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Impact initiation of a solid-rocket engine by a shaped-charge jet
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Abstract: In order to study the impact of the metal jet formed by a shaped charge on a solid-rocket engine, the shaped-charge
blasting experiment was carried out, and the jet impingement experiment was performed for the shaped jet impacting a certain-
size engine without protection. A high-speed camera was used to record the response processes of the explosions. Air
overpressures and fragment velocities were measured at different distances and in different directions. The jet forming process
and the jet-impacting-motor process were numerically simulated by using the finite element software AUTODYN. And in the
simulation, the problem of fluid-solid coupling grid leakage was avoided by adjusting the grid thickness. The experimental
results show that when the rocket engine was impacted by the jet, it exploded violently and the propellant reacted completely.
The steel equipment fixing the rocket engine after the explosion was almost destroyed completely. The velocity of fragments
reached above 4 700 m/s. The air overpressure at 1 m away from the explosion center of the engine reached 19.78 MPa.
Through the pictures collected by the high-speed camera, it could be judged that the temperature in the explosion center
reached above 3 000 °C. According to the peak of the air overpressure and the law of air similarity, the energy produced by this
type of propellant explosion was slightly higher than those produced by explosives such as 8701 and TNT. The simulated
results show that when the jet impinged on the engine shell at the head velocity of 7 000 m/s, the tip of the jet head was
severely ablated, and the velocity of the jet head decreased to about 5 600 m/s; the propellant reacted violently while being
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penetrated 1-2 mm by the jet; the shock wave propagated along the propellant in a spherical shape, and the propellant on the
other side underwent shock initiation twice with a retonation; there were three overpressure peaks at the Gauss point located in
the center of the propellant. The first peak was generated by the shock wave from the left side; the second peak was due to the
shock wave hitting the solid wall of the propellant and a certain wave surface reflection was generated, causing a pressure rise;
the third peak was caused by a new shock wave generated by the retonation. The simulated average air overpressure peak is
18.75 MPa at the three Gauss points set at 1 m from the center of the engine, which is in good agreement with the experimental
results.

Keywords: shock initiation; shaped-charge jet; solid-rocket motor; retonation

[ K i A shBILR g b R 3 0 . BECE R E R A RE A, AL T HMIX, RDX 4§
KR4 180T, TE3GINRE B A [N, RO QL B 38, HL b T O 3R 008 95 5 S 20k, b e sh L 2e e Ty T
BRI R o I, 56 T 1P KR K s BLxE e B A0 5 B MUl e 157 B9 A9F S, X T A K 5 6 S PIL ) 22 4
Ay sk AT, A E R E X

RAER G Lo DL SR 2 P2 22—, BT 45 s D M L K £ LA AR AR A R
PRl T8 2 X6 T e Sl AL PN AR 51, s i S 30 o Ay K 2, 5 T SREE 2 24 St 10 il il iy Bz, 494 e 22 g
5to Held™ $2 thIJFBIE T & T ARG I HRAR B 25 089 Held JIHE, 32 45 25 OB W80k UM . skl 2D
PAZS B2 N SRR, A5 1 3 Aol S ] (AR e 2 700 70 00 0 2 S O o i 1) B P iy R R, 20 A
THECTT S U IE A ek 75 Ch i) AR 1] ) | 2 2 ROST A 0T [ (A 590 g 4 P ey B A2 . A RS Dy
T WTSEAS bk 24 AT RORE , R P B AT T A A SRS 30 RS 22 Al ki 24 AT T IR RRE B S, ARAR T 2 A
K28 555 R AU HES 45 2R, -5 SCHREAT S 15 AR s R XOGHLERAT 1 55 0 Sk 3 1 -5 e Al 5 32 114
KFR, UG TR ANX . EMRET BT T RAESHRA PBX KL (1 5 R, T WA A [ 59 563,
3 590 % 6 3 AT A [R5 BE A AR A PBX M2 EAT 1l S0 . Sk e AE T 2R T R R A 24 o i i AR
Lee-Tarver 28, F| 1] AUTODYN A FROCH -] Je J2 IR REA 25V i R it AT 1 B{E AL

