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Crashworthiness optimization of filament wound composite

solid spherical structure element

MEI Zhiyuan' , ZHOU Xiaosong'>, WU Fan'
(1. College of Naval Architecture and Ocean Engineering, Naval University of Engineering, Wuhan 430033, China;

2. National Academy of Defense Science and Technology Innovation, Academy of Military Sciences, Beijing 100071, China)

Abstract; In order to improve the energy dissipation performance of the filament wound composite solid ball structure element, the

maximization of the SEA (specific energy absorption ) and the minimization of the IPF (impact peak force) of the structure element were chosen as

the evaluation indexes. Based on the crashworthiness performance of the initial design scheme, the ratio of height to diameter for core cylinder,

centrifugal rate of spherical core and filament winding thickness ratio and winding angle of composite surface were chosen as optimal design variables

to establish a multi-objective optimization model. The multi-objective optimization model was decomposed into two single-objective optimization

models by the hierarchical progressive optimization method. The finite element software Abaqus was adopted to compute the impact responses of the

structure element with different design parameters. Furthermore, an approximate objective function was constructed with the radial basis functions,

the optimal design was performed in two stages by using the second generation non-dominated sorting genetic algorithm. After the optimization, the

ideal and optimal structure element was obtained for crashworthiness and energy absorption. Further experimental studies and failure modes analysis

show the effectiveness of the optimization model and the improvement of the energy dissipation performance of the structure element.
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Fig. 1  Optimization background of the filament

wound composite solid ball element
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Tab.1 Sample points of structure element

FEA R, X/Y H2E 1,/2X P
A122 1.00 1.33 0.012 20°
A222 1.00 1.63 0.012 20°
A322 1.00 2.05 0.012 20°
B122 0.83 1.33 0.012 20°
B222 0.83 1.63 0.012 20°
B322 0.83 2.05 0.012 20°
C122 0.66 1.33 0.012 20°
€222 0. 66 1.63 0.012 20°
€322 0. 66 2.05 0.012 20°
B212 0.83 1.63 0.006 20°
B232 0.83 1.63 0.018 20°
B221 0.83 1.63 0.012 10°
B223 0.83 1.63 0.012 30°

2 AT EE

2.1 SDRBHMATE

A RURARS 2V RE g vy S SIS S A4 (AL TN
T2 B SE00 R G AL R, A3
KRBT 5 — DRI Z AR R
GO IR it oy AT A B H AR T R 4
X ARG AT LA AN 8] Hip R S BR RS
L AR RGN &1 RGEBRME KL,

E A HAX S 1 o AREZS A8 PR oT I 20 ) 2
HRERAF PRSI, FEBR ST PR I 55 (R 35B A7 fin
oy, AR AR JLUaE AR, it R Ui S W 35 1 1t
fLfit

X RIAR T T 5 1R Tl 5 i) 1y AR AE 3264 70 A ]
0 TEREARE B A VE R, RIS A O R B,
FLE R R T PR 45 A , T 90 2% 3% 2 AE N B A
Bl 52 FE 7= R R AR R AR TR I, A 2 e 2R
BN 7, DT 4 15 2 (R 45 4 1 e e 58 3
P BRI AE o A48 285 44 B T8 1Y) g 4 R R o5, T
Z BB S50 0 2 2550 1 NS5
JEPFER R LR B AE S50, B 45 4 BT
HC KR B AR B AR L H/2E FIERIE 6 0 fl
BHEL X/Y 555 2 BN EF UGG 5 MR R 2 R 45
BB, T E IR A G285 A bR 2 RE
JEL 0, /2X MEFREFBEA L 0, k2 B
SRARACBETT ARGy Fl b BRI N A
MBERIZIE S R HNAT o %7 Tk B
BH, SRt 8, 5 T8 A TRE S5 F 4 Br s A
SR T v MR 3 W] BRAR T A A T AR i —
AL R RE G5, 38 B e R PSR
2.2 RZREESRHMKLER

AR SR FAR [ 35k R B AR R X 2540 S 500k
FHRAL AT AR LAAR [] R AR JE R R, SR
M A T AT B AR, o 42 0] pR 4K
J2 DA A FISRAE o [ () R B 25 o0 B A s ) —

eSS BRI 2 N, e TRk BT
A5 5 W) 3 PRSI S B Bk 2] R ol

) = Zm]a,-aux_xiu (6)

APy’ = (a0, 0, a,) E N BUE R AL
Sl =, | Ry BREL, (o — o, | A TR A5 FOR A £
Z ) RRACRE B
K me A SRATE A X N7 1) B 5 e 7 A A
X (6) , il PR 0
F =6« (7)
X F = [f(x) . f(x) o f(x,) 1" ,6=[8,] =
[l = 1T (inj=1,2,+,m)
TN 57 BRI 4 A 1) 5 pR B AL B AL ST )
i S0 T AR (R R W B AT IR R o 8 RAE A
PASMBAIE 250k PR 5 R BR? TR 227 )5 F 3 Oy
HE RMSE K35 1EA% [0 25 R B A BB A i
A GO0, PR 20l SR
SSE

2_ =
R*=1 SST (8)



- 142 - EE iR S T N e o

55 40 &

RMSE = /SSTE 9)

