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Figure 1 (Color online) Schematic diagram of the test system.
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Table 1 Test conditions and scale factor

55 KAAR R, 2 HO)TE VA A5 B B8 & A2 7K AT,
ARIGIEFR0.7, 0.8, 1, 13VURPFEARLL, 40 HT H XK
TR B AR LB 5 pE R R h B ) AT
P, ARSCHE T HOE EIRAFEE R LU R0 T, XM
FIEEd 7 7 N1S, 17.5, 20, 28 cm, AHM ) FE 4% B 4331
°~0.714, 0.833, 0.952, 1.333. R 144 H 7 BEARKRL: T
L, Ferbd=28 em 3 R AREE 5 AW 2 5 im i, X 2 A
KNI B A IEN R, FEER T
AN, I bREERRGE, AT B AR R A
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3 1.5
44.1x[g], 6<r<12,
P= 7 (@))
52.4x[7W] . 12 < < 240,

Horb, Py PRI, WRNEZSE, r=d/R,, dN

Fre ##E6d (m) ¥ 11580 PEfE ey eI R Fop ST MBI
1 0.15 0.146 0.714 0.104 &
2 0.15 0.146 0.714 0.104 5
3 0.175 0.143 0.833 0.119 i
4 0.175 0.143 0.833 0.119 P
5 0.2 0.143 0.952 0.136 P
6 0.2 0.143 0.952 0.136 i
7 0.2 0.143 0.952 0.136 #
8 0.28 0.142 1.333 0.189 i
9 0.28 0.142 1.333 0.189 i
10 0.28 0.142 1333 0.189 &
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Table 2 Comparison of underwater sensor data and empirical formula
calculation results

e BRI B M IE S (MPa)
(cm) RIE  2%RAX BE %)
1 70.18 7.64 8.19 6.72
2 70.18 7.49 8.19 8.55
3 70.04 7.72 8.20 5.85
4 70.04 7.79 8.20 5.00
5 70.00 7.81 8.21 4.87
6 70.00 7.77 8.21 5.36
7 70.00 791 8.21 3.65
8 70.46 7.54 8.15 7.49
9 70.46 7.61 8.15 6.63
10 70.46 7.58 8.15 6.99
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Table 3 Comparison of the bubble pulse period and the maximum radius with calculation results of empirical formula

SAHKBHE B (ms)

FIREARECR R (m)

5= K (m) - -
RS E ZE A RZE (%) RIE AL /NG RZE (%)
1 0.15 39.53 41.51 4.78 0.218 0.219 0.555
2 0.15 39.64 41.51 4.52 0.218 0.219 0.555
3 0.175 39.47 41.43 4.73 0.217 0.219 0.913
4 0.175 39.11 41.43 5.60 0.216 0.219 1.39
5 0.2 39.21 41.35 5.16 0.214 0.219 2.30
6 0.2 39.17 41.35 5.26 0.216 0.219 1.39
7 0.2 39.22 41.35 5.15 0.216 0.219 1.39
8 0.28 39.12 41.08 4.76 0.210 0.218 3.88
9 0.28 39.05 41.08 4.93 0.213 0.218 2.50
10 0.28 39.14 41.08 4.72 0.212 0.218 2.96
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Figure 2 (Color online) The evolution process of bubble jet when d=28 cm. (a) =0.00 ms; (b) =10.00 ms; (c) =19.69 ms; (d) =35.00 ms; (e) =
40.00 ms; (f) =40.94 ms; (g) =43.75 ms; (h) =49.06 ms; (i) =60.25 ms; (j) =61.30 ms; (k) =65.25 ms; (1) =67.19 ms; (m) =70.25 ms; (n) =
75.30 ms; (0) +=80.00 ms.

