1068 WZT L B AT B R SO, Y

XEHS:1006-9941(2020)11-1068-08
EFPEBE R UMBIREHNT A = KFE iR
BT EGELAB 2N, R

(I HAEIARFEERARAIFERFRELEE, ILh EE 210094; 2. BWLAREHERFRI, BT TWL 710065)

7’

O OE: O T TR R K UM 33U (Explosively Formed Projectile, EFP) T B {2 1) 45 B JRE#E AR S 5405 - 25 AR, 2 T 40 4 #r
FOEZZ BT e, R AUTODYN Bt SPH BB 58 T EFP B 2 80 AT MR 2 B0 S B8 = TR IR 52 0, 237 T EFP 2 1
RN % = AR B SR R . R R 58T EFP I ELRWLS BR IB IR S S R A, O N7 B Ah S RO DG e
RPEATRTLE R IR W] BRI R RO 2 I AR T AR DGR £ R R 2R PRI 3% LAY, BE NS v A A1 i EFP 3R BRI IR

JE AR A 7 = B IR

RERIR : BRIEINSALCEFP) 5 38 BRI BUS R 2 5 D6 B A 8l 1 2% (SPH ) 5 fifi R AL 7

HESZES: T)55;0389

XHEARERG: A

DOI1:10.11943/CJEM2019297

1 315§

18 KE 1 AL 3 4L (Explosively Formed Projectile,
EFP) & 37 %08 2 Y E A B 475 2% BE 19 11 Aili B ke T EFP Y
1R AT R B R R 5 RO %k 2 B bR o R RS AR
KA ENATERE S o BE BUEBAT R T By H
R [ PN AR 2 35 X EFP A5 0T i A RRUE TRAT LA
KAz Wt s TR 2D R T REM I
P AR X EFP R 1) A R R HE AR 1 J5 A4 5 AR X
D R REA T HEGA L PEAl EFP Xk Y E AR Y 8% A 8%
fiE , PRIt EFP i BE J5 2800 AIF 5T LA B EFP X 2 BT H A5 5%
D BE VPAR R T — A TAE R A

Arnold W' H 558 5 it OET) RS B R =28
S ER . AT JET, EFP AR ROHL (R AL AR A,
25 355 SRS TEHE T B AR AT 23 ] 1 BB A T ARURE X R

& HE

W B E: 2019-11-26; f£E H#: 2020-03-17

W £& H kit B #3: 2020-04-30

E&WAB: BEALRF=ELT A (11972018) , 3 4 WHF £ 8 1Tl
A A4 (6141B012858) , VL J5 4 5 38wy 1% BF 5% A= BE A1 37 11 % 35
H (KYCX19_0328)

EEB N WK T (1994-) , J W L WFJE AR, 355 5t 20 8%
i 5 2 g 8N BESE . e-mail : njhxuanning@163.com

BEBRAN: 2Mi15(1982-) 5 BB R, WA 00, 2N F
UL 2 RO S B AR B A AR DESE . e-mail : njusttwb@163.com

SIS HIX T AR J M G AL EFP I R RS R s O R A R ()

W 3. Carleone )5 F X i 40 45 5, X He 4 #7
TJET FEFP R R 1Y) J5 2%, 45 S R W L EFP # )5 1% - 1)
WA T MR R T JET, A 0L, & X EFP R 5 206 1 BF
FE A I . Kim H ST 4515 AR % 18 i K L AR Y
PR R A B0 R L HE S T SRR S SO B W IR S 8
J7 R AR BT RS 0 R 0 O R e KAR R
o BT RN E T I ESE , Dalzell M WA
K H AUTODYN 5114 v iy SPH 8 5k Xt EFP {2 197 #8 Hin
J5 RO R #EAT 0 ELOE SR L TA R SPH B3k AT S i R
BEHIE T Lagrange (Euler 859% o [ PN 2% 35 X0 40 /5 il
1T 5% 22 3 F sh e AP =X 300 X EFP 5 &4 A% AF 53 J0) A1
P FEET TR RIS X EFP )5 ik A
(RGO T Bt R ) et = S 1 PU
ST EFP A A0 A PRJEE R0 A A A, 31 545 2 TR 1) 1k R
KK R EFASE BT R
WFSE T A ) 800 J5E BE %ot EF P 3 S5 5 1 s kA S 4= 480
fiE 1 B9 R, HoR FH FEM-SPH [ 1 B 5% #5303k, 15 3
TR SR R R R B A ()4 A 0 TR RO T
FABAT 2% 18 EFP AR I B R, e T EFP S B A
JoT ARSI 9145 ] T 7 307 A8 F A Mott 28 = LA R
5, DT AR A TR0 5 e 5 RS A A A TS T
1M & F EFP JG 808 B = TR A 58 v, i Pl — i 1Y
s i HEmlt b, DA 9% R0 TRBCRR R R B SE T EFP R
BHARBE R = REAR B 8 =Kl

