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1 BARTER

WA iR BRI R S 20 mX20 mX 27 m, L2 505 12 mu KR 10 m, R S m. a5 H
XIRE N 1.8 m., ¥EZYh 100 kg TNT 4 AR 24, #H 85 DU JE K 030 AL 300 10 m, 36252142 0. 29 m,
i s INITIAL_VOLUME_FRACTION_GEOMETRY H1 INITIAL_DETONATION 52 8 5k JE
AR, RE S AT 1 m . a0 A E S K 1~8 m. R AN
FTERIAN PR 25 S K 2 BT 2 W B ALE B vk, 138 00 50 % R0 A% B B 450 B, 0l i 6
CONSTRAINED_LAGRANGE_IN_SOLID & ¥y [E #8 & . BRPL AT K R 0.2 m, HLoof N
919 200 A~ s Fi k& W1 H SR A7 28 [ A% L L5 BT 19 198 4,

Non-reflecting outflow g
boundary | T
Air /
10m 10m R £ | Non-reflecting
S outflow
2m boundary
Water 4m E 10 m - OE
6m - TNT 20.58 m XN
8m Non-reflecting outflow
_______ Hy_Vacuum | = |.—, boundary
Soil e / Air/Water/Soil/Vacuum
20 m

B 1 ARCIE SR
Fig. 1 Finite element calculation model
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KT . BRPLCR TS0 Outflow 1 7, 6 O £F & ¢ @ R B & F. BRIE 240, Hifh 2 &
o BE R %, BLfr 2R N T AR A JE I A DR T RN T AR I B R B PSR s KK L HE
25 A VR L 5 Rk BARROR S8 SR 1 R I o SRR R

YEZR ] JWL RS F AR A B o R, R, A JWL RS H RS 2 ML E 20 20RO #
ik ,Co~Cs WEMZHARET BRSEGE, 2 IWPI I 57 T M BE ; K R H Griineisen AR T 7
iR ,C.S1.S..S; N Griineisen RETTFESE. 7, N Griineisen ¥ 4 TR L MM AIHIR L E
PR LG O BT YA B ; 25 (M RE i OCHET MAT_ALE VACUUM & X,

x1 HRSH

Table 1 Material parameters

Material o/(kg+m*) C, C, C, C, C, Cs Cs E,/(J kg™
Gas 1.293 0 0 0 0 0.4 0.4 0 2.5X10°
Material o/(kg+m *) C S, S; S; %o
Water 1000 0.1647 1.921 —0.096 0 0.35
Material o/(kg+m *) A/GPa B/GPa w R, R,
Explosive 1654 374 3.23 0.3 4.15 0.95
Material o/(g+cm ?*) E/MPa G/MPa
Soil 1. 860 22.4 8

024102- 2



%32 4% LA N R R X KR R I K B B R %2

2 BARMEWIE
B BRIE R 40 T3 B A VA T FE 45 O 22 s S0 1 R R 0 S 0 M
AT TNT K 25K T K 3 ) M54 SR k™

T=2.08W'"*(H +10.33) ¢ (D
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H=H/WY @Y
h=h/W'"? (5)
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A h G TREE o O 2560 PO S S KPR

AR TR 55 1 WAk 2l 0 b e 26 2, T 0 T 43 531 S A5 400 109 0 3 20 9 A X0 3 1Y
JE 60 ST Z ) B AR i 25 . R 2 TR AN TR) O LB 1 U K Bl A 0 R B UL 88 N T 2 0
A FOHRE . X2 T A TSP A0, B e oK el 2 T R B R R R L O R
Jr T L R TR R DR, U I KL A TR MR D S B AR R O T B 5 Y AR
WERT 5 m W B E 5250 20 AU B UL R AL R AT LU A s P R R B 52 1k
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Table 2 Comparison of the first bubble pulsation

No. H/m Tu/s T./s or/ % No. H/m Tw/s T./s or/ %
1 1 1. 28 5 ) 0. 80 0.99 —19.19
2 2 0.63 1.19 —47.06 6 6 0. 82 0. 94 —12.77
3 3 0. 69 1. 15 —40. 00 7 7 0. 83 0.90 —7.78
4 4 0.75 1.05 —28.57 8 8 0. 81 0. 85 —4.71

X 24 B I A B A A3 A7 S 2 RO R AR GE R e B DL A IR 2 % UM 25 R i R
B2 T BB 4~8 m IKBREAT AP BT, % 3 G th T T 5 40k FBRKE 2K T-RE By 4~8 m I3
ok 2l ff FAR A S5 R 5 22 05 23 STH I A5 R B BB P p 1 pae 20 50 D B UL RN BUAE T 3345 310 19 iy e
s T R T o R SE ) 467 280 EE Bl 0, A0 6 4 5] g ey 280 06 e R0 B vt 4L £ -5 4330 {1 9% AR R i 22

x3 Rk FHILE
Table 3 Comparison of the load of bubble pulse

r/m Deim / MPa Deate/ MPa 8,/ % Iin/(kN ¢ sem %) T/ (KN« s+ m %) 81/ %%

1 5.53 8. 40 —34.17 98. 27 133.66 —26.48
5 4.31 6.72 —35. 86 81.35 106. 93 —23.92
6 4. 31 5.60 —23.04 68.74 89. 10 —22.85
7 3.45 4. 80 —28.13 61.92 76. 38 —18.93
8 3. 20 4. 20 —23.81 59.29 66. 83 —11.28

H1 3 RIAL  f 48 0 s A0 i A R EL RIS R B/ T 2296 0 SO R, R TR A SR F &
SO RIS 3l AL R IR R 5 B DU AT R B o BB KPR B3 O i 22 B WD . 53 Ah
P i A i 22 D 0 /0N 068 S 9 i 22 5 T ph TR L T B RE SRS B 5 A UL TG BRI U 0, 340 5 AR fi
J P ] 4 B SR A 2 o L nfr B S 28 SR i O, B 30 AL 0T I B S, — E R R T R R A
Bl R i i 22 o [ BE RS SCRRL 21 125 28 250 28 242 O A% NS 1 3 A5 ek B (B H00KS 88 T A8 L T
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45 R i 22 B /) (e T 1) P 249 22 0 — 29. 00 00, Fo s it B9 -7 249 4 22 9 — 20. 69 0D o il PR UEBEADUORT Z Ui B
I BB 6% AL S R K K I Dk Sl R 2 0 8 0 . B — i BT A 1R

3 ENMSE

F A NAFE T ARSI T O O i R AR BRI E] . ph 2 4l 0, B 25 B TR A 39 K
A A R A A B K I ) A Bk 3l J 9 2 0 O AR B AT A0 O 3 AN B BE. (1) % H<<0.43 m + kg '
By Fy T R e R O T A T A58 5 7 W B O34 L KR T VR R TR B B PO A AN R D 22 8
N BB S IR AR BN (2 2 H BHUE 0. 43~1.08 m « kg I Bk S A8 AL
AR B A TR K O ANEOK TR T T SR ks AR S Bk S RIS . (3) 2 H BUE N 1. 29~
172 m « kg VP IE 5 KR B A ELARE R 2 PR T A B2 R AN K 30 s R O R s S
B P T KR BRI L A AR s T R T A e DR A B S T [ K 2l e 0 ) 0 R 2%

4 SEEHEE
Table 4 Characteristic of bubble pulsation

No. H/m H/(m -+ kg V*) T./s T/s No. H/m H/(m -+ kg V*) T./s T/s
1 1 0.22 5 5 1.08 0. 35 0. 80
2 2 0.43 0.23 0.63 6 6 1. 29 0. 37 0. 82
3 3 0.65 0.29 0.69 7 7 1.51 0. 38 0. 83
4 4 0. 86 0.31 0.75 8 8 1.72 0. 39 0. 81

UK Bl R R R A A e e v R A W T T AN G R R T R S A DT AR R AR T
FrHg PRk 8l . A ROK K R SR 2 B A i T S K T ) R ) SR R XA
BUEBAL 7RO IR 0. 01 s ) I LASRIE A BT R I, 45 100 2% WL G SEAC AR [m] , B 2 I Ak 2%
i, HOB SR BLLLT 4 R il .

