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Acceptor

Acceptor | W% (kgm ™) | A FA (mm) | T2 4= (GPa)
RDX 25 1830 21.45 6.248
HMX 66 1900 43.79 2.859
HMX 95 1820 53.49 1.827

3 2. 7t ghefoll tigk LSGT dlold

242 polymethyl methacrylate (PMMA) 7} A8t A8 S
PMMA HAa5 AFozM, FAE S7H7IWA AP
FAZE Z7MA71H A Acceptor 3Feko] 50% 2 &2 FHw 9
PMMASY 5715 Y974 57 (Critical thickness)® 7 2] [4] gt}
LSGT+= PETN 802 A&ldh Al shekell disfx =L, 2+
skefol digt AA FA " T4 ¥ & 29 #v. RDX ¥

=
HMXSh 28 T80l /18] met sheke] wgest Z7kshol
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A WA g AT oot 4Fo JFS yEhda, T A
g2 wkgo AAE Yeldg. A4 = Wk 1 F & (Reaction
progess), pv ¥, tv A u v ¢F A=E YEA
plp,=1 ot
HA Jb-5 A S5 20 H (G b)) 5 A5 HalA 198 104

HeRE dolHE o WAFel i %% dolElE ®Wghsith
JH=ZE a9 H, gAE(1/ R o] 04 wWE 24t (Extrapolation)
sto] Fgb WhAoA 9 AT (D)E etk I F, 7F gheb|
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Ro o a1~ Ma /DYT® Uy Us
RN (U/D)](D) =5 o

D (3)

Ast oA dF ATt 43 ¥4 E2(Hot—spot
formulation model) 9] -9 A B -4 HA - o)A
49] k& 7HIvta & A ATH9, 10]. mEA R 1 gk LSGT A4t
HAFE EalA Go/No Go7l dold we] Az Fafjxivh & A+
oA PETN 80> LSGT A1§ A7t EAskA] ¢kob vbg A =
sepul vt A sklar, @2 Al stok B v e E A4 v
el Agst aE B 44" Wb S5 dEuEE B 39
AA o] ST,

B AFoM= T4 =3 o] (Shock to detonation transition,
7] A et 719k v =4 In—house
Hydrodynamic =& AFE3lt}. o] F=o+= Hybrid particle
level—set 7|} el Ghost—Fluid 7]'{o] 3= ATH[11]. A 3
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Srr_seﬁ_pur2 as_rr as_zr
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S.ij = S.ij,tr +5 ij ,cor QIK Skj Sik ij + 2C;0 (5ij - Dij p) (8)
I] tr Qlk Skj Sikgzkj + 2(30 5ij (9)
Sij,cor =—-H: Dijp = _ZGOANij,tr (10)

G, & A A% (Shear modulus) & VER I, 919] Aol LpeERE
AR} (Operator) 5 th 3 o] g o] ¥y,

= 1 1,0u, Oou, 1 0u;
Dij:Dij_ngkd" Dijz_(_ a_xj)a 1_5(67__)( 1)

e A A e 27 el g Vlsske dE A
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14[13]1 2 AT A 149 Yepd BE Hee gish Aaxbs
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Puresces = A (21 py =1 +B(p/ py =12 +Ci(p! p, ~)°  (13)
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Py :Co ( __)/[ _S( ___)] (15)
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( ap 1/2 (1 7)
S = dUshock /dU particle (1 8)
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g 5k oA u e plp-le guid =g,

7] 9ske] 2 279 Johnson—cook &9

r
Povma =1 0E + pocozlu[l"' (1- ?O)ﬂ] IT1—(S, _1)/1]2 (26)

7 = (A +B(e"))a+Cy ") i-——2)

(27)
0]
Parameters RDX 25 | HMX 66 | HMX 95 | Pentolite | PETN 80
Po [kg m 7] 1830 1900 1820 1560 1560
C0 m s '] 2406 2467 2467 - 1490
S 1.89 1.86 1.89 - 3.30
Unreacted _
State B 0.99 0.99 1.09 0.77
Ai[GPa] - - - 12.82 -
B, GPa - - - 0 -
C, (Gpal - - - 119.3 -
A2 [GPal 628.6 652.2 458.0 481.7 205.5
B, gral 4.80 4.10 8.30 8.93 3.80
2
Reacted
gac N R, 5.10 4.23 3.721 4.70 3.45
tate
R2 1.30 0.75 1.068 1.05 0.91
0 0.086 0.091 0.359 0.36 0.29
I lus™1] 0.94 4.30 12.10 1.40 -
Chemical a 4.0 4.0 4.0 4.0 —
kinetics | ¢ [ps™'GPa™? | 0.105 0.236 0.538 0.829 0.268
b 1.30 1.54 1.65 1.3 1.89
3 3. ZF shokel st mEg A
14 M2l g



