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Fig. 1 Sketch of incision of the water column inside a toroidal bubble
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22 BELEREXW Lo

SCHR [5] AT T ISR R R SESS, A
TSGR, SIS S A SER KA R
25 9 m, 7K¥E 7 m, 35 g HexocirdF 25 7E/KiK M 3.5 m
Wb, FEE L TRCE R W 25 AKF U7 1] 0.7 mAk 22
T s AL s, it ol PL, S ANEA MG K B P2
P33 4E PLRIIE FJ7 0.7 mALFIE R 77 1.095 m
Ab. SHIHITLR I Z 0 N R ] 206 A 5K B sk A5

Pini = 1.39x 10°(W/Vini)? (32)

AP, WEOREZI TNT 244, Hexocire/EZ5 1 TNT 24
T LU KT 1 O1 ANEAR SO 7 RSk I TE b
XT G, SCEE Y L.
IAE KSR FE P REAS A B B4R [
\Y; 1/3
H+ 10)

Rn = 3.38( 33)

AR AR AT R R AR e B
eRY - R) = (0 -1RS - 1) (34)

Wil 4 Pros o SR S — A JE 5 A %1 T
J BT S A Bk s Ik D), 31X — ) B LA
BT YR S MOIRAR AR, SEaG P,
P2 Fl P3 L&A b 1) 5 KB K 7143 3ok 3.3 MPa,
2.2 MPa I 1.9 MPa; 3Ciik [5] H (v &AL 2 il &
3.1 MPa, 2.0 MPafll 1.8 MPa. A< 3 [ 548 43 51 My
3.39 MPa 2.18 MPafll 2.07 MPa, A% % 25 53 5l Ay:
2.7%, 0.9%F1 8.9%. Y34b, THH i i L L sk
AR /N, — 51 & i1 T Hexocire 248 /)t TNT W&
K, 3 RO EAE R /N, S TR R A R, BIE
JITELI P IR AL 7 75 2 — 2 I ), A s Akl 43 1)
AR REIR; e, nlReA 1% A 2% IS EE ]
ALY, BT LIS TE A 0 1 R ) (21,

3.5 i i -~ —— present model (point 1)~ ~ ; :

| | [—— present model (point 2) & | |

3.0 L L ! 5 e present model (point 3)<7- ! I

| | | & = E.klasebore (point 1)+ | |

25 | | _ i% + E.klasebore (point2) . . |

s ! ! I+ % + E.klasebore (point3) |« | I

& ‘ ‘ x4 -+ experimental (point 1)+ L@ ! ‘

% 20 | | | % o cxperimental (point 2) ‘ﬁ[i |
5 %% o experimental (point 3)*

2 151 --r- - Rty Spenmenta! (oint 3): 8 l

8 | | e | | | Iy ﬂ#\ |

2 | ! 5 ‘ ‘ ‘ D !

1.0 | | ] ] T q‘”\ AR E) T

M Y |

0.5 | | | o = h;j‘ \‘% |

0,_5,:;:::} u.,,n_w%“ ane® i | n |

75 76 77 78 79 80 81 82 83 84 85

t/ms
K 4 SEBHEN Rk E) Ky B
Fig. 4 Fluid pressure when bubble collasse

2.3 ARk Eh E AT R 1%

BFX) 100 kg TNT XEZ51E 200 m 7K 4 b kS 1 1)
TOL, XTSI T ENSECN e = 6109,6 =
0.112. FfE v, 40wl =0 BTy s K7 AR
T3 PE B IR IA T W T R AN 25N 3 A 4
AT B S A, oA PL, P2RIT P3 AT, JiAME
AR AN TR B A A Y W s A T

Wi 5 Fizsh PL, P21 P3 s il & i ab7e <
55 1 Uk B S AMATR IR AT S AR b i Rkt s B I
Bk, LRI t e (1.8,2.2) X—Fr B & T
PHER SR PR R S5 5 AR08 )1 2EAT
h. PLRALIE B fs K Hs 7124 3.706; P25 Abiks ZI )
5 KR 100 3.529; P3ri Abik B 1 5 Kk 4y 3.374.
I8 S AR AL 0 e ) 28 e R A B, JL—



