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Table 1 Main parameters of TNT explosives'®

A/GPa B/GPa R, R, w o/(kgm™) el(Jkg™)

371.2 3.231 4.15 0.95 0.3 1630 4.19 x10°

1.1 KEREFIE
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Table 2 Commonly used parameters of the Mie-Griineisen equation of state

Equation of state Cy/(km-s™) S S S; Yo a

SNLP 1.647 1.92 0 0 0 0

HULLE" 1.483 1.75 0 0 0.28 0
Steiberg* 1.480 2.56 —1.986 0.226 8 0.50 2.67

1.12 ZIMAREHFIE
Z WS T A KAPIRES TR, WH L2 E 0222 XSRS TR K
TREYEEUET B, FRBUE T AR R . Hh Autodyn 22 300 20K S 5 R A9 HARIE 8

{p=A1/J+A2/.12+A3/,l3+(B()+Bll.l)p0EM ,Ll>0
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Table 3 Polynomial state equation parameters of water provided by the Autodyn program'>*!

A,/GPa A4, /GPa A4, /GPa T, /GPa T,/GPa B, B,
22 9.54 14.57 22 0 0.28 0.28

£ Msc.Dytran H1 Z 0 A BARE =L 4), S8k 4 s

{p:a]y+a2,u2+a3,u3+(b0+b1,u+b2/,tz+b3/,t3)p0EM ,U>0 (4)

P =aip+(by+bip) poEy u<0

&4 Dytran FAKH ST RS HIEM S H

Table 4 Polynomial state equations parameters of water in Dytran***!
a,/GPa a,/GPa a,/GPa b, b, b, b,
2.002 9.224 8.767 0.493 4 1.393 7 0 0
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Fig. 1 Calculated peak pressure results using Fig. 2 Calculated specific impulse results obtained with
different equations of states different equations of states

#5 1kg EATIRKIBIBE T KIEEEH

Table 5 Shock wave peak pressure of 1 kg explosive infinite water fields explosion MPa
R/R,
State equation of water
7 10 15 20 25 30 35
Autodyn polynomial 165.7 95.6 56.7 40.6 313 24.6 20.3
Dytran polynomial 170.7 97.6 57.4 41.2 315 25.1 20.8
Steiberg 169.8 97.7 57.7 41.6 31.1 253 21.1
SNL 218.7 123.1 71.2 46.2 36.8 30.8 25.7
HULL 182.5 106.7 62.8 45.2 349 28.4 23.7
Empirical formula 196.7 115.2 68.3 49.4 38.4 31.2 26.2

xR 6 1kgEATIRKBIGEE R TIRKEL A E

Table 6 Shock wave impulse of 1 kg explosives infinite water fields explosion N-s-m?
RIR,
State equation of water
7 10 15 20 25 30 35
Autodyn polynomial 12 522.9 9116.8 6355.1 4919.6 40334 34293 2 989.7
Dytran polynomial 12 284.8 8943.4 6234.2 4 826.0 3956.7 3364.1 2932.8
Steiberg 12 130.7 8 831.3 6 156.0 4765.5 3907.1 33219 2896.0
SNL 132373 9 636.9 6717.6 5200.2 4263.5 36249 3160.2
HULL 11 976.6 8719.1 60779 4704.9 38575 3279.7 2 859.2
Empirical formula 14 007.7 10 197.8 7 108.6 5502.9 4511.7 38359 3344.1

SR S M 6 v UG H, 31X 5 iR Dy R AR T LIRS i D 1 S s A, {0 B AR A O B
T FUEAN ], DI 3 2038 3 1) o o D WA R T 5 L b i T S A SR A i 2200, FErh R A Autodyn £
T RS 7 R AR B A I8 1R ) 3R IR IR 2 R R, IE iR 2 ROE R, b i B85 Rk iR 22 8/ g
R ZEH; Dytran £ 11305 Steiberg MR T R 115 45 R i LA AR L, 7E (10~20)R, 4 HE AL 229k F-F2, 3T
Y b o & b%%va—ﬁj: SNL R Ty F I WA 5 7 EE & B0 K, 76 (7~ 20)R, 48 5 X 1] P 28 3 bR, 38
WER/N, @A AT AP HULL Jkuﬁﬁﬁéﬁiﬁeﬁﬁd\ EHIRZER N, &G HETIES A
*E%Eﬂﬁbkﬂwﬁéﬁfﬂa‘ﬁ%%%B’\Jﬁ;uﬁﬂ, AT GG T 0 SR A R 38 Y S R, R T TR
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Table 7 Applicable scope and characteristics of common five kinds of state equations for water

State equation of water Scope of application

) The overall error of the peak pressure is too large, and the far field error is larger than the near
Autodyn polynomial e .
field. The near field error of the specific impulse calculation is smaller than the far field.

