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ABSTRACT

We presented a hydrodynamic modeling necessary to accurately reproduce shock-induced detonation
of pyrotechnic initiator. The methodology for such numerical prediction of shock propagation is quite
straight forward if the models are properly implemented and solved in a well-formulated shock
physics code. A series of SSGT(Small Scale Gap Test) and detailed hydrodynamic simulation are
conducted to quantify the shock sensitivity of an acceptor that contains 97.5% RDX. A TBI(Through
Bulkhead Initiator) system, consisting of a train configuration of Donor(HNS+HMX) - Bulkhead(STS) -
Acceptor(RDX), were investigated to further validate the interaction between energetic and non-reactive

materials for predicting the detonating response for successful operation of such small pyro device.
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a : compression sensitivity SHH, Gap test= deFe] TIHREE ZHA3H]
b : pressure sensitivity A% ddem FaEF T nNE 37
e : internal energy (kg-m?/s’) (gap), &3 F&H Foko] JdHZ wjEHE
G : Growth constant (s'Mbar™) stek ERle dFolth FFF Foko 7EFo
I : Ignition constant (s 2 WA AN AA7E FHE o F &
p : pressure (GPa) ZFofo] =Es o &% AFE Fds= 3]
p:i : threshold initiating pressure (GPa) o 227 FAE 2-EIAA FEFeko] 50% &
Sij : stress tensor (GPa) EE £F AU e wgekA o oA F
tc : critical gap thickness (mm) Zl(critical thickness)E 202X F8&F ZoF
u; : velocity vector (m/s) o] W% (shock sensitivity)E H@gth. o]9}
e : effective plastic strain 22 WReE Ay A ok gr g FIAA

A : burned mass fraction
1 compression
: density (kg/m’)

u
p
oy : Johnson-Cook yield stress (GPa)
v : relative specific volume

¢

: level-set function
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PMD(Pyrotechnic Mechanical Device)x= Z7
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SSGT(Small Scale Gap Test)~ LSGT(Large
Scale Gap Test)l]l Bla} 27 ~5 mm=E F4A
A oF 1/108) A LA 2] ANEE AFD
T ok SSGTell AHg-H+= Fefe] 54 <
o FRHFNAM EJAA il gap EHS A
F&E Zoo A =2 & U=EE &
(brass) Ao FAZ(FA ~10 mm) T
s % FAsk AlFdn. £, LSGT= HIT
4 (unconfined)°]v}, SSGT+= F+& HbS 2~H
(confined rate stick)S AF&3tth= zbol7}F St
ool wel, aFefe] F34 A2} HEo, gapol
e F7 48 74 (attenuation) Z T A &

9] W3 (deformation) & W EZ I HIWES
B4 7 BYAY 4548 AT 1) 587
Foke] T4 =S Hog AdsA ddd &
At SSGTE °]&3 3hof Wizt=o] thgh A+
+ NOL(Naval Ordnance  Laboratory)@
LLNL(Lawrence Livermore National

Laboratory) oAl 2 Fsi= o] gith. NOLY
Price 5[5]< SSGT$} LSGTS =4 Z¥#4E Wluw
sted A A8 A= (initiating  threshold
pressure)s A5 wAHT F UEF s,
LLNL®] Souers &

tste] flyer TE2
qA dEs T

1 97.

?l @Eﬂr IAEE Ay 98t pure
RDX(donor) - PMMA (gap) - 97.5%
RDX(acceptor)Z T ¥ SSGT A8 % 43|
s FPsAG. 2y A =de FEer
E5o] domn, 97 0254+0.254 mm, WAH
5112025 mmelth. AlgS  FI @ =&FF
Go/No-go W& ARE 4 At vluste
ASToZA didstere] oA st gEs =
FA T

o
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Gap testZ%E 975% RDXel| tigt €3}
g WAYEZo] 7HEE, PMDY ZF A4

= Frs7] A% shef Eaﬂ°1 A A
0E 71F AqRE AHF & Uk HFHOE
HNS+HMX(&H+F F°F) - STS(AH) - 97.5%
RDX(&F Fehez 745 TBI 3of EQ
S A8t 4T AES fMste dA A
FAE oy dol2 Hslre] AF54
= Asstazt skt

25147 Y

21 dpdslef
oA Zoki} 7= SSGT #HEEHE 47
157 g/cc®] pure RDX(Cyclotrimethylene -
trinitramine, C3H¢N¢Os, R.E 714 1.60)<} 1.182
g/cce] PMMA (Polymethyl
(CsO0:Hs)n) 7t AHE-E T}
ojEoko g AMEEHE RDXE BdzA4el d
YA BAol7] wel AZ7h BReA 2, A
SolZo] golalvl, 4% HBolE ZH Hols}
wel BER Forew ARk
RDX9] 4438 ghe HMX( - 21%, CiHsN:Os)
e -21%% TNT(-74%, CHsN:Oy) Hth
ur PETN( - 10%, CsHsN,Opp) BT o}
T3 Aol s A2aEE el 0ol 7t
-’F% dadaed dyA AFF =2 A
Ao} ThAE ] YFEH(stoichiometry)dll 78
sbs] dAstry] WZAH, dRbHoz 3Fofo
AFolle seRteAl d@Fe ol TAAT)
A HHow FA4 W @i FFE =o 74
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Methacrylate,

Jﬂfloﬁl\l%ﬁ

Table 1. C-J conditions for 97.5% RDX.