B 3 (MEHER) d=15 e SIS E AL L. () £0.00 ms; (b) =19.06 ms; (c) =33.75 ms; (d) =39.06 ms; (¢) =39.69 ms;
(f) =41.9 ms; (g) =42.5 ms; (h) =44.1 ms; (i) =45.0 ms; (j) =46.6 ms

Figure 3 (Color online) The evolution process of bubble jet when d=15 cm. (a) =0.00 ms; (b) =19.06 ms; (c¢) =33.75 ms; (d) =39.06 ms; (e) =
39.69 ms; (f) =41.9 ms; (g) =42.5 ms; (h) =44.1 ms; (i) =45.0 ms; (j) =46.6 ms.
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Figure 4 (Color online) Pressure time history curve measured by the sensor when ¢=15 cm. (a) Data from the wall pressure sensors; (b) data from

underwater sensors; (c) the first jet; (d) the second jet; (e) the third jet.
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Figure 5 (Color online) Pressure time history curve measured by the sensor when d=17.5 cm. (a) Data from the wall pressure sensors; (b) data from
underwater sensors; (c) the first jet; (d) the second jet; (e) the third jet.
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Table 4 The time when the load peak appears in the three tests

PR BEAI AT G LR 1] (ms)
BB (em) Ay R 52 53
15 39 42 44.1 46.5
17.5 39 40 433 45.5
20 39 40 40.8 41.7

F 5 = URES A B R A IE AR F A 1A

Table 5 Positive pressure action time of the bubble load and the jet
load in the three tests

PR EAIR IR K (us)
BEES (om)  smigd SR 2 3
15 - 27 25 17
17.5 35 25 10 10
20 50 7 15 4
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Figure 6 (Color online) Pressure time history curve measured by the sensor when ¢=20 cm. (a) Data from the wall pressure sensors; (b) data from
underwater sensors; (c) the first jet; (d) the second jet; (e) the third jet.
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Table 6 Peak pressure of the jets

4%
‘ SERIEEE /7 (MPa) 5 &g
FROIREE (cm) - ) .
il 2 i3 N T BRIUL K TR R, A3
15 14.94 2391 15.50 TFIE 72.5 g TNTYEARMREE [ S 7 bR K R %
17:3 15.68 947 4.64 YERHIRT, 193 7 MIEZG IR B K S T T 4 o A
20 190 416 218 [ 7B B 2 S o o A A%, S 3o 8 Rt AR
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Figure 7 (Color online) Peak comparison of three jets.

301 g
—=—d=15cm 25 —=— 5 1
—e—d=17.5cm —— B2
—&— d=20 cm —— 593
204 e SPIE
20
© T
o g
g L 15
R R
tH tH 10
104
5
0 - . 0 T T T T T T
1 3 15 16 17 18 19 20

2
5DRPS 1855 (om)

B8 (148 R B EE 5 5 UL R R 6 R

Figure 8 (Color online) Relationship between the explosion distance
and the jet peak.

Al 00T BRI H 15 HH LR 4.

(1) 4 7 S0 UE SR B rIAERA I, K256 o it 5
(LRI AR TR A5 R B 2E A7 0] B, S5 5RRH, KR
A TR A% T A5 1 o iy POV A 5 22 96 O SRR ZEAE 10% LA
W, HF O W ZEAE3% AP, ks & 1 A ek
RERE N RAZE AT RSR, IRZEE6%
PLPY, X2 BRUAFEA BRI G K ik 3h 2 52 2100 4
BET S S B e sz, S BURKED A AT

SEBRAIERIL R, BIEA20, 175515 cmi, EE
JEAE AR MR T 3SR

(3) ASIRIEREE T IUAZ [ K S 7 i A2 il 2% R,
PEFE 1S em B =X SHRLE 150 9008 14.94, 23.91,
15.50 MPa; JEEEN17.5 cmN = RS E 1150 51N
15.68, 9.47, 4.64 MPa; #FE N20 cmb = 5 &
J143 512H1.90, 4.16, 2.18 MPa, 5% /70648 B K e
ﬁ%ﬂ?ﬂ!ﬂ%?ﬂzm%fﬁﬂﬁm L SR 2y e A A S

ﬁ%ﬁﬁﬁiﬂ(%ﬁﬁéﬁﬁﬂ’ﬂ@T%&Ej?ﬁ?ﬁzﬁﬂ@% RIS
R BN, B N28 emiF), dEid

LB

1

JE2 1 B3 R 42 RGN T EE S 1.
%tﬂjiilﬁ%ﬁ?ﬁmﬁxﬁﬁﬁ.