The near-field peak pressure error is small, the specific impulse error is large, the far-field peak

Dytran polynomial . o .
pressure error is large, and the specific impulse error is small.
Steiberg The near-field peak pressure error is small, the specific impulse error is large, the far-field peak
pressure error is large, and the specific impulse error is small.
The mid-field attenuation of the pressure peak is fast, and the far-field error is small. The
SNL difference between the near-field and the far-field error is not large, which is suitable for far-

field calculation.

.. The pressure peak error is small overall, and the specific impulse error is gradually increased
Empirical formula . .
from near to far, suitable for near-field calculation.

2 ANIFHMRH

AR g o Ik D A TR SR T T L AR S B AR, X AN I 2 A BR AS A A5 B a0 T R A R A T
I PRIAE, 7 LA ST 530 7 v 3 8 5N T80 M R g e 3 — [, JH v — Uk 6P 25 ) 559 P46 05 1 B AR
HRY R, IREES A —ASBETE J1 % B 1k BT R . (ER S TN T3PS 7E TR S8 ) LA W45
JEE PN ' 0 ot e I T 490 o B S 0 (L T I )RR BE IR 3 L 5 b B LR i R . R, N TR
RO T A A BRI R

7 Autodyn F 7 i TGP — kI, k300 R BCERIAME R 0.2 F1 1,059, A TR 08

= {p' (CLlcs+Cé1252) e<0
0 20
K € — RN TR RELCy 0 RN TR R B N RHER B o7 b BHE BE o g d Rk i
e NRFAE L%

M TN T R B0 B85 G 5 W B AR, 18 2224 B A UEAT KR 8 M BU(E 05 ECR, 3 SR
PN TR REOR IR S BUE O FLRE B . AR TR A5 1 ZE LM 133 S (AR R A TR F , 1B ol — Ik i 26
PERK00.2 7 0.16, 0.14, B R IR E01.0 4 0.8, 0.6 Y7545 H w0k 06y 3 0k 1 40
A, A Sy i J A R A T DA bl R R D, RS R S 4R AR . i
LGP LR ORI R BRI OL T, 38 5 R — R I R AT — IR B R BRI (R T s

J T RGN TR R BOH K T R KERE L 25 R, A1 L 1 kg TNT KE 24 78 JoBR /K 38 iy
FEVE M, R Autodyn B2 )7 o SNL IR ZAS 5 &, FF2R H 2 mm WIURE HEAT 11530, 400 ) 3 — I i SR 4k
5 TR R R, T 5 2 A AT A X H SR SR B R B A R AR . 7R TR A
PERECN 0.9 RSB FTHE T, 2k 8 B — I R £ 1 0,005, 0.010, 0.020, 0.040, 0.080, 0.200 &
0.400 FEA7 ZHI3154, Wa KR4 1M TR, 10R,. 15R,. 20R,. 25R,. 30R, 5 35R, M 517, 15 5| it 11754 4%
RE 3 . I 3 thal LB i, RS — K6 R B0 ZE W0, W E R B i ok, i X 2 — Ik
TEGPE R B Sk, 3 B2 — I R BN T 0.040 I, 337 TR, AL B E R 1 IR 22 3 N B 1
RZEN 9.43%, DA E 2R 2 TR B 2K . Bl (R FF— IR R ECH 0.02 AR, 3 o I3 — ik
AR 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, [F]FE WM EEFE 43514 TR, 10R,. 15R,. 20R,. 25R,. 30R,.
35R, B A, A B AT ZE AN 4 FoR o NEL 4 ol LUFE Y, R B 2R B0A0 AR XA 4 SR B
W AN A, ZEEUE A 0.8~ 1.0 B, 113 45 1 5 256 0 sCHEAR W) A

ABFFEART 0.1, 10, 50 F1 100 kg FEATIHHHE ST, KIAEAF S8 T T — k5 Rt REOG T
it PR S v R R R AR S | kg — B, — R B R BT W R R K, X L sh i
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—=— Empirical formula

—e— One item viscosity coefficient is 0.005
—A— One item viscosity coefficient is 0.010
—¥— One item viscosity coefficient is 0.020
—— One item viscosity coefficient is 0.040
—< One item viscosity coefficient is 0.080
—»— One item viscosity coefficient is 0.200
—o— One item viscosity coefficient is 0.400

10 15 20 25 30 35 40 45 50 55
RIR,

(a) Peak pressure comparison

E 3

Specific impulse/(N-s-m2)
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00
00
00
00
00
00
00

0

—=— Empirical formula .