Mechanical parameter

0o kg m™] 1182
Young’s modulus [GPal 0.42
Shear modulus [GPal 2.32

Thermal parameter

C,lJkg! K 1466

Ty K] 300

T, K] 330.3
Mie—-Gruneisen equation of state

Colm s 2180

S, 1.410

I, 0.85

Jonson—Cook model

A, [GPal 0.76
B, [GPal 0.07
C, 0.0
m 1.0

n 1.0

P, &= 27 85 A4 W (Effective plastic strain) 4 &
24 W E (Effective plastic strain rate) < YeRJdTH =31 Tm =
== Ti= e AL By G, m N Jjohnson—cook 22

gtghu]Efolt}, ® 49 PMMAZS 2d A4=71 A A] 5] o] 9l

15 ,M—E_,"-rl: =]
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5.1 Numerical set up

Level-set boundary
Shock
impact

Region 1. Explosive

Region 2. Void

L, =350 or 100 mm

19 3. Computational domain for the unconfined rate stick test

simulation
PETN 80 | RDX 25 | HMX 66 | HMX 95
Length 50 100 100 50
[mm]
Mesh size 0.05 0.20 0.04 0.02
[mm]
¥ 5. 7} 3}eko] rate stick 4o] 4 mesh 7]

Go/No Go | RDX 25 HMX 66 HMX 95
PMMA gap Go 21.0 43.0 53.0
[mm] No Go 22.0 44.0 54.0
Acceptor Go 79.0 57.0 47.0
[mm] No Go 78.0 56.0 46.0
Z 6. 7 A5l v PMMA 54 2 Acceptor 9]

16
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o

1% 3 Unconfined rate stick simulation®l] tgt AlA 99&
Uebd Zloltt. skekat Void AbolellA #ld Al 7S ARR-R A,
59 stefe] o] "l w4 A7]E AREFITH LSGT= % 29 ¢
FAE Faste] AL F9s AAIAG. AL F9 AA dol=
150 mm=z o, ZtzZte] tidte] PMMAS pentolite?] ZAo]=
A 23t YA g 9= Acceptor® it

i

55

2

5.2 Unconfinedrate stick test : PETN 80

skefel sk 549 CJ by ®owkg g3he] Aol= w4
A71e) A4l X Feettt. 19 4= FENbgEeld PETN
809 %3P utel FxE e Idolth. i 7oA yERd CJ
4¥> 2052 GPa <dH, 1™ 49 A A#ArE CI @
BEetA oASet=
(A =1, k¥ol 21 GPaolal ®Whg+-3Fe #Hol= 0.2 mm
droltk ¥t delA el HulbH (Peak pressure) S 32
GPaol|t}.

a4 5= ZF WEAEOl gk Azre] wE 3o HuE WE
AFo2 Uil Zojnt. x7|oll= HutE= 3o R A9

Py kg m™?] 2130

Champan— P [GPal 20.5
Jouguet values ecj [KJ/cc] 575
Vg [m/s] 7004

3% 7. Chapman—Jouguet values of PETN 80
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719 6. Propagation of detonation wave in 0.98 mm and 5 mm for

unconfined rate stick
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719} 8e. Comparison of the resolved detonation structure of all

explosives analyzed 8a—8d

Parameter RDX 25 HMX 66 HMX 95
pressiizk[epa] 19.3 43.0 47.5
Py [GPal 16.3 30.0 33.0
pq. [GPa, Cheetah] 16.6 29.1 34.1
Reaction zone [mm] 5.0 0.4 0.2
Mesh size [mm)] 0.2 0.04 0.02

3% 8. Calculated detonation properties of three heterogeneous

explosives at infinite radius
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Total Detonation
Explosive composition [ %] Energy Energy
[kJ/kgl [kJ/kgl
RDX 85, HTPB 15 5200 3708
RDX 65, Al 20, HTPB 15 7917 3343
RDX 20, AP 4132, Al 25, HTPB 8505 1474

3% 9. Effects of Al and AP addition on RDX —based explosives
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Pressure{(GPa): 0 3 6 9 1215

719 9a. RDX 25 rate stick pressure contour for radius 50, 30

and 17.5 mm cases(from top to bottom) at time 6.5,

11.5, 16.5 ps (thelengthrangeis O ~ 100 mm)
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“1¥ 9b. Propagationof detonation wave in 17.5 mm and 50 mm

for unconfinedrate stick of RDX 25
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Pressure(GPa): 0 10 20 30 40

1% 10a. HMX 66 rate stick pressure contour for radius 6, 4 and

3.0 mm cases(from top to bottom) at time 8.5, 10.5,

12.5 ps (the lengthrange is 50 ~ 100 mm)
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1% 10b. Propagation of detonation wave in 3.0 mm and 6.0 mm

for unconfinedrate stick of HMX 66
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Pressure(GPa): 0 10 20 30 40

19 11la. HMX 95 rate stick pressure contour for radius 3.5, 2.5
and 0.5 mm cases (from top to bottom) at time 3.5, 4.5,

5.5 us (thelengthrangeis 25 ~ 50 mm)
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71¥ 11b. Propagation of detonation wave in 0.5 mm and 3.5 mm

for unconfinedrate stick of HMX 95
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8400 T

