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A Study on Shock-induced Detonation in Gap Test
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ABSTRACT

A pyrotechnic system consisting of donor/acceptor pair separated by a gap relies on shock
attenuation characteristics of the gap material and shock sensitivity of the donor and acceptor charges.
Despite of its common use, numerical study of such pyrotechnic train configuration is seldom reported
because proper modeling of the full process requires precise capturing of the shock wave attenuation
in the gap prior to triggering a full detonation of high explosive and accurate description of the high
strain rate dynamics of the explosively loaded inert confinements. We apply a Eulerian level-set based
multimaterial hydrocode with reactive flow models for pentolite donor and heavily aluminized RDX as
acceptor charge. The complex shock interaction, critical gap thickness, acoustic impedance, and

go/no-go characteristics of the gap test are quantitatively investigated.
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76 HEE - ZET - 52 - gHEs - XY SIEFEISEER|
b : pressure sensitivity (critical thickness)E 250 = F&F FHofe]
e : internal energy =S Fagdrh. mehA gap tests T34
G : Growth constant sk 2l A Asty] dAA A FA9 A
I : Ignition constant 3t A gl g #AE EAstE Heolth

p : pressure Kimura S[1] 943 2kaA 24S ze
p: : threshold initiating pressure TA FZAY gap testE AF Hrtsto] b4
Sij : stress tensor ¥ (oxygen balance)o] W& YA FA L ¢
t. : critical gap thickness Al %+ (critical initiating pressure)oll 3t A K

u; : velocity vector

& : effective plastic strain

A : burned mass fraction
: compression

: density

: relative specific volume

u
p
oy : Johnson-Cook yield stress
v
¢ : level-set function

.M B

223} 7| (Through Bulkhead Initiator)& ¢
¥ (donor)# % (acceptor)©] A H (bulkhead)
S T 4F4 FHAHE dolzHIAY s
(Pyrotechnic Initiator)2] ¥ o]th.
oForo R RY WA FAHANI AYE FH
tod FE ko] HIE ooz 379
qS AYE FPsex JRE A=ZsE=E A
| ABZslr] dA9 d4oltt waka AHH e
T wet ¢F Fgo] gEtx| 7] W&ol shof
Ele wigd® d™EY 3yx EAE
SDT(Shock-to-Detonation Transition) &4S &
DA dZstr] A Ay Rdde] Fa

18 o

]

Elasg

39, gap teste 3ol WIAEE =AY
g 4¥o = TBIS} F2F 02 T3tk 37
5 Zokw vgkg 7H3 7] (attenuator), L8 F
| Fofo] dBE widHEY. o Fefe] V|Fe
2 W% 497 FH7E st o
Zofo] =S W &F AR E A 74
7] FAE =AsAA FFoo] 50% FEZ F
ZzE sV ke ¥R ¥= 9A T

51434 7)ol 2}
el 2

A F39 3L, Kubota S[2]

%A%%Wii%%ﬂ%MIEW

st SDT @4S 7kA18 stk Wall 5[3]e
gap test %%011%1 dH71E A AFe F4
FHE Sk A7) FA 8 4E A& A

AoRd, SHAsATLaN FE gap testo]
e A7E sdsed Few SEe

VISAR(Velocity interferometer system for any
reflector)& o]&3ste] AY 23 HE FHY
FHAAANAN Af EW S E ASFoEHA F
T AIEE 9=
Autodyn¥} LS-Dyna?] A& 3}o|=23=E5 3
43t Comp-B ¥ PBX 9404 3}2F9] gap test
o Wg FAHMA ATE T vk Ao ©]
% 5[6]2 AN(Ammonium Nitrate) A€ 3}
= EH’?J'—O_ gt gap testol| Al in-house 3}o]=
A 52 X%/\]—U/\]-E ioﬁ §]-01] 79‘14—

vdze] g F4& Hagh b

S
d

o
o
1)

A rOl'

B AT E pentolite 2H2F(50% PETN, 50%
TNT)% 9= RDX 3-2F50% RDX, 35% Al
15% HTPB)S] 3}styh-g-S mdgsia 2 deie
Sk 71dte] Al 7]H (level-set method)e] 2§
d 9FEL sfol=r Z=S A% A9
3715 B g gap testdl Ao 3 AAE
AEAL 39y, Gap EZEZE  PMMA
(Polymethyl methacrylate)”} AM&-E 0™, HI-
He t'7\1oﬂ Eﬂd AN 2 g8 pEs
o EFQl(train)ol] FHE 31
3 !
qg 9 dadx %‘3% ﬁﬁﬁ,é}iib’ﬂ shefol

