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QU\M?ﬁﬁéﬁé’J*ﬁ?ﬂﬁEiﬁd& AR TR, 4 L R P R ¥ lz+Mlllz’K LT
y=p-7, M @3) FI (44) ol e
du dv . ) 3
KE+Esm()(—a+Lp)—v cos(y—a+y)=0 (45)
QQ+%' —a+y)—u’ —a+y)=0 (46
PR sin(y —a+y)—ucos(y—a+y) = )
a7 2K (45) Fi=k (46) FISR TG
du _ Ovicos(y —a+y) +u?sin(y —a + ) cos(y —a + )
dr sin’(y —a +¢) — QK @)
@_Kuzcos(,\/—a/+1//)+vzsin(,(—a+z,b)cos(,\(—a+1//)
dr sin*(y —a + ) — QK

TR AT LI X (45) A=l (46) 4Ry — o0 IR oy 5 RR 2 e e i 5 2 S5 A 0 DY o0 — W T o O
e, HlI
da

E—M

dy

EZV

du  OQv:cos(y —a+¢) +u’sin(y — @ + ) cos(y — a + ) (48)
dr sin’(y —a + ) — OK

dv  Ku’cos(y —a+y) +Vv’sin(y —a +y)cos(y —a +y)

dr sin’(y —a + ) — OK

AL K Hb R Ak T R) R
BAX =, Xxa=x, X3 =u, x,=v, WHFELL (48) A E— 4k R IE B 5 B 4H

i
a7

a7

dx;  0x;cos(xy —x; + ) + X3 sin(x, — X, +) cos(x, — x; +¢) (49)
dr sin’(x, — x, + ) — QK

dx, Kx2cos(xy — x; +) + X2 sin(x, — x; + ) cos(x, — x; + )

dr sin’(x, — x, + ) — OK

WE R FE A A 2 7 B A BRI 5 1
1.5 A ®H BmavFE

AE G5 U SR T A v, YR T M AR IO B N BT, B A B AT s A g H b, BDEE A d o H AR,
R A b B AR S5 R AR ) B 8 TR s . 3T B ARET, 38 % B & b B AR A9 O B LU =
R, — B H AR A0 A% O A £ A R I — XA, A IR B E AR AL O SR AT AR — AN B AR, 1R
N 5 TR 109 AR5 45 R R B R o 8 6t i v s R b A7 338, 76 0% vt 2 O Ab ST 15 40 AR5 2 Oxy,
HAERI T O, 5 4 0 DL R ZE R IR A AR AS I 0 57— 41546 1, ARk N R, AFRS 0 Z 11
BE B dy, WA R R G LA S 80 2 FE 3 TR
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J 5 oy A b AR, SRR IR Bk

(1) BRI GE - — A% 4R B354
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(2) A5 B R 1) U

(3) W iz sk (anEl 5 th AC, C, At
FERY B0 D ZF ok B AR BA A 200 A 7= A 1
e Fr i H b

(4) Z2 W% J& I T80 3 0 v 3ok B g s e, BV Al
HIFHZ W,

18Oy BB AEAR T 7= A i i #E 19 AT Bk

B 5 i Hipad B — A8 R R
Fig. 5 General position diagram during hitting the target
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Hrp
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d=———""" 59
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A d=di+dy, WIRT LIARE d B9 OR /I BT 8 O 8 285 02 75 3k B i A i v S8 2 SRR AR AR T Ik AE
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2 HEERDH

2.1 1RBVIGIE

51T R T T A A A R T A R A R A3 T R LA B e A AR R T ) i A e S A B 2 2 e Y o
F30, ATRAXF R (49) #ATR M . T3 49) J8 ARG M w53 Jr R AL, AR MR A BT e, vl 3 3k B0l
PR AR BB, DLTORE SR e A% - T 38 O vk 6 e I 3 2 00 Bl o RR R A TR it o Ay 560 U B 8 A AR
H A EEE, AL ANSYS/LS-DYNA FRAPFEEST T 2544 I i ELREAY . )5 ECAE AU 55 B8 1 SR 7R (1 LAl
BRI T AT RS B AR — B, BRI 1 TR, #2855 H S LS5 E 2 B S AR R,
JIT B 2 50 MR STk [16] FF 52 BB 70 2 508 7 14, DA T 45 (A R 5 S A R A 56 0F

x1 HERESY
Table1 Model parameters

R/em h,/cm hy/em p/(g-em™) p,/(gem™) 04/(g-cm™) pl(g-em™)
8 1.2 3 2.71 1.72 7.8 7.8