AL, XF @170 mmx310 mm A& S HLIT e 5 RSt s S 56, I 1 7 SR B 24 S U A5 S 0 BRAH . A
J AUTODYN X 2 WS 56 i 8 BEA T RO READL, LSS IE S g AL 13 o 8 o 7™ A 19 2 R s R S

1 LBEHER

11 XWRESHE

AR, SRy T BRAIE S e [ A KT & S AL 240 BR e ke 24 7 AR B SR v e B, R T R g2y
SPGB 2 I v i R B LS

PR R 1 PR, R A R 4 MY A B EGRES, 2RI R &SPl 1, 1.2, 2 m,
FHA I 2t & B AILHE 3 700 B2 g 7= A= 1 28 S0 s 7R BB B R 2L 2.4 mo (9 (B JR b 152 A 2 /1> D0 3 4 s i
I K S AUHRE P2 A T SR B o 7RI B RR KR U0 2 10 m AL, B R SRR AR WL T A WS 7 (2 7
A BRI ) (B AR N, X BRI TR, SRAESIR R 10 kHz.

SEI R FH ELAR R 56 mm (Y FEvE R RESE 24 25 A b RER 5 3 JE AU (Cu-OFHC), JE 4 0.8 mm,
HEFf R 60°; KEZGSR T RDX-8701 i REXEZY, 262 203 g5 X FL1E R AERL 25 KE = 20 80 mm., [AIHEIE &
BHL(2170 mm=310 mm) P 3 7050 A0 5 5 B AR 57, %5 1.836 glom®. 1% = Al [ (A i 7] 32 22 il o
500 : HMX, 36%; AP, 20%:; 5305 B2 B4 70, 18%~20%. AT TN T T %6 24 % 56 AR 28 2 % 5
B 2 A v 3R B e 2 A /KO B e B ) I [ 7 A 2 R SR I, IR e 2 R i vl 2% 8#75
B o R BNALIE B O AR ZE A, K & SRR 40 i i 25 A SR 2R A AL v, TS BIEE M B . R bl
[ 7KT-5I2R 5 B R4 24 (B 2R 7E [R]— = B, DAGRIES It op e e 2 bty . SREBEAE 2506 =0 80 mm, DAARIIE
SHR BB, ARSI R i, 528 M BEAEA, FEETRIEFE S 28, S mie s & shidli:
R L, 2SR 4w 9, FH R It S ) i B

K

082101-2



55 40 45 ek, 45 SRS EA KR A ShTLAY bt A %8

Shaped charge 3/ 1
High-speed camera 1

Velocity measuring
screens

Rocket engine 2 \
4 /2

Overpressure gauges

=S

1 S e &
Fig. 1 Experimental layout

1.2 SLERR S

FFR T REeSE 2525 G RIR BERE 25 B i vh il R B HWLSL G 45— &, AT R AE R 2y s B T &8
IR, DLIX 5 R BEVE 25 R ME 5 & SR 5 BT Pe A B0 TR ) o B B LA 3R 2 A9 2 YRS Bt i FE IR
i 2~3 Fi .

-

(a) =20 ps (b) =300 ps (c) =7 400 pus

B2 RAENE 252 G s B R T
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Fig. 3 High-speed photos of the rocket engine initiated by the shaped-charge jet
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Table 1 Air overpressure peaks induced by blasting

R P /m R AEE 22 I R 1 W/ MPa S b R F WL ) W {E/MPa
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Fig. 5 Blasting air overpressure-time curves

M1 HORE, RABREZ] 203 g & e ME 2508 45 ™ A= (0 25 S b i ik, HOB IR & 2 AL 1 m %45 51
2m AR, 7E 13 SRR — 0, 2 m AR IR 2R 1 m 19 6.60%; 7F 2. 4 5B IS — ML K 1 2
b, 2 m AL AR R I BE VRN 1 m AL EY 6.36%. R BHAL 7.8 ke 5 AE A 2 70 R 1 72 A 10 s
R, 1 m ALY 19.78 MPa, 28 5] 3.014 MPa, 1 m &bAY 15.24%, S A 2 7 A 4 vh s DR
WA 244y R S HLIR KR 77 A 1 vk DB R DR 1Y) 5% T 28 AR, X AR S 3 245 SRS il AN K