BRI BN . B — IR ARLTE 5 — IR ik B g
EHE1- 3msFtlem, RS B AR
=R B IR 1) 5] B AE0.9—2.4 mis. SR AR AT 4 I
KAE4-27 ps, FL SRR B [ o6 5 o PE 4 38 n i K
MRk /).

gi bRk, WL
(2) AP BE T A% A A ol B AR AT 1 K 24578

AR E B 10

Zhang Z H, Wang Y. “Blade effect” on the overall damage of hull girder caused by near field undex shock wave (in Chinese). Sci Sin Phys Mech

Astron, 2015, 45: 67-80 [JKIRH, L. ITHEAKREM BN A A S S RSB 07 (1< TR RN, P IR 27 MBS D)2 RIL%#, 2015, 45: 67-80]

He X Y, LuJ, Zhang S Y, et al. Research status and enlightenment of foreign torpedoes (in Chinese). Digital Ocean Underwater Warfare, 2020, 3:

87-93 [ftathy, f%E, ST, 4. EAMA IR 55 7R. Bl 5K T 2B, 2020, 3: 87-93]

Jin D Q, Wang C, Yu F. A review of underwater supercavitating projectiles (in Chinese). Winged Missile, 2010, 7: 19-23 [4: K#r, THE, K. /K
AL AT LA LT, 2010, 7: 19-23]

WeilF, Jin Z Y, Xie X, et al. Development and enlightenment of bottom mine (in Chinese). J Ordnance Equipm Eng, 2017, 38: 22-25 [Z8 4k %,

&%, WEE, & FEANURFERE RN K BRER. K& TR, 2017, 38: 22-25)

Wang X J. The apphcatlon of mine stealth technology in anti-sweeping and anti-hunting (in Chinese). Mine Warfare Ship Protect, 2013, 21: 59—

62 [E45 7. [a B BORFERE BTSSP IR . /K i S AAERG 17, 2013, 21: 59-62]

Sun Y X, Tian J H. Review of near-field underwater explosion load and ship structure dynamic response (in Chinese). Ship Sci Tech, 2019, 41: 1-

8 [PMEF, MR %, IEIK IR BAT S G A B &S R T 4R1R. MUMRL AR, 2019, 41: 1-8]

124611-9


https://doi.org/10.1360/SSPMA2014-00462
https://doi.org/10.1360/SSPMA2014-00462

AR, hEREE B Y RO 2021 0 H 51 B 12 MY

12
13
14

15

20

21

22

23

24

25

26

27

28
29

Cole R H. Underwater Explosion. New Jersey: Princeton University Press, 1948. 118-127

Zamyshlyaev B V, Yakovlev Y S. Dynamic Loads in Underwater Explosion. Technical Report. AD-757183. 1972. 86-120

Shima A, Tomita Y, Gibson D C, et al. The growth and collapse of cavitation bubbles near composite surfaces. J Fluid Mech, 1989, 203: 199-214
Temperlev H N V, Craig J. Calculation from thermodynamical and hydrodynamical considerations of underwater shock-waves for spherical
charges. Compend Underwater Explos Res, 1950, 3: 347-373

Brinkley S R, Kirkwood J G. Theory of the shock wave produced by an underwater explosion. Compend Underwater Explos Res, 1950, 3: 383—
497

Friedman B. Theory of underwater explosion bubbles. Compend Underwater Explos Res, 1950, 3: 177-199

