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Structural Optimization of Nextel/Kevlar-Filled Protective Structures

under Hypervelocity Impact for Spacecraft”
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Abstract A numerical model of a Nextel/Kevlar-filled protective structure under hypervelocity impact is
developed to investigate its structural response and optimize its configuration. Four key design parame-
ters, namely the thicknesses of the front plate, Nextel and Kevlar layers, and rear plate, are chosen as
variables. Latin hypercube sampling is employed to generate sample points, and high-fidelity simulations
are carried out using LS-DYNA to obtain the projectile’s kinetic energy dissipation. A Kriging surrogate
model is built to approximate the simulation response with reduced computational cost. Based on the
surrogate, a multi-objective optimization using the NSGA-II algorithm is performed, aiming to minimize
the areal density and maximize energy dissipation. The optimized structure achieves a 2. 56 % reduction

in areal density and a 1. 91% increase in energy loss.
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Fig. 2 Geometric model of Nextel/Kevlar structure
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Table 1 Structural parameters of aluminum
alloy materials
[EEE 21 A4
A /MPa 337
B/MPa 343
n 0.41
C 0.01
m 1
T,/K 877
T,/K 293
0o/(gecm ) 2.7
E/GPa 70
v 0.33
co/(mes ) 5320
S 1. 34
7 2
/Ukg 'K 896

R2 HAMBENSH

Table 2 Structural parameters of filling materials

RS R Nextel Kevlar
00/(g s cm ) 3.05 1. 44
E/GPa 280 76

v 0.22 0. 36
A/MPa 120 75
E/MPa 140 10

c 0. 001 0.001
co/(mes 5000 2600
S 1.2 1.1
%o 0.9 0.5
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Table 3 Geometric parameters of Nextel/Kevlar structure
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Fig. 4 High speed impact on Nextel/Kevlar simulation
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Fig.5 The velocity of the projectile during high-speed impact
varies with time
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Table 4 3 sets of simulated Nextel/Kevlar parameters

e A A 5 Nextel & Kevlar & J& M
J¥ /mm J¥ /mm & /mm J¥ /mm

1 1.00 0. 35 0.50 1.00

2 0. 86 0. 39 0.17 0. 85
3 1. 10 0.53 0.59 0.41
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Table 5 Nextel/Kevlar optimization variables
and value range
A s i WA/ mm  FHR/mm FR/mm
AR SE ¢ 1. 00 0.20 1.50
Nextel LA 2R ¢ 0.35 0. 20 1.00
Kevlar H 352 JF ¢ ¢ 0.50 0.10 1.50
Ja MR EE ¢, 1. 00 0. 20 2.00

FETFR TS Bk, #0720 A HUE
0 7E AR B 0. 20~1. 50 mm, Nextel 31 55 J2
JEJE 0.20~1.00 mm,Kevlar 7T ZJEF 0. 10~
1.00 mm.,J5HRJEE 0. 20~2. 00 mm Y RE A S
IR 6 2 ). 32 0 A PR E B AL 1 ) e LA —
E 1953 2R - AE B A TR B B VLY
W X ) ¥ 53 30 43 R 5 T F IX ) 078 4 F X ) Y
B AL 38 B — A AR o DA S 45 A8 B )y ) L Y 3
B4y A BRI, BE AR A5 08 2 BOR X T ) M 1 AR 16 5T
Ik 58 A R L M2 7E 42 J5 ¥ 50 40 A S dly L 1) J=) 35 B
PLAE AL BEARAE T 3 1145 1) B A% ek, SOl f0 T #F
A E R AR EOL AR 5 mm FNIE 8 o7 3% N
6 km/s AASMIEHLT 4 BIXE 20 ASREAR 5 HE AT 4L
(ERTEDS

T i e g o A AR R I B R s £
LR B )5 A R B LA B Nextel/Kevlar B $7 45
A T ARORE IR 7 A B U A R R TR A B R
AL 20 RE Y 351 % AT 7E — G AR L e g 0, R
Nextel/Kevlar 251 XJ oft if 58 & (1 W 05 5 #E HGe
77, BRI T W] R b i f Nexctel/Kevlar 45 14 B 47 #: G
1) FE B PP 46 A 0 1 4R ORS00 4% S v s AL $i o
{0 B 3 filg A R o 45 BROS T2 L BE  = Bh gL TR
T ZEH R A SR RE RO R A B in gk 6 B,

k6 NTBIARWEITHBSFEE

Table 6 Partial simulation values of Latin hypercube
experimental design

B t/mm og/mmot/mmof/mmo BhfgH % /K
YIE 1. 00 0. 35 0.50 1. 00 3.210

1 0.93 0.70 0.97 1.32 3. 250

2 1.15 0.56 0.74 1.02 3. 247

3 0. 86 0.90 1.32 1.77 3.248

4 1.47 0.43 0.51 0.73 3. 252
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5 0.28  0.47  0.58  0.81 3.073 :
E[Z(x,) —Z(xy)]=0 (8)
6 .21 0.31  0.35  0.52 3.117 "
, A o S AL
7 0.34  0.93  1.38  1.84 3,249
8 0.22  0.77  1.09  1.48 3.197 D=1 (9)
i=1
(2) e /MEFIN 7 22, 7 2
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Table 7 Random non sample point test value
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Table 8 Nextel/Kevlar structural optimization value

