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Table 1 Dimensions and parameters of the double layered cylindrical model

Model No. Outer radius/mm Inner radius/mm Plate thickness/mm dy/mm dy/mm
1 70 45 5 10 6
2 70 45 5 20 6
3 70 45 5 30 6
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Fig. 4 Bubble pulsation process of the reference group experiment (Case 1)
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Table 2 Experimental cases for Model 1-Model 3

Model Case A Y

MI-1 0.2 0
M1-2 0.2 0.1
MI-3 0.2 0.2

1 MI1-4 0.2 0.3
MI-5 0.2 0.4
MI-6 0.2 0.6
MI1-7 0.2 0.8
M2-1 0.4 0
M2-2 0.4 0.1
M2-3 0.4 0.2

2 M2-4 0.4 0.3
M2-5 0.4 0.4
M2-6 0.4 0.6
M2-7 0.4 0.8
M3-1 0.6 0
M3-2 0.6 0.1
M3-3 0.6 0.2

3 M3-4 0.6 0.3
M3-5 0.6 0.4
M3-6 0.6 0.6
M3-7 0.6 0.8

S Y YA PIV SE56 I A4 vE A M, il i LS-DYNA X A t13% T Y5 3 S I AT AL, KT 4R
YEAM A B R AR
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Table 3 Material model and equation of state parameter of the explosive

TNT
60 cm

\(/ 30 cm

pol(kg-m™) De,/(m-s7™") pe;/GPa E,/GPa A/GPa B/GPa R, R, w

1630 6930 21.0 7.17 373.7 3.74 4.15 0.9 0.35

KA B EHI*MAT NULL #4815 £ f1*EOS_LINEAR POLYNOMIAL £ 30 20K 25 7 2 4t ikt
Pu=Co+ Cop+ Cop® + Capr> +(Cy + Csp + Cept’) Ec 5)
s po HIETT, Co~ Cg L, Ec KM SAAIAABIARE . BARSHURUA W3 4.
T4 KOMRERRRES RS

Table 4 Material model and equation of state parameter of water

,D(J/(kg . m_S) C()/GPa Cl /GPa Cz/GPa C3/GPa C4 C5 C(, EC
1010 101x 10~ 2.036 8.432 8014 04934 13937 0 205x10°

HT R0 T A2 AR, PRI F B8 1 Uk 3l Ja] 400 45 R ) A0 Wi 4 e B AT 0 A
55 3 2 MR O A B R WA R N 1A 6 i, 1B MO B R B AR . ALK S A T, A R W
I (v,) 3 D RS RO T (36 5), BT 45 R 5 SER 45 R i i RiIR 22 0 12.1%, YA S5 rp
KA PIV I 28 48 A4 00 12 45 SR A

38
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00-
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Fig. 6 Measurement results of maximum bubble contraction velocity of Case 3
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Table 5 Comparison between experimental and simulation results

dy T, Vo

Exp./cm Sim./cm Error/% Exp./ms Sim./ms Error/% Exp./(m's™) Sim./(m-s ™) Error/%
5.00 4.99 0.2 4.80 4.42 8.5 43.118 49.069 12.1

2 KWERKSH

21 EASEGTERERRE TN

EABEANT, AR P RBEAR R E EEE T T | ksl JM, 55 2. 3 4 Iksh A
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WS 1A Bkah A . A RS0 R SE g0 a5 e 6 MK 7 Bis . 55 14 S (8 b nhs 3
JE IR, P A 22 38 L BRI 1) 7= A, 50 2 AR T WEAE R AR R Bk Bl R T el . AR5 REE 1 4>
Wk W1E , AT N e, Fe 30 I 7 5 T BB BRI S T 0, TR AT TR K, P A
TWRBKSHIE S . EH BB, whils PR AR A R ik sh TR W AE A B Dy B9 3E KD
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Table 6 Experimental results of free field pressure measurement

