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2 EHRREBRAEHIGIT

R AT TR LA b R — R A/ L 1 A0 B S O » RO A8 R AT 2 T AL L I R A R
PR Sk 0 0 O JEE D4R B RV S B = AT . KB AR EN @ H MG R E
BT AZRRBEN . ENT/MEARBNMAMREE EFP B2 R, A KWES A, XMERE
EFFRREERE R . T W/ A R 80 B AR A0 A1 80 4 o 6, 3SR I A B JEL ) 2 7Y
SR TR, AEW. ULGREER D ARFSH, HMEHSER : AR R =(0.55~0.60)D, 4
2 R,=(0.58~0.62)D,ZRIEFEN H=(0.30~0.35)D, 4 «=82"~86°,

3 itEER

3.1 BEEERNEHNNS

KA LS-DYNA =43 fj 2 5 B 8k 3 AR R B AR 25T A i iR AP N S U AT U A . STt Ay
FRERGER D=>52 mm, T EE 1 mm, EH KB 1.2, B FHEFRAO SRR OEFNER
ML RBR=FEER T BN, AR 1/4 WX HRERTHEE., HEPRANEMLREN . KE
cm, i & g, B8] ps; 5 H A B g/cm®, B f7 100 GPa, FE 7 100 GPa, 3 B 10 km/s, & 0.1 MJ,
BN EER T RN IED R ERMST K 3 34, ¥R B Lagrange 5 ¥kt 8, MARRI - 0B 1 FiR .

Explosive Liner Shell

A1 HEEEMERSS

Fig.1 Mesh of the numerical model

BEFIEANE RS BRE - KBRS B YRR H %38, %A Lagrange FE#THE
B, R4 £ & A B K AL B ST , (78 A B RST AR AR AR K . B 05 B 1T A S A R A8 30 9 38 A R 0
AEALER R RS BT O, B S E BB MM RSB, AT R ENREHE, W E R B R
REE BN EYEE.
3.2 HRER
3.2.1 %%

xt B #E25 (RDX/TNT=60/40)R FIRS REXE 2GRS ) B E =W RO IR R A WL RN, 8
ERBAMEUEEREE., UEARET=YRNES p ZRE IWLRE BRI

w

p=A(l— ) +B(l— )™ +ape (D
AP0 BIEAVIRZE 0 RBRFTYEE e RHNEE,AB.R.R, Mlo HWASH., HEFRFERAN
BEORE 1,
3.2.2 HAE

X TR BB AR, AR R AR EZ MBI X R, I RS BRI KR
RIKEH> EERMBEEZEARXR. FETH P, EBOE EMR P E &K Mie-Grineisen REF .
FEREFABARE SR FEE — OB BRSR B BB B BT, 5 R E R R i D 2 B RS 7
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RAEH 8 7R —pr B, ED?EE?EEETZ{E%& A8 3 6], R RS R B, 25 Y BEAT R P K B B A
MR A, 7EHH R, X2 B E A 26 Steinberg A MM AIR T . Steinberg A HIRO
kA T RN R A R R E A BN AR E T 10°sT RS .
®1 BHEHRETUH CISHMIWVLRETESH
Table 1 C-J parameters and JWL EOS parameters of the B explosive

C-] parameters Parameters of JWL EOS
o/(g/ecm®)  D/(km/s)  pc/(GPa) e /(k]J/cm®) A/(GPa) B/(GPa) R, R, cu
1.710 7.79 28.3 8.31 524.3 7.67 4.2 1.1 0. 34

(a) Griineisen RS2

= poci (1 + p) 1 pocipr(+p) P 2
[1—(s—Dpl? 2 [1—G—Dpl 1+,U}

K. u=p/p, — 1;cos 4332 Rankine-Hugoniot u,-u, BB IEMAF, HE 5K 3. 94 km/s T
1. 49;Griineisen &% r=2.02,

(b) Steinberg 7= i1 &Y

7E Steinberg AR o , By LIRS R G FJE AR BL A o, HR Bl FE 7 38 hn T 38 n , 17 Bef 8 38 2 3% o T O
A, MBI ECRER, —EYEETE, MEERRTR IR A

G = 60[1 + bpo'? —h(%—?uOO)]exp(— - fe ) (3)

KHF:Gobohf HER EHERMBEEGp HET v’»‘:ll:hﬁ se. WG ELRRER e HIBILRER e NI
MR =Ro/A,R AEBESMELR .0 HEE A NEREK
i R 55 BE

+ r{pe =

o, = o[ 14 5p0" — h( e —300) Jexp(— ) @
K0, b KR E . Steinberg AMBMEITHHSH I RE 2.

