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Fig. 1 Whipple shield configuration in the experiment
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Table 1 Experimental results of aluminum alloy Whipple shield

No. D,/mm wv/(km/s) D,/mm D,/mﬁfjﬁfffj)ﬁm“/mm No. D,/mm wv/(km/s) Dy/mm (,,/miﬁé;iﬁf:fim/mm
1A167 2.74 3.09 4,44 14 39 139 1A104  4.98 3.29 7.20 23 50 149
1A153 3.02 1.06 3.42 TR TR 29 1A137  4.98 3.52 7.44 23 51 155
1A161 3.02 2.10 4,08 THIX T 95 1A140  4.98 3.79 7.66 26 52 141
1A163 3.02 2.58 4.68 T X TG 117 1A121  4.98 4,00 7.33  TMIX  JCHIX 160
1A165 3.02 2.86 4,82 THX TR 125 1A052  4.98 4.13 7.76 38 63 177
1A164  3.02 3.33 5. 30 A 49 131 1A054  4.98 4,27 7.78 35 57 163
1A162  3.02 3.68 5.08 15 45 135 1A053  4.98 4.46 7.96 35 63 170
1A143  3.96 1.25 5. 00 TR TR 41 1A046 4,98 4,46 8. 00 37 62 177
1A145 3.96 1.75 5.28 T T X 102 1A026  4.98 4.55 8.18 34 63 167
1A040  3.96 4. 24 6.92 37 62 170 1A103  4.98 5. 00 8.18 36 68 166
1A067 3.96 4,81 7.38 35 55 160 1A102  4.98 5. 00 8. 20 31 63 180
1A070 4.10 3.42 6.78 26 52 155 1A147  5.07 1.47 5.72  TMIX  JGHIX 103
1A122  4.23 4.39 6. 46 10 45 136 1A023 5,07 3.45 7.40 16 44 147
1A062 4.23 4. 46 7.76 36 68 163 1A123  5.07 3.73 7.48  TIIX T 165
1A159  4.89 0.912 ZEALAEFIE KX LXK 68 1A031  5.07 4.31 8.58 30 X 177
1A160 4.89 0.929 ZEALAEEIE X kX 61 1A150  5.16 0. 896 5.22  BIEX TG 55
1A156  4.89 1.17 5. 40 THIX T X 99 1A154  5.16 1.09 5.48  TILIX TCUEIX 75
1A144  4.89 1.92 6.22 THX KKK 117 1A063  5.16 4.46 8.12 34 65 170
1A142  4.89 2.02 6.16 T X TCIHX 101 1A155  5.28 1.02 5.54  TIIX ToHbIX 62
1A051  4.89 4.27 7.80 31 63 170 1A038  5.56 4. 10 8.72 37 70 165
1A030  4.89 4.39 7.86 31 61 175 1A151  5.84 0.962 5.96  JGULX  JCUEX 85
1A139  4.89 4.55 7.88 32 63 170 1A134  5.84 3.43 8.16 24 49 150
1A158 4.98 0. 909 5.14 LXK THX 72 1A133  5.84 3.52 8.28 25 48 160
1A157 4.98 1.00 5.26 TR T 57 1A024 5,84 3.68 8.38 26 53 170
1A148  4.98 1.49 5.70 T X TEX 106 1A025 5. 84 4,31 9. 00 29 59 177
1A149  4.98 1.70 5.90 JTIEX TG 112 1A152  5.97 0. 687 6.16  JCILIX  TJCUKIX 34
1A146  4.98 1.85 6.02 TIEX  TELX 117 1A044 5,97 4,39 8. 80 37 64 175
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Fig. 2 Impact velocity and projectile diameter dependence on the hole diameter in bumper
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Fig. 3 Results of damage in rear wall by hypervelocity impact
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Fig. 4 Impact velocity influence on the crater distributing in rear wall
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Fig. 5 Comparison of the experimental and the predicted results

0.4t

|
-1 Experimental curve
T Predicted curve

i O  Perforate point
[\ O  No perforate point |

v/(km/s)