538 Vi =2

2 EiCd 2014 4 55 46 &

e AL )3 Pag gy, i 86 AR
AN I, A IR 2 PL AT
T, BE B P2 P3 A, Wil 6 s RIS
DIERE 2k, SIS SR AMATRIN 2 EIF o R,
PR T AVRAE S ) TR, L
S BT SR I R R, T R A A SR AT
PR DX LR 2 E R S R4 R

457

35¢

Kl 5 3 I K2 — ANk L

Fig. 5 The first bubble pulse pressure of the three measuring point

0.7
0.6 1
057
04r
03r
027
0.11
0
—0.1

Zc

0 1 2 3 4 5
t
K6 ST Lk
Fig. 6 Time history of the bubble centroid

W 7 s SR AERT AN A (0 3)) ) 2447
UL R 3 T R 2 L SR t = 0.001 1 %
(B 7(a)), PRy T AN LA R ), Rk
T A A B B, A R R K 5 A AR 1) AR KB B,
W ARSI B, RIS A
TRFEERR H 75 t = 0.0 I %1 (B 7(b)), Wi s )y 3F
AN AT AOAR ) B B IR, T A2 — N 56 B S R R
4, A 8 W g T A AE I LA I K B B SR LA
I Z1, 5] AR A B R KT TR, T3 s g
BRI R, X T W I SRR A T R
LS B 5 D3R R AR A, AR SO Sl e DL e
il RE: OIS R B, Ui 37 B AR )

BRIFPF AN, AR ) 2 A R R TT K
W5, F g0 /N T, B T3OR, BT AR
RO PG FE N, 3 S T AR R, T vy
P AEF S TP A T S JaATN 8L/, B LA s AE
AIEAR )N B A T RE S G & . S AhE ET B
TR ERIR S T (i s T i X (8) #EAT e =
ST, e IR, B 2 TR AE T (O(r—) Wl LA,
SR LI, B A [ T B8 v 8RR W, 4
r BN, B2 IO g s O IR AR BCOR, B A
FEA AR I/ (R A vl e 2 L0 1 R 3. 7
t = 00252 Jm, MZHAT A WP B, R A
Il (HLZ 29 L I 2 A T /N T AR5 s
I, Wi sz s AR AR [ 3B W, ik 7(c) P, K
7(d) R AL T IR By, FOES E L] B ARERR
R, R A e L TR B, i HLGR T 5 ET R
J— AN X B 7(e) s A R A o T
I %, W UK BRI 2 A F Rl B T
AL ATARBR AR B, A A5 B AL ) U T P AN
733t 5 I Hh Lo BRI, BE SRR 1) A B
P2 TS ARERARIA S BN, 24 S it o I T
M2, A AR O, AERE b X
LR 5 REAT AR, R A PO Al L T A A
TR E A 12 A0 R AR AN NG
AR, 40P 7(F) P, kSR AT PRI 0 PR A0
HEATRERL, AESA A B R, A I ) BT, W
7(9), 7(n) T, Wil 7(h) s, FROR AL [E]
BB, P A UL R R M AR AN L AR WA, AR b
PR BRI #4045 R IEAT 8, 5 S
(RO P8 93 s e 55 120, af 45 I MOSUE T 48141
A2 P E A, QL 7 () B ARELHU IR ) 3
iz, Wl 7G)-7(1) 73 MR R TENZIK . T L
L PR AR AR,

M7 W] L, AR T, i s DO AR
P8, T AEFCIR B B, TR B 1 — MR WA vy
H DX, 3K Hh R R e I A B, ARSI
Ty b DR IE DR, A 55 Ay RE AT A, SRS A
IS, VN AR K. sl 9 45 T t = 2.06
I 21, FROIR A A e AN TR BEAL P s ) B3 L,
IR, RIS AR VR, S R
FESF I FRAN G BT R RE R B, P AAE R
P8 PRSI s R I — N P R B A, % R
SIS T WA, BIAE LR B T —
AN/ S X FAOIR A0 P S PR Y, RS



o4 28k S % SE IS AN 5 | IS R 539

YT T, SRR Rk B B K, 2 DI, 7
AT b 7 AN AR T B — MR B R X, AR
B R 1 < o P 1 = B ) A S R ] 2 5 R SN
e, WK 1045 T t = 4.07 W21, FORS0dh 2