—e— One item viscosity coefficient is 0.005
—— One item viscosity coefficient is 0.010
—v— One item viscosity coefficient is 0.020
—&— One item viscosity coefficient is 0.040
—< One item viscosity coefficient is 0.080
—»— One item viscosity coefficient is 0.200
—e— One item viscosity coefficient is 0.400

10 15 20 25 30 35 40 45 50 55
RIR,

(b) Specific impulse comparison

PR IR RS BT AR

Fig. 3 Calculated results obtained by adjusting the viscosity coefficient of the primary term

—a— Empirical formula .

—e— The quadratic viscosity coefficient is 0.
—a— The quadratic viscosity coefficient is 0.
—v— The quadratic viscosity coefficient is 0.
—— The quadratic viscosity coefficient is 0.
—< The quadratic viscosity coefficient is 0.

5
6
3
8
—»— The quadratic viscosity coefficient is 1.0
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(a) Peak pressure comparison
&l 4
Fig. 4

—=— Empirical formula o

—e— One item viscosity coefficient is 0.03
—a— One item viscosity coefficient is 0.06
—v— One item viscosity coefficient is 0.12
—e— One item viscosity coefficient is 0.24
—< One item viscosity coefficient is 0.36
—»— One item viscosity coefficient is 0.48
—e— One item viscosity coefficient is 0.60

(a) 0.1 kg
10

5 15 20 25

RIR,

30 35 40

—=— Empirical formula L

—e—One item viscosity coefficient is 0.005
—a—One item viscosity coefficient is 0.010
—v—One item viscosity coefficient is 0.018
—o—One item viscosity coefficient is 0.035
—< One item viscosity coefficient is 0.070
—— One item viscosity coefficient is 0.150
—e— One item viscosity coefficient is 0.300

(c) 50 kg
10

5 15 20 25

RIR,
5

30 35 40

Specific impulse/(N-s'm™2)

Peak pressure/MPa

Peak pressure/MPa
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210
180
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—=— Empirical formuyla .
—e— The quadratic viscosity coefficient i
—a— The quadratic viscosity coefficient i
—v— The quadratic viscosity coefficient i
\ —&— The quadratic viscosity coefficient 1

 —< The quadratic viscosity coefficient i
—»— The quadratic viscosity coefficient i

s0.5
s0.6
s 0.7
s0.8
s 0.9
s 1.0

10 15 20 25 30 35 40 45 50 55
RIR,

(b) Specific impulse comparison

PR TR R BRI R TSR

Calculated results obtained by adjusting the viscosity coefficient of the quadratic term

(b) 10 kg

—a— Empirical formula
—e— One item viscosity coefficient is 0.005
—— One item viscosity coefficient is 0.010
—v— One item viscosity coefficient is 0.020
—4— One item viscosity coefficient is 0.040
—< One item viscosity coefficient is 0.080
—— One item viscosity coefficient is 0.200
\ One item viscosity coefficient is 0.400

10

(d) 100 kg

—=— Empirical formula .

—o— One item viscosity coefficient is 0.01
—a— One item viscosity coefficient is 0.02
—¥— One item viscosity coefficient is 0.04
—e— One item viscosity coefficient is 0.06
—< One item viscosity coefficient is 0.12
—— One item viscosity coefficient is 0.15
2 One item viscosity coefficient is 0.30

5

10 15

— U R EOH AN A Y B TSR

Fig. 5 Effects of primary viscosity coefficient under different equivalent conditions
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AR DA X525 SR 0 43 BT, AR5 X0 TR X 7K A A et B 5 0 L 5 8 2R 2 o A T
S5O0 HT, JRER I T — kS TR ERE A RO s UOBUE VS L, Ik 8 s .

®=8 ALHMMNHELERNFZM

Table 8 Artificial viscosity effects on calculation results

Artificial viscosity Recommended range .
. Impact on calculation results
coefficient of values

. ) ) The peak pressure of the underwater shock wave has a great influence, the
Primary viscosity . . . . . L
fficient 0.005-0.040 contrast impulse has little effect, the primary viscosity coefficient increases,
coefficien
and the peak pressure decreases.

