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Fig. 2 Schematic diagram of overall test layout Fig.3 Observation window

1.2 SRBRGAEEE

BT BRI A BO 2, O T H m R AL B, TF A T8 BEAL G AL BRER 7, Tt i Ak Pl g ik
AR o 2O IRTAG AL BRI 7 2 AR 22 I 26 O TR B2 2 ST BRI i o 7 5, 224K T BRI Y 8
AR AR PR A T 2 RS 5 73 %1, 2 N R 5 SR, R TR B8 2 > B R 7 I I S B A o 422 T 245 )1
Yis Z e, R YNGR 1 28 0 45 06 2 245K T B 0 S AT R I A o015 d i, AR H s 70 B4R, R
M ARG TR SERCERE . Tl BRI RE BT IR B ST . & TNT K R AR T 5
Wk, A 1R, RS AE IR -5 4 MUK SR AE BLE THI S5 R A A I 2224970 T 4%

045102-2



9540 & BRI KT IR E S 2 UK -1 438 L X R i 5 55 4

F1 INT SEMEXRFERXEES Cole BILEXTEL

Table 1 Comparison of TNT bubble maximum radius between test results and Cole theoretical results

Maximum radius

Charge mass/g Water depth/m
Test result/mm Theoretical result/mm Deviation/%
20 3.01 413.2 401.8 2.76
40 3.02 526.9 506.1 3.95
60 3.01 579.7 579.4 0.05

2 K TRESE SRR E s Mt SR

21 EGERULELSR

e AR LAY 20 g RS211 34 25312 sl B WA 4 B, FA864 % 1000 Mi/Ab, [R5 TR
FH B AL BB AR e AL UM A B S 9 SRR R . LN 0 ms FRER MK, 43 ms BRI K &8 5 KU I
TRIHE, 83 ms B ICHR 2 fie/N; SRS, AU E S 2 IR IK B B, 109 ms B LI K 28 d R, PR TR IR
45, 139 ms BFURCHE /. 40 g RS211 2 253 3fis s AR A 1] 5 B, Fr486e BE o 1000 Wi/Fb, [AlB 25
TR FH B A BRAR R R AL UM AL B A SR JET . ARUI N O ms FFARREZ MK, 51 ms B 0II2 ik %2 fe
KJg I 4E, 103 ms BFIAR 2 fe/; K5, R HEASE 2 Ik BY B, 138 ms B0 I Ak 2 8 K5 I
LW 4, 172 ms B ICAG B o /. 60 g RS211 325300z shad #2 a1l 6 fir 7, 1484 B2 2y 1000 dit/F, [7]
BF &5 TR FH A A B AR R AL RO A B S A AL FR R . AU AN O ms FF AR MK, 58 ms B IR I ik
Z K, 117 ms BPCHR 255/ SR 5, SO HE A S 2 I K B B, 158 ms B 006 P U0 I ik 22 A KB s O F
BRI 45, 198 ms IR 4E 28/

(a) 0 ms (b) 7 ms (c) 43 ms (d) 73 ms (e) 83 ms (f) 90 ms (g) 109 ms (h) 129 ms (i) 139 ms
4 20 g RS211 Gz shid AR EME (L HaTR G, T B4 45 2R

Fig.4 Bubble motion images for RS211 charge of 20 g (Upper: original images; lower: processed results by software.)
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5 40 g RS211 25 ES iz 3 PR IR (L B HEEIE, T B R th 45 54%)

Fig. 5 Bubble motion images for RS211 charge of 40 g (Upper: original images; lower: processed results by software.)
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Fig. 6 Bubble motion images for aluminized charge of 60 g (Upper: original images; lower: processed results by software.)
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Fig. 8 Position-time curves of boundary and center of
bubble for an RS211 charge of 40 g
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Position-time curves of boundary and center of
bubble for an RS211 charge of 60 g
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Table 2 Parameters of bubble motion for RS211 charge

The first pulsation

The second pulsation

Charge mass/g Water depth/m

Period/ms Maximum radius/mm Period/ms Maximum radius/mm
83 505.9 56 337.7
84 507.9 56 335.0
20 3.0
84 502.4 56 338.5
84 510.3 56 335.8
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Table 2 (Continued)
The first pulsation The second pulsation
Charge mass/g Water depth/m
Period/ms Maximum radius/mm Period/ms Maximum radius/mm
103 666.6 69 449.0
104 655.2 70 432.5
40 3.0
104 654.7 71 440.9
104 657.9 71 444.6
117 726.1 81 537.8
60 3.0 117 726.4 81 532.5
118 722.0 81 534.0

