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Fig.2 A forward area calculated by MOC and an inverse area
calculated by inverse MOC
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Fig. 3 Schematic diagram of two types of numerical scheme for
the inversion of the water field
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Table 1 Binary encoding of JWL EOS parameters

£ Fleil A% K SrHeR FEAR
R, 3.00~8.11 2°(512) 0.010 010010110 (4.5)
R, 0.500~3.05 2% (256) 0.010 01011010 (1.4)
w 0.200~0.515 2°(64) 0.005 001010 (0.25)

SRJF S XA REREA T B4, BV LA IV 58 R BSOA A S Bl R BEAT DR 25 TR o 3 I PR B T 2R T H A
PRENIAG 3, 1h AR SO s e 8/ M B TR A8, 3 197 B2 R R50H 1 0 »
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T (o) ®
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xR ZE (BIARSC AR , ¢ A7 1L 8E R 0 B — 8 TR T B MR AE R (B, 5 2%
P77 A Ja AR AR BEAS, A SR FAS ARl v A3 1 LU T 365 10 88 A ABE 3 e L (HE L) , 1)
I} T G B DA 25 2k, SR AR B i v 3 o7 (L ) SR s ORS 90 ) o

H i 2 SRR, X QAR RS AR 22 M8 — i O LU EA T G (B PR S 3L, S R A8, A B B AR LUK &
BRI o 5 SOV SR FH BEAIL B 1 5 S, 22 1R 5 SUOMME 3 B 36 e DR S 4wl 00 07 B, 58 SR AR MR, <4 i
7B, Y R AR R o SRAEHLIN R B 22 5 7L, $e M G A AR 0 S e 7 ARBE TR o A > — 76
RERIME . R T RE USRI RGOS — I BLE 18 5, A LS % Stoffal SFRYHEIT, K FIIE H A9 58 AR
(0.6) SH/NYRAMER(0.01) o 2 LI R, Sy (il 952 SURIVAS S 45 5L, n] LUFR H 32 1l 24 A% 3 5 17

R2 TXBRESRERENTEIRE

Table 2 Schematic process of crossover operation and mutation operation

R, L SRR
001010101x010101010—001101010+010010101 010(0)10101—010(1)10101
Samipe | (3.85)%(4.70)—(4.06)+(4.49) (4.49)—(4.81)
001111111x010000000—001000000+010111111 0101(1)111(1)—0101(0)111(0)
Samipe 2 (4.27)%(4.28)—(3.64)+(4.91) (4.91)—(4.74)
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N T IR ST R A R, e PR BB R T AR TS ST B R, SRS M F S S )
T2 SR AR I A0 A L, A 35 7 v ot D 25 A [ 6 B 09 A 0 R T I R 2R, LA Sk Ao B KA
A, fe)a A I i g SR S R4S R 22 5. IR AR B 2 (5] 1, [MRESE T CJ BT 46
PR, SR IR 2 7= 09 TWL IR ZS 77 R LA K 7K B Polynomial MR 25 75 5 o 7K 55 T 900 4 2285l 7K 1 4
ol R SRR B K D R SR RE , RN R R A RN, BT A K A S 2 R Sk A
T RE . TR AR L RO B A A, ROARS R B CFL 4%, AR KA L s ol i 53 R 40T 136 2
I . sk BB N 30 {5 BRI IR 25 AR, R B 800~1 000 JT . 3 NS ST KEZS
A (B R 2 5~30 GPa) By JEA(E BB,

%3 LMEBHIEESH

Table 3 Detonation parameters of several explosives

JEZy py/(g-em™) D /(km-s™) p,/GPa E,/(GI'm™)
ANFO 0.931 4.160 5.15 2.48
c4 1.601 8.193 28.0 9.0
Comp B 1.717 7.980 29.5 8.5
HNS 1.40 1.400 6.340 145 6.0
LX-01 1.230 6.840 155 6.1
PETN 1.50 1.500 7.450 220 8.56
Tetryl 1.730 7.910 28.5 8.2
TNT 1.630 6.930 21.0 6.0

4.1 KTREMRLER

PR ZGE48 0.5 m BUERIE C4 125 (29 838.3 k) NHBl, 1] 6 O i 2k 4R EH A IS R R B K, 4
B TR b P A AR LI, LR —/NBO R 2 o 0 R SR AR AR I, K b R B SRR B ey
U A 2ok P o o AR G o g IR R L DL RIS T A BT R A o R et £, 5 el 4 B R T

