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Fig. 1

Schematic of vertical second-stage gas gun (1. High pressure gasholder;2. Pneumatic ball valve;3. Balance piston;

4. Heavy piston;5. Inflation chamber;6. Compression tube;7. Gas-collecting chamber;8. Hydraulic damping cylinder;

9. Projectile; 10. Launching tube;11. Sabot catcher;12. Chamber)
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Fig. 2 Sabot catcher (1. BOPP film;2. Gas outlet;

3. Projectile; 4. Sabot;5. Venting chamber;

6. Gas outlet;7. Launching tube)
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Fig. 3 Schematic of laser shadowgraph system (1. Laser;

2. Homogenizer; 3. Beam expander;4. Concave mirror |;

5,6. Observation window; 7. Concave mirror [[;8. High-speed

CCD camera;9. Sabot catcher; 10. Launching tube)
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Fig. 4 Schematic of 3 kinds of projectiles
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Table 1 Experimental conditions and projectile parameters

Exp. No. Projectile type Mass/g v /(mess ') w/(mes ') 7/ %
Case A Cone-cylindrical, 60° 53.4 350. 5 331.6 5.4
Case B Cone-cylindrical ,90° 52.8 361.9 342.3 5.3
Case C Truncated cone-cylinder 52.6 356. 4 329.9 7.4
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Fig. 5 High-speed shadowgraphs of flow-field before projectile water entry
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Fig. 6 High-speed shadowgraphs of flow-field after projectile water entry
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Fig. 7 Schlieren photographs before and after projectile water entry
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Water Entry Flow-Field Visualization of the Oblique
Penetration of a High-Speed Projectile

ZHOU Jie, XU Shengli, PENG Jie
(School o f Aerospace Engineering , Tsinghua University ,Beijing 100084)

Abstract: To study the air/water interface deformation and breakup, the water bubble and the blast
waves in water, we launched a high-speed projectile using a vertical second-stage gas gun, and
visualized the flow-filed close to the air/water interface using the laser shadow and schlieren
photography. The images show that the high pressure air downstream the projectile overtakes the
projectile at the speed of about 350 m/s and generates blast waves in the air. In the meantime, the blast
waves and cavitation bubbles are also generated in the water. The air blast wave reflects on the
air/water interface but cannot deform it due to water’s large inertia at such a short time. The projectile
traveling is not disturbed although the reflected blast wave interacts with it. The droplets cloud from
the broken interface is produced after the projectile water entry. It is hard to distinguish the border
between the bubbles and the droplets clouds. For projectiles with different head shapes, the bubbles
are obtained in different shapes and sizes but the projectile trajectory is seldom disturbed. Similar
flow-field characteristics can be identified for a projectile at the speed of 1. 8 km/s but with different
size and shape of clouds and bubbles. The results demonstrate that such a vertical two-stage gas gun
can provide a way for experiments of projectile water entry.

Keywords: two-stage gas gun; high-speed water entry; air-water interface; cavitation bubbles; blast

waves
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BB FT R B AT . SVM BT B 38 nT ik ke S B TR v 42 480 1] A AL 5 2% L5 e PR 2K 2 L
BRI, SCRRL7 PRIEHE T DLk K A8 Ho A Sy 22 5 i R 3R 22— 1000 T o6 + #E A (=2 AR
BER) SVM J7 ik A TORDORS B2 R Ry 3 . ©A MR IE R WL 50 Sk K AR LU I AN J2 5% i) 3 R A= 400 O R 1
B E M S BE MK AR AR R RN jeAh, SCBRC17 b e By 52 g Y R A 2, T B I e R it
WK Gy e A i A T IS BASTRL S HOR AR RE A B0 1047 06 Ak 38 B, L T0IDORS B A Rt e . AR BIESE
PR F BEAL AL 3 1 (Particle Swarm Optimization, PSO) 5 SVM Ml 45 4 (PSO-SVM) , #4173l A 2 4= 1)
TR 30 A VR 32 0% TR0 A 52, I 43 B I 5 A A 50 X 0000 o o 5% 22 114 5% T

1 F e 38

1.1 SVM Ak

SVM & —Fp 3 T 48 1122 > 3808 1 8 RUAL 48 54 > J5 % B Vapnik 58 F 20 40 90 4EARE R,
S G2 2 B AH L, GE it o7 > BRI R T 45 48 AURS: S /MK I 3, O 28 08 1 28 50 XU R A 9 L
A PERE R AT, 6 5 TR O/ NREAS (7 BRAEAS) (AR 2 L i 2 BRI R AR /N i B SE PRl 8, SVML = 22
g T A R R 1 43, A O S SR A, [ IE A3 BT A AR JEARUIE o SR A U R S T, O 4
R A AL 01 A S THT A ] 0 285 A SR A — A o R ) R, P AR i A 0 A BRE ARAS 2 R A LA 5 T
BT Mercer #% 52 B, 8 1o A L2 Pk Wl S5F L U AE AR 23 (] i 5 31— A 1 4R R AE 25 8] (R Hilbert 25 [A]) , fiff
TERFAE 25 ] H AT DL 2P 2% S BILIY 5 12 il DR e A 22 i) o i) v BE AR M m) R, 735 =2 o B0 S 300 T 4
Gt ZEE M AL AT L2 S0k 14-16 ],

XF T AR T, — B i AR MW W OO HEREA x WL B 4E R AR 25 ), AR5 T8 = 4E R AR =
[i) H S A e U 1m0 09 o 0, 35K R 3 2 SRR UE 2 T vl g 2 2 Tl 00 agh %o I A1 A R i 2 (R P g AR etk i, PRI
KRS SR K (xx0) RRB S ez i i N BIE 5 W) » Yo BI AT SE AR St An 4 (H H A
Bt IR,

TE 2 4 7 AE 2 8] o g S e v [ 5 bR R

f(x)=weW¥(x)+b (D

WERIER {x:vy} (X ER W MER;I=1,2, ksk NINZGFEARDED , FZIEF RVFLEIRE ¢ IR,
SIARNG R & Fe” , WAR A n] B 5% Ak R

k
min@(w):%Hw|\2+CZ($,+Sf) 2)
i=1

YRR
yi—we W(x) —b<e+§&
weWx)+b—y <et+§ 3
&>=0, & =0, C>0
Kb C IR T RoR X 1% 25 ¢ HEARY IR FE L s FUE 1T 015 pRB A 2% 25 25K
HR A8 S DU AL B8 FF E R A 1] 28 4 A Ay JHE X6 i ) et

% Do —a (e —af YK (xiox,) (4
i 1

k

k k
max W(a,a™) :*ez(ai +a )+ Zyi(ai —a ) —
i=1 i=1
AR FA N

7

k
:Ej (i —a; ) =0
i=1

0<a <C, 0<a <C
AW e e, N Lagrange e 7 % RE (o, —a ) HAE —/N A NE HXF R FEA N S HEm
it 3 SR A (O XF G AT AR B RN a=Lar ez sa ]oa” =[a) sas soerve JoBEMTA] PASR
tow By AL E N

(&))

025102- 2



%3286 W OREE . SRR XIR B - MR IR E Y PSO-SVM i il s

Z<a —a DW(x) 6)
R Karush-Kuhn-Tucker EH , i & 0 E’Jﬂiﬁlj{ﬁjﬂ
{2 [y — 25 (e — &/ VK(x, ;) — €]+ Z [y — > (a; — a;)K(x,-,xj)+z~:]} @)

x,€S x, €8

A N HATFRE NS A FmENES. EEJH:T?%IEIE Bl
Fx) =w" « W(x)+b" ZZ(al»—a;* YW(xHW(x)+b" ZZ(a,»—a;* YK (x,0%) +b° (8)
H A, A i ok v 2 ) A5 | A RO A bR B T G LU LA i F 2,

(1) 21 A% R K(x;,x) =(x; « x+ 1) (g=1,2,.m) 9
(2) 1 ] He A% pRER K(x;sx) =exp(— 7l x,— x| ® (10)
(3) Sigmoid R4 K(x;»x) =tanh [¢(x; + x) + 0] (1)
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(2) B PSO W) b 2 85 5B A A B3 e 28 A% ok B8 A0 0 o H 38, 0 B R K R O 1k (5D B X [k
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MATLAB #4455 58 7745 31 F5000 oR &5 Y 45 22 P 5C F 20 LUK ) 288 B B3R AR 288 B v oAt 55 7F T R 480

TR AT IO
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!
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'
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1

Validate testing samples and renormalize

=
Accuracy is met

* Yes

Get the optimized PSO-SVM model

i

End

1 PSO-SVM 5 7 ) 2 3 72
Fig. 1 Flow chart of PSO-SVM model building
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HITE 2 WY AT DL M 1R B b SR Y 4= 100 R

M 2 WA T SRR R L | I
WA RALRIE, :
3.2 PSO-SVM ¥l 52 451 36 i

LR 51 b [ T 9 5 0 52 R X 9

PSO-SVM il A5 8 ik 47 58 3E) . h 17 5 K A
K1 (Grey Model, GM) T 5 500180 55 He 43 A, 6 B
1 5 ~7 S5 BRI Zrke AR CGREBLEE) .8 5 ~

Residual hole

14 5 MAAREAS (R R s L W MATLAB # Pl 2 VR A 1R 000 1 2 WL SR R
4 PSO-SVM &) #4711 4 5 30 , 56 FH 48 1) 3t Fig. 2 Macroscopic damage features of
ﬁ@ﬁﬁﬁ’ﬂﬁtﬂ%ﬁ C=355.5 7‘|;ﬂ y=0.0077 ’%ﬁﬁ concrete target by penetration

AW ZRAT 3] 4 D SCFF i 4 DA R ER RE (0, — e ) LA & H R 0= —0. 886 5, 1 It AT # 57 i
D pREAE et G R0, AR B SEIE S OB 4n 6 1 s, o o SR BE L A PUESR I .o Sy S RESR
AL s SR BITEE 50 B s, 40500 RH GM HL PSO-SVM Jr B 500 (9 @B IR BE . 60 &,
GM Fll PSO-SVM il e AH X T 52 10 42 191 4% J3E A AR Xt 35 22
x1 EHURERNS R
Table 1 Contrast table of predicted results of penetration depth

Samples No. o./MPa v/(mes ') s/m s1/m o/ % s2/m 8/ %
1 45 510 0.597 0.597 0 0.592 0. 84
2 23 510 0.834 0.742 11.03 0. 839 —0.60
3 45 612 0.716 0. 816 —13.97 0.716 0
Training
4 23 612 1.001 1. 089 —8.79 1.001 0
samples
5 45 680 0.795 0.791 0. 50 0.799 —0.50
6 23 680 1.113 1.129 —1.44 1. 107 0. 54
7 45 748 0. 875 0. 856 2.17 0. 880 —0.57
8 23 748 1.224 1. 204 1.63 1.213 0. 90
9 45 850 0.994 0.971 2.31 1. 001 —0.70
10 23 850 1.391 1. 320 5.10 1. 368 1. 65
Testing
11 45 918 1.074 1. 049 2.33 1. 080 —0.56
samples
12 23 918 1.502 1. 398 6.92 1.469 2.20
13 45 1020 1.193 1.166 2.26 1.194 —0.08
14 23 1020 1.669 1.514 9.29 1.616 3.18

N AL R E AT EE PSO-SVM F1 GM 4 R B 75 % ) F000 1 E oRF 26 2 v 1R B - 1R 190 T 1Y
LA . GM BN AE K PSO-SVM FUMAE 2 S Ir £ 181 A&l 3 s, i 1 ANIEL 3l 10, 36 - I A AR
M5 » GM T Y e AR 1525 4 9. 29 %6, PSO-SVM T i) d5e KAH X 15 25 4y 3. 18 %6, HH UG vl UL, A X
T GM F, PSO-SVM TN 54 4 5 1 AR 0T 52 w8 o A ik A2 By 47 T s 00 M e T ) T 0K (] I X Ji 5
T RUMNPR BAR R E XSS EME. A R PSO AT ASE S 2R T8 . BE WA AU e 100 AL
T 52 B0 LR 5 1 1) R AL i 9 2 80nT 36 2 BOIORG 132 A 25K

M o SR 1) H AT LUE UG A v U — a0 D S A ) i R D AR SRR ) i, T e K
H SEAF 1) B G L 5 IE SRR ) TGO MU RE O 1 “AE R ICE” . SVML BT X /IR A 0 S50 R 5 e H FL A
BAFHIZ AL RE 1 70 52 bR TR R AR A K S A BR A EE AR /D It . SVML A X 4% e 1t il 5 12 B A7
RO H
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K H PSO-SVM kb A7 WA~ E i R R 7 A ZREA B i, o KA XR 228 3. 18 %5 X
BRC17 R A7 5 AN m R 2R 21 Il Zhke AR g i, Hod RARXT R 220 5.5% ., Bk, 52 m F & &I 25
EWNE§ NN EAS O RE S OR(TRIEVE Jatac-A1 1IN

1751
1.50F
=
= 125F
Q
<
=1
g
£
% 1.00F
~
0,75 No.8-No.14: Testing samples (validating data)
75
—e— Measured values
--&- Predicted values by GM
4 ==+ Predicted values by PSO-SVM
0.50 1 1 1 1 1 1 1 1 1 1 1 1

—
[\
w
>
UL

6 7 8 9 10 11 12 13 14
Sample number
B3 SE8 .GM F1 PSO-SVM Jr Bk 42 1) 3R B O 25 2R 1L 3%
Fig.3 Contrast of penetration depths predicted by experiment, GM and PSO-SVM method

PR IR 1 b (B DU 35 % AN [R) (8 A 4 20 5 A3 BT I A A 0 o 3300 00 20 R 119 552 o, G 45 2R 51
TR 2, AR 2 AT LUE T BEE VIR AR 1S 22 B AR X 158 22 28 W 0l /) o LU /)N 4 W 8 328 3 A% 2%
H 2 IFAN B AH T3 G O PR 7R R R R R SR I RSl I SRR A B T LU =
ROR R A . N GRAEA B Y o 32 5 5 el DR 3R ) R | 0000 S B 4 o 0K S G, B TR A
48— W b o, — AT L 5 B SRS AT LA E

*2 ARAINIGHERABETRRBAIMNRE

Table 2 Maximum relative errors for different quantities of training samples

Training Testing Maximum relative Training Testing Maximum relative
samples samples error/ % samples samples error/ %

4 (No.1-No.4) 10 (No.5-No. 14) 10. 02 8 (No. 1-No. 8) 6 (No. 9—No. 14) 2.85

6 (No.1—No. 6) 8 (No. 7—No. 14) 5.43 10 (No.1-No.10) 4 (No.11—-No. 14) 1.18

7 (No. 1-No. 7 7 (No. 8—No. 14) 3.18

PSO-SVM T AR 56 B F/MEAE B, R TNSCR S5 PSO #14E S50, 5 K & I ZRkE AR B A% iR
BOEWAEA O, BAh  Ha S AR 2 56 R UM XS & 4% L SEBR TR N B 75 48 B g B S B

4 4 &

(1) R R 2R S0 254 R P A~ E B R R 2R 7 AN ZRREAR BIr & 37 A9 PSO-SVM 7 A5 Y, H:
D B KA X8 22 Sy 3. 18 %0, AT R Bl 4 TR i i 5 i1 B9 Bk . PSO-SVM B33k 3 T T 3 e i 4= 4
TR B 1 A 1 TR BE 0 & B AT 47

(2) PSO-SVM Fil il i) fe KAH X 12 22 0 3. 18 %, GM T I 19 d5e KA X 224 9. 29 % . #H Eb F GM il
T, PSO-SVM Fil i) (14 AH X 15 22 8¢ /0N, FLH00 P A8 B W8 F GM 10, 1 H PSO 42 )5 F- 00T LU 2 i
NG EE RS EE . % F PSO-SVM Fil , £ £ 4 38 19 U1l 25 A B0 BE AT 4075 R4 19 35000 2%
S ORI L e 00 AR KT A AR

(3) SVM J5 ¥ 1 52 B i FH DA /MR A SR AR g Sfe e 25 0 (HL B ™ 2% BB BE Al 19 SVML T ¥ 7 il T
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Prediction of Penetration Depth of Projectiles into Concrete Targets
Based on PSO-SVM

PAN Qiang' ,ZHANG Jichun',XIAO Qinghua',Z0OU Xinkuan®,SHI Hongchao'"*

(1. Institute of Civil Engineering ,Southwest Jiaotong University ,Chengdu 610031,China;
2. Zigong City Construction Investment Development Group Co. Ltd. ,Zigong 643000,China
3. Department of Architectural and Environmental Engineering ,Chengdu
Technological University sChengdu 610039 ,China)

Abstract; The prediction of the penetration depth of concrete in concrete damage effect is of great significance
to the design and construction in protection engineering. However, the traditional methods for this prediciton
involve such problems as requiring a great supply of samples,or suffering from a large prediction error,and so
on, In this work, following the theory of the support vector machine (SVM) and according to the parameters
optimized through the particle swarm optimization (PSO) ,the PSO-SVM for predicting the penetration depth
was proposed. The corresponding programs were written and the prediction was verified by the experiment
data. The results show that the PSO-SVM method has a great advantage for small samples and non-linear
prediction. In comparison with the traditional grey theory, the relative predicted errors through the PSO-SVM
method are smaller (the maximum relative error being 3. 18%). As the number of the samples increases, the
maximum relative errors decrease and the changing rate slows down whereas, however,the amount of calcula-
tion becomes larger. Above all,it is feasible to apply PSO-SVM method to the prediction of penetration depth
of projectiles into concrete targets.

Keywords: particle swarm optimization; support vector machine; concrete targets; penetration depth;

prediction

025102-8



B st 3 A

CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

%32% 52 m [/ A S/ B | = Vol. 32, No. 2
2018 4F 4 A CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Apr. » 2018

DOI: 10. 11858/gywlxb. 20170592

REFEERMTEEMNREZTHUREZMESE
HIEE R

wRM,KEE X B BEA AR

(R R F TR 2FH TR 22 B . VLA BT 210094)

WE. &/ B -—AERERTHF M P IREERZXENERAN A2 —, M
FEGFAENRE HEATEINAREUNR.GURELFREENE L2E LA, 4t
BHEAEE RN RE TR H A ES NIRRT AFECERKTFRENERELT N
BEENFR. o TREEE LB PR EESHRERS RN T AN P m, &1
KR AR R FEENRA BURE X LA R TR AN  BEAEEZRE, 2L EHE
TRMBENEFEEREG ;RN DL REAN AR ELT A B FHE kW L H ke 1
S HBEMHHENRERE R AR ANE A,

KER - BEE RN KR EREE; BT R

mESES. 0385 XHEEARIRED . A

o /R R AR A () — B AR BT R TR R RO M S ) 2 — B A R
PR SR ] B AR AR L B I A IR R IR B R W R (Depth of Penetration, DOP) B 3 & A 11 12
B bR, B e R R R SR AR R AR AT S T LA SR 3 A4 B B BRIV 4R 460 B
BRI AZ I BOAR AR I B B . TR AR T AR I B, A2 00 T 8 L R I 2 A0 R R T T R A 4 L
KM SR 1 AR A S A5 ROR L DR AS B W98 3 00 )02 DG . BT X R Y Bl A 4 A0 1) R, [ P 4 2 3 T
THWABWIGE . Forrestal Z 2 PEFT T 0.5~3. 0 km/s (1) 59 JE K BR Sk 80 512 190 40 50 A9 52 56 0F 5%, & B
Wi A 138 o R A B0 o A AU A e P A 452 el SRR P A A G, AN T) Sk FR T AR R AR 1 B s B A A7 A 22
o EMAEDURIME A SRS AT X R T LR R R R AT T RO S B R B WS 4 T R R AR P
R B BRI R/ S 0] R AL A A T AR IR HEAT A BT T T TR AL, W] L)
X LA 42 ok I 1 Sk T A A ok AT TN . e XU AR O LR P LZT-2D A AT TS G A KA
(Long Rod Projectile, LRP) i v 8 42 1) 1R %E 1 ¥4 G B DO A2 oA #) T4 8. Rosenberg
SEUUXS Forrestal 9 52 50 HEAT BUE 07 B, 05 BLAE R 5 S 00 45 W& 848 AR 05 ECAE R (9 #k ) 0 o A
—E R R . AR R A ST R A5 B Y AR TR R AL AT T OB A AT, EBCSED R
LS-DYNA #4058 AR W0 5 A R BE L A 8], 23 Bt 1 S [ 48 o 30 RE T 114 5L A g i K% A4 22 100 g
1o GRIRAES R PR A AU 1 0 AT 33 v RV TR B - ) AT T IR A

Zi F TR Bl R o TRE (3G K AT SR A0 M R AR S R A AE ER N A AR A ) A A 2 A
VL A2 1 3 R A V) TR B Y o v R B e, X — e PR A ORE A R A A R R D) S s R AR IR
FARE G5 F S5 SRR AR ZR-B S . ASBIE ST BT DR S R AT 95 452 A1) s 18 8 0 2 4900 9 T2 2 AR HL T )

* WTRBH. 2017-06-15; {&E HHEH . 2017-06-25
EETHE. hd e 43 FHFERRAA ZHE TR (2014) 5 g 5 8 22 A BEBF L 45 % T 25 4 (30917011104,
30916011305) ; F &K HAR =& 4 B o 5o E TRY MU Rk G 54 (U173010D
EE BN HRMH 992, 5B w5t A, EEN R w5 30 J1 % 58 E-mail: xcynjust@126. com
BEMEE . KEEA9I78 . B W4 B8, TEMNFERBA 5P 058 . E-mail: lynx@njust. edu. cn

025103-1

© 2018 Institute of Fluid Physics, China Academy of Engineering Physics http://www.gywlixb.cn



%2 = JiS ) il 2% Eihd o532 %

1, 2% Forrestal S5 TF J B I FELE T BT 595 0 552 36 1l 7 ST 998 1 st 7 360 A 5 {1 LA
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TOR AR RE L M AR B X R Sk SR S SRR ARG D5 1k a3 A O 58 A i B AR I R R fE O i
SR B AR R L BRI A

Flo) = fCo)As =Y, Ays  wg = f ' (Y,) (2)

Kooy AR AR R L HEE A sk BE
A, SR b3 Ty 1 B AR A0 TR - R il 2k ) 0.4} _  Deformation
AN AR TR T FEAS [ B B R IR 42 180 28 56 4 =X 012} § penetration
DL A-W 3 M (5 S 75001 B AT 45 30 ke v PR 25 T ool & luid ponctration
BRSk KAT AR TR B AR AL i £, an il 1 s, o o g asl 3.) J
R R, PO RIREE L, AR B, 0061

M EIREE ST LU A TR A R A 4 3R ool
R AR BE 1 78 Ak 3, AFL i = X6 42 A0 5 A8 a3 1 5% Tl R
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TR TR0, HES LA Sh w8 L xR
W AR W2 e R AT 43 Hr . D4 B THOR F B 1 R 0 B e 5 4
FIRAS S JE DR AR M T 8 K S B A AT #L2 ) Fig. 1 Theoretical DOP results of LRP at elevated
FHHETE . R FBUE U7 B T BOT e KAE 33 = ) impact velocity
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FE o U R TR A S UL AR L LA A R R ik
TR AR I F it 1 3k 3 A% 56 1Y) I A B8R X T R AR N M BT
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ATHEA AR 3% B Lagrange B 44 . Fig. 2 Finite element model

QN 2 Fras ok T RO T RN BE RN B 0 i R [R] g AR
SPH ki F EAZ N 0. 2 mm ; S8R R FH A8 S 76 58 3 AR Hhoty 20 mome 19 X3 P A% K ZNR 0. 2 mm X
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3 REFCEHEHAREZTHMER

Y S5 38 445 R AT A, DR A S VU R A 100 e 78 5 Sk B R R L i A R 32 % i R A 2 TR R AT O, PR A
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3.1 HERFEEAMERFGESNT

FH X T &0 S T JRE 9 R ) 8 ok AR 0 ECREALL L 3G TS FEL A v ol 4 0 ) R B 39 4 0K 728 4 ) g
JO7 78 AR AN Gk AR A P e P R AT (L 7 Y M TR, o I R AT S AR A R L X LR 1 5 e B
TR TR BE 9 728 A R AT BB LA BT o LR 25 4 Sl R S AT 58, IFF SISO 71 mom, SRR B AR
K 7.1 mm; HE AR I AR 120 mm, K B4 300 mm (9 B HE . SRR J-C AR Hg 455 8, 47 40 R
Steinberg-Guinan 5 & R fifi iR , LASREE S Hn =Rk 1 M3 2 s, b A DB IR BE L B Bun 9 LA
ML R K. C MR R EL. Dy D, Dy Dy A ZEGG N BT YRR .Y ) Steinberg-Guinan #51 1
0 M5 B, T IR .G A G X T W —Br i T 40.G, Y, 20308 G Y M T1 p 89— B i T 4%

®1 HEHFERATESY

Table 1 Basic parameters of projectile

A/MPa B/MPa n C D, D, D, D,
1069 710.1 0.459 0. 047 0.239 8.593 6.67 0.009

®2 BEGFEERIESH

Table 2 Basic parameters of target

G/MPa Y/MPa B n G, Gr/(MPa+ K1) Y, T/K
2760 680 125 0.1 1.8 —17 0.018 1220

K3 g5 il T A SE O 967 m/s AR B 05 FLA5 2R . BT 3 T AE R I AR WD B B, AR
T YU A Sk T B ek s B Ji Al B B O et BRI 5 22 0 A T R 0, HL T A2 TR T o ) i
AR FR LT o PR R A 2k A I 5 24 5 — s 22 5L AAC 52 g /N T B R i RN PR RE 58 (AN PR ], S B B
AL RIPER . 1B 4 D9 IR BN S AR A O AR . rh P 4 RT R B e R R AR R
Le ETHR TR # LT AR a3 . SCR AR B AR MIFL AL 5 932 1 1037 m/s BUE 5 A5 1Y
FREEAE R0 926 H1 1042 m/s. R WIBEBERLTT 5 25 50 15 S0 45 R W) & s

L5 LT IR AT 3 L e el o B AR I AR AV e A B SR AR S AN S 1 E Y el S BT R
FEEWNEEN s R U S N B A ) Sl N 1) S ) DR AV NS 8
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Fig. 3 Simulation of normalized DOP and deformation Fig. 4 Comparison between simulation normalized
at 967 m/s impact velocity DOP and experimental data
3.2 HEEEMNEHMEZT AN

SRR R R I S e P R AR L S M R RE R MR S AR W R — . AT AR [
SLARE R X5 1Y) A 1) 5 i AR AT O LRI O . SR 2 R R BR Sk KT, K AT SR R 71 mm,
SR E AN 7.1 mm; AR I E AR 120 mm KN 300 mm B R FE, SRR RL 4 B B LG
(Hge) M 31.36.45.55 1) 30CrMnSiNi2A #E4705 5T, Hoh A S8 S % T 25 50 TR Al
JE 30CrMnSiNi2A A S H 5T 45 R BIRSEEE N 3 i,

% 3 30CrMnSiNi2A #1#1#9 J-C 18 & #52
Table 3 J-C Parameters of 30CrMnSiNi2A materials>"!