22 BFWNRBEHEMWSH
27 ZHIT R B9 TNT KT B Kl b [ ph A T AR 2K R i3z sl 9 52 e 20 A 7, B TNT 2%
2k sh R AL 45 R 5 Cole BIRTTHE A RUEATXI L, 51758 3 b WT LI Y, L bk 3 & 391
TR0 5 B A A X 258 1.67%~2.35%, 1t BH 20 5%t 36 ok 2l J8 8 0 5 ma 42 /0N o
*3 SEESBMREES Cole BILEMITLL

Table 3 Comparison of bubble pulse period between test results and Cole theoretical results

Period
Charge mass/g Water depth/m - —
Test result/ms Theoretical result/ms Deviation/%
20 3.01 68.00 66.4 2.35
40 3.02 85.33 83.6 2.03
60 3.01 97.33 95.7 1.67

B TNT 225 UM KPR IR 25 R 5 Cole FIB TS5 RIEAT X IL, 4505 T3 4. alLIF i,
A KB A T 0 R A R O 22 R 0.05%~3.95%, Uk BH 121 SR e R AR IS I /N

R4 SERAFERKMES Cole BIREITLL

Table 4 Comparison of bubble maximum radius between experiment results and Cole theoretical results

Maximum radius

Charge mass/g Water depth/m
Test result/mm Theoretical result/mm Deviation/%
20 3.01 413.2 401.8 2.76
40 3.02 526.9 506.1 3.95
60 3.01 579.7 579.4 0.05

¥ TNT 2 2500000 B RS I 045 5 Cole F JE BRSS9 B8 B IR 5745 17 X4
b, SERB0T S . ATLLTR M, SO 1V RS A LRI .55 6 (0 MRS 152 5~ 11.7% ~ 8.2%, B3
x5 SBLEFUBKKMES Cole IBIREITLL

Table 5 Comparison of bubble migration between test results and Cole theoretical results

Bubble migration

Charge mass/g
Theoretical result/mm Test result/mm Deviation/%
20 254.3 56.0 -5.7
40 349.3 44.1 8.2
60 420.7 37.6 -11.7

045102-5



9540 & EAIRBIAE . KT RO 2 WK1z kot e BT 55 4

FEX S EFEALAR B R AR o M T AT ST T B O UM K Bl A I A A, AR YRR 3 ORISR 4 g
A, LA, AR5 o 3 5% SO Y R e T L 2%

23 MERENH

SO IR PR 0 1 S IR B (1) 2 R U 2 0, <4 %; (2) 24 O B 1222 0, <0.9%,
o R 1P 15 S PR R/ 6 R 025 (3) EURAD BRI 0% 0y <4%, th PR (U BAR P
UL S PR AR I 22 BI5 . LU 25144 8% 0, = V0.047+0.0097 +0.04” = 5.7%
3 RIBZRIKHEEEFIRIFI D
31 SBZRKIRERDN

L ok sl R R R R TS 54 8

W1/3

Tn = kT,Z 56 (1)
Zy
m\1

%:atj @)
20

K T8 n IR S A, BT s5 ke, NS n RN SN A R B a, 05 n I 8h B K
T, BN my k,, IS n IR Bhd5c KR R B mo 25 245 i, B ks 2o R 2% 2 i A o7 B 3 A TR
M SEROKIR, B0 mo 256 3R 2 H A i ik sh R I AR A, AR 20 (1) THARAS 3058 1 RS 2 IR
Tk 3h B 2R B ke, (0 -2 50 51 2.61 A1 1.77, ARFE X (2) TR RIEE 1 OREE 2 WA bk sh i Kk
18 F B k,, - 53 3R 4.47 F13.04,

A Cole 42 A AT RE R IH57 05 11, AR A5G RS211 22555 2 A ik sh A X 5F5 1 U0 bk st

A REHR R
TN (k) (177Y

32 SiRZIREKE)EEE 5L AL
Cole™ Iy, “LHLIZ h 1T LA 5“0 15 4 PRI A1 JR 1 Rl kP 7 Rk

3 (4m da\’ 4n
) (?p0a3)(a) + ?Poa3 +E =Y “)

oo F KI5 BE, BAAL kg/m’s po o< 24 FiT AR A5 ' A VAR T T, B Pas BB INRE: Y I A
AEE . 3 (4) S5 S ZE NS 1 T D 2 T HI B A 1) i ) Bl RE, 57 2 9 h S0 it (A e s A 2, D

SHLHRRE, o
SIEIB RN R ER 0, B, da/dr =0, WL (4) A5 200055 1 8RN %, s < aE>
4
Ep = ?Poafn Q)

