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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

1.1.1 Mie-Griineisen 1K 75 /5 12
HaixF TR B EBUEDT B, 222" R H Mie-Griineisen R 25 7 2, RS T IE AN
poCop|1+(1- 2 )u— 24
p= — [ ( 22) 2 1 s tntawe p=0
[1 (S1—Du- s,

S Gy
p=poCo’p+ (yo+au)e pu<0
A W AT, u=n—1. Hu>Onf, KA T HARES; Hu < O, KA FIACRE . CoAFE, v h
Mie-Griineisen R4, a HIAEBUEIEREL S\ S, IS T HAUA R
Mie-Griineisen & 2% 7 B2 7€ # FH 75 Mk #X £F Msc.Dytran, Abaqus. Autodyn il Ls-Dyna %545z FHAR ),
G HOAN TR 19 fai Ak 22 3R 2, 453 SNLORZS R . HULL AR 2S5 72 Al Steinberg IR A H U 45, HE2 4
VIR 2 s .

2

# 2 A Mie-Griineisen RS HFEAEARRNESH

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

5 (3)
p=T\u+Tou” + BypoEn u<0

Hew S BN 3 s .
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&3 Autodyn ZFRHEIKZIRAREHRESH

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

H 1 56 T vhi B 22K v A AL %, A5 3 Fhs; A )32 1 b ot I B U0, 43 ) 6 R B 1 -] 2 B
WL IR v B R A AR BB R B JE B, AT R AR VAR B ) 2 i AR T R AR B I A . PR,
3 i BRI TR R T AR B R D BEAR R DR TR o MR B 5 A AR Z LR T 10 B, 838 R 5 B ke -1
AR T B R T S WA A TR 7 5 YOG R il R RS B0 (AR — B PR R T - B R BT S 2
F14) FH 208 D0 L S 561K 15%~ 20%; #2252 J2 RS i 45 21 (14 iy 208 D0 Lo 52 56 (8 B2AIK, F 2 7 24 450 B D) i) 384
Ie AR LA L b B S W, AR TR AT 2 el A RS AR B 2 B A S, AN [F] 2
BRI 2 B A AN A HE], Horp Cole| Zamyshlyayev? S5 #E G453 21 A9 28 465 20 20— B A FK T
FRYERF T 51, A B 58 A0 DL 28 36 3 XA S BB L5 R A T B 2 7%, IR0 [ 45 4% 501 L 285
SR EE sz, BB L=k (5) 1=k (6) frn

N 15
R
44.1><106ﬂ 6<—<12
R R, )
Pm = s— L13
VW R
52.4 % 106(£) 12 < — <240
R R,
s 0.89
, W
1=5768><\‘/W(%) (6)

K. p,, s PG R S (Pa), WoONKEZ TR & (kg), R MIRIE (m), R, N5 AL2F4E (m), I 0 Hwh &
(N-s'm™),
12 KHMREFEMNBEREERNF

KT KBRS Ty B BUE 5 B, AV 25 F 3T T — R THE . RO &Y XF Autodyn
FEIF s G SNL RS T 5 Z W 0I5 B R AT T RS, X SR AN PR AS 7 BT 53045 31 i Wi 1
AT T X, 3HE T X B RIR S T R B OC 5 . Tk 481 X Dytran 72 % H Mie-Griineisen R & 7 f2 5
Z IR T BT TR0, R ENTITH RS R A — 220 o oAl B P02 BR9E T KR & T
TR KR ol I K084 LAY S, (E iR 25 07 R o e o 0 b iR A SR A S i 2 BT, e A 4
R T AR BB T 1 BAR DR 22 08T . IR ARSI IR S T B % K 93 K BB L 45
B2, ASHIF 5T 43 90 R Bk 5 R B BOARZS T FEXT 1 kg TNT 78 JC FR K S8 b A9 8 M 04T T 25035,
L2 mm () RS R 43, Wi kg B R 7R,. 10R,. 15R,. 20R,. 25R,. 30R, Fll 35R, i i fvi, 155 T AR AT
FETFUEE T 5 e i P B AS R, S0 A At b, g5 R anfEl 1 A 2 s

FRE T35 20 B 5 b b, X LA T B4, IR Gt 30 A O MR, ande 5 fdk 6 s,
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240 e Empirical formula 14 000 F —=— Empirical formula
210 —e— Autodyn polynomial SN e Sutodyn plolynor‘nial

—4— Dytran polynomial g 12000 : St}étigg; gp ofynomia
S 1801 i @
E v gteg)erg 2 10000} —e— SNL
S 150 5% —<«— HULL
= % 8000
@ 120 ¢ 2,
& E 6000F
< 90F 2
< pyami -
2 ol : 4000
30l @ 2000 F
0 L L L L L L L L L 0 L > ’ ’ ’ .
5 10 15 20 25 30 35 40 45 50 55 5 101520 25 30 35
RIR, RIR,
K1 SRR RPRAS 7 RS SI (e ( T 13 4 B2 SRAAR PR D FRA 2 00 b b A 4 2R
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
MR/, 22— R B PE R B, b P (A R 78/, 0 B R B R BT IR 5 Ee o

(M
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0

—=— 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)

140
120
100
80
60
40
20

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

210
180
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4
S

—_—
[y}
S

O
(=]

(=)
(=]

W
(=]

D O N W
(=R - ==

W
(=)

10 15 20 25 30 35 40 45 50 55
R/R,
(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