Hre A/MPa B/MPa n C D, D, D, D,
31 745 623.11 0.424 0.061 0.351 1. 650 2.589 0.020
36 814 643.57 0. 446 0.055 0. 348 2.673 4.333 0.012
45 1269 810. 18 0.479 0. 040 0.239 8.593 7.867 0.009
55 1516 1537.97 0.610 0.017 0.014 0.015 3.251 0. 007

5 9 BOIE A AL A: B 9 A 3 3 Y0 LA () 8 4 AT LR A AR 4 A (R D TR B AR A i 42 . el 8 5 T R
M Hpe WU 31 5 36 W, (207 A8 5 HACHET - Hre = 36 B3R AR 5% A8 B B i (=100 5 A% s e vy 1 i
LS R 5 25 Hie =45 I SRR 0 31 15 e A2 i of 19 452 100 o okl 8 A8 38 00 O o L7 VAR J 742 3k B If
R AT JEE 25 B v 5 28 Hige = 55 I, R DR B A2

M2 30 47 th B I B8 A, R T AL B

2000 m /s B % ) B0 FE 5 T 19 1500 0K E 6 i .

B, R TR R AR 0 A e o L 4 e e
RIS R AT D B F 45, (D Sk F

B8 2 31,3645 I, 452 191 4% 2 o 3 k38 40 L2r
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Fig. 5 Normalized DOP versus impact velocity for

projectile with different hardnesses
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R T A A o AR A0 3 Rt v T ) 52 00 o 3 AL, 2% 8 o 2 2 52 e PR 2R DR O B o R R ) G K LA
(A IR JE 75 25 B30 M B3R B 2 500 m/s B, 4% Ff A B S 0K A 42 A0 IR B0 7 — B, TRI s, 2 0
by 55 W, 2R A H AR M) A i, L UM s S5 7 AU B ) R 400 TR B IS T LAl 3 R A, HL D PR T
JESCHR[ 22 7 X R B8 B (H e = 55) 30CrMnSiNi2 A fY J-C S50 & EA R E ., (3) #RE B X2 M) %
AR A R TR R R R R R B AR ) — A S bR, — ROk UL SRR R R s AR
5T Ao R A e PRI B R R A B R AR RS R RS A BT R AT . (R, Y R R B AR 2
BRI AR EE B FEAS B &,
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Table 4 Range of projectile velocity in the transition stage with different hardnesses

Hge Velocity range/(m * s~ ') Hrge Velocity range/(m * s~ ') Hrge Velocity range/(m * s ')
31 806—1100 36 832—1100 45 967—1216

3.3 BELHMERNEBHET KM
P A éﬂEl‘EﬂEﬁE§$1¢%%ﬁﬁﬂkﬁ~i‘EE’Jj&% AR L o 3K B R) 1 Sk AR B BE
T @ BN B 30 PR 3 Sk R XHAZ ) 55 A8 A — ZE I 52 W . Forrestal 580 1 52 56 25
0,26 WIS ERE R X W 5% A0 A 1 25 A 52, 36 FH AR B2 B8 31 19 30CrMnSiNi2 A AF b 54k 41 KL,
I3 EERIE (9=0. 5) & ¢=2.3.4 MR IIIE KA #LEAT 05 HAEL, AR S 503k 5 pion, Koo %5
BE R N AR SR m AT SRR RN A A MRS RO AR 2, LR AT AH W) Y B AR A
J A DLORUEAS [ Sk 388 PR 1 4 A 380 5L 4 ) A 970 B sl B . 3 2o Z50(E AR 480 3R 45 R ] Sk T R & 1 T R
B AR AT I R R IR i 2k an &l 6 R,
5 FELSBHRBESH

Table 5 Geometric size of rod with different nose

Head shape R/mm Ly,/mm d/mm o/(g*cm *) m/g
Ball 3.5 71.00 3.5 7.83 21
Ogive, =2 14.2 73.26 3.5 7.83 21
Ogive, =3 21.3 73.61 3.5 7.83 21
Ogive, =14 28.4 74.56 3.5 7.83 21

Hi & 6 AT, B A o R A B e L A [ Sk R
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502 B % Sk M8 302K 0 £ 0 VR B T AR AR 7 A ’ Z
N I G R r v - 3 G o NN 1B R NTUR CE IRV §1.5-
JEE T T EKOE Sk A S A AR BB LA 1Y) e A oty // ‘Xi
R T ERIE A . R L o 2R I it 1.0}
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111)J/?EK [, Sk FP A48 () AR BE A5 oF Z WK #E{K  Fig. 6 Normalized DOP versus impact velocity for
AR A i) A0 T /) 3L ] ) T AR R T Y projectile with different nose shapes
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Table 6 Parameters of projectile material

Material o/(g+cm™®) A/MPa B/MPa n C D, D, D, D,
30CrMnSiNi2 A 7.83 745 623.11 0.424 0.061 0.351 1. 650 2.589 0.020
Tungalloy 17.70 631 1 258.00 0.092 0.014 0 0. 330 —1.500 0
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Depth of Penetration and Its Influence Factors of LLong Rod Projectile
Impacting on Semi Infinite Target with Elevated Velocity

XU Chenyang,ZHANG Xianfeng, LIU Chuang.DENG Jiajie,ZHENG Yingmin

(School o f Mechanical Engineering s Nanjing University of Science and Technology ,
Nanjing 210094 ,China)

Abstract: Hypervelocity penetration is an important issue for a weapon designer and protection engineering
experts. With the increase of the impact velocity,a projectile may transition into a fluid penetration
phase,and its depth of penetration (DOP) no longer rises monotonously with the velocity. Numerical
simulation of the penetration processes of a long rod projectile at an elevated impact velocity was performed
to analyze the variation and influencing factors of the transition point. Influences of the hardness,nose
shape,material of the projectile and the target on the transition point of DOP were simulated. The
simulation results show that, with the increase of the impact velocity,the DOP increases at first and
then decreases at a certain velocity (called the transition velocity). The velocity of the transition point
improves with the increase of the projectile’s hardness. The Ogive-headed projectile has a higher transition
point than the spherical-headed projectile. Moreover,the projectile/target material also has significant
effects on the transition point.

Keywords: hypervelocity penetration;long rod projectile;depth of penetration;transition point
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Table 1 Comparison of experiment and simulation results

Experiment Simulation

Velocity/(m * s ') Results Velocity/(m + s~ ') Results
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Table 2 Comparison of deformation of projectiles entering water at different velocities
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Fig. 4 Deformation process of projectile

penetrating into water
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Research on the Low-Penetrating Bullets Entering Water
LLIANG Huapeng',XUE Jianfeng” . SHEN Peihui'

(1. Ministerial Key Laboratory of ZNDY ,Nanjing University of Science & Technology s
Nanjing 210094 ,China;

2.660 Design Institute of Hongdu Aviation Industry Group ,AVIC,Nanchang 330024 ,China)

Abstract: In order to reduce the bullet destruction, the design of shrapnel,a new type of bullet based on

the standard small bore bullet, is proposed. We performed the experiment of water penetration of the

shrapnel to study the deformation of the projectile head at different speeds, and conducted the

corresponding numerical simulation using LS-DYNA and obtained the projectile’s velocity attenuation

and displacement curve. The results show that the degree of deformation of the projectile’s head is

related to its speed,the higher the speed,the greater the warhead deformation. The warhead cracking

into “petals” can effectively reduce the bullet velocity, and raise the penetration resistance. The

displacement in high speed penetration is less than that in low speed penetration, which indicates that

the shrapnel has a good low-penetrating characteristic.

Keywords: shrapnel;low-penetration; water medium ; deformation
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Influence of Aspect Ratio on the Penetration Resistance
WU Pulei, LI Pengfei, YANG Lei,ZHAO Xiangjun,SONG Pu

(Xi’an Modern Chemistry Research Institute ,Xi'an 710065,China)

Abstract ; In this paper, the influence of the aspect ratio on the penetration resistance in the target penetration

process of the warhead was studied based on the classical cavity expansion theory, the modified Forrestal

resistance model and the acceleration resistance model. The influence of the aspect ratio on the resistance term

coefficient was analyzed and the range of applicability of the three theories was discussed by calculating the

penetration residual velocities of the warhead with different aspect ratios. The results show that the variation

of the acceleration resistance term coefficient has a significant influence on the penetration process when the

aspect ratio is below 3;when the aspect ratio is above 5,the results of the three models tend to converge,and

they are all applicable to engineering calculation.

Keywords: ammunition engineering; penetration;aspect ratio;resistance term coefficient
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Fig.1 Wedge-shaped charge and sandwich charge
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Table 1 Experiment data of wedge-shaped charge

No. Charge type  a/mm  b6/mm  0/(°) m/g No. Charge type  a/mm  b6/mm /(%) m/g
1 Sandwich 4 4 0 164. 16 5 Wedge-shaped 6 2 —1.0 164. 14
2 Wedge-shaped 3 5 0.5 164. 16 6 Wedge-shaped 2 4 0.5 123.12
3 Wedge-shaped 5 3 —0.5 164.16 7 Wedge-shaped 4 6 0.5 205. 20
4 Wedge-shaped 2 6 1.0 164. 16
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Table 2 Material parameters

Material p/(g+ cm *) E/GPa Yo A/MPa B/MPa C n m
Cu 8.96 47. 8 0. 90 292 300 0.025 0. 310 1.09
Steel 7.85 77.0 1. 35 362 180 0. 087 0.568 1.00

K3 ITRAMBERSH

Table 3 Parameters of main explosive

o./(g+cm™) Aw./MPa Bjw./MPa R, R, w D/(m=+s 1)
1.72 3.74X10° 3300 4.5 0. 95 0.3 8930

R4 RERAMBERSH

Table 4 Parameters of confined explosive

pe;/GPa po/(g s cm?) I/ps ! G, /(us* GPa™ ") a c y
27 1.717 4.4 X 10" 310 0 0.667 1.0
D/(km=+s ')  Gy/(puse+ GPa™ ") b d z g AG2.min

6.93 4.0Xx 10" 0.667 0.111 2.0 1.0 0

2 HREHMH

18 3 BE AT AL A AU T A ) B B R 25 4 T (AR S BUBUE DL 3R 1) AR P 2 245 060 B 3 69 1 4
A A T R Sk R Sk RO AR A 7 (L, LSRR A U SO 2 ) | SR Sk R 4 Ak e AR A I 221
Ceo) R IBT I 2 (2, ) S A 26 25 WA Bre 28 e £ (00 S5 5LHiE » a3 5 o
2.1 BEEHIWEHEKRE

Pl 3 Ca) MIEL 3Ch) 23 3l AR TE 2 25 (20X 6) FIP- M e 265 TP SF wi i Wy Bl A . 8 4 9 P AR R 25 T4
SO UL 2o R BR8] e A RIS AL R AR i T (o) YR AR B0 . P P 3 AT SRR S S e AR AR o
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Table 5 Penetration data under different work conditions

No. t./ps ty/ps L,/mm 0/ (% No. Lo/ s ty/ps L,/mm 0/
1 140 208 20.0 0. 66 5 149 225 11.4 41.44
2 138 196 25.5 25.68 6 133 220 30. 2 20. 85
3 147 192 18.0 22.12 7 157 192 14.1 14.98
4 138 223 28.8 41. 66

42 us 63 us 92 us 115 ps 138 us 152 us 197 ps
(a) Wedge-shaped charge (2 X 6)

42 us 63 us 92 us 115 ps 138 ps 152 ps 197 ps
(b) Sandwich charge

B3 BB 2 (22X 6) 15 1 M ke 2 1 40 I v iod 72
Fig. 3 Jet disturbing processes of wedge-shaped charge(26) and sandwich charge
MEL N CE S 2 )5 IR R Is S i DL e AR W .l 4Ca) TR, 29 60 ps Ji o MR IE A< 245
R 22 11 B4 S # Bt 57 EF ) P9 80 38 A 7 - A e 24 7 A 8] A B8 L A 78 A .y gl R BR324 B AT
PR JE . AR TR A2 Bl i v PRl 58 0 B /N e A o bt T 4 () T R, SRS 9L A8 A A8 A8 1 3 (o, ) L 85 T F
e 24 5t 1) B A A 5 O R AR A ds i R R R AR T R A AR e B E R S AR m W, I 3 (a)
197 ps W) 220 55 00 ) BT 2L B0 0IE 13X — i o X2 oy T ARk S L AT 2 24 N X R e 0 2 4
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Fig. 4 Angle between two flying-plates (a) and jet velocity in x-axis (b) in the jet disturbing process
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Fig. 5 Jet disturbing effects of wedge-shaped charge with different wedge angles
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Fig. 7 Jet disturbing effects of wedge-shaped charge with different charge mass
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Numerical Simulation of Interference Effect of Wedge-Shaped
Charge on Jet

ZHOU Jie, WANG Fengying, YUAN Shiyao, WU Peng

(School o f Environmental and Safety Engineering » North University of China ,
Taiyuan 030051,China)

Abstract; The process of wedge-shaped charge’s interference effect and that of sandwich charge’s on
the jet were numerically simulated using ANSYS/LS-DYNA software. The influence of the wedge
angle and that of the charge mass on the velocity and the declination angle of the jet head,the velocity
of the slug were analyzed and discussed. Comparison of the obtained results with those of the sandwich
charge shows that the interference effects of the wedge-shape charge and the sandwich charge on the
jet head are very much alike but their interference effects on the jet slug are different. The movement
of the wedge shaped flying-plates can be seen as a 2D composite motion of translation and rotation.
When the wedge angle is positive,the cutting jet effect of the wedge-shaped charge is better than that
of the sandwich charge. In this case,the deflection of the jet head increases,the velocity of the jet slug
decreases,and the effect is enhanced with the increase of the wedge angle. Moreover, as the charge
mass increases under the condition that the angle remains unchanged, the contact position of the jet
head gradually shifts to the front of the target,the contact time delays, the breakup time of the jet slug
arrives earlier,and the rotation of the plates slows down.

Keywords: wedge-shaped charge;sandwich charge;explosive reactive armor (ERA) ; ANSYS/LS-DYNA
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Fig.1 Schematic configuration of experimental warhead Fig. 2 Finite element model
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Fig. 3 Simulation results of velocity distribution of liner
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Fig. 6 Layout of warhead and target Fig. 7 Schematic configuration of penetrating experiment
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Table 1 Results of penetrating depth

) Penetrate Mean penetrate Penetrate depth from
No. Type of liner ] )
depth/mm depth/mm simulation results/mm

1 Original cooper liner 121

2 Original cooper liner 132

3 Original cooper liner 131 124.4 116.7

4 Original cooper liner 125

5 Original cooper liner 113

6 Original DU liner 126

7 Original DU liner 134

8 Original DU liner 118 109. 8 88. 5

9 Original DU liner 113

10 Original DU liner 118

11 Original DU liner 50

12 DU liner with redesigned structure 114

13 DU liner with redesigned structure 157

14 DU liner with redesigned structure 113 146. 7 131.4

15 DU liner with redesigned structure 165

16 DU liner with redesigned structure 166

17 DU liner with redesigned structure 165
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Fig. 9 Steel target after experiment Fig. 10 CT result of steel target after experiment
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Penetration Performance of Depleted Uranium Alloys Liner
GONG Bailin, LI Ming,CHU Zhe, WU Haijun,KE Ming
(North West Institute of Nuclear Technology ,Xi’'an 710024 ,China)

Abstract ;: In the present study.we redesigned the structure of a depleted uranium alloys liner to analyze

its penetration performance using numerical simulation results on the basis of a copper liner,and compared the

penetration capability of two liners, made of copper and uranium-niobium alloys respectively by penetration

experiments. The results show that, with almost the same quality of the main charge, the maximum

penctration depth of the depleted uranium liner was 33. 4% bigger than that of the copper liner.

Keywords: depleted uranium alloys;liner;armor penetrating
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Fig. 1 Schematic of fully-clamped circular metal plates loaded by flat-ended projectile
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Theoretical Study of the Perforation of Double-Layered Metal Targets
without Spacing Struck by Flat-Ended Projectiles

REN Shanliang, WEN Heming,ZHOU Lin

(CAS Key Laboratory for Mechanical Behavior and Design of Materials \University
of Science and Technology of China,Hefei 230027 ,China)

Abstract : A monolithic metal plate is usually replaced with a double-layered metal target with the same

thickness to improve the ballistic limit in practical engineering. This paper presents a theoretical study

of the perforation of a double-layered metal target without spacing by a flat-nosed projectile. Based on

the previous analytical work and experimental observations a new theoretical model was proposed to

predict the peroration of the double-layered metal target in comparison with the test data available. It

was found that the predictions made from the present model are in good agreement with the test data.

It was also found that the ballistic limit for a double-layered metal target is considerably higher than

that for a monolithic one when its thickness is larger than the critical thickness at which adiabatic

shear plugging occurs; that the ballistic limits are more or less the same for both targets when the

total thickness is below the critical value.

Keywords: flat-ended projectile;double-layered metallic target;theoretical model;ballistic limit
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8 BLEHSH EFP AR EHIMEHEH

BECEHEE,ZXUW B R

(R At B TR BE T2 B [ By E 2 B SE B % V08 M At 210094)

FEE AT XTAE AR AR B S 20 5 L 30 P By SR IR AL, K Bl LS-DYNA 7 85 5 % 7
WHEAEWEHBAEENS B (HAZHEA HAZEEMAGA ZHINFE) X EFP R A R &4
MR, BT T AEMS M EFP RA M F A E, P A 4 A &4 EFP WY
Hmia R R s A BB S EFP Wk R EREH M A SR ERL, A
BERNFLAEFHEFP WA HARE LM T OKE, KETRARGRENEELEHS K
BEEE, L P HAZEAN 143 ~147°, A BEE BAINEE 25 K 0.024~0. 026 fF fn
0.7~0.8 % nfE, EEMBHUMNEFP BHRERBEHACE MW EAIRT 25 N %
RERNEE HABEA HASEEMAGAIHA HABRE HASEHNFE, HET
EFP RA R EHMMB N RENEELN SR AL . HAS AN 45°, AAERE HINF42
B K 0.025,0.70 fF% 2 042,

KPR EFP; 4 4 A B, 500 K E S EHE

RESZES.TJ410.3 XEEARIZAD . A

BRE Sy 25 AU EEOREREAE SR R R SR 3 A 1 P 2 > AT ke 2 B R B 9T B A TR A — LA 5 A A
O A5 A2 1 2 BB 003 0 I PR 5 A 1) 24 ) B A 4 S 88, S I SR e L B A v s B . L A R 1 i 2l v
ORI TAHZ R, Gn 22 [ A9 SADARM RS 48 E ) SMART AR5 F 5 L) BONUS 2 154
SREEDY R XTAE Y Bh g 2 1 RE A R AR A B R B 9T L Zerilli SV L T LA o S 2R d L T MR
Zerilli-Armstrong A F 4 K ; Bergh 557 ifF 57 & BRAH B 438 1 i 1 5 4L (Explosively Formed Projectile, EFP)
PR AR B 5 A% 50 5 ) o B e oy, O i X IR I Uk T HIE B EFP S oo Al AT . ZERWBIAT A
5 M AREAB 2050 238 S Ot 174 TR 2Ry L AR 4% B b . A 1 %% B R T A R EFP 1Y S AR e T I i
R, Ta BURMIPERESS Cu & 3090 ~35% , Weimann %57 5 i 3 56 F1 K (B B 400 % FE T 48 L 4k EFP
R AR T A5 R B FRAR L 3 A94H EFP S fifg J1 il SE 8K AR 1L 6 194k EFP, Rondot' ™' Xf Lk
MR T 2 EH EFP % 5240 EFP RAUAL B8R EFP 2 E 30N, &5 R R L M B T8 EFP iR 8E 1
25 WSO SL R EFP 4 il 1 14, 200 M 34. 9% . FE N ET I FEZEXHME S S AR IFRE TR
ST AR AE AR S AE T A A AT IR T A 2 7S e R AN 9 PR AR T ML 5 54 U S 8 i el
HEZ-A BERVHEST T — ] 38 3 25 N AR B SO R AR KBRS b AR SCHR R B S B 2 R 2 B0 B A
T R AR IR R O IF 5T L 45 A P A0 H BT X4E B ERP &% SF 58 A9 WF 5T B, O R 4R 25 Y B 45 i S R
EFP 80 K AR A 45 B 5%, #8718 4% S5 40 S 500 EFP R 80 K 42 490 %) 45 7 B0 4 o s 2 5% 0 1k B 4 R 10 4
SHEEM SRR B AR W E, LI EFP 18IS R0OW AT 5 4 S A8 .
AHIF 5T 8 U AE SR 25 R MR, SR B LS-DYNA {5 B340 5% IVHE 45 5 T8 40 24 1 B2 25 /0 5006 EFP
5453 70 B RY K AR VPR R 52 i KL L i T EFP S 45 o0 s R S AR PR RE X B I A BB M S HAL G

* WTRBH. 2017-10-30;f&E HHER: 2017-11-16
BEEWH . VL4 8% & s 0 o8 A BR300 H (KYCX17_0390) L9544 “HF ik T & "W H
TEE R B €993, B B WF 5T A, 2N R BE % 24 R SF FE AR BF5T. E-mail: nustgt{@126. com
BEMES . HMEE 982, B A BITFSE 6 A T, 322 A AL 2 S A0 5 B AR S8 B R 5.