082101-4



55 40 45 ek, 45 SRS EA KR A ShTLAY bt A % 8 1

12 R SEIR 45 SR, K 24 B 1 500 kg A ol 90 A 25 0 v A B 100 30 0 2 B ek DR, T T X
KPR RO I S o AR AR IR TR 5E 4 SORE I, gk K R AR Bk T AT Ik 20 GPa, BE 30 GPa L R
HZR I 1 m B TS IR S 0, H 2 0 e S Dol g 90 B 8 T 1) 0.1%; 283 2 m B 0 2 RO U
Foas S I 10 U6 MR TR A 0.01%. AR A TNT S KERH LA, 25 shg Ml I Ap 5 LU0 BE 88 R B9 5 &
VIR

0.152 N 0.938 2.019 =

—— +—; R<25
Ap= 01712 01§2 24?4 1
S e e 2.5<R<20
R R R

Ko Ap b B, 07k MPa; R W ELBIFE B (R = r/NW 5 r 80 B0 A M BE 2, my w7 oh 26 2)
i, k)™ BT 8701 XEZG S TNT K24 Ay Bt AHAL™M, Pt A X (1) 5375 SR AE 4 25 RDX-8701 4f: 2425 i
1 m 4K A 0.645 0 MPa, 2 m Ab#B K4 0.087 5 MPa, FEAS SCSLEG R, whii i 1 m AL R =i pg a5
D) FAFATF, 2 m AbZS 0B et T 2 il 1B bk &S5RI, 50D PG R 220K, #
(D8 & SIHURKE | m A SR N 19.27 MPa, “h SXBG(E Y 97.42%:; 2 m Ab () R385 N 2.69 MPa,
R SEEAE Y 89.25%  HY G AT UL, HEE I & A AR A 7 A A R R = T 8701 TNT 5 H FUAEZ Y.

Il PR R AR AE 25 A PSR Z R, (EE B B0 2 m AL, OB R HAA S KRR )1 . R AE%E
2575 5F 2 m Ab TS8R/ N, WE (BN 33.49 kPa; S vp il & SALIRKE 2 m b 4588 e W& {2l 3.024 MPa,
FRAIER 30.2 18 ST AR5, 885 2 49 kPa, Al 18 BG40 . B4 . o) 0 LI 24
A A R 98 kPa, g A A BIFETI L, TR AERE 25 2 /N, 7E 2 m Ab ) bl PR
Yifie J1 B G I 5 11 K SIMLERKE P2 AR 0 vhdi AR 2 m AbAT G A S R A A RE F7, PR B BLEAET

W3 & B AR T D AS S I Sk T B 24 6750 my/s, 2 100 BRI S A R R L 2, 43
Brac s a5 AT, T & shHLFe iR J2 ik £F 2 52 & M RME AR, L% B0 4%, AR A 8 o A R 7E & 30
PLFEMR LI, SEARTE B [A)HG 32 2 20t 10°%g DL AR, 78 2.4 m &b, f% A ik 3 14Ma DL b s
o 2 D S A0 A5 R ) R A, T B

1, ¥ St G i — R R AR ®2 REFEORAAR
kﬁ]*ﬂ}%]ﬂ%ﬁiﬁfﬂrﬁg i , e ?EE%H’?H‘?—'{:MK Table 2 Velocities of blasting-induced fragments
R, HL2 ST RRK, FEFRE R 71 46 0E R AR I (m-s™)
TN £ 5 B B 0 R A, A5 3 B R A ! 479042

T 37 F5 4 15 3 $LAR 2 475248

2 BSOS

2.1 #MRHMREEEL

I FHAE LR 5 204 BRIT ) 1 20 B 8 AUTODYN, 43591 % 58 B2 245 5637 1 i B0 5 e 5 & sh L2 5
T b R I AR AT AR . P T IR BB 24 R B X B 2 A, DRI SR A R B e A S S I i
BEAY, SR FH =4k 1/2 JXH AR BT HE ST & ShMLAR ) 52 5 vh b A5 AR