TO T A 2 AR R R T UK T KSR Y R KRB 1 AT LR R R TR R R B
AL AR BRIk gl . 00 2 (2 WG Il 2 TR , S 2 7 DL B4R T, JF B s K T
IR 50,08 s I THUA [ oy 1T B8 7 57 VR TR AT 9% 81 It P A0 L O T B i 446 () i 3% T
BABETE B T S IE50. 46 s IF L SRR o 2 0L R T, DAFRIR ORI A5 RS W4 5 15 N MR ) 22 st

ERVERR ORI 2 0. 63 s IF Ik B dR /I FRRTM A 8 O 22 3% i 4L B Jm SO I K B3
ﬁﬁi%‘%iﬂié’]/\m/ﬁ IKARPE B EIZN

mw - ' . .
B2 SWHESE(H=0.43m - kg /%)

Fig. 2 Configuration changing process of bubble form (H=0.43 m « kg~ '*)

LB 3~ T80 6 LI WUIE S ARERL, LU0 5 A3 AR S A 18] 3 s . I AE I ik i
T v R 8 i e 7 DRy S AL I L T O | 2 SRR K R AN W7 T i 5 0. 35 s I 00 I K 2 A R IR 00D
IR BN B R AR I TF IR WA » A vk 2 T U 4 232 e R T2 KA AU 1 b 3R T 46 B s 77 2 1) R 0 R
28 I IR I RR SR 50. 80 s I, UL TT 4 [l 3 B AR — A4Sk sl JA 019 L9 . X T8 3
~ 00 6 AT L B h K BB AT e T SRR A A R IR AR A
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TR BT A A T B RS L KRR 1) T B S T 5 52 1 TR I I TS 28 3 A R [ IRl T K T AY
BR A LI 1) i - R R ERIEARZS . 0,04 s I AR I B2 AL 550, 39 s B, MR K 2 5 KL B
Ja FEER AR AR R R TR R ) 2 AT R R A W A R B ) O R ik o L AR T B
SRR AL 50, 81 s I, 22 322 38 3 1) FRAR 0005 3 d /MR BR L AR S T B B2 ik O B 7%

t=0.01s

K3 [MBESEH=1.08m- kg ")
Fig.3 Configuration changing process of bubble form (H=1.08 m * kg™ /%)

t=0.01 s t=0.04's t=0.39 s t=0.65 s t=0.81s

g A

M4 SWESEHA=1.72m - kg )
Fig. 4 Configuration changing process of bubble form (H=1.72m * kg™ '*)
S SR UL, o I o AR HE R G R VRO B K S Ik Bl 32 A FR T RN EE 7 9 5 /S L A2 K R O R B
THT FA) 2 T 84 K, AT e v ™ A 8 SR 3 T ) ) R R T A AR R ) |

4 BIEREXNSERIHTERHZIN

SCHRL14 IWEFE R W] SO AESE 1 Ok 8l . 0% BE it p9 IR A T AT R IR RE B 1 706 Zc A5, il %)
55 1 WK ST AT 00 . 53 40 AR s th UK He i BE 25 7=1.08 m « kg 7.,
4.1 BERENTHIGHINZN

E 5 AR LB T K LGRS 1. 08 m« kg '/ A A3 bk 3 4oy 2% Lo oo VK IR 44 4 A il 2%
FT AT 5 R A0 2% kg K R S8 Ay 280 B w2 A1 R AR B A 23000 T 0 T 40 v A 1 2 R 0 TR L LR UK
S, AE K T AL SRR KE TR X pii AT R RS IR/ . 2 H<20. 86 m « kg B R [R R KE TR T L vh
BRI H=0.43 m « kg PR EEEA AN Y H 08 0.65~1.08 m « kg iR
O S W TIPSR A E S N i R ARV R NI LN 1 A A R NN U E R = 2 N BB S P DS
T3 ZETRIE IR SN AR S ) K 2l T g R O o8 A 25 R R A N E R i K T R T R
BRI H O 1.29~1.72 m « kg "I, Honfig o3 A7 il R AN T — 20, 0O i T O K 3 32 KR
IR A £ T S ik sl 7 A 25 AR AL, U i T e A5 o ) Ik 8l T 1 IR AR — 2,

P 6 S AN T He 49k R B b T 2K P EE 1 R A S 2. R T, B9 AR e O B A1 TR EU(EL
F AT 6 R A0 g TR A L AR I K R T 1) 4 R A 37 A L /1 i 280 52 o A% 47 A 3 I /K W B 94 R 48 R 1Y
FE B/ Lk Y B e AR e TR R 94 DA T Dk 1 48 A %, LA 5 R R % el /s 1 LA

L5 LB IR L E A R TR R A 3% O O K 2l B it Bl K TR 38 DA T R R A A O 2 L R TR R T
108 m « kg ' J5 o filf 23 A1 1T 2k S A T — B0, Ik SN AT AU K TR Y 20 A1 32 8 KE R R W D o T
A6y 28 T 122 F76 L g 3 D1 3 2 D 5 O JRE 0 DR T A2 2%
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g T Z-Vos '
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z S0 —— 151 g 0.6
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_a 04 —=—043
g 30 —e— 0.65
- 02+ —e—1.08
20 —A— 1.51
10 1 1 L 1 ! 1 L ! ! 0 L L L 1 J
02 06 1.0 14 18 0.8 L0 L2 L4 Lo 18
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SRR N = (R T = i ] 5 6 b it 5 o h 2k
Fig. 5 Distribution of underwater explosion loading Fig. 6 Specific impulse decay curve

4.2 AREKRMERFHZIRIERERNR M
Z % SCRR22 G T I AR TR7BY 5 3L, FI N FE B F R AR & o 2 SR o R A7 8 A 1 i e R Ay 28K
VE T XE 2588 KR o AR5 L0 Dk 3l 28 A 48 A X A& I J8 DR HE AT 207, 3R 5 B 6 Zr Bl 48 th TR W)
TR T U Ik Sl i 0 TR LG i R . RS SR 5 AR 6 R RO T AT [ I T I Ik Sl £ 00 T R LE b
i RERR TR A AL E DL AT 7 FOIEL 8 s . HAR 5 FTRL B IR B 3G O 8 IR R ST R e B R, 2B
& i T AR R A S AR /NN Y ORI S S B . XTI K TN B (A<0. 43 m « kg ') I ARIE
H=1.29 m « kg * W, Ik 3l 157 43 068 T e K 5 B /K TR B 38 O, FE ISR IR 0. 65~0. 86 m » kg 75
M =151 mo e kg R LR R B BUEARTR N 1. 08 m» kg U,
x5 ARBRTEARRSEBRIITHIEE
Table 5 Peak pressure of bubble impulse vs. explosion depth in different depths

H/ pw/MPa

(m=-kg ") h=0.22 h=0.43 h=0.65 h=0.86 h=1.08 h=1.29 h=1.51 h=1.72 h=1.94
0.43 0.41 0. 66 0.94 0.95 1.25 1.13 1. 17 1.19 1.24
0.65 0.57 1.12 1.57 1.98 2.11 2.29 2.30 2.27 2.54
0. 86 0.56 1. 26 1. 30 2.00 1. 86 2.72 2.26 2.62 3.02
1.08 0.56 1. 00 1.15 1.99 1.76 2. 60 2.38 3.41 3.29
1.29 0.70 1.40 1.15 1.71 1.56 2.06 2.33 2.48 2.85
1.51 0.57 0.76 1.02 1.49 1.47 1. 88 2.02 2.29 2.62
1.72 0.56 0. 86 0.93 1.27 1. 46 1. 69 2.03 2.21 2.53

Note: The unit of A is m » kg™ /*.
K6 FARABRTEKRKRSAKINTHILFE
Table 6 Peak pressure of bubble impulse vs. explosion depth in different depths
H/ I/(kN+s+m?)