CJ condition CJ value
Initial density (kg/m?) 1640
CJ density (kg/m’) 2215
CJ pressure (GPa) 26.55
(] temperature (K) 3574
CJ shock velocity (m/s) 7899
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FEFoRE 975% RDXSF 25%9 wilt)
(binder) H7}E(1.5% stearate, 0.5%
polyisobutylene, and 0.5% graphite)= /3%
CH-67F AH&-Eth 271U % 1.64 g/cc®] CH-6
9] CJ A A (Chapman-Jouguet condition)ol A 2]
JeEl @2 Table 17 2t CH-6= CJ 9
2655 GPaolA ¢k 7900 m/sd] W& Z=ZA9&S
W7 ol gaps FHSE H2FH FHofo=
FZ AHSEH

calcium
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¢ g Ry A, AFele A2DFEE(N)
W ABARF(1-A) ME AL F Aok
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Coa = A= D rescied T Aruciea (10)

Vit = A= W nreacted + AV yeacrea (11)
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&5t7lel S4T Mo og 5 2SS sy 23

A71A v=p,/pola, A Y=x(p) 27
S(py)e HIZA A BIA H(relative  specific
volume)g vt} e= UlF o4 X (internal
energy)°l™ A, B, C, R, R, wT ¥4
s  TASe ‘:"E]_ u}2}v) B (EOS
parameter)©]™, Zt E&e] gk 32 Table 20
Yeht itk

39, nuke

model

E2Z PMMA, STS, BRASS]
L Mie-Gruneisen AEjHA 28 AL&35}o]
7 o) digk BALE FLEA A5
=5 73T

4 2 &

X0, AN 09!‘.

Psolia(PMMA, STS, BRASS) —

pocozu[n(lf;ju}
7oE+ ; if £>0
[1 =S, _l)ﬂ]

PCou if 1<0

(12)

of wj A Wl o3 F&H FH(yield
stress) 0,2 T2 Johnson-Cook EH[9-11]S
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(melting temperature)E 2| 7|3}™, T,
4, B C ne i3 2dS ?*éﬁ}
Edo e 2d Feprgo|tt. 2t E4
=2 d g&u e = Table 33 2o

JWL Zeigd A tiehs] &2 AIZH(~1 ps)
el 319K10~50 GPa)®] FZAI(~8 km/s)E

Fukshe woluA Bae] P BeseHe

2 BEANE F# e 2dolH, Hdkg Edd o
e TATE A BEASHA Y B-91

2 (Rankine-Hugoniot) #AZHE H=4
Mie-Gruneisen “JE]Wg2le] 8 WIS o=
sted Agsith ¢k, g 9 MNkg EES
AR ol o3 HAAHE ERFoR FHY
F A= #AWA 7] (level-set method)S AME-3}
o FRIFASH, AT FA7IHA g A9
& AYAF[12]1E F=s4 npEoh

Table 2. Modeling constants for HNS, HMX, RDX(pure) and CH-6(97.5% RDX).

Model parameter HNS HMX RDX CH-6
po (kg/m®) 1430 1700 1570 1640
A (GPa) - 952200 - 77810
Reactant B (GPa) - -5.944 - -5.031
R - 14.1 - 11.3
R - 1.41 - 1.13
w (J/g-K) - 0.887 - 0.894
A (GPa) 250.05 333.88 313.11 311.19
B (GPa) 4.00 5.92 4.97 5.69
Product C (GPa) 1.00 1.35 1.46 1.36
R 4.14 3.63 3.71 3.61
R, 1.05 1.02 0.99 1.01
w (J/g-K) 0.32 0.37 0.36 0.36
Ce) . 44x106 - 58x106
, a - 4.0 - 4.0
Chemical G (s'Mbar™®) - 850x106 - 380x106
kinetics b ) 20 ) 11
pi (GPa) 5.27 1.19 1.0 1.0
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24 w3 Gap 7= A dHo= &4 5 1o,