YRRk LS AR R 25 AR RS T A iR AR TR LR Ak I T 0 3 3 TR, MRS EOIR A
AUTODYN FrifEAFBHE o XF 8701 #EZ5HE B IWL RS T B i A T4 iR

E,
p=A 1_i e V4B 1_l e—sz+u ()
RIV RQV V

Ao p WEREYE T, Pas VRIS WA XS LU 2S5 B, B IR A FBE &, J/m® 5 Pa; 4. B, R, R,.
w AHERT . 8701 K2 IWLRZST7 B2 S BORE ! DAL 40 XPHEVETE T Lee-Tarver RS BEAT 1
M. Lee-Tarver RS G 75 52 7 ) Ko ARSI 649 TWL IR 2575 R LB i KOS BT Ty 7

082101-5



5 40 4 15 743 5 i i %8

da .
<=1 —/l)b(pﬁ -1 —a) +Gi (1= VAP +Go(1 = ) AP 3)
0

A A HEE R N B ¢ M KEZY NI E]; p MBS 1L by a. x. Gy, e d.y. G,. e, g Flz B, HE
HEF ) Lee-Tarver AR T FESEUE" W3k 5.
%x3 HRE AN FEERMHEMRHER

Table 3 Material models for the shaped-charge line, engine shell and end cover

G FHEE KRBT SR A R
ZRIER Cu-OFHC Shock Steinberg Guinan Geometric strain
KAWL Kevlar Ortho Elastic Geometric strain
R Al-7039 Shock Johnson Cook Geometric strain

4 8701 % IWL A HESH
Table 4 Parameters in JWL equation of state for the explosive 8 701

A/GPa B/GPa R, R, w
854.5 20.493 4.60 1.35 0.25

k5 KT Lee-Tarver KM 5 IESH

Table 5 Parameters in Lee-Tarver equation of state for the propellant
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Fig. 6 The finite element models for a jet forming and it impacting a rocket engine

5510, SRR AR . R AERI FRETTEE ST 1/2 AR 2GR, TR N 1A U, WSy | 2
Y BR Je 28 SIHEAT Buler WIREA 3o (A o0 iR 7 5, 7R 28 P B 25 U B 1 ) 2 m (O B, AT
s ACAE pay~ps, FHARTN 5E 12407 B 1) s it P 1) 1149728 F P 2

552 8, W Pl R Sh AL R K S AL B A . A R A B 80 mm FFAY T4k (2D) B, #£4T 2D-
3D BT, SR = 4E(3D) X AR FAITHE ST 1/2 SF AR R, J80RE 25 W 4R 2% K — O Wi 21 3D B rh ]
ICEM CFD Fij it b BRAR A, by % Sl BILSE A4 K b it o5 22 ) 650 v Sk A6, I A6 L 3 geo A XS0 A
AUTODYN; 1K SHLIN BB 1~4 5 9, WG SOz i s 7628 N, BB Sl 1 m Abist
B 57 S, FHORIN A 12 A7 B 1) s BN [ 9 2R A 2K

RS v i S S L AR BB, SIS S i A Lagrange A, K A 2 51 0 A% 33050 1F 2
A, BEEN Buler A% o i TZad BE 9 K 20 U U IR 45 TR0, DRI D sk S R 5 T, BEORIHAL . 52 M

082101-6



55 40 45 ek, 45 SRS EA KR A ShTLAY bt A %8

Lagrange M 4% 8.I0)8 B KT Euler WA 092 . JEE T 2« 1B, LA ME MR B, R E
Euler 25 38 W 4 JE 3 #7282, B0l 600%x60x160, 315 760 000 4~ Euler M4, Hr, i E 5
Lagrange MR HE 5570 JE 5 R 0.6 mm, 4y RS R B AR K . AR A JE BE N 1.2 mm, AARIESR S
HETEF . HESE LR = W) 5 52PN I B 2 AR T LF- TR A1t s o
23 BRUERS
231 HAAAEA