Bryant A R. The behavior of an underwater explosion bubble. Compend Underwater Explos Res, 1950, 3: 163-183

Naude C F, Ellis A T. On the mechanism of cavitation damage by nonhemispherical cavities collapsing in contact with a solid boundary. J Basic
Eng, 1961, 83: 648-656

Shutler N D, Mesler R B. A photographic study of the dynamics and damage capabilities of bubbles collapsing near solid boundaries. J Basic
Eng, 1965, 87: 511-517

Benjamin T B, Ellis AT. A discussion on deformation of solids by the impact of liquids, and its relation to rain damage in aircraft and missiles, to
blade erosion in steam turbines, and to cavitation erosion—The collapse of cavitation bubbles and the pressures thereby produced against solid
boundaries. Phil Trans R Soc Lond A, 1966, 260: 221-240

Chahine G L, Frederick G S, Lambrecht C J, et al. Spark-generated bubbles as laboratory-scale models of underwater explosions and their use for
validation of simulation tools. In: SAVIAC Proceedings of the 66th Shock and Vibrations Symposium. Biloxi, 1995, 2: 265-276

Wu C. Experimental Research on Dynamic Characteristics of Underwater Bubble near Ship Side and Complicated Boundaries (in Chinese).
Dissertation for Doctoral Degree. Harbin: Harbin Engineering University, 2012 [ 52, JZM X AS R4 AEL F 2644 T K T SIE 3D SRR I8 0F
Fo. BB AIR 0. WG RIE: MR LRER S, 2012]

Wang S P, Cheng X D, Zhang A M, et al. Tests for interaction of underwater bubbles and a ship bulbous bow (in Chinese). J Vib Shock, 2012, 31:
96-100, 162 [E 11, FEBEIA, 5KETIE, &5, I SEREAE LA AR RBRT A, JR3h 5k, 2012, 31: 96-100, 162]

Li S, Zhang A M. Study on a rising bubble bouncing near a rigid boundary (in Chinese). Acta Phys Sin, 2014, 63: 266-272 [Z=ifi, FKFi8. 7%
AT RETH AL (SRR P A, MBI, 2014, 63: 266-272]

Zong S G, Wang J A, Liu T, et al. Characteristics of explosion bubbles generated by laser induced breakdown in liquids (in Chinese). Exp Shock
Waves, 2011, 31: 641-646 [186, FIT%, Xk, 55, BWOLRAES AR MEEURRHE. BES b, 2011, 31: 641-646]

Wang S S, Li M, Ma F. Dynamics of the interaction between explosion bubble and free surface (in Chinese). Acta Phys Sin, 2014, 63: 239-248
(AL, 2o, Dyl FRAESURS B diyK T AH BAE A 3) 7150 7. PB4k, 2014, 63: 239-248]

Mou J L, Zhu X, Huang X M, et al. Experimental study of jets formed by bubbles from underwater explosion (in Chinese). J Harbin Eng Univ,
2010, 31: 154-158 [B4:4%, K8, WY, . KN BRIESIEH R IR 7. 18 /RIE TR KSR, 2010, 31: 154-158]

Wang H K, Liu J H, Mao H B, et al. Photoelectric combined measurements of underwater explosion bubble and jet (in Chinese). Protect Eng,
2015, 4: 36-42 [EifgIh, X, B, . K FERIESM BRI G B EIIE AT 5T, B AL, 2015, 4: 36-42]

Wang B, Tan D W. Water jet phenomenon caused by underwater explosions (in Chinese). J Harbin Eng Univ, 2010, 31: 42-46 [VExf, 2 2. /K
FPERNE TR KRB R B R IS WA, e /RVE LR 24224, 2010, 31: 42-46]

