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Table 1 Parameters of the equation of state of water
p/kg-m’ ¢,/ mes™ s T,
1000 1483 1.75 0.28

Note: p is water density, c,is fluid velocity, s is u-u, coefficient of the

slope of the curve, T, is Griineisen ratio.

1.2.2 TNTZ

KR KE R 2R O B R WL IR &S O B AR
U R RE S R o b Rl R R 2R R W Bk a2 sh it
%zuwnﬁW?Mﬂmmu%*ﬁﬁmfumh*

w"’?o ) wno )

p. = Al - e"+B(

1 2

K, p, NEBEEY R F1 ,MPa; A B R, R, .w #B &
522 IA K S50, AR BRI AN N GPa, R, R, .
w RTINS R, R KR T BRI G K 2
B LEAE L Bl m, = plp,.p = 1630 kg-m*;eﬁﬁzﬁj$ﬁ
it N RE ) kg o AL B R R 6930 mes
HAhZHOBE L3 2.,

e +wn,pe (2)

®2 INTRETESH
Table 2 Parameters of the equation of state of TNT

A/ Pa B/ Pa R
3.5 x 10"

R, w e/]-kgﬂ

3.7 x 10°

1

3.3%x10° 4.2 0.9 0.3

Note: A,B,R,,R,,  are parameters related to the type of explosive. e is the

internal energy per unit mass of explosive.
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R B AN AR AT A v 1 75 e R M, L AR R B
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AL A5 B R AT I AE L Yeoh i SUPE AR B A4 LI
A5 BE PRECIN X (3) B

W=zc,o(?1 —3)’+2[5(/—1)”] (3)

Ao, R SRR 1, 5 — AR sk i AR & o FT D,
= SIREACH S BUARU N 2808 N ¢, = 0.03,
€y =—5X10"¢,,=7%x10°,D,=D, =D, = 0.
1.2.4 Hyperfoam il ik B S ¥
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Table 3 Parameters of the foam model

©y o My ey My oy My oy M5 o

-0.65 3.17 0.43 4.89 030 4.94 0.12 1.20 0.00 -3.36

Note: u,and a;, are temperature-related parameters.
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Table 4 Numerical simulation conditions

No. mass/g boundary material thickness/mm
1 1.0 none -
2 1.6 none -
3 3.0 none -
4 1.0 foam 5
5 1.0 foam 10
6 1.0 foam 15
7 1.0 foam 20
8 1.0 rubber 5
9 1.0 rubber 10
10 1.0 rubber 15
11 1.0 rubber 20
12 1.0 non-reflection -

1.4 MIBERMES
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Fig.2 Comparison of shock wave histories for different mesh

sizes
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Table 5 Results data errors for different mesh sizes

size/mm number of peak pressure error
meshes /MPa /%

1 2.6%x10° 14.75 2.5

2 1.2x107 14.71 2.6

4 4.0x10° 14.55 3.6

6 1.4x10° 13.13 13.0

8 5.2x10° 8.90 41.0

10 2.7%10° 6.62 56.2

empirical formula - 15.10 -

&S AAL1.2.4.6.8 mm A1 10 mm MA# R

XN R ) W AE 3 0l 14.75.14.71 14,55,
13.13.8.90 MPa 1 6.62 MPa, 5 Cole Hl i Z 1 /3 =X,
25 R M 2 2.5%.2.6%.3.6%.13.0% .41.0% £l
56.2%. K245 1 T AT A% RS R b s 3 i 72 i
2k 5 Cole it 2 46 /A T ZR B XF LE , o LR Y, B &
WA % 5 3 1 488, ool % s AR R AN 4% 3T Cole B
Wz g o AR 4L, 2 A% R ICE S 2 mm B,
IRMESHIBREMNRZE/NT 3%, ITEEECH L T
FREIR . BAR T mm PR RF il 50 25 L 3R o H 3t
TFE I B ) TA) A A vy o PRLHG , AS ASE Y Rz 9 A
JRSF#E K2 mm, Cole g A AR TFR(5)~
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K,=0.084N-s-m?2,a = 1.13,8 =-0.23,

1.5 HEFEMIIE
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U W R 3 AU |3 56 R 28 56 (B AN 26 6 P/, U A TR
JInfRE 2k Al 3a~3c iR .
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PEKE R S 1A 5 Cole BB 2 56 28 sU R /N Y, J7 3k
g A5 DLW 5 28 3 1 K /N A 25 43 1 R 2.6% . 3.7% Fil
4.0% , BALURT BE © 0l A2 1 30 30 IR 20K, W] I e Tk 52 T
A ) P A% RUST AN [] 24 o 00 24 (0 SO A 22 AR K AL
R B0 1.6 g 2 & JE 25 T 77 A 0 B0 R 1 R 19.28
MPa, H 55 (8 5 F0O0E A5 301 45 R 2% 7.4% , 1R 25 7%
TREAVFEEZ N . K 3a~3c/3 90 3 F 24 14 25 1)
() oy e g B R R 2 FR 1] 3a~3c AT AL B BT
L R R RN ORI 2 /N e A A = ||| S N O &
A R — B, BRI, BU(E A LA A SE PR K
R KE SRR L 56 E T AR AL 2 S A R
i 1
F6 BN 28 RUE I ik 0 2 %

