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Review of the research on underwater explosion bubbles and
the corresponding structural damage

YAO Xiongliang, LIU Wentao, ZHANG Aman, LIU Yunlong
School of Shipbuilding Engineering, Harbin Engineering University, Harbin 150001, China

Abstract: The near—field underwater explosion can cause severe damage to warships. Specifically, studies
reveal strong coupling interaction between underwater explosion bubbles and the structure that are initially
damaged, which could generate further damage to the structure. The interaction between underwater explo-
sion bubbles and different boundaries, including the free surface, the seabed, and the elastic structure, is
the research focus in the field of fluid mechanics and fluid—structure interaction. However, urgent problems
remain unsolved. This study pays much attention to the structure damage caused by underwater explosion
bubbles, namely the research status of this field, including experimental, theoretical, and numerical as-
pects. Particularly, the dynamic characteristics of the coupling of bubbles are studied by considering the
structure elasticity, free surface effect, the compressibility of the flow field around the bubble, assuming
that the underwater explosion shock wave results in structural break. Furthermore, the initial shape of the
bubble and the temperature variation inside the bubble are investigated, exploring the phenomenon of "cav-
ity suction" as well as the characteristics of the jet and the load law of the bubble.

Key words: underwater explosion; bubble; structure damage; overview

YRS BEHE: 2015-07 - 09 ™ & tH RRF 18] : 2016-1-19 14:55

E&UTH: EHEA KPR BT H (U1430236,51479041,51279038)

YEE B : WhREse CRIEIER ) B, 1963 45 F It 42 . WF9E 5 1] - MR S5 44 3 ) 2 K R Rk At sl 2%
E—-mail : xiongliangyao@hrbeu.edu.cn

XUSCHE, 55,1991 4FA: i+ A, #9871 : K N & KE . E-mail : liuwentaoO@hotmail.com



13

Wk AE 58 45 /KT R T S O S A BB T 5 2ok 37

0 51 =

R Sk — A SE Ak P 1 BIF 58 8, K R S sh
SRR PRI ST R AN S 0 TR P S A R A b
AL, FE N S T 5 KT B A IR K
WL AT R VKT SR B PR B R
T 0 VR 4 AR TR 1 v PR A A L AR SO
TR AR B A R v AR B ROREE R X
27 3] o D T R 1 AU 5 e — 2 7 B S A 1) A
KA IATERA o X BUE T AR 5T A5 S
e A S AL S R S S A (R R 3 A
B RIS R . BRSBTS R A D R R
oy KT S A T U T K T A R A R T R
AT R KE MR KR A v U 2 R B SR
o Tl v R ) S, AT R R B T AR v 2 0
Jik sl e 7, 22 S 4 B B L S BHE 7 A R .
VL 7K T R oot B e AR AR S5 4 7 AR R
M & R O BE S K N R E R E R A VIR
AR T (R 1) 178 s A &85 A4 6 30 3 B, % 9 4R 245 44
LR B A e 2T BUM VR 45 48 3 2R S 5 B B
S B DT (A A ke 2k A i ) o

HAT, K FEREAHS A i 250 B 1 55 N
IFi) 320 S5 A E AR AR A © 8k [ P Al 3 P 4 BF 5
RS, Gn v AR AL 2 B 5% A0 F1 5E [E Y Chahine
5% A BA A5 Y A2 B 58 K F B K S 3l A Rk
25 1) SR W R ECE I 5, BHIIE L 51 2% 31, A3 A
FI T YRCTET  P TE AAS [] 0 B RR  R SR A AR
22 A AP 1) ] A B A e o 3K S [ 1 R I
M55 35 R EAE N, LS AE AR 5%
S EH BT B S AR e B A A R A A
L@ N1 DG 1 I | 5 A Rk 1
RS B XK BRI AR M LB ey R R A T
TREMFR HEA ML, X TRE S AR
179 M R 45 ) R B A P 8 STRATS 8 1 4320 L

KT E R B Sh i B2 A 2 AF e i B
AHESE KARIY %1% L2 wh AR R Pk 1), 70 R A L 28
7] R 2 8 B — P A7 BR DT RN 30 B oo 45 7 L B A7
FEERPIR . Rk, A 308K SE 5843 B BRI BF
FEFIEUE R I 3X 345 2534 B N A0 6 T 3h
IR, DL R T i AR A R Y A
FEHE RS BUR B TE K T MR KE S R 45
S0 R S ST SR LR E (0 F R TS %

1 3R Hr

IR R K I TS R R A A o g B T
22— AR S0 A8y of ok 2 2 3T 45 s 1S BB A T

L I A A0 33T 2 ) 25 4 3 AR Sy 7 B Y
o FEART B IE b, AR 4548 1Y 5% 1 A 22 T
(4, 5 i B AN AT o) W AR (] B — R — 5
HR G T Xk AL 45 e 3 ol ™ B B8 Al o I T AL A
TEIL 7K T R AE sl B TR 2 AR 1, B
JEA 52 B 0 B, i SR LS KT R AR AL
FREIM G IR T, e, BEA 72 0 46 8% 11 1Y
PR AL B AFAEAE A OB, 107 EL 38 52 S A
R RIME T . IR R A O O S R Ak A
SRR E AR, TR A SE R A A g L K
S S5 b B A TR R AR R A R R
Leof S A s AR LRV Ty SRR o AR A [ AR X
IR H K S FE B A A AT T OIS, (H
14 R 1k, TS BA W IR R AR 4G
AAEAE B SCRRATS SR+ 23 0 DL o 5 T T i 257K
THRIERE 2, HAT, F NSNS R A
TEIK N AT S K A T 7 S 0000 45 A R 5 Y
3 Mt (Ramajeyathilagam %57, Rajendran 2, 5K &
SEL BRSEAEN) b G TR S K R R AR A K
SOOGS0 45 4 1) BB I A0, 6 T R M
B S o 9 T A A B T ) AN S8 R 0 A
HAE DT T 682 T SCHR RS R 3 5L