Wang B, Wang Y P, Zhang Y P. A method of studying bubble pulses in a confined water area (in Chinese). Chin J Exp Propell, 2008, 31: 32-35
[, EEF, @ F. A BRAKBRSIEI SS90 7 5T, KIEZ 223K, 2008, 31: 32-35]

Wang J, Meng L P, Wu X X, et al. Experimental study on underwater explosion jet flow at the bottom of floating structure on water (in Chinese).
In: China Shipbuilding Engineering Society Ship Mechanics Academic Committee. Proceedings of 2019 Ship Structure Mechanics Academic
Conference. Beijing: China Shipbuilding Engineering Society, 2019. 642—648 [YER, Fa AT, IR A2, &5, 7K T A 45 F JES 3 /K T M3 A S it sk
. W P EEA TR M 2 ARE R 2. 201 9FMHINES I V0 2 2 R OB SR, bt WP EE AT T2, 2019. 642-648]
Blake J R, Gibson D C. Cavitation bubbles near boundaries. Annu Rev Fluid Mech, 1987, 19: 99123

Zhao Y P. Suggestion of a new dimensionless number for dynamic plastic response of beams and plates. Archiv Appl Mech, 1998, 68: 524-538

124611-10


https://doi.org/10.1017/S0022112089001436
https://doi.org/10.1115/1.3662286
https://doi.org/10.1115/1.3662286
https://doi.org/10.1115/1.3650589
https://doi.org/10.1115/1.3650589
https://doi.org/10.1098/rsta.1966.0046
https://doi.org/10.1146/annurev.fl.19.010187.000531
https://doi.org/10.1007/s004190050184

AR, hEREE B Y RO 2021 0 H 51 B 12 MY

Research on bubble jet of underwater explosion at the bottom of
fixed square plate

QIN Jian"”, WEN YanBo’, MENG XiangYao' & HUANG RuiYuan’

' Naval Research Institute, Beijing 100161, China;
* State Key Laboratory of Transient Physics, Nanjing University of Science and Technology, Nanjing 210094, China

The water jet formed after the collapse of the bubble in the near-field underwater explosion can cause serious damage to
the local structure of the ship, and the formation of the jet is asymmetric, which makes it difficult to measure its data in
the experiment. At present, studies on the pressure time history curves of the bubble jet in the underwater explosion are
still relatively rare. In order to study the characteristics of the jet, the underwater explosion test of 2.5 g TNT explosive at
the bottom of fixed square plate at different detonation distances was carried out. First, the accuracy of the test data was
verified by the underwater pressure sensor. Second, the image of the whole process from the explosive initiation to the
bubble jet generated by the action of the bubble and the steel plate was obtained by high-speed camera. Finally, the time-
history curve of water jet pressure was measured by the wall pressure sensor in the center of the steel plate, and another
group of wall pressure sensors was set 15 cm away from the center of the steel plate as a control group to ensure that the
measured jet data were not clutter. The test data recorded by the underwater sensor show that the error between the shock
wave overpressure, the maximum bubble radius of the bubble pulse period and the empirical formula is within 10%. The
results recorded by the high-speed camera and wall pressure sensor show that three jets can be observed when the burst
distance is 28 cm, but the pressure time history curve is not measured due to the long burst distance. When the burst
distances are 15, 17.5 and 20 cm, three jet pressure time history curves are measured. However, due to the short burst
distance and the presence of a large number of bubbles between the steel plate and the water surface under the action of
the shock wave, it is difficult to observe the test phenomenon with high-speed cameras. The pressure time history curve
shows that three jets are generated after the first bubble pulse peak, and the jet pressure can reach 1/4 of the shock wave.
The jet appears 1-3 ms after the first bubble pulse peak, and the time interval of each jet is between 0.9 and 2.4 ms. The
duration of jet load is between 4-27 us, and it is greatly reduced as the distance increases.

near-field underwater explosion, water jet, wall pressure, square plate member, bubble pulsation
PACS: 43.28.Mw, 43.50.Pn, 43.25.Cb
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