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Numerical simulation of Whipple shield hypervelocity impact
based on optimal transportation meshfree method
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Abstract: The Whipple shield is often used for protecting spacecraftfrom the impact of space debris. There are a lot of defects
in the general numerical simulation methods for hypervelocity impact problems, thus this paper used OTM (optimal
transportation meshfree)method to simulate the impacting process. OTM is a Lagrangian meshless method which
ischaracterized by applying optimal transportation theory to discretize time, using a set of nodal-points with position
information and a set of material-points with material information to discretize space,utilizing LME (local maximum entropy)
approximation schemes to get interpolation functions, and simulating the failure of materials by material-point failure method
related toenergy release rate. In this paper, OTM method was firstly used to simulate the impact of an aluminum ball on a
single aluminum plate. The applicability of OTM method in hypervelocity impact was verified by comparing with the test
results and the calculation results of other SPH methods. Then we used OTM method to simulate the hypervelocity impact of
Whipple shield. The damage of the outer bumper and the spacecraft wall predicted by the OTM method was compared with the
experimental results. It could be seen that the OTM method could not only predict the diameter of the bullet hole of the outer
bumper, but also accurately simulate the spalling and penetration of the spacecraft wall, and the shape of the debris cloud.
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R (kgm™) LR/ GPa LA HAAZ (kg K
2700 68.9 0.33 896
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Table 2 Parameters of J2 viscoplasticity model

oy/MPa P & n m q T/K a 0
276 %1074 1 000 0.075 0.08 0.5 925 1.5 1.97
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(a) Hiermaier’s experimental result(®]

(d) ASPH simulation result!®]

(e) New SPH based on pseudo-fluid model simulation result'®! (f) OTM simulation result

4 OTM #5425 SPH Jy 1158 45 Xt Lt

Fig. 4 Comparison of OTM and various SPH methods’ simulation results
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Table 3 Comparison of high-velocity impact results between aluminum projectile and plate

UIRES d/mm &% I/mm w/mm IIw A%
Hiermaier 346 27.5 - - - 1.39 -
Hiermaierf54il 35.0 27.3 - - 1.11 -
SPH: 31.6 14.9 102.8 75.5 1.36 22
ASPHYA 28.9 5.1 105.1 86.1 1.22 122
IR AARSPHI 29.4 6.9 105.7 81.4 1.30 6.5
OTMi% 26.2 47 104.2 76.7 1.36 2.2
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impact diagram

(“a) Experimental vertical -
impact diagram
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Fig.5 Schematic diagram of experimental model
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-
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Fig. 6 The numerical simulation model of Whipple shield
hypervelocity impact
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Table 4 Parameters in experiments

Sy FILE A/ mm LT/ 2% R /mm J $4 R BE /mm AU (km-s ™) i £/°)
04-0090 5.00 0.1797 1.92 1.94 5.29 0
04-0092 5.02 0.1826 1.94 1.90 5.52 0
04-0079 5.00 0.1810 1.94 1.92 6.08 0
04-0080 5.00 0.1811 1.92 1.90 6.15 0
04-0084 4.04 0.0972 1.92 1.90 5.95 45
04-0083 4.02 0.0960 1.92 1.94 6.02 45
04-0075 4.02 0.0958 1.92 1.90 4.47 45
04-0077 4.00 0.0940 1.92 1.94 4.74 45

x5 ZMEEFLR Tt

Table 5 Bullethole size comparison of outer bumper

I T/ (kms™) IR LR T /mm P A GEnhEAL R ST /mm X 22
04-0090 5.29 115 10.5 8.69%
04-0092 5.52 117 109 6.84%
04-0079 6.08 12.4 11.2 9.68%
04-0080 6.15 12.6 118 6.35%
04-0075 4.47 10.6x8.5 10.9x8.99 2.83%%5.76%
04-0077 4.74 10.6x8.7 11.2x9.39 5.66%x7.93%
04-0084 5.95 11.6x10.2 12.3x10.1 6.03%%0.98%
04-0083 6.02 11.6x10.3 12.1x9.75 4.31%x5.34%

% phB% L R ST B AR L SR 5 S W) S A5 B, e s TR 5.29 km/s [ SEE R, SRSL EAR A
1.15 cm, M7 ELAYSE N 1.05 cm, MHXHR2Z N 8.69% (AN 7 FizR) .

