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IH FL 25 R B A A, 2 R SR T A AR 2N S mm B IR FLEE A AE R I, 2% 25 R T B R 2 2 B A R
JIRR AR RGN VERERRE . FEFIE 4T U7 1, 55 04 55 1) 38 a1 20 %) PER (Pugh-Eichelberger-Rostoker) #
Y XF R L 24 18 BE R SR Y Sk 0 BE AT TSR, ] AUTODYN-2D B A48 v £ 245 289 25 1) 33 it
B E AR, A3 A B 1 2 AR LA | BETZY B b B A AR A [ R 3k s L 24 B S SR AR
AU 5 e B

HY T 2R i 2 24 vl Tk A e T AR R U0 U TR S A T, D A R R 24 L B Y R T R
AR, X SO Y R AR AU e EL A A A 2 O, PR, AT TR T R R AR R AT R
PRSI MBUE B ST T FEAR 2500 5 AR R e 25 Z [ A DL L OC &R, A Mt fE SR ae e 25 vh ok i
AL T vk, M EE TR B dl s 24, 4k 5 58 BB 91 AL (shaped charge jet, SCT) %& 24 Y 3k 38 3 J3 12 55
25.1%. K EEHE RS 1%, FF2U5THA (jetting projectile charge, JPC) %% 24 (14 3k 370 32 J3£ 42 15 18.6%, 48 KE Ji 704 5if
AL (explosively formed projectile, EFP) %% 24 %) 3k B 1 & $12 155 8.8%, K AR FL 25 164.3%. T ERE 1 T
I % R TR 245 78 B T st ST 1) 5 e, 5 G A B W 254 S 88, S sh RE R TC R AR I 42 5 1 31.3%. B
e ¥ AE UG T AN WA AT AR L JLAT ST L B R S B0 B 78 X )23 245 8 BE T 1 2R e S U A 52 a4
25 SR, S I Al S 0% SR e S I R T PR ARk 2 1Y 2.19 £ .
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AW FEIE T SCHR [10] 71 40 mm % H 5025 44, 38 28 338 43 B R A 04 A OC S 8505 18 52 AR 1R 1 ¢
Z, () B ) BSCMEL A 400 7 3 57 5 O R B AR AT ASE T8, i s A0 A5 v L B ol Al 45 4 o) 24 0 B SR T
FE 145340 o S R T SR SARAIRE 1 A 52 e, 48 75 B B 235 4 2 0008 SR B SR U R RVR AV 1 S e R, Ry
NIRRT R BRI S %

1 &SRR R IR R

11 PpOREBeEEAE N EREN —
2 A SCHR [10] H B 40 mm R S5 4 5 ;i Esm
VE R AERO2 P R AR - 2 B B NG A 2 R e R 2 4 - Waveshaper

g5, BTSN AR v 8 L 24 1Y BRI AR } ™
NMILLELTEER, qnlEl 1 s . o, 25 A0SR A Ry l
60°, BEJS N 1 mm, b Ay 245 5 5 RS 9 1, 0 |
LI AR, D, AR B, H, WAL . 25 }
RUEE Sy ol LA HESS & B, T S B MBI S
ﬁéﬂ%ﬂgﬁ%*ﬁ}%%ﬁ%%ﬂ%Tﬁ%ﬁ%gmﬁé’ = Fig. 1 Shield and charge structure of the 40 mm
P B L S 1 2 24 e TR R AR armour-piercing ammunition
1.2 RIRSHEXNBRBEEEBEZW S

TCREAR N, 2R AEA 25 7E th 4k O sUAME IR 5 | 45 22 ik L IR I ipl i) T8 AR 28 25 rh A% 4 250 In 1 B
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EXLIE
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W B4 1T 53530300 3SR 5 A DI, b wg sy g wgg ug, 2351000 (0) XL (1) XL (2) X, (m0) X, (m) XY
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Fig. 2 Influence of separators on detonation waveform Fig. 3 Regular oblique reflection of detonation waves
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V20— Hy) +(D, —d—2b,)°

By <x;<Bg+h

2.x,'—H
Ao ( ; o) "y @
. ° Dg_z)’i %25
sin|90° — arctan ——— —«
2(x;— Hy)
GIEE:
, 1 [Apmolk+1)*sing; . a
2 m
sin“ (¢, +0) = KT [ oo (Asm<p3— 5)+k— 1] 5
a
k—1)si +0)—(k+1 +Otang, + ———— 1- n
(k—1)sin(p, +0) — (k+ 1) cos(¢, + O)tany, Msin(g+0) ( ADsin%)ta p3 ©
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k—1)sin(p, + Otang, + (k+ 1) cos(py + D+ ————  p+|b-1 . tan’
(k= Dsintes +0)angs + (+ Deostea +0) 7 +( +ADsm%) .