A
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22 £

o ok A 7)E gap test BT EHAE 44
1.560 g/cce] pentolite®} 1.182 g/cce] PMMAZ}L
AHE-Ett. PETN(Pentaerythritol
tetranitrate, CsHgN4O,, RE  Alg& 1.66)3
TNT(Trinitrotoluene, C;HsN3;Os, R.E A4~ 1.00)
ol 11 HI&= 4%l W3t sfofolty. £Ao] H3
A @3 4% AFolE P Holrl weh ¥
4 Eefom AT FEVAE HAE 3
ofo] FAs e, <1714t A%F RDX s}
(50% RDX, 35% Al, 15% HTPB)S A}-&3tc)h
RDX(Cyclotrimethylene-trinitramine, ~C3HgNgOs,
RE Al 1.60)9 AHAWE e -21%2 TNT
(-74%) BTt &FHZH o} PEIN(-10%) RT=
stol O F3F A=l gt AhawE ol 0

Pentolite™

o /MtesE AxEEY AquUx AT =
S AL iAo} vtAEC] MO FEgE] dXA
3t7] wZoltt. d=4 RDX 3Hefe] sDT wh&
EA4o disire APAF71E FERsHE vkt
=3

2 AFdAME nEFge] 255 39 HARE
tF7] WFo] Euler WAAE 7]Eo2 3H,

AU 2 IV EEAS ol pEE T4

g 2] (constitutive relations)e] Iz Tk 4%
A A Y A e o3 2o
oU OE oF /(-
WU LB () )
ot or oz
P pu, pu.
2
. Uu - u. + - u_u.
U:Pr E= pu, +p = pzz)
pU, puU, pu; +p
pPE |’ u,(PE+p)]’ u (PE+p)
.,
P
S, — gy — PU +ﬂ(%+%]
_ r or oz
S = ¢ Ae¢ A¢
s, —puu, +’7(m7"+“73j
r or 0z
u,s, +us, —u,(pE+p) ¢+”[6(u,_s,.r +u,s,.) + o(u,s,, +u:szs)j
L r or 0z |

PMMA 7371 Al fg& A™sA 2A
st7] 9fsho] ofefe] T} & (deviatoric stress)
= 1A

Sy =80 5y = Sy =5, Q, +2G(D, - D)) (2)

ij ij.tr ij ,cor

5, =8, — 5,0, +2GD, ©)

Sij,lr i

S

ij ,cor

=-H :D{.j.’ =-2GAN, (4)

ij.tr

o714z ArkAts vE3 o] At

Ldu Oy g Lo 94
ox, ox,, 2 0x; ox, (5)

— 1 _ 2
Dj :DU- _ngAd,-, DI/ - 2

22 g4

Pentolite$} <Z<¢F RDXY FATBAAL
KYP (Kim-Yoh-Park) &3 =@ Fql
C-3 ¥ehe] JWL(Jones-Wilkins-Lee) 38" 4]
o] AL&E Tk KYP 2o AFRE A A[7]
& A3} 7)A(ignition) 2 Fwu M u}(growth)
o #AE A5 oz FAH Q. ZHztd)
g Ae g 2o

di £
Z=I0-Du +GA-)p", p=+—-1
i (1=-Au 1=-D)p°, u - (6)

0

Preacted (donor, acceptor)

Ae )y Be ) C(py ) p)

p unreacted (donor) =

A(p/p, —1)1 +B(p/p, _1)2 +C(p/p, _1)3 ®)

punreacted(acceptor) = PH + rp(e - eH) (9)

=

% H(unreacted)®} WH3- F(reacted) B} <]
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2 Y ReluA, AHulE o} o]

3+ &
AFRLO) T Auan(1-N)9 v HEY
== <R
=

protal = (1 - ﬂ’)punreacted + /lpreacted (10)
etotal = (1 - ﬂ’)eunreacted + ;l'ereacted (11)
Vtatal = (1 - /I)Vunreacted + ﬂ' Vreacted (12)

A7NM v=p)/pola, A Lx(p)} 7] =
Z(p)d HIEA A
volume)& YH|gtt}y. e= UF oY X (internal
energy)°|™ A, B, C, R, R, v ¥4
s FHseE =2d g9 H(EOS
parameter)©] t}.