AR A W) T R K 7 LA Ly S B SRR, T L HOIR 2 4 728 A R i s PR AT 1Y
Wy SRR R A

I{K):k (©)
S VORI R, SR s p LN S5, B0 Pas kO ERKES MR8 2% TNT 3525, yI 1,25,
L5 (6), FRE i

® km (m)“/‘1 _pV
14

E; = dV =—— =— 7
v v-1 v—1 ™

045102-6



9540 & EAIRBIAE . KT RO 2 WK1z kot e BT 55 4

455 3R 2 s, RAE S (5) Fa (7), HIRR B U ER 1 RGE Bl i RAE AR R BV BE E . N E
Ey FUEBERE B, AT 2 YOB B iR ORR AR B E,, . WREEL ML REE, o THEERI T 6,
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Table 6 Energy distributions at time of the first and the second maximum bubble radius

Charge mass/g Water depth/m  E,,/k] E;/k] E,/k] E./E, Eu/kJ E,/kJ] E,/k] E,/E, Energy dissipated/k]

20 3.0 70.8 4.8 75.6 6.3 21.1 1.5 22.6 6.6 53.0
40 3.0 162.0 92 1712 5.4 49.5 2.9 524 55 118.9
60 3.0 2094 143 2237 6.4 72.5 43 76.8 6.6 146.9

M 6 AT LA Y, 265 1 0Bk sl A Y, N RE 5 S RE R LL B 5.4%~ 6.4%, 2 2 Lk 3l A
BN, NRE & ERERY LN 5.5%~6.6%. AL, 76 TR T3 A, Gl 50 N BE 200, il i e $ g
MR RE, AR B O I fie KA o R AR i R A Rk s Jo) 300 42 43045 256 24 Jo i MK BRAH 5%, T ik
oy JA S T BRI DR, TR R LA ik s A ok R AR T R

4 %5 it

N T WRGE RS211 $ 247K T 1 4 St 22 R W K - W i 3 s e Pk, JF e 1 KT 3R 4 A Az Bl 0 T
WL, FEHAR N 85 m, e RIUKTEN 15 m HRRKEZK M N JT € 1 20, 40 F1 60 g RS211 2 2 (1) /K F 48 KE 1
B, DS T RO XK T R S AE B i s e, R i TR 2 B SR R EAR LA T RS211
LK BRI A 2 R Ik - W i i Bl R, R T 1 88 R A IRTAG Ak B0 Xof vy o B A LR A 7 1L
ACAL R, FRBOUK N B AOE 10, 565 2 Bk R AR R AL FLAE, f 57 1 RS211 22K MR MER I 2
WK BhRe &5 BT ik, $8R TSR ARE . N RE A RE B I R L L, 15 B IR 2518

(1) 55 1 YRR 2 WA Ik 5 R 30 22 8000 B R 2.61 1 1,77, 55 1 UCRIAS 2 U e K242 2 800 3l
N 4.47 F13.04, 55 2 AR S AR AR 1 ALK B 1 A5 BER N 0.31;

(2) KL RE 7 EVRE Y 5.4%~6.6%, PRI, TRE T3 I 300 K 000 N E Z2 B, LA BBk RAE R
HuHE.
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Optical Experimental Study on the Multiple Expansion-Contraction Motion
Characteristics of Underwater Explosion Bubbles

SHENG Zhenxin"**, WANG Haikun'**, CHEN Jiping'**, ZHANG Xianpi'*?, YU Jun'**, GAO Tao"*’

(1. China Ship Scientific Research Center, Wuxi 214082, Jiangsu, China;
2. Taihu Laboratory of Deepsea Technological Science, Wuxi 214082, Jiangsu, China;
3. National Key Laboratory of Ship Structural Safety, Wuxi 214082, Jiangsu, China)

Abstract: The underwater explosion bubbles expand and contract several times until it runs out of energy,
during the pulsations, the mutual conversion of energy occurs. At present, there is insufficient attention paid
to multiple pulsations characteristics and energy conversion of underwater explosion bubbles. In this paper,
the underwater explosion tests of 20, 40, and 60 g RS211 charges were carried out, and the evolution process
of the bubbles multiple pulsations were photographed with a high-speed camera, then pulsation period and
maximum radius of the bubbles were obtained after intelligent processing. On this basis, the theoretical
analysis was conducted on the conversion mechanism of the potential energy, internal energy during the
multiple pulsations. The results show that: (1) the residual energy rate of the second bubble pulsation relative
to the first bubble pulsation was 0.31; (2) the proportion of internal energy of the bubbles to total energy is
5.4%—6.6%, so the internal energy could be ignored, and energy of the bubbles could be represented by the
potential energy in the engineering application.

Keywords: underwater explosion; bubble pulsation; optical measurement; energy conversion
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