Krfr: py WVELGHEE B, po WEG BB IR R, k M AR EL, M, S RHR I 5 13552 (1) X ) Mach %%,
M, 5 0 18R @, WeREL, a. b g 24570 SRR i R 40 22508 50

T3 (5). 2 (6) THIRMEBALE 2 1: ¢, @5, FRHRITEI KR 5 0,0 0y J7, FRAK (),
RV A] 75 2] 85 22 Uk 1F AR I ST 24 78 B v v 0 W 4R R T

moD’ si .
Pm = ALmo™ MNP b51ngo3 (A sing; — %) (7
DALk, e 40 R e Al 2 Bl 2 U R o e, AR IR A 3, W RISRAS AN R AN A @, JIT X R 114 2

R IR IR ET

DRI bR SIS TR 0 A, KT A R K ST AT SR I B HEAT X L, IR 4 TR,
ST 5 S g0 B 5 W) A, IR 2K R 5.32%, 1T LI AR B 93 i B S 113 45 SR ol 2 TR 0 A
kG RE R

P LA 24 R B A 8 05 E b Ry 4 mm, PG IR AL EAR d R 5 mm, BEAURJEBE B, 4 5.6 mm, Rk B AR
D, 3 15 mm, FEHR =5 BE H, 24 3 mm 195 BEHE 24 S5 M 6 AT BIS THIAE, 453 B0 A HE 24 A1 58 A0 0 3% i A [R] iz
Qb A 55 e NS AR RS2 TR 0, AL S R o i o il ), 2 A R RT Rl 43 Ay (B A B R I e B, A X T Bt
o i B R A T P 8 ) 1 A S A A X K, A2 T D U 0, ) 5N A R B
W Lo TEAEHESS G AL, FU & A A8, NG 2R R R, ot Rk 2R, T 42.3 GPa.
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= 25t £ , @
o 3(5) I S 40F \.\ // '\. ~140.8 E
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O L 20 L L L L L L 390
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B4 ERHE S SRR AT L Pl 5 RSN R] (6 A R AR A1 S i 32 e
Fig. 4 Comparison of experimental measurement data Fig. 5 Detonation wave incident angles and transmitted
and theoretical calculation results pressures at discrete positions on the cylindrical-conical liner
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REURR S BR A% 1 R IE MR BT 26 08 T, AT AR SR i 5 25 B B e A MR R S B 2 ) B0 O 25, & T
H S 0 R AR I ) 24 T AN [ S T A2 T T, Ay B AR 24 R R 45 R 2 R T I B SR B Al

2 HERWMGE
20 HEHEREN

T LS-DYNA F BRI H M4, X B A A H O 38 L AT B B8 0% 569 90 A 780 A (R 180 355 R 0B A7 B (B A 40 o
BAERAINE 6, B 7 FiRs . % R BRI AREE R, 0 HE I ROR, SR 1/4 25 R ST — i R
JUAR TR 5 X FR T 18 X B 2 R A, R e AR R A 1 SR A R g O A A, ke R I FE L
St BB, B em-g-ps.

O Steel o=
0O JH-2 [ ; m Copper

Air (Euler)

. Air (Euler)
O Phenolic E
m Copper \\,A m 45 steel
Pl 6 SR K7 SRR
Fig. 6 Simulation model of jet formation Fig. 7 Simulation model of jet penetration

BB R KE2Y | 24 RS 23 SR I £ Wt ALE (aribitrary Lagrange-Eule) 33, 7 D45 4 b 45 4D,
YEZHR 2 . 24 R0 58 e 1 R S It J R 5 R v ) B A SR G B A B, SE AR R AR R H Lagrange 58035, 75 2 F
A ) BT 22 [A) 2 SO [R5 2 k>

ARIETHEAE B, THE AR R Solid164 /N5 s N TR FIG o X6 T 55 3 i U ABE Y, I A R /1N B
0.5 mm B 3155 25 J 287, S 1 13 Bk ) A LU A5 DA 3 7 Jmy 35 1 /N RUST 25 44, 8 SR B 2 24 IX Bl
A& R /NEE B R 0.4 mm, BRI X B 0.5 mmx0.5 mm, FE4Y XU R A 1.0 mmx1.0 mm & R #%
(DT =g =k
22 #MRHRE