3k, PMMAS] HE & Mie-Gruneisen “3El
A2 S AHgste 45 WFe g BANE

A AET + UEF FHSA

PUCSA{H(I*%)#}
> ifu>0
2 u (1

17<S171>u752”—} )
Y7

H] A A (relative  specific

model

oz

o2

+1
Copopt if <0

Pramacsoliay = LyE+ |:

o] W 1A PMMASY w3 9§ 35 ¢
(vield stress) 0,2 ™39 Johnson-Cook =&
[91= AH&-3te] ALttt

o, =(A+B(e”)")(1+c1ngp){1—TT__I;QOJ (14)

A7IA e FTE &4 ¥ (effective plastic
strain) 9Jv|sla, &' FE A4 HIE
(effective plastic strain rate)S UEPATE T
7,2 i A 8§ 5 (melting temperature)
g 9vlsty, 7,& “F2(room temperature)©]tt.
A, B, C, n& T EAdE FAs= HEE &

Ao we wd wee|Eold

23 FA7HY
EsEd 1 BAES FH37] AMA v
I 22 dEA 7S AEskdu dEAal 71y
< =24 AR &Hxo os Alztel wel Wt
© AAWME 299t 7 =HRlelA &
oz 4% 4 Y=S A
% ur%+u2%=0 (15)
ot or oz

AT ¢7F 00 He AFe]l FAHELE,
p<09 W =29 AF F9E, ¢>02 W nt
2% g9S Yehdt, Eq. 155 3o g 53¢
WENO 7Heo=w HEHM, A 32 &=
o] EA-FEHRunge-Kutta)H 2.2 &&= 3t}

gl e ARFFEE FHse FAlA
THi 7 FASA EAse A FAE 9=
(distortion)o] T F £ gt o]= WA 7] 9
3 ofefet e F715 x7]87F Basit

¢,+S@)(Ve|-1)=0 (16)

S= ¢ 1
\/¢2+(1—|V¢|)2d2 17)

s
I 2e BAZRAES 453
solid __ _ fluid solid __ solid _ pfluid
Yy =V, , nt 0 O = P (18)
24 TR

Table 13} 2= Zt7k PMMAC] W &4 3
qUuA =4 m2d F5Es v Zolt
S&EEA A AMEEE KYP Rd A4e Bl
& 228 A]3¥(unconfined rate stick test)<
TE3 A7) &I (size effect)E IO|==T}
v aiA Aaet mugre s HI[7]EA

O oftt I = Rl
)
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H, JWL Jeigad HEd JeE2 Add 3.0 o Z
3% Al (cylinder expansion test)¥} 71-9]31

2 (Rankine-Hugoniot) 7]¥Fe] &3}8t 5 =[10] 3.1 Donor-Gap®] %4 734
E ALE3le ol2Fo g AXE TS AL A o EZoko] Esgo g 3t AT A © 7+
Ak 719 9ry Zralel m@ mdgo] uetAl 74

Table 1. Material properties for PMMA[9].

Mechanical constant

Initial density (kg/m®) 1182
Young’s modulus (GPa) 0.42
Shear modulus (GPa) 2.32
Thermal constant
Specific heat capacity (J/kg-K) 1466
Room temperature (K) 300
Melt temperature (K) 3303
Mie-Gruneisen EOS
C, (m/s) 2180
S, 1.410
Gruneisen coefficient 0.85
Strength model

0.42

Constant yield stress (GPa)

Table 2. Modeling constants for pentolite and heavily
aluminized RDX.

HA=A AF3H7] 93k pentolite?t PMMAZ

st S S35t AT. Fig.
QA FAANA Azbel wheh BE

45hE Uhehd Aelt,

——— Calculation (Pentolite-Phitis)
—-— Experimant (PMMA)

749
12 3
o‘:l_

e

|

a)