Table 6

tion and empirical formula

Errors of peak pressure between numerical simula-

mass / g p,/ MPa p./ MPa p./ MPa error/ %
1.0 14.71 15.10 - 2.6
2.0 17.86 18.55 19.28 3.7
3.0 21.98 22.90 - 4.0

Note: p, is simulated value, p, is empirical value, p, is test value, error is the

deviation of the simulated and empirical values.
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Fig.3 Pressure histories of numerical simulation and empiri-

cal formula
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Impulse integration diagram of gauges for different en-

ergy absorption boundaries
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Fig.6 Displacement curves of control gauges
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Table 7 Characteristic values of the gauge displacement

foam rubber
condition non-reflection  no boundary material

5mm 10 mm 15 mm 20 mm 5mm 10 mm 15 mm 20 mm
S /MM 2.80 4.33 3.20 3.05 2.85 2.82 2.95 2.92 2.87 2.85
S /mm 1.80 3.17 2.30 2.16 1.93 1.90 2.06 1.99 1.96 1.95
Note: S__ is maximum deformation of gauges,S , is residual deformation of gauges.
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Fig.8 Fourier transform curves of acceleration histories
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Table 8 Modal analysis
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W 7 B8 i (8 fr 12.02 5k /N & 8.51 A 7.83, 43 1l sk />
29.2% 1 34.9% , B 10 mm if 7 8 56 2> 31.4% Al
36.8% . T 6 MBS [E A AT, 5 mm IR A4 BRI
R A4 R IR A R 2.55 0820 2 1.85 F11.63, 43 Hd
27 4% F136.1% , Bk 10 mm B g {5 98 /0 32.5% il
38.4% , 1t W 52 W0 s SR ek A 25 A5 B BT B A
RCR FEAR — 0, LB RS B T AR B I AN L Gl

600 -

amplitude
w
S

2000 3000 4000

frequency / Hz
b. rubber

0 1000 5000

odal order inherent frequency amplitude
Hz no boundary material 5 mm foam 5 mm rubber 10 mm foam 10 mm rubber

1 42.47 12.02 8.51 7.83 8.24 7.59

2 89.86 5.86 4.24 3.84 4.05 3.73

3 112.96 4.50 3.24 2.84 3.03 2.76

4 146.82 3.62 2.63 2.43 2.31 2.24

5 184.59 2.92 2.02 1.87 1.97 1.83

6 216.43 2.55 1.85 1.63 1.72 1.57
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Numerical Simulation on Shock Wave Propagation Characteristics in Centrifugal Tests of Underwater
Explosion with Energy Absorbing Boundaries

LI Ming', ZHANG Qi-ling'*”*, LI Zhi'**”

(1. Department of Engineering Safety and Disaster Prevention , Changjiang River Scientific Research Institute, Wuhan 430010, China; 2. Research Center on
National Dam Safety Engineering Technology, Wuhan 430010, China; 3. Research Center on Water Engineering Safety and Disaster Prevention of the
Ministry of Water Resources, Wuhan 430010, China)

Abstract: Limited by the size of model test chamber, the reflection wave generated by explosion load on the boundary of test
chamber would inevitably affect the expected results in the centrifugal tests of underwater explosion. Therefore, reducing the
boundary effect will substantially restore the actual test situation and improve the test accuracy. Numerical simulation on centri-
fuge model test of underwater explosion was conducted based on the Coupled-Eulerian-Lagrangian (CEL) method. Through com-
paring experimental results with theoretical results and analyzing mesh sizes of 1, 2, 4, 6, 8 and 10 mm, the reliability of the
numerical model was verified. Based on that, the shock wave propagation characteristics in centrifuge tests of underwater explo-
sion with boundary energy absorbing materials of rubber and foam (thicknesses of 5, 10, 15 and 20 mm) were compared, and
the mechanism of wave absorption and energy dissipation was analyzed. The results show that the Euler mesh size of 2 mm
could balance the calculation efficiency and accuracy of calculation results. Laying rubber or foam materials on the inner wall of
the model chamber could effectively reduce the reflection effect of underwater explosion shock waves. The rubber material is
more effective in shock wave absorption than the foam material for the condition of 5 mm thickness. However, with the increase
of material thickness, the foam material has a better absorption effect than rubber. Both rubber and foam materials have a certain
inhibitory effect on low-frequency signals of shock waves, but the inhibitory effect on high-frequency signals is weak.

Key words: underwater explosion; boundary effect; numerical simulation; wave absorption and energy dissipation; centrifugal
model test
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