P 5 S 5 AR5 TN 45 2R Y LB



%5 RN . 4G 4 Whipple By £ 45 14 i 8 3 7 52 56 07 50 465

2 04 i RISy v SO T 06 58 0 B 1) 1AL 308 B A 1D AE T 5 A 7 AN Ta) ) 5 5 e R L B, 98 o
FIR £ 28 A 34 o3 DXCRE R 5 17 47 e M e B 8 450 0 A MO 4 o i B ) 28 A LR AR W) 5 . 0 BT G E
P A AR AT L, Y st o SRS IR T 3 km /s B, 3IUHE o B 30 B S R 78 43 B L Ab T AR S8 SRR S
T A B R 1 8 o ) i e S A G I B O, P I SR L B AR D s Y L S T 3 km/ s
I 5 R R B T 5 4, 8 28 AT RETT AR VR A L VR T TR RE 1 UK 2 AT 198 TG ARG O, B T AR T 2 11
RE Tl /] o (1 o 2 A0 R 110 I S 5L KL AR o R ) S T K
4.2 ELEWRARE

Il 5 55 hL B AR 5 By 4 45 40 RS S 80 b B R 2 8 LA K di i 2802 A FE sREIOC & L BIIT IR 8 o 1%
R 7R, Christiansen 8 i % K 52 50 B4 i 47 191 )3 £ 52 7 Whipple By 47 5 48 (10 48 o 4% B 5 72 ,
i BR 75 AR 3 3 A B XA AT il 3 o D PR TS () Y R DI Y PR BE A R R R B AR . X T
B Whipple Bl 47 454, 76565 — DX TA] L 188 o5 bORER 5840 B8 o HLAR & 2 W) 25 i A2 Ak < 7 78 55 — IX [, 48 o b
BEFE I WEE I IR WA s 3 1 2% = IX ) f s AR = BR A, DT AR

B — X 8] (v,<<3 km/s) :

D, =[(t,(a/40)"" +£,) /(0. 6(cos® " py " v**) ] @)
% IXIE (3 km/s<<v0,<<7 km/s) :
D, = {[(t,(c/40)%° +1,) /(1. 248‘02‘50055118’/19(1. 75 — wcosl/4) } +

{[1.071D% 0, 0, '? SV (6/70)"* ][ (wcos® /4 — 0.75] } (2)
5 =X A (0,7 km/s)
D, =3.919¢3%p,"% 0, (vcos®) 7SV (6/70)"* (3)

o0 LA G A (O 5o, R B ATE R T km/s5 0, ML BE g/ cm’ 5 o, R B AR B
g/cm® ;0 R HERE BRI ISR B L ksi(1 ksi=6. 9 MPa) sz, FACBEIEEE o, MBI BRIEREE .S KB B 5
fitsBE Z R R B . = KB BRIl em,
4.3 ZWHEREMNERTTEE

M4 b i& Christiansen 45 i Whipple B 47 25 #4) 1 i o 1% BR 77 72 , 753 2] 1% Whipple Bj #7454 1
T A PR 2 L R 5 LR TR . ARBERRL 5A06 454 4 By IR TR B SR 58 1t ST IS AR AR, i o
=350 MPa, BT UL, 52 56 f 5 B B phh 25 s vo 95 00 438 o A B p 4 L 1H 38 I AR fh s 34 S A — 3L,

P T I Y S 30 A AL 1Y S 25 R S B A 5. 21 km /s, T DA TG 345 M ] Christiansen 18 o5 4% FR 5
A 3] A 43 o A Bty 4 e A 55 A 0 5 A 0 {5 S A W 45 S S 0 (B FE R SR EE D 5. 21 km/s B
(14 A B 481 97 IR 25 55 R T Christiansen J7 R 45 1) i) 100 48 o i R il 26 2R RS2 W & 19

5 & % iE

i 3 5B Whipple By 47 25 04 (Y g o 43 o 52 56 DA K X6 B 7 e R BE A A ] 43 o 3 2 DX 0] 1A 1 451
Doy A3 28] 1 LA R oIR8

(1) FAERZ W ER & Whipple By 5745 A8 458 03 5 AT B0 488 ol 3o 52 DA (L 458 ol 3o 2 ARG T DAL L i e
ST AR AN RLIN  Be 2 AR BE SR 5T o0 A1 HH B 2 X