58T 5 7K T 3 K X FUR 4 45 g e R B8 1 ) 3=
SR 3R SR TS B AT S B Y .
T OK T 8 K S B 58 B AT IR, T R S
S AU o3 B B LI R AHAR A XU
BRI 0 A U 3 2R BR T3 3K T B KEAE T i B
FLIU 5 ¥4 4 0 1375 IR AIE S, B0 Wierzbicki 55l
Rajendran S TR T B8 B 5 T 2R TR 7 A K I B
B e EoE o LAk, bR T3 Plia 5 RE iy
U AR BUE ST C g R W Y A
K R HREER FE TRz (H I B £
(B 50 3 2002 A AR B 3 A9 Bl B
AUTODYN, LS-DYNA, MSC/DYTRAN Jz ABAQUS
SEA A BRITHAT: , 3 2l B 19 SRS VAR, B
T ik 5 A 57 0 FL T B A B T S A TSRS
ARMELRUE , 75 fff PR 3T 375 7K T 38 K RN, A7) 2 T i
ARK AR AES BE A . BUEBTFE 5 1% B AR AT DL ok
UE 7 K F BR M R BT T A — P IR R S
VF e R KBS E PG LR BUE AT 5T T
T 28] 3% ] PN DA R S Tl 7 T B9 B9F 5 BRI
Hh s E— 2D BT TAE

L1 SCURRFSE

SE AR KK S B A BRI A AN
EE, R EE R SR e LT R . [ 41



38 BOE M

SR M

911

W Z YT Rt L 7 K N ME SR SE g . H AL
K, DASE E AR R 10 45 i 2208 R 3R AT T R A0
MK HR KERIR S, He v, A0 465 O 37 4 il o HE S
¥ B, 7 HEESE R H AR TE 2 i
A, R AR G 11053 X0 T A 1) 4 1A% 0 iR 4T
TRE R A X EE B o Mg, A T
W AE T 37 KT 1 KE I 10 RN R A 28 =X 5 2005
A, 2 [ R H £ T A5 AR T — 8 AR A ) A 2 BRI
AT SRR AR B T 2 5 S 5 B 5 2008 4
I [l RN R K ) NI Vg 738 3o ff T S R S, kB Y
TE e B O A 3 3 1 fl B 0 B, 25 A A Y
DB B A2 7 A AR S R BB , A — S iy I
BLN LA AR AR 23 A W S H H T A A A ik
B HE S0 I 9E 28000 N F R AN T R R 1S
BRAR >, R Te vk 1 i BRI BFoE N 25 5 R .
AR, B ARG T S T — Se g e,
AR MESE S HEAT T 38 22 10 AR MO A5 76 R SIC i RB A S
5, U T — A B A LI A (H X Se S
M ST, S IR T 238 AT A X R A 45 A 1 ol e 4
JIT CAA S AR 30 32 422 M K T 8 K T %) S 36 0 5
D,

FE T IK R 0 1 S50 1 AR RN 22 e BiF AR
TEo6 SRl 5 5 DO AR SRR . IR AR,
it 5 ' DN B A I F, B ) R R A R
B LGN JE A S B, fEAS KT R K S g
KPR E] TR I ER T, 78 S50 a4 il s
W3 12547 R A A BLSE R AT, AL X6 7K T 5 K
SRR WA T RAFRY IR . SCE oY
R OGS IR SR AT A TR A K
TEE P A B BACAOH, HT I 2 A A Y B
SEAT R AR I AEARL , TR S 5 B 9 4R B R .
Klaseboer %5 "*/ 38 2 78 7K v #E 47 K T 4 KB 5256
OIC R T T AR H H 3 A5 i M BE T Y 3
JIAT R, S B AR B B T A I 7 A R Y
SRR, BT K T R E AR A T A (R Y AR

ALK . R TRNTER AE S R KR
T HR 9T T A 3 S H BT K T R E R
MR IORESINE S N = IR (NS g
Dadvand &5 15k B 18 45205k H HL AR S AR
LS P K 24 A WL I, T B T LB Y S T
AR R i B SO fE e . (B R
A FEL A S RO A0 A RUBE S8 /N T LS Y 7K
TREMEAM, 5 SRR T RERAAEE R KR
255t NI, Zhang 55 FE R FE R HEAT T HL KRR
LTI, DAE S5 SO RT3, S
&, HAT LS BLAOK R SR ME S S B g AL, B

L R RIE RS ML R — R

[ b 3 X0 ] ML B S5 Ky AT T 2 2
Sk T M B SE R SC R SE . Brew S5 i R
FHAN 24 B KT R 52 5, BP9 T O K o 0
SE (BN AR, 8 B S e i e, A T
L B H Pt W BRI K . Klaseboer 2510
7E Brett % 2 LR 2 1, LLCIIE B R A 1
Hy 5T 4R PS50 RS (6 )7 B BT 98 T K F
WRHE 0 5 K AR (AT AR FTRLBE . Brew 25
S FHH A B 52 5005 1 L BEIE T K F AR K A o
Hese 2 b RO U3 H i, E A0 B7 T L B, i
5 5 0 A T B0 B 0 o o 4
W,

AT K T AR B O AL AR 25 K 5 5 0
ML B 52 B BF [ P4 0 56 SC IR VAt e
Rk B8 5 5F J T AL AR B AR K o o 36 B B9
5 e R A5 55 0050 £ 2 R B FC R 4 95 A o g
K o 2449525 X A R A 0 R T 4 1
JEYK TR TF I T 90 S, B IR A8 I T 4 1 3
AR TR B A A 50 . B XA A
7 7 08 4 AT T K TR 9 0, 2SR 2
UL 55 4 5 77K T R B 37 7 Bl T i 3 1%
K R By T LUK R G . AR 4 T
TR K F IR R 2 AR B i 4 1 2
BB BFST 45 T 4 R BRI 5L IF A T
FCECM RN L TR T R B E B R
VI e BT XEIE 3K B R IR S S R A
TR T SeReBoe. Ak, 250 R B 5™ 3
RIS R A 1L KT AR I
B ORI BB EAT T IR ARSI BRSE . DAL
W92 2 05 5 F TR BLTIIFSC , T 45 56 0E 5 45 fl A
i A T 7 T 10 9 0 >, K F R M i
i, 7 A 1 i A 2 AR A
P L, o O (24 1 B 11 22 B SR
AL 5 AT VA9 L S T
KT 1 50 9 25 e FORT 5 g B8 05 0
FEUL 75 AT R A O

1.2 HLBHFSE

IR B e BB T T 32 DL AT B p A B
VERWFFEXS 4o TERIIBI R FoE AR, 2R
PG 9E 5 SR A I AR, A 0 7 s XREA B T
Xof TR FRLAST LI 5 10 T Ji L 48 78 N TE I AL BRI R AR

BEXS KR BRSO 3 ) S B Y o A IS A
RAZHIEEE (776 T o H7E 1859 4F, Besant'™
30 2 A A PR R il 3 S 3RO ok s i 7 v i