8200

@
(=]
(=]
o

~
@
o
o

~
D
(=]
o

~
N
o
o

7200 - ¥ HMX 66 rate stick test data |
Analytic solution(RD =0.255 mm, b = 1.54)
O Present calculation
7000 : : !
0 0.1 0.2 0.3 0.4

Inverse radius, 1/R (1/mm'1)

13 12b. Size effect curves of HMX 66

28 s M EEw

e



s

MX 662

Detonation velocity, Us (m/s)

7400

7200

8200

8000

7800 -

7600

¥ HMX 95 rate stick test data
Analytic solution(RD =0.044 mm, b =1.65)

O Present calculation

7000
0

05 1 1.5 2

Inverse radius, 1/R (1/mm'1)

13 12c. Size effect curves of HMX 95

-

RDX 25¢} HlugS vl APE E&sta

A 713, blast &35 FSthA] 71t}

% 9ae

contour® YEbH Aolth 20 mm7} @& WX Sox I
sk 4= Qlt}. o]l+= 9bof|A H i wpel o] A

=

RDX 259 Algke] whZ sho] Hups

pressure

71

7 mse
o ue

=]
W HMX 66 138 10a°lA] BE vl o] 6 mm ©]sH+E
a7 vehdoh =3 28 10beA et ol

29

RDX

259}



WHE W, T AE Y] H g Y] Aok o S5 FAT
Atk HMX7F 95% 3¢ sheke] A9, a7 ades o 22
A ol FASHA HAgsTh 13 11laclA B uhel gol, 2.5
mm7FA 488 Wsrb A glANE 0.5 mmE FAT uf £3 9
vy F46HA TS & 4 Ak 29 11be o] @de] 2.5
mm$t 0.5 mm e FHoigkey ztol7k 15 GPa A% *fo]7F W]
Folgt= S waFrh 19 12a HE 12¢ 7HA= 7 3ok

A7) a¥E HoFEr o85S T3, RDXY HMX #2 F439]
ol ¥ty glokd 2 F7|o] WA FAM FAg 7] aYE

5.4 LSGT : Donor—Gap

30 T T T T T T T T T

----------- Shock development in Pentolite
Shock attenuation in PMMA

25 —H8—NOL LSGT report [19] B
20} f
©
o
e
) 4
=]
7]
1]
g
o

A\ K

U NS 8 8=

NS LS N

NS S

O H- L L L L L
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Distance (mm)

19 13. Shock attenuation shown in PMMA

30 A L) ¢



A (mm) NOL data (GPa) Axt A3 (GPa)
2.54 14.20 13.52
5.08 11.23 11.34
10.16 8.77 9.65
15.24 7.49 8.18
21.10 6.25 6.46
22.86 6.10 6.14
30.48 5.01 4.60
35.56 4.40 3.88
43.18 2.99 2.95
44.70 2.85 2.84
45.72 2.63 2.69
50.80 2.07 2.08
52.90 2.03 1.90
53.34 1.86 1.84
55.88 1.69 1.62
60.96 1.40 1.37

3% 10. Shock attenuationin PMMA gap
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the level—set boundary of the PMMA gap at t = 8, 10,
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719 14c. Pressure evolution for the No Go case of RDX 25

o e -

Species
1
08
06

1% 15a. Go and No Go cases for HMX 66. The red line indicates
the level—set boundary of the PMMA gapat t = 8, 14,
17 and 20 ps (fromleft to right)

33 METekw



== Shock development in Pentolite

Shock attenuation in PMMA
~-=-=-=-Go reaction in HMX 66

50

40 -

I
(=]
2]

(Bd9) ainssald

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

0

Distance (mm)

1% 15b. Pressure evolution for the Go case of HMX 66

===eeen Shock development in Pentolite

Shock attenuation in PMMA
=-=-=-=-Failure in HMX 66

30

25

(edD) ainssald

120 130 140 150

10 20 30 40 50 60 70 80 90 100 110

0

Distance (mm)

1% 15c. Pressure evolution for the No Go case of HMX 66
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1% 16a. Go and No Go cases for HMX 95. The red line indicates
the level—set boundary of the PMMA gap at t = 8, 16,
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Abstract

A determination and verification of pressure
driven reaction model for simulating combustion

characteristics of energetic materials

Donghyeon Baek
Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

Metalized high explosives effectively tailor the explosion
impulse at lowered detonation pressures of common high
performance explosives such as RDX (C3HeOsNg), HMX
(C4HsOsNsg) and PETN (CsHgO12N4). The presence of aluminum
with and without ammonium perchlorate (AP) allows the
subsequent burning for longer and sustained reactions of
enhanced blast explosives. The modeling of reaction rate laws
for four explosives with varied amounts of Al, AP, Binder, RDX,
HMX and PETN is reported. The model validation included the
rate stick test for understanding the explosive reaction of the
four samples and the large —scale gap test for determining their
ignition sensitivity. The experimental results confirmed the
accuracy of the modelin simulating the shock sensitivity and the
size effects before detonation failure. The effect of enhanced
blast of these explosives in the presence of Al and AP is also

reported.
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