Rugr R A S R AN 7 R . 2T B AR 2 AR 4.2 ps J5 TR A2 B whl B R AR, o R Ty
MR IRAG o 16 5.4 us I, S Sk ERAEIEIE WL, I i T 25 BU SO 355 45, [ vl (] 39 4% o = 17 8 1S K. 7
11.7 ps BF, SFF0 € B A Y, S gt Sk 350 190 4 38 31 it 245 8 B v 1, IRk — 20 Il i b st & g, ol 7 S
LR T 24 A B R R R . R R R, SRR R I A o FE 23.2 ps B, S iAE) 80 mm M, Sk
R UR B fih A S MLoe A . RS B H SR P- 3 3B 29 20 7 000 /s

(a) =4.2 us (b) £=5.4 s (c) =11.7 us (d) =232 s
7 REEH SR
Fig. 7 The shaped charge jet formation process
AR AE AR 25 2 5, IR R S sl 1 S 2 m 0.8
b7 SR R AP 8 TR . 1 m b2 SRR 07} o
WEEAE y 0.625 30 MPa, 55250 45 L K Gl i TNT 0.6¢
23 RO R TS A AR B T SR A 19 28 OB Kt = O
HEAR ;2 m b B IRIEE(E Y 0.072 84 MPa, s 04
i TNT 2 A I M PR g2 O
B TR SR — B, R B R 2 il
232 MR E R AR AR AR Y . . U
F AR DLS U b it e s BIL K & sl BIL s i it 7 0 01 02 03 04 05 06
T, US54 7 000 s F 2 I ok 5 30 e
PLoe s, Skalid it Fe iR, Qa2 2/ b i, 8 RAEYE 2 A R 2
FERE R 5 600 m/s, S i BE R R . 7R B i Fig. 8 Air overpressure curves of shaped charge blasting

RENHLUINELY 1 s I, HEEF 1052 20 56500 64wty , T ik A A e g Bz, 77 AR BT it i, 1) 3 — {0 e i
7R BT AR, T 2= PR (A i 23 R 23 ) 1AL 9 Beaw

20 el 0 P4 2 A 52 2 AL AL G A, el 42 o J3E R T 0 Bl 2 Foffss B v Ak et 90
FILIAZ 5, oh T JCHE R ARk S L PR el TR Ty, bl A s A T . T S i B A
PEFRIFFEE S, PR T 1) L, 18] e s BL L i 07 1) K g, T 0 2 P (4 g = k) &l 10Ca) B,
L2 A S T, T ) A R i 5 7 RS 3 v b 77 1 e 0 A A ) A e 4 TR R T
VERIAE R shfLoe i b, 52 S bt 77 25 641 T 4 B2 I IR, &1 10 () Bz o 24 vt e vl 1) [
TSR AL, whk 1) 55— (U2hE 24 Ik, 256 24 e A — el e gk, 77 AR 1 el 4R TR, T 09 00 4 T AN BB 2 i, T
T B I0 F THT phy A AEE R) AN DR SE, JE ve T TH RE SR A I A T SO s S R el T TH R

082101-7



5540 % L T | o 8 44

T 28 3o 23 I, Xk 55— DU R ) ph it TR T 2958 6.5 GPa, AT 55 ISR A, HLAE B AR 1 A7 AE K
R 24, il A 7 A g B G B) ZR AU, T g 2 P (A g s R 2 ) A P 11 s, T AT & 2, 7E 1)
A 6 I B T 7 A B R AR, 77 A T — 3 S T 1 ) b 8, R ) AT T i o 4 5 0 9 T g il 2
K12 Fi7R, 1 16.6 ps A5 1 NG JER A 70 285 2 g uel it TH el 4™ A2 905 7 19.5 s B 2 D
WA Sy T T o Dl 90 A S 700 o] A B T 7 ) A 1 — 9 0 T RO, S A T — S XN A T ) 1 Tk
20~22 ps AYER 3 ARG H T [l B G A Y el 0 A

114

Pressure/GPa Pressure/GPa
—4.71

23.84 31.01
20.27 27.85

16.70 24.63

2145

18.26

15.07

11.88

8.69

5.50

-8.28 231

-0.12 —0.88
(2) 3.0 us (b) =6.0 s

13.13
Ko LEhbLERIIIE =K

9.56
5.99
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