E-mail: njustlwb@163. com
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1.1 $BE EFP &} LT
I T X IICHE 25 5 T8 2 75 B8 K iy e AU A% 25 45 4 ) KR i gE O LRI R 1 TR B BE B EFP )5
g R T O R bl B R . S AL ST T VS S G5 SR R R AR o R R RE R
gy B R 48 R 225 Mose IR G5 S 5 (B 25 48 D 2E 253 8 H R WA g Mt R R o) & it
mk 1R,
F 1 EBREKSHSHET

Table 1 Design of charge and shell’s structural parameters

D, /mm H/mm B/(® t/mm
100 90 45 5

1.2 FEEEERARAE

AHEGE BT T A BR T = 4E 0 BB RSN 2 B . fR TSR 2 2 B 0 T Y TR LA AE R AR R
i B FE PF Er R ] ALE 530k 1H 5000 K AR AR I R 3l ) 8 1Y 2R RE 4= 1RO it 2
YEZ 2GRV EE 23 SR I BRPL S 1, JE 24 25 A0 B8 s A 5 A ) 9 R E AR PSR L [ R 5 vk . 2 R R
FFEAR B AL 55 0 358 FHAH AT 45 8K, AN 44 7 72 € ] Johnson-Cook #5Y IR 25 7 2 A Griineisen Jy f# 5 32 2&
25 TH-2 ¥E24 RS BRI JWL (Jones-Wilkins-Lee) 77 f2 . #1418 # Johnson-Cook 744 77 FE %
HESHOLER 2V R s SR IR BRSO 3 3P P . CLS .S Sy IR RS A
MOBHIER 25 T IR I J7 . By 28 A ZR B, n Dy S B AR B m IR R B D NIRE, po N
Chapman-Jouguet/% 17,

Detonation point
Detonator |

Booster i S Shell (45 steel)
B
Shell R
v T ' Explosive (JH-2)
Explosive HiH
M i i
Liner & i i :‘ f Liner (Ta)
R e iataie . ! Air
e D, il
F 1 fHE EFP -4 E K2 AIRJCRR
Fig. 1 Diagram of tantalum liner EFP warhead Fig. 2 Finite element model

N T ARATH 25 BB S5 R 2O EFP 403 o0 i e AR T B 5 i B L SR BODR 15 R S RUE AL L BF
P — SRR R B 7 . SR RS HE AR o IR AR D 1357~ 155" (S B & 4°) (24
RUSEREJRE s 7R AL 2.0~3. 0 mm(Z 8345 0. 2 mm) (25 RIS RINEAR R 192205 ol 40~

85 mm(BEME N5 mm).,

x2 SEHRI-CAMFTESHE
Table 2 Parameters of J-C constitutive equation for tantalum
A/MPa B/MPa n C m
142 164 0.3148 0. 057 0.8836

[12]
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Table 3 Parameters of air,shell and explosive'*

) C Yo S, S, Ss o/ (kg+m *)
Air
0. 344 1.4 0 0 0 1.25
A/MPa B/MPa C n m o/(g+cm™?)
Shell (45 steeD)
496 434 0.014 0. 26 1.03 7.83
D/(km=+s ') e /GPa A/GPa B/GPa G o/(g+cm™?)
Explosive (JH-2)
8.425 29. 66 854.5 2.05 — 1. 845

1.3 EFP B HgEIERR

KT AR TG S IE AR SR 14 1, 781 3
g5 T EFP BB PERE TS A5 0 L, Hirp . 1 Sl 4 Xt
SCDK LR EFP L0 # B K s d A xd S20 H

D,——

—d

] —

120248 EFP S0 i R E# L, i EFP K, & - Ly
18 EFP 2D, b EFP HA2. /245 EFP I K H#E K3 EFP A fE 15 AR 7 1A
*HXﬂ’;@L‘{tgﬁq Z/Lp F2 o5, M RS20 A2 d/Dp Fig. 3 Schematic diagram of molding

performance indicator of EFP

FR .
2 SEERLEMISET EFP ERERIEH M

2.1 RREBYMERERYHE
2.1.1 HESHERNZM

PEHL s=2. 4 mm R="50 mm, %} 25 RVBEHES o 19 6 7 RIFATEUE DT B 15 I &4 RAE 200 ps B Z)
EFP (363058 B v, MILRURIEZS AN 4 FR . TR T EFP S5 o0 1 ) R M RE 48 b L 45 4 X 5120
KB L X900 AR d X SLOKE 1/ L, MR SO0 EAR d/ D, s e AR LR i 5 BiR.

230 ¢ Value of simulation 1o - F?“?ng curve for UL 0 — Fitting curve forl
2.95 — Fitting curve oof s : ;‘I‘Eng curve for d/Dy g 120} T }:itting curve for d
= 220 4 r i, 5 o d
@ o 0.8} Z 90t
é 2‘15‘ l E 0.7\ % 60
£ 210t NN E
905 0.6} - ] s
% 00 . . . 0.5] @ ULyand d/D, ol ol (®landd .
135 140 145 150 155 135 140 145 150 155 135 140 145 150 155
al(°) al(®) /(%)
P4 S o 2 AL R A A 1 2 Ak Kl 5 EFP AR5 i bl 25 71 B8 4 A i 28 1 ith 26
Fig.4 Variation of v, along « Fig.5 Variation of molding performance indicator of EFP along «

PP 4 R 5 25 B A A T 14375 o phy T 24 108 oy TR 5 TR 11 P i e 2 O B e ASHE . - B EFP 119
P BEZHTI N . TESE AN 14T I AR A Sk 30 B A P 4 A A 4 Dt PR 2 oy T 2 R 5 R A e
h BRI I o B HE A OSSN 33 TR O A B4 FIALEE , EFP T A 8 A RE s o

B 5 o] 2 2 R B A A o 135S BN ZE 15070, B 2 24 Y B A VR R A U o 55495 o B 1R B9 il
] 71§t R A% 1) WAL A7 B8 0 980/ 0N o CHEAR OGS S0 B2 R AR B T ARG 5 2 25 U R HE AR o KT 150° I, 25 2 58
JIRY A X 78 g R e AR I S8 A0 0 o A ) il 1) iz e R A 1] W 46 BE 7 R IR I 55 . 5 8 EFP K K AR B
ol AT 240 0F S50 1 JBE /IR T o o 200 00 20 AR B R AR L CHO R S0 B e AR A S . Ak, 25
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SRR A o S e 4 ) 24 Y kA A I A 58 e Al ) A B AR e WL I BE D

ZEAHTE 4 FNIEl 5. 425 B R A /N T 14370 BOARAZ AT AR Sk 0 R R AR S0 K B BLAR K
Sk R B 25 0 K ) 1 W 5 24 25 AU B84 A KT 147 B8 e 4 X S0 K B kR R T AR .
ML 256 5 RS i o i B M i L SR AR 25 BB A AR o Ty 143°~147°,
2.1.2 HBEBEENEIMW

FEHL a=143° \R="50 mm, X 25 AU B BE [ 6 > 7 AT BUE D7 5,45 1 & 7 B 7E 200 ps B %] EFP
1 3k FR R BE v, M RRVE A, Qs 6 i, 1A T E T EFP B Jo iy RN AR A L 45 1 4 0 S0 K2
[ AT S0 EHAR d ARXT SO R /L, S0 EAR d/D, FEREJE B AS (LR A IR, &l 7 B,

2.5 105

¢ Value of simulation L0 — Fitting curve for l/L,
2.4 — Fitting curve I — Fitting curve for d/D, 90
N\ o /L, £ i
23 09F N\ diD, £
T, N i:) 75
& 2.2 .2 0.8} g — Fitting curve for |
< 21} & £ 60 — Fitting curve for d
= ’ 0.7} £ "l
L 4 5 L
2.0 ; -<o o d
Lol 0.6} e
’ (a) l/Lyand d/D, I 30F  (b)landd
1.8 L . ) ) 0.5 . L L L — ¢ . . *
20 22 24 26 28 30 20 22 24 26 28 30 20 22 24 26 28 30
s/mm s/mm s/mm
6 S Bl A i 2 AL B BE SR A fb 7 EFP R A8 b i 24 0 55 BE JEL % A8 Al i £&
Fig. 6 Variation of vy, along s Fig. 7 Variation of molding performance indicator of EFP along s

HH &1 6 AT B G 24 AU BERE SR 3 L EFP R ER A W 24 4% Wl s . Y2 AL EEREJRL < (2.0 mm
HEINZE 3.0 mm B, EFP 13k 35058 B 2/ stk #a g, R FE T 23.8%.,

AyHTE 7 M2 RN EREE s fy 2.0 mm BN 2. 6 mm B, 5405 70 R F K 2L I 4 O W L R R Ah ik
MG B Wy s, 3 EFP KB | B AR 38 W 1S O, T 48 % S0 K B B LA /NI JR0N L B0 EFP R X 520 K
JE EAR I RS Y2 BB RE R 5 KT 2.6 mm B, S5 o0 R B IR R B 05, B A sk BL
SN FEIG R L 5200 F 0 b 1o P B A 1 U A AR AN O AR SO K B R R G TR,
I, 24 780 8 R JEL 2 A o) EFP 5805 0 14 Sk 30 a8 B G R S 1 W 2 5 AR sk L

LR AT 6 FNIEL 7. FEARGE EFP B AR X S20 K B L BRI TS B0 T L 2 R ISk 3 B A X 8K
R e JR2 8 Ui 284 J5 e AF X A5 /N 1Y) B 5 TG A B A BB A T . T I A B O 1 A 24 Y R BE TR s ) UM
$7:0. 024D, ~0. 026D, ,

2.1.3 ABEBRNFEMNZN

PEH @=143° 5=2. 4 mm, X} 2B E R4 0 10 A7 R A7 BB B, 45 BB R AE 200 ps
%) EFP {13k 08 B vy, BILBRIE A W 8 i, i H & T E T EFP 845 oo i B 48 F5 . 45 A
PSR /L, XSG EAR d/D, BERTRE R AR L R M 4 il 9 s

WL 8 AT 2y R B RN A2 KT 75 mm J . H T 25 1 E8 0 B R 2 2 2 A Oy o8 4 B G A0 L L
EFP 58475 70 1Y Sk 308 55510 0 52 38 W 080 55 229 2% S84 T I S0 A8 S B IR A I ST I KR AT I . 4 2 AL B B g~
R 40 mm ¥ ZE 85 mm B, EFP By Sk &2 B 2 2 Pk /a2 ik %, B FRE T 11.5%.,

&9 mIAN: 225 R BN AR Rt 40 mm BN 85 mm B, 5 22 I X 55 U005 e 5 1 AR 3 4
K il 245 780 B[] SRR 43 4% T80T AR AT 900 4R 32 2 BE S TR ST o 0 528 3 46 L F TS B0 EFP 48 % 52
AR TR R /N 5 7 HBR 5 Y 0T B8 T e s v RN DR 484 K [ i, 8 5 I % B84 3 1) v s fn 28 4 L AR R
A fifi 24 70 SRR ) R 32 Bl R R R N B L 3 3 EFP SRR B i . BRI RRCE AR R
40 mm N A 85 mm Bf, EEHIHG T EFP 55050 0 fll i A, H I L0 500K BN T 72.8% . i,
EFP AR 5200 1 B Bl 152 90 42 1% 386 i 2 S0Pl B R s b g 3, M2y AU RE 2 R KF 50 mm
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Jei B A5 e AR In) WL A BE ) FEAR RS AT L O HR AR R T, IR, 25 R E R R AR
4l EFP 1k 5B 25 S B4 3 sz KB

2.30 — . 1.0 — 120 —
¢ Value of simulation — Fitting curve for l/L, — Fitting curve for [
2.25 — Fitting curve 09} — Fitting curve for d/D,)| — Fitting curve for d
s UL, £ 100} .l
03} © diD, £ . d
E)
o 0.7 = 80f
; ey . s o
0.6r . 2 oot
0.5} . 2
< 40}
0.4} (a)l/L,and d/D, (b)land d
1.95 P M M L 0.3 M L L 20 e o o o o o o o |
40 45 50 55 60 65 70 75 80 85 40 45 50 55 60 65 70 75 80 85 40 45 50 55 60 65 70 75 80 85
R/mm R/mm R/mm
8 SRR B 2 B B R AR R 9 EFP B 48 br b6 24 2 55 (5] 912 428 1 78 £l 1ty 48
Fig.8 Variation of vy, along R Fig. 9 Variation of molding performance indicator of EFP along R

ZEAATHTIE 8 RN 9 AEARIIE EFP 93k 500k 3 vh A 185 0L T+ %5 R 8 IR R T 25 AR R e o 4 % 5100
FEAAXT ALK B A TC R B TC . TP MU SR e i 25 B B RS2 R A BUE SRR 0. 7D ~0. 8D,
2.2 RHEEERE S

BT LR B A SO0 EFP SR P RE B9 45 BT ST, B 0T B A5 0 A 5 A 1) R B 4 ) S BUREL
Fil, % EFP {20199 %8 P RE k47 1F 28 %3 #E MR 45 89, R 5F 2 160 mm X 160 mm. JEFF 4 200 mm,
38 of B 5 BH BE A5 8 S 40 EFP R 1M e p 4 LA L 45 ) EFP BB SR M B B AR R B A5 =
BAGTE.

2.2.1 EXFITAR

V4 24 ) B 25 R SR (2 T B A o 24 TR R RE R

s ARV R AR ROME R IESC R 1) 3 MR E L &

F4 EXEUHEERRKER
Table 4 Orthogonal design at each level

Factor
%I 3 A KT 54 KT R 4, Level - p
2.2.2 HEERERSW 1 143 2.4 70
TEAZ BT I A P X 42 T K F-2H 4 rp Pkt HL 2 145 2.5 75
ARIER 3K A AT 0. SRR 4 b 3 3 147 2.6 80

2 3RO, T A T IE 23R Ly (b L3RR IE A2
.9 FRRAPLHEN 9 KA S AT ST,
Lo PRIE TR o BREADKFESHEE s R B R KCE 45T — 0, 20 A B AU PR, BB A% Eh 42 T M
PO XY BEA TS B . Lo J2 EFP Bt oz ML RESR An (R ITRE PR MIALAE DY WK S5,
x5 EXIHEFRQ ps)
Table 5 Orthogonal table (200 ps)

Factor Indicator of penetration performance
Project

a s R P/mm D/mm
1 1 1 1 143. 26 50. 16
2 1 2 2 137. 37 52.44
3 1 3 3 135.91 49. 36
4 2 1 2 131. 38 49. 24
5 2 2 3 130. 88 49.98
6 2 3 1 148.01 50.12
7 3 1 3 129. 46 50. 78
8 3 2 1 131.77 52.06
9 3 3 2 131. 38 50. 88
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BEI[R) — I 20 9 EFP R PEREE A5 BEAT A B AR 22 20 B vk %) 9 R iy LA SR HEAT 20 A7 L 15T
BHKE T R ZE Sl i S B R/ AT A5 3 4 P20 25 48 b5 5 W 19 2 OB L B 22 20 A 4 2R ULk 6,
HKy(IN=1.2. ) FRRIELKRFENZT 9 AT EHF PR N KR4 A 1R DIERE R bR Z #1.

x6 WMEFWE

Table 6 Polar difference analysis

Indicator of P Indicator of D
Result of analysis
a s R a s R
K, 416. 54 404. 1 423.04 151. 96 150. 18 152. 34
K, 410. 27 400. 02 400. 13 149. 34 154. 48 152. 56
K; 392.61 415.3 396. 25 153.72 150. 36 150. 12
K./3 138. 85 134.7 141. 01 50. 65 50. 06 50.78
K,/3 136.76 133. 34 133. 38 49.78 51.49 50. 85
K;/3 130. 87 138.43  132.08 51.24 50.12 50. 04
S 7.98 5.09 8.93 1. 46 1.43 0.81

SYBTAIAS 25 RLEE RN AR R J2 40 B EFP B i oC R MR Y e R R L & S5 SO0
EFP RN W 89 ERMF 70500 : R avs. [RRE SR AT 25 0 A ik 5 45 I & 0 B B EFP B fioo iR
MALAR RS R . SRR L Y LB HE A o R WA B EFP B iR W1 ALAR 1Y i EE N R L 5451
Z RO EFP AR TR BE R B 2 IR 7353108 s s R

N T o e BRI ZR R 25 KT Xt P AR A0 B 6 s 194 52 W17 DL+ B 4% 435 A Bl TR 28 0K 7 A2 A 9 1 2
MEDE R AN 10 Prs . K A BLC UK 25 BB HE S o 25 BB REJS 5 | 25 0B [ JF 42 R 45
3AGHIE M SR, 1.2.3 4P RRE S HCT 3 4K 3R 7T LTS AE 3t 3 B % TR 3R 0 A 1 1 g
B B85 W) LR R AN [i] PR 3R 22 1) X ] — 46 o 1) 52 0 22 52

200 56
(a) Indicator of P Bl EFP (b) Indicator of D B ErpP

180

160

P/mm
D/mm

140

120

100
Al A2 A3 Bl B2 B3 Cl C2 C3 Al A2 A3 Bl B2 B3 Cl C2 C3

Factor Factor

10 AW EZRAKT T EFP R4 GE 46 bn
Fig. 10 Indicator of penetration performance from EFP along factors

H T 24 TR SR A R MR DY 4 A e T 0 TR O e i E A RO I . LR 10 ml . 24 Y R
HE A SR MR E 16 b BAT SO SR BIALAR IR b BAT IE A OC 1 L DN B 255 25 AR 101 1A 6 AR 19 4R 19
PERE . PRI 25 R SR ) o O 145° 5 245 B BEBE JRL G /N 2 S BURA R R R BT 20 4 ™ o AR 100 IR B8 AR L IR ke
VB2 UL BE IS 5 O 2.6 mom s 24 B 58 (B 904 A58 5 4R V) IR B8 45 A B AT SROR S L T AR 100 AL AR A R I 42
KT 70 mm J5 /NN PG 8 M2 B BE R 9 42 R R 70 mm, H 25 5] 52 0 42 14 9% B 95 b i H 2
F18 DR 2R A Sk B | S AL T 24 T R A R T 0 i 4 R A A D el g o e R Sk TS T i 7
AN AT [ I S OB KA o 45 20 W7 2% 245 K 2 BO0S 1 SAR AT 1R RE 98 s B9 52 i), B I 25 R B HE A o O 1457, 2Y
RUBEREEL s O 2.5 mm ARV IR R 70 mm, BURAHE K S 841G T R oA A2B2CLY T
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EAZ BT R AR L5 T 5 DR e e BRI AL 5 19 05 58 JRORT kA7 B (B33, 44 1 % 05 2 T #L S EFP
ST B R KR I PERESE R ANk 7 B .
x7 RUFRTHEEFP WRBEREHNEESH

Table 7 Formation and penetration performance parameters of Ta EFP in optimization

Formulation Parameter of forming performance Parameter of penetration performance
picture v,/ (me s ) l/L, d/D, P/D, D/ D,
- 1973 0. 55 0. 67 1. 46 0.51
A\
3 %

i 1 4 L 5T 4H 25 Y B A5 H S R0k EFP R R AR I RE (L A5 2 L R 4598

(1) f7R T 2GR 550 2800 EFP B8 PR g i 42 ) A0 AR , JL v, 2 8 B8 4 AR #2 ) EFP A% Bl ) 7
il B A% ) W4 (R E ), 24 U B RE R AR ) EFP 1Y Sk B 3R K R B 24 5 Ah sk A Bl L 24 R B [ I o AR 4 o
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Controlling Effect of Tantalum Liner’s Structural Parameters
on EFP Formation and Penetration Performance

GUO Tengfei, L1 Weibing, LI Wenbin, HONG Xiaowen

(ZNDY o f Ministerial Key Laboratory , Nanjing University of Science
and Technology s Nanjing 210094 ,China)

Abstract: Aiming at the problems concerning the application of tantalum in a shaped charge warhead,
we investigated the influences of the arc-cone tantalum liner’s structural parameters (cone angle,wall
thickness and radius of curvature) on the formation and penetration performance of EFP using the
LS-DYNA finite element software, revealed how these various structural parameters affected the
formation performance of EFP:the cone angle of the liner determines the capacity of the axial tension
and the radial shrinkage of EFP,the head velocity and tail fracture and outward expansion of EFP are
determined by the thickness of the liner, the head shape and the absolute solid length of EFP are
determined by the radius of the curvature. The range of the structural parameters of the tantalum liner
with better formation performance of EFP was obtained:the cone angle ranged from 143° to 147°, the
thickness and radius of the curvature ranged from 0. 024 to 0. 026 and 0. 7 to 0. 8 times of the charge
diameter. The order was found out in which various structural parameters exert their influence on the
penetration depth and aperture of EFP:the radius of the curvature, the cone angle, the wall thickness
and cone angle, the wall thickness, the radius of the curvature. The optimal combination of the structural
parameters of the tantalum liner that would bring about a better formation and penetration performance of
EFP was proposed:the cone angle is taken for 145°,the thickness and radius of the curvature are taken
for 0. 025 and 0. 70 times that of the charge diameter.

Keywords: EFP; tantalum;liner;solid length;numerical simulation
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Study on the Attenuation Effect of Water Protection Layer
on the Velocity of Jet Tip

LI Biaobiao, WANG Hui, YUAN Baohui
(Xi’an Modern Chemistry Research Institute . Xi'an 710065,China)

Abstract: In the present work the process of the jet penetrating the interval target of a water protection layer
was observed using flash X-ray photography, the variations of the jet tip velocity and the distribution
characteristics of the metal particles and shock waves in water were obtained, and the phenomenon in the
experiment were discussed in combination with the mechanism of water on the metal jet at high temperature.
The result shows that the jet tip velocity would drop during the jet penetrating the water protection layer. This
is mainly due to the fragmentation resulting from the high pressure (9-10 GPa) and high temperature after
the shock wave of the jet. Besides,the fragmentation of the jet tip is the most serious in the early stages of the
jet entering the water protecting layer, which results in a fast consumption of the jet tip and the false image of
the jet tip’s velocity drop in the test of the flash X-ray measurement.

Keywords:jet; water protection layer;tip velocity;fragmentation;flash X-ray photography
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Numerical Simulation of the Effect of Pre-stress on the

Ballistic Performance of Ceramics

WU Xue,ZHANG Xianfeng, DING Li, TAN Mengting, BAO Kuo,CHEN Beibei

(School o f Mechanical Engineering s Nanjing University of Science & Technology s
Nanjing 210094 ,China)

Abstract: In this work we studied the processes of applying pre-stress on SiC ceramics by using the

finite element software AUTODYN. We established a model of long-rod projectile of different veloci-

ties penetrating ceramics with different pre-stress values to investigate the ballistic performance of the

pre-stress ceramic,and obtained the stress distributions in the ceramic under different loading condi-

tions through the comparison and analysis of the results,as well as the relation of different pre-stress

and ballistic performance of the ceramic. The simulated results show that the appropriate pre-stress

can improve the ballistic performance of ceramic, but the ballistic performance of ceramic is reduced

when the pre-stress value is greater than 112 MPa,and that there exists a best matching relationship

between the pre-stress value and the ballistic performance of the ceramics.

Keywords: ceramic armor;pre-stress ceramic; ballistic performance
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1SR IR R 2
Fig. 1 Sketches of projectile shapes

FIFH ABAQUS/EXPLICIT #t~7 1 Wi Fh o {4 3}

fEdr AR B =4k 1/2 AT BROTE Y, i 3 s, A Target
T AR AR FORS B S AR A fE e 1 Sh R

----------- ——1
ik A LR A R A X A R Projectile
0.125 mm X0, 125 mm X 0. 20 mm., SZ% H 8K L (,::’:
AR T T L AT A R o RO 2k "

I mmX1mm>X1mm, #AH5HAEER RSO Bl 2 SRR AR B E X
[X 5 [ B0 90 26 0 Sy = 4\ 2 MR ek 45 R 4) BT Fig. 2 Definition of oblique impact angle f3

C3D8R, b Y IX 3y = 475 5 sl 2k Ul 4 B 43 HA T C3D6R, iz 2 5 A T 1 XS FR s 28 0 S C3DSR,
XF T BRI S ol T SR B BT LAE L S R R EOR 0. 2.