Case Dy/cm Shock wave pressure/MPa Pressure of bubble secondary wave/MPa
F-1 4 0.573 7.692
F-2 5 0.454 5.818
F-3 6 0.372 4.772
F-4 7 0.291 3.798
F-5 8 0.261 2.482
10 6
Secondary wave pressure
8t St
41
6
< - 3 r
A
= =
g, B
2 | Shock wave pressure 1k
d \
N " 0 !\,
0 | N “"’[
72 1 1 1 1 1 1 I 1 I I I I
-6 -4 -2 0 2 4 6 —6 —4 -2 0 2 4 6
t/ms t/ms
(a) Case F-1 (b) Case F-2
6 5
st al
4 -
3 -
£ 3 s
2,1 s 2
S g
1 1
0 fn ok P fa ™ P
L |
- 4 2 0 2 4 6 6 4 2 o0 2 4 6
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(c) Case F-3 (d) Case F-4
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Fig. 7 Pressure-time history curves of different cases under free field conditions
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Table 7 Pressure experiment results of Model 2

Shock wave Pressure of secondary Pressure of triple Bubble jet
Case Di/cm b4
pressure/MPa wave/MPa wave/MPa load/MPa
M-1 1 0.2 0.594 3.575 1.025
M-2 2 0.4 0.466 2.085 1.297
M-3 3 0.6 0.381 6.325 2.338 0.404
M-4 4 0.8 0.284 7.317 3.032
M-5 5 1.0 0.267 2.332 0.372
. 9

009 —=— Model 2 —=— Model 2

0.60 —e— Free field 8 —eo— Free field

0.55 71

0.50

g £0r

0.45

0.40

035 4r

0.30 3r

025F . . . ) T . . . .

1 2 3 4 5 6 1 2 3 4 5 6

Detonation distance/cm

(a) Shock wave pressure change curves
with detonation distance

Detonation distance/cm

(b) Secondary wave pressure change curves
with detonation distance

(K18 B I AR 2 1 )RR X L
Fig. 8 Comparison of pressure-explosion distance curves between the free field and Model 2
& 9(a)~ K 9(b) FT7n, HERL 2w, 2y ky 0.2 1 0.4 B, St ik Bk sh /N A &0 R i —
URIEEARL R g, B I5 77 A 1 SO IR,  OUZ BRRE A BE TN 1 SR 8er o 4545 141 10 BTz i
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Fig. 9 Pressure-time history curves of Model 2 with different y
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Fig. 10 Bubble pulsation process of Model 2 with y = 0.2
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Fig. 11 Bubble pulsation process of Model 2 with y = 0.6
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Table 8 Bubble pulsation experiment results of Model 1

Case y Max'imum bubble Bubblé pulsation Jet direction Instan.taneous jet  Mean jet velocity/
diameter/cm period/ms velocity/(m-s™) (m-s™)

Mi1-1 0 4.50 4.0 Upward and downward 34.75 19.55

M1-2 0.1 4.95 4.5 Upward and downward 41.44 25.56

M1-3 0.2 5.08 4.9 Upward and downward 38.56 17.49
M1-4 03 4.95 5.0 Upward and downward 38.88 12.68

Ml1-5 04 5.02 5.1 Upward and downward 41.68 12.01

M1-6 0.6 5.01 5.0 Upward 24.51 7.85

MI-7 0.8 5.02 49

x99 RE2MSERKNEEER
Table 9 Bubble pulsation experiment results of Model 2

Case y Max'imum bubble Bubblé pulsation Jet direction Instanvtaneous jet  Mean jet velocity/
diameter/cm period/ms velocity/(m-s™) (m-s™)

M2-1 0 4.97 4.4 Upward and downward 44.74 25.08

M2-2 0.1 4.95 4.8 Upward and downward 42.18 23.03

M2-3 0.2 5.15 5.0 Upward and downward 4431 17.88

M2-4 03 5.05 4.9 Upward and downward 42.01 12.94

M2-5 04 5.00 4.7 Upward 40.13 10.42

M2-6 0.6 5.19 5.1 Upward 5.61

M2-7 0.8 5.00 5.0

R 10 HEBIWIBPKHLHLER
Table 10 Bubble pulsation experiment results of Model 3

Case y Max'imum bubble Bubble. pulsation Jet direction Instan.taneous jet Mean jet velocity/
diameter/cm period/ms velocity/(m-s™") (m-s™)

