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confined rate stick test”7} i1# & %1t} Confined rate stick testell

ek AP EAF Ayks 09%-25%9 Al Aol thste] ddd et

HlE vk, AAteArel Addtete] vlae] wp=w, Al 42+
Fol T7hgte W& HEYolA £ fHast Hu JtETEE ¢
& HA o Al e EAol tstel dFAAE EALE = U
o FrHA R, Al AR e e FE o9S Hrtetr] flet
o] plate dent test7} L EHF oW Al 4=} & W2 IS H
Ho] AgAdy e AHE YRS

Fgo : ¥FWE YAE FHE Z¢  (aluminized

explosives), A4tEAl (Numerical simulation), °|AE 49

(Two-phase model)

g 1 2016-20731



1
il
Y
v

Hr

e mﬂ
_vA ‘aﬂ

Nooor T

=
iy

N

&+

Al 2 A

]
fvze)

=0

A Bj 1%

2.2

221. °]

15
- 15

o

T

i
JJo
e

A2L A7) wE

3.1.1.

19

dr

pa

A

HMX$] " Eu]o]

32 Al %



15
19
25
19
19
19

4.1.9. 7537,]_ B‘l ll_.:g

4.2.1.

34

- 35

Y
il
™

o

38



5

5

2

IR

5

IS

i

2.1 95% HMX (0% AD®] 1&G WHEE G o 7P G5 oveereneecenenees 9
2.2 95% HMX (0% ADS] JWL EOS MR o 9
3.1 95% HMX (0% AD®l &9+ Zejzat wsd9q 2ol
S AW AT} S FHA AT H]FL v 12
4.1 95% HMX (0% AD®] 7}&5 9ol thgh A2 3t 4814
) =1 ) eSS N S 21
4.2 95% HMX (0% AD] dentell thgh A4 3o} wX]s)4 4
O] H|JIL +eveeereseesseessaeesseess et s 30
29 23

d 21 Al 4AE dFste olgEd ALY EFES AT 9]

AF RLEI O] JLF ettt 3
H 31 95% HMXe| 7|5 dd FAs4s s A#F 7] w

2 Al B RG] e 11
% 32 9% HMX®| 7|Edabe] ma Fxa4e doats

T} HEG-OJ O Z] O] werrevssnenssnssssesssiss s 12
d 33 2 Ad d5d ANE: 2 mm FAE 2= copper

confined rate stick (D = 20 mm, L = 100 mm) - 14

Y 34 T4 93 Hst & 6 psollA vgsk Al AZFEE (0 %,
5%, 15 %, ¥ 25 %) zt= Al 9AE i3l HMX
Q H]El—ﬂo]}?_ 4:,4—01] EH?:{ ‘]6H/ﬁ, 7%51]. ................... 15

. 7 p R
- - -"x_i 'kl H 1_.|



I
jait)

M

I
o oo

35 T4 o3 H3k ¥ Al dAE Fdh= HMXe| HEY]
ol 3 g (a) 4 us, (b) 6 us, (¢) 8 ps wweeeeereeseeeess 16
36 Al ol WE HEUAd £xo ddavtel A6

A Azkete] wa A7 20 mmet FA 2 mmE zHe

copper confined rate Stick 213 e 17
41 2 A9 f8E AN 99 1 5 mm FAE ZE= steel

confined rate stick (D = 20 mm, L = 120 mm) === 19
4.2 Confinement shell®] ®H7wWsF A3 S5 =24 w2 - 19

43 T4 o3 st § A
3l steeld} 2<Fo] thek U E=A3} shadowgraph: (a) 6 us,
O R O I R R ———— 20

44 Al AgFEaol mE 7HEsged e dddyel s34
Adtete] vl 274 20 mmeot FA 5 mm
confined rate Stek AT i 29

45 sk Al 2F 28 (0 %, 5 %, 16 %6 2 25 %) Z2 &
Al JAE st HMXO FE= Qlgh Ak m&
confinement shell®] |34 REAEF FFEHT oo 24

4.6 Plate dent test®] 23 AA: D = 41.3 mm, L = 203 mm

Ll
A
s
4
@

@,

= ;%_‘E unconfined rate Stick ««eseeeeeeeserrrmn, 17

4.7 Plate dent test®] #3144 HA: D = 41.3 mm, L = 40

mm—— 71—L unconfmed rate Sthk ................................... 27
48 Z2o] o3 H3z T 4 usolA steel plateE &3+ 95%
HMX (0% ADOl th& ZuF A 5be] MEA o 2%