(a) Experimental damage (b) Numerical damage
characteristics of outer bumper!'?! characteristics of outer bumper

B 7 S hsbnx) HeE (JE i R 5.29 km/s)

Fig. 7 Damage characteristics comparison chart of outer bumper (Impact velocity 5.29 km/s)

Je B A 2 — M b AR R RIVE AT ZEFLTY, SCHER [13] HOCHERIVE A ZEE,
& 8(a) 7. 14 8(b) Jy OTM 15 EL P AR5 R 25355

XF A B S5 b B A B (3% 6 FTaR ), R L IE R 0 B b f o R R A, S A 6 40
No 3R ER TR R A AL R 9% vl R AR B A Ay, B T /N e, DR TR S PRI E T . X
53CHR [13] h A e —3K.
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Fig. 8 Definitions of spalling and penetration in experiments and simulations

e

Penetrate

Peel off

h

(b) Numerical spalling and penetration

*6 RIERGIERILE
Table 6 Damagecomparison of spacecraft wall

X U/ (kms ™) LR EHEAR IO Dy B S EE I
04-0090 5.29 3ubHVE, ToT TCHTE, 24 5%
04-0092 5.52 bR, ToTF i SUbRIVE, 24k 25 1%
04-0079 6.08 TeHVE, T2 TeHE, TooF i
04-0080 6.15 ToE, Too s TeHE, T2
04-0075 4.47 ToHlik, 24b %5 TeFg, Too s
04-0077 4.74 o, oo s TRk, T
04-0084 5.95 Lbs7%, 14k %715 TR, B
04-0083 6.02 Vb7, 14k %5735 Vabslvk, Foo i

{5 H B, SRALHE B o B U5 8% b, 3R AN 12958 150 MPa, 1 i o 488 7™ 51 49 X 380 5% 43 I H1 35 2]
300 MPa D) I+, ai&l 9 fris o

Stress/MPa Stress/MPa

150

100 150 200
b | mte—

(a) Front side of spacecraft wall

100

(b) Back side of spacecraft wall

9 JEREHU Al (i 5.29 km/s)
Fig. 9 Damage characteristics of spacecraft wall (impact velocity is 5.29 km/s)
I i =y 2 AL 5 Whipple By 475 48 o (9 B (BRI, AR MRS B B 0L JS B A0 1 0 o DRER 43I ok
B4 R AR Rk BTS2 5, SCHR [8] FHBMiAL 1A SPH ¥4 XF Whipple Bt fi i (A58, L R 45 T /5 5509 h
O3 X, B2 X TR BRIV 5 E S RS RS . a] & L, OTM 54 T g i BEHCR A W) 5t
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14, S R0 B JCk A SR vp s, DT S 6 v B R 2 B SR B D 0 b5 T OTML T34 B A B I =4 [
KlHh, FrA i 9 R, BRI — 2 Al

04-0090 OT™M

04-0092 OT™M

(a) v=5.29 km/s, £=6.7 pis (b) v=5.52 km/s, 1=15.1 pis

04-0079 OT™M 04-0080 OT™

(c) v=6.08 ks, £=15.6 pis (d) v=6.15 knv/s, =19.5 ps

&1 10 IEFETE R0 L

Fig. 10 Fragment cloud comparison chart of vertical impact

04-0084 OT™

(a) v=5.95 km/s, (=4.9 ps (b) v=6.02 km/s, (8.6 ps
04-0075 OTM 04-0077 OTM

(c) v=4.47 ks, =14.5 pis (d) v=4.74 knv/s, =27.2 ps

FE 11 RHERE R =X

Fig. 11 Fragment cloud comparison chart of oblique impact
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