EX Rl Al 1 2 3
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HMBEH L TG /K] 3.1148  3.2416  3.2255  3.2434
HEEHR B /K] 3.2102  3.2119  3.2266  3.2716
2 —2.97% 0.92% —0.03% —0.86%

o/ (g em ) 0.718 75 0.687 76 0.659 47 0.700 35

S AR R 5 e U0 AL L & s T He Rl LU H
it NSGA- I #E AT U4k J5 , 58 AL /4 2l 58 0t 2% 1 A%
R [5) I 45 A6y 1 ThT 365 32 s /DS AR AR T 58 1 i BB
e SO RE 0 2R S T Nextel/Kevlar J 550
B 37+ 235 by 7 i ey A o o AR v 0 B B R W RE L 2
i £ By 47 P BB 1Y G SHEFR B 5 T 45 A 1 T %8 T ) B4
WA R A 0 B 5 R G RA R R, AT
T T 38 R A A OC AR 4 o W RE BE )
W [ 8T T 98 S T A I s B 4P ORI
BN A e R Al d AT b A N L
RE A S T2 BV 48 A  TEB DR 45 14 o 1 5 LR
R B 4 T A S DR TR e BE P B

SAT A B AT A 2 4 A R Y T A
AN AR SR ILEY Bl RE R A B R TS AR 3 A
2 ALY 11 T %8 R R A 3 el 1 (] P 55 AL 3 RE 4 2R AH
BT 1.2 A4 W BT k8 3 Ao
Pk Tr ZE. IRl B 92 B TR I TR AT 5 25 6 75 TR
T2 A M RE AR R 5 4k T S B S R
DUR PR O A 45 2R Hoag TR AT A7 4.

K7 AL BT S #OL S RE S AL XS L &L AH L T
PALHT i1t L1k S5 19 Nextel/Kevlar 3 78 =X i
P45 K 1 I AR RN S AR BE /)N ] Y Nextel-
Kevlar 35 78 )22 5 B2 55 0. 9N il J A i) J58 38 ml LAAY
AR AR 45 4 1Y) T S5 B, o T LT 2 B AR S Y R
I ORI P T HECRE ) 1 JRE IS RE A% B AT R ) 5
WALBhBE. KLU R BT, DL Ak ) i S5 R AR L T A



5 23

RS R R G T AR 2% Nextel/Kevlar 370 2 b 37 45 44 59 25 0 £ b 5031 0F 52 35

AT B BRIE S AL RE A R (H 42 =5 29 0. 061 kJ s Nex-
tel/Kevlar 514 ) 1fil % L /N2 0. 018 g » cm °,
SCPR T AE W B Nextel/Kevlar 3 78 =0 B 37 45 #49 Xt
e T A R B MR R T B R S T BE I
/NG AR Y T T ARG B A,

—— Before optimization
3.0 4 After optimization

Projectile kinetic energy /kJ

0 20 40 60 80
Time/us

7 AL s AL 3l A AL fL X e

Comparison chart of projectile kinetic energy changes

Fig. 7

before and after optimization

(i 1+ ANSYS LSDYNA #5377 Nextel/
Kevlar 3 78 20 B 47 45 44 114 1 i o 45 o B A A, ¢
SRy R b P YA o R e A AR B A A U
A b AN 25 K S Bk AT R R T R R A B A
Br. 45 5 2R B, 7E A [ B [a) RUBE T, 3L 1Y) & 5 B Bl
I [ A 2 B )RR R B A e R T4
Fa i R 5 Bl RERE W2 (B FE et K R

() FE#E ST Nextel/Kevlar 3 78 2[5 49 45 ¥4 48
o T AR R b SR R TR ST 5 SRR O T
TEVE A ] N A B 20 4 S 4 45 0 S BORE R,
it LS-DYNA I J& B 0 5 L3R IO 1 B4k » iF i
o 4 T L4 3 DU AR, S T s T A LR
BORAC. BEJG L 454 NSGA- 11 £ H AR 4k 5 v 0T
SER AR AL T, LA AL B B8 401 2 0 45 48 18 %% o
b B 5. X O A TS B EUE 25 R R L k5 /Y
SERAE PR R BT BB P RE R HT AR T L 4 3 AL 3 Be i
RARFHLY 1. 91 %0 , S5 46 T %5 BERRAIRZY 2. 56 060, 5L 8
T i Ak Re 5 T OB A A S R R R
Bl 47 5 b i BB T HOR B AR

% Lk
(1] #4459, ET4, Lk,

A0 BRaE i A, 2018,
LIY Y, WANG W J, WANG ] H. Space hyperve-

2 ] ey A A LML b

[2]

[3]

[4]

[6]

7]

[8]

[9]

[10]

[11]

locity collision [M]. Beijing: Science Press, 2018.
(in Chinese)

WHIPPLE F L. Meteorites and space travel []].
The Astronomical Journal, 1947, 52. 131.
CHRISTIANSEN E L., CREWS J L., WILLTAMSEN ]
E, et al. Enhanced meteoroid and orbital debris
shielding [ J]. International Journal of Impact Engi-
neering, 1995, 17(1/2/3): 217—228.