(a) Flat-nosed projectile (b) Ogive-nosed projectile

Pl 3 AR o B fE ) LA T

Fig. 3 Numerical models for oblique impacts
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Table 1 Material constants of projectile

Density/(kg * m %) E/GPa Possion’s ratio 0o/ MPa E./GPa

7850 204 0.33 1900 15

IR ST, ©XF Q235 BT AR AT 1R/ il AN (RN A 2R NOAS ) N 7 AR A ) g 2 v el e
FFMARLE R TIEIER J-C A0 5 28 FJ R0 020, AR fa) A58 SR AR I 2K
60 = (A+Ber)(1+Clné )1 —m, T ") (2)
A0 e RGOSR T BT X IR R TR AT 1 A, R Ty = Bl e I SR 7 AR A 5 R 2R L B-W e RO AR
Sy BRI R BRI

Dy, e (14 D,lne” )(1+ D, T %) c" <0
e =1(Dy, +Dysc" Y1+ D,Ine” (1 +D,T" ) 0<s" <1/3 (3)
(D, +D,e”” Y(1+D,Ilne" )(1+D,T") c" >1/3

KA B Comy vmy B 5 FORAE SCH £ e RN S s¢* A T i N AF OB IE R B 3 e —e/e, ,
e, WEHZNAR REWERE T = (T—T,)/(T, — T Hb T b B RRE . T, WSHIRE. T,
NI Doy ~Dos S Dy~ Dy BRI ZEGo™ TR =3 E LN 0 =0, /00 e #IKIET] 0, = (01, +
02 +035) /3300 WA 1. BIESEAE IR 2, oo, SR TR ILIAES .y SR BB PR D IR 22 6 28K

2 QISWHAMERRRYEBEXSH
Table 2 Material constants for Q235 steel

Density/ (kg * m™*) E/GPa Possion’s ratio T./K T./K A/MPa
7800 200 0.33 293 1795 293.8
B/MPa n C m m, c,/(Jokgt K™
230.2 0.578 0.0652 1.762 1. 278 469
X D, D. D. D, D.
0.9 0.472 18.73 —7.805 —0.0193 13.017
D Dy, Dy, Do, & /s
2.338 0.511 —6. 80 4,047 2.1X107°

1.3 #EHERIE

B UEA W ST R FT Y Q235 S AN B J A0 0 2 K0 IE W P S0 IR L X Q235 BfARTE 8 Taylor
fi 1 S8 T A5 B A SR LI BT R R AT 15, SCER ANy ECAE R X L An & 4 R AL TR Y
TEIER) Q235 A RFAS K K 73 B A A5 70 BE 0 e ot 0 S5 6 v 590 ) A 0 250 A O B 4 R A T

(a) Model of Taylor experiment (b) 390 m/s (c) 410 m/s (d) 447 m/s
4 Q235 SR AY Taylor 18 i ST 45 31 505 B 45 B X

Fig.4 Comparison of Q235 projectiles’ fracture patterns in Taylor experiments and simulations
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(¢) Flat-nosed projectile, B=45°, v,=123.8 m/s (d) Ogive-nosed projectile, B=45°, v,=123.8 m/s
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Fig. 5 Typical oblique penetration processes of 1 mm-thick targets by two kinds of projectiles in experiments

(a) Flat-nosed projectile, f=0°, v,=137.6 m/s

(b) Flat-nosed projectile, B=15°, v,=107.0 m/s

(¢) Flat-nosed projectile, $=30°, v,=133.1 m/s

(d) Flat-nosed projectile, f=45°, v,=123.8 m/s

(e) Flat-nosed projectile, B=60°, v,=135.5 m/s

(f) Ogive-nosed projectile, B=0°, v,=120.0 m/s

(g) Ogive-nosed projectile, f=15°, v,=115.7 m/s

(h) Ogive-nosed projectile, =30°, v,=166.3 m/s

(i) Ogive-nosed projectile, B=45°, v,=156.0 m/s

6 i ELAAT B 0 AR 5 AR T 1 mom J5E 502 B B S R BT 2R 0 AR

Fig. 6 Typical oblique penetration processes of 1 mm-thick targets by two kinds of projectiles in simulations
15 ELAS 33K SR P TR 55 RHE 1 mm J5E 52 B AR A A 46 R o) - AR LRE (o) I 2R T 8T 7
71 [A) IR L 5 52 06 B PE X Y, 9 5R FH Recht-Ipson AR 7 i § s kAT /D — 45 . izl
v, =a(v! — vl €Y
s vs KR SE N BRIBE o F1 p BRI S R, 8 1005 05 FLAAT AY 454 o A B2 PO A SIR B9 40 BR
T RE R A TR L A B v e R p MM MR 3 TR . H TAE LI rh RO 3 607484 o HE A A ]
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Fig. 7 Comparison of initial velocity-residual velocity between experiments and simulations for

1 mm-thick single target obliquely impacted by two nose shape projectiles
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Table 3 Ballistic limits and other model constants for single target obliquely impacted by
flat- and ogive-nosed projectiles
Flat-nosed projectile Ogive-nosed projectile

g a P vs/(m s ) a p vs/(m s )
0° 0.95 2.68 86. 10 1. 06 1. 69 75.76
15° 0.92 1. 93 67. 04 1.01 1.93 76.75
30° 0.99 1. 61 57. 44 0.97 2.16 84.90
45° 0.99 1. 68 63. 50 1. 14 1. 48 86. 90
60° 1.18 1.51 95.91

i3 7 AT UL A R R A7 ORI S G A SR N B 7 LA E Y S Sk RN B R S o S AR
F1% 57 3 R IR B 1R 5 A B2 AR AN 18T 8 TR L 5 SR A R IR AT X b T WS R . P Sk s R o B AR
ST AR PRI AR o A 8 A 08 0 el /1N I 39 O 5 i BT IR 9 ol B A ) 9 A B i o A B Y I 2 A2 A
TR A BE T B ELAR 22 A8 TR« 3o Aol DX ) oy A A SR AR oy T R A AR A B TR E Y . B 9 XS e T
773 990 388 3ok S5 98 M5 ECARA: 64 Sk 5 R AR 56 AN ] A A R 2 o T AR 0 5l A BR L T LR O° IE 4 ol A9 25
SRR 22 5040 HUAR T B SRR T T B0 5 A BRAER OR T Sk S R A STOE B R

160
O Experiment
O Simulation
120} — Polynomial fitting
é SO\Q\@_//
40
0
0 15 30 45 60
BIC)

(a) Flat-nosed projectile

Vs5/(m-s7)

O Experiment

O Simulation
— Polynomial fitting
0 15 30 45

BIC)

(b) Ogive-nosed projectile

Pl 8 SRy A A Y A 2 3 AR 4 5O AR R 3R AR o A BE A AR AL X e

V/(m-s™)

160 —

o Flat-nosed projectile

O Ogive-nosed projectile
120} — Polynomial fitting

40

Fig. 8 Comparison of ballistic limits vs. impact angle between experiments and simulations

30
BIC*)

(b) Simulation results

60

P9 W ST 2% A s R R o BT Y S A R A S 8 5 7 B R LR

160 —
0 Flat-nosed projectile
O Ogive-nosed projectile
120+ — Polynomial fitting
T".’ o]
>
&
40
0
15 30 45 60
BIC)
(a) Experimental results
Fig. 9

Comparison of ballistic limits obtained by simulations and experiments for two nose shape

projectiles at different obliquity angles
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(b) Ogive-nosed projectile
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Fig. 10 Comparison of failure patterns of single target impacted by two nose shape projectiles

between experiment and simulation
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Fig. 11 Failure modes of single target impacted by flat-nosed projectiles at low and high velocities
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Fig. 12 Experimental and simulated angular deflection

vs. impact velocity for ogive-nosed projectiles

impacting taget at 45° oblique angle
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Fig. 13 Numerical variation of angular deflection with dimensionless velocity for flat- and ogive-nosed

projectiles obliquely perforating single target with the thickness of 1 mm
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Numerical Study of the Oblique Perforation of
Single Thin Metallic Plates

GUO Zitao,GUQO Zhao,ZHANG Wei

(1. Department of Civil Engineering »Jiujiang University ,Jiujiang 332005,China;
2. Hypervelocity Im pact Research Center  Harbin Institute of Technology ,
Harbin 150080 ,China)

Abstract; In this study,we conducted numerical simulations of the oblique perforation of single 1 mm-
thick Q235 steel plates subjected to flat- and ogive-nosed projectiles at 0° ~ 60° by invoking the
ABAQUS subroutine to introduce a modified J-C constitutive model and a modified three-section fail-
ure criterion of stress triaxiality,and examined the effects of the projectile nose shape and the obliquity
on the ballistic resistance and failure modes of the targets. We also investigated the angle-deflection of
the projectiles perforating targets and proposed a modified semi-theoretical model to describe the an-
gle-deflection laws. The results show that the target perforation by flat-nosed projectiles is easier than
that by ogive-nosed projectiles at each oblique angles;the ballistic resistance of targets is closely relat-
ed to the target damages induced by projectile impact;the target has different failure modes as impact-
ed by flat-nosed projectiles at low and high velocities in the same oblique angle respectively,while the
failure modes of single target due to impact of ogive-nosed projectiles at different angles do not show
much difference. The results of numerical simulation agree well with those of experiments.

Keywords: failure criterion;oblique impact;ballistic resistance;failure mode;angle deflection;numerical

simulation
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Table 1 Material parameters of 2A12-T4"]

Density/ Poisson’s cp/
E/GPa T./K T./K m X
(kg e m*) ratio (Jekg' * K™
2770 0.33 71.7 921 293 863 1.426 0.9
A/MPa 0./ MPa €, A, /MPa 4 w C eo/s !
400 635 0.1255 288 0.0713 0 0.001 1.11 X103
Dl DZ Di Dl D; D(; WC,/MPH
0.116 0.211 —2.172 0.012 —0.01256 13.04 150

1.2 BEMHSH

SRR L S 20 e Sk B A PR R 5 R 38CrSi A 4 M9 3 TRBE B2 (Hoe ) 2958 53, 2R FRUZk 1 A Al 452 241
HEAT A A RE 2 BRI SCHR (8 TR A R 45— B0, ANk 2 B o co M E, 4350 02 B4R} 4 Jit 1 55 2
DIty T M o I 8 O TSI AR A R ol i A R B AR A

R 2 38CrSi # il 5 #)

Table 2 Material parameters of 38CrSit*

Density/(kg * m *) Poisson’s ratio E/GPa 0, /GPa E./GPa

7850 0.33 204 1.9 15
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Fig. 2 Finite element model of Fig. 3 Residual velocity of projectile vs.
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Fig. 5 Process of ogival-nosed projectile impacting target
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Numerical Research of Influence of Attack Angle on Thin Aluminum
Alloy Plate Impacted by Ogival-Nosed Projectile

DENG Yunfei, YUAN Jiajun
(College of Aeronautical Engineering ,Civil Aviation University of China , Tianjin 300300 ,China)

Abstract: Based on the Johnson-Cook material constitutive and failure criteria, we established the models of
2A12 thin aluminum alloy plates with a thickness of 2 mm impacted by ogival-nosed projectiles using the finite
element software ABAQUS, and studied the influence of the attack angles (0°=60°) on the projectiles’ impac-
ting processes,energy change and the deformation of targets on the basis of the verification of the models and
parameters, The results show that the kinetic energy of the targets slightly increase during the impact process,
and the plastic deformation is the main form of energy dissipation;the increase of the attack angle causes the
broken area of the target to increase at first and then remain unchanged,and the shape of the hole transits
from circular to “1.”-shaped;the residual kinetic energy of the projectiles decreases with the increase of the at-
tack angle and remains stable after the attack angle reaches 45°;the ballistic limits of the targets increase first
and then decrease slightly with the attack angle.reaching the maximum when the angle was 45°.

Keywords: ogival-nosed projectilesattack angle;ballistic limit;numerical simulation
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Fig. 1 Projectile structure Fig. 2 Finite element model
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Table 1 Material parameters
Material o0/(g+cm ) E/GPa G/GPa v Constitutive model
Tungsten alloy 17. 67 354 138 0.28 Johnson-Cook
Aluminum 2.70 69 0.33 Plastic_Kinematic
921 steel 7.85 210 78 0. 30 Johnson-Cook

N T BRI ERCE R 1/4 BRI, 29 RO R TR A AL RS F0 AL gl L B E S O FOR S . $E AR FE
SR T 5E 20, BRI A 5 1 2 2. RIS RST 2 0. 1~0. 5 mom, 304 28 5 X3l 000 4% Jonn 2, G At X
BCR AR RS . A% BT R T SOLID164 H5T, S /N Y AN AR, BE AR #1528 44 34 5R H] Johnson-
Cook BRI F1 Griineisen R 28 77 B 4 iR, 915 2R ] Plastic _ Kinematic & B iR, A % m Add
Erosion, LAfEHI B BB 2 %%, 34K N #8 % ] Contact_ Automatic_Surface To_ Surface 42 filt 8 vk , B (A&
¥ 2 8] % Al Contact Eroding Surface To Surface 4 fili &3k ,

2 HWUEREDH

2.1 % PELE ¥#5—f PELE 3#XfLt

Wit — AR sF 54y B PELE #— 2 i) 3% 8
PELE #{EA7 400, A ST D 1.4 km/s, 512§ Lao} To Segmented FELE
MR JREBE SR 8 mm ., 1 28 LA 11 il o 9 J3E (o, ) 72 A it
LANE 3 FraR . AT UL LA 1 2 A, R S
[ 3 J3E 78 Ak JE A — 305 180 s 76 45 W 28 T A 2 1
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F4 Bl 1] 3R R B B KT 40 BE PELE #f, WIS
gk A EHEART L ST R AR K L, R 2 R
GER R PBE PELE M ETAES 1 R HE 2 25
Mz M) DA B 55 3 J2 555 4 R 8RR AR ik . 78
B2 ZHA B, i T4 Bt PELE B7E 38 2
[F) 1% B ST AR [ B O 4, RE A8 7E — 8 R B L R A A ik
SN 5 AR I M R B L P R LR S AR A AN AR B AR L R 4y BE PELE $U7E {2 ) 22 )2 40 0 o
MR R B A 3, M2 T, 5l 25 4 (9 PELE S7E 28 30 1 v 2 ¥E ARG , 3300 S A 4 35 i e, g DAkt
JE 2k BAR A A S, X R - 4> BE PELE 8% A& %W PELE 3, H A7 5 3 19 52 4 Bk

135

1.30

v,/(km.s™)

1.20

0 100 200 300 400 500
t/us

P 3 A gl 1) - T ] iy £

Fig. 3 Axial velocity-time curve for projectile
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Table 2 Length of unbroken PELE shell after penetration

L./mm
Projectile type
1st layer 2nd layer 3rd layer 4th layer
Segmented PELE 39.75 22.82 5.12 0
Normal PELE 31.49 8.71 0 0

2.2 HBIRIEE R4 B PELE 3828 S 30 B934 M
— Rt PELE #ft 32 29T o B0 (9 Bl 7 e A S R 5 9 AR 5 T A J5E B2 0 56 L ) 26 a5 2500 A
MY BRI IR R W B 1. 4 km/s, B R SEARJTEE H (4.5.6 1 8 mm) ., 77T B {E
o A H R 5L 4% 2 SRS e AR 1) B W o, LA R e R RK B L AN T&] 4 iR .

160 — a

301
- == lst layer — —=— st layer
9ol —— 2nd layer - —— 2nd layer

—+— 3rd layer —— 3rd layer

T@ L —v— 4th layer E 20 —v— 4th layer
:E: 80 3 -
s f 10}
40 + :74,'&/f —
0 \ .
4 5 6 7 8 9 4 5 6 7 8
H/mm H/mm
(a) Peak radial velocity (b) Length of broken PELE shell after penetration

Pl 4 S [ A JEE R 6 1T o A ) 2 i S W D 0 2R O

Fig. 4 Peak radial velocity and crushing length of shell under different thicknesses of target plate

WniE 4o Pos JBEH H B3I, 70 B PELE 5 %58 5 25 J2 #E AR A 52 7R (9 4% 1) 8 32 0 (i 52 B Jin
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Fig.5 Layer thickness effect on diameter of crater on multi-layer targets
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Fig. 7 Peak radial velocity (a) and length of broken PELE shell (b) after different velocity penetration
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Numerical Analysis of Segmented PELE Penetrating Multi-layer Target
ZHOU Jingyuan, DING Liangliang, TANG Wenhui, RAN Xianwen

(College of Liberal Arts and Sciences s National University of Defense Technology .
Changsha 410073 ,China)

Abstract; To achieve efficient damage, we simulated the penetration of segmented penetrator with
enhanced lateral effect (PELE) on the 4-layer metal target and analyzed the influence of projectile
velocity and layer thickness on the terminal effect. The results showed that the segmented PELE
projectile performed better penetration than the normal PELE projectile and the diameter of crater
produced by segmented PELE projectile was larger than that produced by its rod counterpart. When
the projectile passed through the targets,the peak radial velocity of PELE shell increases with the in-
creasing target layer thickness while the length of broken shell did not change with it. The peak radial
velocity and length of broken shell was found to increase with increasing segmented PELE projectile
velocity after penetrating the first layer and reach a maximum when the projectile velocity was
1.4 km/s after penetrating the second and third layer. After penetrating the fourth layer, the peak
radial velocity and the length of broken shell increased with increasing projectile velocity.

Keywords: penetrator with enhanced lateral effect;segmented projectile;multi-layer target; penetration
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R B rh A AR T AR /N TE SR b AR e A A B SRR Bl 7. 98 g/em®, SRR A IR B
434.93 m/s. WM B A Q235 WAL KL, WM AN 7.8 g/cm®, ffi H Johnson-Cook (J-C) 2'—‘1"]1‘%
R, HAR MBS HOL R 1, B )2 5 )2 Z 38 2 Nilson A 45 W 5% 56 28 2t Al 45 1 77 .
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(a) Particle figure (b) Grid figure

P2 R USR]

Fig. 2 Numerical simulation model

% 1 Johnson-Cook A #J#E 8! & %

Table 1 Johnson-Cook constitutive model parameters

A/ B/ . Tm/ f"o/ CV/ To/

n C m r
MPa MPa K s ! (Jekg' =K K
300 426 0.34 0.015 1.0 775 1.0 875 300 0.1

BB, S K BEIRC 1. 5 Aok ] B, i i) A1 53 5% JH de k  5X F fi) 25 K@ i Monaghan™' 42
H A )P A AR AR

R L) 434,93 m/s BYRAT SO ] 0 B EB S R AEAT TR A A . 18] 3 RO ERIE
SRR 3 SR MBI BE A R . Ca) PSR o B0 A R 11, ek v R R ) 3 T R S O
S 2 53 RS 0T 2 T T 1) B0 A D A 4 L 38 (b I 0 g B LR il i 2y, AR TR I g 38 A £
R TR0 AR T T 7 A 2 U R L SR T AR A W ) DY SR A B 5 (o) AR AT BT 25 B B M T 3 T 8 A 3 A2 0
B, 77 vh FE TS AN AR T e ZEREE SIS Bl 5 () BESE IBER B Be L A5 A 2 A B R B AR T
#EAER IR AR BRI R 2, b JE Rl S A 4k 20s 3l

(a) 0.34 us (b) 34.5 s (¢) 96.7 s (d) 182.7 s

3 CPEIE SR 3 )2 4 Jm FE AR (H A

Fig. 3 Numerical simulation of 3-layer plates impacted by hemispherical-nosed projectile

B4 25 7RSSR SPH 5 bk B (A AR 40 ik A2 v 1 2 M Al 2R B8 TE I 6T LG L T 5 38R B S AR
von Mises W JJ oA a0 . MR 4 v DIE 55 1 2 WM Y 28 350t =X 32 B2 3 =X B e L 00 2B 4 £L
] B Je L T B AR OREAE B 7 3 AR TR S S B 1) DU J 4 5K e 48 R A AR IRIE A  IR L 7 AE h g
952 RN 3 AR 0y R AU X R O AR I LA [ B A REE S T D7 e YR B R Y
Fr R, AR & B TT 2L, I SPTLLE 78 B U R A #0407 von Mises W e KL 45 2 2 ¥R AR 4%
PR FBAL Y von Mises N 7 Ho AW W2 BAR B9 K5 58 1 )2 MMl 2% IX8l™ 2F 4 SR04 258 3 24
WREH AL, HH L5 3 20 von Mises W T8/,
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(a) The first target plate (b) The second target plate (c) The third target plate

P 4 2 RRIP Sk f8 T SR 2 48 A RC(E A AL L

Fig. 4 Experiment and numerical simulation of plates impacted by hemispherical-nosed projectile

[ JE—
3.5 4.5

von Mises stress/MPa

(a) The first target plate (b) The second target plate (c) The third target plate

Bl 5 2f BRI Sk 55 & Jm RS &R AR T von Mises [ 3 B 43 A1

Fig. 5 von Mises stress distribution in metal target after hemispherical-nosed projectile penetration
K6 25t 7RO Sk i 6 mm B AR R S5 A BB L T RLE L B AR 1 R AL

22 BT VIR FH B 4 2 RS . 3 el T H 30 F e 30 50 0075 38 1% 285 R4 45 SR 1) A= 400  BERL 7
FIE AR 5 B .

Fl6 ApRRIE L 6 mm B AR S 90 0 EOE R DL L

Fig. 6 Experiment and numerical simulation of 6 mm plates impacted by hemispherical-nosed projectile
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e BRI 58 Sk f8 o7 22 SR A B B0 o SRR R T R S SR R 337,66 /s KC{ELSE AL Hp A ) R
PR 361.3 m/s. B(E 05 H 5 S50 F0 A4 0 B A AR X B2 25 0 6. 5406, 7 A 1 22 0 J IR R S v 4
B 24 S5 iE 5 SR BT R 2 AR R 22 |21 BROE 33k iU 1R A9 RO A7 e I B3 22 LS v A7 e s B
SER R BRI S0 UE T SPH B AR DL BR Sk 5 (A (R 400 4 AR A b AT R L T I R (R A L SRR
6 mm [ SRR T B PE T L 5 A R0 A BE BT 5 (L 367. 24 m/s IR R T2 )2 AR (H . 35
BH 22 J22 B 1Y 75 4 E e T L AR 4 Bl B fE

3 FIKLEEKEA AR E WX L7 R

N T AP AR R A S R R A JEE JRE 8 BT AR 1R Y R KL SR SPH O i % HiAl 6 R T2
L3R 2) B A AR BEAT AL 1 G H R 4 2R L 7.

x2 6MARIRNEBEER TR

Table 2 Six different conditions of metal target board sizes

Example Number of layers Total thickness/mm  Body velocity/(m * s~ ")
1 1 3 500
2 3 3 500
3 1 9 500
4 3 9 500
5 1 12 500
6 3 12 500

3 mm, single layer 3 mm, the first layer 3 mm, the second layer 3 mm, the third layer

9 mm, single layer 9 mm, the first layer 9 mm, the second layer 9 mm, the third layer

<>

12 mm, single layer 12 mm, the first layer 12 mm, the second layer 12 mm, the third layer

7 6 Fh LU 4 B SR AR BR IR 3k R A0 B 5 0 0

Fig. 7 Damage in other 6 different target plates after impacted by hemispherical-nosed projectile

8 19 FIEL 10 4350 kg2 BROE 83K 42450 3.9 1 12 mm JE 09 3 J2 4RHRN 45 J5 B0 )53 0 Al aod 2 o, B
A BE ) AR AR L

055102-6



%32 4% SRUE R AR T SPH Y2 JZ2 MM 5K K TR 11 Y B R A AL %5 W

200 500
500 © 9 mm, single layer target plate
© 3 mm, single layer target plate * 9 mm, three-layer target plate
498 * 3 mm, three-layer target plate 490 | ®
®
496+ .
:; - 480 >
g 494 e & .
< S 470t °,
021 ° . .
o L . o o
490! .. 460 '.oocoooo
o ttCctrsesccscecersonns * . 2 %% 5 & e
488 ., 990900000000000000000000 450 . . .
0 20 40 60 80 100 120 0 50 100 150
t/us t/us
8 FUMJE RN 3 mm Bt g fA H B AR fh s B9 $EAUREE R 9 mm A 54 g B AR L # 3
Fig. 8 Missile velocity variation trend Fig. 9 Missile velocity variation trend
for 3 mm target plate for 9 mm target plate

WIS T B BRI N 3 mm B
SRR 1) T A I (L 52 2 00 1 ) A S 15 89 ® 12 mm. singlelaer arget plate
BRISERES O mm O, B AUAR (R AR A L 202 490
AR 0 R0 A% (K AR I 0 12 mom LML o)

0T 1 A L 2 2 0B 0 R A O (A K .

