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Table 1 Calculated and experimental results of critical incident angles corresponding to Mach reflection

in different explosive charges
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Table 2 Calculated Mach parameters compared with experimental results.’

¢1 /() Dey/(km + s 1) Dy /(km = s 1) Dy /(km 5*1>7DM'“"*D""°‘“/% 2 e/ e/ O X—LX* ““'/%

D, exp
46. 5 4. 14 5.89 5. 86 0.5 3.42 1.5 1.55 —3.2
48.5 4. 20 5.77 5.79 —0.3 3.22 2.27 2.13 6.6
49.5 4.48 6.07 6.11 —0.7 3.13 2. 80 2.45 14.3
1.0
——k=0.20
0.8 ——k=0.24
——k=0.28
0.6
S
B
0.4+
/
0.2F /_/
%}gﬁfg///
05350 60 70 30 )
o/C")
&4 ek 5 e B S i o B 5 A A 4R 0 6 R AT IR 5 E T v B2 B A A AR Ak A T AR 2 R
Fig. 4 Relationship of detonation wave and its vertical line Fig. 5 Calculated variation of Mach stem height
after Mach reflection with incident angle

2 HRINEHBRREERIHRATEHERY

2.1 BRTHEFE

FELAB 2 0 B 25 92 0 14 4 o 1 G
B« A A S U 5 0 7T B I 48 0 A T [ Main charge
Wb L R R TS 1 B R 2%
2 Mo 22 0 T BT R SRR 1 4 4 25
R 8 10 L4 1 L — 2590 L1160 5

Para-charge Waveshaper

iz Bl A AR SCH SR T Z2 W B A B9 Euler 5 R0 6 4 I AR 5 245 (R I0L i A B e A 0
%Tﬁi&%ﬁ%*}i%é’j%ﬁﬁ&%%%ﬁﬁ . K6 framN Fig. 6 A finite element model for numerical simulation
R A PRI A, on charge with waveshaper

2.2 MHERERSH

BE IR N 205 5 7 IR A T R R M 2 MRS AR B CT RS 5 98 5% 7 W b s 0 R R A B A 3
Z ] G FR s AN B K 24 7 B R AT BB T o i LR T 90 8 KR g 27 4% Rl 00 A0 f) R At . A SO 43 )R
KGR ABAIN Lee-Tarver MRS Tr B AN JWL ARZS J7 B e 4 34 9% 55 U 2 5 aek R B 76 4 25 v 11y



%4 S PR 2 SR U B S A R T 5 R B A A 453

e R, MESH T Bk A SCHk[10,15] % AUTODYN N B IS4

N1 AR MCER I 4 22 O I DR IR 325 5 A A 4 2 24, B A 52 138 7 A2 0% O, 3 HRL B Al J5E 88 76 20 mum,
PR AR EARIE 42 mm, 254 HARME 50 mm, {5115 FR AR S ke 245 52 B R T 4 55 I T A% 49 1 2 25 Y Il R
1o FRARRE R R B E R RS 7 O Pulf JREE TR FESH 0 N 00 =1. 985 g/em’ A, =
17.89 MPa,A,=201.2 MPa,A;=—6.053 MPa,Griineisen &% R 1. 72, @Kk RZ%CH 0. 25,
2.3 HEEMERSSH

EEXE RIS X E 2250 B R JWLE I Lee-Travel™* 2 Ff A [|] (9 4R 25 07 R EAT Rl R L 18 25 0%
BIE B BAUSE RN & 7 s . HE T JWL TR SR B 6 252 10k 1) I8 B T A7 AE 2 BR A L G T 2, ) 7
(R, PHEZERI EEE RS T TWL B ) 72 7 R #5020 24 00 i 4 55 R T 108 10
I ] A AR, J WL AR TR i R 5 A 2 24 B S o i) 2 R Al AR A8 TR I A 7 J B P o 880 X S A i 3R A 24
T R AR R AT . B T RE 24 bl B A K S Y Lee-Travel BEAUN Y B0 1 % OB BOG I, n
T(b) 7R . XS b & B, Lee-Travel A5 710 g BT B0 A2 Hby 4 348 1 I A0 2he 24 48 56 0 i A 4B i e

(a) JWL equation of state (b) Lee-Travel equation of state

Pressure/GPa

Pressure/GPa

137.70
! 123.90
110.10

L4114
27.34
I 13.54
-0.26
&7 SR AN [R] 0 0 25 4R 285 Jr RS0 A5 3] 119 0 22 D ke %
Fig. 7 Detonation waveform of explosive simulated by different equations of state
Pressure/GPa
148.10 (a) t=86 us (b) t=93 us
I 133.30 |
118.50
—103.60 ‘
—85.78 d
(c) t=99 us (d) t=150 ps
{ /
! \"
—144.27 \_\,\B«—/ 'f’“‘" § O \
20.43 \ !
S F
14.59 o 3K N oE i
-0.25