14 000
12 000
10 000
8000
6 000
4000
2000

210
180

—
W A O D W
S O o o o

(=]
(%,

210
180
150
120
90
60
30

0

—=— 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
THEGE, $EH T XL AR 5 MRS RS 2 L ok 60 0 A 4] 43 10 7 15 AR e 4E 4652 2R FH Mise. Dytran K {4
58T 50, 70 mm 25 P A% ST 7K T R K s 5 (B R 0 B3R R 25 5 T AP X 2t Oy 50 kg YK
IR A O RS R SE S M HEAT T A0 B, X RS R ST K/IN S A R iR 22 0 S R AT T TR . BEAk,
ATV 22 5 B0 X 7K B K b ol SO D)7 ) TR ROST A e BB T — S5, (X AN ] 24 11
FE 25 T00R 2 KIS ROF B 2 TR B BRI RIEAT RAE M TS . A WFFE LA b ik 06 {8 < )
I EE b Ay A b o, G e 2R A0 0 BT IR R AT RS I AN, DT 4 A () 2 i K 2 1 B0 O g
ARG R T 12 2538 L A% R

AT LA kg KE 25 TCRR /K U8R X T 00 R 8], 430002 FH 2.0 5. 8. 12, 15 1 20 mm [A% RS #4773
B WEI T3 TR, B3 35R, Ab 1 whti i 0 R 1 5 e e, A BRI EEE ANE 6. 7 BTN, A
[ei] Do A5 RS T ELAAR A I R 7 45 e B BB AN 6 9L 36 10 TR o 24 R FH 0% A RS 38 i 1 A i, 0
{8 77 5 L A R 35 2 AR W 4G K, I HLIAS RS X W R 7 04 5% e 48 L i K, Y B T T 36
FIRG B2 R, L i TR R AR IR SR BEEOR . BT DL DURE IR 5 450 A0 R A 1R 22
INT 10% (RS BE R A i bn i, 24 RIA% ) ST R 5 mm B, BL20 58 40k FIAE FE BR, BUAR 2 mm RIAK Y
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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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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.

Keywords: underwater explosion; numerical simulation; equation of state; artificial viscosity; element

density
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Fig. 1 Geometric model of underwater penetration of

e 2 ) 0 ALE 500k o 2 3 2 s AR AR supercavitating projectile into target plate
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Table 1 Material parameters

Part ol(g.cm™) G/GPa E/GPa v D
Water 1.02
Air 0.001 25
Projectile head 17.60 136 350 0.28 1.5
Projectile body 2.77 26 69 0.33 1.0
Target 2.85 21 71 0.69 0.8

1.3 #HE R

(1) SR IAE AR 2 W1, 5 SO AL ARG B0, #5017 B 3R I Constrained Nodal Rigid Bodies
IR AR A

(2) B A #LHUE 9 200~300 mv/s, A I RN 4 ms 747, A5 IETE T2

(3) BN G TR AR ARG R N A TR R, AT IR G S A RS OK Z [ AR AT

(4) FEAEI 20 K T H by UL fn s 5l A 45 4, BEAR TR Ak R ) B Jm AR
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Fig. 2 Fusiform cavity and the iso-surface of water environment pressure
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Fig. 8 Cross section of after effect water jet of supercavitating projectile penetrating target plate
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Three-Phase Coupling Numerical Simulation of Underwater Penetration of
Supercavitating Projectile into Target Plate

LI Xin, YAN Ping, TAN Bo, QIN Yiping
(College of Weaponry Engineering, Naval University of Engineering, Wuhan 430032, Hubei, China)

Abstract: The essence of supercavitating projectile penetration is the dynamic response of a special
underwater structure subjected to high-speed impact load. In this paper, the damage effect of 12.7 mm
supercavitating projectile penetrating typical underwater target shell is studied. Based on LS-DYNA finite
element analysis software, the equivalent model of supercavitating projectile penetrating into curved surface
target vertically in water environment is established. The combined damage effect of kinetic energy
penetration and bubble collapse on target plate during penetration is simulated, and the stress variation and
structural deformation law of target plate at different stages are obtained. The results show that the peak
pressure of water medium on the head surface reaches 768 N when the velocity of projectile is 200 m/s
before penetrating the target, and the surface of the target exhibits obvious concave deformation; with
projectile kinetic energy penetration and bubble collapse impact during penetrating process, the impact effect
of water medium is less than 2% of that by kinetic energy penetration. After penetrating the target, a water jet
with a peak velocity of 42 m/s is formed on the front of the target and further acts on the break. The overall
bending deformation of the target plate occurs. In the range of 200 m/s to 300 m/s, the bending deformation
decreases with the increase of projectile impact velocity. Ductile perforation occurs locally on the target
plate, and the projectile has better perforation effect in water environment. The change of projectile velocity
has little effect on the size of the perforation.

Keywords: supercavitating projectile; underwater penetration; LS-DYNA; three-phase coupling
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Table 1 J-C model parameters of projectile body and target

Material pl(gem™) E/GPa u ¢/Ukg"K") TyK T./K
Warhead shell 7.80 205 0.28 400.90 300 1765
Target plate 7.80 200 0.30 452.00 298 1 881
Material &ls’! A/MPa B/MPa n C m
Warhead shell 1 760 500 0.53 0.014 1.13
Target plate 1 355 450 0.36 0.022 1.00
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Table 2 Material parameters of the Elastoplastic hardening model