M3-1 0 5.37 4.8 Upward 4091 30.49

M3-2 0.1 4.90 49 Upward 43.17 26.92

M3-3 0.2 4.75 5.0 Upward 42.79 16.37
M3-4 0.3 5.01 5.0 Upward 46.51 17.69

M3-5 0.4 4.95 4.8 Upward 28.76 9.38

M3-6 0.6 4.98 49 Upward 2.88

M3-7 0.8 5.00 5.0

Fi 2 50y M 1 28RS TR O K Sh AR A B EE 2R Yy > 0.61F, XUZ BIFESS 0 <
Y VK Bl 04 52 W T /S, AL 1 UK S U R S R AR RS T 3 25 T B K S 38 A
R EAR . PEHUREEL 3(y = 0.6) /5 g SR T 8L 47 70 A7, S5 R ANIET 12 7 o 0 46 Bk 220 5 2258 A, "0
B2 IR, 2.5 ms N2 K 2 f K, 4.9 ms ISFISCAE 28 fe/)s, BilJS SHREAT Bk 3l, Uk ks JE 391 25
FEAIK, 9.5 ms B 77 A2 T[] b SR

My<O.A4, SETEES 1 Uk 2 A 1 ) 2 32 B 130 R BEASAE T, A 20 S e 9 A0 e A<
U, ANIEL 13 Fran o i P 32 B 1T ORI B S TR, B 10D, R AR B Y FR B . AR
B B AR A/, AR PN 1Y 3 Bl e/
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(a) 0 ms (b) 2.5 ms (c) 4.9 ms (d) 6.6 ms (€) 9.5 ms
Fl 12y =0.6 WIS 3 1)kt B
Fig. 12 Bubble pulsation process of Model 3 with y = 0.6

(a) Model 1 (b) Model 2 (¢) Model 3
B 13y =0.2 IARRIRREAIAE O BEE A kS 25
Fig. 13 Bubble pulsation patterns near different models with y =0.2
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Fig. 14 Bubble pulsation patterns near different models with y =0
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(a) Case M3-6 (b) Case M3-7
15 T M3-6 FI T30 M3-7 Sl SHn B A5
Fig. 15 Bubble jet pattern of Case M3-6 and Case M3-7
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Fig. 16 Jet velocities obtaied by PIV for several typical cases
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(a) Model 1 (b) Model 2 (c) Model 3
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Fig. 17 Bubble jet pattern near different models with y = 0.2
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Fig. 18 Conditions of jet formation near different models

3 4

FETF PIV B AN A7 B 100 0023 (5 A 235 40 B 300 At Jik 20 A0 ST 2 fer R PR JR T SE BRI, #R 5 T AR HE
SR S B0 00 ik s M R AE (52, A5 an R &538 .

(1) 7 T A0 R0 AT &5 K %o 7K A 0 v o e 0 L 0 () 52 i 858 /0N, = 88 5 i) 736 ik s s ) i
MM E T My=02, y =048, S0 KT AXT T A B dg T ok, B2 A T 58 Y
y=0.6, y = 0.81F, I R A I A T F B 13 ToL K, BAFFE =R 1 Xy = LOWE, K 1 4%
O E L S IR

(2) R IE Sy MU 1 S8R S W SO K S AR ST IR A 2 AN BB S8 Yy > 04 B, Stufiksh
FIEE 1A SIS A g KB My < 0.4 B, fksh 22 2088 13 B BARFE L, 7= A48 i o A e e <
WA AN My =0 B, SRANHA Bk sh 2 8 10 S 5AR 2 ; 244 = 0.6 B, RNV R K ER K
FH BB AM TR R KR EHAR; 24 A<0.2 I, S 4N 8K 32 203 160 BR 4 Kk, iR A< i e
KEAR/NT ARG R KR ER.

