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B sesb g () IR = 4585 FEM-SPH HIENAR G ik (£ ML
Fig.1 A comparison of the debris cloud structure of the experimental image (left) with the FEM-SPH adaptive coupling

method (right)
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Fig.2 Geometri¢’shape and geometrical parameters of corrugated structures
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Fig.3 Model of projectile impact on corrugated protective structure
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Fig.4 The morphologies of the debris cloud following the projectile impacting the flat plate and the corrugated protective
structure at 10 ps (Left: Front view; Right: Top view)
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Fig.5 Sketch drawing for hazardous debris projected onto the virtual backside along the velocity vector
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Fig.6 A comparison of the Z-axis momentum distribution of the debris cloud for the flat plate and corrugated plate protection

structures at 10 ps
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Table 1 Orthogonal test program
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H(mm) A(mm) a(°)
1 0.9 0.2 60
2 0.9 0.6 45
3 0.9 1 30
4 1.4 0.2 30
5 1.4 0.6 60
6 1.4 1 45
7 1.9 0.2 45
8 1.9 0.6 30
9 1.9 1 60

VE: R LBGHSE R AR SR B AR CRAR B 3 A -

HREKFEEWNT: BEHAN 09 mm. 1.4mm. 1.9 mm; FAEELNO2mMm. 0.6 mm. 1.0
mm; AN 300, 450, 60°. HHE I FER H Geit o3 M 75 i« AR p,. 5 B 4 14 B8 2 1] 11
KZ, H@dEZRIR R, S UTSEp, R FEE . BARTEARIE 7 Wk 1 s
2.1.2 MESHER

BRI W 9T 2 3% 2 KT B 38075, AR3E TORS 2 WhippleRi 97 45 M /4 B IR R 327K 3R 1
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W ZE S ATE A S T LA S BOM B P P Re B s FR B2, B SE MR HE UM R S 5 4

(1) AR ZE i@t v 5 R R AEA R K TARSSTE b P I E B ZRIEAT VR, RIEMUKER
B R 0] 285 SR M B R 2 o X DR i B AR /KR Rt 45 B K, PSR BGZ KPR 13
fEki=Kii/nj, H A Az IR CaE S TEG IR XED .

l‘iﬁ}ﬁ ’ V[‘ﬁ %i E(J *&%Ri: Ri = HlaX(kn,kiz,kB)_min(kil,kiz,ki3) ° 1‘&%@@7{ ’ i% Eﬂ 1Z %X‘j‘ﬁ’t
U5 25 RS2 BRI 2 o AR & DR B AR 22 KNS R A o DR R I R R A2 KR 3 2 2
K2, WZEDNFIFEZENKRERZE. FBR, 8 SR EZA K T RPME, vl s ik
B A A 2 B AT R W B AR SFA E i, A 10 e bk B B FRIRES

(2) FERMTEH, WMZESPRGERWER 2 Fros. sl JBE (D) NMZHEh&E%E (p,.) B
ERCNEE (Ry=2344.52) SGEWPAENIERIIZOZH. HEEM 0.9 mmif % 1.9 mmit, p,.
KR TP 65.5%.0 IX3R BRI B b mT 385 S8 1 AR TR R IR 2 3l Re, AT 8l i i = T B
PR () MIRIIKE (RC=980.01) , 7E 30°H} p, B RIHAGME, AHEL 60°F#M% T 30.5%. X1
RS AL A BT B 4 PR A Y2 50, 3 A A B mT AR AR B 9 45 4 () RE R SCRIRE e 0 BIOR . 5
RPERE (A KIS RS, (Ry=706.95) , {EARBFCIEEIAN, HXIBiy Haef sz Aix &, wrELA
RTE A HTRES 2 TAREIES A & R B Rgmm R 3% .
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Table 2 Orthogonal test results

H(mm)  A(mm) ) prelkg -
1-s™h)
1 0.9 0.2 60 5719.63
2 0.9 0.6 45 2780.70
3 0.9 1 30 2244.38
4 1.4 0.2 30 1672.53
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5 1.4 0.6 60 2091.21
6 1.4 1 45 5931.89
7 1.9 0.2 45 394.47
8 1.9 0.6 30 2250.10
9 1.9 1 60 1066.58