Material p/(kgm™) E/GPa U o,/MPa E/MPa B c/s! p .
Charge 1750 5 0.3 20 300 0 0 0 5
Nose cabin 700 0.5 0.3 0.5-10.0 0 0 0 0 0.4
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Effective stress/GPa Effective stress/GPa Effective stress/GPa
1.146 1.347 1.188
1.088 1.280 1.129
1.031 1.212 1.069
0.974 1.145+ 1.010-
0.916- 1.078 - 0.951-
0.859 - 1.010- 0.891-
0.802 - 0.943 - 0.832-
0.745 0.876 0.773
0.687 0.808 0.713
0.630 0.741 0.654
0.573 0.674 0.594
0.516 0.606 0.535
0.458 0.539 0.476
0.401 0.472 0.416
0.344+ 0.404 - 0.357+
0.286 0.337 0.298
0.229 0.270 0.238
0.172 0.202 0.179
0.115 0.135 0.119
0.057 0.067 0.006
(a) Pre-deformation (b) Plugging failure (c) Fully penetration
K3 R
Fig. 3 Progress of perforation
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Fig. 4 Stress distribution of target
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Table 3 Comparison of penetration results with different yield stress

Equivalent yield strength/MPa Distortion range/mm Residual velocity/(m-s™)
0.5 2 629.70 325.88
1.0 2 624.41 326.30
2.0 2 629.31 326.37
5.0 2 625.23 326.75
10.0 2 659.20 326.86
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Influence of Nose Cabin on Low Speed Blunt Projectile
during Penetration of Metal Plate

LIU Yujia', HOU Hailiang', LI Mao?, JIN Jian', DAI Wenxi®

(1. College of Naval Architecture and Ocean Engineering, Naval University of Engineering, Wuhan 430033, Hubei, China;
2. Naval Research Academy, Beijing 100161, China;
3. China Ship Design and Research Center, Wuhan 430064, Hubei, China)

Abstract: In order to study the effect of nose cabin on projectile low speed and high mass during the
penetration of metal plates, a finite element analysis model of blunt projectile with nose cabin was
established. Based on the mechanical properties, nose cabin can be regarded as equivalent to light foam
aluminum material. Numerical simulation of blunt projectile with nose cabin penetrates into metal plates
under different working conditions were implemented. The progress of projectile with nose cabin penetrates
into metal plate was analyzed. The difference between residual velocity of blunt projectile with and without
nose cabin was compared. The results show that there are significant differences in the progress of projectiles
penetration into metal plates between blunt projectiles with and without nose cabin. Nevertheless, the failure
modes for both conditions are similar. The yield stress of equivalent material of nose cabin has limited
influence on penetrative performance of projectile. In conclusion, nose cabin can bring very limited
improvement to the penetration capability of blunt projectile, and the effect of nose cabin can be neglected in
practical engineering applications.

Keywords: nose cabin; blunt projectile; metal plates; model of variable section stiffness projectile
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Table 1 Material parameters of propellant

Reacted EOS
G/mm’™ c C/(m's™) C, D/(g-ecm™) €, e (GI'm™)
52.17 0.5 500 0 1.003 3 1.88
Solid unreacted EOS Strength: von Mises
Bulk modulus/ T.JK Specific heat/ k, / ) Shear modulus/ Yield stress/
GPa * J-kg' K™ (W-m™"-K™) GPa MPa
13.5 293 0 0 1.38 2
Strength: von Mises Cut offs
Maximum pod(@em™) Maximum Minimum density Minimum sound ~ Maximum sound
temperature/K expansion factor speed/(m-s™) speed/(m-s™)
1.01 x 10% 1.86 0.01 1x10* 1x10° 1x10*
Exponential

p./kPa b/(m-s™) pJ(g-em™) %
1.00 x 10°* 0.007 1 1x10° 1
2.50 x 10° 2.0432 1 1
5.00 x 10° 3.8692 2 1
7.50 x 109 5.623 6 3 1
1.00 x 107 73329 4 1
1.25 % 10’ 9.009 5 5 1
1.50 x 107 10.660 6 6 1
1.75 x 107 12.290 6 7 1
2.00 x 107 13.902 9 8 1
1.00 x 10° 5152780 9 1

132 KHRKREFE
KBRS T7 #248 F Polynomial R 277 2, HA i J& Mie-Griineisen 5 HOR A 7 2, AN 20K 8 I
R HELL S Griineisen REFR R 2 WA E X, AUTODYN £2 )7 H (1) Polynomial fRA 5 FEUNTF
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&2 AUTODYN EEFEH#HIKSIMREHFESH
Table 2 The polymerization EOS parameters of water provided by the AUTODYN program

A4,/GPa A4,/GPa A,/GPa 7,/GPa T,/GPa B, B,
2.2 9.54 14.57 22 0 0.28 0.28
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(b) Internal ballistic component distribution of the launching with 0.1 mm gap
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Fig. 5 Internal ballistic component distribution at 2.5 ms
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Fig. 6 Variation curves of internal ballistic parameters of the launching with no gap and 0.1 mm gap

035101-5



o34 % = JE Ll P 2 Eitd 5531

KBS UEFEAN R R 2 45 F T, KR M 2 S 5 BB A S P A, IR R 90 2 20 i X /K T A ke S P
TH L FR A SZ IR, A3 3 AR 25 L (21, 25 F1 30 g) 64T T A IR E .