5513 Wk AE 58 45 /KT R T S O S A BB T 5 2ok 39

MR . FEMELRE I, Rayleigh™ 25 A& A 1 &8
SRR Ty 2 A5 3 1 3RO S0 Ik 2l 1 it B i
Al 25 ML) Rayleigh R . 7EHE S X —BG A o 2
LI T S S BRI B, A G
JE AN AT R A 0 AR A, SR A B o A AR T
iz s B o X TOK B AE A, 8 R AL
K, E5G s, o LU 8 T e o i £kl
A, R, 78 ooz 3l i rroRs P AR TR ) 2
NG AT L2200 s R, TR BR 25 AR B e /MR
FIA) AR R N B A, 76 B ) 38 88 J8 /N 1 K A 7
JIT ATE U5 1A o 399 PN e it 1A 7 A A T 4
AL AR . PR, S A Y I BT Y B 50 S5
F B A AL, (H X B X T K T AR AR
WEiE R, JF BB e T 82k i oo i ksk
fiff S Bl g 2 () B Al . B S ST A
VIEN-EITEI I 1Y RS NATE ) d S VY & ¥
ST SRR E O A RE A, 75 B B0 Y Rayleigh 15
R 3% F 36 B X S IR R R A0 Bk s A 1
JIAR I S A K . BEE B IRA L E &
SIS R R RUEE S, ¥ T AR
oy B, o il AR A Dk gl ad A v A 43 B
B EFRIE g, B TER RN X R
U S ) LA AR T g, AT ) 5 ) <
WK fE . il WSRO R T, % &
TSR ARG RS, Horb, e
AU & Wilkerson ' $ HY 19 <90 8l ) 2 B AY
Klaseboer Fil Khoo'“'{E Rayleigh J7 72 i 3£ 5l |, 5]
NI 2 Gl S ek IR G U BT T
B 7RETD L F T R DL K ) b RO
M35 3 BRI b, IR AU RE 3R Y A R kL i
BT I B R K S R R LA . XK R
8 M S I K 5 e B By T 0 2007, Geers Al
Hunter 45 th T FOBORT 8 104 30 0 20 Liu 55
i HREISHE S T IR T R AR Y
AR O 4R T B TE 1Y S0 K B 2 AT i
Ak

DL S 8h ) 2 BB B AR N e 4 D AR
BET AL, AR S g R B, 225 IR R 2 Wk sz
B REVE I JE] LA 13X b 55 T e 4 M= N AT 22
W) o AT A0 A A A 2 ol A 7 /MR BRL R 3
[r1] S8 S5 IR B L DA TG 3 B 2R S0 1Y) R B AR L (R
JVk 20 1 e R A2 R VK Bl e ) W (L2 YR DL/ )N L TG HE
SN 5 B 2 B R 7K T R K AU, X e
S W, L3R RIS A G e R Y 2 IR il A
B 7R A e/ AR BT I [ S0 R S Y bt
W o XF I, IS AT 2 E o AN R 0 2 R

o SR LI 3 TR e P 1 R e T e U Y
Keller—Herring 5 78 J2 4 36 J) Fl 3 AR AR 14 Ry 75
ST, JF R LR AL 0 U 3 7 B 3 i
TSR RSB B . Geers 55 [ AR LT
PR, FEBR AR B T RS T B A AR AU AT
W SRR RO AETE JIAE R B AP Y — ZE XL
BT 92, ISR KT 8 AU A R S5 6 40 X
kAT TAEIE 07 AR KT H K ik 3l 1 )
e I o N S P S I ¢ Y 3 T
Zhang 55 )\ =2k 20 J5 B A, TR I Sl A RS XL
W kA B T AR ECIR R sh ) i oo
BRI R S e RI Y & R 4F . Prosperetii
F Lezzi ™ W 38 o 76 3 A& /9 RS 5 B 51 A
RS OT S B B A3 A B T % R AT 4
S ! S 7iog | B 18 7o ¢ S 1. LG g £ R 3 7
Wang %5 @S, T 0] 48 AR P AR BRE R i2
i AT BUERR B B

283 N W 09 %5 A AE B IS O L, R
Wah il T REMIEL . JREDAE Y B H R
PR 9, TE 12 2 I S A A 3 A B
PE L ALRE % I8 BRE 500 25 BROE A K AR sk R iz 3h
S5 B X TR B I 2 S5 FVBUE AT Y 1 K e e
LB SR HE R A A R HESHVE I .
1.3 Bawrsd

V55 7K T K K ok B e T S LA RS TE (i
Ft RS AR I, X TR IR A i 0 Bk
Uk, B 28 00 22 Uk TR A, B8 40 B A U B AR
B AL TR R T I A B R A TR ME o BT DL, BB B
R 2B BB HR o 2R FH BB AR A0, 5 B8 70 T AH 45
B 5 TR B o3 A A Sl b A S AR N Y B
FAL
131 G e

T8 HE T g B8 1Y 21 R TT M Bl ) 2 RUE AR
R b BB AU A 0 g A Sy BRAECRN ] TR 4 . R
P B H 7 # 0 f [a] AR 03 5 320 SRR 03 O R 1Y) 5 (]
T8GRI R IR & Wi —hia% 9 H (MEL)
T3 ¥ 2 B ) W5 b B O U B — AT
TEIR N K X 2 e 0 5 R 5 1 A s A 2 M )
AR R TR R RO B RS E T . R
HURSIPIRE SV EIERT ETWNE S ox (N1 ve 2 i o A <L
B0 B R 3k 6 MEL 3% #F 47 e o
Lenoir ™' 22 {0 R 3% — F AR T T 5230 A i A
W R T A A BRE S B 3 S HF P . Blake A
Gibson ' HEAT T 25 T 0tk , JF 3158 T A e i b i
SRR BN SRR AR 5 IR A5 R & RAF R



40 - NV W

911

Y MEL 75 v Al L SR A 40 5 A 2 1k 19 < iz 3
7] 1 . Blake Fl Gibson ™ & 7 115 Kl ¥4 B [ B T
LB Bl I, 51T 38 A BR ) A ] 2D
R AR T e R R e R O =, R AR A
)20 K, A DR TR SR AR E 1R Y T4 T A 3 42
5 1 MELJT AR a 112 i ARG, Harris ™
FE A b, R e U5 s BT, T =48R
W03l Ty 2 AR TSR A A BRI [5EAT: B
W U 2 A 3 A AR . (B A AR O
rr DR 4O Al AN TR SO0 B i — 4R AR — A
D5 {8 R OO AR 3ok I 2 (1 [ DA TG 5
1k o XU, Zhang 55 VB T F N A O AL B
A, BITE AR 3 4 v i A8 B0 BT AT 5 01, T
TE [ % Hi 1 14 2 5 D) %F B ST 9E AT 4% 70 LA DR UE RO A%
[t R ES H il T TR RS A A i A v AN
OB T B B AR LA A . Wang %I
BEXTIX — AR G T 3 RS 52 R (Elastic mesh
techique) L RIS o5 22 18] 1Y 3% B B AR SR 1 “FT 7,
I 3 5 3 A A T A0 A D A DA ) A B
RE /N LA B AL A A o 33X —HOR i T H R R
PR G RSCR TRl T2 I T s 22 i A sl )
SE T e R AR T R B ) A Y
BERE M.