K1 10744.71 7786.63 8877.42
K2 9695.63 7122.00 9107.05
K3 3711.15 9242 .85 6167.01
k1 3581.57 2595.54 2959.14
k2 3231.88 2374.00 3035.68
k3 1237.05 3080.95 2055.67
R 2344.52 706.95 980.01
ECIF IR, 4 7 AR (JE 1.9 mm. B 0.2 mm. 5 450 M43 2 zh & 55
N 39447 kgmlst, BEMFHARIGH, X5 RNESEMIA TIERAL TOES % . Filt, 78
JEERBE L, AR ESNTEE (D AERMIE (0) XA RERE IR S (D [
N 02 mmIZIE T, JFRH-OUR R INE 2L, LU HER B B SECE S B — 3 T B 454 (1)
R A a7
22 KBILAISEMBZER LS 2R EEE
22.1 A& ZAKFP Ao L1
HiE— PRI & T LA S H R 500 RS A P TR A 77 IR A IS He ity b e LR
SKCEINEESEG o MRS 2.1 W E TR, ARSI 6D KB ERE R AN, AR Bof L
[l 5E 8 0.2 mm. EEHE (H) N 1.8 mm. 1.9 mm@%0 mm, HHEIMHEE (6) Jy35°. 45°H1 55°,
Mg =K PR T ER I, BERASNTHSONI K BAEANZHMsEEE (p,) MR, KR
S HAHE .
HARSZIG 7 R F 3R 3 fios:
#®3: WEEZKEMELRAERER

Table 3 Experimental pregram ‘and results for double-factor, three-level encryption

H(mm) a(°) ppkg'm-1-s-1)
D1 1.8 35 2340.74
D2 1.8 45 1566.87
D3 1.8 55 1195.35
D4 1.9 35 1461.78
D5 1.9 45 394.47
D6 1.9 55 542.27
D7 2.0 35 1113.50
D8 2.0 45 673.06
D9 2.0 55 1347.03

Vi RPFTA LA MBS EU R A AR R S TR B0 AR (BRI 13 99 .

LR iR R IEDSA(H = 1.9 mm, 0 = 45°), Hp, fH4394.47 kg'm-st. T T HAMH A,
KU B Re A S B = 3h &, B tERe st p A B AR O BUR, HIFER
WA, AR SRR EE 17, M0=45°0, HMN1.8 mmiE%1.9 mm, p,, 156687 kg'm ' s!
F%22394.47 kg'm™-s! (FFIRIET4.8%) , RACBCRHLEZE: A1 mmif 2.0 mm, p,.J\394.47
kgm!-s1 [\ F+5673.06 kgm'-s! (EIE70.7%) , MR FRFE. Bk, #HEEEAE—AAE S

9
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(Z31.9 mm) , e FARS FEEREER . A SR AE 2R 2R T )5 B2 R DT
FERREEH = 1.9 mmi, MR N45%(p,, = 394.47 kg-m-s)o 4 BE R ES £35°8055°, p,.
439 BT 421461.78 kg-m s TF1542.27 kg-ml-st, PEREEEE TR Rk, BEAR450E AT SLIR TR N
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Fig.7 The Z-axis momentum density response surface of the corrugated Whipple protective structure
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Fig.9 Evolution maps of the stress inside the projectile of a corrugated Whipple protection structure with optimal
configuration for hypervelocity collision
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Parameter Optimization of the Corrugated Whipple'Protective Structure under

Hypervelocity Impaet

GUO Jiaao!, YANG Qiuzu!*, LIU Xiaochuan?, YIN Yunfei!, LI Zhigiang'3*>*
(1. College of Aeronautics and Astronautics, Taiyuaiy University of Technology, Taiyuan 030024, Shanxi,
China;
2. Aircraft Strength Research Institute of China, Xi'an 710065, Shaanxi, China;
3. Shanxi Provincial Key Laboratory of Material'Strength & Structural Impact, Taiyuan University of
Technology, Taiyudan 030024, Shanxi, China,
4. Shanxi Basic Disciplines Research Center for Mechanics, Taiyuan University of Technology, Taiyuan
030024, Shanxi, China;
5. National Experimental Teaching Demonstration Center for Mechanics, Taiyuan University of
Technology, Taiyuan 030024, Shanxi, China)

Abstract: The geometric “configuration of the corrugated Whipple protective structure significantly
influences their pretective ‘eapability against hypervelocity impact. To optimize the performance of the
corrugated Whipple protective structures under hypervelocity impact, an integrated optimization method
combining thée finite\element method-smoothed particle hydrodynamics (FEM-SPH) coupled algorithm with
orthogonal expérimental design was proposed. A reliable numerical simulation model was constructe, and
the Z-axis momentum density was introduced as an evaluation factor for protective performance. The three
geometric parameters of the corrugation, namely thickness, span, and angle, were systematically investigated
for their protective effects on the shielding. Orthogonal test results indicated that the order of influence of
these factors, in descending order of magnitude, is thickness, angle, and span. Further double-factor refined
experiments were conducted, and a quadratic polynomial model was developed to identify the optimal
geometric parameters. The optimal configuration improved the protective performance by 33.72% compared
to a flat plate. The study confirms that the optimized corrugated structure effectively promotes projectile
fragmentation and debris cloud dispersion, facilitating three-dimensional redistribution of the momentum,
thereby significantly enhancing protective performance of the shield. This research provides a theoretical
basis and a parameter optimization pathway to the design of spacecraft protective structures.
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Keywords: Whipple protective structure; hypervelocity impact; FEM-SPH coupling algorithm; orthogonal
tests
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