W42 % S wmOE 5 W & Vol. 42, No. 5
2022 4 5 A EXPLOSION AND SHOCK WAVES May, 2022

DOI: 10.11883/bzycj-2021-0452

g [0 e o S R (B 0 L TR S MR LR B 5

BEELEHE L R AL ML AN B EH A
(1L AL Tl AR B 57 1 5 TR BRI IR, T 7% 710072
2. R LR FE B B ol 30 A5 T 9205, BRDE P 710065)

mR

TEEE: X T 32 4l ey 2 AT U FH 0% 8 B 150 8 3h 25 o By A AR BLAR ) R, Pl T B A A RE R S BUR G S
A2 A 422 A TR) 1) B 450 6 4 7 65 4 4 5, DT 7 2 ASE 28 ) TLART I A%, 0 Bt A 5 1 R L A 8 TG 1k 9 38 A6 5 Iy A A A8 2 ] 1Y)
SNSRI T R IRl o) o ok T A s O R, o R ST R RS A A T, HE S T B LA AR S R Bl )
o A A P R A A 0 R [ S A e L ) AR B S A A 4 S AR R AR R X (A] I S A6 A AR T ) 9 8
Jat R 7 5 AR 3k 20 e IR R 3 0 i AR ST OG FR K AT I 28 A AL S — A o T 1 g A ORI A T Ak Y A R
T EAE Jy I 90 T B Y A L AT I A AR AR AR B AR S P o A BT SRR, R Y S R R AR 1Y 2 el 1) e ok R T
B AR (LA O] P T T00I0 S 28 25 4 1) b B 2 e 0, - 0 2 AR A 1S R 5 AR 4 SF B4 K i A R R A R 2

KRR WEREIR R NIRRT BTk JLAT AR s A B4

FES S 0347.3; V2144 EfRZERKRE: 13015 XEkFRERE: A

Study on the scaling law of geometrically-distorted thin-walled
cylindrical shells subjected to axial impact

YANG Leifeng', CHANG Xinzhe', XU Fei', WANG Shuai', LIU Xiaochuan?, XI Xulong?, LI Xiaocheng’
(1. Institute for Computational Mechanics and Its Applications, School of Aeronautics,
Northwestern Polytechnical University, Xi’an 710072, Shaanxi, China;
2. Aviation Key Laboratory of Science and Technology on Structures Impact Dynamics,

Aircraft Strength Research Institute of China, Xi’an 710065, Shaanxi, China)

Abstract: In scaling the dynamic responses of thin-walled cylindrical shells subjected to axial impact loading, the thickness
cannot be adjusted according to the same scale as the radius and height due to the thin wall characteristics. Hence,
geometrically-distorted models would be used, and the traditional scaling law cannot describe the relationship between the
dynamic responses of the prototype and the geometrically-distorted model. In this paper, the scaling law for this case was
derived for elastic-ideal plastic thin-walled cylindrical shells under axial impact loading. For strain hardening and strain-rate
hardening material, based on the average load, deformation energy, and displacement of the shell in the axisymmetric
deformation mode, the dimensionless numbers of three key design parameters, namely the stress, mass, and displacement, were
obtained through the law of energy conservation. Then, the optimal approximation of the flow stress predicted by the distorted
scaled model to the flow stress of the prototype was established on a given strain and strain rate interval. In this way, the
derived scaling law can be applied to the case considering the coupling effects of geometric distortion, strain-rate sensitivity,

and strain hardening. Finally, several finite element models of thin-walled cylindrical shell models subject to axial mass impact
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were established. These models use the elastic-ideal plastic material model and the general material model with strain-rate
hardening and strain hardening effects. The modified impact velocity and impact mass were obtained by the present method
using the geometrically-distorted model, which verified the effectiveness and correctness of the proposed scaling law. The
results show that the geometrically distorted model corrected by the method proposed in this article can quite accurately predict
the dynamic responses of the prototype, and significantly reduce the errors in the dynamic responses of the thin-walled
cylindrical shell subjected to axial impact loading, especially the average load and deformation energy.

Keywords: thin-walled cylindrical shell; strain-rate sensitivity; strain hardening; geometric distortion; scaling law

VR [ ST AR L B S AR A R, AR | BB AR, i R DA D 5 1 3 g Y R B L e B
WonT 5 S D0 AR, B0 Iz M T i e U, A RBLEM R4 | 22 ey DL RO A TR AR AR i RE
530 5l ) o ok P 47 280 1 P 940 D A 1 AR U AR 8 32 53 o Allexandler S50 1 X6f BHUAE W 98 1 A4 o
JCH) R (BT, 67 FH B AT P B B T A b 0 R AT, et 1 O AR A5 T A8 ol s Ay S [
32 01 o ZATERRARAS T2 F 1) I A AR 2 TR AYHES W . Abramowicz 45 2T Alexander
SECV GBI TS A, X RE 15 A b 0 BRI N T A S o AT THB IR, IR A R R, B IR R 1A 5K
A LS el T Al o Bk A HE L B 4 WA AR T AR B RE R B 4T 4R B . Karagiozova 4550 X 52 %l
fe] e ot B 5O S PR R B 4 B W (R T AT TIPS, 20 3R A T Mises Jift IR 2% 1 A1 Tresca Jit e 25 1 T
AOEAE AT . Lu %67 7 Alexander 55 BYSERL I, 48 1 1 —Fiog (912 Zh 258 7, SR 1 50 hn 5 21 B0 e
158 A8 T A4 B 28 3, SRt 1 Rl BRI T A A (0 R 2 ok SE R B A BIE ST DA B Al 1) o ok 5 A Y
AT N BEE T BE LA,