T R T LR S R Rk £,

BRI . 3L TR Al BN R 200 .

UEAR A T S AR Y RJRIE LA R AT 5 s v el

WRHC 2 AR B 37 ) 38 2 R —E | | |

AL » 22 J2 6 B 2052 AR 403 47 B 1 3 5 4 0 0 50 100 150

B 5L 5 H B 22 2 0 K 42 90 0 B 5 s

JLF AR B 10 BRI Sy 12 mom B 3R4A S A Al e #
B BT 45 100 BE 7 32 B R P T A B 45 A 5 Fig. 10 Missile velocity variation trend

BT 19 KRB %6 L BRI e/ L 43 R 8 for 12 mm target plate

B 45 ) 555 PRI G SR 2 IR AR L AR A A

P 5 A9 JSE 38 30 DRI 7 2 00 A0 Al 445 R 5 B S R RN AL SR B T e ol 90 4 A 22 T R B A )
KA S A O o TR G J2= 2 4 e LR A R e 5 25 B 14 V82 88 004 R 31— S8 A U o o T T 2 3 O
ol 9 S ST /0N TR 22 J23 0 B0 22 1) 2R AR s AR SR g AR AR

4 &5 ®

K H SPH J7 3%t 2 35k S AT 5 488 o 4 A 1) o) R R AT BB S AL, BE 9T 1 AR )= SR AN Al R B X B AR D)
FEE )52 e B L A AT T 22 )2 AR R L 2 B AR 1 2 s R B A g

(1) JE S s 5 SPH Jy bk BB A SR 1Y 25 R L B00E 05 -5 52 50 BT 45 1% 0 4 8 2 ) A X
WRZEN 6,54 % RILWH ZRIAFAEARGF 19— 350Me B0 0F T ARWFSY SPH Jy vk 76 155 H00 38 44 o 99 A ) & I
YA R .

(2) SRH SPH J5 & BUE AL 3k Sk AR 2 00 99 AR i 2 72, 159 10 5 S0 00 A — B0 4598, RV AR 9 3
BRI Y U0 5 | ke i) 8 = R 1T 22 28 A Al 2 ARk X o R R Y T A T AR ) S 1y i S [
AP & BLEE 2 JZ2 A9 von Mises W 1 Fx K565 3 J2 Y von Mises W 1 /N,
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Numerical Simulation of Anti-Penetration of Laminated Steel Plate
by Hemispherical-Nosed Projectile Using SPH

QIANG Hongfu,SUN Xinya, WANG Guang,CHEN Fuzhen,
SHI Chao, HUANG Quanzhang

(Rocket Army Engineering University ,Xi'an 710025,China)

Abstract; With the wide application of high strength and high impact-resistant steel structures in armor
protection of armor, arsenal protective doors and other military facilities,the impact-resistant proper-
ties of steel structures become a major focus and hot spot in defense research. In this paper,we simula-
ted the process of hemispherical-nosed projectile penetration through a multilayer steel plate using
smooth particle hydrodynamics, compared its results with those from experiment, and analyzed the
failure form of the steel plate after being penetrated by hemispherical-nosed projectile, thereby obtai-
ning the von Mises stress distribution and the residual velocity for the hemispherical-nosed projectile
and verifying the effectiveness of SPH in the study of the steel plate penetration by a hemispherical-
nosed projectile. We investigated the influence of the number of target plates and the thickness of the
steel body on the target’s penetration-resistant performance using numerical simulation. The results
show that the protective strength of the single-layer steel plate is stronger than that of the multi-layer
steel plate with a 3 mm thickness;that when the thickness is 9 mm,the multi-layer steel plate has a
better protective capability than the single-layer steel plate;and that when the thickness is 12 mm,the
multi-layer steel plate and the single-layer steel plate have similar protective strength.

Keywords: metal target plate;target structure;penetration; SPH
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55 SRR AR L i 3 5 AT AR A0 L 45 4 S Y Al ) o R v iR R AR 2 ) B R B A i &
2% o [A) s 32 3 o o S R L NS A L9 A DL R LR RS S DR R A 3[R B2 L SR T H R A Y AR DG AR TE R
DX 36 52 W) PR 38 AT R A T B BIESE o AR 50 SR L BC(ELBE 40 5 125 el S 9 o 308 g i 8 A ) A7 R
JUREIL  BIF S v SR o il R AL A5 G R R TR BT S RE ) L 2R TS s R b o R LA S AR LS AT AL
A AL TR] B A5 R 3206 B 3 RE T 1 2R L 32 B DR R PR A T E |l A A RE R TR R SR A A

1 HEHER

1.1 #MRERGER

SR A IR 4 Jm AR b i TR A R AR F N A TR A BR T A3 B LS-DYNA (Version 971)
S ST SRA G LG R < AR 0 AR L A R AR 5 SR B (Secure 500 HHS) #EAR IR SOLID164
S AR BT AT R 43 . 2R Johnson-Cook 7S #4) 455 #Y 1 45 45 #5% # (Material Type 15) LA & Griineisen &
A7 PRASLALL AR AR AR ) A8 B 5 2R AL

Johnson-Cook #i#1M FIRANF

6=(A+Be")(1+Clne,HA—T"") (D
P o XY AR AN BT A RO T 5 A R IR S s Bun S AR BE AR R B s e SR AR ROIBAE N AE 5 C
HN B RUR R e =e/eo WML R, Hih e, WS HRNER m HIHEBUEEREGT Hih
WIWE T =T —T)/(To — T Hrf Ty AR T I RHE IR
Johnson-Cook #i #3441 T
e =[D, + Dyexp(Dss" ) ](1 4+ Dlne; )1 +D;T") (2
o' =plo=—q (3
K cer NRHNAE Dy ~Ds HRBEE Gy NN =5, p WK,

AR RL 1R B A A 4T SRR R B Secure 500 i B AR AT HAR A R S5O0 1. H b o
NERE G B VIR o, FEE IS . I, S, ~S, b et I I -k o BE il 4R R R R AL
N Griineisen &%,

R1 BAEH Secure 500 5 32 R (944 B 5 gyrlo 1]

Table 1 Material model parameters for tungsten alloy and Secure 500 high hardness steel (HHS)C® !

Material o/(g*cm *) G/GPa A/MPa B/MPa n C m
Tungsten alloy 17.70 160 631 1258 0.092 0.014 0.94
Secure 500 HHS 7.85 80 1200 1580 0.175 0. 004 1. 00

Material &/ (Jeg '+ K™ T./K T,/K e /s ! D, D, D,
Tungsten alloy 0.134 1723 293 1.0 0.0 0. 04 0.63
Secure 500 HHS 0.450 1800 300 0.0001 0.1 0.4 —1.3

Material ¢/(mes™H) D, D; S, S, S; Yo
Tungsten alloy 4029 0.0 0.0 1. 237 0.0 0.0 1.54
Secure 500 HHS 4570 0.05 0.0 1. 730 0.0 0.0 1.67

1.2 g

AR AT B AR R i B Al Eh DU [ SR L2 R e BB B LS T R SR RO AL B BT L BT OR . SRR A
P53 E o, £ 100~1000 m/s JEE A S FAAE 0°~75° X a] . B B 28 FL45 40 55 B AR =22 ) A 5 50 B 10
1R 4 I S5O L34 [T i

WA D=10.8 mm, MK L=52 mm(L/D=4.81),Fi N 64 g, FLE5HI%EH i 300 mm X
300 mm X 6 mm AR AR  H i 2 B HE B AR Z R AL, fLAR d 28 5. 4~10. 8 mm, fLIHFE s 2y 10. 5~
22.5 mm, FEM ] R 300 mm X 300 mm X 20 mm, % & F| 5L FR T 82 N A s R whds A7 & 0 BE AL B
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Fig. 1 Perforated plate impacted by projectile Fig. 2 Hole size and 5 typical hitting positions
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(a) Experimental target® (b) Numerical target
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Fig. 3 Failure modes of perforated plates after penetration
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Fig. 4 Comparison of numerical simulations and experimental results
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Fig. 5 Velocity-time curves of projectiles

at different hitting positions
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Numerical Study on Ballistic Resistance of Metal

Perforated Armor to Projectile Impact
QIN Qinghua'*,CUI Tianning',SHI Qian',JIN Yongxi*,ZHANG Jianxun'

(1. State Key Laboratory for Strength and Vibration of Mechanical Structures ,
Shaanxi Engineering Laboratory for Vibration Control of Aerospace Structures ,
School of Aerospace s Xi'an Jiaotong University , Xi'an 710049 ,China;

2. Science and Technology on Transient Im pact Laboratory ,No. 208 Research Institute of
China Ordnance Industries ,Beijing 102202 ,China)

Abstract; In this paper,we numerically studied the ballistic resistance of the metal perforated armor to
the high-velocity projectile,and analyzed in detail the effects of various factors on its ballistic resist-
ance,including the impact velocity, the oblique angle, the hitting location and the size of holes. The
results showed that the effect of hitting position decreases with the increase of the impact velocity near
the ballistic limit. Both the normal impact at the asymmetric hitting position and the oblique impact at
the symmetric hitting position result in the projectile yaw. The residual velocity of the projectile and
the penetration depth decrease dramatically as the oblique angle is larger than 45°, and furthermore,
the ricochet appears as the oblique angle is larger than 65°.

Keywords: metallic perforated armor;high-velocity impact;penetration;perforation;ballistic limit
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Fig. 7 Testing results of pressure
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Experimental Research on Armor Penetration Aftereffect Produced
by Depleted Uranium Alloys Liner Shaped Charge

GONG Bailin,CHU Zhe, WANG Changli,
LI Ming, WU Haijun,KE Ming

(North West Institute of Nuclear Technology ,Xi'an 710024 ,China)

Abstract: In order to investigate the armor penetration aftereffect of depleted uranium alloys liner,

a series of aftereffect experiments are conducted using depleted uranium-Ni alloys liner. The results

show that,a high-speed and high-temperature flaming grain bundle is formed after depleted uranium

alloys jet penetrating the steel stick,and the fire ball has great incendiary power. Pressure of the inside

space barely change after depleted uranium alloys jet penetrating the closed armor target, but the

temperature of the location towards shaped charge jet has increased 15 C in 0. 2 s, and the whole

temperature of the armor target has increased 2.5 ‘C eventually.

Keywords: depleted uranium alloys;armor penetration;incendiary power;aftereffect
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2 A SO 25 B S Euler WIAS , SEAR A 1A E SUN Lagrange WA, 6 FH 24 B ALE J7 350 B4
SNT T AR S5 TE BSOS I B A R AE . B AR /T A5 S T A PO A%, R S 9T 4 T DX 3l 4 DU ) A ) R
U Rt e R R SR A NS WU N 5 7 R i el e MBS W AN N ST N N S B 3 B
o AN R D) 3 010 S0 A 3 SRy RO B /N 4 o i FH RS 1% 5 06 00 43 A SR BB BRAR A A5 R . R AR DY
=R Tt 0 JE A A

Air Explosive Liner

oooooooooo

Bl 1 gty s ZE
Fig. 1 Schematic structure of shaped charge
1.2 MRERERESARE
YEZ5 % B ¥E25 (RDX.TNT HBih 6 = 4,2k MAT_HIGH_EXPLOSIVE_BURN ## fil EOS
JJWL RSy e

_ _ @ _ _ @
p—A(l Rlvjcxp( Rlv)+B(1 R.o

K p WEESEIE ) e ML LLNAE o AT LA . BARSHILE 1.

]cxp<—sz>+% (D

®1 BHEHITESHY

Table 1 Material performance parameters of composition B

o/(g*cm *) D/(me+s ') pog/GPa A/GPa B/GPa R, R, ) E,/GPa V,
1.713 7500 28.6 524.2 7.678 4.2 1.1 0. 34 8.499 1.0

2 R 8 Bk F 54 L SRl MAT_Steinberg # MR ALFI EOS_Griineisen JR 45 7 #2H
pe (15 )]

[1—(51—1>,x—sz

b= ;0 +aE (2

% s, ]
pt1 7 Gt D

K E ANANRFINGE 500 AMBIAIIREE C M u. 5 w, WM S.S, F1Ss S u-u, MZREPR
B 37, N Griimeisen &%,a Xy, FMEIE, p=1/V)—1,V AHAs AR, BIESHILE 2,
x2 HBEFESH

Table 2 Material performance parameters of linert'>

o/(g+em™)  Go/GPa  6,/GPa T, /K C/(m«+s 1) Sy A B n a
8.96 47.7 0.12 1790 3940 1.49 63.5 36 0.45 1.5

FEARBE I = 5 EE AN 30CrMnSiNi2 AN bk 52 0 AR R AL B, P Wi R S HCR D, =0. 25,D, =
D,=D,=D,=0""_, XM MAT_Johnson-Cook # EH& I Fl EOS_Griineisen R J5 FE , 0] LLAR 47 b 4
T 4 JB AR KA I |8 AR R R R R AR T AR AT . BARS B AR 3. A A Ik A R i
B, T S It 1 0 ae A v S A A I A R R R R AR A LT AR 1 A B S R AN DU
K% S ., RABMEMIIBE MAT PLASTIC KINEMATIC, HAkS%0l3% 4,
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% 3 30CrMnSiNi2A it E S #
Table 3 Material performance parameters of 30CrMnSiNi2A

A/MPa  B/MPa n C m T./K T,/K S, Yo a
1280 420 0.30 0.03 1.00 1793 294 1.49 2.17 0.46
XFFZ2 A ALE Bk & o 75 87 3 5 B A S 0 0% 5L HE 24 98 2230 1B A 25 AR A% L IFAE s Ty
AL IR T i RS R e R R A B g, A ORI MAT_Null AOBHEE R R 287 18 8
2t 2 1=t

p:C(>+C1ﬂ—~_’_C2ﬂZ+C3/J%+(C4 +C3/1+C6/12)E (3)
K= C0/p) —1,Co .C .Cy .Cy \C, .Cs M Cy 5238 32 18X 55 5 5 19 5 50, Eo R SR AR BN BB 00 4R 1 .
X‘j‘ﬂ:%%:cozclzczzcszcczoo E‘&k%ﬁﬁﬂ%@ 5 BTN

x4 WMETESHD x5 ZEHHTESH
Table 4 Material performance parameters of steel platet' Table S Material performance parameters of air
/(g cm ) E/GPa 7 o./MPa o/(mg+cm *) C, Cs E,/(MJ+m?*) Vrel
7.85 207 0.30 600 1. 293 0.4 0.4 0.25 1.0

2 WEBEWORLIRZIT
2.1 RHRITEF K FERIEIT

2R B R A ZERY N 1 I AT U L £6 EFEHESEFAIE
Ao  BEL b B H M EHEE B L0 2/ H 4 A4 Table 6 Orthogonal table
W B B 07 P 2. 4 WK FIRIHE — 3 T bmm Himm A H %
W 6. 1 30 3.8 60 30
HR P S50 7 ik 6 6 Y 4 F 3 K, 2 36 1.6 70 50
W AT 81 AL, LMK, H EFE T R 3 44 5.4 80 70

IFE] AT 0 T3 R AN 2 5y 1 2 45 TN X
SRR RE R R o PR SR IR AT vk T A BRIC 20 A B4 LS-DYNA it i 9 M EUE T
T AN TR I 5T R ORI B X /N AR AN B R 1 B AT DAL L A5 B B2 o AR O T BE 1Y

IR T I ¥ el S 25 7 A R L 81 o U S8 G 0 Sk 0 VOB R L Sk
I3 24 RS ) U 2 5 7 5 o0 BEAE o R . R 1SR RE TR SRR R R B R R L 0
CAE 2 vxo s By ARG A 8907 57 5 B0E BT 1 A SR B3 L R I A2 B Oy 12245 2 5 e
RE MK TR,

®7 EXFRETSHELER

Table 7 Orthogonal design and calculation result

No. o/(°)  b/mm H/mm heH'/% V/(m+s ') L/mm
1 30 3.8 60 30 2807 25
2 30 4.6 70 50 2469 70
3 30 5.4 80 70 2488 70
4 36 3.8 70 70 2297 45
S 36 4.6 80 30 2804 70
6 36 5.4 60 50 2871 90
7 44 3.8 80 30 2834 40
8 44 4.6 60 70 2470 55
9 44 5.4 70 50 2508 70
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2.2 IRBXRESH
MNFR 7 HTC T A A% TR R N S I R Y S ) R X R B AT TC R AN A AL B, VORI L R
NZEFIACE Y, K a by JH A/ H 4 DR RBOY L FFS 0 E X, WIILEFS) X, MZEFH Y,
Fik R
X, = (&, (1) 2, (2) s+, (B)) i=1,2,3,4 €Y
Y, = (y;(1),y;(2),+,y; (k) j=1,2 (5
APk AREARECR R 9 FOARRI TS T &P B AL G — A BUE B AR ZEBOR
PRIt Sy DR iE 8 A BIF 5T 43 A 9 HE B P, 55 8 2 78 07 91 5 L 0T 91 B0 e Ak Sy TR] 4 B Y O o A9 RN
(WL 8) eI 0

X = X D) a (D) e (9)) i—1.2.3.4 6)
.Y , , » .
Y o= () (2 ey (9 j=1.2 n

R8 TENLULNSERFISLLERF T

Table 8 Dimensionless reference sequence and comparison sequence

No. X, X, X, X, Y, Y,
1 1 1 1 1 1 1
2 1 1.211 1.1667  1.6667  0.8796 2.8
3 1 1.421 1.3333  2.3333  0.8864 2.8
4 1.2 1 1.1667  2.3333  0.8183 1.8
5 1.2 1.211 1.3333 1 1.0003 2.8
6 1.2 1. 421 1 1.6667  1.0228 3.6
7 1. 467 1 1.3333 1 1.009 6 1.6
8 1. 467 1.211 1 2.3333  0.8799 2.2
9 1.467 1.421 1.1667  1.6667  0.8935 2.8

%UFH(S):—&[”]
min min | y; (k) — x; (k)
B o= 0. 15T 46 2019 5% 1 91 15 WO I 91 0 D606 2R 0 ) () SRR M 48 80 00 R BIR A (9) 3017

+ p max max | y; (k) — x; (k)
i k

+ o max max | y; (k) — x; (k)
i k

75(/@):%255(/6) kzlaZa""IG;l:1929334;]:132 (9)
8050 T % 1 55 W 91 06 06 6 10126 0 T £ REBEEE
S8BT XA MR L B AR A0 LT 910 (0. 554, Table 5 Grey correlation matrix
0.755) X 5 i Sk 40 e 0 L 91 5 8 kN e
Ty 21 2 >y aMi_I‘j%r%%m‘U#JMT‘F*%?E@W B I sequence o b, H hoe H!

Vo R S IS R R 52 24 R B U B R A S AR, X SR v, 0.528 0.475 0.554 0.373
KF R LB LB KON EF & o > x> > 1] LLH) L 0.740 0.714 0.755 0.579

T S 0 S5 I 118 3 S DR 3R 2 2 R 5 vy B R A A U

HRAE SCHRL18-200, HAT & B 45 0 B3, A4 BB B BUIE W M B JE S5 0. b L4 Al o B 267 ~52° (A 7
ZHN 2°)  BEJR by ALY 3. 4~6.2 mm (R 7 SN 0. 4 mm) , 2GR E S A H 7E60~85 mm
N CREFP 7 2838 5 mm) , FAERE & B L]/ H OB 30 %6 ~70 % CRER T 227284k 500, 73 S 58 4%
2O DUHE B8 BT 5 It 1 2R 1 5 il R
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2.3 WEEL#EROEMN

L A A T S A AR KA A — Y TR PN S R B A L R R 080N T L A A A )
ShmtaE 2 A KRR . ot LHEA R Z e, BUEEIE 6, O 5 mm, AR E S E N 70 mm, b
B e 50 %0 0 BAE A OR TR L AE A T RO AR B M. B’ 2 R Bl gh i T REZG R RS 54 ps
s S5 38 Sk 08 T R R W 2 I B O A R
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Fig. 2 Variation of double cone liner jet parameters with the upper cone angle
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Fig. 3 Variation of double cone liner jet parameters with the thickness of liner
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I, S O Sk R R RIS 1 13, 4060 B BEJREAG I, 2 5 AU U A 24 B 5 3 0 S5 3 4 A i )
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Fig.4 Variation of double cone liner jet parameters with the height of the liner
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Fig. 5 Variation of double cone liner jet parameters with the proportion of the upper cone cover
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3 HEEMLERSSMITIE

3.1 SimmEXT R
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R R R B 4000 . 5B R A5 AL R AT 08 L, Bk R 24 A BRI BT 1R L 2 B R R e E R
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Fig. 6 Forming of double cone liner jet
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Fig.7 Forming of single cone liner jet
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065105-7



% 6 wmoOE o # ¥ iR 532 %

(a) Double cone liner (b) Single cone liner
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Fig. 8 Result diagrams of two kinds of jet penetrating target plate
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Optimum Design of Annular Double Done Shaped Charge Structure
LIU Hongjie' , WANG Weili* , MIAO Run', WU Shiyong®

(1. Coastal Defense College s Naval Aeronautical University ,Yantai 264001 ,China;
2.Academy of Weapons Engineering » Naval Engineering University sWuhan 432032 ,China;
3. Basic Department s Naval Aeronautical University ,Yantai 264001 ,China)

Abstract; There is accumulation in the middle of the jets formed by the single cone liner in the annular
shaped charge structure,and the length of the jet is limited before the fracture. The jet of the double
cone liner takes both the high head speed formed by upper small angle cone liner and increscent
effective mass of the jet formed by the lower cone liner. Therefore, the jet is more slender with high
head speed and it is not easy to break. Based on the annular cutting shaped charge warhead, the
influence of the upper cone size, the proportion of the upper cone cover,the mask height and the wall
thickness of the liner on the penetration capability of jet is considered. It is concluded that the upper
cone angle has the greatest influence on the jet molding. By comparison, when the top cone cover is
34°, the proportion of top cone is 40 % ,the height of the liner is 70 mm and the wall thickness of the
liner is 5 mm,the jet head can fly steadily in the air with a high speed. Compared with the single cone
liner structure,the jet formed by the double cone liner is long and slender,and has long flight time in
the air,its penetration capability is greater than that of the single cone jet.

Keywords: tandem warhead;annular double cone liner;orthogonal design;numerical simulation
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Fig. 1 Schematic presentation in cross-section of three types of linear shaped charge structures (Unit: mm)
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Table 1 Material model and equation of state parameters of W,Cu, Al

Material p/(g+cm *) Y C/(me+s™H S, S,/(mes ) E/GPa Y/GPa
W 17. 20 1. 54 4020 1.237 0 160.0 2.200
Cu 8.90 2.00 3960 1. 497 0 46. 4 0.120
Al 2.78 0. 26 610 1. 000 0 64.1 0. 089

PL HMX R R0 B e 25 %8 ] High-Explosive-Burn Bl JWL AR 25 7 8, 1% 5 T2 68K 0 Hb 45
IR EFEY AR E ) RE R SRR KRR SRR 2,

R2 ERGHMHSHED

Table 2 Material parameters of main explosive ®’

p/(g . Cmig) AJWL/GPa B_]WL/GPH R1 Rz w D/(m M 571)
1.72 374 3.300 4.5 0.95 0.3 8930

2.3 HEMEERSSH
2.3.1 HBEIZIASH

P 3 2 4% Sl g 24 T 8.2 IS5 7 W) s g 2 L A B M H AR eI R S OB R T Al Bly 24 74 58
L AR AR AR () (4 Ak A 07 2T A 24 10 B TR P R R 32 T 1

p/GPa p/GPa p/GPa p/GPa p/GPa
0.231 0.228 0.257 0.282 0.317
0.205 0.203 0.231 0.251 0.280
-0.180 -0.178 -0.205 -0.220 -0.242
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HO.IOS HO.103 WO.IQB H—0.127 "—0.130
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- 0.052 -0.053 -0.077 -0.065 -0.055
0.026 0.028 0.051 0.034. 0.018

0 [0.003 0.026 0.003 —0.019

- —0.025 -—0.022 -0 -5 —0.028 -—0.057

(a) Cu-Wedge (b) Cu-Plane (c) Al-Cu (d) Cu-Cu (e) W-Cu

B3 BEMAGREZEETYILT ZE (=5 ps)
Fig.3 Pressure contour diagram of detonation product for each structural liner (z=5 ps)
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Fig.4 Jet shape at 16 ps
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Table 3 Parameters of liner shaped charge jet

formed by various structural liners
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Fig. 7 Velocity trends of jet formation

in five types of liner structures
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Numerical Simulation of the Effect of Auxiliary Liner Material
on the Performance of Linear Shaped Charge Jet

SUN Jianjun, LI Rujiang, YANG Yue, WAN Qinghua,
ZHANG Ming.SUN Miao, LI Yang

(School of Environment and Saftey Engineering , North University of China ,
Taiyuan 030051,China)

Abstract; To improve the performance of linear shaped charge jet, this study applies the truncated and
auxiliary liner structure to the linear shaped charge. The three-dimensional finite element analysis
software (LS-DYNA) was used to simulate the linear shaped charge jet formed with copper as the
main liner and Al, Cu and W as auxiliary liner. At the same time, comparison between the formed
linear shaped charge jet and the traditional jet is performed, indicating that the jet formed by the
truncated and auxiliary liner structure has better performance. With the increase of the density and
hardness of the auxiliary liner material, the jet’s ductility, speed and effective mass are improved and
all of them are superior to the traditional wedge cover structure. Compared with the conventional
wedge cover structure,the speed and the effective length of the jet utilizing W as the auxiliary material
increase about 25. 9% and 145 % ,respectively.