(m+kg '*) 7h=0.22 h=0.43 h=0.65 h=0.86 h=1.08 h=1.29 h=1.51 h=1.72 h=1.94
0.43 15. 57 23.05 29. 26 34. 81 35.17 36. 82 34.74 36. 25 34.23
0.65 14.17 27.04 36.19 45. 86 49. 39 55. 38 54. 14 59. 30 56.71
0. 86 14.74 24.41 35.58 45. 25 52.46 58.02 60. 98 63. 20 64. 97
1.08 15.44 26.58 35. 84 46. 75 54.16 62. 04 67.21 71.40 73.65
1. 29 12. 89 22.25 32.42 41.02 50. 95 57. 80 65.15 69.21 74.42
1.51 12.53 22.35 30. 45 40. 39 48.12 57. 30 63. 35 69. 37 72.06
1.72 14. 89 24.16 32.79 41. 32 48. 06 57.76 64.49 70.41 73.88

1/3

Note: The unit of 7 is m *» kg~
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£ B HR TR TG R, 2 h=0.86 m « kg B LGB ARIRTEEAE 1.08 m + kg UL, ZE BT, KR
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30h —-— 0.22 —=— 0.22
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Fig. 7 Peak pressure versus explosion depth Fig. 8 Specific impulse versus explosion depth
in different depths in different depths
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Influence of Explosion Depth on Bubble Pulsation in Shallow
Water Explosion

DONG Qi'"*,WEI Zhuobin®, TANG Ting”,ZHANG Ning’

(1. Naval University of Engineering sWuhan 430033 ,China;
2. Nawval Logistics College of PLA ,Tianjin 300450,China;
3. Naval Submarine Academy ,Qingdao 266071 ,China)

Abstract: Based on the numerical model established using the ALE algorithm in consideration of the
influencing factors of the water surface and the water bottom, the shallow water explosion in different
explosion depths was simulated using LS-DYNA, and the credibility of the simulation results were
verified by the comparison of numerical results and empirical formula. Then the bubble pulsation’s
form and loading characteristics in different explosion depths were explored,and the influence of the
explosion depth on the bubble pulsation in shallow water explosion was analyzed. The results show
that with the increase of the explosion depth,the influence of the free surface and gravity diminish, the
influence of the hydrostatic pressure and the boundary surface rise up,the jet flow direction constantly
changes from downward to upward during the bubble shrinkage process,and the times of the maximum
bubble radius and pulsation period also gradually increase;that the specific impulse-water depth curve
increases at first and then decreases,and the load distributions are basically consistent with each other
when the explosion depth is close to the water bottom;the decline of the load slows down with the
explosion’s spreading distance; and that the growing trend of hazard explosion depth tends to slow
down after rising steeply along with the increase of the depth measured, becoming stable towards the
water bottom.

Keywords: shallow water explosion;numerical simulation;bubble pulsation;detonation depth
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(a) 240 mm (b) @80 mm (c) @120 mm
1 A= R EE
Fig. 1 Picture of plexiglass-air interlayer structure
2.2 RERSR
TEBEARN 5.5 my i 3. 62 m B/ RURR KA R AT KR BRI . A K IR EE B BB T 7 B A
FE K M 320 U800 1 25 B . — Bk 24 T K TPl SR BE Y 2/3 A 2R [ K T LIS 4 31 5808 T B
AHHRTH S PR 2 vl I A K IR BEE B 2.4 m, 3% 8 3 B INHRAYL , 43 531 A 15 76 BE 4R 10 7K 1t 157 1k 1
1.2.3 m Ab (s S 4R B R BEAE 3 m Ak C SR BN A/ IN B, T 1.2,3 o A 00 58 Dy 458 (1) B ) i B S0R 00 5, 23
BIARICH 17 .27 .37) . i R g miE 2 P,

(b) l

4
5
6

LA

B2 ARl R e QLR SEAR ;2. BE SR 3. 8 SARMER A o4, 25 TMJZ 55, KIBAR:6. 17 .27 .37 MIRLO

Fig. 2 Vibration test system (1. Explosion pool;2. Fixed mount;3. Detonator;4. Air interlayer;

5. Initiator;6. 17,27 ,3% vibration measurer)

2.3 RmERESW

HR A R 42 A FUFE ) (GB 6722 —2014) B2 , BEHL .y = 3 A7 [l 4R 30 3 B Je K = Jy 1] (5 b
11 3 157 D R S5 5 AT 20 A . AR 2K [R]85 S [R) JEE 1 23 502 2 10 R K R R KE IR 3h 2 4, n
F1PUR. T IR DL S 58 M0 K T 8 KR 4 2 B 0 52 ma L 15 AT 38 8 K R 2 SR I
2 HRIE B R R BRI 0L K N EIR S 24k

HIZR 1 FIER 2 A& ARG T KRR 2 A [ B B 28 A2 45 10 2% 0 s A 3= R 001 %6 B8 A o R AI 5 358 4
T B F PR AR E RS (B, AT BE T 0 Y a2/ B O A8 52 R A /N A5 D T A e g —
G F BEAT RGBT . T 3 I 4 43 i S AN TR S BE 25 A2 KR )2 45 R T 45 DN a3 41 0 3 32 1 5 T

£1 ARES. FAREESSEMKFRERD M

Table 1 Influence of distances and thickness of air interlayer on underwater explosion vibration

Distance/ Main vibration frequency/Hz Maximum vibration velocity/(cm « s~ ')
Direction
m 40 mm  F80 mm J120 mm F160 mm  F40 mm  F80 mm F120 mm 160 mm
1 z 56.763 56.763 56.763 56.763 0. 086 0.070 0. 054 0.070
2 z 56.763 56.763 56.763 44. 556 0.118 0.097 0.082 0.101
3 z 56.763 56.763 56.763 56.763 0. 080 0.071 0.061 0. 086
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Table 2 Influence of distances and thickness of water interlayer on underwater explosion vibration

Distance/ Main vibration frequency/Hz Maximum vibration velocity/(cm * s~ ')
Direction
m F40mm F80 mm F120 mm F160 mm F40mm F80 mm 120 mm 160 mm
1 z 62.256 62.256 62.256 56.763 0.086 0.169 0.184 0.185
2 2 62.256 62.256 62.256 62.256 0. 155 0. 145 0.160 0.161
3 z 62.256 62.256 62.256 62.256 0.101 0.097 0. 107 0.116
0.12+ 0.201
" 1* (1 m) 1" (1m)
‘v.z . > —— y 'v.; 0,16' N o > -y
- - 4 -
= 0.08 2" (2'm) S ol 2 (2 m)
E x 5 .\’//‘///‘ x
S 4= y = =y
2 =@ 008} b 2
£ 004y 3'(3m) £ 3'(3m)
< <
5 Dag R NI
> —— 2 > —_ — o = 4
0 o e - e 0 . ' i A
40 30 120 160 200 40 380 120 160 200
Thickness of air interlayer/mm Thickness of water interlayer/mm
B 3 AN [R) JEE 2 2 A2 o 45 I AR T Y 5 i) 4 O[] JE 2 K )23 %o 45 I A5 S ) 52 i)
Fig.3 Influence of different thicknesses of Fig. 4 Influence of different thicknesses of
air interlayer on vibration velocity water interlayer on vibration velocity

M 3 18 4 BT Ok HeAH [] V5 88 9 25 R FIK B 2 S5 4 L 25 02 50 6 7K R 98 KE 3IR 3l f) 8 9
WIS . A RS BE K B2 S5 A5 VT« 3 mo Ak A JIR 0 e 2 S i it B8 i K 4R 8 o 2 R A /0N 5 2 m b 3k JE
WZs 1 m AbFEBE(E e K. AR [ J52 B 2 AR G A PR T 1 m AR B0 4 s B2 0 R 8 5 K 9IR B e
{ER/N 3 m AR Z 52 m ARE (AR . AT L2 SRS X IE X 1 m Ak A9 4R 3 3o B2 52 0

