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BENAOREEE - KEBRTANEERAL N MAERGEREE B Z B, #
BIMEHMBEEANRAE . BATBEREAFN TS KK A, 58 ANSYS/LS-DYNA 7
HFESNBH A, EHEER FRMAES ¥ F %k (SPH) 5 & R IT(FEM) # & & %, &t X W % JE
BEHATT ZAHEAEN A RENLREEZRERME R HERHATT N, £REXN,
BREMENE R L R4, L5 Deribas tWE Wit & 4 & — Z & 4, 4 ¥ Deribas 2
A fr SPH-FEM # & F Fxd R mEEREEART N S E XL,
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S BT AR B f1 2% (Smoothed Particle Hydrodynamics, SPH) J5 i H7 A9 48 R B L s FE 0, B 45
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BRAY 3 B 50600, TSR Y AR R A2 AR B A ORE VRS LRI (6) S 25 TR AN 3R 1 B . R TT 30
AR

B E AR A 3D Solid 164 SERHTE, BAITIN Ky 0.1 cms KE2G R 23 563 KL oL 7 B9 K/ Ar X
H0.1 em, BB BRI FRE O T B R RACR R /2 BRI BEAT IR B cm-g-ps.

Flyer plate Flyer plate
., I e S |
Flyer plate ? Flyer plate
F 1 RS ] (10 mm 25/5) F2 R G mm 45
Fig.1 Calculation model | with Fig. 2 Calculation model [ with
explosive thickness of 10 mm explosive thickness of 5 mm
F1 HEEBBAHFRAEXSH
Table 1 Related parameters of materials in calculation models
Calculation Flyer plate Base plate Gap Size of explosive/
model Material  Size/ (mm X mmX mm) Material  Size/ (mm>XmmXmm) 0/mm (mmX mmXmm)
1 45 steel 300 X150X2 Q235 300X 150X16 6 300 X150X10
I 45 steel 300X 150X 2 Q235 300X 150X16 6 300 X150 X5

1.2 #RHEERSHIRE
BUETH LA E 25 R F i RER PR A A Je JWL RS Ir 2 . JWL & R kik 0k

1 2

v
iﬁ:'T‘ !AJWL\BJWL \R1 \Rz %n @ ﬁilﬂﬂé%ﬁ,i) y‘j@?%)—i%}iﬁ aGPa;Eo y‘j%ﬂﬁﬁ [:[j]j:]ﬁ'é,k]/cmg 50 %jﬂ%%
ST YI AR L 2SO T . KEZA S SRR 2, Foh o N EE . D N HE 2R

®2 AWEA/WIWLRESH

Table 2 JWL equation-of-state parameters of emulsion explosives''*]

o/ D/ N . E,/
Aw./GPa Bjw./GPa R, R, )
(g+cem™®) (me+s™") (k] « em ™)
1.12 4510 326.42 5.8089 5. 80 1.56 0.57 3.323

BUEITHE P 3 E IR Mie-Griineisen JRZ 5 F2 Ail Johnson-Cook #4 #HE I Johnson-
Cook # B #E AT A an

6=(A+Be:)(1+Clne, YA —T"") (2)
K e, WEIBYERAS ;e =e,/e) HAIBHERN ALK, Hh &) NS HWNAEH;A B.Com Kn H5MH

BAR R BRENIRE T RR- N T =(T—T)/(T,— T T, HEIR. T, NES, 45 Wik
M5 Q235 WA R B Johnson-Cook #4&ME Y 240, BARSE % 3 s,

#£ 3 Q235 $MHI Johnson-Cook 13 B #11¢]
Table 3 Johnson-Cook parameters of Q235 steel™'*’

o/ G/ A/ B/
) C n m T./K T./K
(g+em™®) GPa GPa GPa
7.83 77 0.792 0.51 0.014 0. 26 1.03 1793 294
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2.1 10mmAEHEPLER
2.1.1 #ESGMHE

