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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)
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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,
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Fig. 3  Unit calculation time for different conditions
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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
L/D 0.5, 1.0, 1.5, 20,25, 3.0t 6 f TAFATH E . & 4 AARRAS H ke 245560 i EFP (Y 38 2k, 151 5
b L/D 5 EFP e R JE Z A RN . [l 4 R, Bl A5 25 (AR LR 3 o, 4% 22 0k A% 496 ) (] 4E <, EFP
ARATHE W B 2 WAR AT IR . FFRIE 85, th TAELE AT 25 i, 8 SR 18/, EFP Y BEAEZY 5 ps N
TR T 2 K Y 85%~90%, B JG P23 . 24 EFP 23k 728 RSk ik A K i, 3 HH 5 A8,
Bifi J5 RS T . 4 L/D = 1.5 B, EFP B th e F gl B T — 3% #R¥E 1 5 4wl %0 EFP 1 fix
TR FEREE L/D (38N 5 R R R a3 78 L/D = 1.5 WS ORAE, Bt v, =2 162 m/s.

2400 2300
2200 . I
22000 e 2200
1800} T o 2100}
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g 1200 (1 E 1900}
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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

& 12 MaflBFE 140°~160°1X [ B, BFP 7E K ke e A 5 i TE R . i 12 T LIS #EF ), & ofE
AR A, B ALTE AR S e 4 1 ke 34, MOk BT TaRIR . Ma > 150°0), EFP Sk # f “F- 1k, S 808 B 5 7]
152 i i K, B AR TFAE K b 83z 35 S AR, 3K U@ B T E 10 H oo {8 AR U] 5 28 8 U I 3 K A

MG LA UL, of L 145°R8 08 3 4 b 3 i EFP (1) 3K B 50k, Sk ae i i1
140° 145° 150° 155° 160°
K12 A EX)N A EFP JER
Fig. 12 EFP shapes corresponding to different o values
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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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