3 #RZESH HHT 4347

H i P9 A A 4R 2015 5 R AR X 32 2 R A A IR MR T X oL /g 4 %6, BRI = R A1, TG vk KR B0 15 5 3%
A3 TR AR S0 A0 R AT W 5 EL R i TR R R ELAR P A X G B B [ A 0RO Tk e R
W IR L 75 ZEM AR S5 5 10 4 Jmy A 2, DI A& 5 401 B2 1 e i (2 5 75 220 — 2B 5 97 . AR 1 X &=
BN PRSI 5 A X 55 L [6) B AT BB ph T 00 PR A SR O A/ L HE B A 1 0 PR AR A N A B4
A B R B E 5 AT Hilbert 354347 .
3.1 EMD %f#

i3 Matlab 05 2 5 A FR T 4 95 20 03 A g-(l)g

RSB FEREEY SRR AR IE oo ‘

(RS  RAEN KSR BB, ¥k 2 oot “

s H &5 DEE—"‘?:: I /AN SR K § . ‘ [ | I I

# Y EMD TV U T % o AT : Ogﬂ{ MWWM]MWWM‘MWMW

EMD g, USHRZEEN 410 mm BHE 1 m 2 oo ! il

Rb 3 17 TR B 5 S 6l L 5) AT EMD 4% 006 ]

i R R 3 175 545 346 IMIF J3 Bk, TR 6 0% ey

— s 0 0.4 0.8 1.2 1.6 2.0

MK 6 Al &, % EMD 4353 12 4~ IMF Time/s

o Co~Co Ml—DRHE r,, Hip.C MG, ir i K5 ERRIREE S

W2 e, T RE o A AR R IR s I3k R ] Fig.5 Original vibration signal
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Fig. 6 IMF components by EMD decomposition
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XK B IER 3045 5 42 EMD 23 it )5 15 2069 % IMF 23 i 5 5645 5 2647 40 5C 20 A7 L 45 20 A1 5 20 B
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Table 3 Related parameters of the signal by EMD decomposition

IMF Variance Proportion/ % IMF Variance Proportion/ %
C, 0 1.6463 C; 0 1.2548
C, 0 0.8629 Cs 0 1.0814
C, 0 0.6268 Gy 0 1.7196
C, 0.0001 70.3079 C 0 0.0150
C; 0 20. 2007 Cy 0 0. 060 6
Cs 0 2.2089 Ciy 0 0.0150
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Fig. 8 Hilbert spectrum of vertical vibration of different thicknesses of air interlayer
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(2) HHT ¥ BEAT 280 DR 20 0350480 /0N 24 30 4R 3 400 4t 00 A A J 25 [l A [) A ] LA AR 381 < Jg O 5%
JIT Xk IO F) L LA Y P 7 7 4 A IR SR
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Influence of Plexiglass-Air Interlayer Structure on Foundation Vibration
of Small Pool Underwater Explosion

WANG Quan'?, TANG Youfu'?,LI Zhimin', GONG Jie!,
CHENG Yangfan',LIU Shanghao',L.I Chengxiao'

(1. School of Chemical Engineering ,Anhui University of Science and
Technologys Huainan 232001 ,China;
2. Postdoctoral Research Station of Civil Engineering , Anhui University o f
Science and Technology s Huainan 232001 ,China;
3. Zhejiang Guanghua Property Blasting Equipment Com pany Limited ,
Quzhou 324400,China)

Abstract: To study the influence of the plexiglass-air interlayer structure on underwater explosion vi-
bration, the foundation vibration signals for this structure caused by underwater explosion in the small
pool (5.5 m in diameter and 3. 62 m in height) ,the influence of different air interlayer thicknesses on
the maximum vibration velocity was studied, HHT (Hilbert-Huang Transform) was used to analyze
the vibration test signals by writing relevant programs based on Matlab software, studying the influ-
ence of different air interlayer thickness on the global frequency of vibration signals. Experimental
results show that:under the condition of plexiglass-air interlayer structure,with the increase of air in-
terlayer thickness,the maximum vibration velocity decreases first and then increases,and the vibration
isolation effect is the best when the thickness is 120 mm. The amplitude corresponding to the global
frequency can be obtained by means of HHT analysis, the amplitude attenuation of the 5—15 Hz low
frequency section is obvious,the action time is shortened,which can effectively prevent the resonance
phenomenon between the building and structure. The experimental results and analysis have certain
theoretical reference value for underwater blasting engineering protection and structural design of
lightning protection bunker for military ship.

Keywords : underwater explosion;plexiglass-air interlayer structure;explosion vibration; Hilbert-Huang

transform
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WE N THREBEEEGNERE L RAREABAAEE BT ATHEEEZRTHET
BEEG W R ABE, BEXGREEANKTREEREERHEMNAR HEERT
FRARAETHERE L EREE. EAXNS B EMREZE&ET, 4 TNT 347 B & 5%
LR EREN AL 2.5 MPa R AKE T, BN EEN 40008 IBEEA N FHER A, Y
EMEEN SOV, EEEAN LA BESELEERA. 2 NEEFEZRLHT 1.99 .
162 1.5 INT Y E;MEAKRTEAENH A, ERA L HE, TNT £EEL TN ER
BEEAFTW LM E BEEHEAATHEREZEZAF W 2.70 £,

KR R JE M s AR TRIE B IR R 5 v < AR s A AR

FES%ES.TQ560.1;0389 X EkFRIZAD . A

TR HE 25 40 55 e BE MR 25 AR L SRR (4 T k) FIBE 45 70 S 41 0%, R BRRE a5 R 24 1 — b ok R O
AT S AT AR R R JE R L BT DR R R 2 R — SR R R G K 2 R A 1Y
PRI AR R e A AR CUHLUN DL S 4 8 Ry 45 4 40 13X S 5 S RRL G 7= 5 R A SERT A gk ek
TRA BB, B Z2 i, B R S5 RSO0 7, F 9 T R K 2 10 S AR R N L A 4R IR R E 24 R A R A5
HAEZEZ N, TS S b 5K R, KL EMREBIEE.

Dewey 25 B & B TNT f825 SO B M0 R B 4 7 2 I JL 48 B, 45 [ R BIF N B3 A U R 36k
TS T E K . Kicinski 455 76 ik A4 0B 3 B R 4 B AR CGRUACL BV A RO Ll
o RDX 53k HEAR K 25 76 AS [ A0 S0 T 108 A A ] B G Y00 3 0 2 i » S 36 25 SR W A SR SAFFE 1Y
AT RE W IEATT LU SRR E RS A AT T B E WA M F . Wolanski 48" W 5%
TR RN 2N A AN G5 R 2 A N S R SO S FE A TR SR BB X KR 2 0 b o A R D R AT IR 5 )
Bro R BT — A AT AR B2 B T 25 A 0 L DL TNT SIS0 42 i 58 oK R 4 g
ER TR ANV OS SRR S G

R T BRI A 2 B K T R i i R S A DL RS TR AR R B B S R SR A R R, B AT SR T
FE AR L) 5 5 5 A8 1 0 2, B T AN TR AR R e T T 0 R K 24, ) e B RE RO RB IR AT RO 4y
BT 38 4 X6 A B 4 A S R SN R R L O KR R IC 7 BT R A /N Y S KA

1 £ I§

1.1 MHEHSEERS
SO A ORI RR ERE 2y, 00 TNT 5iR R EG R KR 2, TNT 25 B8N 40 mm, F& K
170 g, B W 1.54 g/em® , IR EVEZ B2 B 2N 40 mm, N 170 g, L) RDX HEEZHERE N 20% .,

« WFRBHEA. 2017-12-01; 8B HHF. 2018-01-11
ELTH: BEARPEIE TS (11102091) ; 5 24 R 424 R L BRI S 28 56 42 (20113219110010)
EEBN: S WA989—) J W, FENFEFEEL KT BIENF. E-mail . £s8500@126. com
BEEE: BETA78 ), B WA, JEIf, EZNFIRELE S 2058, E-mail: njraoguoning@126. com
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55 3 1] [/ = S // NS I S 14 532 %

30% .40 % .50 % F1 60 % , EEAT 435 —0. 35, —0.42,—0.49,—0.55 Al —0. 62, B E ML N 1. 76,
1.82.1.88.1. 95 Fl 1. 96 g/cm® s L HR 5 2, B R SE 90 (i AT TH-2 & B 25 K (96. 5% RDX . 3 % FUAR IE
2603 A1 0. 5 W IEIR G ), HAE N 40 mm, B EA AN 1.64 g/cm®, Z5FE TR 30 g,8% #7¢ i B AT L I3 .
1.2 BRERSFE

T W5 TNT 5l R KE 25 76 AN [R] AR G0 1 B kB 1 285 40 DA B SR R SO o 2R FHOBLJZS 25 4 1 36
PEE R L RE 2 BTN . 1% O U B R A AL INANE AN A AR M s ] R A AR N A
YEZG ANZ RSN I —E R ISR . St B K AL B . N 2 v i R 24 1 e R A L 9 )2 A A R Y
J& s h P AR S AL 3, BRI A2 A AR BE M A, SRAEAS AR M RE R 20 4N, & TC 58 MG B8R KE 25 4% 1 0T i 24
15 kg M2 AR 6,024 L, SCERmy, A28 N 40 I 58 25 AR ORIV B R S8 25 0 T 34
TP R AT R