Keywords:linear shaped charge;auxiliary liner;linear shaped charge jet;numerical simulation
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1 S Eon
Fig. 1 Schematic diagram of experimental apparatus
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B2 gy 7 AE BE RN 3 4 BRI 9 A

S AL DL A ROV T RN % HY RS St ) Sk B 4 ST Cter
MAEbR R, #E M B.C.D.O.E.F.G.H 5 A iz T m e T

I 4 B 85 43 91 2 20,40, 80, 120, 160, 200, 220 FI

240 mm, BSR4 SR S 2 VOB RN % 240 mm

X G AR R B . TR s B2 2 R 2

K EEE RIS M FI S 06 A , B R 43 325 Fig. 2 Impact point position in upper reactive armor
FLCRIE 2 v B.C.OF .G AT 525,
1.3 XWER

&3 0 SR RO AR A S50 % . X ER T 3 T DA B Sk MR AN [ 5 A Ak S S X R AR AU
FRBILIER 25 . #E8 B.C.O.F.G &R 5354 47. 5.44. 8,30, 6.16. 2 F139. 5 mm, C.
O.F 55 B SZ A 4350 20,100 A1 180 mm , A A9 28 TR MR 43590 0 5.7 %6 .35. 6 %0 Al 65. 9%
UL AR SER T 5 L AT VIR RN 2 H R 2k BF 22 1] 9 55 25 i 80078 2 IS it (A A0 B 0 A2 31 1 T Pt i
K, HAE G RAEAR R BIR /N, R0 ,G A5 B siEFE 200 mm, {HZE R FEIRAL 16. 820G miAH#K
T F s S RTEH N2 143, 850 3k S 1 T G A5 3T s I 2 WY 00 5, 32 30 300 S 2800 1) 52 1)

(b C © O dF )G
B3 S AR A S 56 A ) S 50 A R

Fig.3 Recovered witness targets penetrated by jet
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iz LS-DYNA F& 5 i) Lagrangian 53  ARMERELHE S5 00 A9 T8 B B A AR 13 A . Oy b A1), 4
BHE AR ] ALE(Arbitrary Lagrange-Euler) B3, )X W 2% IR [l Lagrangian B3k, eSS AR GE2E 24
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LI TH-2 B AE LR R TWL K25 77 B 0 i Fig. 1 Simulation model
PORHR BB HGA, L E BB RO E 2, 3P A B s
Ry R Fl @ R KEZ5 (M 580 AR,

B HMX 3 3 1 (9 92 J2 KE 25 5% 7 3 98 P 485 8 (Elastic-Plastic-Hydro) L & & 5 1 Kk 25 7 32
(Ignition-Growth-of-Reaction-in-He) i it , M B S H UL R 3, Hopr . T A6 K S B SEG6 G,
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FURGE o T BRI KR S RGN T @ B REZ5R 5K b e o IR B Ja ok i B O A 6 2805 d
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Table 1 Material parameters of copper and 603 steel

Air

Material o/(ge+cm ?) E,/GPa o Ajc/MPa By ¢/MPa Cic n m
Copper 8. 96 124 0. 34 100 300 0.025 0.31 1.09
603 steel 7. 80 210 0.22 792 180 0.016 0.12 1.00

R2 FERUMHMHSH

Table 2 Parameters of main explosive

p/(g * cmfg) AJWL/GPH BJWL/GPH Rl Rz w v/(km * Sil)

1.72 374 3.3 4.5 0.95 0.3 8.93

R3 REXAHMBSEH

Table 3 Parameters of confined-explosive

o/(g+cm *) pey/GPa I/ps™t G /(us*GPa ')  ou/(kmes ') a b c
1.72 27 4. 410" 310 6. 93 0 0. 667 0. 667
Aigmax /(M * 57 Agiima/ (M e 571 Az /(m e s ') Gy/(ps e GPa™') d g v z
0.3 0.5 0 4.0Xx10* 0.111 1.0 1.0 2.0

2.3 EATEEY

3 RIAE DL 3] T SR R 24 5 I A TR B R LA R SR AE VIR B iy e R AN TR SRR AL Y
(R R ARAT T SRS U S AR IR B

K5 R T t=92 ps WA SRS SR CE TSR AT 2 B9 T4, FTLAE H 0 =92 ps WF, GF i oh i B2
B0 26 FY 3 AT J2 B0 268 B R 5 | 48R T AR S ¥ A0 2 S R 257 i O B R T SR R 5 A S ™ v T A LA
Ko Jm e i b i A R B0 80 B9 RO AL 893 B 7 1) AN TR — AR b, RO K AR N ) 5 2 T X A
WA DIEIE R
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Fig.5 Disturbance of upper reactive armor to jet (=92 ps)
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Fig. 6 Disturbance of lower reactive armor to jet (¢=140 ps)
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Velocity/ Velocity/ Velocity/ Velocity/ Velocity/
(km-s™) (km-s™) (km-s™) (km-s™) (km-s™)

1.938 2.052 1.967 2.281 2473
1.746 1.847 [ 1.771 [ 2.053 [ 2.226
- 1.552 - 1.642 - 1.575 - 1.826 - 1.980
- 1.358 - 1.438 - 1.379 - 1.599 -1.733
1.165 1.233 1.184 1.371 1.487
0.972 1.029 0.988 1.144 1.240
0.779 0.824 0.792 0.917 0.994
0.586 0.620 0.596 0.690 0.747
0.392 0.415 0.400 0.462 0.501
0.199 0.210 0.204 0.235 0.255
- 0.006 - 0.006 - 0.008 | - 0.008 ) - 0.008
(a)A (b)B ©C (dD (0

Velocity/ Velocity/ Velocity/ Velocity/

(km-s™) (km-s™) (km-s™) (km-s™)

2.196 2.249 2.740 3.228

[ 1.977 [ 2025 [ 2468 [ 2,006

- 1.758 - 1.800 L 2.195 - 2.584
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1.321 1.352 1.650 1.939

1.102 1.128 1.377 1.617

0.884: 0.903 ﬂ 1.105 1.295

0.665 0.679 0.832 0.973

0.446 0.455 0.560 0.651

0.227 0.230 0.287 0.328

- 0.009 L 0.006 L 0.015 - 0.006

HE @F h G i H
&7 AN[E) 5 AE AL S S T EE T (0= 140 ps)

Fig. 7 Velocity profiles of the middle and rear of the jet at different impact points (=140 ps)
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Fig. 8 Simulated witness targets penetrated by jet
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Table 4 Penetration depth of jet at different impact points

Penetration depth/mm Penetration depth/ mm Penetration depth/ mm
Impact point Impact point Impact point
Exp. Sim. Exp. Sim. Exp. Sim.
A 50.0 D 38.1 F 16. 2 17.5
B 47.5 44.0 O 30. 6 32.4 G 39.5 35.6
C 44. 8 40. 4 E 25.3 H 44. 4
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Effect of Impact Point Position on V-Shaped Reactive Armor Disturbing Jet

WU Peng, LI Rujiang, RUAN Guangguang.ZHOU Jie, LEI Wei, NIE Pengsong,
SHI Junlei, YU Jinsheng,LL1 You,ZHAO Haiping

(School o f Environmental and Safety Engineering s North University of China .
Taiyuan 030051,China)

Abstract: In this work we simulated the process of the jet penetrating into a target with a V-shaped reactive

armor using the three dimensional finite element code (LS-DYNA) ,and performed the corresponding experi-

ment to study the effect of the impact point position on the jet. The numerical simulation results are in good

agreement with the experimental data. The results show that the disturbance degree of the jet was obviously

different when the impact point was positioned differently. With the increase of the distance between the

impact point and the bottom in the center line of the V-shaped reactive armor, the penetration depth of the jet

in the witness target exhibits a tendency to decrease first and then increase. When the distance between the

impact point and the top of the V-shaped reactive armor is 6. 25 times that of the jet diameter, the penetration

depth is minimum and the protective capability at this point is optimal. Moreover, the protective capability of

the top is superior to that of the bottom.

Keywords: V-shaped reactive armor;center line;impact point;jet
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S UL 5 7 2 R A 1 P o R S — A e Al A R V5 R B R AR T A i AR T A R Rk e
SR8 T U T B, S R AR K R S O ke R 114 £ ) 4 2 A A R R AE TSR L Euler
P A% AR T ALE B33 B v o IR SR 5T ™ F W AR 5 R 1 B0 T AR TR U SR S B U R A 1 B S A AT
PG, T2 25 G RVE 25K 3 FAFRER A Euler WA AR T 15 8 29 i ALE 53, 5O % HORHE AR
H Lagrange W% A5 S AR I A2 v Jin vt Bk 24 SRR TG B 58 301 5 2% A 4% L 22 T R & 53 1%

EAEMCE A2 B AR 80 mm, JEEEN 1 mm SR TSI, 36 24 /&5 B2 04 100 mm ;2 7 % HY A T
B L 2 K 2 RN AR 43510 R 3.6 A3 mms 4 = R 200 moms $UHURSE R 140 mm X 100 mm X 40 mm
S0 e HR i R AR 50 mms B TS ZE R4 X BR L BOR F 1/2 G5 E AR,

BERBE K - R ] AT B (o) BUE R 150,200,300,400,500 m/s, =218 f1 BE (o) BUAE A 30°,45°,
607, 73 il AT B AR BT . O TR B K AN B e SRR S R A R T AR XS Ml 25 s v 2B R
B — 2 32 S B . 25 3 B Iy ORI AR 1) 328 15 O o JHL ot Ml 25 25 7R B8 (UL IRL 1), DA P 7 3
AR A 3t A v S S T BB AR FH T S 2k R ORI (1 e 5 1T 3R G A7 1) 20 AL RON 14 5

Main explosive

Liner

Air

Reactive armor
V —

Witness block

(a) @=30° (b) a=45° (¢) a=60°
K1 HEH AR
Fig. 1 Numerical calculation model
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*DATABASE_EXTENT_BINARY
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= INITIAL VELOCITY GENERATION %7 i |ttt

FEJT I R/NE SR, B/ 2 45,6 2y B R

$e e AR L e J2 K 2 R0 AR A AR TR o G R Y part ; :

G5, 7 AR IERCAR Y part Zi 5 G ET 2 &

7~ part ID(1 J& part set 1D, 3 4& node set 1D) , X #f B 2 K Sz 3 Al e
HIT S 45 part 4R 5 A BEA 808 GHT 2 )5 Fig.2 Setting the speed of movement in K file

T 1) 25 1135 2 7 Tl 8 T % il 11 fy 38 32, A 4SS0 v
AR B AT B s —0. 03 FRonig ghik B, b 6540 38 S o 26 FHY S 34 19932 8 O 1) 5 A Bl o 1F ]
FAZ 0. 03 AR K/INA 300 m/sCRBLIAALN cm-g-ps) .
1.2 #MHBEERSH

SR 24 70 EE 5 0 2 PR G TR L T RRORIS AR AR 2R T Johnson-Cook A5 I Fl Griineisen R 245 J5 &
T ZAS T BE Al 1 5 bR N AR | IR AR SRR B AR G A R B AR AL . SRR 45 I R E SRR 1,
1% HERELE iR, AMIAMSEL LA ¢ Bye .Con Fllm 2R Johnson-Cook #AI S5,
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Table 1 Material parameters of copper and 45 steel™

Material  p/(g+ cm™?) E/GPa A c/MPa  B;¢/MPa P C n m
Copper 8. 96 124 300 100 0. 34 0.025 0.31 1.09
45 steel 7.83 200 792 510 0. 34 0.014 0. 26 1.09

T2 R AR ARG AR AR TR WL IR 2577 B OR 8 K 25 A B R PE S B 3R 2, P Ajw
Biwi Ry Ry Fll w B9 KE 25 A9 R ME S, D g

®2 FERAHBSEHS

Table 2 Material parameters of main explosive

o/(g+cm *) Ayw./GPa Bjw./GPa D/(km s ") R, R, 13)
1. 787 581. 4 6.801 8. 39 4.1 1.0 0. 35

S JZ M 24 SR P S PR AR R K S B O ZS Dr RE S [ R A RE S 8L R 3, Herh T O A SR
WGBS EG G TGy o300 R K B4 B S B0 B K S R o TR T B S R 5 K 2 ORI
FE MR AT 5K 5a il R4 BE L T T BRI K BB 2 47 BE /N T o IHRE 258 55 K50 ¢ O BN 3 i
RALE MM RSEGd g B ERERETE IR KIS HG y F 2 B S0 i 2 e 1k 1 A S8
BRAELIE FEL— B 0. 872, 05 A4 max ~Ac1 . max 73901 SR 1K IR SE 2O AL JEE A AL 5 A iz i S R LI T JEE A /N
@;P RYE B pey i CTBEETE T .

®3 REHEBHHESH

Table 3 Material parameters of confined explosive!”

po/GPa  G,/(ps -+ GPa ") I/ps Ao/ (m + 57 1) Y- y 2 g
27 310 4,4 10" 0.3 0 1.0 2.0 1.0

p/(g+em ) G,/(us+GPa ') D/(km+s ") Agme/(mes a b ¢ d
1.72 4.0%10" 6.93 0.5 0 0.667  0.667 0.111

2 HBEUERESDH

T S B R AUAS B T 5 I A TR G DA B SR R s I 2k FH R i AT Al 1 Bl AR VD AR L AR AR TS I TR
S HRRE N B 3R T 1 U0 K B S AR A TR A A
2.1 WRNMNERRER
2.1.1 FTHHEHRER

e 4 Ry BB AT LAAS [6] AT 3 BE A AR AD) 2 IR SR Sk A K v s S 1 W SR ] (4 S
T tnead T Lia) » BT RGAELE T Aok SR 9 Sk 38 B vl i 708 Ui 22 ik 220 i14) 728 A il 2 G 151 3 R IET 4 Ffs

F4 SHRBTHEE
Table 4 Fracture time of each part of the jet

Velocity/ thead / 1S Luia/ 128
(mes ") a=30° a=45° a=60° a=30° a=45° a=60°
0 86 79 74 217 196 154
150 81 77 72 183 167 140
200 79 77 71 181 159 134
300 78 76 68 177 151 122
400 77 70 67 161 132 113
500 71 68 65 158 130 107
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B3 5 Sk 50 b 24 e 2 i 2% 4 5 e R 24 e 2 i £
Fig. 3 Fracture of the jet head Fig. 4 Fracture of middle and rear of the jet

2.1.2 IBigHH
B 5 SR CHR TP S A BRSO IR AR L 0, A S N 2 I A CRID TR B AT
BE o, MBI DR, N KA Sh AR E S WA TR o

= ?+Uﬁsin2a7 - D
A — Br? 4+ /A + vlrlsin*a
KF A=) (A+Jo /o) B=2R,/p . HH o, Fil
o A3 Ry CA R R B B L AT SR T A S TR oy O %
A TR« S R P AR T B B R W = : \N AN
SN B R 05 1132 Bl . 5 502 B ) AN FE TR %w
— R PR R 2 e A A 1) iz B xS 9 A
ENEH 5 TR A, AR AH X G 3 3 AT — A R ) ?
B CATERE o (396 K, TCORR R S I A R 1) B ) Bl5 R T v AR

FEEA I R Z B R L e e . B — i E,  Fig. 5  Caleulation model of flying plates disturbing jet
1 CO AT, PR AL Z BN AL T PO AR B (R0 A0 B o B3GR . R0 o S 4% 3 07 ) W 2
] [11) 3% [ A R BB A 790 AT B BE o) B S U AR V) £ JBE Ceod Y 38 T AR TR U /)
2.2 XEEBIRHED
2.2.1 MEEMHER

P 6 S 5 it 2 o S I 2 Y S 0 Je RCREAR A TR 45 58 AR L TR A AR R A 22 5% . Sz i, 50
R T B AR ™ R AR 10 AR DB A1 3 2 phy T G LA R 1) 38 T X AR AR A DRI T . I 6l A LT
AT 2l 100 RF S 0 0 S A ) A2 100 T8 32 13 8 R AR (L X S A 2k T ) 70 81 A DR 20 W

5 AT AN [ A 2R RE R B LA [R) AR B AR AT i 28 R AR IR ) e R 5 R (P A X Al 3% T D) )
AR BE (L) 5 H L APL5 T A4 3l 452 400 o 30 Al 6 T 70 00 e 1) R B2 1 AR A i 2, an 181 7 FIET 8 B . i
7 FNIEL 8 Al 2 RAT R B o — 5 I S O o A Al 3 T A U R R AR AR R R B AR V) A o B R
970 o L 3 T 0 e i (0 ) i i 32 1) 496 O 2 S 18 R I/ B B 3 LT 9O 7R3 2 300 m/'s I
R MR B R, 59,6 06 5 2 TR AR (0 ) 3L J3E A 1 R 2 Sl sl /N )i 384 R A a3 (DL T&T 10D, 7238 8 350 m/'s
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Table 5 Simulation results of jet penetrating target
Velocity/ L/mm P/mm
(me+s™h) a=30° a=45° a=60° a=30° a=45° a=60°
150 35.5 25.5 24.5 100. 0 91.8 51.1
200 47. 4 33.7 25.0 89.5 84.5 50.7
300 71.0 46. 2 28.7 83.6 80. 6 50.4
400 82.0 47.5 40.0 81.3 74.7 49.2
500 99.5 49.3 48.6 77.2 68.2 44.9

a=30° o=45° o=60° o=30° o=45° o=60°
(a) v=0 m/s (b) v=150 m/s
a=30° o=45° a=60° a=30° a=45° o=60°
(c) v=200 m/s (d) v=300 m/s
- - \
o=45° o=60° o=30° o=45°

(e) v=400 m/s (f) v=500 m/s
&6 SR SR 1 R = (]

Fig. 6 Pressure nephograms of jet on witness target

. 1101
100F - 30° - 307
s i
80F = 60° ool -~ 60
I £ 80}
g 60 E I
ST T 70t
401 r
L 60 L
20¢ S0p e
0 L L s ! s L s L ) 40 I ! ! !
100 200 300 400 500 100 200 300 400 500
v/(m-s™) v/(m-s™)
7 5 230 A 2 T U)K B B R AT S R AR Ak B8 5 23U AR 12 A0 IR BE B AT B BE Y S Ak
Fig. 7 Variation of target surface’s cutting length Fig. 8 Variation of target’s penetration depth
with the velocity with the velocity

2.2.2 BigHH
MHE B 5 FISCHRLO v, 28 i S N 2% F J A R A% S IR0 A el T 2 o, B 3R IR 0N
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Fig. 9 Variation of surface’s cutting length drop Fig. 10 Variation of penetration depth drop
with the velocity with the velocity
.
A
3 &5 it
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fE GRS 562 B 500 m/s R BEE A 60° BT, 5 U 45 A0 r 24 B[] )

(2) S ARAT) 1 E — 7 B, SR T B8 Al 3R T A B0 0 R B AT R A G T K, L 30° B R R B
St BRI UR BE B A AT B A 3 R/ - HL 60° B /)N 2 0 A 2

(3) Y RAT 3 JE — 5 I, SR 3t % 8 A 3 T 1 D10 0 4 32 0 A2 A0 1R B 380 i o 2 90 R R 1 38 RO /) O
2% D) B B A B2e et I A 7 1 1 R S R 0/ L ZE S Bl 300 m/'s BRI A KL Ok 59. 6 %05 47
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Numerical Simulation of Shaped Warhead Penetrating the Target
with Reactive Armor in Motion State

WU Peng, LI Rujiang, LEI Wei, RUAN Guangguang., NIE Pengsong,
SHI Junlei, YU Jinsheng,ZHOU Jie

(School o f Environmental and Safety Engineering s North University of China .
Taiyuan 030051,China)

Abstract: The processes of shaped warheads penetration of post-impact targets with reaction armor at different
flight speeds (150,200,300,400,500 m/s) and in different penetration angles (30°,45°,60°) were simulated
using the LS-DYNA program,and the interference of the jet and the result of its penetration into the target
plate were discussed. The results show that when the penetration angle is a constant, the cutting length of the
target surface increases with the increase of the velocity and the rate of the increase is the fastest at 30°, but
the penetration depth decreases and the rate of the decrease is the slowest at 60°. When the flight speed is a
constant in the range of 150—500 m/s,both the cutting length of the target surface and the penetration depth
decrease with the increase of the angle. The drop of the cutting length of the target surface tends to increase at
first and then decrease with the increase of the velocity and the maximum decrease is 59. 6% at 300 m/s,
whereas the drop of the penetration depth tends to decrease at first and then increase with the increase of the
velocity and the minimum decrease is 39. 3% at 350 m/s. The theoretical analysis was carried out and the
numerical simulation method was proved correct.