160
100 In explosive (R, = 0.5 m) .
R In water 1 < R/R, < 10 e — R/IR,=10
In water 10 < R/R, < 15 e 120l ——R/R, =15
g 7.51 -———Inwater 15 < R/R,<20_~~ g ——-R/R,=20
= Ay
=
2 3
o 5.0F - £ 80
[} g 7]
&n - @
20 5
= 2. =
> - 40 1
ol /
0 1 2 3 4 5 6 0 12 16
Time/ms Time/ms
FEl6 S S RE I 4 R B Pl 7 A% R 1 T 3 6 R
Fig. 6 Schematic diagram of test results of a continuous Fig. 7 Schematic diagram of test results of a
pressure-induced conduction probe piezoelectric sensor
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explosion test
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Fig. 9 Inversed area of the shock wave and
after-shock flow on the gas-water
interface

Fig. 10 Comparison between forward results and
inversed results of position and pressure
on gas-water interface
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Fig. 11 Comparison between inverse isentrope and JWL principle Fig. 12 Configuration of inverse JWL EOS by pressure-time
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Table 4 Comparison between inversed results and reference parameters of JWL EOS

S A/GPa B/GPa C/GPa R, R, w FRiRZ(p>0.01 GPa)/%
ANFO (1) 49.46 1.89 0.474 3.90 1.10 03333 -
ANFO (2) 50.82 2.101 0.437 3.96 1.11 0.32 2.8

c4(1) 609.77 12.95 1.043 4.50 1.40 0.25 -
C4(2) 610.64 12.71 1.033 4.50 1.38 0.25 1.3
Comp B (1) 524.23 7.678 1.082 420 1.10 0.34 -
Comp B (2) 528.29 8.021 1.087 4.22 1.10 0.35 2.9
HNS 1.40 (1) 366.5 6.75 1.163 4.80 1.40 0.32 -
HNS 1.40 (2) 365.60 6.482 1.157 4.79 137 0.32 1.0
LX-01 (1) 311.04 4761 1.042 4.50 1.00 0.35 -
LX-01 (2) 305.98 4244 1.007 4.45 0.95 0.34 2.0
PETN 1.50 (1) 6253 2329 1.149 525 1.60 0.28 -
PETN 1.50 (2) 630.48 23.52 1111 5.27 1.59 0.275 1.3
Tetryl (1) 586.83 10.67 0.774 4.40 1.20 0.275 -
Tetryl (2) 584.47 10.51 0.768 439 1.20 0.27 1.1
TNT (1) 373.77 3.7471 0.735 4.15 0.90 0.35 -
TNT (2) 376.61 4.011 0.769 4.17 0.92 0.36 1.7

E: (1) Reference parameters; (2) Inversed results
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An inverse method for the equation of state of detonation products from
underwater explosion tests

YANG Chenchen, LI Xiaojie, YAN Honghao, WANG Xiaohong, WANG Yuxin
(State Key Laboratory of Structural Analysis for Industrial Equipment, Dalian University of Technology,
Dalian 116023, Liaoning, China)

Abstract: Since the information of detonation product is transmitted outward in the form of compression
wave during underwater explosion, the purpose of this paper is to explore how to determine the equation of
state (EOS) of detonation products using underwater explosion tests. Compared with conventional cylinder
test, underwater explosion test has the advantages of simpler equipment, lower cost, less limited charge size,
and wider range of calibration pressures, which makes it more suitable for the on-site testing of large or non-
ideal explosives. Based on the measurable shock wave trajectory and post-shock pressure history in general
underwater explosion test, an inverse method of characteristics (inverse MOC) is proposed to recover the
gas-water interface from the shock and post-shock data, and a genetic algorithm is developed to determine
the EOS of detonation products by the gas-water interface. Compared with virtual experimental data
extracted from underwater explosion simulations, it is found that the inverse MOC can properly reproduce
the position and pressure of gas-water interface. The lower limit of pressure range is close to 2 MPa, which is
far lower than that of 0.1 GPa in cylinder test. Based on the inversed results of gas-water interface, it is also
confirmed that the genetic algorithm can also stably optimize the parameters of JWL equation because the
isentrope pressure error of eight commonly used explosives is less than 3% in the range of detonation
pressure 0.01 GPa. The results show that it is by the inverse MOC and genetic algorithm that the EOS of
detonation products can be properly and stably determined by the underwater explosion test data.
Keywords: underwater explosion test; inverse method of characteristics; genetic algorithm; gas-water
interface inversion; JWL parameters optimization
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