KA ALE S AT B A4, . 2 LY-12 885 S AE R G @ se IR MR, 45 B01E S B8 R R A1 kL,
IR ARLE SR NI ELRL (MAT_RIGID) #ii&, #HOCH B S80n 5% 2 Fos, Horf E B IGELR, v A
o, oy BB MRNE T3, G R 8y UIBE & o 2% 58 3 32 256 24 76 Ji8 JF o 72 v AN iR 0k, 308 3% 500 990 M A R} A A
(MAT_PLASTIC_KINEMATIC) EAF HY BT, A RS 53 3 s . BB 2R 1 WL IR3&
Jr R, LA 2 M RS R 3k 4 iR, Hod p, M CIETJI, AL B R\ R, 0 HIWLRRE TS
Bo R BB AT Ty X SCHR [16] i 9256 T 00 E AT B (A0, 75 240 Bh B 25 50 15 g WP 254 1Y Je T
oA, SR WE 6 R . M 6 A LUE i BUEF IS 2 10 JB T 28 AL 53050 25 LA — 3 S0 2
R IRZEATE 14.7 ms B FEA -, I BB 25 R BOR G5 M 7E 13.7 ms B AR 7, AH X5 2% R
6.8%. LA 25 FL U ISR FH B0 5 1 R R S 508 A B8

x2 RERBAMRSH

Table 2 Material parameters of shell and fragment

Material pl(gem™) E/GPa v o/GPa G/GPa
45 steel 7.80 200 0.30 0.231 76.3
LY-12 aluminum alloy 2.71 73 0.34 0.276 259

®3 ERHBMRBY

Table 3 Material parameters of main charge

Material pl/(g-cm™) E/GPa o /GPa v
Composition B 1.72 4.2 1.1 0.34

R4 FHHERAWIWLREFESY
Table 4 JWL equation of state parameters of auxiliary charge

pl(g-cm™) Pe/GPa A/GPa B/GPa R, R, w
1.85 28 520 7 4.6 1.3 0.38

T 24 B9 BE 1= R FH R SR AR Y, R PR UE BCE A P05 B T3 0 4 A R B — B, T BRI 25 2R
SRR 5 S X FE, AR AEL 28 1 0 50 s FRF F%) AR S0 B8 A B 455 10 f0) 40 B ) T3, il B2 2 i
o 150 g, Horh m,,=90 g, m,=60 g, 1T =50 us W25 E B8 2B %E, T EBE A 408, Wi,
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W =50 ps BF % 21350 04 A o 5 R ) 0 ) T, 3 0 B A A4S 2 LB 0,=954 rad/s, w,=731 rad/s., TE%K
(AN B E - BT R b, Y w,=954 rad/s, w,=731 rad/s, 3% FERE BE A IE R (A 5 Be 3 8 (40 £
AR R), ULHERR T KE 24 BE 5 R AR 52 m

\ K \ b - -
i 4 '/ X - k .
(a) =4 ms (b) =8 ms (c) =12 ms (d) =15 ms

Ko BUEBHG SR fEI R I B T

Fig. 6 Comparison of the unfolding process in numerical simulation and experiment results'®!

P 7 s 1 T AL AE [ f S  A B TH A B A4 SR T 3 A 5 BUE B L A5 R B X L o MIET 7 7T AR
the 2 Fh 7 A B 0 TR IT I R — B 7E 850 ps Z AT, o R4S LEE T, 850 ps ZJ5, FEE
x TEARAE, T o BYZAEAE AN IR, 1550 ps I, 2544 (R IEAKE T PR 2, RV A2 2 30 ) 1) [) — A7 1 5
2R AR BRI E SRR — B K8 IR T o Ml y RS TS HUE B S R A XS LE .
HETHE Y o By 5 RERU SR 09 e R AR IR 22 93 31008 4.5% F1 12.4%, BRI TS5 R 5 M E U Z,

