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Abstract: The shock wave generated by underwater explosions has a significant destructive impact on the sur-
rounding environment. Therefore, it is crucial to implement bubble curtain protection for blast area safety. This study
aims to investigate the influence of the number of bubble curtain layers on attenuating underwater explosion shock
waves. An underwater explosion model with free water and varying numbers of bubble curtain layers was established

using AUTODYN finite element software. Through experimental validation of the numerical model,a formula for cal-
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culating peak overpressure of the shock wave was derived,and the impact of different numbers of bubble curtain lay-

ers on shock wave attenuation in water was compared. The results demonstrate that employing a bubble curtain can

effectively reduce peak overpressure from an underwater blast shock wave, achieving an attenuation ratio as high as

83% . Furthermore , increasing the number of bubble curtain layers can further enhance this attenuation effect, reac-

hing more than 94% reduction in peak overpressure. Specifically ,when comparing two-layered and one-layered bub-

ble curtains at a distance of 12 m from the detonation center behind the bubble curtain,there is a reduction in peak

overpressure by 61.94%. Similarly ,using a three-layered bubble curtain leads to an additional decrease in peak o-

verpressure at this distance by 11.38% compared to using a two-layered one. However, when utilizing four-layered

curtains instead of three-layers ones,there is only a marginal decrease in peak overpressure(6.42% ) at this same

distance. In conclusion,implementing a bubble curtain significantly weakens shock waves within water bodies during

explosive events. Moreover, fewer layers within the bubble curtain result in greater attenuation effects. However, di-

minishing returns are observed with each subsequent increase in layer count.
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Table 1 Material parameters of explosives

B p/ Yk P. ./
&Eﬂ %Lq ¢ A/GPa B/GPa R, R, X  E,/GPa
(kg.m™) (m-s™) GPa
1250 4500 9.70  214.40  0.18 420 0.90 0.152  4.19
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Table 2 Parameters of the equation of state of water

A,/GPa  A,/GPa  A,/GPa B, B, T,/GPa  T,/GPa p,/(g-cm™>)
2.20 9.54 14.57  0.28  0.28 2.20 0.00 1.00
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Fig. 1 Free field underwater calculation model
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Table 3 Underwater explosion test and

simulation data without bubble curtains

0/ Z= p/ p/

P R/m ke Q/R (Sz/MPa) (Kbl MPa) e
1 4 0.3 0.1674  6.351 6.735  6.05
2 4 0.3 0.1674  6.795 6.735  0.88
34 0.3 0.1674  6.992 6.735  3.68
4 8 0.3 0.0837  2.849 2.795  1.90
5 8 0.3 0.087  3.073 2.795  9.05
6 8 0.3 0.0837  2.980 2.795  6.21
7 12 0.3 0.0558  1.831 1.760  3.88
8§ 12 0.3 0.0558  1.675 1.760  5.07
9 14.3 0.3 0.0468  1.287 1.380  7.23
10 14.3 0.3 0.0468  1.507 1.380  8.43
11 25.8 0.3 0.0259  0.672 0.610  9.23
12 25.8 0.3 0.0259  0.810 0.610  24.70
13 35.4 0.3 0.0189  0.464 0.432  6.90
14 45.7 0.3 0.0146  0.362 0.33  7.34
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Fig. 4 Fitting curve of shock wave peak

pressure at different scale distances
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Fig. 6 Numerical simulation of underwater explosion
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Fig. 7 Development diagram of the change process of explosion shock wave
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Fig. 9 Layout of underwater explosive bubble curtain tests
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Table 4 One layer of bubble curtain test and simulation data

) b1 VA 7 W v VA = W 4L/

VA=A m MPa MPa MPa

B B 12.00 1.883 1.789 1.630

12.00  0.154  0.228 0.268

MEHE 5 24.00 0.076  0.057 0.134

36.00 0.032  0.040 0.071

‘ 12.00  91.83  87.26 83.56

AAmﬁggfé’o 24.00 95.96  96.81 91.78
Tk LB/ Y%

36.00  98.30  97.26 95. 64
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Fig. 10 Time history curve of shock wave overpressure of bubble curtain on one layer

S B AT A T I YR U0 U , A M 200 A
TR 12 m s P 0 R 7 5350 4y 1. 883 MPa
1.789 MPa, {51E M fE4E (> 12 m 24 m 36 m &b nhd;
U W {E A8 4> % h 0. 154 MPa. 0. 076 MPa,
0.032 MPa #10. 228 MPa 0.057 MPa 0. 040 MPa, %