B 7 450 T 3 R 2t T 27 BROT A LA 31 1 N L35 it R R 380 AL 380 32 B o) ) g AR fl il 2 o vl AL,
Bifi 5 % 24 F (3G 0, M P9 R T B I G v, €2 E O 30 g B A KM RO 421.3 MPa, J2 21 g 2625 TLOLIY
2.26 fi; 2L 2R3 R 21, 25, 30 g B, BRI AT NAE 1.6, 1.2 F1 0.8 ms FEAIE B, 5 B 50N 3
FEFH o AR BB ASHE S A AE 2,67, 2.32 T 1.85 ms HE S # KA HE AR 11, 5 30k S Ak il 28 5 5 LR
JE I 2 R B 5 A, HL b i ke 2 (ARG, RS T SR T R, A B RD I S 3 8, B0
S P JhE TS AR S ) A g, SR R Y B ORISR R

450

—— Propellant 21 g 900 —— Propellant 21 g
400 |- —— Propellant 25 g 800 L— Propellant 25 g
350 —— Propellant 30 g 200 —— Propellant 30 g
£ 300 % 600
2 250 g
B < 500
= 2
2 200 B3]
& 150 2 300
100 200
50 100
0 1 1 1 1 1 0 1 1 1 1
1 2 3 4 5 0 1 2 3 4 5
Time/ms Time/ms
(a) Internal ballistic pressure vs. time (b) Projectile velocity of internal ballistic process vs. time

K7 AFEREZGEOLT WE S HE £
Fig. 7 Variation curves of internal ballistic parameters of the launching with different propellants
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Fig. 8 Distribution of gas and liquid components in the crucible
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Fig. 9 Gas-liquid flow rate distribution
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Fig. 10  Pressure distribution
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Fig. 11  Schematic of experiment system
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Influence of Interior Ballistics for Underwater
Guns with Gun-Bullet Coupling Gap

MENG Xiangyu, HOU Jian, QIN Yiping, LIAO Fei, LU Chunjia
(Naval University of Engineering, Wuhan 430000, Hubei, China)

Abstract: In this paper, the influence of the gun-bullet coupling gap on the internal ballistic characteristics
during the full underwater launch of the gun have been studied. The internal ballistic process of setting
0.1 mm gap and no gap is simulated by AUTODYN finite element simulation software. And the internal
ballistic process of underwater gun with underwater clearance is simulated using 21, 25 and 30 g propellant.
The projectile velocity, pressure inside the barrel and the distribution of components, pressure and velocity
of over-gap gas jets during the internal ballistic process are obtained from the simulation, and the simulation
results is verified by experiment. The simulation and experimental results show that the proper gun coupling
gap can effectively improve the underwater gun launch performance. When the gun-bullet coupling gap is set
as 0.1 mm, the gas curtain are all obtained from the propellant with three different masses. Meanwhile, the
pressure decreased obviously during the internal ballistic process, and the projectile speed at muzzle is
improved significantly, which is beneficial to the production of stable supercavitation warp projectile. The
resistance of the projectile moving underwater reduces greatly and the travel of the projectile increases
underwater.

Keywords: underwater gun; supercavitation; gun-bullet coupling gap; interior ballistics; gas-liquid two-

phase flow
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Fig. 1 Intensive underwater explosive simulator (a) and the numerical model (b)
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Table 1 Mechanical parameters of aluminum materials

Materials Young’s modulus/GPa  Density/(kg:m™) Parameters
A/MPa B/MPa C n
5A06 aluminium alloy 74.0 2 780 167.0 4437 0.020 0.44
3003 aluminium alloy 74.2 2 700 85.2 170.0 0.038 0.44

% 2 Mie-Griineisen A7 T IES#

Table 2 Parameters for the Mie-Griineisen equation of state

Density/(kg-m™) Sound speed in water/(m-s™") v
1 000 1106 0.05
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Fig.3 Comparison of the deformation modes obtained from the simulation and experiment
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Fig. 7 Equivalent strain distribution of honeycomb sandwich under the same impact loading
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Fig. 11 Plastic dissipation histories at different places of honeycomb sandwich structure (a) and the relationship of

plastic dissipations to incident impulse intensity and relative core density (b)
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Impulsive Resistance of Metallic Honeycomb Sandwich Structures
Subjected to Underwater Impulsive Loading

LI Wenwei', HUANG Wei?

(1. China Institute of Atomic Energy, Beijing 102413, China,
2. School of Naval Architecture and Ocean Engineering, Huazhong University of
Science and Technology, Wuhan 430074, Hubei, China)

Abstract: To investigate the blast-resistant performance of metallic sandwich structures subjected to
intensive underwater impulsive loading, the lab-scaled underwater explosive simulator is employed to
conduct water-based impulsive loading on metallic honeycomb sandwich structures. Based on the completed
experimental study, this paper conducts a numerical investigation on the dynamic response and blast
resistance of the metallic honeycomb sandwich structures subjected to intensive underwater impulsive
loading. The results show that the comparison among the numerical simulation, experiments, and analytical
solutions shows a good agreement in terms of dynamic response and transverse deflections. For the different
honeycomb sandwich with identical thickness, the dynamic responses, failure modes, and blast-resistant
performances of sandwich panels are shown different characteristics due to the energy absorption and
loading transferring caused by the relative core densities. The impulsive resistance in terms of dynamic
deformation, transverse deflection, reaction force, transmitted impulse and plastic energy dissipation is
evaluated in relation to the load intensity and the relative core density. Quantitative structure-load-
performance relation is carried out to facilitate the advanced study on the structures and provides guidance
for structural design.