243

342
Inner Outer]

=
<
[Iph
"1:@ #
\
=
<
= —
=1
N
3}

R

om0 |

@210
B ke B R B (AL mm) &2 ke B s A
Fig. 1 Sketch of the experimental device (Unit:mm) Fig. 2 Actual experimental device

1.3 KEAGHE

SEYGAT RANTEL 3 T TR A A RO
BOR T UURRE R BR 484 O AR B 48 R, BRI K A
D8 m X8 m Ay WK It 7K Y Tt BE 5 1t i R B X Sy
Bt BRIEZS SR O 5 R AL AR E TR — K F
LT KT 4.25 m Ak, PIE Z A EEES 2 2.5 m,
PRVEAS AR FE B KM BE R BE B 3.0 m.,
1.4 MWiXRZE E’;‘éls‘;sell"“ Scnser

¥ JH PCBI38A F 517K T H J 1% &A% i 47 )
. 2R PCB232A R 35 = 94 B AL, [ 7 A6
JV5200 #4 R AL LA S Jovian #AF AT (5 5 %
B FE AL I IR0 SROK T [ E AL AR Y et B3 sl mm A
I AR AL H B 5 A Tk s Fig. 3 Sketch of experimental arrangement
2 BEEWHEAREBIE
2.1 WEHKEEITE

FE 256K PO KE B I A A B b ot I L R RE AR A R

e. =K, ;:izw J:pz (¢) de (D

K,=140.297+40.0167 (2

Ignition cable ~ Load rope Transmission cable

Experimental
holder

4.25 m

8m

g8 m

035204- 2



532 % e WRAF IR K 24K AR A B IR S R B %3

_d
y—(‘we 3

AR IRIE T Z AR, m s W N K25 AR 25 B ks o K BOEBE ckg/m? 5 p(0) g ¢ I %)
I Ak oot P W IR T Pas o AR b BR S Fhy T I X 24 bt Bl T g I R ol e S 1 o Ak TR AT IR
51. 70,0 Sy il 52 IF ) 55 9 R DU H AU AEL . SEDRE po /e BTG B4 I6F I8 6] 8% 2 s 5 O J ) AR i £
S B AR smise, KT HE L1500 m/s; K, 4 by 3 AE 916 1 R 4L
2.2 RigtE

PR A I 4 Ik 3l o 391 S 2 R 20, BT AR K 3 4 7RSO B LA R K TRT Sz SRS 0 ok 3l A BT —
SE SR EA FROK S FAAAE S L T &8 IE R IR THIE A o

1 TR
2 smefLﬁ*4C“(m+pJ @ o

1/2
K, =1.135 & (5

S CLK, Ay K 28 5 2 5 AT ST O C TR 0. 4147 5 W A2 004 25 L ks
T, A IR 550, HKBTHE 1000 kg/m’ s p. H52B K I 560K AU P py, 825
VRBEAb 19K T J1 . Pas po Ay K BRHE SR Pa.
2.3 MEEEEtH
K2 1 B REHH B A8 T
e Do) 6)
p=1+1.3328 X107 pe; —6.5775X 107 piy + 1. 2594 X 107" piy 0
R K, W2 AR F AT TRRIBHZ K =16 FAE BRI K, K 1. 02~ 1. 1057 4 oot 0 2600 5
AL HEZ BRI ) pos K.

3 RBERSHS

3.1 EESERBRAFEKTEREEREH LN

F T K 2R K R J I I 5 B AR AN AL B AR GE 5 1kt e LA P o 4 5 A R 2 A O =3 il U
B2 B AT BT ARSI IR F A 2K T SR RE R N TR A R Y RE R R AR
W1 PR . 25 AREEAT UG AT 920 4% SR A SRR 22BN B KA IR 22/ T 500, B PEALAS

x1 ZTEEMKTHREEERHER

Table 1 Results of underwater explosion energy output of a blank sample

No. pw/MPa 0/ ps T,/ms E./k] E,/k] e/(k] g™
1 4. 74 32.53 76.68 29.65 74.33 4. 80
2 4. 83 32.53 77.98 30. 98 78.18 5.03
Average 4.79 32.53 77.33 30. 32 76.26 4.92

Notes:=2.3.K;=1.03.

3.2 WRATINTEZARSSATKTEEREH S
3.2.1 BHRIRE

F 24T TNT FEARF AT e i i Re ek, R SRR D BUE M X R 1., sk 2 Prow.,
1727 37 25 LRI TINT I ARIEZAS 48 SE 00 6 B/ TN'T A9 06 (B TR 25 KM B R AR JE 25 18 1 )
PRYEA AR TNT 7= A (0 vh s I S & ad 25 4% SR 15 5 B0oh a5 B 0, ol B EAE Ak bz
i 208 R M2 B IR 3 0k — 30 o Bl i s AR 20 4 TNT MR KRR . ol 5 B B A /K R A% 3% . BT LA o 9%
SRR NN Y= AR 5 NI O R N 1 D5 S N i D N I R W IR 2 = S WA R & I R T A OPSKE 8 e E
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Table 2 Energy output of TNT in different atmospheres

No. Gas Pressure/ MPa pw/MPa Ty/ms e /(kJeg ™) e/(kJeg ') e/(k]Jeg ™

1 Air 5.1 6.01 202. 56 0.57 5. 34 6.70
2 Air 0.1 5. 64 129.95 0.19 1.54 1. 89
3 Bared Charge 9. 64 151. 43 0.82 2.43 4.09
4 Ar 2.5 7.22 153. 69 0.25 2.54 3.35
5 Ar 5.1 5.68 175.43 0.35 3. 45 4. 04
6 O, 2.5 7.12 209. 57 0.57 7.07 8.48
7 O, 5.1 6.13 235.26 0.73 7.35 9.19

NOTGS:/I=2. OlSaK[zl 034.

27 A fn NI TR s A Hrh S AR 1. 67 g S R BN BRI BE St D T o R v — 3 A
fiE 2 F T WG SR ME 25 4% T AR T 37 A2 TNT, W (8 i A0 bk o B 30 L e op s D RE L LE R RE S
S REEE R R E R, MR AN ESIENE 5.1 MPa Jg A& B THE L TNT 095 #8520 B ik
RN 175 27 50O F  wh il SRR KON IFR I 3 A% . AL RE 2934 KW IF R 1Y 3.5 4%,
3.2.2 ERWIE

TR VEZS 28 NI T PE SRR, o8 T 52 G A W, I TNT I T84 04 J5 B8 S s B T
REfE. 1M 475 57 S5 R ULH L RSN R E S, b I B8 L LSRR S M BE R A i TR L 2
TR AT M SR B A B i R i) DU T 2 Rl DR S R R
3.2.3 |EWE

HIg b 170 g TNT 58 2% L i R 125.8 g,2.5 MPa %5 5. 1 MPa S/ & & 54058 197. 92,
403.75 g, Wi R R J) R, 6 F TNT i 5 A S ¥, 675 77 55 LW, b5 2548 WA SR T Y 3
K, o PR L LA RE S RRe i AR Ak S s SO R A BT v b Dk RE RS K 28 %6 L AT RE Y
KA, PR R 7T 5 B8 S o A B R A8 78 43« 8¢ e 1) A0S0 0 AT LUIN PR I R B oy 8 2 oo i 38 O Sk AR
B ZRER, i D E R R T, 17 .57 5 77 8551 KM e, (O,) e, (Air) e, (Ar) , BV 7E A A K H1
L R A AR R B R TNT S RS2 0 kol bl il 520, R T 22 Y A
3.3 wRKBEEEAHKTIRIEGEEMHMHIFME
3.3.1 SEEBHERNAREAMREEDESHHNTM