% 2 Steinberg K FEITE S

Table 2 Computational parameters of Steinberg constitutive equation

G,/(GPa)  &/(s?/kg*) &'/ st /kg”*) h f A/(g/mol) Two/(K) Yo o'y /(GPa)
47.7 2.83 2.83 3.77x107* 0.001 63.55 1356 2.02 0.12
3.2.3 #&4&

Xt SR A R R A AL AR B A WA T R B pash AR R . B ARBL S o, BT
Je i 5 # ) Cowper-Symonds &M 4+ 5 15 3
o, = [14 (¢/C)V"1(0, + BE &) (%)
R0, TRV BRI H ¢ KR AEH ;C.P A Cowper-Symonds N AE R S K ;e; HA MBI E,
HEBHREE R, H
E, = Ep@E/(E—Eu) (6)
A E R EREERE AR, SENHTESHIER 3 PFIH.

®3 RAHBITESH

Table 3 Computational parameters of the shell material

po/(g/cm®)  E/(GPa) v 0,/(GPa) E../(GPa) B C/(s™") P
7.85 207 0.3 2.07 22 1.0 4.0 0.6
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4 HERMER

4.1 BERNXEANEEIE

AT BRI R AT ALK T g AL, R T 25 R B R S AR T A AR P i LA B %R JnE 2 B
Ao WHERRY: TRAGEINVEBMEGEREREN Du/3, Dy WERAGHERBR)ERIE KL 7 ps, HE
BRAEHBRREN MBI W G MAESNER, FREESE ZR, A REEs. EHMOTHEE
AT, B WS 25 R OT W10 7 X FR AL, ZEXS FR AL AR I R AR AR LRI L BF R, ERE R A, Y
REEFIER I REEEB/D . EREAEGHERE - EAERNENREE R LMW, HERY
BARER RN A" 2 t=13 ps i, KT HPFETTHE R, BEERRENWUEER, U
Ko B840 8 B4 A EL A L 2 B SR AR SR [ BT R BB 30 VAR TE T A B 40 24 B B A 1) B R O O AR P T )
IR . 5 =50 us B, BEAFXFAMPTE L. B8 A RF LB S KRR O KK
K2, BEMIKRBIE R— A EFERBH. BRI B PR, FTi/b.

t=0 ps t=10 ps t=13 pus t=15 ps t=20 ps =25 us

t=30 pus : t=40 ps :

t=50 us

2 REFABALREITE

Fig. 2 Formation process of rod-shaped projectile

FEARFRER LA LM T , MEFF B R B S SRS R REEAEE T 5. RETA
,RAEHAES THRNERLGNRERZERT MESS, FrRGMEES, RAEME FE, #
BF 5t B9 4R BE T SRS U BEBE7E 8 000 m/s LA b, FLAHR 43 T T2 B FEE B AU A0 A4 44 5 TIT 48 e R 2 3 SAL
EEREERT, —MAREREEMELY, EMTERMKLEARRN R EMBEERERERAR, E5
FABARK, Bl 180°) , AN 7 F 3l g i 1 MES 2 P 40 S840 ) 3 B2 6 AR/ o BB J I 3850 TR AT S BE D
HGRIBWREFYNRSNEEEE, — BT 2000 m/s. BEFRBHEKKIE RS EHRA BB A
BRIERIEHAMERNRE R IR ES E8, WA BELE.