— ke B, AL T Y B R ) R A ARG
Pt 5 U f/ MARFRR ) L SR T, 72 L5 U
AR LLR AU DA BRI i S A Sy U S e, I
TR, i FOT BTk TR KRB
ME o NI, Best ™ 42 H T IR AL Wang 25
St T I PR Y X P B ] LA AR PR 37 H R
B AR [R) L, (EL AT & BOE b 3 =4 () L, T JS
DN LA B A I YL L AR SR T I
TSR Pl By pR BT B T RO S A A5 R A T
IR B Ay, e BRAE S0 IR T i it 6Bl RE2x
A A, R 5 1A W (EDR th O B
B, H S WG 5 S PHE TR DL I
ZH K THh, Zhang SR T 2RI
X PRAR U BRI R AEAT T AH GO SE , K BLER
AR B b 2 AR 7 Th ™ AR R R i TR X

BRI 2 Ah , 31 55T J5 vk b ] DL HA Rl T
A G, VISR By 5 2 i S 3 ) 2 m) . 45
Ui s Tan 557 2545 Level-set £ AR Fil i LT J7 ¥k 2k
TR SN T2, DL 01 5 38 1] f 5 Zhang
S5 VRN K AR AE 43 S0 SR DG W ORL T U A B g 2
(Smoothed Particle Hydrodynamics, SPH) FI{T & $ii
¥4 B H — KK $i (Arbitary Lagrange—FEuler, ALE) J7
AH BT M 250t g B B, OF I R e T vk

(Boundary Element Method , BEM ) 145 T J5 £2 (1<,
Wiz sl L, B R4 R 5 LS Ry & R
Klaseboer 25"/l Zhang 2573l 1K BEM 5 Rk
ARITRERF A TR 7K R B IE A 5 i
S EAE R . DL B R LR ek R
ARG R BB 7 (8 b 5 ALy 45 6 kR
fifk 52 2 1Y) ) 7L

B i1 BT T vk A SRR AR AR NS T
A B 22 50 46 5, IF 45 6 MACTE 7 XK R 4 1
LKl BT TBUE D LT T RS AR AL B T
A A A . Popinet 55 77R A BR AR
2 (FVM) SR A AN A i N=S 5 %, 5% F MAC ¥4
P& AL ST BB ST T ORGP XS KT R A R TR
AT BE TR A W E 7 A SR A R W o Terashima 557
K & PR 9 BT B 2R 75 (Explicit front—tracking
method) Hff #& Ui A& 5t , O & TR L
(Ghost—fluid method) && L 5 1h 4514 , B4 T ] &
45 Y M b b A AR B S YRR S KX R o Han
AR R T FVM AL (R BLRR £ (VOF) 1 JF
PEARAS , BUE AT T 2 O AR BAEH]

1.3.2 RS a R A ah )RR

KT e A B JH X 5 4 B8 A3 19 [ 2 Ao
B Sy — A B RO D7 1), RO R 5 R
TN R AR Bl U AR 28T 5 45 A o 7 22 ] ) A
HAEMRFR . BT WEZ MG X R AR
") RS A3 A H RME A2 A% o 7ESR 2k T3 B ie
Ji 5 S5 AE Y It TS S 7 T, A 2 A HE R 230 2
DAL 1 5 5 T b BRI 28548 B AR AT R THR . X
T [ 28 ST 0 b B 9 Ko A8 BT AR it R 2 A Ui
PR I35 50 A ik 2SR, Wang ™ 2 11 T —
TP &1 AR 3 7 VAR Th A s ST T R Y
it DR AR s X T AR B TR, T KN
S8 Ky e 07 =2 1) 7 AE LT R R8T, TRt 5 AR 4t
FIR) DA A4 T S 45 Ay 3 T 288 A 118 SR i AT BT X o AR
I EE X L3 1 2 A B 3k R 2 1 He R T K
B AL BN T 2 AR T 2200 T 235 4 1 A I
B, LR AR T R R A A BB R
YL B F Morrison J7 ¥, 1158 M8 M S T MHE 55 248 1<
A8 F0) T 32 7 R0, AN sk, 753y T 1) g e 3 2
OB E R BROE S 2 R R S
HI TAEY REAT RGBT, HZA T H
FH TR B B2 . Wilkerson'®! Fl Stettler*2 2% F 2%
JEEER T RN Y AL B ) A AL T T K R
AR RV FEE 235 A 1) IR G Bl R (HX SR ST Y R
TESS I 2R B T AT . X — B E A
T R IR SERIESE BA AR R 4 T S, i, 2=



13

Wk AE 58 45 /KT R T S O S A BB T 5 2ok 41

T4 Zhang F Zong™ K F AR AL 1 7 3 W 5T
T A R R E Bl P RIARIZ B LY . Zong
SRR Db T VR R A B I 9 M Y 43 b
TR AE K T B KR S BT T 1Y B AR 1 R
M S OR O 0 BUE T U7 % (DAA2) R
Morrison 5 8, 3155 7 45 ¥y ¥ 28 10 19 I A 2% 1er L 75
B 7 AT 2 R S PR T A ST AR 0 R 02 3l A Oy
LR Z AT A B A . R RIS
THEK N HEIE R 2y ol A AR R B AR 52 454
1 20 73 e 07 ok AR b SR A RS A T R AR B T
iR 7B L S B DO N2 -2 U N = R =R g
WA RAf . TR SRR TR e ok T
B, RN A3 158 A 7 25 4 AE S K Bl 1R ) e
A I o o 2 e 4 AR A SR R O o A
T G5 RS 8 I N 2 245 7 o A AR it TR 3R X 5
SRR SRR I B2 . X = e A S B RO AR
MR REIIIE Y T LS K N B S AR SR 4
BT I 0 Ak T 8 L e R g A 3 R T O A
B GA iR E [1),