Keywords: underwater impulsive loading; impulsive resistance; dynamic response; honeycomb sandwich

structure
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Fig. 1 Three views of wharf model (Unit: cm)
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Fig.2 Calculation region of high-piled wharf Fig. 3 Finite element model
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Table 1 Material parameters

Material pl(kg-m™) C, C, G, G, C, C, C, E/(J'kg™)

Air 1.29 0 0 0.4 0.4 0 2.5x10°
Material plkg'm™) c S, S, S, r

Water 1000 1480 2.56 -1.986 0.226 8 0.5
Material pl(kgm™) A B w R, R, E/(GIm™)
Explosive 1630 3.74 x 10" 7.33 x 10° 0.3 4.15 0.95 7
Material polkg'm™) E/MPa G/MPa

Soil 1800 16 8

2 HEHERESR
2.1 BRI

Cole!" AR5 I i i g KR 15 2 A K T BRIE Y wh il Pl 1 A0 B B AR AR A 22 50 20 =X

T
max = 92.16
pee =525

(6)
W 1/3
Ro =330 1553 ™
1/3
T=208— " (8)

(H +10.33)*¢
A WORKEZ R, kg S AN S EE S, m; p,. AP IE R, MPa; H M FEZS 7K, my ToREE 1 IR
BKEE, s R b TR 6 me 200 R A T AR I8 30, o 5 B R A
1/3

%X%@%ﬁ%ﬁ%&mm{%%)J@Pmﬁ%@%k%ﬂmﬁ

A BB 2 6 0 oo B 5 S5 BB B, 0 S 2. 4. 6. 8 m Ab VIR %, 4 H
1 B b 0 10 220 26 SRS 25 0, 018 2 B, oo p o L 5 e B R p
A B BE ORI e FRVBEIEIE Wk DO TR 6 H 5 B, 0 025 5 22 00 A 5t 1 2
D I N R T T s T
B DI W S 1 th s S0 B DS Tt T ook e W (P SEW SO BEAEBELA,
S 01 B o 7 1 355 26 0 2 B
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Table 2 Comparison of the numerical and theoretical results

pmax»ﬁee/MPa pmax-straight/MPa pmax-oblique/MPa Bubble
Method
2m 4m 6m 8m Blast face Back blast face  Blast face Back blast face T/s R./m
Theoretical 144.15 65.86 41.65 30.09 68.09 57.90 33.83 31.11 0.88 6.07
Numerical 153.21 68.21 4227 27.34 72.35 21.76 33.84 16.06 0.62 5.29
Error/% 629 357 149 9.14 6.25 -62.42 0.03 —48.38 -29.55 —12.85

2.2 T ER

Y2 B HE TG BT S e AR 6 A R K R B K wh s e o R K s D LA OB K L R S A TA] S AG RR
2 R S AR () S B, A M 24 BT R R AR e O 1A R 7 A MBI 5, UL TR 4, TR RN A
IS K ] EARIR N Z,, ~Z,, F1 X, X0
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I [
________ T L Ty e
Water || 7 : 1.0 m Water 2 II 10m
"% |B3.0m Xis  13.0m
A | [
Zys | Kys |
I 4.5 m : 4.5m
TNT TNT 4
= Zh4 T XhA l'
: 4.5 m 114.5m
o | I
Zis 13.0m X 113.0m
| |
N I0Omf) covrraed P e L0 M. |
Soil Zy | Soil | X, ]
(a) Measure points of straight pile (b) Measure points of oblique pile

B4 2 B s R T

Fig. 4 Schematic of explosive and the measure points
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I Zh3 T ZM - th D Zh4
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20t
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= 3 0
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20+
L L L ] X 3 L L L ]
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(a) Velocity (b) Acceleration

P 5 LR 2 A1 o 2 W
Fig. 5 Velocity and acceleration of straight pile
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{EL, AR5 T2 W 3, DR MOAE PRl A Z,, O R L R R R B A OB R o AR Z, Y
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Fig. 6 Velocity and acceleration of oblique pile
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AR, DR AT DA 7K T AR RIS i A A Sk ) 845 B G AR AU A 1 R K Bl A5 R B B L 48 B AR SE A .

[
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P 7 ek B S ik 3hid 72 (Mark82)
Fig. 7 Bubble pulse process and the damage process of the wharf (Mark82)
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Fig. 8 Velocity and displacement of straight pile
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Fig. 9 Velocity and displacement of oblique pile
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J, ohily P e AT T BONERE AL T IR, DR I A 22 11 BB 0 8 B2 B 55 5 A = Bk 3 B B, e T L I Ak 5
J AL W 5 B 7 A AR S AR, A v | Ak THUTRR 05 ik 30 R A28 1T R %, 40 915 A1 8%

(a) Shock wave phase (+=0.01 s) (b) Bubble pulse phase (==1.20 s)
10 e P A RS AT i AE Sk Bt
Fig. 10 Damage of high-piled wharf subject to shock wave and bubble impulse
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Fig. 11 Bubble pulse process and the damage process of the wharf (Mark81)
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PEBY Bt . WIIR I R BERIE K, 16 ¢ = 0.30 s Wbk B 5 KA 4R, i T 5 LA Ik, <K
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Fig. 12 Bubble pulse process and the damage process of the wharf (Mark83)
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High-piled wharf
(Mark82)

(a) Calculation model of initial loading capacity (b) Calculation model of residual loading capacity
K13 A S
Fig. 13 Restart model

TH AR PR R R K T AR A et A T

w3
F = 10
y (10)

b WSR2 20, ke d KSR B MERE AU BT, mo 3% 3 DN [R)KE 24 2 A T e A Sk A S8 A
RS B DPAT, R o, AMEFE IR RARIE , 1 FIHEIEAZTE S KO 21

R3 SHEGXRGITM
Table 3 Damage assessment of high-piled wharf

Damage
Wikg F x,/cm t oS Damage phenomenon D level
eve

The middle and top part of the pile are slightly damaged.

The bottom of the pile is slightly damaged. .
61.29 1.14 294 0.12 . o 0.06 Slight

The connection of beams and piles is slightly damaged.

The longitudinal beam and the wharf panel are not damaged.