FR YRS A LR A [ 7 SRR S T R A 24 g o th e PR 25 R AN 3R 3 BFaR . X TR (R E 7 T e
YEZy B FoE A b i KRR N 105.4 g, 76 5. 1.2.5 MPa /S5 H K. & % 8405~ 403, 75 F
197.92 g S S 1.2 MPa S F T, S E N 95 g, AERAR ., B YEIIMN 1.2 MPa |
FE2 2.5 MPa i, 030 A8 W B2 350, e o 5 BA B R 4R kT 2 g AR R Y R )M 2.5 MPa BT E
5.1 MPaltf, B4 & f 44 3 R, Ao BE 8 IR AN I S8, b i D AE BSR4 K, X 5 TNT A8 1k — 2, R Rk 3
A AN FEEGR , BB LR A S S K e, (5. 1 MPa) e, (2. 5 MPa) e, (1. 2 MPa) , i# — B S,
it 1Y T n] DURE SO 2 1 S5 R AR

®3 BEMXABEAREHNESFAETRER HEFNE
Table 3 Energy output of thermobaric explosives under different pressures of oxygenic atmosphere

wa/ % Gas Pressure/MPa  p,/MPa T,/ms e/(kJeg™) e/(kJeg) e/(kJeg™™

50 0O, 1.2 5. 60 224.18 0.52 8. 43 10. 56
50 0O, 2.5 5.22 245.65 0.59 11.45 13.15
50 0O, 5.1 4. 89 256.63 0.77 12.16 14.19

Notes:p=2.203,K;=1. 029.
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3.3.2 SRENEEMARSFERXIREEZBEEH H R0
RA G T ERE o) N 40 6 B KE 25 7R AR R IR ) AN TR] O S0 B 7K T 4 A B 1T 530 4
FEIR T e, (Oy) e, (Air) e, (Ar) e, (O;) >>e, (Air) e, (Ar) se, (Oy) e, (Air) e, (Ar), FEE M
BT B 2R A GBI AT S5 HR BN, i AR 5 OB RE R s 78 A URUE L IR S5 TR 1 28 X
o R SRS TR S KON SR B B AR R A AR R S RO .
*4 BEHBATRSEATHEHHEE
Table 4 Energy output of thermobaric explosives in different atmospheres

wa/%  Gas  Pressure/MPa  p,/MPa Ty/ms e/(kl+g ) e/(kl-g ) e/(kl+gD

40 Ar 2.5 5. 84 170. 77 0.39 4. 09 5. 37
40 Air 2.5 5.25 196. 83 0.54 6.19 7.70
40 0O, 2.5 6.05 238.63 1.13 10. 16 12.19

Notes: =2, 307, K;=1. 03,
3.3.3 AEAEMEEXNREEAREHHOT I
B4 25 TR R KE 2 B AR Ao 50 %0 i, 7K R B HE vhds B 5 AR Bk 2 e 3 ey i AR e DAL 4 v
AT RLAS 3 ok R R DL BT K Bl R

6F (a) Shock wave (b) Bubble pulse
1.0F
£ 4t
2 g o5
B =
Z 2
£ 2
& 2t 2
& ofF
o
1 n 1 1 1 L 1 " 1 —05

002 04 06 08 10 12 180 200 220 240 260 280
Time/ms Time/ms
B4 B Aok 50 Y03 R K25 1 o i IS AT bk Bl TR D e R R 2k

Fig.4 Shock wave and bubble pulse pressure histories of thermobaric explosive with aluminum powder content of 50%

5T ORTRARAS B R IR K 24 K T R ke
RERETTRES IR . &5 JIr/R hy il R K 24 B 2 AR 7 2.0F " G
(AR Ak, B bl Dk R L EL A BB AT AL BL R B A A8 1R R A
HL R SR R R 98 % F TNT Y&,
WRAEE 5 S5 5 A, bk U A8 L HE A AR AL
fiE i A SR 7 i 1 T AR AR — B, 2O S
KGN » s i REAE 5 R A Bk 40 %0 B Ik FIl K Lok
SRR SER A 1,99 fi% TNT 45, b5 58 & & \.
i 3 — 25 18K RDX HG 8070 45 24 4 8 35 7 i osl . . . .
ik, tenp i e 2RI R R, ROBRE S BRE A & 20 30 40 50 60
BN 506 B ik B KL A S 4 R 1L 62 £ Al
TNT A 155 fF TNT bt SRS BENAE |5 I ) o RO IEAR 25 0 i 2 M0 % B
TR R AU RE, MR S Ak s R, e Fig.5 TNT equivalent of energy parameter ratio
RDX & 5 FAR , KR 72 ) b A A o e U L 3008 5008 of thermobaric explosives with different
FE 30800 AR S B TR 4R R % aluminum contents

TNT equivalent
c\\
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Table 5 Energy output of thermobaric explosives under the same pressure of oxygenic atmosphere

war/ Y6 Gas Pressure/ MPa pw/MPa T,/ms e/(kJeg ) e/(kJeg ) e/(kleg D

20 (OF 2.5 6.71 223.20 0.67 8. 40 10. 31
30 0, 2.5 6.39 224.96 0.76 8. 74 10. 79
40 O, 2.5 6.05 238.63 1.13 10. 16 12.19
50 0O, 2.5 5.22 245.65 0.59 11. 45 13. 15
60 0O, 2.5 4. 77 238.50 0.39 10. 16 11. 29
TNT O, 2.5 7.12 209. 57 0.57 7.07 8. 49

4 JEBRRLR 5T

B IR KE 25 A 51 AR Ar 2 2 5 BRI () st B 4 & S 560 8 O 255 i o 4 Fir 5 114 i 2 T A4
[F) o AN TR] 1) 2 J R S I e A I R . PR T A R 2 i A TRD AR AN RTS8 AU AR R BB R ) F L MR R 28 S
5RURIREE T & AR TS R RN T R ) i e A T RO S T o D 2 2 TE AR MR AR Ar IREE R BRI B
i, AT DU TNT 50 0E 25 5 SRR O R ok, BARZE SR 3k 6 53 7 Fios . MAURE TN
2.5.5.1 MPa B}, S S 72, TNT 7E A B 5 BRI RE S 2= S iy 1. 94 % IR R KE TR S| < b iy
JE AR TCRE R 2 S I 2. 70 £ W RRKE 24 1) SIE 30 45 SR R B AE SRR T L S5 AR B R %) B
ARG T IR HE K 25 78 USRBE v I 5 A R T R B R, BRI R SRR R L R R 11 R b T LR
i QLEAIEL S

x6 INTEARSKATERREFABEHKESR x7 BEMHBELRARSSATERREABRNGES
Table 6 Energy released by afterburning reaction Table 7 Energy released by afterburning reaction
of TNT in different atmospheres of thermobaric explosive in different atmospheres

Gas Pressure/ MPa Oxygen content/g Q/(k] « g ") Gas Pressure/ MPa  Oxygen content/g Q/(kJ +g ")

Air 5.1 85.17 2.66 Air 2.5 41.75 2.33
[OF 5.1 403. 75 5.15 O, 2.5 197.92 6.82
5 & it

A A AR B R 25 A0 /K B M ISR IR R KE 25 55 TNT AU /K T 45 K B = i s &5 40 S #E
N AFE DUR 2538 .

(D EEAFERENFASKHET ARG ke RS RER K. 2SR TRZ,
TAREE T fe/s

(2) TEIEFE SRR L Bl 5 B 70 6 J R, — 3 B iy b o R RE LI RE S B RE B O
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Afterburning Reaction of Thermobaric Explosive
by Underwater Explosion

FENG Song,RAO Guoning,PENG Jinhua, WANG Boliang

(School of Chemical Engineering  Nanjing University of Science
and Technology s Nanjing 210094 ,China)

Abstract: In the present work we calculated the shock wave energy and bubble energy of thermobaric
explosive to study the afterburning reaction of the thermobaric explosive using the double container
gas charging device and underwater explosion test. Through the study of the energy output structure
of the underwater explosion of the thermobaric explosive, the energy released by the afterburning
reaction in different gas atmospheres was calculated. As a comparative reference, the same experimental
study was carried out on TNT under the same experimental conditions. The experimental results show
that when the pressure of the oxygen was 2. 5 MPa, the specific shock wave energy of thermobaric
explosive with the aluminum powder content of 40% were maximum, the specific bubble energy and
total energy of thermobaric explosive with the aluminum powder content of 50% were maximum. It
was respectively 1. 99,1. 62 and 1. 55 times TNT equivalent under the same experimental conditions
and,with the increase of the oxygen content in the gas, the afterburning effect was enhanced. The
energy of TNT released by the afterburning reaction in the oxygen is 1. 94 times that in the air. The
energy of the thermobaric explosive released by the afterburning reaction in the oxygen was 2. 70 times that
in the air.