& 3 iR S SR KE R A R i AR 1 i B = 1. BT 3 ATAE M AR AL K3 6 mm, &
Wi B E2E G, AT U5 AR T B 1 AR RS O, 7R B MR B RE R 3 N RRIE B OT
(431806.,437 359,444 788) , %y th LA A -Af () T 4 A& 4 FoR . BB 4 A& i, RRAE 550 19 188 ) 57 7%
I m K T MBI B (6 mm) , 3 S F TR 48R R 20 7 T T S AR A — 8 7 32 i s R 3,

. 0.1 .
Time: 100.01 ps Displacement/cm Element No.
opBc B C\ St A 431806
prrm— 1 [ -0.215 5 01 | \ \ — B 437359 |
W444788  W437359 431806 - 0431 2 02 : L | o CanTes
- ~0.646 e R !
-0.861 g 03 : \ !
|:—1.077 2 04 ] .
10 £ o5 ': .
1508 EE N
i—1.723 e . r— S =SS nommm
3 ~1.939 ~0.7,— : : : :
2 it 1
-V—"Ix [ 5 1es 0 0 S 80 00
Time/us
3 10 mm 255 R H M A5 H2 45 i Bl 4 10 mm 258N &M L 3 MFHIESITIY
BN = AL = 2 [ 3 - If i) 7 2
Fig.3 =z-direction displacement contour of flyer plate Fig.4 =z-direction displacement histories of
with explosive thickness of 10 mm at the 3 characteristic elements with explosive
end of explosive welding thickness of 10 mm

2.1.2 EREEEE

5 BTz A& — X5 43 il e A Al 5 S AR 455 ST A B RRIE BT (AR T . 798 751 s AR LT 1 416 251)
R AR PR T 1 58 B I 40 S 36 b 4 A R 1 IBORE 0 — 3K

6 T 71 J2 36 AR AiE B G A9 S R -1 () i Ze . AT DU 5 A 7R Al 8 1A — A IF A9 B R U I I 4
B 7= A AN SCER (L7 RT3 s 02 T 25 7 W AN B AR D) R Tl S FE R 2 & X AE IR B Re 3. B AR
b BT BT Y B KRR B R 897 m/s.

200
~ 0_ B A B‘\ B AL_B Al.B Al
- g -200
Element 416251 4 r \
2 400
o F \ Element No.
e 00— ¢ T A 798751
z Element 798751 & r \ — B 416251
| -800
y_48 r
x -1000 - - - -
0 20 40 60 80 100
Time/us
B 5 10 mm 258 F A —XF R4 BT Bl 6 —XFHREAE R IC (L&D 5) i o -1 (] il £
Fig. 5 A pair of characteristic elements with Fig. 6 Velocity-time curves of the pair of
explosive thickness of 10 mm characteristic elements (see Fig. 5)

B 7 FiR e AR EE A FLmi AL Tt LAY 3 S HRAE BAIC (410 476,416 251,420 976) . & 8 /s & 3X
3 AN REAE BT A T - [ T 42

1 P8 TT LA H it 2 P A o B 5 1 84 o, A2 AR P 48 ol 0 K. P SCRRC L7 DA &5 8 T L 1%
G T AR 5 52 MR 1 A T A TR AR R A XA TSR AR Sh B Y
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0.2
O-BC BC A B s C_ ALB ~ A
£ 02 ¢
= I P \ ‘. Element No.
Z 04 1 \ N A 4104767
Element Element Element % ~0.6 i € : g gg ggé—
420976 416251 410476 i » \ \ \
2 & ; \
-0.8 J <
y r N
T -Lol— s s - -
0 20 40 60 380 100
Time/ps
K7 10 mm 258 N G AMREE G F AL R 3 S REIE T [ 8 10 mm Z5J8 T 3 AR BT Y 3 B - A ] il 46
Fig. 7 3 characteristic elements at the bonding interface Fig. 8 Velocity-time curves of 3 characteristic elements
of flyer plate with explosive thickness of 10 mm with explosive thickness of 10 mm

2.1.3 ®WELRENSH

&9 FiF 7R S A0 25 4 B AL BEBURY 3 AN FAE BT (415 576,418 051,419 776) . BAJT 415 576 HUTE & Mt
H b 5T ST p BURE R BRI 7 B — . 1R 10 RS 3 ANRRAE BT I TR S T AR