The middle part and the blasting face in top part of pile are
damaged, and the reinforcement is exposed.

117.45 142 577 0.15 oL 0.49  Moderate
The bottom of the pile is slightly damaged.

The connection of beams and piles is slightly damaged.

The concrete at the top and middle of the pile are completely
damaged, and the reinforcement is exposed.
272.70 1.88 113.9 0.25 the bottom of the pile, longitudinal beam, transverse 0.76 Severe
beamand panel are all damaged.
The connection of beams and piles is damaged.

4 & i

ST By BT ST K T R M A T SR S AR A, XK T KA R e A A S 50 R 5 A 4
PALBREAT T 230, $RAT 1 AN [R) X 25 24 40 AR Sk i IR 3, PPAS 1 KT J K AE R v A Sk 114 B
PIRONE, JEBEAT LT 4518

(1) whle iz B BE, i T i ok 304 415 5 Ik ) S 5 26 2B 8 30, B SR 05E  Ad T 1R HAR A, oo ol e X e 14
SO P53 5 e A Sk 7 S ST 1 IR K I BT i & A S8 A0, O AR L W4 B B T 58 L, R I 22X
Y bk sl i At P R ARG Sk B9 BB B R B AR HE R AN
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(3) K T HEKEAE AT, bk Sk 0% B 05 R 407 32 24 vh AE AR L vh i . TR0 LA S Ak | SR e Ak, e rp

R R T A DA AR AR W8 B AL, AR T K DX ) B R R AR K X

(4) BB K 245 25 10 1, A 35k e 30 R T 0 ey B 7 52 00 58 4 308 L, Sk L AR e Ak L

) K T RS A 4 7= A AN [ R E 452475

(5)7F Mark81, Mark82, Mark83 fift ~|- ¥ ¥ 25 24 i I AE T, v WE A Sk 4 458 45 Ak 43 01 Ry + 52 3 4

3w B AR AR BE A543, AE Mark83 3k 24 24 A R K 24 30 S A 2 TSR A e R a5k 5 4x Ok
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Numerical Study of Damage Effect for High-Piled Wharf
Subjected to Underwater Explosion

LIU Jinghan'?, TANG Ting’, WEI Zhuobin?, LI Lingfeng'*

(1. Naval University of Engineering, Wuhan 430033, Hubei, China;
2. Naval Logistics College of PLA, Tianjin 300450, China)

Abstract: In order to study the damage effect of underwater explosion on high-piled wharf, a coupling
model of high-piled wharf is established. The damage process of high-piled wharf under underwater
explosion is analyzed during shock wave propagation and bubble pulse based on LS-DYNA. The dynamic
response and failure mechanism of high-piled wharf and the influence of explosive charge are discussed. The
residual loading capacity of high-piled wharf is evaluated. The results show that the damage accumulation of
high-piled wharf is mainly developed in the first bubble expansion and the damage is basically formed after
the first bubble pulse. The piles have periodic reciprocating deformation due to the bubble pulse, and the top
and middle of piles are the weakest parts for anti-explosion performance. The damage effect in the upstream
of piles is greater than that in downstream, and the damage of wharf panel and beam is weak. With the
increase of explosive charge, the piles near explosive are damaged by bending and shearing, the connection
of transverse and longitudinal beams and wharf panel are damaged.

Keywords: underwater explosion; high-piled wharf; bubble pulse; dynamic response; damage effect
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HAT TS M, T T P40z 3h B9 AR 3R A S, IR AR Y T —Fh RS T 4 26.5% 24 5 YR Y
EFP 2y 2548 . SR WG R H IEAC T Iy ¥ iiF 9% 1 0 I 24 78U 55 45 25 4 2 5060 EFP 4 filg 1 42 il AL A
SEMT T G R AE A BEJE . [RIIEAR X BFP SR A 52, JF 4R T — 2448 R 25 BB i i AR iR S
B b AP B O W) K 24 5 A ke 8 T =X RS R ke 2, R e T K R K 4 T T 4 S 50
R, 159 2 A [6] 4544 G831 F0 7K rb B K 10 e 2 i b A A OO B AR 09 B 3R o BLAb, AT — skt
MAZR I MU, /N4 EFPUY L gt R B U AR T R AT TR . AR, BRI R EE T ERIA
iR %) BFP iz sh R Wi #, KR BFP B8 J 1 18 g SR A X R B3k

i, ARWFFELA 1 kg %25 EFP 40Xt 42, 3 T AUTODYN A FRITAT B, RG24 | 2!
PSR SO E X KR B EFP R Y 52 ML, F i A5t — 4138 H oK EFP IRk
TS KT AR B RS R — T S %

1 HEEERHERE

1.1 HEER

7 FLARER 7K B, EFP 26 25 [ 3R 25 i 3 A3 20 4L, HOBAR 172 RN P 1 s . Ho, i s
i IR DA s R, o O S 5 Sk B AL B ) S R Y, A IR BEAC N Loy EFP 2K 24 Hh KF 24 F11 245 11 28 20 i
HARGERGINIE 2 PR o E2G BT 1 ke, MR R BIALIE, i 325448 R, KARLL L/D PINS B L,
2y TS R R OIY , SEBE R A0 6, 2 TS S 120 ) A D2k B SR A C R o KE 2R 2 R B T 5, R AR
FAEH s O AR ELL, O, 0, WM, KT O FXFK. IR SHILE 1.