REAR - 2 FITER RN o Ty ARG S AR — B, 150 W IR S R ] LA o i i 4 4 A 1
JFid e

K7 JRIT AR AR S BT AR AT

Fig. 7 Comparison of numerical and theoretical results of the unfolding process
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(a) ¢ Theoretical results

55 ¢ *Numerical results
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Fig. 8 Variation curves of the warhead deployment angles

22 REMNAERMNBHE

K AT B 0 1 K 0K B e T BL RS, X SCHk [16]
) TSR AT, B E S R E R R
100%, 145 2 (1 1 5 45 S 5 52 50 45 R X L WL 9,
AL, P AR 1A B A J O ) (] bl B 2 i
B AR A A S — 3, (HR TS 2 Y R T B TR
LSRR /IMS 2 03X 2 NA 7 S B e 2 48 4 2o
rRRERE AR n A A F] 100%, HEHT A BFSE %
SR 2 7E I3 1 UK B2k B2 v B R R R R
55%~95%. iR SCHRAETTIE FE 2 0 RE B L R
B, kB B0 45 48 78 LR HO T ) LA —E AR,
T AR BIF 5% 04 485 K9 #E e TF 7 1] b R TSI 3R, 2544
TEAR S A B (6] N R HF 43 85 . PR, SClkvh i 454
YK 2 n o e [) B, K 24 g A 4 R, AR
HUKE 24 R 5 R PR 55%

HE 24 11 g 2 R 60052 8 55% )5, sk (33).

3 (34) B (49) (] % R IF ot Bk A . h R IE BE
) SR U A A B, P AS R 5T A0 B A5 700 X
SCHK [16] A SC 56 T AL HEAT R fff, IRE T 45 2%
L gk LU YEAT X e . SCRik [16] TR L HEAT T
3YSCHR, 3 4 T Ol B 245 N [, 3 A R
GF AR M AF R4 T 00 F S5 M 7e KRR 3 R A&
FIEF- . B9 4l T LS TR S K g
X H, 3 A LG A e KA R IR 220 11.1%, K%
ST T KE 24 19 Rl A SR 55% A
10 A 2 19256 T 00 0 R P ad 22 ) B 3
gE L ZERIAE 11.2 ms B SEAR 4 F R PIRAS .

2.3 MEF X 6 R ESHE W

20

18 —s—Experimental results of Ref. [16]
I —e—Calculated results (y=100%)

16 F ——Calculated results (7=55%)

14 +

12 +

Time/ms

4 1 1 1 1 1 1 1
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Ko ARSI XTI

Fig. 9 Comparison of calculated and experimental® results

(a) =3.0 ms

(b)=6.0ms  (c)=9.0ms (d)=11.2 ms
B 10 FSTH ARG 2 4150560 TOLW R T 7
Fig. 10 Theoretical calculation results of
the unfolding process for scenario No.2
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ELIHAL, EFHLE) CATEE R 100 m/s, T30 AT H N 400 my/s, 3 H 22 2 0 180°, BLHE I v f N
0°, Z5F IR SR AR | BTSN S50, B R Bt v E BRI 25 R R 55 EH AR AR XL B Q&L S B . ELFHL
FIHLES (R & HERL) 2 300 cm, HLE (R &322 ) 2 200 ecm®, &% B UL R F, B HARFE4E R, %N
100 cm, H #riE 2 25 MR BB 2 d, 1550 1000 cm. A3 35X (49) A9 M LA K R 45 M B A 1 A i
A, M T LR Al e 2 0 B A, X MU B 250 R B AR S R SR AN DL B R I (R4 Ay R A
s, TS ST Bl 24 8 R R AR R R T s () A R )