49 95% HMX (0% AlDel =29 olst d3s} & dente %3y}
platet] - ¥+ WeEF deviatoric stress & % ¥ S a1

(a) 6 us, (b) 8 us, (c) 10 ps, (C) 12 ps werememesseseseess 29



a9 410 T4 o3k 95% HMX A3t & A7k w2 dent 2 9]
01] q]z:s} :":;‘q—gH/H 7531]_ ......................................................... 30

a9 411 Al AZFEE 5%E 2 Al 4AE & Fste HMXS =
Aol ot st § dente] I} platelF ®HE WL
deviatoric stress & 3 ¥ SalW: (a) 6 ps, (b) 8 us,
(€) 10 1S, (C) 12 IS wororssmsesrmsssssmsssess s 31
a9 412 ggE Al AFEScl wE plate dent testol] Wi A

BIA] dent ZLO] weeerrereerseresens et 31

i - . Jiﬂ k'_. 1_'_” Bk T



Ul Al 47k

-
R

Aol A

R

A1 AE
H

& OFell A

[
e

=0

H

I

B

or
-
™
!

™

s Al QA7)
olth. 1ol webA, Eof ulelA Al 2

)

ol
i)
o

!

ol

e

ol

A gl Yeng

& (AA: Acceleration

ability) ¥} plate dent testollA H ¥ Ach. 29 1.1(a)oA Holx,

|
o

1

=

d o

FA e gk, of A=l Al

3k ZoF RDX¢ HMX®9| confined rate stick test 2

!

o

w

)

o}

o

i

A
L1(b)ell A H.o]

=
L

bol Aol Al %43

)

3
=

, Al 4=}

w

=

2
=

i

o
T

}E‘}

Aol A, ) AA]
2aEdeh 1, 21 ol 4

W

1]

°

Q2

°]8

[e)

=

(two—phase model)

=

=]

L

s

A

a7 o] Fol gt 1 FolA wkgA

dEdel A AzE Weld Al 9

el

o
2

o =
= 4

<
=

71 A

Z1A el Al A das ol

slofl Al

=]
&

s

a3l oA HE

-7}

]2 24 Khasainov <]

S
&y

13
s}

s

(4%, £E¥F, A A

&



o o) ndE Hlow [5], ARl ol drde] AFES Al
9] = zta1 9lt} Fedorov [6]& 4 4t
2 BAA Al gAte] dEeld Aol sl Arrhenius P E <
Ax RS ARSI Kuhl [712 B384 3249 A% Khasainov
9} Veyssiere 2@ (KV 22)S Al&ste] 7| F4 Ao 93] T &
571 T Al A9 Aol #d A4E FAAY 159 A& B
d2 2EF5 7Eo® A3t Al&EHS on/off A9jAE IFFFHTL
Zhang [8]2 Al <4A¢ 23} 2&xolA  on/off =9 g§lo]
Arrhenius JH ¥H8 2y KV 225 Agtele] stolHg=s 2l
o Aotai)

o ATFolM = v ZIA dEel tigk dEY ol %S EA
stz 918 e ol g Rd &

o
soll skl Al A A7 E&o wE JFS HAARAIET] 9]

A AFARAE o el FANAR EASHE AP Aehe] vlaE
e TR

e Al dAFe] AHFEELS 0%-25%7F nEHAoH, Al A
o M 49 45

=15 =
plate dent test HAFRAIZ} F71A o2 G285 Qi)

2000 6
—~ B —-—8--— HMX base: Grishkin etal. [1] r
§ —-—8--— HMX base: Grishkin etal. [1] I o
Z 1800 —-—e—-— RDX base: Tizcinski et al. [2] 58 # ~
3 _e z I -
Z ook o .
7 1600~ o . g -
4 B . = &
= I ~. =1 o
£ 1400 |- S s - /
‘'S - . =
S - N - 54
=2 i . ] 3
@
1200 [~ -8 N 2
; - h a (
S I a.. ‘. 52 o Porous HMX base: Jouet et al. |3]
a
= 1000 [~ .
=4 B ksl
Lo b b b b sl
0 10 20 30 40 50 60 0 5 10 15 20 25
Al mass fraction (%) Al mass fraction (%)
(a (b)

a9 11 Al A2 g0 12 Al YA FHte Loy T
45AYH A% (a) 71%2Z %} HMX £& RDXl &
A&E5d, (b) HFA 712 Z} HMXY d@ 343 4%