pressure (GP

A
o1 012 014 016 018 02

height (rm)
Model . Fig. 1 Calculated shock pressure attenuation in
parameter Pentolite  Al-RDX pentolite (donor) — PMMA (gap).
oo (kg/m®) 1560 1780
A (GPa) 12.82 ) Table 3. Comparison of shock attenuation.
B (GPa) 0 -
Reactant € (GPa) 119.3 - . Pealculation Pexperiment
C, (mm/ps) 2.60 Height (m) (GPa) (GPa)
S - 1.86 0.0535 13.71 12.79
r - 0.99 0.0590 11.33 10.69
A (GPa) 507.91 2633.31 0.0635 9.483 8.939
B (GPa) 6.62 8.59 0.0685 8.028 7.474
Product C (GPa) 1.27 1.09 0.0730 6.641 6.477
R 4.62 6.68 0.0810 4.824 4.864
R 1.02 1.11 0.0845 4.121 4.215
w (J/g-K) 0.33 0.09 0.0880 3.552 3.786
I 1.4x10%  3.2x10° 0.0915 3.113 3.281
. a 4.0 4.0 0.0950 2.762 2.947
Cﬁﬁﬁﬁl G (s'Mbar?) 3.3x10°  3.5x10’ 0.0980 2.463 2.647
b 1.3 0.7 0.1015 2.144 2.293
pi (GPa) 1.2 5.9 Error % 5.3
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o ZokoA AMAEE ZHTo] Hu <H o) Table 4. Initial parameters for a Riemann problem.
5 = B33
°F 31 GPacll o]231 o] PMMAE F3}shuiA Working mediums PMMA __ AI-RDX
4 ggo] FAa ZAsHA Hed, oldg Density (kg/m®) 1182 2300
< LSGT(Large-scale Gap Test) A& ZAx}[3]<} Pressure (GPa) 0 25
LA Ao 7 YEytth Table 38 Ald T 43 Velocity (mm/ps) 0 2.1
N N Yield stress (GPa) 0.42 none
HHe B =5 = 712 ordl
A 5 4l gap 771 Oﬂ u;} aal e Shear modulus (GPa) 2.32 none
< AFAHoRE Hluwg ot HluE gap T
NN BHFHoR 5% P x}o]a woln, %
23t ghEe) ga Aol 2 ANYS FAY
F AT ol B AFA FAT sto]=2 o] 2400 E i
el s4 mEs AR YUEA e & o ly
Qg ol @ria AT g
E: 1800
3.2 Gap-Acceptor®] 735 2§ e
FAsL FEokr #4)7] 3 AANE F3 g !
1200 yact
A B 4% 7 A5FES dolry 0 Ourmethad | . “'-'ﬂ
o 0.02 0.04 0.08 0.08 0.1 0.12
9ol Table 49 FejdFS 1eAd 2t EA e
(a) density
(Riemann problem)E 343}t €&+ RDX

9} PMMAE ZA 01 m ZHo]
At agste] 27 FARES
A=A A Fig. 2& 05 mm Z7]9
S AlA 6 us & Uﬂf’% a4 2z
T, skE)E olE Hlme Blojth
AAE Q% tEH &= *év‘i-Ol +=
AT ALS op7|sHA BAHUY
x =0.065 mE o|EA|AL. AAHEL 7]
Fdol F e EAEH] EAstET,
b wkatstol FATE ofm|gity FAIHE
dEurt HEwgoz vy,
T4 F437F PMMAS
Al7IRA Zo7 33t ﬁﬁl%
Exo wAg a7t detrE §hA]

54 0 4EAgoR s BasE we

2
N
N

&

2
o
3

Il
N o ©
o
G
i
il 5

>

>
=
~

gy -

iz}
H

o
)

velocity (mmi.s)
=

n

MN o oo i

[o

ok

Lo

Exact
of 0 Ourmethod | . ey J
o 0.02 0.04 0.08 o008 01 012
x (m)

(b) velocity

Jui]

o 4
N fr to b

o2
o

N

J

o
>

>

it
o,
)
2

o
1
A
i}
b1
il
=
0%

ErY

5 ¢
= 05
2L o 2 oy e

pressure (GPa)

Exact

ot O Ourmethod | ‘ I ]
Gap %110 %31]_—5—]__‘5_ %’:7_:]1@94 Z:!-g,q 1:5:]_/\0]-_% 0 0.02 0.04 0.06 0.08 0.1 012
5.0

x (m)
LSGT A®[1112]% wlislr] lstel A&

.08 (c) pressure

_E_ =] [e))]
Cmi PMMA ™2 ) ekl PMMA_ H Fig. 2 Calculated result for Gap-Acceptor
A SRS A 2HI Frmol whE vl configuration at 6 ps: (a) density, (b) velocity,
o, Alg dlolg 9t A Fig. 34 YER AT and (c) pressure.
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250 R B - - A AR AgAA SHE FE A4