. frfiE kR, 2020,28(11):1068-1075.

HUANG Xuan-ning, LI Wei-bing, GUO Teng-fei,et al. Shape Description of Behind-armor Debris Cloud from Vertical Penetration of Target Plate by EFP[J].

Chinese Journal of Energetic Materials(Hanneng Cailiao),2020,28(11):1068-1075.

Chinese Journal of Energetic Materials, Vol.28, No.11, 2020 (1068—1075)

Sttt

www.energetic-materials.org.cn



EFP 3 12 19 $0 AUS 20 7 2 08 4R 1 A

1069

it 24 Sy AR T OROT FLALAE R PR R ek B
TR R W TR ) XOE B EOR RS T EFP LS 4
R T oA KR L, H R A B
BB R 2 RSE SRS E R R

LIRBEFEH EFP R OB AR R AR T T
Ko 7 REARCH T B R IT AL B AR IR R I EFP . T
2% ] By 47 40 48R g S AR T 2 TR A 3 T TR A
AT BOULRE s R s R KRR,
HW R Z AR A 20 R =Bk

PR, Sy 7 W A A EFP 3 B R ) A BRFESE AR S
RO R = WA A BIF 50 4% T 4 49 53 B G 22 507 B
L85 A BER B F Bl sr TR =B IRS i
5 EFP IR S & LA R 2 B SC R PRI R AR
505 B R R R A5 R AT T X I, DU A T
ZOA LR H AR B0 8 RE A TAR S 2%

2 MRS ERERRE

EFP X A7 IR J5E HE A ) 4 100k i mT 20 oA 8 A AR 1 B
B BTV LA B T B HE T BE | i 2 5 i E v R
B B 2 Y U B A T 1SS AT U T
% EFP B o iy, G5 BR B R 5% A0 A4 RE BB 7 LA &
LR T ) A B R X 4 B SR A T BB R O
JE WA o B R A AR A A T 2 R | b bt
SEVE R B R — A5 AR AR 55 L0 b 1) SR R ik )
Fe s KA BRI B35 B 2RO PHIR R B =

BT B AR A1 TR B s R AR R A
BRIE | f il i 9 9 4% EFP, v )38 23 S EFP LA AR A4 R
B RE R, fie oK S I il 2 B = AR AR T B A i ST
(= AP /N TRARBE T, AT B b S ) 52
TE B 7 i 907 - AR o i 2B ISR O v R o 2 A T
I8 18T ¢ 408 WU, 04 EFP L EE A4 R 0 R
2 PR AR T T 55 55 A 2k B9 52 ) AR, 1l Ah TR
o F T VR PR B R R A L HG S ] A3 A AN
FEA3 R R 69 0 Al ML CRA R EROE ), AT %
JE 3 R LA D B Rz A i i 2 R T T A B
R = KA 2a, B 25 v i B 5 R 07 1) de R AT L
fe s 2b.