T N NG
Goo—whuno

-1.0-050 0.5 1.0 ~1.0-050 0.5 1.0
(a) =0.001 (b)=0.1

—15 —1.5
-1.0-050 0.5 1.0 -1.0-050 0.5 1.0
(e) 1=2.035 (f) 1=2.037

5
-1.0-050 0.5 1.0 -1.0-050 0.5 1.0
()t=23 () t=2.83

AR R AR IR ) B, i F R R AE
S PN I 1, S T PR A S, R
A TS R P8 B AL A 7 A 1 e s DX, TR B A )
e s DU K, (HUZ X

1.0 0.55 1.0 11
0.5 045 o 9
0.35
0
0 7
05" 0.25 o5 y
10| 0.15 —1.0f 0t 5
—1.5 0.05 —1.5 :
-1.0-050 05 1.0 -1.0-050 05 1.0
(c) t=0.965 (d)1=1.982
22
18
14
10
6
5 —1.5L
-1.0-050 05 1.0 -1.0-050 0.5 1.0
(g) t=2.06 (h)yr=22
45
135
25
W15
5L - - —1.5
-1.0-050 0.5 1.0 -1.0-050 0.5 1.0
(k) t=4.04 1) 1=4.07

Bl 7 ) ) AT A LR R

Fig. 7 Dynamic behavior of the bubble and the fluid pressure & velocity around the bubble

—— t=0.025
16 —— ¢t=10.050
J 0
A8
41
ot
0

K 8 FidAEh e iy AR 1 3R AL 28

Fig. 8 The dynamic pressure along the bubble radius direction

10

P 9 t = 2.06 I ZI A2k AN Al BEAL K Hs 7 L5 i
Fig. 9 The pressure and velocity along the bubble axis direction at

t=206



540 i

4k

2 EiCd 2014 4 55 46 &

20 760

—10 . . . . . 0
—-15 —-10 —05 0 0.5 1.0 1.5

V4
K 10 t = 4.07 I 2RIk B A R AL s L

Fig. 10 The pressure and velocity along the bubble axis direction at

t=4.07

h T IR L 1 3 RN g B N ()
(KA AR, fn Pl 11 A 12 Frosgs i 700 1K
S, 4 ANANTR] I 200 P i 2 38 R R 0 A8 4 it 4%

WA 11 B, 28 s, Bl I TR 386,
SSPALIIT B 18 3] 1) g R S R T ek /S, AR Ak
U, PR b AR A K BU R, A e it
AN DRI R, ) AR SR BV, W

121
10

v © o & o o

215 —10 -05 0 0.5 1.0 15

11 AN Z R b3 R AR £ i 2
Fig. 11 The velocity along the bubble axis direction at foufedent

time

-1.5 —1.0

12 AAAN[RIIN Z Rk b A2ttt 2
Fig. 12 The pressure along the bubble axis direction at fdtereint

time

THLPSE S5 KABL IO N IR B AR bR AR S B T T, e
12 v R 2 s ) AR A T v, T AL g P DX O R
PN, — 7 T2 BT S R (R kS, oAb T
TR AL T [l B, A WS R
ARG I v TR AR AN B G, AR 2K

RSN T TR HRARALE T 10 A 5 R X LA &
T AL A, 70 2 AN LA TS T, A3
B2 T 2: 100 kKgTNTHEZSHE 100 mK IR AL ATk
T8 3: 100 kgTNTHEZ 71 50 m/KIRALEERE”, 43
IE A 2 5 LA ZI R R ARIIE R, LA
SN b IR e ) 0 8 B s 8 A7 1 AR A it 2%,
Wi 13~ K 18 k.

K13 HRgh i T 0 2 W AR S R T s sk R
3N 2L R R, FROIR A A () R 7K AT 32
A, bl b PRI E AR AN K, an Bl 15 B
. 2 X IR A R AEAE, i8] 16 P, fH 2
T AARRRAR R, A AR/, ffi4g il i s
JIVEAR B WA /), e A0 G 1) v s DXV SR A )

0.6
= 2.04
05
N 04y ¢ =2.02
03f \
1=1.996
02
0.1 - L

—-03 —-02 —0.1 O
’