LA 04 i AR L R AT BT A EE B RER 23, (R R EE A A 4 ROSE vl i g A AR I AE T,
s ZA R BN T 3 A 3, PRt — A L A58 2 3 e 5 AR 45 4 4 R B ™ ) Jomes!"! i
NI, HESL T A A el (DR A 22 R L EEE, ol T T R SR B LA O R, )T 2
Mo Oshiro AN SR TR A f5k 40 70 A7 1A% 28 9 I 22 MR (LR it T A L AR AL IRT £ TR0 PR X, it — ol 3o 1
AF el R R R ) O 2, SR 7 I A AR AR LA K L BRI 5 SR P AN [] A ARk I 4 I 22 i) 5 ) A
WAT7 % o T AR G ek e S A A X () E 5SS ek AL g 5 i R O sl D e R ) A AR
TS FR, AT T O K 7B B OC &R, Y B T ARMRUE A TR o 2% AU 3 i 94
AR SS A B IS, B IE 1 LR 5 JROR R RS R RERE I 5 RS A e AR AR, Z2 4251 BT VSG 4 i
R, WA T I R SR A AT AR A el VT AR 2 R S AR ) 2 25 i ARG AR

SR, A5 B A NP o b A A 00 T 1 3 25 XA, 3, 0 [ A 1 J2 B — 5 RS AP A DL R IG
JRE i SR ) 14 L 051 PR 5 BEAT 450, X gl 23 07 A W AR B TR, AT S S50 B AR ARL 2R A . Allves S50 4R I
BRI pE LA Wy A LA R IO AR ARV, I 368 ek 2 56 Tk AN W2 AR LA W A X 44 AR LU i BT o A B TR
B I JE L[] . Mazzariol S5 i i Bk 2540 (1 0t MR 1 29005, 1R M 1 — e sl Al izt
S B JLART W 78 [R]85 PR 75 1 . Wang SUS 1) B0 ) B4 G 0 A 7 ik, CERE b se iR 1 JLAnT i 22 4 A
AL MRS, X6 WA b il AR AR e SRR T LA W A8 A ARRLIAR 28 o RV K SE AT 5 A fif R ) LA e 22 A ) 5
Fo TR L AT 1 B BIE P A, (R B XU BE (545 (4 JL AT i AR 1E 75 3 BT 52 20 7 IR JT R, il BLAE
S ) A2 Bl ) o 8T A T 9B (535 4 LR B 20 B o B B W A2 L AN s A

AR SR o 2 Al 1) ek 8T A T A0 RE (94, T 05 AR 0 A SR A e, LAARAT L (LA R RE O O
SREBETT SR, HHE S W RE (B LA g A2 1) 0 285 M SO A B, IG5 w3 ) 2 2 FROR R IO A R DA L oy A A A
SOOI R LT W A2 v R 45 114 LA T 5 Jir TR0 Ay L X 7 5K 2% ) A 3

1 EEREERUESN

TES5 K it AHARL A3 B oy, — FBOAE P ik — 2 T fa AW K L A9) PR3 ke T be A5 28 114 0 2447 R, A
VSG BRI B DLV & AR, I 5 e 1 . Horh, Ho AL A SRR O 4 4y B )

053205-2



B2 Ve, A SZ Al i EE IR B LTI AL RIS %5

ST AR m Hl p FoR, Be=K,/K, R LT R JFORAH S ) B KB LU AE, BN B,=v, /v, R LU R
IR SHRE 4 LU AR, BUADASE B S Y (4 U] LU A9 A 5 B=L, /L,

F1 /LT HIR T

Table 1 Scaling factors by pure geometric similarity*""!