B 358 S IR SRR [10], 25254481 A TH-2 #E2Y, 2% ] HIGH_EXPLOSIVE _BURN 7 fE 4 24 1 %5 A
RUFD IWL AR ZS T R34 SR FOREAR B9 A4 BE 340 45 B9, 25 78 55 0 b RL R S8 4, B A 462 &8 M HI4 R
JOHNSON_COOK A A4 155 A Fl Griineisen PR 25 7 BE A 5 FaAR AL by 1 8 S8k, SR FH 98 M A MBS U 3R
PLEAM R SO I 3R 1~38 3 Fin . Hd: p WM BHEEE, 4,0 By, R\« R, Ml w N XEZG BB BHE %K,
A, NBHE S 28 500 T IR IR TR IR T3, B, B n 23 5 R A RAE 25 2540 14 07 25 B £ 5t 1 £ 48
B, C M BN AR Z5R A S5, m MR S5, G BT UL &, o BRI T1, S\ S,. Sy ¥ 44kt

R 1 JH2 MRS

Table 1 Material parameters of JH-2 explosive™

p/(gem™) A4,/GPa B,/GPa R, R, w
1.695 854.5 2.05 4.6 1.35 0.25

*2 ERMRSHEY

Table 2 Material parameters of metal”!

Material p/(gem™) A,/GPa B,/GPa C n m,
Copper 8.96 0.09 0.292 0.025 0.31 1.91
45 steel 7.83 0.79 0.510 0.014 0.26 1.03
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9540 & SR A BRSO B L 24 75 R B IR BT 5 ) ) B (ELASE 55 3
#3 BBRENMRSHE
Table 3 Material parameters of phenolic plastics®®!
p/(g-em™) G/GPa o/MPa S, S, S,
1.19 2.4 50 3.49 -8.2 9.6

23 BEEUERNTEMEIE

T SRR A A SR B v T, 2 IROCHR [10] T E T O 4 mm, BEJECH 1 mm 193080 T,
R B SR BT 307 VR O S 288, 1 S N R BB REA, an e 8 B .

e BB R ZS R 50 25 R U BEAT R LG, AnfE 9 Bros o AT LAE B, B A9 2] R E S
R EA AR, TFAL EAR IR 228 9.76%, Ab T4 BRIR 2236 [l A, 30 UE T BUE R 7 6 1 T S

40 mm HEAT warhead

<

&8 S A X R ) BB AL
Fig. 8 Schematic diagram of the simulation model
corresponding to the test

3 HERMGRESH

3.1 SRR
AR L 3 BRI 73 A b T 04 A M 45 A4 S0, XA L G B A TR 1 R S A 47 RO U o A AT
BUEBE . 18110, P 11 RIS T 2 e 25 45 KR 10 I 2 245 1A 0 g A A0 P e 7 R 0 B AR

9 R

Fig. 9 Comparison of penetration targets

p/GPa

p/GPa

1771 33.69
16.29 28.88
12.02 26.48

10.60
7.76
2.07

0

0.4 us

21.68

16.88
7.27
0

Vented volume

(a) Detonation wave propagation and interaction process without wave shaper

p/GPa p/GPa

p/GPa

- 17.71 38.35 I 43.05
16.29 I 32.82 V 37.03 I
12.02 30.05 - 34.02
10.60 2452 o 28.00
7.76 176 21.98
2.07 10.70 -, _12.95
0 0
0.4 ps 1.0ps 2.5 s 5.0 us Vented volume

(b) Detonation wave propagation and interaction process with wave shaper

B 10 A Jokab R e R A s ™ s fat

Fig. 10 Interaction dynamics and vented volume of detonation products in explosive charges with and without wave shaper
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Lk LAERE, T RRAR A AE7E, 2 R 25 554 1
PR E WAL R AR AE 22 5% o AR USRI o 1 1 22
W ol RV ER T, 5 ES AT AL . TER SR B Y
YEHITR, 2.0 ps B 25 8 B R Wi g 515, i ) = &
ATLLVE T, AT B KR 1 0 34.28 GPa, HI T2y
T B8 U7 30 LA A M, R 2R = M itk i,
5 2 R B 25 2R 1) o T PR, 24 0 B T
1938 FLTE 4.0 ps I A

