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

punrea(rted(acceptor) = PH + rp(e - eH) (9)

=
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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

datel al4e SAsAT. Fig
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) FAMA Azbel whep BE
A3t Yerd Aol
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pressure (GP

A
0.1
height {m)
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Model . Fig. 1 Calculated shock pressure attenuation in

parameter Pentolite  Al-RDX pentolite (donor) — PMMA (gap).
oo (kg/m®) 1560 1780
4 (GPa) 12.82 i 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?) 33x10°  3.5x10 0.0980 2463 2.647
b 1.3 0.7 0.1015 2.144 2.293
pi (GPa) 1.2 5.9 Error % 53
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Table 4. Initial parameters for a Riemann problem.

Working mediums PMMA Al-RDX
Density (kg/m®) 1182 2300
Pressure (GPa) 0 25
Velocity (mm/us) 0 2.1
Yield stress (GPa) 0.42 none
Shear modulus (GPa) 2.32 none
2600
2600
i
2400 5
2200
i =
E
EZDDD
E: 1600
= [1
1600
1400
0 "5 ourmathon s
a 002 EII‘ZIA EIIEIB EIIEIH EI“\ 012
w0 (m)
(@) density

velocity (mmi.s)
=

Exact
i) O Our method ) \——

L L
a 002 0.04 0.06 0.08 0.1
x (m)

(b) velocity

30 :-__F
251

Jui]

pressure (GPa)

Exact

O Our method m

] 0.02 0.04 0.06 0.08 01
x (m)

(c) pressure

Fig. 2 Calculated result for Gap-Acceptor
configuration at 6 us: (a) density, (b) velocity,

and (c) pressure.
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bl R T a5 ZH7] FAe FEANEH S-S Wz}
height (mm) gRFAEA ZAUd F e, A= F F
Fig. 3 Mesh refinement test via particle velocity. F7(0.254 mm)7hA] st gEEA S

o 2 d3edMe drHER 27 29k 156
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ZHsAA atke] X3 1.78 g/ccd] EEFS
RDX7} ¥hg3t=A RS S5t oW, F
S5 ZoF ofde] A% (mild steel) AHS] 9.5
mm FAE Ze FAHI(witness plate)S 93|

AlA - 71F R wEt SEHES sy

—— |-,
15~30 mm Go/No-go #&S &o|3tA stHTh

Z axis

Al-RDX
139.7 mm

ol

o

A Fo] 218" AE2Y FAL 508 mmeo]H,

Pentolite O:]%-Q}:A l:%o]—‘\:— 3475137,]- 7151-—7—, :":%o];‘,] lx:o]‘_

S0smm Zargte] 2P 4%o] 7HEEHES 1397 mm

Diameter 50.8 mm 9] 7‘__;]0]% —TI—E:]—E]'()\);\E]' Gap 1:,_7]“_“:_ 0.254 mm9]

Fig. 4 Gap test configuration. PMMA B35 HFd= WHoE s

), 3tte] gap FAAA F Al WY AES F
Table 5. LSGT experimental result. Aot} 5°Fe] Go/No-go HH-&&
dZ9t RDXS i AWk I S90S o

[<)

PMMA gap thickness Go/No go w32 Ugugs A4 29 Ao LSGT
S o0 Go/No-go 1@ A3} Table 59 2th. PMMA
24.988 mm Go gap 1:’_7;]]7], 25.75 mm UZH oo]:@“j} ‘%Aé ‘ﬂ'%c‘]
25.242 mm Go waAZ Yepgton, ojit gk FAAN ¥4
25.496 mm Go H-gol, AL TN SAurgel #AHY
25.750 mm Go/No go o} web GEQF RDX BheFe] kS A2 9
26.004 mm No go _ _
26.258 mm No go st 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 5

pressure)°| 2kl & = AT
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o dapol] e AGFS w33 M (reaction

progress variable) AZ #@3d 4 Ut} A= HE
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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]

e
e

0%

Hojo Q) rE mlo rﬂ
o Mo o
A LN

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

(b) Nogo case at 26 mm PMMA thickness

Fig. 5 Shown reaction progress and pressure for Donor (bottom)/Acceptor (top), density for PMMA (middle).
(@ 25 mm gap and (b) 26 mm gap at times t=7, 8, 10, 12, 13, and 15 ys.
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F))F

Density[kg/m’]
200[]

(@) Go case - Initial PMMA thickness of 25 mm

\\

\

b) Nogo case - Initial PMMA thickness of 26 mm

Fig. 6 Shape evolution of PMMA during shock attenuation: (a) Initial PMMA thickness of 25 mm and (b) Initial
PMMA thickness of 26 mm at times 8, 14, 20, and 26 ys.

o] &2 AJZte] wel vEbd Aolth &

ok ur-Sg-o] YEE 25 mm —':Z—”]](a)-‘ﬂ B, A%
oby} Z=Eoko o3 FHbEF QFZol o=z
dojt} AE=Fujrt 26 mm FA(b)e] 7
WP W oS FAA vt %M °l=
= 26 pselA #HF WstE gap
ﬂEﬂ taA dehged,

LSGT A4S wg =29 25 mm 2 26
mm gap FAANAY ¥ Exo Ias

o e T} PentohteOHH H‘ﬁ& z27] 44
I PMMA 7 #3e

R R
AN Fdo] Gt weba EESF RDXY

g N4 ol P471E FAE o F gap T
7 25 mm$t 26 mm Abolo A AL o =g
% Ytk ol& LSGT Al@elA 2575 mmz =&
2 A g€ dX s Aol

ofwf ofZef Huj A4 ¢4 F 31 GPacl
3, PMMAE 53¢ o|% 2Zgt RDXE /1%
A71E A QA 4 oF 59 GPaz AMH
At
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— Shock development in Pentolite {donor)
Il —— — Attenuation in 25 mm PMMA (gap)
Detanation in ARRDX (acceptor)

or q

5r

pressure (GPa)
I
o

=]
.