Pl 8 A ] e 220 gt 52 1 1) % 4

Fig. 8 Propagation of detonation wave at different times



454 DS 1

Xif s B A 2 25 rp Y 3 R 2% 25 4 R
JWLIVHD Lee-Travel™™ 2 Fh A& 6] R A J5
FREAT R AR o 85 55 A% 3 b B2 v AN [ B 220 1Y)
BILWIE 8 iR . 3RS & IR
DAER 11 04 1) 1A% 4 » 200 B A 2% 5 )5 728 B iE
MR E W T IR R W T 2 B 2R A R A A
HREE .Y =86 ps LB BRKRE A K
Az Ty R I S I A AR D AL L TR Y
JE RS 0, 4n & 8 (h) Fil (o) T s, Bl 25 4
R T Y S O N e IR (E LS
73 R R AR RIS, Y T R b R T R
R SRR E] CT (W, Ih b 3
K s By B S A8 BOE B MR AR 8(d) TR

R T TR IR R 24 0 5 DA
RN R SRR SRS, R
B2k DL R BRI 4L 2. 5.5, 0.7, 5 F110. 0 mmkk
S — R . L TNT #E 254
o1, 388 5 14 3 A AT LR BUR 3 7R W 1 S
AL, 4 I I R A I B R R A
W& AN TR E AL TR T F00% B 0 A8 Ak L IR 9~
10, KA Tk B ST I, 2% 2 il 28 b CED 25 B T
Tilf 88 25 420 ) 119 P R R R 8 e R, Hrp
RKEHS C] KM E A E] 4. 3, e K%
B C]®EMI N 2. 05,5 Zhang Xian-
feng S5 %F TNT #4245 & A B S 5 i de K
Fe 03 R BE R PRI THIR A 0 . BB R 2R
(14 4% 6 o T B AT il 18 009 0 R R 35 T R
8. 3 g X B A 2 AN I B Ak i e A K
B, 7 0 B S B RS /0 3k 1 B 5 AT
FEAE— 8 o B AR ARk i .

R T AR WU B8 AR 25E 24 v T T 5 3 1 AR
&, 43 00 % 2 B ARk 25 i Comp BLTNT
1 PBX9404 ¥E 24 455 i AL 4k i B AT T
KA, B SR D L T AT
V1A K A 0 ke e o HL 501 4L 5 R R 3
WITE R E 11~13 FiR.

NS INEE S TR Y R O Bl
NG S W 4G R I 3k B A A,
G AR R TR Al A A R
B 3R B e A B 2 U AL % L R AT
1o BE AN W0 AT L 09 g R B S
BN Y IR R AR R R CT
(BB o T S 5001 2, 728 G E R R

—o—At axial
—c—2.5 mm to axial

1 —o—5.0 mm to axial
—>—7.5 mm to axial
\ ——10.0 mm to axial

&9 bk S 5 & Az e Bl B B R ik I A R
P A [R5 Ak s i AS Ak
Fig. 9 Pressure at different positions of the axis

after Mach reflection

% 36

22 | —o— At axial
—o—2.5 mm to axial
—o—5.0 mm to axial
20r —+—7.5 mm to axial
| "\—V‘—l(),() mm to axial
S L8r <

x/mm
10 Ehofh 52 3 A= I B A 94 5 U8 1 A% 6
TR Z A 7] A 4k 25 B 1 A2 AL
Fig. 10 Density at different positions of the axis

after Mach reflection

1.0
©  Numerical simulation
Theoretical calculation
0.8
0.6
S
T
0.4F
0.2F
0 08 16 24 32 10

L/R
Bl 11 %24 Comp B 0 I bk T 5
Fig. 11 Mach stem height in Comp B explosive



543 W OEEL AR AR R 2 05 R Uk e S S B I 5 R A U 455
1.0 1.0
o Numerical simulation o Numerical simulation
08 Theoretical calculation Theoretical calculation
0.6F
x s
T T
0.4F
0.2F
0 0.9 1.8 27 36 45

L/IR

Bl 12 #E25 PBX9404 (1 Zh AT 75 BE
Fig. 12 Mach stem height in PBX9404 explosive

Bl 13 #E25 TNT i S kAT 5 B
Fig. 13 Mach stem height in TNT explosive

3 & i

T e X T R B 2 24 % 0t T b S S a R A S 0 W LA R B (AR L L AR B R R

(DT =3 A& IE ) Whitham J77% 832 1 5k 58 IG5 G /A A =0k i3 K A S S50 &
YA T Dk AT = B TSR A SR SR R 2 WA AR kAR R S B B R AT Y R
T Bt 25 10 22 0% 1) A 9 T 1) R S DT I A L R R R AIG L,  LRRARE CT A,
i S G T R

(2)HeF FUKIE R AR Lee-Travel #5550, 47 b A2 25E 24 15 22 U & A 5 bk I 5 )5 5 ok A v 32 1) 2501
B E B 5 PR T35 45 B W B8 L X B R Lee-Travel K 50 ] L5 v A b il A8 7 G W 26 24 0 25
AL R e

(3) 71 P W 2 245 4 A2 — R R S A B VR ™ A B R R S M R 2 B R . R AT e R A AR 1 At
SEAAN =T R ST 3 T B HR ke 24 4 55 U R B ST ) % 0 R L T LRI A AR I Al R 24 BIK B 24 AU B 1Y
o R A S

SE K

[1] Dowker J S. Quantum mechanics on group space and Huygens’ principle [J]. Annals of Physics, 1971,62(2):361-
382.