13 L8 2 PR SRR A
Fig. 13 The shape of toroidal bubble in case 2

0.6 1=1968 ;=197 1=1.975
0.5
N 04
0.3
02 —6.2 —6.1 6 0:1 0'.2

7
14 TH 3B Sl
Fig. 14 The shape of toroidal bubble in case 3



28k S % SE IS AN 5 | IS R 541

S LT

“05 0 05 10 15
VA
15 T30 2 ek e AR fh i 2k

Fig. 15 The velocity along the bubble axis direction in case 2

15 —1.0

1401
1201
100
80r
60T
401
20T

91.5 —-1.0 —05 0 0.5 1.0 L5

_

16 T30 2 e b Dy AR et £

Fig. 16 The pressure along the bubble axis direction in case 2

~15 —'1.0 —6.5 6
VA
17 T3 3 ek s A fh i 2k

Fig. 17 The velocity along the bubble axis direction in case 3

Bl 142 i T 00 3 AN e 4R s
FEM) 34NN 2 R R B, FOIR AT ] R KR
TSRGBRTE, T Lol 0 37T 47 3 B I 1) 32 k),
K 17 o, il 18 FioR, iZ o0 B B A i X AE
3NN ZHS LB S, 1T HLBEA R AR S, A
TS R g BB T8 K, 24 i s DX PR R -1
%

FEFE T PP BAR T A SR ) AU, i T
AFHPERERL, Wi 0 RE R DR A T8, X T ARSI
2 )57 R, SRR B REMIFEE 22 23550k

701
— T=1.968
60 e 7=1.970

50f
40
30}
20t
T —

0 1 1 L 1 1 1
-15 —-10 =05 0 0.5 1.0 1.5

18 ¥l 3 thisk b Ik 4 fh 2k

Fig. 18 The pressure along the bubble axis direction in case 3

Eo = & f 022 ds (pikiE ) (35)
2 Sy on
= L f o2%4s + ZrqQ (WHETH 1) (36)
2Js, on "2
~ ) eV (Vo'
Ep = V(1- 6220 + = (1) (37)

3 (36) 11, Q it B FABRIR sk N AR T Sy P SR
FIv e, Wik 19 Fis.

Q= [ v.nds (38)

Sy

2045 T SIRHTIANIZ B A N I e R AR L
B 7 2, o B A ST T, AR R BE R L
MR EAE 0.09%LL I, SIESHALZ 5 MFRIRS38) J 2%
TR0 AT E B2, 55— AN T GRS
HOHY R BE B AR AL IR AE 0.89% LA, 55 AN E T )
PR S RE AR IR B AR 2% DL, X 248
TAEH AR A BB 25 3 R K IR e AR A, B2
ARSI FE 0B S F R AT R RS B, ety
RS 2 A A A IE BRI L 15 B

1t

S

Bl 19 MRAEIREE
Fig. 19 Sketch of a toroidal bubble



2 EiCd 2014 4 55 46 &

542 i ¥
6 ,
p .": R ‘e, :_.'" ","
5 4 \X hY H
*
af / :
>‘ ..". ,"; ------ Ek s,
%1) 3t R, Ep e
5 M Eoa AW AN N
[N AR FAR
20N SN P
\ : 1 ) z i
3 oo A
S S i 5\ / H
Y 4 " kY . 1
1 : ¢ i \ ! 4
\\ 1" ¥ \, "l ;
\ / H /
0 L v L ane?’ L

20 25 3.0 35 40
t

Kl 20 fig AR Py 22
Fig. 20 Time history of energy

XA E U, R I sl
S B2 AT RERHAE, M Wang 1323241 1 i
- BTSRRI, BRI IUZAE 0.3% JH Y]
W SR EE 0.0 LA, ERT R AP 2 i g R 45
ORI g 2 AR AL, i AR BRT s 4 0 FR) U 1
JERNE Sy its B DT,

34 8

ASLE T IHEOK T B IE SRS R KR ik 3)
At LA KT 5 URe PR B A DGR 8 205 BB AL 38 7
%, BRI AR 2 A R Rz gl #E DL R |k
Msn Ak, 3 5IRIGHT Lo AT, A SO i KA
(VSRR ZE 4 9% LA, [A] IR E (i 5 1 5 B i
M AEBEAT X FE AR SIrE 2 AT, &5 338 I A SO 3
EABE AR H A A v PR RS B2 5 A .l ok o 5 TR R,
EF X 100 kgTNTHEZG4E 200 m /K iR b i 15 1 T 1k
AT T UREATEAN ) A0 A, A T LRSS R, B KT
PRI 5 1 (R K B 28 Ar LA AT 5 iR PR 3R 1t
=