2
LN

o
ok
o
o

=

==}

height (m)

-
=]

— Shock development in Pentolite {donor)
— — — Attenuation in 26 mm PMMA (gap)
Failure in A-RDX (acceptor)

w
h

pressure (GPa)

— 1 1 w

m =} [52] [=]
| L L

o

2
LN

HiliLy

GEEE

I L L L
012 014 016 018 02

s
0.1
height (m)

Fig. 7 Time trace of consecutive pressure profiles of
LSGT simulation with 25 mm and 26 mm gap.

Medium 1 Medium 2
"1=pP16 7y =pP5Cy
ﬁis Dy Dy

13

Contact surface

Fig. 8 Jump in the acoustic impedances.
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Fig. 9 Pressure and acoustic impedance of LSGT
simulation (Donor, Gap, Acceptor).

_H
o
il
o

O

\1

N
o
N
_\(T;_(;l
12
1o,

Gap teste= HWE7

HdE o]Fojx gloemzg A9 A
9 oFk-Gap-+Fofe| 34 B 5 9l

b, ddze ® 23 2 247
Aoz s WAL} TR} A

SE e =

(gap)-E< EA(FE9 *Oi °L§u}7} Aok

# 3 7 AAR

C1’:1LE=‘(111¢:iden’c pressure)©| 16
GPas] WALHZ Lo ¢

am 2 4 g garle
oS

], pentolite®} gap



H203 H2& 2016. 4.

527 MY 2|t Gap Teste] =3 gt

A 85

olo
o

Dy
Ruig o)

N

1o 4

e

o\

o

o

o 12

QO ]

TN

7 &

41

N

0

o

fru

1. Kimura, E. and Oyumi, Y.,
Solid Rocket
Test,”  Propellants, Explosives,
Vol. 24, No. 2, pp. 90-94, 1999.

2. Kubota, S., Ogata, Y., Wada, Y., Katoh, K,
Saburi, T., Yoshida, M. and Nagayama, K.,
“Observation of Shock Initiation Process in
Gap Test,” AIP Conference Proceedings, Vol.
845, pp. 1085-1088, 2006.

3. Wall, C. and Franson, M.,
Pressed Pentolite Donor for the Large Scale
Gap Test at DSTO,” DSTO TN-1172, 2013.

“Sensitivity of
Card Gap

Pyrotechnics,

Propellants for

“Validation of a

10.

11.

12.

. Jang, S.G.

. Lee, J.S., Park, J.S. and Lee, Y.S,

. Piacesi,

. Steinberg,

and Baek, S.H. “Studies on
Through-Bulkhead Initiation Module using
VISAR,” Journal of the Korean Society of
Propulsion Engineers, Vol. 14, No. 4, pp.
16-24, 2010.

“Study
on the Computational Simulation of Large
Scale Gap Test,” Journal of the Korea institute
of Military Science and Technology, Vol. 14,

No. 5, pp. 932-940, 2011.

. Lee, JW. and Yoh, JI, “Study of
Supersonic  Flame  Acceleration  within
AN-based High Explosive Containing
Various Gap Materials,” Journal of

Korean Society of Propulsion Engineers, Vol.
17, No. 4, pp. 32-42, 2013.

. Kim, B., Park, J., Lee, K. and Yoh, JJ., “A

reactive flow model for heavily aluminized
cyclotrimethylene-trinitramine,”  Journal  of
Applied Physics, Vol. 116, 023512, pp. 1-9,
2014.

DJr., “Numerical

Calculations of the Flow of the Detonation

Hydordynamic

Products form a Point-initiated Explosive
Cylinder,” NOL NOLTR-66-150, 1967.

DlJ.,
Strength Properties of Selected Materials,”
LLNL UCRL-MA-106439, 19%6.
Fried, L.E., Howard, W.M.
P.C.,, “Cheetah 2.0 User’s Manual,”
UCRL-MA-117541 Rev. 5, 1998.
Erkman, J.O. Edwards, D.J.,
AR. and Price, D., “Calibration of the
NOL Large Scale Gap Test; Hugoniot Data
NOL

“Equation of State and

and Souers,
LLNL

Clairmont,

for  Polymethyl

NOLTR-73-15, 1973.
Braithwaite, C.H., Pachman, ], Majzlik, J.

Methacrylate,”

and Williamson, D.M., “Recalibration of
the Large Scale Gap-Test to a Stress
Scale,” Propellants, Explosives, Pyrotechnics,

Vol. 37, No. 5, pp. 614-620, 2012.