% LS R B TR R TR R A AT O G
A 2L B B R 2 T 22 ) I T ] B A
FLRGE S5 B0 2 1 il i e ] 30 ) 528 2 g R0
D T xR R AT SR AL, 75 Jm S 58 v BEAT AT R i

(1) B =BT LI Ry — A2 DA R 0

CHINESE JOURNAL OF ENERGETIC MATERIALS

(x-a) ,

ring-shaped fragment] |fragments of EFP and target‘

2a

E1 i nERnmER
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Table 1
and the simulated EFP

Comparison of parameters between the real EFP

solid maximum
- S volume  mass
projectile length solid diameter Jem? /
/ mm / mm 8
real EFP 56.948 24.444 23.732 212.639
simulated EFP 55.450 26.000 22.444 201.098
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Fig.5 Simulation model of the penetration of target plate by
simulated EFP
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Table 3 Material parameters of the simulated EFP and target

plate

part o,/ MPa G/GPa p/g-cm™ C* n*
simulated EFP 90 46 8.96 0.025 0.31
target plate 352 77 7.85 0.014 0.26

Note: o is quasi-static yield stress, G is shear modulus, p is density, C* is

strain rate sensitivity coefficient, n* is strain hardening exponent.

strength model

erosion model erosion strain

part material equation of stste
simulated EFP copper liner
target plate 45%steel shock

Johnson Cook

Johnson Cook

Inst. Geom. Strain 4

Inst. Geom. Strain 2
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Fig.7 Penetration exit hole calibers of EFP under different

target thicknesses
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HE 4 26 1, BE L EFP 520 K B L AR AL Ry 38~
70 mm (SRR R 8 mm) ; EFP i K50 1A d Y728
AAE I Ry 22~30 mm (S H 2 2 mm) s EFP 5 41 #
JE v 8 L Y5 Bl 1500~2300 m-s™ (2 Rl
200 m-s™");EFP 4 J# p, 8 2.71,7.85,8.96,16.65 g-cm™
19.22 g-cm™ 4B HJFEEE A 2ZZALIEF 8 10~50 mm
(ZHHHH 10 mm) .
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BRI 7 B O FE R R o R, R HTIE 22
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T A SRR S AEREN, AT R T IE S 3% L, #4715
ST T HRBZ R ——F12 5 AR, 5 an &l
BHI/RMIITE 5.10.15.25 FIMREIE =K. 4
W E15 M LA & BV GG = K a iy
B, Ly KB a iy iH A5 R WL 5. Hrp ="
FUA % 375 RO AR B S5 B R A D A O, RAESE TS
F4 FEXEHEEARTE

Table 4 The level factors for orthogonal design

factor
level
v/m-s™! I/mm d/mm py/g-cm™  /mm
1 1500 38 22 2.71 10
2 1700 46 24 7.85 20
3 1900 54 26 8.96 30
4 2100 62 28 16.65 40
5 2300 70 30 19.22 50

b. scheme 10
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2167 JﬁHv

® e ‘J@
%‘?

)
)

9 5
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c. scheme 15 d. scheme 25

B8 Jr%5.10.15.25 Nl mIEARIA
Fig.8 Debris cloud morphology of schemes 5,10,15 and 25
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Table 5 Orthogonal table of debris cloud major semi-axis

ccheme factor indicator
v/m-s™" [/mm d/mm p/g-cm™ t/mm a/mm
1 1 1 1 1 1 46.330
2 1 2 2 2 2 55.770
3 1 3 3 3 3 69.760
4 1 4 4 4 4 79.033
5 1 5 5 5 5 93.130
6 2 1 2 3 4 85.995
7 2 2 3 4 5 91.460
8 2 3 4 5 1 42.846
9 2 4 5 1 2 92.360
10 2 5 1 2 3 73.805
11 3 1 3 5 2 63.600
12 3 2 4 1 3 -
13 3 3 5 2 4 113.350
14 3 4 1 3 5 110.925
15 3 5 2 4 1 40.860
16 4 1 4 2 5 =
17 4 2 5 3 1 51.275
18 4 3 1 4 2 60.680
19 4 4 2 5 3 76.695
20 4 5 3 1 4 -
21 5 1 5 4 3 100.256
22 5 2 1 5 4 97.835
23 5 3 2 1 5 -
24 5 4 3 2 1 60.400
25 5 5 4 3 2 133.335