(3) SR HH PIV HoAR, B4R T AS ) B 200 A=t o Bl K A o 1) 338 38 2 o TR1, DO 45 2R [R] y 1 8023 I8 A i
1B 30T A9 I B o RS K B 3 3 38 24.51~46.51 m/s, V-3 7K 5 0 5 4 (2.88~30.49 my/s ) it 25 45 1 1 384 K
M/

064104-14



9538 & PMIEFHAE : JETPIVILI AT i U2 A 25 A4 BRI I 4 3 0 2R 55 6 4

(4) IS By e T RGP AR . My <0.6 BF, U015 I A 19 3 I BB A% 2] 35 XUZ B FE Y

BRE T, PABE 1T 32 21 S5 i T 0 B9S2 5 2y > 0.8 I, A 5 It TG vk 3 3K I3 R A BE T, T T80 U o

(5) My <04 W, B S HARE THHR BT o 24> 0.6 W, S K R 7 A ) B A5 4

A< 0.4 I, i LS i) T B SR, 0 2 e A R R , MM T AR SRR, Fe 20 i) b
BRI

S22 3

(1]

[10]

[11]

EE, HE, K57, S SO R G BT AE ARV IS [J]. Seaeik A LARAER, 2021, 42(12): 112-116.
WANG Y, LU X, ZHANG F F, et al. Damage effect of anti-submarine torpedo warhead on typical submarine targets [J].
Journal of Ordnance Equipment Engineering, 2021, 42(12): 112-116.

PR, TRBTIE, XS e, ST B RE S B2 0 D S5 RA AR (0], BRkE S b, 2020, 40(11): 111402

HE M, ZHANG A M, LIU Y L. Interaction of the underwater explosion bubbles and nearby double-layer structures with
circular holes [J]. Explosion and Shock Waves, 2020, 40(11): 111402.

SRR, G, KRB, G5 KR Bl 1 T By B A AZ N2 A6 0 P9 R R Ar R O BLFSE [J]. S5 T4, 2017, 38(1): 143-150.
WU L J, HOU H L, ZHU X, et al. Numerical simulation on inside load characteristics of broadside cabin of defensive structure
subjected to underwater contact explosion [J]. Acta Armamentarii, 2017, 38(1): 143—150.

Wk, WkRESE, TR, S5, KT 13 Kk T SUZ RS ik g iiF 52 (1. #ksh 5 vhifi, 2015, 34(2): 161-165, 186.
YANG D, YAO X L, ZHANG W, et al. Experimental on double bottom’s structural damage under underwater near-field and
contact explosions [J]. Journal of Vibration and Shock, 2015, 34(2): 161-165, 186.

IbR, WRAESE, INIE IR, A5 KT HEMMERKEAE T T SUZ AR ERES I BB R (7], J2 T 2241, 2021, 42(Suppl 1): 127-134.
SU B, YAO X L, SUN L Q, et al. Damage characteristics of double-layer stiffened shell subjected to underwater contact
explosion [J]. Acta Armamentarii, 2021, 42(Suppl 1): 127-134.

PN, XU, Bk, 45, KT KE GRS R e SO 25 S et e (D], AR RAE R, 2024, 46(1): 1-7.

SUN Y X, LIU X, CHEN Y W, et al. Research progress of underwater explosion bubble jet and its damage to structures [J].
Ship Science and Technology, 2024, 46(1): 1-7.

XSG, FEAE, F M, 55 NIPEAE IS SR B ETST. (1], & B4R, 2019, 33(5): 055104,

LIU J H, TANG T, WEI Z B, et al. Pressure characteristics of shallow water explosion near the rigid column [J]. Chinese
Journal of High Pressure Physics, 2019, 33(5): 055104.

Bk AE S, X SCHE, SRETTE, 45, KT BRNE S SO 5 B A e 2sid (3], h ERARIIFSE, 2016, 11(1): 36-45.

YAO X L, LIU W T, ZHANG A M, et al. Review of the research on underwater explosion bubbles and the corresponding
structural damage [J]. Chinese Journal of Ship Research, 2016, 11(1): 36-45.