Keywords: thermobaric explosive; underwater explosion; afterburning reaction; shock wave energy;

bubble energy
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F1 REITR
Table 1 Test cases

Case Model h/m w/g R/ 7 ax T,/ms Case  Model h/m w/g R/ 7 s T,/ms

1 M3 1.0 18 2.46 69. 82 4 M3 0.4 18 0.97 72.51
2 M3 0.8 18 1. 96 70. 34 5 M6 1.0 10 2.99 56.98
3 M6 0.6 18 1. 46 71. 40 6 M6 1.0 5 3.77 45.23
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ANT et R 07 L 31 ELBE B Ik 3l gk B 15 0 i 2 B4 T8 2 F Al E R
WA €SI LSBT Ry R L T8 X (E R DR W R (R Fig.4 Pressure history of free field in Case 2
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Table 2 Peak pressures of shock wave and bubble pulsation in test cases

Case R/rmw  pw/MPa  py,/MPa  py,/MPa 4{;"1 /% Case R/rmw  pw/MPa  py/MPa  py,/MPa 1;1.1 /%

w

1 2.46 4 0.97 6.932 0.637 9.18
2 1. 96 6.963 1. 274 0.416 18. 30 5 2.99 5. 464 0. 950 0. 406 17.38

3 1.46 8. 804 1. 097 0.522 12. 46 6 3.77 4.610 0.762 0.218 16. 53
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Fig. 6 Underwater explosion process in Case 4
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Table 3 Peak strains at each stage of plate in different cases

Peak strain/(10%)

Case R/7Fmax Hogging phase Sagging phase Stabilization phase
S Ss Ss Sy S S Ss S Si S Ss Sy
1 2.46 0.577  0.684  0.306 0.366  —0.212 —0.470 —0.267 —0.334 —0.090 —0.014 —0.026 —0.011
2 1. 96 0. 780 0. 606 0. 388 0. 305 —0.385 —0.503 —0.371 —0.321 0.011 0.023 —0.031 —0.050
4 0.97 0.533 —0.148 —0.171 —0.008 —0.111 —0.539 —0.600 0. 407 0.055 —0.403 —0.452
) 2.99 0.543 0.535 0.269 0. 345 —0.472 —0.492 —0.746 —0.939 0 0 0 0
6 3.77 0.613 0.553 0.097 0.097 —0.338 —0.240 —0.177 —0.233 0 0 0 0

B8 S TBL 2 268 T ki S, B L AZ I 7 i £

(o F7 T . 454 25 V4 B 75 51 00 9 Ik 30 3o Lo}
R TR P AR 7 T 2 it ks o i ool

ot U L RUR SR SOUIK S TR AR RIS L gaf

AER 1.071X10 % ,0. 903X 10 % ,0. 868 X 10 * FlI % 0.2

063510 ° W E 46 AT BT v Uik sh ik &

A35NA 14,9 F119.1 Hz, A B2, 400 3 oo 9% 1 —oal

AR |- To R 1 R AR I (], 25 44 % A B 1 oot | p bl

eHEAS I L O PR R R B AR B B I 20 ah ket 00 o0 om0 0% 050 08
5 B2 KK MO R I 30 TR 1 3 D P B 7 ts

R MR KR A VR HTF 77 28 B3 g iy rh 3l B8 T2 Tl S, f R A% N R 2k
AT 5 C B 20, S PR W R L i 5 R % T L R Fig.8 Strain history at point S; in Case 2
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Fig. 9 Pressure history at point P, in Case 4 Fig. 10 Pressure history at point P, in Case 2
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Table 4 Comparison of pressures in Case 2 and Case 4

First pulsation Second pulsation
Case
Ly /ms lw/ms pui /MPa ty:/ms t,/ms Puz/MPa
2 13.90 51.45 —0.067 5.33 40. 95 —0.095
4 4. 40 55.05 —0.184 5. 60 52.77 —0.142

055101-6



532 % XTI 55 45« 7R 8 M T AT BRORUE - A A 280 45 8 B 45 iy o 4 46 W7F 72 %53

LR LB Al A AR S5 R BOK TR R R AR T L AU K 3 T B0 I 0 O % T T A O A
SRR 7 A AR X5 32 8 IO AR IR 18] 4 T L 0 (B850 1 Al A 28 7 67 DX e b3 R U Y
SEX(DINESY Y S2o0 iEi ol I A8
3.3 BRI SR bk B R0

SR T WS I R R K R AT 5 R i SR Sk Bl R A A b 3 A AR SR AR A BT B
B2l . T I LURAR L R/ v 9 AEACS B S0 AT O SRS 1 UK Sl A 9 R

RO T A Tk E WA IR E AR R ATRIE 2 R/ T 1 kSl
JE 3 43 (L B S (L P AT RS O 26 50K LM P 00 52 45 4 30 SR ) 52 W 50 K, R E 9 2 g2 ik A 44 <0l
LEMERARIZ Bl 3 BEHE R/ oo BY3G R S DK Sl ) 393X 56 1 -5 L0 D P9 AT 0T i 22 D /0 o 3 W] 00 52 45 4 21
SRR WAL /I O S BRIE K S

RS R/ro. X SIE KN E R K R0
Table 5 Effect of R/r,.. on the period of bubble pulsation

Bubble pulsation period Bubble pulsation period
Case  R/7rmu Case R/rmax
Test/ms Theor. /ms Error/ % Test/ms Theor. /ms Error/ %
1 2.46 69. 82 4 0.97 66. 32 72.51 8.5
2 1. 96 67.10 70. 34 4.6 5 2.99 53. 34 56. 98 6.4
3 1.46 67.17 71.40 5.9 6 3.77 42. 22 45.23 6.7

4 & ®

L o 308 0 0 Ik 3 X 2 3 i 2 g 7 728 Wi 7, 5 9K 09 K 3l B T g AR A O o it B B 900 ~
19 %0 AR 20 YRk gy i A P R A 52 ety ELARE TS TR o 9T 3 Al 445 ) 7 22 g o7 15 o ot S A >

(2) 783 35 A5 4 i 7K R 1R K 9 S0 ik 3k AR v, S5 R i BAR TR AR (B A 3, U (B T A
0.1 MPa, i HAF FI I 1] 8884, 29 28 S ik sl B 60 20 ~80 %6 , B4 1 Hh LA R i h 8 i 2

(3) FRAR LS A0 K 3 a5 Y- 2 45 g o A i) 7 ) 52 Wi 89 5 O R AR LB BT 1, RN Dk B it R 2
S5 300 5L 5 B K 5 B A AR AR LU AR 00N P AR I e 2 AR T i SR AR T | b R T ) P R IR B AR L S5
M 157 P9 A £ 1 e 8

S 3k

C1 8. A Al 4 K R P e 3 2 g B8 S5 R (DD, J6 8 - b B AN AL B 52 vh 0, 2002,

(2] Z¥esr, JHw, B, 3. KT e wh i 05 R ES AR AR B e 0 i o7 s [T, W R J 24, 2017,
31(4) :443-452.

LUO Z L,ZHOU Z T,MAO H B,et al. Theoretical analysis of the interaction between the plate structure and
strong shock wave in underwater explosion [J]. Chinese Journal of High Pressure Physics,2017,31(4) :443-452.

(3] 2 il . AR 8 BoAd i, A5 AR AR 45U P9 /K T R S0 B RE DG BF 5T [T AR T FE . 2008, 30(4) 1 72-76.

LI H T,ZHU X,DUAN C C,et al. Related research on bubbles due to underwater explosion in the field of ship
engineering [ J]. Ship Engineering,2008,30(4) ;72-76.

(4] wIRWL RS, 2 E&. % KT BSELE T AIE AR b T g R B AT 58 [T, 9R3)5 whifi ,2011,30(2) :19-23.
HUANG X M,ZHU X,MU ] L,et al. Sagging damage test of box-beam models subjected to close range underwa-
ter explosion [J]. Journal of Vibration and Shock,2011,30(2):19-23.