WL 9] 43 93 A 91. 83% ., 95. 96% ., 98. 30% Al
87.26% 96.81% .97.26% , & L4 7 87% LA I+,
ARG AL , B IR X 7K v oo 49 7 2
BB PRI B B, T LS BRI ) SR 400 30 35
i PEA



218 2 1 2024 46
o
_,h
i
i
B 11 1 R AR vh s i R &
Fig. 11  Shock waveform of the first layer bubble curtain test
= s hh s N . E T 4 55 EK6 KT R, BEIA
3 V—3 =L 0w SR 3 £ LL+ N ’
;'ﬁ“ﬁ%};ﬁ IATRRIEPREAT et kot o 0 Sk e B 7L
e o BE L T 36 1 94% B - Bt 2 2

3.1 HE&RE

SRR O R AR AR RO R AR

THRERU AR, = M Fe A U ) 23 U= 10 B A

SRAMBL AR . BB BY B 25 R 1 & AN T

S RETIRT, IR/ JE 25 W R R F s 5 — )2
SRR PR AR AR ]

3.2 BEWE

XA [ J2 RS 20 5 AT P 6 B

TR A R O ME R RO R I AR S — 2R

HMERAHR] . R IZ 7 AN RZ SRR X K

AR LA, T AR Hh e S22 AN TR K

R IAT —E RN, IR R RO, B nhT

ALMERE A BE BRSO, wh T A4 I e, AR R BE

R X6 7 sl B PR SR Dl A B B A T 2= <
JEIERE ] LASRE R B A AR o

2000

1800

1600

= 1400}

< 1200f

% 1000}

m 800t

€ 600}

400

200

— SMEFRT 12m

0 5 10 15 20 25
B ] /ms
(a) MEHE R

(a) Before the curtain

e SRS I, A X e o D ) U AR R e
AT o AN ) SRR = R 1 S DU G
5 ERT, bl PO IR R & A 12 5 14
P16 7, AN ] J2 200 e ol S i JE T 4 1
13 J& 15 [ 17 fioR

x5 2 ESAMEREREMEIE

Table 5 Two-layer bubble curtain test and simulation data

A Ui 0 VAR =W VAR - £/ V4
(A m MPa MPa MPa
e HE i 12.00 1.468 1.675 1.610

12.00 0.108 0.157 0.123
W f 24.00 0.067 0.068 0.072
36.00 0.023 0.053 0.058

_ 12.00  92.73  90.63  92.36
e Jm
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Fig. 12 Two-layer bubble curtain shock wave peak overpressure time history graph
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Fig. 16 Four-layer bubble curtain shock wave peak overpressure time history curve

K17 4 SR MR il B R &

Fig. 17 Shock waveform of four-layer bubble curtain test
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Table 6 Triple bubble curtain test data and simulation data

) A5 MEE, W5/ K6/ B
YA m MPa MPa MPa
e %2 B 12.00 1.831 1.933 1.670
12.00  0.039  0.083 0. 109
iR 24.00 0.025 0.031 0.093
36.00  0.015  0.020 0.067
12.00  97.87  95.71 93.55
MEHE 5

s 24.00  98.63  98.40 94.43

T L il Yo
36.00  99.18  98.97 96. 00

x7 4 BERAKRERRREMEIE
Table 7 Four-layer bubble curtain test and simulation data

) s mEs WlEe 7, e 8/ 4L/
A m MPa MPa MPa
ME BT 12 1.518 1.493 1.679
12 0.026  0.034 0.102
iR 24 0.016 0.018 0.071
36 0.013  0.013 0.076
12 98.29  97.72 94.00
MEHE 5

o 24 98.95  98.79 95.77

T L %
36 99.14  99.13 95.47

(1) A F 7KK B KE 7K i v 2 D6 (88
T D) 5 A U K ) DA A, K 1) WA {1 P ke D 4
BT B, B R FERR K R IR I s I f TP

(2) ST M3 X 7T 8 0 oo T8 o U R W
2, AT DUA RUGARAK T 43 1 i I i e 0, e
ARG MK T #E S S 20 B 4 VR, ELBE A i
RO LA T 94% L) - (H R SO 52
B2, G2 R R B s
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