Db B 5 34 R A 25 1) 3z 3 6 AR Bl 8K
NIRRT SEAT R, R AT LA 22 i AN X R
MBS SE I, T 56 4275 T8 [ HR A 1 <l )
22T W A /b | 2202 DI TR 6 VR AR 18 1 D Sk
FEF 5 0 B AR 5T

2 4 w8

FURI, Bt 5 7K b 52 45 1 & B IO S 388 30T 377K
T HBR A AL A AE T I O, A% 7 i [ Ok B 2
M T U 5 AT 3 7K T R K X O A 45 A ) B A
Mo B TR T 37K T R e Y S Ak D
2R FH S0 AR S 1) 7 3% AR Dol 2 A R FH S S 6 5
T, B KB B A . 7S AV E AT 5T D7 T,
AT 5 3 Jrg BIR T ARG BT B A R H{E 7 A =
TEAT B B HE T AT FROT R SR ARG 2
ARAEDRIAE . 22, BAR [ AN 2 T 50 2 3 1
XK SR IETT I T RIS (L AR
— SRR Z AL

1) EBF 5300 5 08 K XoF 45 4 ) B RIS, L i B
20 1R 2 SR o o KT A A Y BB R T SR
T K Bl e 3 A3 R I o ek 28y X AU A A UK AL A
A g EE A

2) FEBFFEAT YK TR, 5 25 8T
A B el e B4 O BT ER I IR R R
P ISt JEE A A S I, LA K ) LR 3 mT T A6  1
W, RIS S 3l 12447 I i — P R

3) ARG T I RS 2 ey

W RE R o ol PN 2 A 23 i WD B A T, B A
A GEREN T TULAE A ST B FE B 22 T8 ni s I
PG, WA X 7 T RBT ST, 22 JT R R SCHEk+
g3/ I

4) BLBY BEAE R TR A5 23 B i 550K T R A ) et
i, 22 XUSCRR IR 25 18 I P YR0ITT I JFE R 2 P 4
Fa B 301 800

5) AEBEFE T Gk T K K X 45 A 1) BB
I T A B SR ST S AN eI S
8RR 3 B0, 2R I 8 S O 28 Ay RS S 2
R L K X 235 4 1) S8 75 LA

6) A7 AT Hy K T H K A 1) SE IR A ST e 1)
Je il Pl e 0 R Bl ) SR S A R T
T B HE A P S BT 5E ,  5 J

BEXS DL _EAFAE R RN 2, LS B RIF5E AT
BEXTE K T K TR A BRI IR 55 1F R
4 ) s 2 L 235 A A I R LB el A T 1Y
UG 05 B B0, 2 7 BN 58 35 B K R B A
W05 S5 H BORR5 Bl ) s B S K R R M Y
RIS B BEIE 275 5 S Rb PR A R SCH

S % 30k

(1] AR, ALK T A3 K 0 AT B X 245 4 85 1 1K 6 4
FELD | IR M /R I TR K%, 2013,

[2] HSIAO C T,CHAHINE G L. Effect of a propeller and
gas diffusion on bubble nuclei distribution in a liquid
[J]. Journal of Hydrodynamics (Ser. B) ,2012,24(6) :
809-822.

[3] JIB,LUO X W,WU Y L, et al. Numerical analysis of
unsteady cavitating turbulent flow and shedding
horse—shoe vortex structure around a twisted hydrofoil
[J]. International Journal of Multiphase Flow, 2013,
51:33-43.

(4] ZE0b, Fhe s aK BT oK P b v S sh AR A 5T
[J]. 3241, 2014 ,63(18) :287-299.

LI Shuai, SUN Longquan, ZHANG Aman. Dynamic be-
havior of rising bubble[J].Acta Physica Sinica, 2014,
63(18):287-299.

(5] 220, SR BTi8 . b7 00 7E BE AL B9 30 Bk 45 4 T 50
[J]. P34, 2014, 63(5) : 256-262.

LI Shuai, ZHANG Aman. Study on a rising bubble
bouncing near a rigid boundary[J]. Acta Physica Sini-
ca,2014,63(5):256-262.

(6] Mg, 245 , SR BTiE . 56 T 3 s 1 T i
GRS TP EDTIEL) ). Y241, 2014, 63(5) -
263-272.

YE Yalong, LI Yanqging, ZHANG Aman. Study of

far—field pressure wavelet of air—gun bubble based on



42

toE M

AW

2

5t ENES

(11]

potential flow theory[]]. Acta Physica Sinica, 2014, 63
(5):263-272.
RAMAJEYATHILAGAM K, VENDHAN C P. Deforma-
tion and rupture of thin rectangular plates subjected to
underwater shock [J]. International Journal of Impact
Engineering,2004,30(6) :699-719.
RAJENDRAN R, NARASIMHAN K. Deformation and
fracture behaviour of plate specimens subjected to un-
derwater explosion—a review | J|. International Journal
of Impact Engineering,2006,32(12) :1945-1963.
SR, A BRI 55, A KT Bl R A R A B
B Bl 25 e N3 A ()], R GE 05 H2E 4T, 2007, 19(2)
257-260.
ZHANG Xin, WANG Shan, CHEN Zhenyong, et al. Re-
search on dynamic responses of stiffened—plate under
underwater osculatory explosion[J]. Journal of System
Simulation,2007,19(2) : 257-260.
Rt L 6 M, A8, 45 b i RN 00 280 B 5 4R 1T
I AR AT ()] 8 7 TR KA AR, 2011,
23(6):8-13.
CHEN Liang, SHU Xiong, ZHU Xi, et al. Plastic de-
formation of stiffened plate subjected to loading of
shock wave and bubble[ J]. Journal of Naval Universi-
ty of Engineering,2011,23(6) :8-13.
WIERZBICKI T, FATT M S H. Deformation and per-
foration of a circular membrane due to rigid projectile
impact[ M ]. Dynamic Response of Structures to High
Energy Excitation, 1991,225:73-83.
RAJENDRAN R, NARASIMHAN K. Damage predic-
tion of clamped circular plates subjected to contact
underwater explosion[]]. International Journal of Im-
pact Engineering,2001,25(4):373-386.
B TR VR, A5 UK R BB EUE T 5y
REERT]. AN T A% ,2007,29(4) : 48-52.
CHEN Yong, WANG Yu, SHEN Rongying, et al.
Overview on the numerical implementation of the un-
derwater explosion of ships [J]. Ship Engineering,
2007,29(4) :48-52.
TR, B R 4. W SR S ) A
CER (L o T R TR T o TR e
1990,43(5):70.
159 o O R = S N | = 3 S E O N
24 068 7K T AR AR e o PR s e g B [0 ). ik 3l
Hapd,2011,30(7) : 16-20.
CHEN Hui, LI Yujie, PAN Jianqiang, et al. Tests for
influence of different charges in UNDEX on shock en-
vironment of surface warships [J]. Journal of Vibra-
tion and Shock,2011,30(7):16-20.
KLASEBOER E,HUNG K C,WANG C, et al. Experi-
mental and numerical investigation of the dynamics of