Liner s}ructure D

v

o
Bl B 172 B 2 EFP #2445Hy
Fig. 1 Overall 1/2 model Fig. 2 EFP charge structure

®1 RIRRESH

Table 1 Original model parameters

Type Material L/D a/(°) 6/mm Lpin/R r/R
TNT Copper 0.5 120 2 2 0

1.2 REFHE
BT 05 AR U KoK R R IE . EFP R S i R A L KR T i R, A S TT e S B AR, S B0
2k, W, O BBRCR AR E i B H -BRX B33 5 (Arbitrary lagrangian eulerian, ALE) 17115 .
ALE B35 (8% 0 VAR : B3 B8 — 2 A B[R] 254, (58 AR 48 400 ot DX 35 1 O 20 30 A7 100 %o 5 D9 4 47 B 40 7
Fa, T A ) ™ O A AR . (BRI AR S I 4 B RL: AR KL MRS SR A AL
2552k FH 1deal Gas 7%

Pair = (7_ 1)paireair (1)
iﬁ:qj: pairﬂ‘j%/ELEjj9 pairﬁ%%%g9 é@ﬂﬁﬁ'y = 14, ttmﬁgeair = 2068 X 105 J/kgo
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7K 2% Fi Polynomial 77 &

A+ Aol + Ay’ + (Bo + Byt puoes, 1> 0
Pu= 2

T\pt+ Top® + Bopuoe, u<0

R po HIKIITE ST t=pu/ pwo— 1, Pus o2 B R IK B9 BEFIPIEA B 5 Ay Asy As. Bos B Th. To R
JUH G poo MK BRI R HE 715 e, /KB EE N AE . 7K AY Polynomial /7 2 £ E S HILEE 2, Frh Ak =51y
H VT AUTODYN MR,

# 2 Polynomial FEEHEESH

Table 2 Main parameters of Polynomial equation

A,/GPa A4,/GPa A,/GPa B, B, T,/GPa T,/GPa
2.20 9.54 14.57 0.28 0.28 2.20 0
YEZRH TWL J5 2
w 7 w v wE
pe:A(l——_)eR1V+B(1— _)CR:V‘FT (3)
RI V RzV V

K V=py0/0vs Por oo HEEZE T B AN IR 5 s E N AR FUIE 25 N BB AL B Ry Ry B W)
[ 5, BB ARG B SR 0 5 s ¢ W BRNEEG p WFELGIRITE . ANFIKELG RIS TWL 5 2 EEH S B AL 3,
R B ZHIRIET AUTODYN #BHE, Dol KE 2518, po, ML T

®3 JWLAEREESH

Table 3 Main parameters of Polynomial equation

Type A/GPa B/GPa R, R, w p/kgm™ Dey/(m-s™) E(GI'm™)  p./GPa
TNT 373.77 3.75 4.15 090 035 1630 6930 6.0 21.0
B 52423 7.68 4.20 110 034 1717 7980 8.5 29.5
PBX 581.45 6.80 4.10 1.00 035 1787 8390 9.0 34.0
H6 758.07 8.51 4.90 1.10  0.20 1760 7470 103 24.0
HMX  778.28 7.07 420 1.00 030 1891 9110 10.5 42.0

4= & 245 7 B8 5% FH Johnson-Cook J7 &
Y =(A+Be)(1+Clng)(1-T}) )
Ao Y AR T, AW E IR T, B AL L, & BBVE I AR 3R, n o BE AL TR KL, C o AR FEH R,
m A PEALIE R, Ty b o WAL . AR P24 8 B 8HE) Johnson-Cook 75 2 ) £ B S KL K 4, R
FHEEZB B0 1T AUTODYN #1oRHED,

% 4 Johnson-Cook RN EESH

Table 4 Main parameters of Johnson-Cook equation

Material A/MPa B/MPa n C m
Steel 792 510 0.26 0.014 1.03
Copper 90 292 0.31 0.025 1.09
Tungsten alloy 1506 177 0.12 0.016 1.00
Tantalum 142 164 0.31 0.057 0.88

1.3 HEHENIEIEE
TEBUERRL b, 158 DX I K 0 A% 2% P8 ) 180 B o 45 L& TR LA A K, LR AR, 7 7R PR UE 25
A RTR T, A BRI 38 3 24 0 A i, R AT AR MR T R R . BT E W,
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Table 5 Conditions of trial calculation

Case No. Co.mputational Grid size/ Grid quantity || Case No, Co’mputational Grid size/ Grid quantity
domain/(mm x mm) (mm X mm) domain/(mm x mm) (mm x mm)
1 1000 x 400 0.5x%0.5 1600000 8 600 x 240 0.2 x0.2 3600000
2 800 x 320 0.5x%0.5 1024000 9 600 x 240 0.3x0.3 1600000
3 600 x 240 0.5x%0.5 576000 10 600 x 240 0.4x04 900000
4 500 x 200 0.5x%0.5 400000 11 600 x 240 0.5x0.5 576000
5 400 x 160 0.5x%0.5 256000 12 600 x 240 0.6 x 0.6 400000
6 300 x 120 0.5x%0.5 144000 13 600 x 240 0.7 x0.7 293878
7 200 x 80 0.5x%0.5 64000 14 600 x 240 0.8 x0.8 225000
B R TR R I
« _ ol
’:NQ 5)