I 10 A LUFE Y il 5 Bk i S 25 ) 48 00 520 M 1 il 48 Ty K. Pl SBR[ 17 109 458 mT L i
GRS WA W HE R LA B A AR R A JE AR R R A DR B0 R AS W R i) e [ VR A5 AR

L l Eler'nent No.
- | N - A 415576 |
< 0 o — B 418051
£ K - C 419776
% 10 ! 5
=1 . l:
2 5 oy
Element 415576 E L 'l\ :"
Element 418051 > oBC B O Ay b B C B c
Element 419776 J
y x -5
0 20 40 60 30 100
Time/us
B9 10 mm 2R T ERE S RN 3 SRR T 10 10 mm 245N 3 ANFREAE SR T K - a] fih £k
Fig. 9 3 characteristic elements at the bonding interface Fig. 10  Pressure-time curves of 3 characteristic
of flyer plate with explosive thickness of 10 mm elements with explosive thickness of 10 mm

2.2 SmmAEMEPLER
2.2.1 WESAMR

B 11 s 2R SR A o i AR i e B = B . B 11 A L AR LR K3 6 mm,
KW EROCERES . N T I EW W 5 2 AR BT RS B AR A AE B AE AR LR 3 N RRIE SR T
(432182.,438 034,443 960) . i tH FHLA Bo-B [A] M1 £, 418 12 i . W IB1 12 W& SRR AE B0 1 88 ) 1 A%
IR T 6 mm, {H#Z 10 mm 255 T BB/, X2 T 5 mm 252 T MM KEE A 7 10 mm 255
TN FB5 mm 2R I EARIHE L 10 mm 25)E L,
2.2.2 EiRAEIEEE

13 B o — X 43 0 B 3R AR 5 AR 25 A BT AL B R AE BT (3R AR BT . 799 2015 B AR BT .
416 701) o FFAE BT 14 35 B3 A7 07 52 900 o AR URE 1) BBORE 7 8 — 3,

P 14 FT 7R 2 3 X 5 F 5 0 A 3l B - () fh L o] DA M L R A 7 il 18 T — S I A B 0, B AR
T BB TT Y B R Rl R S 565 m/s.

& 15 7 2 A AR A A P AR FIr s B 3 SRR AIE B IT (411 976,417 001,423 826) . &l 16 fr 7 /&
X3 ANFRRAE A TT A S B - R . R A 16 T L H L I B AR v R 1 R A R A
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T4 < LTI K 7 A B (B A A

%4 8
Ol Element N
Time: 100.01 ps Displacement/cm oF2C—AB . N eAmZ;L139(?(5'
[ 0173 E o1l AN Y — B 438034
034 2 i o\ L] ——c432182
WA43060 H438034 WA32182) -—0.347 § 02 !
--0.520 g i \ |
0,693 g 03 ) }
-0.867 e 04 Y 4
1040 2 sl \
--1.213 & T \ |
-1.387 -0.6 e E@
x2 [ 1,560 _oql . .
v L1733 0 20 40 60 80 100
Time/us
K11 5 mm 258 T IER G 4R K12 5 mm 258 N G AR ICHY
ERW = miE = 2 [A] S -t (0] ) 7
Fig. 11  z-displacement contour of flyer plate with explosive Fig. 12 z-displacement histories of 3 characteristic
thickness of 5 mm at the end of explosive welding elements with explosive thickness of 5 mm
0_ B Al B B A B B
T
Element 416701 s 200 [ \ Element No.
e T A 416701+
] i — B 799201
(5]
z Element 799201 7 IO \
T 600 M
0 20 40 60 80 100
Time/us
& 13 5 mm 25T i — XA IT B 14 —XFRRAE 0T UL 13) A ol 5 - I i 2K

Fig. 13 A pair of characteristic elements with

explosive thickness of 5 mm

-H_

Element Element
z
v d

Element

423826 417001 411976

X

Bl 15 5 mm 28T EMRE A FEALL 3 AFEE RIS
Fig. 15 3 characteristic elements at the bonding interface

of flyer plate with explosive thickness of 5 mm

2.2.3 ffEREASH

Fig. 14 Velocity-time curves of the pair of

characteristic elements (see Fig. 13)