A 2% FAH 2d

7] & A3

=

2.1 o] R9e F8 /MR X3

#&] 3% Convex ENO

H o
=

]_

s

Wit A

]_
71 7 3% Runge-Kutta (RK) 71®H& 217t Al&

X

taek [91 el

S

Y A= o

) 714 wiE W aA

AEe Felatar

A

71A e A

o i) 7] A

?l,

T

;01_

no

%

47 24

el

B
i

ﬂ

o

el

B
i

[51.

o

g 2.1 Al gAE @

ol Rde Fx

weba], 1% 2164 Hol A%

A FFto=A] Ao m A HT

A

e



N
Fa
N

dF 1w

A 21904 a4, ppe Pap Vo o, LB 0

2l 2.1-2.2¢ 7o)

W Al

3L ok
- 1

&

4

i)

o
W

(2.1)

(1—a)

= a :

(V, = Vo)pmux

Voo -

(2.2)

VaPAl/ Vi

(‘/t - Va>ij\jx/‘/t and 0y

Py —

=94

of wz} mdo] 7}Ao]

A% wgo] Z7e

1

A

o el A,

1] o &

As



2.2 A A4

2.2.1 o] A2 49 (Two-phase model)

5= [ Py V1 PUgs PEp s PA; 00Uy, Oy, 0E ]T (24)

[ T
PV W?""P’ PU1Vy; Vg (pEHAIX+P>’ pAvY, l

2
OUy, OUT, OU Uy, U OE Y,

) T
o PUgy PUVg, PVt + Py 0y (pEgpy e+ P), pvy l (2.6)

2 E
OUy; OU Uy, OUy, UgO Ly,

g, 0y _fp ?'Ug_an

— —Qut+o(Ey+AH) —f« u,pwpyyy +R (2.7)

—(},—(}ul +f1,—&u2 +f2,
Qy—0oE,+f*u

, , pU Uy, Uy (pE v+ P), phuy, | T
R— _2 PV PU15 POV, 1(P HMX ) PAUq (2.8)

2
T | ouy, ouj, ouly, U oky,

Oq 7] /‘1, P U, EHija >\a g, U, EAla Pa Ta /l.UH]\jX% 54@1% HMXQJ IR

(kg/m®), HMX AF3HE &% (m/s), HMX 9] "] oy =A (J/kg), ZoF 2hs}



T

2 A% B8, 849 Al 9A9 9 (kg/m?), Al 929 &% (m/s), Al
o Bl o= (J/kg), &9 (Pa), =% (K), 18]aL L Zof HMX?J HH3-&
(sHE Yyebdcth. a28la 2 279 o] RHS (source term)S -4 3}o],
T o 1A wAh el Ao ), SEF(, AUR(Q7t
TG For ALEHEE AU oA AA Al="e A
$E5F odUAE BEAY. Al 94 Axnds 493

quAl dE&e 4 211, 2149} Zro] mA AR} 7 A4 uqoﬂ/q uk

[,:%(pﬂ)_ﬂﬁ@) 0 T >Tu]n/else o=0 (2.9)
b
= Kd* /0" (2.10)
F=3 LG —u) lv—ul (211)
4 pAl dp
24 4.4
C,="4 —" 1042 212
_rdlo—ull (2.13)
o
6oNuk (T — Ty)
= o MR A (2.14)
pAldp
Nu=2+0.459 Re"> Pr?33 (2.15)
AH=(1—a)15690 (k] /kg) (2.16)



=, 4 21009 2 Al AR Aa AL (1) Al A Abstel Zad
AbskA ko] RuEE (U)S 1d3 AEA wH (1112 waEo Al 94A
o As=E Y&, HMXY Atst&Ea Al 9AY Hir 2% I8 2%
(T )& Aolsta, H Ao 1600KE 73}t

3

d= 271 Al 948l J4m), Cpi Al 4] e A%, Ty Ty
AFoF HMX 9] AtstE3 Al A9 =% (K)E YeEbdn ohdkek Al A%
&S 2 HMXO| 2bstEo Al Ale] W =Fe] ghe 2 2168 wan, o
= A8 Ax59 =AM wE (curve fitting) S EFE FEE A0} [12].
eAl/cp ;e Scme
T, ; cme <ey = cme+Lm
T, = (eAl—Lm)/cp ; cme—i—Lm <ey = cpr-i— m
T o, +L, <enT, +L,+L, (217

(eAl—L —Lb)/cp j ey > cpr—i—Lm +L,

m

L, : latent heat of melting, L, : latent heat of boiling

m

A Fr|go] 2% AAE ddt 84 (bulk scale)®] &F1E9Y

o
21 2170 o8] AAHACY. 1ga, 1E

22 Jf; 2

o
=
<
e
i)
i
lo
rlo
ki
)
(2
rlO 1
i
=
Sl
o
—
&
lo
Iz
T
=2
~
N
o
£
)

A4 (conductivity, &), F4

(Prantl number, pr), 8%
(viscosity, ») & ZL3%H ga FE2 NASAOA X Ysl= AT EQ
o]: Chemical Equilibrium with Applications(CEA)S AF-g3Fo] 4] o]

HE d& & 34 uE (curve fitting) S 3] =33} [14].