an underwater explosion bubble near a resilient/rigid

[20]

[22]

structure[ J |. Journal of Fluid Mechanics, 2005, 537 :
387-413.

KRB, A, L, A5 KT B IR S e
MR A S L) ], iR JR I AR K422 4R, 2007, 28
(4): 365-368.

ZHU Xi, MU Jinlei, HONG Jiangbo, et al. Experimen-
tal study of characters of bubble impulsion induced
by underwater explosions[J]. Journal of Harbin Engi-
neering University,2007,28(4) :365-368.

TERR BRI, 21 7K g S ks IR 4 Y S5
KWrsE ()], BE S i, 2008,28(6) : 572-576.
WANG Bin,ZHANG Yuanping, WANG Yanping. Ex-
perimental study on bubble oscillation formed during
underwater explosions [J]. Explosion and Shock
Waves,2008,28(6) :572-576.

DADVAND A, DAWOODIAN M, KHOO B C, et al.
Spark—generated bubble collapse near or inside a cir-
cular aperture and the ensuing vortex ring and droplet
formation [ J]. Acta Mechanica Sinica, 2013,29(5) :
657-666.

sRBTE, TREE, FIRR A AN R R R O bk 3l
FRPESER T FEL) ). 127274, 2011,43(1) 1 71-83.
ZHANG Aman, WANG Shiping, BAI Zhaohong, et al.
Experimental study on bubble pulse features under
different circumstances | ]]. Chinese Journal of Theo-
retical and Applied Mechanics,2011,43(1):71-83.
ZHANG A M, CUI P,CUI J, et al. Experimental study
on bubble dynamics subject to buoyancy [J]. Journal
of Fluid Mechanics,2015,776:137-160.

BRETT J M, YIANNAKOPOULOS G , VAN Der
SCHAAF P J. Time-resolved measurement of the de-
formation of submerged cylinders subjected to loading
from a nearby explosion [J]. International Journal of
Impact Engineering,2000,24(9) : 875-890.

BRETT J M, YIANNAKOPOLOUS G. A study of ex-
plosive effects in close proximity to a submerged cylin-
der[J]. International Journal of Impact Engineering,
2008,35(4) :206-225.

WA R , I 5 . O A 3 i A e o o B 358 R0 O /K
TR ALK (1], AR IES %, 1993(2)
1-8.

KB, IR B, S AR A K 4
YEAEIT A a8 [0 ], b 3 M, 2003, 44(1)
46-52.

ZHU Xi, BAI Xuefei, HUANG Ruobo, et al. Crevasse
experiment research of plate membrance in vessels
subjected to underwater contact explosion [J]. Ship-
building of China,2003 ,44(1):46-52.

By, ok AR X S, A AR A0 B R A 4
Ha R R BT AR K IR AT ST (], B K 5 b ifi |, 2004, 24
(2):133-139.



Wk AE 58 45 /KT R T S O S A BB T 5 2ok 43

[29]

ZHU Xi, ZHANG Zhenhua, LIU Runquan, et al. Ex-
perimental study on the explosion resistance of cabin
near shipboard of surface warship subjected to under-
water contact explosion [J]. Explosion and Shock
Waves,2004,24(2) :133-139.

e TR, E . KT BB AT E T 2 )2
B 72 W A % 43 [T]. 38038 24 4, 2009, 21 (1)
1-4,18.

SHI Xinghua, ZHANG Jing, WANG Shan. Destroy
probability of multilayer plate—shell structure subject-
ed to underwater contact explosions [J]. Journal of
Ballistics,2009,21(1) :1-4,18.
TN, KA , T2 F. K R kO 5 KR 1 A
AR K S 4 (1], B KE 5w ik, 2011, 31
(3):250-255.

WANG Bin,ZHANG Yuanping, WANG Yanping. Wa-
ter jet phenomena induced by the interaction between
underwater explosion bubbles and water bottom
boundaries| J ]. Explosion and Shock Waves,2011,31
(3):250-255.

AV Skl SR IRIRE . RS K N ARKEVE R R B
PR R PERT ST (], 58 T2 42, 2012,33(5)
611-616.

LI Haitao, ZHANG Yongkun,ZHANG Zhenhai. Dam-
age characteristics of box-like beam as a bulk subject-
ed to underwater explosion in near—field[J]. Acta Ar-
mamentarii, 2012,33(5):611-616.

WA R, R 4 ER G5 AR SE K T R KE AR
R R R AT Y () ). PR TR AR AR,
2010,31(10):1278-1285.

HUANG Xiaoming, ZHU Xi, MU Jinlei, et al. Study
on the whipping response of a stiffened cylindrical
shell in an underwater explosion [J]. Journal of Har-
bin  Engineering University, 2010, 31 (10)
1278-1285.

KB ARGV A A KT I R AR TR
PR B 2 e R PE LD ). S M B4R L 2010, 24
(5):343-350.

ZHU Xi, LI Haitao, MU Jinlei, et al. Dynamic re-
sponse characteristics of ship—like beam subjected to
underwater explosion in near field [J]. Chinese Jour-
nal of High Pressure Physics,2010,24(5) :343-350.
B T, X, SRR TR 24 K PR S Y
3R (1) @ R P B g 4, 2011, 25 (3) -
235-241.

HUANG Chao, WANG Bin, LIU Cangli, et al. On the
shape evolution of underwater explosion bubbles by
cylindrical charges[J]. Chinese Journal of High Pres-
sure Physics,2011,25(3):235-241.
T, T, TR T A BRK B Ik 3 52 45 Uy i
WEFELI]). K252, 2008,31(3) :32-35.