OB C A BC 8 o 44 B
o : j‘ i /
E; -200 \ b—
Z [ ; \ i c
g Lol A ! ElementN
= L ‘.‘ E ement No.
2 4007 T T A 411976
AN i —B 417001
[ e i (423826
—600 : e
0 20 10 60 80 100
Time/ps
B 16 5 mm 248 T 3 4~4FAF B0 Y 3 - [ i 28

Fig. 16  Velocity-time curves of 3 characteristic

elements with explosive thickness of 5 mm

B 17 Frn R4S A AL R BUR 3 AMFAEBAIC (416 326,418 801,422 776) , BAJC 416 326 HUIE E IR
AL, S RTHISEIRT TR S AIEE  B—E, & 18 iR X 3 NIRRT R R . A 18
A DL M B I R v I S A 3 , AR ) Al R 7

2.3 S5t

HITE 6 AT LA . 10 mm 258 T 2 AR A9 fic KR53 O 897 m/s, M 14 W LIE .5 mm 252 T
S fie Kl A8 R A 565 m/s, R AT AN shR B0 A 3 A B 20 K (Gurney A3, Aziz 245,

Deribas 233O TH 1 2 M A flf 8 3, ANk 4,38 5 iR, F 5 BUE R4S
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55 4 [ H Y] il 2 Eiid %32 %
l4r |
[ ! Element No.
< 10} S T B A 416326
& H f_—B 418801
3 | ; 422776
7 6 [ " [
2 H H
Element Element Element . & of i h
T T
422776 418801 416326 Fs ¢ Ab erAmbed | 18
y V| x [ ER R AN — B
-2
0 20 40 60 80 100
Time/us
K17 5 mm Z5)EF ZARG & R HEALR 3 A RHESRIT # 18 5 mm 258 T 3 AREAE B IC Y R D
Fig. 17 3 characteristic elements at the bonding interface Fig. 18 Pressure histories of 3 characteristic
of flyer plate with explosive thickness of 5 mm elements with explosive thickness of 5 mm

Al LA Y Gurney A 3CHT Aziz 2 U THE S5 SR IIAF A B R W 22 5 T i1 Deribas 2 205 H 8 09 I 41 45 SR 5 %k
(ERAUN 28 SR AR 22 Y R 500, B S RS 25 RV & IEW] T SPH-FEM #4502 i AT 554k
F4 10mmAETHIFEBEFEFERHTELRSHERMEROER
Table 4 Comparison of collision velocity between theoretical calculation and numerical simulation

with explosive thickness of 10 mm

Theoretical Mass Collision velocity/(m * s ')
) - Error/ %
formula fraction Theoretical calculation'*®’ Simulation
Gurney 0.75 1089 897 —21.0
Aziz 0.75 711 897 20.0
Deribas 0.75 853 897 4.9

x5 SomAETAEEFEELHELERSHERMEROLER
Table 5 Comparison of collision velocity between theoretical calculation and numerical simulation

with explosive thickness of 5 mm

Theoretical Mass Collision velocity/(m « s~ ')
4 - Error/ %
formula fraction Theoretical calculation™'™ Simulation
Gurney 0.45 863 565 —52.7
Aziz 0.45 480 565 15.0
Deribas 0.45 576 565 —1.9

K 10 AT LB H .10 mm 255 F E MR MIT 415576 LB RERE R Sk 17. 08 GPa., WK 18 W LLE
H .5 mm Z5E T E R IC 416 326 4B R E J1R 11, 25 GPa,
Ezra 25 8 H (08 158 6 7 a9 350 o0
p=—0rt (3)
14 £1Us,1