(2] BWIE 4, 6 5545, W30 v 8 3% A AR T A R0 25 R [T, pg a3 DA% 2 4 BRI, 1979 (1) 1 145-
156.

Tang Mingjun, Yang Quanzhong, Yan Xiuhua. Preliminary study of detonation wave interaction in HEAT[]].
Journal of Nanjing University of Science Technology: Nature Science, 1979(1):145-156.

(3] B&d WEFF. 5. i AR 24 S8 I AR VR T LT ). Pl o 20 TR 22 5 4 AR 2. 1982(2) 1 23-30.
Yang Quanzhong, Fan Baochun, Yang Chonghui. Interaction of the detonation waves in the explosive charge with
the inserter[]J]. Journal of Nanjing University of Science Technology: Nature Science, 1982(2) :23-30.

[4] Whitham G B. A new approach to problems of shock dynamics: Part I : Two-dimension problem[]J]. Journal of
Fluid Mechanics, 1957,2(2) :145-171.

[5] Dunne B B. Mach reflection of detonation waves in condensed high explosives: | [J]. Physics of Fluids, 1961,4
(7):918-933.

[6] Hull L M. Mach reflection of spherical detonation waves[ C]J// Short ] M. Proceedings of the 10th International
Symposium on Detonationm. Boston: Plenum Publishing Corporation, 1993:12-16.

(7] SRAR TS VR A7 WA, B0 3R M 24 v 8 35 0 Th 3 S AN 1 S 3 W 9 [0 ). MR 4 15 b . 1986,6(3) : 208-213.

Zhang Junxiu, Yun Shourong. Experimental investigations of the Mach relection in a condensed explosive[ ] ]. Ex-



456 DS 1 5 et i %36 %

plosion and Shock Waves, 1986,6(3):208-213.
[8] Zhang Xianfeng, Huang Zhengxiang, Qiao Liang. Detonation wave propagation in double-layer cylindrical high ex-
plosive charge[J]. Propellants, Explosives, Pyrotechnics, 2011,36(3):210-218.
(90 skobde, TS R T . Jo 2 2 2/ I A2 0 B R L) 0. 8 5 b, 2009,29(6) :617-624.
Zhang Xianfeng, Ding Jianbao, Zhao Xiaoning. Numberical simulation of duble layer shaped charge[J]. Explosion
and Shock Waves, 2009,29(6) :617-624.
[10] Murphy M J, Lee E L, Weston A M. Modeling shock initiation in composition BLC]J//Short ] M. Proceedings of
the 10th International Symposium on Detonationm. Boston: Plenum Publishing Corporation, 1992:965-970.
[11] Grasso F, Paoli R. An analytical study of mach reflection in nonequilibrium steady flows[J]. Physics of Fluids,
1999,11(10):3150-3167.
[12] Sternberg H M. Piacesi D. Interaction of oblique detonation waves with iron[J]. Physics of Fluids, 1966,9(7):
1307-1315.
[13] Whithan G B. Liner and nonlinear waves. M]. New York: John Wiley & Sons Press, 1974:263-274.
[14] Lambourn B D, Wright P W. Mach interaction of two plane detonation waves[ C]// Proceeding of the Fourth Inter-
national Symposium on Detonation. 1965:142-152.
[15] Lee E, Finger M, Collins W. JWL equation of state coefficients for high explosives[ R]. Livermore: Lawrence
Livermore Laboratory, 1973.
[16] Davison L, Horie Y. Shahinpoor M. High-pressure shock compression of solids[ M]. Springer Science &. Busi-
ness Media, 2012:123-143.

Theoretical and numerical study on detonation wave Mach reflection
in high explosive charge with waveshaper

Pan Jian, Zhang Xianfeng, He Yong, Deng Qibin
(School of Mechanical Engineering , Nanjing University of Science and Technology ,
Nanjing 210094, Jiangsu, China)

Abstract: On the basis of the three-wave theory and Whitham’s method, the flow fields associated
with regular reflection and Mach reflection in high explosives with waveshapers were investigated, and
the relevant theoretical model for deriving the detonation configuration was proposed. The calculated
results of pressure, flow velocity and triple point growth angle of Mach stem were presented and the
Mach stem height was also determined based on the modified Whitham’s method. The finite element
code was used to numerically simulate the detonation processes of the high explosives with wavesha-
pers. The shock initiation of the cylindrical charge was described by the Jones-Wilkins-Lee(JWL) and
Lee-Travel models. The calculated results show that the Mach stem height increases with the propa-
gation of detonation wave. The numerical results are consistent with the predictions based on the
presented model, which shows that the analytical model provides reasonably accurate predictions of
the Mach reflection process.

Key words: mechanics of explosion; Mach reflection; waveshaper; detonation wave propagation;
overdriven detonation
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