4.2 BRI E E A 3 AL B R R

Xt FRAER AL BB AL WA BN EERRZ —. ATHRER T X" EFF
ABAAK I, X I T 0 RER R R RR R ER 7T RN RW RS, R
R4S HREGERERH, ZMHERTAHEERAABRRRLRNRREE BAKBRLWFED
. TR I A (R A AR AR BT TE AR R AT LR Sk R kR 2 KB LB BEE A F
LRERTHERARILKEREENEARMR, #LE 1200m/s Z£4H . 3T 1R R B8R B R
AR AR X SRS R B R M B K, T XS L R AR A 55 . AR IR LR KR
PN SRAA B REFE R AR R K RTTIE K. (BR, YRBFERLT Di/3~5D,/12 Z AT, 1R 24123 3 -
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FAERESE R RN, BEZEE N KRR LR LT RN B E IR ERE. HET
AR A2 B 38 K, K 2R B U0 [0 R A S R KR, S MR A T AR B IR SR B . Bl T2 R
7] B R AR R I AT AR L R AR R EA — 1 L FR(E

®4 TEAEBRAATHEAEEESH

Table 4 Performance parameters of projectile with different initiation methods

e B Slenderness  Initiation Velocity Velocity Velocity  Slenderness Kinetic
nitiation
ratio of radius of tip of tail difference ratio of energy
methods .
charge /(mm) /(m/s) /(m/s) /(m/s) projectile /(k])
Center initiation 1.5 0 2125 1128 1597 8.1 59. 6
1.5 Dy/6 2870 1201 1669 9.1 65. 6
Four-point 1.5 Dy /4 2980 1244 1736 9.3 68. 4
initiation 1.5 D./3 3075 1254 1821 10. 4 70. 4
1.5 5D./12 3135 1268 1868 12.5 71.2
1.5 Dy./6 2921 1198 1723 10. 4 66. 8
Annular 1.5 Dy /4 2980 1232 1748 11.1 68. 4
initiation 1.5 D,./3 3207 1235 1972 11.5 76. 4
1.5 5D, /12 3265 1247 2018 11. 6 77.6

£ 1=50 ps if, RFEFREE S R T HMATEARINE 3 Bi7m , WA B A in B 4 Bros, (LB T & 8
MR BRI R BRI EE. 0 SRR U E/NER R T I T SRR IR & R BT B 3 L3k
TOER 2 IRBUR A AR O RS BT B MR ik BB R . SXARE I AL BE vk R BE B AR e RAT L O
L3 A Sk B B, X B AR BRI RE S B AR B2 . BEAERBAE R IR, VR R B R AR A ERR R
1R BT T FR B B R BT » “HP AR W /N » 1 B0 B R O 431 BB B, B8OML Sk S 2 BE A8 7E 3 000 m/s
DA b, ACBR A3 R B BT A 5 B AR ZE 2000 m/s LA b, BHE Y BOLR AR R B TRAT BUE AR E T AN GE BE
1. FARAE T BT ALAT (BT B 9 B/ T PO mUR KR A T R R B AR T Y

VV

Center point initiation Four-point initiation(D,/6)

Four-point initiation(D,/3) Four-point initiation(5D,/12) Annular initiation(D,/6)

Annular initiation(D,/4) Annular initiation(D,/3) Annular initiation(5D,/12)

Compuation time t=>50 ps
3 AREERTRTREEZR

Fig.3 Shape of projectiles with different initiation methods
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G ERTR, =fEE T X, B RBR RN, WA R ERKZ, PO AERRE  HRAESRERET,
BEEBREARRTUAFNER. &RX 825 R4 JRETET A R R A2 I R R
BIEEMAR , ERRR RS R L MBELR AR RARR . SRR G SR 8RR T R R B, IR
BEREHRBERRAR MHBEBREE RSB WITE "R R R TBREGEEELSARE
A AR RE R BT E SR v, [N BERE T W A o, N K EHOTH ES
AL XF A HKERAYBREEEARENRERNRE. IRRNERE, NEER R4 KRR
RV SMERE , M AR B PR AR R BN AR AL E A, AR B R AR EAE A RERE R B
A °) & AR IE A48  IE AR AR A D AR R4 . SR EER B ERR B ARE BB ERX , &GS
B ERHE MR W YCR” B EW, AR ROBREM. A TERREED  BREMFLER
MBRERS, AXRERENBREGEELR S BRARAMEXN THEERTHRER, HI, XA REN
AE At A X B 55, 3 I i 2 5 Wi SELIL ) B B AP RE S 8K

FEREREL LT UBELAERNER EZRTANUAL R (AR —NERIF)REL
P ENINERR. BRSBTS, URRSEEER EWIFEEER. RS aRNERKE K
ET EWENENEREREZMT . ZAERETHRENFEERE, U LRBNYE.