N[ mmmem, ]| Ans 2 a3an 90w a0 ug

2L W [T Meanamer 028 mmxozs mm| | ABt ZA AeluA e AL FAstgt o

L. \\‘ —-—-— Meshsize: 0.50 mm X 0.50 mm | | 3?«94 nE 74]}1\— ] EH'GH 01 mm x 0.1 mmiﬂ =
2o | 2% AdAE Aesel a8 asta,

E150 ]

g i | 34 Pentolite-PMMA-Aluminized RDX2] 1SGT A1g

E 1L ] AN AFE AZsn vnEAEr] Yt

5ol 1 o Fig 45t 2ol 749 1SGT N3-S U5

— 1 ok LSGT Alge Fefe] Fawkgo] 50% &

eer 3 = wgse gar FAE ARdE Aow

I ] 4 sl g 71F AEE A9 5 Ao

0-l R I o s w7 FAe FANeH FANES Wzl

height (mm) #ESEA FdUd & Qded, = g F

Fig. 3 Mesh refinement test via particle velocity. F(0.254 mm)7HA] arefste] LA FA T

o 2 d3edMe drHER 27 29k 156
g/cc?] pentolites 17122 PMMA FAE
ZHsAA atke] X3 1.78 g/ccd] EEFS
RDX7} ¥h-&3t=A] AR5 A AT oju, &
A% (mild steel) #AZE2] 95
A 3H(witness plate)S X

- PMMA AA 1E AR o FEHEE FY
ow )i Go/Nogo mEe gola sck

H A8Y AHAAL 508 mmo]H,
= AAY 23, F£EFy Eo|=
3] A]

N
e
>

Z axis

Al-RDX
139.7 mm

Pentolite O:]%g}:‘oq l:-%o ) =
ssmn Fwste] R 4ol /FeshES 1397 mm
Diameter 50.8 mm 94 7‘__;](3]% _T’_E:] —3]_9;\1;]_' Gap 1:,_7;1]_“:_ 0.254 mmg]
Fig. 4 Gap test configuration. PMMA HZ2AE5 H3shs WAz 2dsge
A, el gap FACNM % Aﬂ Hel AFL 5
Table 5. LSGT experimental result. st} =%Fe] Go/No-go W& A3
FZ9 RDXS F FATE 2 S4%k8]
PMMA gap thickness Go/No go w32 Ugugs A4 29 Ao LSGT
S o0 Go/No-go A1@ ZAzHE Table 59 2tk PMMA
24.988 mm Go gap F717} 2575 mm & W FI SISl
25.242 mm Go WAE YEgon, ojrtt ¢re FAA ¢
25496 mm Go H-go], FAE FAdA SA48Eo] #TEAEHIY
25.750 mm Go/No go o} web GEQF RDX BheFe] kS A2 9
26.004 mm No go _
26.258 mm No go s PMMA %‘74] A (critical thickness)= 25.75
26.512 mm No go mm 95 & F e, o] ff FHofo] AgH
26.766 mm No go ol FHA 7% YA fk(initiating  threshold
27.020 mm No go pressure)o]al-i’ 3 2= 9t}
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3.5 Pentolite-PMMA-Aluminized RDX¢] LSGT 34
FARFH e APolr =EH PMMAL ¢
FA ZellA 1 mm HASE gap FAHE

Al

ZA-3E W0 g Fig 49 o] AXRAIEY
o 9r A= gap FAE 25 mmet 26 mmo]
o ARRA A o] 2ho] HE B
o dapol] e AGFS w33 M (reaction

progress variable) AZ #@3d 4 Ut} A= HE
< EAY AAXFFEEE 0FEH HAY &
Z & & (reactant)<, 1
E(product)s o] &},
3 ArETh

N
rir
lwsl
o)
o
1o
T
oo
I
k1
> ox
il
ol

'7

Fig. 5= pentolite &JZ<¢FO0ZHE 25 mm %
26 mm FA¢ PMMA 721712 E3}5t9]
AL FEFofd z2ds W &F

AlZkel mret yEbd Aolth. PMMACl= H
B Lo, J—°ﬂ‘4x] 249 5L Nke
52 dEe . 23E dyuy,
7 25 mm ]/\1 dE3F RDX7F AE o4
7]%591—0—‘4' 26 mm°1 7 °°ﬂ 7]

S
e

0%

Hojo Q) rE mlo rﬂ
o Mo o
ro, $ £

o2
2

2}
>
M a2 2

£ 1

Fiy

Aol
£919]

I
kI
et
4
30
i)

Pressure[GPa]

"E

1000

Species
1

[,

(@) Go case at 25 mm PMMA thickness

'7
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