02 Us.2
A v oo MBI RN AR BRI . m e s s o000 SRR M RS BE S g - om 50, ROR
SRR m e s
LA 4 IR 5 3 R EE A ST AT B A4 R 4R R, 5@ ad (3) 3R] A5 B 2 AR A RS R Ty LK 6
7T HHIRIEESBEED R LR, 7T Gurney A AN Aziz A5 45 RIGAEER K
4 0 22 5 T 1 Deribas 23 U5 B9 P2 45 20 55 BUE A A5 R AR iR 22 Rl 500, W] Deribas 2%
A SPH-FEM $54 77 ¥ X XU A XE 71 B oA B i 48 2 8 3
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6 10mmAETHEENERHELERS F®7 sSoamAETHEEHEBELHELERS
BEEUSERIIER BEENEROLEER
Table 6 Comparison of collision pressure between Table 7 Comparison of collision pressure between
theoretical calculation and numerical simulation theoretical calculation and numerical simulation
with explosive thickness of 10 mm with explosive thickness of 5 mm
Theoretical Collision pressure/GPa Theoretical Collision pressure/GPa
Error/ % Error/ %
formula Calculation Simulation formula Calculation  Simulation
Gurney 22.08 17.08 —29.3 Gurney 17.50 11. 25 —55.6
Aziz 14.42 17.08 15.6 Aziz 9.73 11. 25 13.5
Deribas 17. 30 17.08 —1.3 Deribas 11.68 11. 25 —3.8
3 & i

A LSDYNA 84 H1 SPH-FEM #4577 12 08 F 3 B0 K58 1 07 42 52 90 AT 1 = e BUE 400, 16
R 25 SR 5 S0 e TR G R AT T XL AR B AR E5 e .

(1) 10 mm Z5)8F1 5 mm 258 F E A X0 K FRIBRE 6 mm, X & i TR HEmEH T2 RE
— 7 1 3 TR T B

(2) 10 mm 258 F , 5 A v 30 00 5 KR 48 8018 g 897 m/s . flf 4 )% /74 17. 08 GPas5 mm 25)E K, &
M T 38 14 B Rl 4 B SR 565 m/s, RESEJE 3k 11, 25 GPa, @it 5 3 MRS A R (Gurney 245 Aziz
N3 Deribas 2 20) 71545 21 ) flf 48 8 B IE AT HL A R B BUE ARSI 45 SR 5 Deribas A 200 TH 5 25 R 4
VLR, H G S 25 AW A IE B T SPH-FEM #5471 FH T 0L K5 4 5 4 B30 1 A 5o, Ta] i
Deribas 222U H1 SPH-FEM #8405 vk X XU K 4 2 & B 548 08 X

(3) 10 mm 25 &1 5 mm 25 )5 & A i il 18 5 55 X% Alf 458 R 07 39 it o B RS 0% v I 5 A 34 hn i 4 K
IR G 2 R TS5 7 ) 1 A U REURT A R R A T 4 TR AR A2 G DX AR 20 R 1 S W e [ 4 R 5 28
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Numerical Simulation of Double-Sided Explosive Welding

MIAO Guanghong',LI Liang',JIANG Xiangyang',LIU Wenzhen',
LI Xuejiao® s WANG Quan”, YU Yong’,SHEN Zhaowu*

(1. School of Mechanics and Optoelectronic Physics s Anhui University of Science and Technology
Huainan 232001 ,China;

2. School of Chemical Engineering  Anhui University of Science and Technology » Huainan 232001 ,China;

3. School of Civil Engineering s Anhui Jianzhu University , Hefei, 230022 ,China;
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Abstract: The high noise and low efficiency of explosive welding can be improved by the double-sided

explosive welding which can clad two composite plates simultaneously and significantly reduce the

critical thickness of stable detonation of explosives. In this study,we simulated the double-sided explo-

sive

welding using the explicit finite element program LS-DYNA combined with the SPH (Smoothed

Particle Hydrodynamics) and FEM (Finite Element Method) coupling,and compared the simulation

results with the experiment and the calculation results. The results showed that the simulation results

were in good agreement with the experiment results as well as the theoretical calculation results of

Deribas’s. It shows that the Deribas’s formula and SPH-FEM coupling method can provide theoretical

guidance for the engineering application of double-sided explosive welding.

Keywords: double-sided explosive welding; SPH-FEM coupling; numerical simulation;low energy con-

sumption and high efficiency
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