222 712 ok wre AT Ay

oA 72 aF ko] g HEYlelde RALSHZ] fleEfA] RE
Srdlga 2 2187 #o] Ignition and Growth (I&G)HHSE S
AbgEon, ArealAgA oz = A 219-220%  #o]  Jones -
Wilkins - Lee A2 (JWL EOS)e] AF&= At [15). &G wE
X293 JWL EOSe] wiZlH4E52 2h7F 31 219 31 229 71 A3
Rk mRE Fop b A 2219 Zo]l xE EFE WA

(standard mixture rule)S % 83}o] Z==3}H ).

p

u;HZI(l—)\)b(n—a)z ; 77=p——1
0 (2.18)
+ G, (1= A)NPY G, (1= A\)N'PY + G, (1— X NP7
w _
unreacted AO <1_ ROOV> € fiu ) V = pﬁ
o P (2.19)
0 — R,V £
+ Bo(l ROQV>6 +wOV
w _
‘Prea(;ted = Al <]‘_ R 1V> fin ) V = pﬁ
- . 0 (2.20)
1 — R,V
B, (1— 1 —
+ B, ( R12V>6 + w, v
Ptot = (1_)\>‘Pum’ea(;ted + APN’a('ted (221>



E 2.1 95% HMX (0% AD< 1&G ¥+ 249 7 [15]

Reaction rate parameters

I 743e+11 ps™
800 Mbar “ps !
30 Mbar 'ps™
0.0
0.667
0.667
0.111
0.667
0.667
20.0
3.0
1.0

oo

N2 ® kg o Q o & Q

E 2.2 95% HMX (0% AD<] JWL EOS ®wj7i ¥ [15]

Unreacted JWL EOS
Ao 9522 Mbar
By -0.059444 Mbar
Ro; 14.1
Roz 14.1
Wo 0.8938
Reacted JWL EOS
A 16.689 Mbar
B; 0.5969 Mbar
Ry 5.9
R 2.1
w; 0.45
Ey 0.102 Mbar/g
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WEE 1808 kg/m® o™, F-ehWA o] rate stickell et HlEUelA
of tate] AAREALS 3T
dEJeold A3 x5 HolErh 42 H42 h=1/5 mm, ¥4 4
A8 h=1/10 mm, 38 AL h=1/20 mm<S Z7 vephdch 19
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L] p— h = 1/5mm
i h = 1/10 mm
- —-—--h = 1/20 mm
L L I L L L L I L L L L : L L L L I L L L L I \::‘ L L
10 306 38 40 42 44
X (mm)

a9 3.1 95% HMXS 71& @4 =4S 98 FA 3279

e 44 59 A

3.1.2 4984 4H%F 3

o[}l

&
o

AAE FHreh Foks Ak RAbelr] fleiM = 712 EoF 95%
HMX¢| A&3 5S4 vetd 5 dojob g weps Aa =47
h=1/10 mmol Al 71% 313%°F2] von Neumann spike 2 (P,
Chapman-Jouguet FE1¢] 43} 2% (Pyy, Ty, &G 2o
(X' reaction zone length)7} B 2 KA} ojof gt}

a9 322 A Z7] h=1/10 mmolA 7] x Feke] A4 dE
dleld dat @ade] AAEAF Aol AR el =R 17

3l ek AbglE-o] HHAE S (burned mass fraction)S H.o] =t}

-1 - pa 1
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4000
A0 -1

[— Bumed mass fraction ‘.