BSBE, N 6 s o B, A4S B9 iR S B
R apy Rk () Fram K (8) LA (2)
RIVAT A 21 EFP 3B 4= 190400 4R $0 5 B 7 2 i B 7 7

t l
=0.238-d-[0.217 -(—)0%° . (— )01
a [ ()7

v 7.85
_( )0,767 . (

10° 2y Py
Py

®6 W & IR 45 R

Table 6 Fitting results of debris cloud major semi—axis

)% . 32.488 - 6.266]

(8)

parameter A B c m n P q r

fitting result 0.238 0.217 -6.266 0.336 0.105 0.767 0.529 0.756

4.3 EREBEFHMERIE
431 HETESERTEIE

EFP & HE 3R B v E 4R DL 1 LS B == 9 il 1) fi2
MBE 1, RS A 2SR R E .
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7 QAR O O e i .11 bl NS
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a. variation curves
12

_
o

oo

and calculated values / %
D

relative error between simulated

o N ESS
T
i
'
'
'
'
'
'
'
'
'
'
'
'
'
'

- I
'
'
'
'
'
'
'
.
'
'
'
'
'

- I
'
'
'
'
'
'
'
'
'
1

1300 1500 1700 1900 2100 2300 2500
vims'

b. error distribution
9 RIA EFP I E T R = KAl a i T FAR S 0 210 e H
=il
Fig.9 Calculated value, simulated value and error distribu-
tion of debris cloud major semi-axis a with different EFP ve-
locities v
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4.3.2 RWWIE

F A B 5% BT #5710 W R 2 i A RS U STk
[11]H EFP 2 A2 M) 20 mm & 45" 5040 5 28k A = K
AT . MR SR, 28] % A = 5 T
JHEFP I BRS8N 7 iR .

F*7 EFPIRE BB S
Table 7 Molding and material parameters of EFP

maximum solid impact .
Lo . density
parameter solid diameter length  velocity
/g-cm™?
/mm /mm /mes!
experiment result 12.800 23.789 2120 8.960

B0 S B 2 kel XOG MG an 10 fir s o X5 X0k
BEHGIEAT 53 BT, LA v 80 A RS B 55 5 s 2 14 LU LA
ARTL L AF B IR S8 KB ah 59.375 mm,
fEE4 bM 39.375 mm.,

G543 7 0 EFP I R K b RS 5, B AR SO
HENT BB AR B2 R N = KR
HWHRSER SIS R L8R,

HH & 8 WA, A ST 37 9 i AR AR 5 3G Y 1R
PR E 3% LA, g — 2 E W T i B R BB A% X EFP 3
BRI BR RS JE R0E R 2 MR AT 1 A A A

10 R0 = XOEREE
Fig.10 X-ray image of behind armor debris cloud™"

R8BI AR 5

Table 8 Results of model calculation and experiment

) model relative
result experiment .
calculation error / %
major semi-axis / mm 59.375 57.986 2.339
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Shape Description of Behind-armor Debris Cloud from Vertical Penetration of Target Plate by EFP

HUANG Xuan-ning', LI Wei-bing', GUO Teng-fei’, LI Wen-bin', WANG Xiao-ming'
(1. ZNDY of Ministerial Key Laboratory, Nanjing University of Science and Technology, Nanjing 210094, China; 2. Xi'an Modern Control Technology
Research Institute, Xi'an 710065, China)

Abstract: In order to accurately describe the shape of behind-armor debris cloud from vertical penetration of a finite-thickness
target plate by an explosively formed projectile (EFP) , the dimensional analysis and the theory of orthogonal design were used as
bases in this work. The effect of EFP molding parameters and the material parameters of projectile and target plate on the shape of
behind-armor debris cloud were studied using SPH algorithm in AUTODYN software. A mathematical description model of the
debris cloud shape behind armor from vertical penetration by an EFP was established. The shape parameter of major semi-axis of
behind-armor debris cloud from a vertical EFP penetration was calculated using that model and compared with the simulated and
related experimental results. It is proved that the error between the calculated major semi-axis result of debris cloud by that mod-
el and the related experimental result is controlled within 3%, and the shape of behind-armor debris cloud formed by an vertical
EFP penetration can be described accurately with this model.

Key words: explosively formed projectile (EFP) ;vertical penetration; behind-armor debris cloud;smoothed particle hydrodynam-
ics (SPH) ;description model
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