Keywords: shaped warheads; dynamic penetration; surface’s cutting length; penetration depth; numerical

simulation
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Fig. 2 Schematic of finite element models Fig. 3 ERA size (Unit:cm)

(c) Scheme 3
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Fig. 4 ERA structure schemes
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10 4~ Part, R g-cm-ps B, 1 AR A XERR M T, O T 9 44 v S s (] AN > TR L R LS
DYNA #a7 =48 1/2 B, Hon I RIBEFE 3D-164 ANTHRZE M . FRE 2 E 205 B ME2h R S hE 12y
BRBeRi R (HIGH _EXPLOSIVE _BURN) FI JWL ARZ J5 2 , % J7 B BERG i Hb 4 348 8 22 <M ™ 0 i AR L
B 17 RS E . AR AN 4% F Johnson-Cook #E YA Grineisen RS AT HI AR, KELEZ
MR B 50 % S0k 7], R R B0 S8 PR B (ELASTIC_PLASTIC_HYDRO) FI 5 38 KR 4577 #2 (IGNT-
TION_GROWTH_OF_REACTION_IN_HE) #7840, JF U m e e 8, T4l e 25 FE LI . 4%
MORFEAR S H N R 1~3 3 FroRt ™ o o fCRM BB .G MBI BT VIR &L 3% 1, po AR
PR D NIEZE I, Ajw Biwe JRiwi Rywe 1 E, B JWLARE T BRSEHGR 2 LA Bic M E J-C
BRI BHL,S, .S, .C J& Grimeisen RE TSV, LR EIPIIGAHXTABL % 3 ooy BB
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R1 BHEAMBKREEKRESFESH

Table 1 Parameters of material model and equation of state of explosive B

o/ pa/ D/ . . <
. _ Ajpwi, /GPa Bywe /GPa Rywui Rywis E,
(gecm™ ) GPa (me+s )
1. 717 29.5 7980 524.2 7.678 4.2 1.1 0. 085

x2 WMMBERARRETESH

Table 2 Parameters of material model and equation of state of copper and steel

/ c/
Material e ) G/GPa A ¢/GPa B, ¢/GPa S, S, Vv,
(g+em™®) (me+s ")
Copper 8.96 46 0.09 0.92 1. 489 0 3940 1
Steel 7.785 77.5 0.175 0.376 1.49 0 4570 1

K3 REHANMBEERERTHFESH

Table 3 Parameters of material model and equation of state of sandwich explosive

/
e ] G/GPa oy/GPa A/GPa B/GPa R, R, R,
(g+em™ )
1.712 3.54 0.2 524.2 7.678 778.1 —5.031X107% 2.223X10°°
CP/ CR/
R; R; GROW?2 AR2 ES1 ES2
(Jekg' K  (Jekg' ¢ KD
11.3 1.13 107° 2.487X10°° 300 1 0.222 0.333

2 HWUERESDH

Ay %t 3 BN [ Jr 28 HE AT BUE AL, 43 B X2 ERA 7E 32 B 56 i A FH R AR 5 T AL T AR R AT R
A IARTE O S 0 01 5 3 e a0k e S O A B A ) 5 R AN [ D SR RUZ BIE KAl ERA 1 B
PRCRBEAT LU A5 10 BT 3P ROCR S 10 — P 45 4

XU BN 2 FE G 7 L e 52 2 0 I iz sl 738 T Ml fa L K 24 4 S 55 g = [ R, S T o 4 s
FECAMRAEIE 2 HE 2551985 1038 S AL AL R BRI (1) & SR KE 24 5 R I 48 3 . KA ) 0 3 8 e T
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Fig.5 Diagram of jet and ERA at 40 ps
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Fig. 6 Pattern diagram of flying-plate for each scheme at different times
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Numerical Simulation of Disturbance by Double-Layer Explosive
Reactive Armor with Wedged Flying-Plate on Jet

LIU Yingbin.SHI Junlei, HU Xiaoyan,SUN Miao,
ZHANG Ming,DUAN Xiaochang

(School of Chemical Engineering and Environment s North University of China .
Taiyuan 030051,China)

Abstract: Based on the traditional explosive reactive armor (ERA),we designed a structure of double-
layer ERA with wedged flying-plates, to achieve the best performance in jet disturbing. By using the
simulation software ANSYS/LSDYNA-3D, we simulated 3 different schemes of ERA structures,and
analyzed the flying states of flying-layers,the character of escaped jet,the kinetic energy of jet and the
penetrating depth of target by jet separately. The results show that the flying-layer tended to rotate af-
ter the sandwich explosive were detonated,and a proper structure arrangement helped to enlarge the
active area between the jet and the flying-layer. The kinetic energy of jet declined greatly after across
the ERA ,resulting in a lower penetrating depth. Of the 3 schemes, Scheme 2 has the smallest pene-
trating depth by jet into the target,the next is Scheme 3,while Scheme 1 has the maximum penetrat-
ing depth,indicating that the structure of Scheme 2 has the best protection effect. This study on the
wedged double-layer ERA enriched the structure design of ERA, providing theoretical reference for its
further research.

Keywords: wedged f{lying-layer;explosive reactive armor;shaped charge jet;penetration
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Fig.3 Experimental results
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Table 1 Parameters of main charge and confined-explosive

/(g e+ cm *) pe;/GPa I/s7! G, /(10 ¥ s+« Pa') D/(kme+s ) a b ¢
1.72 27 4. 410" 3.1 6.93 0 0. 667 0. 667
Aigeman/ (M * 871 Agtime/ (M * 871 Az /(m s 571 G, /(107" s+ Pa™h) d g v 2
0.3 0.5 0 4.0 0.111 1.0 1.0 2.0
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Table 2 Comparison between simulation \ /
. Y
and experimental results _ 40 \ - , /
. P,../mm E | M \ A
Point E = “‘d'
Exp. Sim. < 20
0] 37.8 38.5 — Sim.
T -
O, 34.5 33.8 EI’“"
0 .
Oy 60. 0 60. 0 40 80 120 160 200 240
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A o84 o7 8 FUS 7205 5
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Fig.5 Comparison between simulation and experimental results
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Fig. 6 Interference of ERA to jet at different impact points on longitudinal axis (+=89 ps)
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Fig. 7 Simulated witness targets penetrated by jet at different impact points on longitudinal axis
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Table 3 Maximum penetration depth of witness targets penetrated by jet at different impact points

Area Point P..x/mm Area Point P,.«/mm Area Point P..«/mm
B, 31.3 A 56.1 D, 25.1
Longitudinal
B, 27.2 Ag 57.8 Non-central D, 43.4
central axis
B 34.6 Ay 60.0 area D, 52.2
B, 42.1 O, 34.8 D, 58.6
B; 46. 4 0O, 33.1 E, 41.3
Bs 51.8 O, 35.6 E, 45.1
B; 53.6 0O, 33.8 E; 46. 8
Horizontal
Longitudinal By 56.5 (0F 34.0 E, 57.2
central axis
central axis B, 58.6 Os 35.1 Gy 58.5
0O 38.5 O, 36.2 G, 60.0
Edge area
A, 28.9 Og 40. 8 F 40. 1
A, 24.3 O, 60.0 F, 43.5
As 33.7 C, 28.3 F, 45.0
A, 40. 3 Non-central C, 43.1 F, 55.8
A; 50. 7 area Cs 45.6 H, 59.0
As 55.0 C, 56.0 H, 60.0
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Fig.9 Interference of ERA to jet at different impact points in horizontal direction (=89 ps)
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Fig. 10 Simulated witness targets penetrated by jet at different impact points in horizontal direction
WM AE TRl — K5 1) b 5 56 3t VR R A 79 Al %) 50 A &% 60
T AR AR ] S 300 DX I 1 42 ) 48 R AR — B, B 4 1 =
AETC W] W 22 5 OB A an 1 11 s,

40

2.3.4 R ORBEIEMERE ST Eso
Al Rl KB B 42 S A (AR G ~Co.

20

Dy ~DO#AT YR R . 4521 5 T 3R 3. 5k
s XA B SR BE 5 TR — 2K O 1) 9\ f R A 2 B 10

BOPL SR REVEAT X EE L W 12 r s, AT L, % X3k 0 20 40 60 80 100 120 140
PR 3 1 B 22 S [ A A BT A 1) | A2 fE LA S5 90 Impact position/mm

] H il A O — B, & 11 KT 4 s BE A2 A

2.3.5 BRREHTEERES Fig. 11 Change of horizontal anti-elastic performance

PEHUR Z By B 5 (As ~ Ay . B; ~ B, .C; . C,
D,.D, .E,~E, .F,~F, .G, .G, . H, .H,) . >¥F ERA i1 % X3k o br s pE A, 3 3 pim. 459505 17
ERA To sty U 321 5 DX 38, 32 300 S0 19 52 Ml 7 380 P G 5 22 5 6 22 40 0 1 30 33 DX 3, |l T Rl R A=
AN P RE I AR LR R

P 077 RO A2 AT 0 . 300 A T i R 0 S IX R L ERA g b i SRS L AER S EWE IR S R,
T AN 5 AP P FH T S 00 17 P 5 A S AT 320 2 55 194 % i) ML 5 T AR B T AR I R A O

055106- 6



% 32% PV TSR AR KR S 2 Y B AL 2 1 B (B0 B %5

T 3% F) 3 3 SCHTR  KE 245 )2 9 D5 B2 5 993 AT I o 320 A DX = S TR AROx S 3 2 T I8 4 A i A T
PR B DX R AR SRR PR T O A5 SR AT R R A R A SR DX kR O O A
RIS 1) - 49 2 TR A T 0 140 5 DX R AR 24 10, 2060, By P S0 SR e T i 300 % DX 0 5 L2670 7 IO i 11 8 1 5
DX 0k 0 S5 3 A I 0 Y 1 2 5 R A e 0 DX 2 i) 42 1o 29 58, 506 T 47,8 0 BV P A IX I8k 14 75 37 5 e e
W R S B e A R BR S , A 8 s

TE ERA B ZE 47 P B 9 OR B e 2z . iR

60
O3 R T A0 7 22 A7 P AU 9 KR 3 2 10 e B WA S, )
BRI R A A S 4
SR SR B 4 B 0 R B R — B R ) PNy 4
(g o DX 358 16 A1 R 07 160 T L R L S o2 z -
SOCBUE W B S AR E R, s R, T
MO 21 DKL B PR R 2% ZEBE 0 1. 3 mm " 3 Noncentra area
ik 5 He B R 56 Bl 70BE R A L DLIE 12 o
g LA TE ERA 3B KB 52 31 A0 6 Impact position/mm

WRAETE RS20 ERA X5 55 3 19 T He A HITREAIG, B 4 12 AR e IX 5 4 i R A B B B X L
RURBHR 25 . B8 T30 G 3800 1 52 ), ] 3 > 3 R AR Fig. 12 Comparison of anti-elastic performance
I, 22 R 3 A 1Y) T B X BT PRI RE I S I AS ), BT between non-central zone and longitudinal axis
PRAFAAS , iy Az 3l Ak 5 56 i VR B9 A7 28T AR

B, R ERA BB AR .

3 BROBIFESH

3 b B0 7 R S B0 B L 2 A AR R 0 AR EDY L W T ERA BRI L gs . AR Bl
ERA 4320 3 A X3, B Ay X A0 DXL 3 301X, v vbots XA By 470 28808 B i A O O 25 30 5 X1 Bl
PR 2, RO EE (L O S ) /N T 43 mm B L)

[r) = %) 77 47 R S B i U B 49 389 R T 38 58 L 2K T IR) Y Boundary area |
B sk S e AR — B B e X R P XL i ALl Offcenterarea ([N
7396 mm® . 2 i BB BB 22,6 % 5 244 ) b B | Centerarea
BEAE 43~ 85 mum 3 [l P IRF . 37 4725 SR i i B 149 494 K i Left side B/

Top

7|

. L~ Right side
W AR 0K P 5 ) F Al O BEAE 43~ 64 mm {5 [l 4 I

B 31180 SR AR b RS K B i X E SO i O X, TR
14364 mm®, 24 7 83 Gy 430 2065 % I8 G0
52 K BE ERA T00 KK i AN 8 3 30 mm #2247 5
/T 11 mm (78 R X A X 6B 12740 mm? , R
2 AR H A 34, 200, 5T ol IR O X B Bl 13 ERA B 048 H 5 5%
PSRRI ZE A R, AT D K 50 X2 X ERA M Fig. 13 Schematic of ERA protective structure
ARLBT 3 DT AR, 29 A 65. 800 (ILIEL 13)

WG SN ERA BT BE A SRS - U5 AL T A Z0B 3 X ERA (5T P BR A 4F 5 i 58
AL TR X ERA ST 4K 25 . A B 4 X R AIR Yy 37. 5%,

4 & it

S ERA PUSE R RE A P 32 205 W, AT I S8 T A O ERA SR RE R R, B 5K
Hi 3% A 0 LA B A 15 7 Wy T g SRl o 2l B T/ RO SRR B R . R R B R R SR
PR L2 BRI A AT 2R T s s T/ IO EE TN R . GA I SRR R LU T 4

055106-7



%5 = JiS ) il 2% Eihd o532 %

W (D 5 s ERA Bifr PR RE Ry 52 ma FEZRIAEN 1 |5 (2) #E T ERA B9 ZBG 3 X R A X D
KA X AT R 3RS T ERA BB 6045 DL K B 0 v g B A8 Ak B 3 T BLAHE s (3) ERA B i 3L g de it IX 0
P ERA JKHB 22. 7 5 H1 46. 9 fi5 5 ELAR AL L Pt DX 1 7 47 4% 66 45 T ot 10 3 X 4 TH 24 130. 1%, B
R RKETHLY 119, 7% 5 (4) ERA T AR 553 19 T H0 A8 FH 38 35 AR JiC 0 104 97 b 1 R A IO 47

2 Uk :

[1] MAYSELESS M,EHRLICH Y,FALCOVITZ Y,et al. Interaction of shaped charge jets with reactive armor [C]//
Proceedings of the 8th International Symposium on Ballistics. Orlando, Florida,1984,7.:15-20.

[2] HELD M.,MAYSELESS M, ROTOTAEV E. Explosive reactive armor [ C]//17th International Symposium on
Ballistic. Midrand , South Africa,1998:32-40.

[3] HELD M. Momentum theory of explosive reactive armours [ ]]. Propellants, Explosives, Pyrotechnics,2001,26(2) : 91-96.

[4] HELD M. Stopping power of ERA sandwiches as a function of explosive layer thickness or plate velocities []J].
Propellants, Explosives, Pyrotechnics,2006,31(3) :234-238

[5] MAYSELESS M. Effectiveness of explosive reactive armor [J]. Journal of Applied Mechanics,2011,78(5) :051006.

[6] ISMAIL M M,RAYAD A M.ALWANY H.et al. Optimization of performance of explosive reactive armors [C]//
21st International Symposium on Ballistics. Adelaide, Australia,2004:227-232.

(7] SR s b T L 26 8 K 7 2 VY 3 5l WA A 8 7 L M E S (). 2% T2 41, 2002, 23(1) :35-38.
WU C,JIANG ] W,FENG S S,et al. A study on the moving features of explosive reactive armor by numerical sim-
ulation and experiments [ J]. Acta Armamentarii,2002,23(1) :35-38.

(8] H4 . VHREZS iz S AL A i B B L2 P58 (D], KI5 hdb k2, 2010.

Lo XA, BLAAAK 3. VB S 4% B 5 5 AR A2 40 B (D] S a8 A1 BHRL 2 5 T . 2011(4) : 20-22.
LIU H W,XIA S L.ZHAO J. Interaction process between jet and V-shaped double ERA []J]. Ordnance Material
Science and Engineering,2011(4) :20-22.

[10] s % BRA £ VL. A5, SR XS T P A BB SBL I 7T [0, b0 TR 52 4 . 2006, 26 (7) : 565-568.

WU H J,CHEN L,WANG ] B,et al. Numerical simulation on reactive armor disturbing jet [J]. Transactions of
Beijing Institute of Technology.2006.,26(7) :565-568.

Numerical Simulation of Protective Envelope of Explosive Reaction Armor
SUN Jianjun, LI Rujiang, WAN Qinghua,ZHANG Ming, YANG Yue,SUN Miao
(School o f Environment and Safety Engineering » North University of China , Taiyuan 030051 ,China)

Abstract;: In this work, the three-dimensional finite element analysis software LS-DYNA was used to numeri-
cally simulate the ballistic performance of explosive reactive armor at different impact points,and the compara-
tive experiments were also carried out in order to obtain the protective envelope of the explosive reaction
armor,i. e. ,the ballistic performance at different impact points on the contact surface between the explosive
reaction armor and the jet. The results show that the simulation results agree well with the experimental data.
Studies indicate that there is a large difference in the ballistic performance at different impact points. Instead of
the responsive armors symmetrical center and its vicinity,the area with better ballistic performance is located
22.7 and 46. 9 times of the jet diameter away from the bottom of the explosive reaction armor. The effective
ballistic performance area of the explosive reaction armor accounts for approximately 65. 8% ,and its ballistic
performance increased by about 37. 5% compared to that of the border area. Furthermore,the protective capa-
bility at the lower part of the reaction armor is better than that at the upper part.

Keywords: explosive reactive armor;impact point;protective envelope;anti-ballistic performance
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SN 603 WA EESEILER 1, b o HERELE, R ER &, o MR I, AB.Con Flm H
Johnson-Cook # 8IS 4, F 4241 JTH-2 BEAE AL R JTWL IR T5 & Hl =i BEAARHIR e A5 Y i 3k, HC 32
BSBWE 2, P o A Biwe Ry TR, AIELARESE, D ki . DL HMX O TR0 R 2 1E 2
% A 388 P AR B (Elastic-Plastic-Hydro) Fl &5 2k 5 #8 KOR 7S 77 #2 (Ignition-Growth-of-Reaction-in-He)
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Table 1 Material parameters of copper and 603 steel

Material o/(g+cm *) E,/GPa P A/MPa B/MPa C n m
Copper 8.96 124 0. 34 292 300 0.025 0. 310 1. 09
603 steel 7.85 210 0.22 362 180 0.087 0.568 1. 00

K2 FEBSY

Table 2 Parameters of main explosive

o/(g*cm ) Ajw./GPa Byw./GPa R, R, 19) D/(km s ")
1.72 374 3.3 4.5 0.95 0.3 7.89

R3 RERHSHY

Table 3 Parameters of confined explosive

00/(g+cm ?)  po/GPa I/Ms™! G /Us*Pa') G,/(asPa ) D/(km=+s ") AG2, min
1.717 27 44 310 0.4 6.93 0
a b ¢ d z g v

0. 667 0. 667 0.111 2.0 1.0 1.0

1.5 SRWHR

RGN 80 mm, B2 B R 100 mm., IR BE 3 24 45 b A9 JES 3 v 0 B 26 R B
B 240 mm, B S S0 VR e A S 687, S H IS AR BE AR ARBE B0 50 mm., fF R AEAE
290 TR LR RUOR IS R B e A R o
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532 4% TIEAEAF 22 = WA 45 K SO P D0 A5 O A B3R A0 %6 M

ET{)ILH/JBETF' SRS 1 )2 AR A B4 SR AL R R KT SR UL A T A RO Y R S e PR TR
Jo SRR B R R R L S LA 3 BRI 1 mm FLES 1 Z AR R 1 mm B PR
Eﬁ?o

v/(km-s™) v/(km-s7") v/(km.s™) v/(km-s7t) v/(km.s™) v/(km.s™!)
0.461 0.406 0.428 0.414 0.445 0.405
0.415 0.365 0.386 0.373 0.400 0.365
-0.369 -0.325 -0.343 -0.331 -0.356 -0.324
-0.323 -0.284 -0.300 -0.290 & -0.311 -0.284
-0.277 -0.244 \ -0.257 -0.248 -0.267 : -0.243
‘ [ -0.231 1} 0.203 ) \ ‘-0.214 N [ 0.207 } |'0 222 i‘O 203
0.185 -0.162 -0.171 \ 0.166 0.178 -0.162
- -0.138 -0.122 -0.129 -0.124 -0.134 -0.122
0.092 0.081 0.086 - 0.083 0.089 0.081
lo 046 l 0.041 0.043 l 0.041 0 044 . l() 041
-0
A-95 B-93 C-93 D-92 F-93

PR 5 SR AL I A s A5k AR I 20 25 SR
Fig. 5 Result of jet starting to collide with the target

2.3 HmEAETHEZSHW

6 METIRE T2 . “A-3467KR A BN 3 HITE 346 s IF 202 EXT S i THE . 1450
B R R AE 174 pos HT?'J‘k’F?E'QXI%k’E H BT R E i B i, B U B 22 50 K 26 7 0 G it
BT PRSI . BTAL 5 J2 G5k SO e AR L A% Gt 19 = WG 7 45 46 1 5o iz 24 B A 1D dnb g 08 34, LT S5
B I ] A TR G R B T E B ke B DR ] RIS L AR 348 s B 20 A K R AY
T H EREEARIEER 3 mm, 45 12 CHRMERE HA 1 mm, TR 12 CiR AT A B B AR B4
2 s

W& 2 = WINAZ5 A S B 2R 2 2 RARAYIZ 3l 50 2 2 QOBess SE A 5 3t A9 I ik 1] 2E 1 AT LA
B I PP ROCR B H Y

v/(km-s™) U/(km s v/(km s v/(km-s™) v/(km-s™) v/(km-s™)
0.135 0. 1)) 1 0.193 0.202 0.178 0.205
. A IO 122 [ 0.174 0.182 0.160 4 [0-180
0108 0134 L0155 \\ L0162 10,142 p 0164
t 3 -0:095 -0.108 @ -0.135 -0.141 X -0.124 « -0.144
-0.081 -0.093 -0.116 -0.121 y -0.107 { -0.123
1-0.068 0077 0097 [-0.101 2 +-0.089 -0.103
-0.054 0.062 -0. 077 -0.081 -0.071 0.082
b -0.041 | : -0.046 -0.058 -0.061 N -0.053 0.062
. 0.027 0.031 0.039 0.040 0.036 0.041
0.014 0.015 0 019 0.020 0.018 0.021

L0 L0 ) L0 0

A-346 B-284 C-229 D-197 E-348 F-174

K6 ik 2ty %)

Fig. 6 Jet losing interference
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REJIAR SR, O 223K B 1 I s 7 2B PP J 00 Al A2 A0 % B 1% e KB . A% 52 S vy 26 F iR X T e B 4T A
Ji B5CRE A F IR — Bt S I 8 SR X S U T A 2 5 T S B S B PR A R i 22 1
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x4 HRMEHBRENEREE
Table 4 Penetration data of jet to target

Category Penetration Maximum penetration Category Penetration Maximum penetration
of ERA depth/mm diameter/mm of ERA depth/mm diameter/mm

A 22.0 36.0 D 27.8 26.2

B 36.9 23.2 E 31.3 28.1

C 31.0 22.4 F 45.0 26.0

v/(m.s™)

4.851
[4.432
4.012
-3.593
3.174
2.754
2.335
1.916
1.496
1.077
0.658

C

BT S0 5 R AR Y = 0 45

Fig. 7 Penetration results of jet to target

4 5REVNERMFERETERXTLL

V07 B B g e BN IR R ) TR RCR SIS o0
e F I L2 S5 R R AT AT L %‘%ﬁﬁ%‘z’ﬁéﬁmﬁﬂﬁﬁi
ST L B S R 2 A R R T AR g I N T
AHTR) S AN S o2 2% F AR B BE B o 24 mm., KR 5 AH
il 28 240 mm, J5 &R RS WAHR . s 5 8 HMEBEALLLE H ] (R mm)
e R 1) e £ Ry 68°, 5 2 AN W B IR FE Fig. 8 Schematic diagram of numerical model (Unit: mm)
J5 B FE 25 50 mm., 458 & 8 s,

ST AR R ) 2 SR WL E 9, H B 9 T, s
1 255 J I 2 FHY 1) L) 235 /) T HE 59 00+ 5 0T i Ak [1.374

—100 —

R EBIEIE N 13 mm. A KR W2 B 5 15 5% % R
725 B 1 U0 U2 4% W6 T K AR 10 152 0 O E AT 22 '

-0.978
0 mm, A X T 82 P45 I 7 5 452 A0 0 Pt
T 23 mm, B R AR . 5 B S v R A 0581
R T D TR R B 4P it A 5, 019
55 5 728 YA 02 24 g e 8L A0 T A 0,185
-0.053

22 15 mm  AHXF T B2 AL 52 S 7 26 HY A 490 % ik 20
17 mm. H L. oK D RSN 2R OSSR 4544 0 SR MR i) (R0 245

545 Ge 45 M XUZ J2 7 2% B R AT 6 B L R AR A 5T Fig. 9 Results of jet penetration into target
TR 5 i 2 4 s e A A ok AT B A 3k B A

B 3 S5 RE

5 4 i

T B BN WA S BT A RE L Bt T — 2 = WIIA A R AR B SRR R L AR T 5 APOR [RI R
TR R ANSYS-LSDYNA B EAT BE AL . ReaX 5 Bl R RUST 1) 2 = WA 45 4 S 1 4%
F 55 A G 14— B3 45 KA B 2 R AT 08 L o 23 31 A0 S5 0 T 2R8I 2 L S O 4 i 2R AR I 220 LA R S 3 R
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ZT B2 3 A B 207X L . HLUE S RO AR AR 160 45 SR AT B R LG O 5 AR 4 S ke HY R L) 5
BEAT AN EE /X L a7

(1) 7 55 k) S iy 266 FH T 400 SFF AL o A1 S 0 1140 DB 28 o 220 18 2650 A 496 S o 2 FH B iy, TR A0SR R4

(2) A TP 1 2B FE TP S0 A S 9 Sk 50 O 2 ik S 400 Al o 2 i e, EL A BB 4 i 1 ke R Sk R 4
it O e R B et . O 16 mm,

(3) BB ke B vy 26 H X8 S 3t 1) 1 Pof 1] 225 B A% 8 235 4 5 0 2 TG, e 8 s 7 24 R R S3F 0 7Y)
T A R,y 348 s,

(4) 551558 25 0 5 0 2 Y JRE B A ) )56 00 T o D 28 s 1 2B FEY 1 7 4 300 S e -, BV 8 38 L S Al = 4
2y s BAM s KEZY s B =1+ 1+ 1 : 3 2 (URSHSME TR X B0 00 T R R B e

(5) A B J ) 2 W SR By 47 8 R dme o o G P A% 598 495 4 T oy 2 WY JRE BE A4 55 1 mom, B 3P RUCRE AT AR K
1 $& T AR IR BE LU A% B8 250 J v 2 F s 1 51, 1%,
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Numerical Simulation of Interference Effect of Multi Sandwich
Structure Reaction Armor to Jet

WAN Qinghua, LI Rujiang, YANG Yue,SUN Jianjun,
ZHANG Ming,SUN Miao

(School of Environment and Safety Engineering , North University
of China s Taiyuan 030051 ,China)

Abstract: To enhance the protective capabilities of reactive armor, five different sizes of reactive armor with
multi sandwich structure were designed and obtained. The first size of reactive armor added a layer of steel to
the middle of the traditional reactive armor,and the second to fifth sizes of reactive armor were designed based
on the first one, but the total thickness of the reactive armor is the same as the traditional reactive armor.
ANSYS-LSDYNA software was used for numerical simulation. Comparisons between the new reactive armor
and the traditional reactive armor were performed,focusing on the moment of jet break,the moment when the
jet just collides with the target,the moment when the jet loses interference,and the penetration result of the
target. In order to highlight the strength of the interference capacity of the new structure reactive armor in a
more direct manner, the six reactive armors were compared in terms of the penetration data with two-layer
reactive armor. The simulation results show that the A-type reactive armor of head jet has the longest
deflection distance;the interference time of the new structure reactive armor to the jet is longer than that of
the traditional reactive armor,.and the interference time of the E-type reactive armor to the jet is the longest;
A-type reactive armor has the best protection performance; when the reactive armor has the same thickness
with the traditional reactive armor, the D-type reactive armor has the best protection effect. The A-type,
D-type,and F-type reactive armors were selected for verification experiments. The experimental results show
that the numerical simulation results are reliable.