Q) EAEE P T B AR 277 AR
W8 ERILS, A GRS, AR ) IS,
SIS R P R T B A BRI ),

(2) 7E R RZ KB B, =i ] T 7K 5 s A [
AN IRIE B, W R IR AR A — A I
3, A AT RE LASE IS S PR AR A S MR R
BRPOT T 375 1) Hs 3 Ry 5 T o 77 AR SR )5, 6F
T A K,

(3) PRI PR S Ik JEE DR 9, = T
BT, SR R 0 B B K, 2 PR R I, LTI
Uity b 77 DA R AR B T 25 T R A v T X, AH LG
AR JECHS v R DX 5, TS v P DX PR DA TR, X3k

SN BERICIR AR S, WIPRAR R TR A
P8 14 vt s DX VR S AR K, HL P i s DX T
LI AN, BEAT PRI [ 38, e X T 7 e
(IERUSU TN TN M

2 % X M

1 Cole RH. Underwater Explosion. Princeton: Princeton University
Press, 1948

2 Geers TL. Residual potential and approximation methods for three
dimensional fluid-structure interaction problerdsurnal of Acous-
tical Society of Americal971, 49: 1505-1510

3 Geers TL. Doubly asympotic approximation for transient motions
of submerged structureg\coustical Society of Americd978, 64:
1500-1508

4 TR, K8, e, BIAESEAEK FEEAE R R HRRIZ s
SERCIFAY. W R TRE K 2% 2441k, 2010, 31(10):1278-1285 (Huang
Xiaoming, Zhu Xi, Mu Jinlei, et al. Study on the whipping response
of a stifened cylindrical shell in an underwater explosidournal
of Harbin Engineering University2010, 31(10):1278-1285 (in Chi-
nese))

5 Klaseboer E, Hung KC, Wang C, et al. Experimental and numeri-
cal investigation of the dynamics of an underwater explosion bubble
near a resilieritigid structure. Journal of Fluid Mechanics2005,
537: 387-413

6 Blake JR, Taib BB, Doherty G, Transient cavities near boundaries.
Part 1. Rigid boundandournal of Fluid Mechanicsl986, 170: 479

7 Li ZR, Sun L, Zong Z, et al. Some dynamical characteristics of a
non-spherical bubble in proximity to a free-surfadecta Mechan-
ica Sinica 2012, 61: 224702

8 Best JP. The formulation of toroidal bubbles upon collapse of tran-
sient cavitiesJournal of Fluid Mechanics1993, 251: 79-107

9 ZEMOR, EARAL, AR, WA SRR AR I HUE R,
Hh2e2# 4], 1997, 14(2): 1-6 (Cai Yuebin, Lu Chuanjing, He
Yousheng. Numerical simulation of the evolution of transient cav-
ities. Chinese Journal of Applied Mechanjck997, 14(2): 1-6 (in
Chinese))

10 Lee M, Klaseboer E, Khoo BC. On the boundary integral method
for the rebounding bubblelournal of Fluid Mechanics2007, 570:
407-429

11 Best JP. The rebound of toroidal bubbles. In: Blake JR, Boulton-
Stone JM, Thomas NH. eds. Bubble Dynamics and Interface Phe-
nomena. 1994: 405-412

12 Wang QX, Yeo KS, Khoo BC, et al. Nonlinear interaction between
gas bubble and free surfac€€omputational Fluids 1996, 25(7):
607-628

13 Wang QX, Blake JR. Non-spherical bubble dynamics in a compress-
ible liquid. Part 1. Travelling acoustic wavdournal of Fluid Me-
chanics 2010, 659: 191-224

14 Rayleigh JW. On the pressure developed in a liquid during the col-
lapse of a spherical cavitiPhilosophy Magazinel917, 34: 94-98

15 Zhang AM, Wang SP, Huang C, et al. Influences of initial and
boundary conditions on underwater explosion bubble dynargigs.
ropean Journal of MechanicsMuid. 2013, 42: 69-91

16 Zhang AM, Yang WS, Huang C, et al. Numerical simulation of



%4 AINEE: S S hIN 5 DR U R ) S 543

column charge underwater explosion based on sph and bem combi-  chanics 2011, 679: 559-581

nation. Computers and Fluid2013, 71: 169-178 24 Wang QX. Underwater explosion bubble dynamics in a compress-
17 Newman JN. Marine Hydrodynamics. London: MIT Press, 1977 ible liquid. Physics Fluids2013, 25: 072104
18 Wang QX, Yeo KS, Khoo BC, et al. Strong interaction between - N P YN " N
a bug gnc bubble and a free surfa(ﬁ]eoret?cal Computational 25 ST, AP, B ORI GRIURH . %
yancy P 274k, 2013, 45(6): 861-867 (Zhang Lingxin, Wen Zhongging, Shao