Secondary viscosit,
Y . Y 0.8-1.0 Less influence on peak pressure and specific impulse.
coefficient

3 MRS EERF MW

AT TRV AT, A% RS Xt B00EL 05 19 285 SR AR R i), R A7 85008 T — AT 2 R 47 Do A TG
BB E B X T KR g M T R, 24 5 3 e R At AR S PR T AN 4 A ROAR K143, R TR KR R KSR
{05 B AN TR T 00T (0 A BRI RS RST, skt o S0 S A [w) 224 62 K 24 7 0 R K 388 P 8 A 1 I e IR H 1A 7
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Fig. 6 Peak pressure obtained under different grids Fig. 7 Specific impulse obtained under different grids
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Table 9 Peak pressure of 1 kg explosive with different grid sizes MPa
R/R,
Grid size/mm
7 10 15 20 25 30 35
2 188.8 110.6 65.6 47.4 36.8 30.0 25.2
179.0 104.8 62.1 44.9 349 28.4 23.9
8 161.3 94.5 56.0 40.5 314 25.6 21.5
12 135.7 81.5 46.1 35.7 26.5 21.5 18.1
15 112.1 65.7 38.9 27.1 21.9 17.8 14.9
20 85.6 52.4 28.7 20.7 16.1 13.1 11.0
Empirical formula 196.7 115.2 68.3 49.4 38.4 31.2 26.2

F10 1 kg EARBARMBRTFR LN E

Table 10 Specific impulse of 1 kg explosive with different grid sizes N-s'm
R/R,
Grid size/mm
7 10 15 20 25 30 35

2 12 228.8 10 197.7 6205.8 4 803.9 3938.6 3348.7 29194

5 12 004.6 8902.6 6092.0 47159 3866.5 32873 2 865.9

8 12 172.7 8739.4 61773 4781.9 3920.6 33333 2906.0

12 117524 8861.8 5964.1 4616.8 37853 32183 2 805.7

15 114723 8555.9 58219 4506.8 3695.0 3 141.6 2 738.8

20 11 822.5 8351.9 5999.6 4 644.4 3807.8 32374 28224
Empirical formula 14 007.7 10 197.8 7 108.6 5502.9 4511.7 38359 3344.1
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2 TR G RS R T S A5 2 ARG B iR 22, T 85 A ARG B % 11, P25 5 5 RAKR R 22 A &
FEROCZ, BT W, =1 kg FA3E B RIAR R~ 1, = 5 mm /B R34, R (8) 1y i R L AT 3k, 18
iﬂ%%éﬂi’ﬁ?&%%%E%Eéﬁjiﬁﬁlﬁ%ﬁﬁj—gzrﬂ ES
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Fig. 8 Influence of grid size on different explosive equivalents numerical simulation of underwater explosion
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Fig. 10 Numerical and experimental comparison of shock wave time history curve
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Shock Wave Simulation of Underwater Explosion

HU Liangliang', HUANG Ruiyuan', LI Shichao',
QIN Jian’>, WANG Jinxiang', RONG Guang'

(1. National Key Laboratory of Transient Physics, Nanjing University
of Science and Technology, Nanjing 210094, Jiangsu, China;
2. Naval Research Academy, Beijing 100161, China)

Abstract: The state equation of water, artificial viscosity coefficient and mesh size have a great influence on
the numerical results of underwater explosion shock wave. In order to improve the simulation accuracy of
underwater explosion shock wave, the peak pressure and specific impulse of the conventional TNT explosive
underwater explosion are taken as the measurement indicators, and the influence of these factors on the
numerical simulation results is studied. For the five kinds commonly state equations of water, the specific
values of the artificial viscosity coefficients under different working conditions and appropriate grid size for
different explosive equivalents are given. These parameters can provide reference for improving simulation
accuracy of underwater explosion shock wave under different working conditions. First, through a series of
simulations of the commonly used five kinds of state equations of water, the calculation results of peak
pressure and specific impulse are compared with the empirical formula, and the error analysis is carried out
to give the applicable scope of each state equation. Secondly, the influence of the artificial viscosity
coefficient on the calculation results is discussed, and a series of calculations are carried out for the primary
and secondary artificial viscosity coefficients under different working conditions. The recommended range of
values for the primary and secondary artificial viscosity coefficients under different working conditions is
given. Finally, through a series of calculations on 0.1, 0.5, 1, 10, 50, 100, 500 and 1 000 kg equivalent
explosives and different grid sizes, the recommended mesh sizes corresponding to different explosive
equivalents under the requirement of engineering calculation accuracy are obtained by limiting the relative
error of peak pressure less than 10%. The expressions of the recommended mesh sizes corresponding to
different explosive equivalents are also given.
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