Table 29} 32 z4z 1o|vx] E49 nd %4 AF EAS 71F A7 A A gEH
I 2 Hg B U B4 Yehd Aol 2| gttt Fig. 12 SSGT Alg 2 #zbsA o) A5
ok W& = 2ol AREEE KYP 2 AE o] ¢} FE=o|th SSGT stof Eddle o Fef
T4 WHE 2 A EE B =& avjay pure RDX - ZF4]7] PMMA - $ZoF 975%
(size effect)E sto]==Zrtoluty] a4 Ao} H RDX +o=2 wWjddEt. wg EZEL %

qe 2] (brass)o. 2 F&FH T

3.1 SSGT
SSGT+= =
= A¥oE 50% & =
77 FAE AEske Aot
Table 3. Material

properties for PMMA, STS and

BRASS[9-11].
PMMA STS BRASS
Mechanical constant
Initial density (kg/m®) 1182 7900 8450
Young’s modulus (GPa) 0.42 200 100

Shear modulus (GPa) 2.32 77 40

Thermal constant

Heat capacity (J/kg:K) 1466 423 380
Room temperature (K) 300 300 300
Melt temperature (K) 330.3 1683 1200
Mie-Gruneisen EOS

Cy (m/s) 2180 4570 3726
So 1.41 149 1.434
Gruneisen coefficient 0.85 1.93 2.04
Strength model

Yield stress (GPa) 0.42 0.34 0.25
Johnson-Cook model

A (GPa) 0.76 0.79 0.08
B (GPa) 0.07 0.51 0.50
C 0.0 0.014 0.29
n 1.0 0.26 0.61

— > EBW

DONOR

—— GAR

ACCEPTOR

25.4 mm

Fig. 1 Schematic diagram of SSGT configuration.

Table 4. SSGT experimental result.

mrn

Acceptor r]i)l(rrr)l Gap (trlrlllrfgness Go/No-go
1 11.85 No-go
2 9.84 Go
3 10.71 Go
4 11.34 Go
5 11.40 Go
6 11.56 No-go
CH-6 7 11.37 Go
975% | 8 11.45 No-go
RDX) [ 9 11.41 Go
10 11.44 No-go
11 11.40 Go
12 11.43 Go
13 11.44 Go
14 11.46 Go
15 11.51 Go
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11 mm

(@) Go case at 11 mm PMMA thickness

(b) No—go case at 12 mm PMMA thickness

Fig. 2 Shown reaction progress for donor (top) / acceptor (bottom), pressure and density for non-reactive materials,
namely PMMA (middie) also BRASS (both sides). (@) 11 mm gap and (b) 12 mm gap at times ¢ = 2.0, 35,

7.0, 9.0, 10.0, and 11.0 ps.

exploding-bridgewire detonator) S
I o 7] FAe FNEH SANES
Waol #FsdM Sovd & sled, A 3
F7t FHEFE /548 S Hole gap
FAL W7E AE FHAY. F 15W 9] AFL
2 +0.05 mm FA7ZA LA A3 A
£33 ZoF ofgitke] A7 (mild steel) AH <]
AT (witness plate)S AX|3te] 7]F o Fo w
g2 g&HEE 5] Go/No-go #HS §o|3}H)

o b

stttk 97.5% RDX®] Zd FAwHg 2 SA
< WA A HA gap FAE FY
7t =A% SSGT Go/No-go A& A=

Table 4%} ZTh PMMA gap 77} 11.51 mm
9} 1156 mm AtolellA] FA H A48kl
A2 UEhson, ojith gR: FAAA
o, FAL FAANA 80| HEE
& = AT WA 97.5% RDX 34ofe]
MAIE 93 PMMA 94 FA= ¢F 11.5 mm
F2o HAFds AR, o] W FFHt
A" 4 4ol & 7F Azl &

% gk,

oo o rZ Kl

' do 0_>L
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Calculated shock pressure attenuation in PMMA gap

0.92 GPa <

1.15 GPa <

attenuating pressure (GPa)

PMMA gap thickness (mm)

Fig. 3 Time trace of attenuating pressure profiles
through PMMA gap of SSGT simulation.

Table 5. SSGT results for 97.5% RDX[5, 6].

Threshold 50% gap
pressure thickness
(GPa) (mm)
NOL SSGT (1966) - 11.96
NOL LSGT (1966) 0.92
LLNL SSGT (2007) 1.05 -
Present SSGT-exp. - 11.51-11.56
) 0.918-1.15 11.0-12.0
Present SSGT-simul. (1.026) (11.5)
Fig. 2& 11 mm ¥ 12 mm 579 PMMA

715 533 FH4I7F $E2F97.5% RDX)

of =&3dlS uf Go/No-go 7% ¥H-g& Z4ts)|
A% Aoty oA Ed& g Y wiF
(reaction progress variable)& 0(¥H8 Z)FE 1
(BS F)7HA ®A8 Eehgky o RS TR