[39]

[40]

[42]

WANG Bin, WANG Yanping, ZHANG Yuanping. A
method of studying bubble pulses in a confined water
areal J]. Chinese Journal of Explosives & Propellants,
2008,31(3):32-35.

TR, AR, Eh . RS S A h K IR AR
BBl Y BAAR, 2014,63(19) :231-240.
WANG Shushan, LI Mei, MA Feng. Dynamics of the
interaction between explosion bubble and free surface
[J]. Acta Physica Sinica, 2014,63(19) :231-240.
BESANT W H. Hydrostatics and hydrodynamics[ M .
London: Cambridge University Press, 1859.
RAYLEIGH L. On the pressure developed in a liquid
during the collapse of a spherical cavity [J]. Philo-
sophical Magazine, 1917,34:94-98.

PROSPERETTI A, LEZZI A. Bubble dynamics in a
compressible liquid. Part 1: first—order theory [J].
Journal of Fluid Mechanics, 1986, 168 :457-478.
LEZZI A, PROSPERETTI A. Bubble dynamics in a
compressible liquid. Part 2: second—order theory [J].
Journal of Fluid Mechanics, 1987, 185:289-321.
GILMORE F R. The growth or collapse of a spherical
bubble in a viscous compressible liquid [M]. Pasade-
na, CA: California Institute of Technology, 1952.
STOREY B D,SZERI A J. A reduced model of cavita-
tion physics for use in sonochemistry [J]. Proceedings
of the Royal Society of London A : Mathematical, Phys-
ical and Engineering Sciences, 2001, 457 (2011) :
1685-1700.

STOREY B D, SZERI A J. Water vapour, sonolumi-
nescence and sonochemistry [J].Proceedings of the
Royal Society of London A: Mathematical, Physical
and Engineering Sciences, 2000, 456 (1999)
1685-1709.

WILKERSON S. A boundary integral approach for
three—dimensional underwater explosion bubble dy-
namics[ R]. U.S. Army Ballistic Research Laboratory,
1992.

KLASEBOER E,KHOO B C. A modified Rayleigh -
Plesset model for a non-spherically symmetric oscil-
lating bubble with applications to boundary integral
methods[J ]. Engineering Analysis with Boundary Ele-
ments,2006,30(1):59-71.

GEERST L,HUNTER K S. An integrated wave—effects
model for an underwater explosion bubble [J]. The
Journal of the Acoustical Society of America, 2002,
111(4):1584-1601.

LIU Y L,ZHANG A M, TIAN Z L. Approximation of
underwater explosion bubble by singularities based
on BEM [J]. Ocean Engineering, 2014, 75 (1) .
46-52.

COLE R H. Underwater explosions[ M ]. Princeton ,



44 3 AN E5 I VD S [ 1 ENE
NJ, USA : Princeton University Press, 1948. 395-412.

[47] HERRING C. Theory of the pulsations of the gas bub- [61] ZHANG A M,WANG S P,HUANG C, et al. Influenc-
ble produced by an underwater explosion[ M ]. Colum- es of initial and boundary conditions on underwater
bia: Columbia University, Division of National De- explosion bubble dynamics [J]. European Journal of
fense Research, 1941. Mechanics—B/Fluids,2013,42:69-91.

[48] KELLER J B, KOLODNER I I. Damping of underwa- [62] HAN R,ZHANG A M, LI S. Three—dimensional nu-
ter explosion bubble oscillations [J]. Journal of Ap- merical simulation of crown spike due to coupling ef-
plied Physics,1956,27(10):1152-1161. fect between bubbles and free surface [J]. Chinese

[49] GEERS T L., PARK C K. Optimization of the G&H Physics B,2014,23(3) :369-381.
bubble model[J]. Shock and Vibration, 2005,12(1) : [63] NIBY,ZHANG A M,WANG Q X, et al. Experimen-
3-8. tal and numerical study on the growth and collapse of

[50] ZHANG A M, WANG S P, WU G X. Simulation of a bubble in a narrow tube[J]. Acta Mechanica Sini-
bubble motion in a compressible liquid based on the ca, 2012, 28(5): 1248-1260.
three dimensional wave equation [J]. Engineering (64] Xz, skBrie, Tapl, 4. 3L T3 ook =t
Analysis with Boundary Elements, 2013, 37 (9) : A VR AH BAEFWFSE (1], 3% 4, 2012,61(22)
1179-1188. 263-270.

[51] WANG Q X, BLAKE J R. Non-spherical bubble dy- LIU Yunlong, ZHANG Aman, WANG Shiping, et al.
namics in a compressible liquid. Part 1: travelling Research on interaction between bubble and surface
acoustic wave[J]. Journal of Fluid Mechanics, 2010, waves based on BEM[]]. Acta Physica Sinica, 2012,
659:191-224. 61(22):263-270.

[52] WANG Q X, BLAKE J R. Non-spherical bubble dy- [65] WANG C,KHOO B C. An indirect boundary element
namics in a compressible liquid. Part 2: acoustic method for three—dimensional explosion bubbles [J].
standing wave[ J]. Journal of Fluid Mechanics, 2011, Journal of Computational Physics, 2004, 194 (2) :
679:559-581. 451-480.

[53] WANG Q X. Non-spherical bubble dynamics of un- [66] BEST J P. The formation of toroidal bubbles upon the
derwater explosions in a compressible fluid[J]. Phys- collapse of transient cavities[J]. Journal of Fluid Me-
ics of Fluids ( 1994—presenl) ,2013,25(7):072104. chanics, 1993,251:79-107.

[54] LENOIR M. Calculnumérique de l'implosion d'un- [67] WANG Q X, YEO K S,KHOO B C, et al. Nonlinear
ebulle de cavitation au voisinage d'une paroi ou d'une interaction between gas bubble and free surface [J].
surface libre [J]. Journal de Mécanique, 1976 (5) : Computers & Fluids, 1996,25(7) : 607-628.
725-751. [68] ZHANG A M,LIU Y L. Improved three—dimensional

[55] BLAKE J R, GIBSON D C. Growth and collapse of a bubble dynamics model based on boundary element
vapour cavity near a free surface [ J]. Journal of Fluid method [ J]. Journal of Computational Physics, 2015,
Mechanics, 1981, 111:123-140. 294:208-223.