- Pressure | 0.8 &

e Temperature I _ |V e
7 301 I 3000 ¥ g
Q - : g H0.6 =
o - ! £ 2
& L i £ |
Z 201 s =
2 L - = 0.4 -
E I ~2000 E g

3 b =

| —10.2 =

10

}_

| S -0

ot 41000

20 25 30 35
X (mm)

19 3.2 95% HMX9 7| Z@840 ©E x4 94383
e FT gy

2ol

¥ 3.1 95% HMX (0% AD<S €983 ez vtsd9Y
Zdolo Ut AFAHe} FX A v

Calculation Reference
Py 39.5 GPa ~40 GPa [16]
P, 32.3 GPa 32.76 GPa [17]
Ty 3391.7 K 3341 K [17]
X5 0.388 mm 0.33+0.05 mm [18]
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3.1 Al 4R E 713 HMXY HEY A &&=

Micro-size Al YAE 8Fg3 thekal wZoko] tsle] Al U= 8
S Z7)o 2 gEYeH £ro A AFgHom HUHY

o [2, 19, 20]. ol#&t A AAs 2AFsH] st Al
AgFEgo] 3t 2g A7 EA35H= confined rate stick testE il

B
321 AX8Y 44

Al A= 53 HMXO "EUoA &% =4 23S copper

confinement shell F7(t) 2 mmE %+ #74(D) 20 mm, Z°](L)

copper [21], 28] 3l voidEA A 7}X] ?“ A= olFo Ao 7t
T4 84 level-set (LS) ol o8 zero LS AAZ 24U
ow, Adow yeuA Ak = ZF AL I BAC
WA Z7AL Ghost Fluid Method (GFM)S o]&3le] ZAA w3}
LS# GFMel dig zpAlgh dge Faied [22]00A, voidst =%
A9 Aol gk AAg Age Faed [23]04 g0 5 9
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Computational Domain
/ \\ /N
/ \ Level-set boundary ,f \
J.' N ! i \‘ Symmetric
! \ 5 =1 ril) z
shock | 1 = ll }_fr’ee‘ l N
=  iniiniiniimhiniieideiiei i (B & »-
impact | V' outflow
' | Region 1. Explosive | ! pos
\\ ,’ y =2 Region 1. Copper | ’!
L1 # Region ML Void '\ /
s o V4
L =700

I9E 332 AY 958 ANGY: 2 mm FAE 2= copper
confined rate stick (D = 20 mm, L = 100 mm)

322 2% 4 =9

Al A7FEE S7tel wE R Moo wstEs dolr 7]
el A, rate stick®] FTAAolA thAe Al AR wE oA
waby gEYeld g AEE a9 340 Yehidt agel =
0%, 5%, 15%, 18]a 25% ¢ Al AHFE&o] w2 Al A2 3
3 HMX9 HEUolA o8 AxE Yeha glon, FZ <3
3t 5 6 psold SAGAJC. Al D FEE o] 0%lA 5%, 15%,
25% = F7hstel wE dEJold £E& 8823 m/sellAl 8770 m/s,
8680 m/s, 8596 m/sZ FrAadteE S FAIstA o, Py 389
GPa°ll Al 37.69 GPa, 35.6 GPa, 335 GPa® A8ttt L3, uZ
B

d



Pressure (GPa)
(70}
]

20k

2% 34 336 A% AF F 6 psol A TFB Al AFEE (0
%,5 %, 15 %, 2 25 %)< ZE Al 4AE FF3t= HMXY
dEveld Astel @ FAHY A
a9 333 2L ol UES

K
H 353 o] Y FomAM yekd 5 vk AR A= 25%9
q ]

8563 m/sok H|23k Aol
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(Gpa) 0 12 24 36
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B e
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8.6 " o
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8.5 [~  ---@®--- Present Work
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0 5 10 15 20 25

Al mass fraction (%)
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Abstract

Wuhyun Kim
Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

The performance of aluminized high explosive is considered by
varying the aluminum (Al) mass fraction in a heterogeneous
mixture model. Since the time scales of the characteristic
induction and combustion of high explosives and Al particles
differ, the process of energy release behind the leading detonation
wave front occurs over an extended period of time. For
simulating the performance of aluminized explosives with varying
Al mass fraction, HMX is considered as a base explosive when
formulating the multiphase conservation laws of mass,
momentum, and energy exchanges between the HMX product
gases and Al particles. In the current study, a two—phase model
is utilized in order to determine the effects of Al mass fraction
in a condensed phase explosive. First, two types of confined rate
stick tests are considered to investigate the detonation velocity
and the acceleration ability (AA), which refers to the radial
expansion velocity of the confinement shell. The simulation
results of the confined rate stick test are compared with the
experimental data for the Al mass fraction range of 0-25%, and
the optimal Al mass fraction is provided, which is consistent

with the experimental observations. Additionally, a series of plate
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dent test simulations are conducted, the results of which show
the same tendency as those of experimental test with varying Al

mass fractions.

Keywords: Aluminized explosives, Numerical simulation,

Two-phase model
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