[5] TAYLOR G L The pressure and impulse of submarine explosion waves on plates [M]//TAYLOR G I. The Scien-
tific Papers of Taylor G 1: Vol [ll. UK:Cambridge University Press,1963:287-303.

055101-7



%5 = JiS ) il 2% i o532 %

[6] ZHANG P,GEERS T L. Excitation of a fluid-filled, submerged spherical shell by a transient acoustic wave []J].
The Journal of the Acoustical Society of America,1993,93(2):696-705.
[7] GAUCH E,LEBLANC J,SHILLINGS C,et al. Response of composite cylinders subjected to near field underwater
explosions [ M]//Dynamic Behavior of Materials: Volume 1. Springer,2017:153-157.
(8] FELE.ARH). FAUM 5 KT vh i A R 2 W Rz g [T, 5% T2 4%, 2012, 33(7) :831-835.
TANG T,ZHU X,WEI Z B, et al. Movement of air backed plane plates subjected to shock wave of underwater ex-
plosion [J]. Acta Armamentarii,2012,33(7) :831-835.
(9] 2 ik RA IR BRAR IR A, 2 A SRR BE TR P AR ot J8E 00 BE Fe 2 IR B8 25 Ak Ak ). 1 M 5 bt . 2014, 34(3)
354-360.
LI H T,ZHU S J,CHEN Z J,et al. Characteristics of wall pressure and cavitation on the plate subjected to under-
water explosion shockwaves at any angle of incidence []J]. Explosion and Shock Waves,2014,34(3) :354-360.
[10]  BREeds 22 E . BIAESEAE K T B SORAE T A sl 2 58 P B 58 (7], #RAR J12%,2010,14(8) :922-929.
CHEN X B.LI'Y J. Investigation of the dynamic responses of cylindrical shell subjected to underwater explosion
bubble [J]. Journal of Ship Mechanics,2010,14(8):922-929.
[11] KLASEBOER E,KHOO B C,HUNG K C. Dynamics of an oscillating bubble near a floating structure [J]. Journal
of Fluids and Structures,2005,21(4):395-412.
[12] ZHANG A M,YAO X L,LI J. The interaction of an underwater explosion bubble and an elastic-plastic structure
[J]. Applied Ocean Research,2008,30(3):159-171.
[13] Z=ilgdh KA R, A% RS KT ERESAEN TR E 845 X2 Rk [T m Ry %M. 2012,26(5)
494-500.
LI H T,ZHU S J,DIAO A M,et al. Characteristics of flow-field and sagging damage of free-free beam subjected to
underwater explosion bubbles [J]. Chinese Journal of High Pressure Physics,2012,26(5) :494-500.
(14] 2R8). Ra  BEL U A5 KRR bk S R vk i e F 5 [T, W /R I8 TR R 24241, 2007, 28 (4) : 365-368.
ZHU X,MU J L,HONG ] B.et al. Experimental study of characters of bubble impulsion induced by underwater
explosions [J]. Journal of Harbin Engineering University,2007,28(4) :365-368.

Experimental Investigation on L.oad Characteristics and Structure
Response of Finite-Size Plate Subjected to Underwater Explosions

LIU Libin, LI Haitao, DIAO Aimin, WANG Xiaogiang

(College of Nawval Architecture and Ocean Engineering ,
Naval University of Engineering Wuhan 430033,China)

Abstract:In order to study the loading characteristics of underwater explosion shock wave and bubble
near the structural boundary, we designed and tested several plate models. By changing the ratio of
stand-off to the maximum bubble radius,the flat thickness and other parameters, we analyzed the bub-
ble pulsation and the low-pressure flow field at the plate boundary,as well as the local and global re-
sponse characteristics of the slab based on the strain analysis. The results show that a low-pressure
(negative pressure) flow field appears at the boundary of the plate during the movement of the bubble
in near-flat explosion. The duration of the low-pressure accounts for 60%—-80% of the bubble pulsa-
tion period and the maximum negative pressure can reach 0. 1 MPa. With the reduction of the ratio of
stand-off to the maximum bubble radius, the final deformation of the plate changes from elastic and
sagging deformation to hogging deformation.

Keywords: underwater explosion;negative pressure;load characteristics; bubble pulsation;structure response
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Table 2 Boundary conditions for CFD of single bubble pulsation in a free field

Boundary a P U T
Empty (left) Empty Empty Empty Empty
Advective (right & top) Advective Advective Advective Advective
Wedge (front &. back) Wedge Wedge Wedge Wedge
Wall (bottom) zeroGradient  fixedValue(0,0,0) zeroGradient zeroGradient

x3 REEEMEHAOXEM
Table 3 Comparation of the bubble radius and the period-'!!

Charge radius Charge amount R, /cm T/ms
r/cm W/g Empirical ~ Simulation Deviation/% Empirical Simulation Deviation/ %
0.2 0. 055 6.0 6.3 6.18 11.5 11.2 —2.8
0.3 0.184 8.9 8.3 —6.6 17.2 14. 6 —15.3
0.4 0.437 11.9 10. 6 —10.1 23.0 18.5 —19.5

t=1.0 ms t=2.0 ms .2 m¢ =25ms

K3 TOUOSUTFRRUCAE R 257 bR R A AR R 4 AU HT LR R 257 bR R A AR IZE SR
Fig.3 Instantaneous simulation results of bubble shrinking Fig.4 Instantaneous simulation results of bubble shrinking
and penetrated by jet in condition [(1) and penetrated by jet in condition [[(1)
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Fig.5 Characteristics of bubble motion between free surface and bottom wall (7, =0. 31,7, =0. 63)'%]
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P 6 H IR T KO [ BE 2 ] SE SRR (7, =0. 31, 70 =1.54)
Fig. 6 Characteristics of bubble motion between free surface and bottom wall (y,=0.31,7;,=1.54)
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Fig. 7 Characteristics of bubble motion between free surface and bottom wall (7, =0. 31,7, =2. 26)
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Fig. 8 Characteristics of bubble motion between free surface and bottom wall (y;=0. 38,7, =0.75)%

(¢) t=2.8 ms (d) t=4.7 ms (e) t=6.8 ms (f) t=10.5 ms (g) t=43.5ms

B9 F A VRIS KR [ BE 22 18] S8 B R 1 (7 = 0. 38,7, = 1. 88)

Fig. 9 Characteristics of bubble motion between free surface and bottom wall (y;=0.38,7,=1.88)
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Fig. 10 Characteristics of bubble motion between free surface and bottom wall (7;,=0.38,7,=3.01)
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Fig. 11 Distribution of water mounds shape
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Fig. 13 Distribution diagram of pressure Fig. 14 Schematic diagram of “contact jet”
on the wall along the bubble radius and “non-contact jet”
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Fig. 16 Variation of the velocity at the top of the dome Fig. 17 The curve of bubble jet velocity
with time (7;=0.91;%,=0,0.91 and 1. 82) with distance parameter
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Fig. 18 Variation of wall pressure with free surface Fig. 19 Variation of wall pressure with wall
distance parameter distance parameter
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Fig. 20 Curve of pressure width with free surface Fig. 21 Curve of pressure width with wall
distance parameter distance parameter
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Experimental and Numerical Simulation Study on the Influence
of Distance Parameter on Bubble Motion in Shallow Water

MENG Yi,ZHANG Duo,ZHENG Jian

(College of Liberal Arts and Sciences , National University
of Defense Technology sChangsha 410073 ,China)

Abstract: When the bubble develops in shallow water between the free surface and the bottom, extremely
complex phenomena of the free surface will be caused. The bubble motion characteristics are different from
that in the free field. To explore its patterns, spark induced bubble experiments are carried out and high-speed
video-photography is employed to study the interaction between bubbles and combined boundaries. The
influence of distance parameter on dome type and bubble motion has been summarized. The influence of
distance parameter on jet loading is analyzed by numerical simulation using OpenFOAM. The results show
that the free surface distance parameter has a greater influence on the type of dome than that of the wall
distance parameter. The jet velocity decreases with the increase of the free surface distance. The jet velocity
first decreases and then increases with the increase of the wall surface distance. The pressure on the wall
decreases with the distance increasing while the jet impact area increases with the distance increasing.

Keywords: shallow water explosion;bubble motion;distance parameter
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