(2) HERIFIAB A E A AL IS S WG A B A By 4 e v o f8 ol 25 L AR i S AL AR R o RE Y
T 384 R o M R e DR B 5 2 A A% I 5 KA ol B8 ) 394 Jon i A 5 204 4 ol R e T DAL (EL I L R BE PO i
S0 03 AR ELAR AN IR 5T A1 AR B 99 AL $RE o 3 A R K

(3) SLEAFE T4 G 4 Whipple Bi #2578 0. 5~5.5 km/s 3 B 5 Bl P A4 48 o % BIR il 2%, 9% 5 F)
HI Christiansen {8 o % FR 7 R 45 21 59 000 $3 o A BR il 2k 64T 17 e, 3 ol B — B0 . X T
R T 5.5 km/s A oy A BR il 4204 75 1E— 22 (9 S 90 301k

52 B P AF AL R R GR E 09 M AT B T oA RIE Tk K F O B A B, R T R,



166 DS 1 5 et i %25 %

S E Tk :

(1] MydEsR, M 44 8. By (RO B (a5 28 0 K AR AR BE 1 T 52 k353t [T, bl 2zs a3 4 R . 1986, 7(6) :45—48.
MIN Gui-rong, XIAO Ming-xin. Reliability design spacecraft module wall against meteoroid perforation[J]. Chi-
nese Space Science and Technology, 1986,7(6):45—48.

[2] Palmieri D, Schafer F, Hiermaier S, et al. Numerical simulation of non-perforation impacts on shielded gas-filled
pressure vessels[ ] ]. International Journal of Impact Engineering, 2001,26:591—602.

(3] MI#%. 2% Whipple B b S8 A R 2 HORX S [T ], FATE K . 2004, 25(2) :205—207.
LIU Sen, LI Yi. Ballistic limit parameter test of the Whipple shield[J]. Journal of Astronautics, 2004,25(2):205
—207.

[4] Christiansen E L, Kerr J H. Ballistics limit equations for spacecraft shielding[J]. International Journal of Impact
Engineering, 2001,26:93—104.

[5] Schonberg W P, Williamsen J E. Empirical hole size and crack length models for dual-wall systems under hyperve-
locity projectile impact[J]. International Journal of Impact Engineering, 1997,20:711—722.

L6 skAR A A, 52, 45, ot A 25 8] 4 1 2047 Bt B 47 45 4 S BOER AR LT . i ZR 3 Tl K22 %4, 2003, 35(2) : 119 —
221.
ZHANG Wei, GUAN Gong-sun, PANG Bao-jun, et al. Optimization of parameter for spacecraft single-bumper
shielding structure against space debris[J]. Journal of Harbin Institute of Technology, 2003,35(2):119—221.

[7] Palmieri D, Faraud M, Destefanis R. Whipple shied ballistic at impact velocity higher than 7 km/s[J]. Internation-
al Journal of Impact Engineering. 2001.26:579—590.

[8] Christiansen E, Lambert M, Stokes H, et al. IADC Protection Manual[Z]. 3rd ed. Germany: Inter Agency Debris

Committee, 2002.

Experimental investigation of high-velocity impact
on aluminum alloy Whipple shield

GUAN Gong-shun’, PANG Bao-jun, HA Yue, ZHANG Wei
(Research Institute of Com posites » Harbin Institute of Technology s
Harbin 150001, Helongjiang, China)

Abstract: In order to get the damage mode and resist character of spacecraft shield structure by the
high-velocity impact of space debris, a two-stage light gas gun with non-powder projection was used to
launch Al-sphere projectiles impacting on aluminum alloy Whipple shield. By analyzing damage mode
in different impact velocity ranges, the laws of penetration hole diameter and cratered area diameter
depending on projectile diameter and impact velocity were observed. At the same time, the ballistic
limit curves of the Whipple shield in a velocity range from 0.5 km/s to 5.5 km/s was obtained. Com-
paring to the predicted curve from Christiansen ballistic limit equation, the experimental minimum
critical projectile diameter is slightly greater than the prediction.

Key words: mechanics of explosion; damage mode; high-velocity impact; whipple shield; ballistic lim-

it curve
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