Kt 07 ELSEBR S N Ry R4S B i o oA D7 HLROE MK, J2 46 4% 245 48 31| EFP iz 3 2l 5t
gy R . 1 3Ca) L 1 3(b) 43 A TR T 1~ T 7 AT 8~ T 14 (87 54 F st
Tl e 24 MA% R — 5 B, THR BRSSP 4 — 8 S 5 8, BEE TR R, BT
A% RO [ , A5 A% R BN BT HOR, SRR R Bk EFP 12 2h B il i B4 K A B
T8t G, BB 0 W B TR A A AT DR B . 18] 3(a) B, WA RSF— 5, BEG 1538
BN, e PR35 5 T 8.5 min 247 o AR T00 1 X R A (B fe /D, (HGE R RT3 i S BUB IR RE R KK
T S~ T80 7 B3 ad /N, S8 EFP 58 4 AU A B SRR s Bt . Ik, 76 T.00 2~ T8 4 ik
BB/ N T 3 IR Al . B’ 3(b) R, IR ENE, B RS RS B T R,
FEZEWE T 6 min 7247 o 7E TOL 8~ T4 14 v, S8 T 00 10 19 W A% RUST B A% He 1T 530K5 1 5 300%

10.0

95+F
9.0
85+t
8.04
75+
7.0
6.5+

*/min

6.0

*/min

1

3 4
Case No.
(a) Casel-Case7

2 hEZERESH

N T ERRASA R XK BFP R A 04 82 i ML, R s e 1 O SKEAT A4, AN e
AR, HOp AT — A2 AR R T [ RE A 2 A U 258 BARIUEL S B LR 6 (AR IEL AT )

5

25

20 F

15t

8 9 10
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Case No.

12

(b) Case8-Casel4

K3 O fE B e

Fig. 3  Unit calculation time for different conditions

065104-4

13



i34 % PIZEFN A EFP/KT B2 S0 PR 28 A AR {EAs % 6

*o TEMERFBR

Table 6 Summary of variable values

L/D Type Material al/(®) 6/mm Ly /R 7/R
0.5-3(4=0.5) TNT Copper 120 2 2 0

1.5 TNT/B/H6/HMX Copper 120 2 2 0

1.5 HMX Steel/Copper/Tantalum/Tungsten 145 2 2 0

1.5 HMX Copper 120-160(4 = 5) 2 2 0

1.5 HMX Copper 145 2-6(4=0.5) 2 0

1.5 HMX Copper 145 2-6 1-4(4=0.5) 0

1.5 HMX Copper 145 2-6 2 0-0.8(4=0.2)

21 EHEWWTHR

211 K#&FE

KAR L L/D 2352 Wi 5 55 Dk 76 286 25 N0 i A 1%, 15T 5 30 BFP 76 s R R b i) 25 5 0 49 il i
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Fig. 4 t-v curves of EFP with different L/D charges Fig. 5 Variation of L/D with v, of EFP
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Fig. 6 v-t curves of EFP with different charge types Fig. 7 Variation of v, of EFP with charge types
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Fig. 8 v-t curves of EFP with different liner material Fig. 9 Variation of v, of EFP with liner material
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Fig. 10 v-t curves of EFP with different o values Fig. 11 Variation of @ values with v, of EFP
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Fig. 12 EFP shapes corresponding to different o values
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Fig. 13 v-t curves of EFP with different ¢ values Fig. 14 Variation of ¢ values with v, of EFP
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25 MILENHESER
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Table 7 Optimized EFP parameters

L/D Type Material a/(°) &/mm L/ R 7/R
1.5 HMX Copper 145 2 3 0.4

F 8 JEI TILALET S EFP MU v, K& L/D M Ehfig E, 3 T8 bR iy B AR, I 5 STk [2]
R S IR RCHE AT R B . 25 SRR DAL, 24 ) B A R SRR B SR AR T, s X B Y
BARTE S ARFTF 5 MoK B T, B R T 32 sh B, o RN 1947.7 my/s, KAZHE R 0.39, BliEE
h1.50 x 10°J; 285 AR Ak 1 24 ) B R A5 T8 AR A R SR8, A 280 s Ik 1 K b R BEL T 2R, R R B T
ik 3204.6 m/s, KAZ N 0.73, BhAEN 3.64 x 10° ), M ELPLAL T, SEEEHRTH T 64.5%, K48 L3 0.87, 5
REHR T 142.7%. UiWAfLfb i FE M0 BFP 78 3 | B85 KRB & 7 i A5 8] 17— 4Tt .
#=8 MUBTER R

Table 8 Effect comparison before and after optimization

Comparison vi(m-s™) L/D EJ/] EFP shape
Before optimization 1947.7 0.39 1.50 x 10° Aﬁ‘

After optimization 3204.6 0.73 3.64 x 10°

Previous achievements™” 1935.0 0.76 '
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Simulation Study on Influential Factors of EFP Underwater Forming
SUN Yuanxiang', HU Haoliang', ZHANG Zhifan

(1. State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China;
2. School of Naval Architecture & Ocean Engineering, Dalian University of Technology,
Dalian 116024, Liaoning, China)

Abstract: Due to the difference in physical quantities such as density and pressure, the forming process of
explosive formed projectile(EFP) in air and water is quite different. In order to optimize the design scheme
of underwater EFP, the simulation study was carried out using AUTODYN finite element software and the
specific effects of the seven variables of the charge were discussed in detail. A set of design parameters
suitable for underwater EFP charge is produced. According to the simulation results, the optimized design
parameters of the EFP charge with a total mass of 1 kg are: the aspect ratio of the explosive is 1.5, the type of
explosive is HMX with a higher detonation speed, the material of the liner structure is copper, and the
tangential cone angle is 145°, the wall thickness 6 is 2 mm, the length of the air field is 3 times the charge
radius, and the initiation radius 7 is 0.4 times the charge radius. This scheme has a good effect on optimizing
EFP speed,aspect ratio and kinetic energy.

Keywords: explosive formed projectiles; underwater explosion; numerical simulation; optimized design
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