris 3 5T, #fdk (R AR5
AT 7 4 5 3 S B T WS T IS Y S AR B R
N, FE N S AR AT RS 0 A S R AOTE 1,
(1A 78— 43 S 7 B et DAV S S T 475 35 31 T PR
KA, P LA T I 5 S 7 ARG T4 %8
BT (R ZRECH 1) BRI SRR 555, BN
WA S A5 HHE G A IS, 1K h 3
X IR e R 0 6 1) 5 e B k)

= 9.0 = 30 = 11.0

= (a) —— Shallow water = (b) Shallow water = (c) —— Shallow water
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= 8.0 I3 & 100

S g ort g
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E 75 F g 2 \ g 9.5

E . g e 2 90 e
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N = N N £
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Fig. 9. Curves of coupled modal frequency changed with diving depth: (a) Modal (4, 1);

(d) modal (6, 2); (e) modal (6, 3); (f) modal (6, 4).

FEM-PE X5 3545 0 47

15 Pekeris 5, 4 1E 075 g 3]
R K

4.2

(2n — 1) meqep
4H\/c; —c2

fon= (27)

,n=123---.
RAE (27) I LK Pekeris I SRS HOEHE T %
Wb 16 B iy e R, ik 4 i, vl A H
5 — BT IE SR BV 35.52 Hz, RARTEAR
TR T ikt 2 AR RS i, (R Seim )
FENAES I, RO BE R 2 S B I o vA e
FEBSALHE, FTLCA T 370 S T ik A e i
R 5T, TSR T 35.52 Hz.

(a) (4, 1); (b) (4, 2); (c) (6, 1); (d) (6, 2);

(e) (6, 3); (f) (6, 4)
(b) modal (4, 2); (c) modal (6, 1);

F 4 Pekeris ISP R IERATR
Table 4. Normal mode frequencies in Pekeris waveguide.
n 1 2 3 4 5 6
f/Hz 3552 106.56 177.60 248.65 319.69  390.73

BT L Pekeris U S Pk R AE 52 4E
S B RS A I DL, T 10 SR FZ iR 4 BT
BT 50, 100, 150 F1 200 Hz #%8 F [BIF: 5775 1 5
YRR RIS R, #RE D B ST
L7, BT A 15 m.

GEGER AR, MR N 50 He B, JE
HAE T —ARNE AR G495, e — 4k
B LA I T ARSI s, R R
B — e IR B TR A IE N, Pekeris %5
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Fig. 10. Colour maps of structural sound propagation at different frequencies: (a) f = 50 Hz; (b) f = 100 Hz; (¢) f = 150 Hz;

(d) f= 200 Hz.
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Fig. 11. Acoustic propagation contrast between structure and point souce at different frequencies: (a) f = 50 Hz; (b) f= 100 Hz;

(c) f= 150 Hz; (d) f= 200 Hz.
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Fig. 12. Analysis of structural sound propagation at different frequencies: (a) f = 50 Hz; (b) f = 100 Hz; (¢) f = 150 Hz;

(d) f= 200 Hz.
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Abstract

It can be a difficult problem to precisely predict the acoustic field radiated from a finite elastic structure in
shallow water channel because of its strong coupling with up-down boundaries and the fluid medium, whose
acoustic field cannot be calculated directly by existing methods, such as Ray theory, normal mode theory and
other different methods, which are adaptable to sound fields from idealized point sources in waveguide. So,
there is no reliable research method of predicting the acoustic radiation of elastic structure in shallow water at
present. Based on the finite element method (FEM) coupled with the parabolic equation (PE), the theoretical
model for structure acoustic radiation in shallow water at low frequency is established in this paper. This model
mainly consists of three sections. First, obtaining the near-field vibro-acoustic characteristics of the elastic
structure in shallow water by the multi-physics coupling model established by FEM, whose FEM model includes
the up-down boundaries and the completely absorbent sound boundaries in the horizontal direction. Second,
getting the acoustic information in the depth, which is set as the acoustic input condition i.e. starting field for
the PE. Third, the acoustic information in the far-field quickly calculated by the PE and the finite difference
method (FDM). The accuracy, efficiency and fast convergence of FEM-PE method are validated by numerical
simulation and theoretical analysis through using a monopole source and structural source in the Pekeris
waveguide, respectively. The vibro-acoustic characteristics of elastic cylinder influenced by upper and lower
fluid boundaries of the Pekeris waveguide are calculated and analyzed. The cylindrical shell material is steel,
and it is 1 m in radius and 10 m in length. The shallow water channel is a Pekeris waveguide with 30 m in
depth, at the upper boundary, i.e., the free surface, the lower boundary is the semi-infinite liquid boundary. The
analyzed frequencies range from 50 Hz to 200 Hz. The study shows that when the cylindrical shell approaches
to the sea surface or bottom, the coupled frequency is higher or lower respectively than that of the shell
immersed in the free field. When the diving depth reaches a certain distance range, the coupled frequency tends
to be the same as that in free field. The acoustic field radiated from an elastic shell in Pekeris waveguide is
similar to that from a point source at low frequency, but there exists a significant difference in high frequency
between them, so the structural source can be equivalent to a point source conditionally. The sound radiation
attenuation of the structure happens in sequence according to the near-field acoustic shadow zone, the spherical
wave attenuation zone, the region between spherical wave and the cylindrical wave attenuation zone, and the
cylindrical wave attenuation zone.

Keywords: shallow water, finite cylindrical shell, finite element-parabolic equation method, vibro-acoustic

characteristics
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