Fluid Dynamics 1996, 8: 73-88 . o . ! )
o . . N Xueming. Investigation of bubble-bubble interactiafieet durin
19 Wtil, BOCHE. ARANZESOR B A, J: [ T v g _ 9
the collapse of multi-bubble systei@hinese Journal of Theoretical

JL i1k, 2008 (Dai YS, Duan WY. Potential Flow Theory of Shi
Ak iifiit, 2008 (Dai YS, Duan WY. Potential Flow Theory of Ship 11 e Mechan013, 45(6): 861-867 (in Chinese))

Motions in Waves. Beijing: National Defense Industry Press, 2008) ) . )
26 hAcf, AL, KBTS, — B IR PI AR AR TR %82

20 Wu GX, Hu ZZ. Simulation of non-linear interactions between
SRS TR ez : - i
waves and floating bodies through a finite-element-based numerical PR, )4, 2014, 46(2): 224-233 (Shi Dongyan, Wang

tank. Proceeding of Royal Society 2004, 460: 2797—2817 Zhikai, Zhang Aman. A novel lattice boltzmann model simulating
21 Zhang AM, Ni BY, Song BY, et al. Numerical simulation of bubble gas-liquid two-phase flowChinese Journal of Theoretical and Ap-
breakup phenomena in a narrow flow fiel&pplied Mathematics plied Mechani 2014, 46(2): 224-233 (in Chinese))
and Mechanics2010, 31(4): 449-460 27 EFRF, PhLEE, KPS, A R4 RIS BUE B,
22 Zhang YL, Yeo KS, Khoo BC, et al. 3D jet impact and toroidal J174244R, 2012, 44(3): 513-519 (Wang Shiping, Sun Shili, Zhang
bubbles.Journal of Computational Physic2001, 166: 336 Aman, et al. Numerical simulation of bubble dynamics in compress-
23 Wang QX, Blake JR. Non-spherical bubble dynamics in a compress-  ible fluid. Chinese Journal of Theoretical and Applied Mechani
ible liquid. Part 2. Standing acoustic wavéournal of Fluid Me- 2012, 44(3): 513-519 (in Chinese))

(FEE%: &5 =)
(st 24 E)

NUMERICAL ANALYSIS ON THE VELOCITY AND PRESSURE FIELDS INDUCED BY
MULTI-OSCILLATIONS OF AN UNDERWATER EXPLOSION BUBBLE

Li Shuai Zhang Amafi Han Rui
(School of Shipbuilding Engineering, Harbin Engineering University, Hafs0001 Ching

Abstract The gas inside the underwater explosion bubble is assumed to undergo adiabatic expansion and compressio
The water flow induced is assumed to be inviscid, irrotational and incompressible, which is simulated based on potential
flow theory coupled with the boundary element method (BEM). Much attention was paid to the character of the pulsating
pressure and the flow velocity, and the related theory and numerical method were given in detail. The validity and
convergence of numerical model were confirmed by comparing the calculations with experimental and analytical results,
so our BEM codes were used to simulate underwater explosion bubbles ufiderdiconditions. During the expansion
phase of the bubble, the fluid pressure along the radius direction may first increase and then decrease. To simulat
the subsequent motion after the bubble jet impact, a vortex ring was put inside the bubble, thus the flow field could
be decomposed into two parts: an irrotational flow field and a vortex field. Besides, some numerical techniques were
adopted to handle the topology of the bubble which made it possible to simulate multi-oscillations of bubbles. It's noted
that there were two high-pressure regions formed around the top and the bottom of the toroidal bubble while its fast rise
proceeded. It can also be found that the top region had a greater peak value, while the bottom region covered a large
area. Meanwhile, the flow velocity in the jet direction accelerated inside the toroidal bubble, but decelerated rapidly near
the top of the bubble.

Key words underwater explosion bubbles, multi-oscillations of bubbles, bubble jetting, pressure and flow velocity fields,
boundary integral method
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