A\, SSE I SST 3 S R i A AT

SSE = Zfl:f(xl) _J?(xi)]z (10)

SST = ¥ [fx) ~f(x) ] (1)

A, b A IE RS (2) A f(x) 17 2 {H
W H UL, RMSE /1N, R® (B, i bR 5P AL A5
RUOBORS 1
2.3 E_RILHFEEREE

X T2 b Abicit ml #,  FHI58 s A 45 ke
T-HEB 15 (Particle Swarm Optimization, PSO) | 43
WA 2 B 515 4 5B 5 ( Neighborhood Cultivation
Genetic Algorithm, NCGA ) F158 — X345 HlE Fr 8t
{& 2 ¢ ( Nondominated Sorting Genetic Algorithm
IT, NSGA —1I) . ASCR S —ARAE R P it 1%
SRkt A Deb S5 3 A — FlOR i
2 HARIUAL ) B A R %, 25 20 15 30 80 B
(42 SRR e o IR P AZ O B AR SR Pareto
T, BT Pareto $5cfIt 4 7 H s o8& %502 18] h i
B AT AR v R AR s e B 0 [ R 2 SR A%
R AT FI R b i . 2 BARIAL T
[ R 3l ] s
Min  —f, (%, ,x,,)

Min  f,(x,,,x,,) (12)
s.t. g(x)=0,i=1,2,--- s

h(x) =0,i=1,2, 1
e (12) w1, JesK g LA B H AR Ak )

rglellr}]i(x) j=1,2,-,1 (13)

WHEMAA S = () ek

S ) — S BEARLO A A, (EE G O B AR MERS 31

HERIE . PR, 72 S R A B b B2 4 R, SR IR

STERGE fAERIAME . — iR EE A o
LI ARLR I PE AT IR AR

B(y) = /;(yj—fj*)z (14)

RIaH/IME BLAx) T, BISK A

ming[f(x) ] = ;[fj(x)fj*]z (15)

HAFE R« AR (12) ERX PR SO Y
IefIefi o
P, X F 2 HARIE AL R ] NSGA - T1

B Ty R R B ) & Ry e A, TR 450

HIGH Z BAs b BT i — 2 3RR R -

min  f,(x) = - SEA(H/2E,X/Y,1,/2X,6)

min £, (x) =IPL(H/2E ,X/Y,t,/2X ,0)

s.t. 1.33<H/2E<2.05
0.66<X/Y<1.00
0.006<t,/2X<0. 018
0°<6<30°

(16)
3 ZEMRMEHIEITTEE

3.1 —FHRUsn

TE—PAACBIT BB ¢,/2X I 0 AR FFAAEHY
FAFT R BT 43 ] B X o b AR RS AE AR
i H/2E N X/Y 5 RET 3 x3 =9 MREA AL,
1T Abaqus {E 53 A7 AS R 3K IBCR A % 1 1 B
PReREUE . iF—25 2R FI L R BOR A4 8 H AR R 4501
IR BRI | 3R F NSGA — TT 85 175K e,
53 SEA I IPL T 45y et s & i A 4%
W 2 fiR.

®2 —FMRUER

Tab.2 Optimization results at the first stage

REA S5 A122 A222 A322 B222 (222
H/2E 1.33 1.63 2.05 1.63 1.63
X/Y 1.00 1.00 1.00 0.83 0.66
1,/2X 0.012 0.012 0.012 0.012 0.012
6/(°) 20 20 20 20 20
spiy ERIBIEL 6.75 7.06 6.75 8.36 8.13
(k].kg_])?&ﬁ*ﬁ%u 6.96 7.29 6.82 8.56 8.33
RE/% 3.1 3.3 1.0 2.3 2.2
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Tab.3  Optimization results at the second stage

FEA 5, B212 B222 B232 B221 B223
H/2E 1.63 1.63 1.63 1.63 1.63
XY 0.83 0.83 0.83 0.83 0.83
1,/2X 0.006 0.012 0.018 0.012 0.012
0/(°) 20 20 20 10 30
SEA/ PR 8.19 8.36 7.89 8.26 8.51
W ke BEMER 8.33 8.56 8.02 8.39 8.72
(Weke™) wse g0 31 3.3 1.0 1.6 2.5
FEER 78 80 91 76 78
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Fig.4 Dynamic response of optimization structure element
99% , LAR] 1S 10 A% BE AR AT 1 1% 1Y it
TRZHE , R 45 H 5T Y i 1 BE i AE HUCR P 7E
S At )E 15 B BE P vy, v (o] R B 42
PR BN, AT K 58 o A X 465 40 1) — o oy
ALV
4.2 RUBMBERMIES

4 o T ER BT TS i i (AT

(IPL) AR RE(E ) R KIEGZIE (U, ) o
il PRI R [l SR (v,,,, ) A IRCHR I A o

x4 RABTRLERIILL

Tab.4 Comparison of results before and after optimization

i/ SEA/ IPL/ U,/ v,/
g (kJ-kg™') kN mm (m/s)
A122 351 6.96 136 23.9 2.51
B223 280  8.72 76 39.1 0.51
W% 20 25 45 63 80

AR
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Fig.5 Comparison of dynamic response test curves of

structure element before and after optimization
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