TS Al F A AR T AR 5 U DR B L 3 T
1LH%, Gt Bt KAR 5 IE i PG AL I .
F B 5 25 BB G, B R AR SR R ) R AN iz
By, AR AR 24 24 70 E A BRI e BB 2.5 s B
25 T B Sk 24 TR A A, B 2 D o e e B

‘ 2124 T

(a) Without wave shaper
BN A Tk s S ) B o

Fig. 11  Jet formation process with and without wave shaper

(b) With wave shaper

M 5 24 7Y B8 2 [R], 5 57 I 4k DL R A, o A5 B TO0 I iy = A e e, U B e T W4 38.35 GPa, WTA] 10 (b)
fis . B )5 25 5 S B W g E S I 3R, 7 5.0 ps P25 R ER TR P4 A, BRd 5 24 60 B8 B 2 Ui A 2 TR R
oo I SR G R )%, R 73K 3] 43.00 GPa, 18 K T A U IR AR B (4 458 25 15 F7, ELB 22 7= 1) M\ 25 Js Ak itk U F)

PRBUL S Ta B Al ) 20%

S S TG T B8 52 00 % S A U 2R B Al P S S 4 BB B D A L B AR AR . AR SEPR TR R, Sk
P E — 8 26 FH S OAE VR fk BT 4 Sk P03 B2, PRI, AS WIS 18 T 20.0 s F AR 569 370 Sk 38 38 88 A 1y B i i A

3T

. JoRE M SRR L, E 11 Bk, ATLAER H, & RIS AR — 2, Jokm A i B /8 5 i Sk
R A EORL, SR 7 177 m/s, S BE R 114.5 mm; 75 1 B8 AR 24 760 58 B R A7 B e 7 Tk, SR
LA AN, S S T R AN, SRR R 7 999 m/s, B U BE A 124.3 mm, A0 T TG RE MU T 51

SR T T 10.28%, BHR K BRI T 8.56%.

W LR A T R A 1) TR BB 2 25 43 R 1Y) 45
L R RS RAE 12 FiR, RYIFFLE 2
WYY, W& R BT, 55 W2 2l 7e fL R
vty E B AR BUFL K . JoR AR B, 5 i kv 2 8K
HERRAEALIS, (RAITREE R 134.94 mm. 0 B Al
Jei, B O R R v, A AR R, R AT ALE
¥, RGN 154.32 mm, % T JC kAR
BT 14.36%.

X e T L 24 7R B AN 0 R T S O AR
i R AR G5 R BT X He A M, v LA B Has B
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Numerical Simulation Study on the Effect of the Wave Shaper on Shaped Charge
Jet Formation in Centrally-Aperture Liners

LIANG Zhouguang', FU Jianping', REN Kai', YANG Rui', SHI Junqing?, WANG Bo’,
GAO Yueguang', CHEN Zhigang'

(1. School of Mechanical and Electrical Engineering, North University of China, Taiyuan 030051, Shanxi, China;
2. Shandong Special Industry Group Co., Ltd., Zibo 255201, Shandong, China;
3. 51 Detachment of 32272 Unit of Chinese People’s Liberation Army, Lanzhou 730000, Gansu, China)

Abstract: To investigate the role of wave shapers in small-caliber shaped charges, the effects of aligning
wave shaper parameters with those of center-holed liners on detonation product leakage and jet penetration
performance were studied. Based on the regular oblique reflection theory of detonation waves, quantitative
relationships between wave shaper parameters and detonation wave initial incident angles/pressure
distributions at various positions on the liner surface were derived. Systematic analysis using LS-DYNA
software was conducted to reveal the influence patterns of wave shaper diameter and height on jet formation
and penetration performance. The results show that adding wave shapers to center-holed liners effectively
increases the collapse pressure on the liner, suppresses detonation product leakage, enhances energy
utilization efficiency, and improves jet penetration performance. Jet penetration capability initially increases
and then decreases with the increasing wave shaper diameter. Wave shaper height exhibits a multi-extremum
response effect on jet performance. The largest penetration depth of 158.17 mm into 45 steel targets was
achieved with a wave shaper diameter of 6 mm and a height of 4 mm, representing a 17.21% improvement
compared to structures without wave shapers. These findings offer valuable insights for designing small-
caliber shaped charge warheads.
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