[56] BLAKE J R, GIBSON D C. Cavitation bubbles near [69] LIS,LIY B,ZHANG A M. Numerical analysis of the
boundaries [ J]. Annual Review of Fluid Mechanics, bubble jet impact on a rigid wall[J]. Applied Ocean
1987,19(1):99-123. Research,2015,50:227-236.

[57] HARRIS P J. A numerical model for determining the [70] ZHANG A M,LIS,CUI]J. Study on splitting of a toroi-
motion of a bubble close to a fixed rigid structure in a dal bubble near a rigid boundary[J]. Physics of Flu-
fluid [J]. International Journal for Numerical Methods ids (1994-present) ,2015,27(6):062102.
in Engineering, 1992,33(9): 1813-1822. [71] TAN K L, KHOO B C, WHITE J K. A level

[58] ZHANG Y L,YEO K S,KHOO B C, et al. 3D jet im- set—boundary element method for the simulation of un-
pact and toroidal bubbles[J]. Journal of Computation- derwater bubble dynamics[J]. SIAM Journal on Sci-
al Physics,2001,166(2):336-360. entific Computing,2008,30(2) :549-571.

[59] WANG C,KHOO B C, YEO K S. Elastic mesh tech- [72] ZHANG A M,YANG W S,HUANG C, et al. Numeri-
nique for 3D BIM simulation with an application to cal simulation of column charge underwater explosion
underwater explosion bubble dynamics [J]. Comput- based on SPH and BEM combination [J]. Computers
ers & Fluids,2003,32(9):1195-1212. & Fluids,2013,71:169-178.

[60] KLASEBOER E,KHOO B C,HUNG K C. Dynamics (73] kA, K35 50, ALE J7 27 s M 200 (BB 481 mp 149 1o )

of an oscillating bubble near a floating structure [J].

Journal of Fluids and Structures, 2005, 21 (4) .

[J]. 1% 211,2006,26(4) :639-642.
ZHANG Qi, ZHANG Ruojing. Numerical simulation



Wk AE 58 45 /KT R T S O S A BB T 5 2ok 45

[81]

(82]

(83]

of explosion using ALE method[J]. Chinese Quarterly
of Mechanics,2006,26(4) :639-642.

ZHANG A M, ZENG L Y, CHENG X D, et al. The
evaluation method of total damage to ship in underwa-
ter explosion[J]. Applied Ocean Research, 2011, 33
(4):240-251.

BRSO AR S, A BT IR BT K TR
A OB B R () R 5 ik
2013,32(23):32-37.

SU Yiran, TANG Wenyong, ZHENG Shaowen, et al.
A high efficiency Eulerian numerical method for the
simulation of underwater bubbles [J]. Journal of Vi-
bration and Shock,2013,32(23):32-37.

HAWKER N A, VENTIKOS Y. Interaction of a strong
shockwave with a gas bubble in a liquid medium: a

numerical study [J]. Journal of Fluid Mechanics,

2012,701:59-97.

POPINET S,ZALESKI S. Bubble collapse near a sol-
id boundary : a numerical study of the influence of vis-
cosity [J]. Journal of Fluid Mechanics, 2002, 464 :
137-163.

TERASHIMA H, TRYGGVASON G. A front-track-
ing/ghost—fluid method for fluid interfaces in com-
pressible flows[J]. Journal of Computational Physics,
2009,228(11):4012-4037.

HAN B,KOHLER K, JUNGNICKEL K, et al. Dynam-
ics of laser—induced bubble pairs[]]. Journal of Fluid
Mechanics,2015,771:706-742.

WANG Q X. Unstructured MEL modelling of nonlin-
ear unsteady ship waves[J]. Journal of Computational
Physics,2005,210(1) :368-385.

WILKERSON S A. Elastic whipping response of ships
to an underwater explosion loading[D]. Washington,
DC:George Washington University, 1985.

STETTLER J W. Damping mechanisms and their ef-
fects on the whipping response of a submerged subma-
rine subjected to an underwater explosion[ R]. Massa-
chusetts Institute of Technology, Department of Me-
chanical Engineering, 1995.

BRI RREE, AL E KN BRE R
i ARHEIRZ BT ] A, 2001,42(3) 1 1-7.

LI Yujie,ZHANG Xiaoci, WU Yousheng, et al. Whip-

ping response of ship hull induced by underwater ex-

[85]

[90]

plosion bubble [7]. Shipbuilding of China , 2001, 42
(3):1-7.

ZHANG N,ZONG Z. The effect of rigid—body motions
on the whipping response of a ship hull subjected to
an underwater bubble[ ] ]. Journal of Fluids and Struc-
tures, 2011,27(8):1326-1336.

ZONG Z. Dynamic plastic response of a submerged
free—free beam to an underwater gas bubble[J]. Acta-
Mechanica,2003,161(3/4):179-194.

ZONG Z. A hydroplastic analysis of a free — free beam
floating on water subjected to an underwater bubble
[J]. Journal of Fluids and Structures, 2005,20(3) :
359-372.

SR SRR K R K BT X AR B
WEgE[)]. hIE T, 2012,53(3) 1 28-39.
ZHANG Nu, ZONG Zhi. Global damage of ship hull
subjected to underwater explosion bubble loading[J].
Shipbuilding of China,2012,53(3):28-39.

HE, XM, A A K R kS T i
A5 T AL 58 B AR we S 0 AT (). AR g o7
2007,11(2):250-258.

DONG Hai, LIU Jianhu, WU Yousheng. Whipping re-

AR A

sponse analysis of slender stiffened cylindrical shell
subjected to underwater explosion with bubble pulse
[J]. Journal of Ship Mechanics, 2007, 11 (2) :
250-258.

AR, 2 L KT K IR A 5T 2 e 5l 2 ) S
BB [T, b0 B TR 2% 2 4, 2008, 28(8) :
659-662.

LI Jian, RONG Jili. Experimental and numerical in-
vestigations of dynamic response for cylindrical shell
subjected to underwater explosion [J]. Transactions of
Beijing Institute of Technology, 2008, 28 (8) :
659-662.

R, S, XY A RO R A X P i A 1R
Hn/n oy S 5 AL R O3 B [0 ). M 5 4R 3 £
2013,32(6):111-115.

WANG Hao, WANG Xianzhou, LIU Jun, et al. Dam-
age mechanism analysis of inner—stiffened cylindrical
shell subjected to underwater explosion bubble [1].
Noise and Vibration Control ,2013,32(6):111-115.
X e KT BRI S 5 2R i R A R T 5
[D]. AR : IR TR, 2014,