T odEs

S, HEkS EZ9 PMMASH
o

%7191 2.0 usTEi 5 °¢94 il

B 11.0 ps7hA 6719 @S YEh Ath
Z397} JYsHAA RS Th2me] ok £

| bkl 7}six BRASSSY FHEjrb EE31A

Lo

]

sZ HIAEE=+ 7600 m/soﬂ ol2mH, 8.0 pusol
PMMAES 9 E3slHr FZ oo Egs}%{
23], 7.0 psS} 9.0 psolAe] =3
Fsagol veEdE & 4 Utk
RDX9 Z333o] PMMASY SiHe] =939
S oW A WHA WAM(reflection)$} FF
(transmission)7} #ZF = WAL= Y& WEF
o7 HEol APy, Fovk= PMMA HH=Z
AR o] W RRAME THFY] ouA] &4o]
4= A= vEhvd, vy 545 FHsid
Al ste T dojuv AT A gy
A&H o7 AasA €tk FZHTHo] PMMA
ofide] =Y of T WA whAtel FHIE
oAun, FEokd HAddE HAFT Tt 7ES
dosle HUde] k. PMMASH BRASSE ¢+d
o] 7t el wel o] HIHM AHNZ tE
dE FFste gFol o ot FH F
Ay Sdo] dojdrh

PMMA gap T4 11 mmelX< FZ<F 97.5%
RDX7} Ag® gHom ola) EXE
12 mmd) BFE A% QAGY e G

o

o}

PMMAS T34ste= A3 Aol wE <
9 & Fig. 3o YElHUTH Gap 74 11
mme} 12 mmol| dEsh= AFAMY HF 7
3] 8 747 115 GPa9} 0918 GPaZ 74ts]
At Table 5= NOLY} LLNL®| gap test A%
o7 =29 9A st &4y % 50% gap T
£ Hlug Aotk B AFoA 1z SSGTY
gap T 11 mm®} 12 mm ARo]o|A] ¢ 1 GPa
AT 2 975% RDXS A3 IA 4ol =&
A, ol FxE FdEFH IAGe #oE 1
011147*] 24 54 H3E #=T o Hag
71Ee] "ok &, SSGT A8 2 A
ﬁﬁﬁ#% 53 =& 975% RDX 71% 94
AdHEL oF 1 GPaZ A HF3 & 4 Ut
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32 TBI gtH, Fig. 59 CBT(Closed Bomb Test)= 10
Z 8] 28} 7](TBI, Through Bulkhead Initiator) cc #95 zte 29 AHE TBIVF 71& =S
= AYS FaL o Fon FFofo] FFo T = W T Aot AdS SATFe=
d FEE st weps o Fogl ST F " Go/No-go &2t oF&5 Flst= Aot
dtol A¥le BHste] FF S HAZL 5 TBIZE CBT AW AFE F =S A 8
olZH A IR olojA= A Fdo|rt B8] A F(screw)2 7hadte] A AFH SSGT
go]lz 379l RAT+ Fig 49 2o ¥ Ax FPstAd A} FII} WAHew FE&F
F5 Z(detonator)> %7] WE 143 g/cce Zokol 71F A 2AS 27 Y 01 mm @
HNS(hexanitrostilbene, CisHgN¢O1, R.E 7S AE2 A8 FAE s/ BEAES 9
1.059 %71 2& 170 g/cc® HMX 33tk Go/No-go ®hgo] FAld ##E= A
(cyclotetramethylene-tetranitramine, ~ CsHsNsOs, HollMe= FHE 58 10~16271A Al g3t
RE AlFd 1.70) 71¥t 33E(95% HMX, 5% Table 6> TBI ZAY FA w& CBT 7%
VITON A)°] ZFHoll= F+XZ HNSe Zd Ag Ax=Z A3 Aolth. Go/No-go BT
ZAF 02 mm x 02 mmY flyer TE5S 7} AW Tl AHAME st dawkgol

& 71ZAZITY FEE Zke  CH-6(97.5% doju} o] Frt dEEHE ABF Go ¥,
RDX)Z ZFH3tHth. AL STS(stainless steel A37t dojyA] ol dAio] o3k FHo] Z7}
304, &% : C-0.08%, Cr-18%, Ni-8%) A2 W 3% ¢S o] No-goZ Tetslsith

2 gg BEF7oltk STSE HIAA ] 7h34 o]

St AN AErt FAEHW DA Table 6. TBI-CBT experimental result.

o8 AstEA eths AHol Utk

Bulkhead thickness Go/No-go
3.2 mm Go(3)
Pyrotechnic initiator 3.4 mm GO(S)
3.6 mm Go(3)
3.8 mm Go(13)/No-go(3)
3.9 mm Go(2)/No-go(8)
4.0 mm No-go(16)
5.0 mm No-go(3)
x 107
6
5 Go case at 3.8 mm gap
Fig. 4 Schematic diagram of TBI system for a 4r
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