SCHAFER F, LAMBERT M, CHRISTIANSEN
E. et al. The inter-agency space debris coordination

committee (IADC) protection manual [C]//4th Eu-

ropean Conference on Space Debris. Noordwijk,
Netherlands: ESA Publications Division, 2005,
587: 39.

CHRISTIANSEN E L, KERR J H. Ballistic limit
equations for spacecraft shielding [J]. International
Journal of Impact Engineering, 2001, 26 (1-10):
93—104.

DESTEFANIS R, FARAUD M. TRUCCHI M.
Columbus debris shielding experiments and ballistic
limit curves [ J]. International Journal of Impact En-
gineering, 1999, 23(1): 181—192.

CARRIERE R, CHERNIAEV A, CARRIERE R,
et al. Hypervelocity impacts on satellite sandwich
structures: a review of experimental findings and
predictive models [J]. Applied Mechanics, 2021, 2
(1): 25—45.

HAYHURST CJ, LIVINGSTONE I H G, CLEGG
R A, et al. Ballistic limit evaluation of advanced
shielding using numerical simulations [ J]. Interna-
tional Journal of Impact Engineering, 2001, 26 (1-
10): 309—320.

CLEGG R A, WHITE D M, RIEDEL W, et al. Hy-
pervelocity impact damage prediction in composites:
Part I: material model and characterisation [ J]. In-
ternational Journal of Impact Engineering, 2006, 33
(1-12) : 190—200.

WAL, Bk BBk, SRl @ m B A T Whipple
B 7 2 A R BCE L LT . T 2F 4, 2002, 23(5):
81—84.

YAN X J, ZHANG Y Z, NIE J X. Numerical
simulation of the Whipple shield under hypervelocity
impact [J]. Journal of Astronautics, 2002, 23(5):
81—284. (in Chinese)

FOUME ., BRIHRIC, %M. 4. B0 =0 B 3 4540 3
BRI Z 886 FOELT]. b w0 28 i KR
4%, 2013, 39(12): 1573—1577, 1583.



36

8 %

5 &

2026 43R 24 %

E

[12]

[13]

[14 JCHRISTIANSEN E L.

[15]

JIA G H, OUYANG Z J, JIANG H, et al. Multi-
ple indicators optimization for stuffed Whipple shield
ballistic limit equation [J]. Journal of Beijing Uni-
versity of Aeronautics and Astronautics, 2013, 39
(12): 1573—1577, 1583. (in Chinese)

JOHNSON G R, COOK W H. A constitutive
model and data for metals subjected to large strains,
high strain rates and high temperatures [ C]//Pro-
ceedings of the 7th International Symposium on Bal-
listics. [S. 1 : s.n. ], 1983.

GRUNEISEN E. Theorie des festen zustandes
cinatomiger elemente [ J]. Annalen der Physik,
1912, 344(12) . 257—306.

Meteoroid/debris shielding:
NASA/TP-2003-210788 [R]. DC:
NASA, 2003.

MCKAY M D, BECKMAN R J, CONOVER W ].

Washington,

A comparison of three methods for selecting values
of input variables in the analysis of output from a
computer code [ J]. Technometrics, 2000, 42(1):
55—61.

[16]

[17]

[18]

[19]

[20]

HE X P, ZHU W W, SANTOSO R, et al. Frac-
ture permeability estimation under complex physics:
a data-driven model using machine learning [C]//
SPE Annual Technical Conference and Exhibition.
Richardson: Society of Petroleum Engineers, 2021.
KRIGE D G. A statistical approach to some basic
mine valuation problems on the Witwatersrand []].
Journal of the Chemical Metallurgical & Mining So-
ciety of South Africa, 1951, 52(6): 119—139.
STONE M. Cross-validatory choice and assessment
of statistical predictions [J]. Journal of the Royal
Statistical Society Series B (Methodological), 1974,
36(2): 111—147,

PETROWSKI A, BEN-HAMIDA S. Evolutionary
algorithms [M]. New York: John Wiley &. Sons,
2017.

DEB K, PRATAP A, AGARWAL S, et al. A fast
and elitist multiobjective genetic algorithm: NSGA-
II [J]. IEEE Transactions on Evolutionary Compu-
tation, 2002, 6(2): 182—197.