B4 T ARRINE T it A f i 28 600
BB 0 BT N 16 @, AR A B 25 1O, ) 1 400 T e
AT 225 2(m,) TR LR, A 3 P AR N2k 1 200 :Zelzgi,zeigi
D7 B me=me, MBIACH Ly, me<m, LA Lovol e 0g g
Ly, my>my, MNEICH Lyo g o0l my=11g,my=5g
K FH L, AR 75 2T o 26 B B R) (% 189 1 S ool
N, M 1= 11.2 ms BF 5B /ME (d 35 8 B/ e 75 ool /
ZER R R IF IR B B A A R ), Bl d )R I
] (G BT A B 11T LA, 3 L. Ly, 2001
Ly 3 RO r =k, ik 80 B i th B S Y o (47 % 7 % 9 10 1 12 13 4
FEAF KR d,>d, >d, s, VA L, g0y X8 A A Time/ms
T BAR. o TRA L, Rt v i I d 72z
SE 149 5 B R F o E’J%ﬂjﬁfﬁ, E/IX Ji@]fﬁtp H 44:/% Fig. 11 Curves of changes in the d-value

BT, o SR JETF Z A ay b HARI AR o SR L, I7 SOINAINT , e 091 35 30 88 HG 45 24 4 0 280k BEOKG,
a FF- S5 SA0RE L A5 2 0 I B /0N, DA T 5 B0 A A 2k ) e iy b S22 ST A @ ELEE Ly St f) o B
Ko SR Ly 7 3, o B35 580 B2 5y Y- 32 380 12 22 748 /1N, 08 1 {6k 45 g R 3K 381 e A iy o 28 2
(4 d fELE L, Izt i) d {870

P PET 11 AT 25 5 B2 2 ) i — S I, o A /ML 2 Bt i B2 25 1 A TR A 0 R/, 24
T2 1 S B AR 25 2 1 B IR B — E LU AR, A AR SR B R A B 2y 1 AR, J O/ IME SR
X R Ly 2y XA A F T b B AR, 107 5 AT LU o 8 8 5 25 515 B i e 24 1L, flifS A b 828
BRI AL RSB T AN R 24 10 i A a5 25 07 L B B i 24 05 300 B d A R T S A5 I Y JR T
FARE o AT AT AL, A B 2 B B BT R I, 4% m,/mg, S 1.5~ 1.7 B LU B B R 2, S TR
(i 2 S A B Ak

x5 TRBETHEGPFESHENSH

Table S Parameters corresponding to the optimal hit attitude of different mass of the auxiliary charge

Total mass of the auxiliary charge/g mg/g mylg d/cm al(®) X/
11.0 7.0 4.0 27.8 45.9 89.2
16.0 10.0 6.0 6.2 454 89.1
18.0 11.0 7.0 133 44.1 90.0
20.0 12.5 7.5 0.2 44.8 89.4
22.0 14.0 8.0 9.7 45.1 88.9
26.0 16.5 9.5 2.4 44.6 89.5

2.4 BN ZH IS R IT BT (Bl B 2N

i 2.2 W5 FN 2.3 WG, BEE T KR 25 B AE R A AR LR R Bl e 2 1 e AR RO 3, DT R
e AR 2RE 2 LU DL A B 25 B R, O IO 25 B BE LR 3O 55%, X SCHIR [16] P A9 T 2L A7 358, 145 3
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Fig. 12 Expansion time varies with
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Research on the Deployment Process of Explosive-Driven Structures
under the Condition of Projectile-Target Rendezvous

NING Jianguo, WANG Qi, LI Jiangiao
(State Key Laboratory of Explosion Science and Safety Protection, Beijing Institute of Technology, Beijing 100081, China)

Abstract: The deployment of complex structures under explosive driving is a key issue in the directional
process of deployable directional warheads. Effectively controlling the deployment process is beneficial for
controlling the detonation delay and improving the utilization rate of fragments. For the deployment problem
of complex structures, based on the JWL equation of state and the second-order Lagrange equation, an
explosive driving deployment model considering the expansion process of detonation products and the target
hit state is derived from energy conservation. The calculation results of the driving deployment model are
compared with the experiment results in the literature, and the accuracy of the calculation results of the
explosive driving deployment model is verified. The results show that the theoretical results of the model are
in good agreement with the experiment results, and can accurately predict the deployment time of structures
under different charge amounts. By controlling the mass ratio of auxiliary charge 1 to auxiliary charge 2 at
1.5—1.7, the structure can be deployed to achieve optimal hit posture, which is more conducive to hitting the
target. The research results can enrich the design theory of directional warheads and provide a reference for
the design of deployable directional warheads.

Keywords: explosion driving; deploying posture; deployment time; auxiliary charge; directional warhead
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