QUAH E W, KARRI B, OHL S W, et al. Expansion and collapse of an initially off-centered bubble within a narrow gap and the
effect of a free surface [J]. International Journal of Multiphase Flow, 2018, 99: 62-72.

CHENY Y, YAO X L, CUI X W, et al. Experimental investigation of bubble dynamics near a double-layer plate with a circular
hole [J]. Ocean Engineering, 2021, 239: 109715.

WRA I, PN, TR KRR T AL SUZ ISR A A I B e (0], 52 T2 412, 2023, 44(3): 670-681.

CHENY W, SUN'Y X, WANG C. Damage characteristics of ship’s double bottom structure subjected to underwater explosion [J].
Acta Armamentarii, 2023, 44(3): 670—681.

064104-15


https://doi.org/10.11809/bqzbgcxb2021.12.016
https://doi.org/10.11809/bqzbgcxb2021.12.016
https://doi.org/10.11883/bzycj-2020-0110
https://doi.org/10.11883/bzycj-2020-0110
https://doi.org/10.3969/j.issn.1000-1093.2017.01.019
https://doi.org/10.3969/j.issn.1000-1093.2017.01.019
https://doi.org/10.13465/j.cnki.jvs.2015.02.028
https://doi.org/10.13465/j.cnki.jvs.2015.02.028
https://doi.org/10.3969/j.issn.1000-1093.2021.S1.016
https://doi.org/10.3969/j.issn.1000-1093.2021.S1.016
https://doi.org/10.3404/j.issn.1672-7649.2024.01.001
https://doi.org/10.3404/j.issn.1672-7649.2024.01.001
https://doi.org/10.11858/gywlxb.20180704
https://doi.org/10.11858/gywlxb.20180704
https://doi.org/10.11858/gywlxb.20180704
https://doi.org/10.3969/j.issn.1673-3185.2016.01.006
https://doi.org/10.3969/j.issn.1673-3185.2016.01.006
https://doi.org/10.1016/j.ijmultiphaseflow.2017.09.013
https://doi.org/10.1016/j.oceaneng.2021.109715
https://doi.org/10.12382/bgxb.2022.0390
https://doi.org/10.12382/bgxb.2022.0390

55 38 & PMIEFHAE : JETPIVILI AT i U2 A 25 A4 BRI I 4 3 0 2R 55 6 4

Bubble Dynamics Characteristics Near Double-Layer Cylindrical Structures
with a Hole Based on PIV Experiments

SUN Yuanxiang, QIN Jiahong, CHEN Yanwu, WANG Cheng
(State Key Laboratory of Explosion Science and Safety Protection, Beijing Institute of Technology, Beijing 100081, China)

Abstract: After the outer shell of the double-shell submarine is damaged by the near-field underwater
explosion shock wave, the subsequent bubble pulsation and jet load will continue to cause serious damage to
the inner shell of the submarine. Therefore, it is of great significance to study the characteristics of bubble
pulsation and bubble load near the hole. Based on the double-shell submarine structure damaged by the
shock wave, a double-layer cylindrical structure model with a prefabricated circular hole is made. Using an
electric spark device as the bubble generator, the interaction experiments between bubbles and double-layer
cylindrical structure with a hole under different explosion distance parameters (the ratio of explosion
distance to the maximum diameter of bubbles) and different hole parameters (the ratio of hole diameter to the
maximum diameter of bubbles) are carried out. A high-speed camera is used to capture the bubble pulsation
and jet formation process near the double-layer cylindrical structure. The particle image velocimetry
technology is used to test the velocity of the explosion flow field to obtain the jet velocity after the bubble
collapse. At the same time, a pressure sensor is used to measure the pressure load on the inner cylindrical
shell wall. The experimental results show that the detonation distance parameters determine the form of
pressure load on the inner wall, whether effective jet is generated after the bubble collapse, and the jet
velocity. When the detonation distance parameters are within a certain range, the hole parameters will affect
the bubble pulsation and the direction of the water jet generated after the bubble collapse.

Keywords: underwater explosion; bubble pulsation; bubble jet; particle image velocimetry technology
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