Keywords: reactive armor; multi sandwich structure;interference time;jet deflection distance;protective effect
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WEBRFIEZ ERA THREHRIWEBERM

BAE. K W AW A A FEE.ND A NEE,FEL
(Pab R%MEE 5% 4 TR2B 0P KE 030051)

BEEAARETRESEMBIER N EF(ERA S F %7 4 RERE R
% ERA, Fl A M 847 E % LS-DYNA 3D xt 2 F 3 4% i 09 #6 A 3547 3F f, 2 5] 32 47 3t A2
AR S SR AS LT Sk H0 By R Al R AR R R B SR UL LR A AR A B R AT
Tt a7 £, ShAN . FESREHREE TER R, EH0EE KL, 44
A RFNG PR T EARZ; TR IR T FAZR, FE2RZ, HFE3 T £ 4
FHALUTREEEEEENRNEL ICNE., AEERAMRBERATUES R W E
AL BTN VLR ERGEM ENRERRGET HEILRE.

KER W R BIER MR T R4 LSDYNA

RESES: 0385 XEEARIZAD . A

18 Ve I 2% B (Explosive Reactive Armor, ERA) BLF KN TR AR . i lir &5 £
Pos WE I A BT 2 A 77 1 2 4 T 4% ER I 42 3 se rh o DU - M 24 1 W) B 465 g J2 K% - Al
B PATHCE A B2 4 25 (9 TR RBOR B, 5047 b T PR S S a0 . A X R AR B SR AR
T IEZ Z )R RN . AHIZTT I Wb AR S M e W A2 69 ) B o R BRL Xk 2 49 1 L sl P 3 s
TG FAE B NS G AT TV 2R WA R AR Y . X2 A R R BE G S 0 R 4
BT BRI T RARTE S Bl B v 18 78 T8 A S X Sz I 2he HYROBR A5 55 AR AR D ) B R e T AR L
BT 7RG MR GY . B 1 550 B 5 A B P 1 e 2 KR 2 MR KR T L 32 2l Y T ARORT AR S
DA ™ 8 T IR 0 AN A5 SR i A S A R R A I AR AT RE O T I o T ARORT S U AT B A Y
TR . FARES R ANSYS/LS-DYNA L, T B %5& 24 R A 25 25 % 5 it 1) T4 b B 40 4 1
AN TRV BRI 1 2 R 2R 245tk X6 SRS 0L Sk 08 0 188 o A 2 1 PP AR L P S5 S0 . Paik 45508 LS-DYNA KU
PUR S B B AR 45 G P 9T T 4 U T ARV AT 2R B 1 47 22 T HEAE T . Mayseless™ X 45 1 S %€ T i
SR SHRGHAT T RG ST IE 3 — 2D 3R T S5 0 2 B0 B 2k 7 4 M B 1 5 0

T G MR S IR AR R AT T AR IA BUZE U 2 ERA RGBSt IR 4R 4 Rl OR [
M XURBLIE 2 25 258 ERALFI ] LSDYNA 3D % H AT BB AL, 2387 1Bz SR A i it B L #E AR
TREE AR o3 A0 45 LAYE e 7 58, Ry DL 1826 245 45 40 0TI 48 R BIF 9 B 43 BB AR 40

1 it EE

1.1 #FIEHN ERA M5 THGRNE

BRIE R 2y ERA SR I A 1 A v 18] 265 PR e J2 2 24 O S5 M B R, 15 % 58 ERA 1 DX 7 5 2
IR AL ERA R s A 2 . e SCHR L4 1Rl o0, BRI A< 25 ERA AR By L LT i [ B A
5 mm Al 3 mm B B 47 1 BE e A o BOAS BT 58 o R HZ AL .
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I AT T R SR AR 20 LI A 25 ERA ML AR 3 5

SRR UL B 1), Sk A b 2 R b R Sy g, BE &%

1 mm, 8 60°, 4B 0 H A 70 mm, 255 80 mm, M Shaped

vl AR . UZ ERA T AR L 0L B8 T A s 25 A oge| , charee

MR AL LI = B 3 5 RG34 4L A T <%MRA
A 25 ERA 10 GBUR S 240 mm () X 100 mm /% .
(58) X 2 mm (5 L ¢ 2 4 25 Wi (9 )5 13 43 502 3 mm Al

5mm;f£ 4 ERA i €K 56 58 2 25 ERA — 3K, /

ME25 RIS RE R 4 mm . 3 R4 2450 SR T 97 6 R 5 Target

Iy

2 ERA B 40 AR M I JZ K 24, SR T A% B H 3305
ﬁ‘ﬁ_‘ 4 ﬁm /;%% ERA éﬂ%ﬁ%(yﬂqg 2) ,‘}:’E%%J}fi@ [E] 1 iﬁﬁ.*ﬁﬂ(E)&HF&ﬁ*ﬁﬂ(E)%%

200 mm, W4 ERA ZEIBEE N 24 mm., &RZHEL Fig. 1 Schematic of model (Leflt) and
FUBEE RN o, TWmBEEN b IS T3 1. its finite element model (Right)

(a) Scheme 1 (b) Scheme 2 (c) Scheme 3 (d) Scheme 4

K2 475 % ERA 5 RSP /R & (mm)

Fig. 2 ERA structure size diagram for each scheme (mm)

®1 NE ERA &EHIE
Table 1 Data setting of double-layer ERA

1st ERA 2nd ERA
Scheme No. Charge type
a/mm b/mm a/mm b/mm
1 Wedge-shaped 5 3 5 3
2 Wedge-shaped 3 5 3 5
3 Wedge-shaped 5 3 3 5
4 Wedge-shaped 3 5 5 3
5 Sandwich 4 4 4 4

HRI~FE A T RABIEEZ 6585 25 5 2 00— S 6 07 1% A o 4K 75 B8 K i) 38 32
Ty — R i DU R R A KR AR 1 B T oy R A R O L XTSI R A S TR . A ARy
S PR [) 45 44 () B 026 285 ERAL X SIMUAE TAUZ ERA A ATER . 7R 1 4 1.5 2 2 ERA 7 i M
Al 25 20 —unil b 07 2 v 156 2 )2 ERA WBIR T 0 5% 1 MR, 258 2 i — i i) b5 758 3
FE1IZERASFE IS 1 EFUMAE 2 ZERAS TR 1B 22N FE 4 THE 12
ERA 5H%E 28 1 ZMMIE LS 22 ERA SR 2% 2 2 MHR.
1.2 HEHED

S5 B g AR A A e R R — A v R R B B KR T R N AR SRR R A R Y, R
B S 0 1) T2 e 52 7 2 FE ) AR A L SR %o S 1 52 40 1 2 s B P A B K A . SR T Euler A%
AR ALE 553 B AT 5 A 50 o0 ™ B IR AR 5 | A 0 B50(E TR TR M L SCRE S BLTR FURE A i s S . R
PR RUR ) ALE 5k B 25 M as SOR BRI 3 ik B 1 B U KAl GEAE ALB B Fitsie )2 1 25 5%
F Lagrange 535 , ¥R | 25 /< 24 8 58 2 Ji) SR FH O BRI 45 50 1 . QMR 5 e J22 R 205 R T RS i o, o
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532 % i 7K A WUR BE 52 2 ERA T H 38 B 5T i 1) 250 {145 42 %6

gk A P S R 2 SRR AR R R A . SR LS-DYNA g7 =4k 1/2 #8768 cm-g-ps, M
K143 RoF 1 mom s 8B E] R 400 s,
1.3 #MESH

ZHRIEE KA HE AR 3 R A Johnson-Cook 8B F1 Griineisen RS TR ST A . BEEEEZ-RF JWL IR
BT, JeEVEZG R 3 88 M B 8 (ELASTIC_PLASTIC_HYDRO) Hl 5 J 4 KR 25 97 #2 (IGNITION _
GROWTH_OF_REACTION_IN_HE) L[ ik . MBS 2~3 4 Fron, Ho (URMBE R,
G MRS ;3R 2 L A Byc s Johnson-Cook I 24, S, .S, .C /& Griineisen & S H,V,
SR AR AR XHAT ;3 3 i, poy IAEZGHRIE . D R RE 2548 . A Bpw Rywet Ryweo F1 Ey 24 WL ARE 7
BESHGER A P oy FRoRMBHE IR JT s cr wop 43 5 3R SR PRI Wy 1) LIRS ORI R RS T S 4L

*2 AAMBEREREHESH

Table 2 Parameters of material model and equation of state for copper and steel

Material  p/(g+ cm *) G/GPa Ajc/GPa Bjc/GPa S S, C/(me*s ) Vo
Copper 8. 96 46 0.09 0.92 1. 489 0 3940 1
Steel 7.785 77.5 0.175 0.376 1.49 0 4570 1

x3 BHEAMMERRREFTESH

Table 3 Parameters of material model and equation of state for explosive B

o/(g+cm *) pey/GPa D/(m=+s™ ") Ajgwi Bwi Rywia Rywe. E,
1.717 29.5 7980 524.2 7.678 4.2 1.1 0.085

R4 KEEZ PBXIS02 MBEBKRREFTESH

Table 4 Parameters of material model and equation of state for explosive PBX9502

o/(g+cm ?) G/GPa oy/GPa A/GPa B/GPa R,
1.712 3.54 0.2 524.2 7.678 778.1
R, R; R; R; c,/Jekg' * K" /(Jekg'«K™"
—0.05031 2.223X107° 11.3 1.13 107° 2.487X107°
GROW2 AR, ES, ES, EN
300 1 0.222 0.333 2.0

2 HERMERESH

WX 4 Hr BT RH RS R AT W T 2 BIE 2 25 ERA 16 T4 9% it o 72 H
TR S A AR T OB T A [ B )RR Y a2 SR A B L DL S ERA i 1 S 3 Sk 5 4 o
A AR R 5 R AR %) T 819 O ko S 114 42 100 TR B B A=A o A A L A5 B B e RE AR AL G
2.1 kRAMHFHREBEITRESHT

RAERE IR NE IS 7 AE ML AE — 0 A N A JE S I T R e SR K 2 R K B AR I R T )
TREOIE S SRR F I AR I S I A S O R AR RS S B AR DT R R I A S O X A
Mz BIee A

W 3 s 1E t=60 ps B, 55 1 )2 ERA #5485 2 2 ERA BRIP40 8 v Sk 3 4
it 2 T AR, 1 e 2R R 24 AR oh B Mt o 1) ) PR R AR D A S AR R AR I R K O & R
TEAR , B I J2 M 25 58 A RE T RE i, WIAROE A8 45 SRIF 3R A% — 8 Wl B . X A% 8 BUZ ERA X 5 3 3k 33
B TP B AT BIE 3 25 ERA FE G325 ERA T340 09 7 A ]

FE1=90 ps B}, 55 1.5 2 2 ERA ¥R FLE T LW i B & A T AR BE 0 e o et
5% 3 PR S BRI BRI, SR 2 )2 ERA B A MR 5% 1 2 ERA (1% B e fii %, B8 4 ik,
X SR A B T RRURIEE BE R, Hh T 45 7 R I B MR 2yt i 22 5, PRI B A R AT T 22 5%
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TE t=137 ps W, )= ERA JJZME B 58 2R RE & 3R 3 “ARiz 3, ik A B & 58 e Wi 2L,
PR R k2 1) Nz gl , O 52 BI & KR RR 2 T8 O 58 3 MO 58 4 M E & RS & B oe
s SRS A BB

TE 1 =186 ps B AP E L2 RWT R 4 F7 R GEHIUZ ERA B W2 SRS A Fre st oy
Z1H5FE 2P CMWBITRE . TR PE1ZE ARGEAMENIMAE A RTHE2HE L E
ARG HE I MBI PRI PHE 12 BRSEAGME N LA BANTFHE2DHELZ
B M 522G e f (B s 75 1 T RARAIB SO LAY, D7 58 2 WD AL, XF TS 2 575 3
i CHE R TS 2 P 1R A RS R R (B R TITR 358 12 A 53R RA N
Fef (B SRR T IR 35 1R ERA B J2HF 24530 K 8051 15 98 3h " bt i B e 4% BT 2L

Scheme 1

Scheme 2

Scheme 3

Scheme 4

60 ps 90 ps 137 ps 186 ps

B3 7 R A R i
Fig. 3 Pattern diagrams of flying-plate of each scheme at different times
25 LTl RUZARIE R 25 ERA P I AN [ B I J2= 1 24 58 BUR R 5 1 Je 7 AR A ) B E B, A 25 1 R Y
— Ui 8 S 08 L AR i a8l 3 R, B — TR S 4 3 Bl RE AR B BT AR 2 8 R ) i e
e, FR3IFTEAPE 12 ERA M5 2 )2 ERA 1 B2 R & A 12 3 A ©AR D) 0 5
UL o T BT O 1 3 N, A 1) R B L 0 BT SR RE R TR I S A S 2y ERA A SR
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2.2 AEBREEABHAGNERE T

H1 S5 U AR B BUZ BT 26 25 ERA OB UL45 5 CULIET 4) FTAL 70 5 O Sk 0 42 fih ERAL B Wl 56 221, e i
S 6. 61 km /s, FFURAZME ERA J5 78 8550k b USRS RE R BE T L Je R K2 95 4
S5 IO 2 HY TRT AR S AR T W B T L A% B i O 8t 2l

Velocity/(km-s™)
6.61

P4 B A ERA I S 208 25
Fig. 4 Pattern diagram of the critical moment of jet contacting ERA

5 25 0 T AT D7 58 R S Sk R 2L I A 2B S . PRI VR R 1L R 25 4 51k
SR ERA GHR A S FEA — B0, S YR A R IR AR L S 00 Sk A8 24 4 2 R D &% 5 7 48 3 O S O K
D %2 88 P32 5 K 5 3 25 T T TR i 13, 87 Je A e r I 6 Ca) T 220l S 2 2 W F L o S O I ()
B2l 6.6 km/s TRERIT 3~4 km/s, Jr 5 3 A N RER . MR BT 2L 8] (o) 12 75 58 3 fe L,
K6 (b)) BTz o DAl 2 £ B2 5 O o S R AR I 280 18], 7 58 3 CR e 4 38 X o B0 42 1 Dt IR 2 A 9
LG P BOE R Wb B AN XS FR . IR ARG R, 2578 22 B — S g 0 K 0 YR A B R T R T 2
D B8 — g AR A R S BRI AT A A O i A B S TR RE S X S R AT A AT
AL A 4L A T7 2URE TG 3 ISR AR S O B 32 G S Sk T A A D e EL TR

Velocity/ Velocity/ Velocity/ Velocity/ Velocity/

(km-s™) (km-s™) (km-s™) (km-s™) (km-s™)

3.750 4.230 3.201 3.990 4.046

I 3.482 I 3.913 I 2.989 l 3.696 I 3.746

3.213 3.595 2.776 3.401 - 3.446

- 2.945 - 3.277 - 2.563 -3.107 - 3.145

. £2076 - 2.959 - 2350 9313 - 9845
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Fig.5 Critical moment patterns of jet head fracture in each scheme
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Fig. 6 Interference of wedge-charge ERA on jet in each scheme
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Numerical Simulation of the Interference of Double-layer
Wedge-Charge ERA on Shaped Jet

GAO Yonghong,ZHANG Ming,LIU Yingbing,ZHOU ]Jie,
SHI Junlei, SUN Miao,SUN Jiangjun, WAN Qinghua

(School of Environment and Saftey Engineering , North University of China , Taiyuan 030051 ,China)

Abstract ; Based on the existing double-layer flat-charge explosive reactive armor (ERA) ,we designed 4 different

structures of double-layered wedge-charge ERA, and employed the LSDYNA-3D software to evaluate their

ability of interfering with the jet. We analyzed the motion state of flying-plates, the velocity and deflection of

the jet head, the slug fracture, the depth of penetration, and the jet distribution in the target to select the

optimal solution. The comparison shows that Scheme 3 has the fastest jet velocity reduction rate with the

smallest and evenly distributed penetration depth. It can be seen that Scheme 3 has the best protection

performance, followed by Scheme 4, Scheme 1 and Scheme 2 in sequence. In Scheme 3 and Scheme 4,

a composite flying-plate layer similar to the explosion welding principle has been observed. Through the

simulation study of the double-layer wedge-charge ERA,it is found that the reasonable use of the wedge-shaped

charge can make the jet cutting more uniformly and enhance the protective performance of tanks,which provides

a theoretical basis for future research on the charge structure.

Keywords : wedge-shaped charge;explosive reactive armor;shaped charge; LS-DYNA
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100 mm X50 mmX50 mm, Fig.1 Schematic diagram of experimental apparatus
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7, 0] LB 2 E AN [6) 35 B0 A A 5 37 6k B A 4 A0 1R Fig. 2 Schematic diagram of impact points
BERALERR 25, 2 1 91 T i b R OIUE AIAL on the upper reactive armor
1 ) BLAREE

) P (= =i A - P

LR 5 A2 RERER0 10 mm. O ST ) mmema i s
CEL.FHEERA N 3.18% ;D SHEBET O &5, FIERMIEL N Table 1 Experimental results from
46.35% . BRASTABRTI 5 . % HLAAE P4 40~ 160 mm LbR . AL different impact points

Impact Penetration Penetration

E& 3%%&@%%’?%%ﬁ'@ﬁﬂtbﬁ%ﬁﬁﬁ%#/l\ﬁﬁ%ﬂ% point depth/mm  size/(mm X mm)

SRR EAR B AR C AR, SRR Ik, i T A2 B 28.0 1620
PN e o - C 28.3 17X18
EF N IR0 1T 58 32 2 B 37 IR BT T2 R2 i, I LA fe X 45 o 271 195 33
WAZHE D S5 E SR FEE N 40 mm, D 55 R 95 % D 14,7 17X 20
E Breakdown 16 X 26

HA 147 mm, 1M E SRR E 2l 90404, XOR T & LN
E siif, Sl 5 1 )2 SO0 Y, S H 5 2 J= OB Y
VARSI uE SVA-NIIR-SUR LYV eNAEALL

IS W EE S

Fig. 3 Experimental results
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Fig. 4 Simulation model

2.2 MRHREBERSH
RV R AR AR 4R H JOHNSON_COOK #E#fl Griineisen JR 7 7 2 #E 17 #5348 , S 80 % 2
i, RAEZEZGRM JWLRE R S5 3 Fin., 2 HELR M B HAR (ELASTIC_PLAS-
TIC_HYDRO) Fl 5 kK AR A5 75 #2 (IGNITION_GROWTH_OF_REACTION_IN_HE L [a# ik, &
Bang 4 R,
®2 EHEAMBERREREFESH

Table 2 Material model and equation of state parameters for copper and steel

Material  p/(g+cm*)  E/GPa 7 A/MPa  B/MPa C n m
Cu 8.93 138 0. 35 90 292 0. 250 0.31 1.09
Steel 7.80 210 0.22 350 300 0.014 0. 26 1.03

®3 8701 EAMMEREERSHFESH

Table 3 Material model and equation of state parameters for explosive 8701

o/(g+ecm™) D/(m-s™ ") A/GPa B/GPa R, R,
1.787 8390 581. 4 6.801 4.1 1.0 0.35

K4 ZEHEHGPBXIS HREREHREFTESH

Table 4 Material model and equation of state parameters for explosive PBX 9502

o/(g+cm™®) G/GPa R, /GPa R./GPa a b XP, XP,
1.712 3.54 778.1 —0.05 524.2 7.678 4.2 1.1

2.3 HEHEMERSSH

A HCAELASE DL AT LA A 1) 3R R SR UL T2 JS0 RIS 38 78 XU MRS 2 245 B e Y v 2 B A ] 36 3 b i 1= 0
AR BRAG TS A P AR S R R R R R R LA A R R
2.3.1 AEELAVNEREEHREER CIRFMGRETRED T

FRE I LA FE A 0.40.80,120,160,200 F1 240 mm Xt WU L IE 3% 24 [ 1 %€ HE 4712180, ER 1
JE B TTI R IE SRS R L B UL A [ I 220 56 9 5 Al sl i LA SR &L, WL IRT 5, O 0 kAR E BB
SRR S HEAT A
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Fig.5 Morphologic diagram of flying plate and jet flow at different times
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Fig. 6 Interference of wedge-shaped charge on the slug at different impact points
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B 7 AR 25 HE S B R S SO AR 25 S . ANIEL 7 RT LU L, 2 B R 200,240 mm LIS
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Fig. 7 Results of the jet penetrating the target for different impact points

x5 FREBESLHHFHRENER

Table 5 Simulation results on jet penetrating target for different impact points

) Penetration depth/mm Penetration size/(mm X mm)
Point Exp. Sim. Exp. Sim.
A 32.4 24 X 27
B 28.0 25.5 16X 20 18X19
C 28.3 28.4 17X18 19X21
O 27.4 28.4 19X 33 23X31
D 14.7 18.5 17X 20 16X18
E Breakdown Breakdown 16X 26 19X 25
F Breakdown 28 X141
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(a) Double sandwich charge (b) Double wedge-shaped charge
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Fig. 8 Comparison of jet penetration results for the impact point of 160 mm
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Effect of Impact Points on Interfering Jets in Reactive Armor
of Double-Wedge Charges

ZHANG Ming.GAO Yonghong, YANG Yue,SUN Jiangjun,
WAN Qinghua,SUN Miao,ZHANG Wei

(School of Environment and Saftey Engineering , North University
of China s Taiyuan 030051 ,China)

Abstract:In order to study the influence of impact points in the midline of a double-wedge charge
reaction armor on jet interference, their abilities to interference jet are evaluated by the simulation
software LSDYNA-3D. The important results such as the movement state of the flyer during the
penetration process, the fracture condition of the slug, the instantaneous velocity of the target after
exposure, the penetration depth of the target, and the opening pit were analyzed. The simulation
results were compared with the experimental results as well. It was found that the impact of the boundary
effect is significant when the target is in the top of the armored midline of the double-wedge charge. The
impact of the double-wedge charge on the jet is less significant,the slug cannot break before reaching
the target plate,leading to the breakdown of the target plate. For the impact point of 160 mm, the jet
penetrates into the armor of the double wedge charge and the slug rupture time is earliest compared to
the other impact points. Moreover,the slug is cut into multiple segments with significant displacement
and the lowest instantaneous speed when colliding with the target plate, leading to the minimum
penetration depth. Therefore the anti-penetration performance is superior to the traditional double-layer flat
charge. The maximum error between the simulation results and the experimental measurement is less than
10% and therefore they agree with each other.

Keywords: wedge charge;reactive armor;shaped jet;impact points
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The article entitled “Study on the Penetration Performance of Different Shaped DU Alloy” (doi:10. 11858/
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Xianfeng, MA Shanshan,LIU Sheng,ZHANG Chengjian) , because the experimental data they used are found to

be inappropriate. The authors are deeply sorry to the readers who have cited this article.
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