3.5¢ 3.5 :
—8— (=50 us v-Distribution . 56 —&— =50 ps v-Distribution e
3.0F A
,
2.5F et 2.5F -
B ) ))
28 2.0k = 20 /
15} EL& .
< = 3 -..
® Lot S 1ok
0.5 0.5F
oF o}
—05 T ey 05 A R A R A )
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Displacement/(cm) Displacement/(cm)
Four-point initiation(D,/3) Annular initiation(D,/3)

B4 IR AR AR AR T B A B A A

Fig. 4 Velocity distributions of projectiles

5 SRBAERILL

. BTFERZE XOBRE AR A, ok A SE 5 77 15 oR T IE 759 5 AT =X 38 1 B B o R A SRR TR AL (B
T ORI 5 E B R R T R BATHEAT — R IR T A RER 7 T B @ AT X AL R B 5
BRI A RS LG EH AR 86 mm, JEH 344 mm, BRI AL EEM 45 WK, AR BAELEH
S5HETEREWHEIMAEMNXR. BoBRSERAE 1. RENERINBEETLUE L, NP RE
THANRERERS  RURERRER. KBRSERUASFRERT KT BB B F X B A7
HERABREAFRK . MEAX BIRKSEGHRFRRTHERS I MER KBH. . FEE, B,
BRI MKERTXWERARSBETESRE BN,

RS FRAERFATERAREER

Table 5 Results of penetration targets under different initiation methods

Number Initiation method  Radius of initiation/(mm) Penetration velocity/(m/s) Penetration depth/(mm)
1 Center initiation 0 2789.0 214.5
2 Four-point initiation 28. 67 2968.5 238.0
3 Four-point initiation 28. 67 3045.0 232.0
4 Annular initiation 28.67 3275.0 252.0
5 Annular initiation 28.67 3224.8 256.0
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(1) B A TR ik B B0 3 2 S5 g T AR AL LA 80 80 Sk B S BE KK 28 b A R B 40 6 BEL ) TR AT
RABMA . EREE B H T B0 EAT R R0 AT B AR AL R 3R 5 AB 56 UL 0 80 e B AR X LY
BT B A BIEXES B BRI T S R TR o e R 45 28 TR » b 24 0 2 U B BT 1) X AR o
REF R AEME FE, TEREYTAENFLOESIBHBH BFELE, REHRAA — & & LHE
i AP R BRI

2) BREFAMNEEFRXEUEGEESEMBEBRAEZELW. ZHERT X+, FEEH
BT B o A At RE S B A . AR AR 4R /N X B L B B . R, — L Di/3~5D,/12 Z 1A, T LA
B LRBAENTRERUE, TRERFTRNGZETAWERARSHESRES 2.
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Three-Dimensional Numerical Simulation of
the High Velocity Rod-Shaped Projectile

LI Cheng-Bing! , PEI Ming-Jing?,SHEN Zhao-Wu'

(1. Department of Modern Mechanics ,University of Science and
Technology of China,Hefei 230026 ,China;
2. Northwest Institute of Nuclear and Technology ,Xi'an 710024 ,China)

Abstract: The software of LSS-DYNA was applied to simulate the formation process of a high velocity
rod-shaped projectile from the modified hemispherical liner. Its formation mechanism was analyzed. It
was demonstrated that the initiation methods such as center point initiation, four-point initiation and
peripheral initiation had an effect on the formation and the performance parameters of the high velocity
rod-shaped projectile. The results of numerical computation indicate that the shaped ch.arge with the
modified hemispherical liner can form the rod-shaped penetrator with high velocity, large slenderness
and rational mass distribution. Its formation mechanism combines that of the shaped jet and the over-
turned explosively formed projectile,i. e. the upper half of liner directly collapses along the axial line
and the lower half of liner is gradually overturned when closing the axial line. There are some differ-
ences of the shape and performance parameters of the rod-shaped penetrators formed under the differ-
ent initiation methods. The peripheral initiation is the best excellent initiation method. The experimen-
tal result shows a good agreement with results of numerical simulations.

Key words: mechanics of explosion;high velocity rod-shaped projectile; modified hemispherical liner;in-

itiation method; numerical simulation