At e R ¥ At RS
KoL B=Lu/L, [z 20 Bs =B
) Bo=pm/pp Wi Aj gt Bog =By
HEA Bo=vm/vp i Azt Be=1
T tikm" Bu =B B2zt Be=BriB
fi ] 1 B: =BIp, AP Br = BBB

T g 6 Bua=FIB B Br, =BoB

BT 1 ag AR RIOC B, BT ET X 52 Bl 1) s 2800 4 P % v (545 ) AR (LRI 5 X G 4R 4 LA
S ) U AR ) AR T RE A I )R b K L R4 R IR TRl — AN LT EL 8 7, R RP B, = B =
BL=Bs

R 8 B R 4571 7, O A B LA RS Bk, TR T 1) i RS 5 2 AR R B T ) A RS 58 4
AAE—AEEEL, JRE T 0] 5 4% IR B AN AR 0 T UART L 3] PR 7 R AT 4 i, 23 5 35 LU 0B AR T %) i AR S
T AN T R AR e i 2 . I B A2 300 T RR R, LR R Dy m i RST h IR — ﬁﬁﬁ@?'@ﬁf;
L*ﬂﬂé&R?”ﬂﬁIﬁ] AN JUART B A8 PR 32647 48 750, 3 e 35 2 77 A TUART B AR B8, X, B, = B =B, = B iX —

FERN RS BIEIR, B 2 R BER 1 AR LA B 40 ?jﬁﬁ'ﬁgiﬁr‘ﬁﬁﬁﬁﬁ*.”&ﬂ’ﬁﬁflfio
1.1 ZHEh SR EEE R B 28 M e M AR R o3 A

7 B L RE 5 45 1 5 A e L AR, DA T RE {P
[l 8 Hs Tt 2ok A% o 1 P 287 B far | A A% R RE X s D
3 A e g A8 AR S AR R T Y OGS A0 B
W R 5 4 R Bt A PE R S i JREE b CBAR R,

KB L. ol U v, vhil BT M. MR 2
P TLBNEIRI ) oo h

R A v [0 45 3 e, AR S AR rh il R
fRix:

(1) 32 % ey o 28y A P %) B 52 A7 1) 8 T
BER M Alexander T 45 i 19 Sl X FRAZ JE AR 2,
e 1 pR;

(2) Ve B [0 45 BE L 5 2P A KA A EE Ry /)N
%, Hﬁy\ﬁmfﬂlb,

(3) 5 AR A LL, SR AR I & 9 = =
{7, AR E A] DL 2 AN TS

(4) o RE [ 457 (o ] SHLARL S0 98 P AL ORE, AR
it B0 R ) —

(5) i RE R 45 37 3 43 o ) i Al ok

(6) 7 LIEA U LK 2 B=Br=Bro

Y RE ] A8 R AR TR 1 BT B M RS R AR

yya

= == — =\

e e e e e e e e e e e e e e e e e

P T e 32 M RE A A 0 PR T 53

Fig. 1 Axisymmetric crushing mode of the thin-walled

cylindrical shell under axial compression
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Table 4 Scaling factors of geometrically-distorted models of elastic-ideal plastic material

B n B Bu By B Bp Bs Be
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Table 5 Scaling factors of geometrically-distorted models considering strain-rate sensitivity and strain hardening
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Table 6 Relative errors in the peak displacement and average force

between the scale models and prototype

R (6/8,)/mm IR /% (P/B,)IKN HRER2E/%

Ji 124.258 - 71.95 -
B=1/10, =12 121.669 2.084 7343 2.057
B=1/10, 7=1.5 120.651 2.903 69.48 3433
B=1/10,7=1.8 118.642 4520 75.85 5.420
B=1/10, 7=2.0 117.678 5.295 72.25 0.417
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Fig. 5 Dynamic response-time curves of the modified scaled models and the prototype

053205-10



5 42 45 Wi, 4. Szl b ot R (B A T LAl W A R AT 5 %5

5 R R EE | REE | (LRSS SO NN A R Ay - ] il e S R T AR R o B IS B LA T £
JEE R 78 - N T g £ 5 D2 Fg g 7 il LR AR SE R EL A o 0 TR SCHE S B A 3 A SR OTH SR R
E (%% 6 A3 P, A6 1E 5 #Y B ARCRL 37 3% R RE B 11 £ 5 Dt 20 my w7 ot 2 5 B2 AR 3 w5, (BB IE
Je B TLART Wi 742 L AR ) 7y - 1] Y 2 55 DY o BE AN AR o, IR A 2.2.1 5 firidt o SR TIT Bt LAV iy
AR JEE B3GR, B TE B B A0S TR ) 2 28 e ) ALk T 2k 5 DR Y s 28 Ak ) 1 o £ ) R 4 R R R U
Mo X HAB IE 5 A AR Y 15 iR (037 A% R 2 28y, DA 7 Fp T AR 8, IR T e 2 8 R 2
2, FAIASE R Ffy R0 14 25 535 D R F) W (LS B AH R IR 22 MK OR AN 3ot 6%, ~F- P4 487 1) 1R 22 IR AN i 3 8% .

RT FEENETRSNTEUHNMEEGUREMIRE S5 FHHEERIRE
Table 7 Relative errors in the peak displacement and average force of the scaled models

considering strain-rate sensitivity and strain hardening

AR (6/8,) /mm HXF R /% (PIBp)/KN HIXF R/ %

JRE 90.740 - 97.79 -
B=1/10, =12 89.619 1.235 98.42 0.644
B=1/10,7=1.5 89.222 1.673 99.47 1.718
B=1/10,77=1.8 86.201 5.002 101.06 3.344
B=1/10, =2.0 86.232 4.968 105.14 7.516
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