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MODELING DDT IN GRANULAR EXPLOSIVES WITH A
MULTI-DIMENSIONAL HYDROCODE -

E. M. KOBER. J. B. BDZIL and S. F. SON

Lus Alamos Natwwnal Laboratory. Lus Alamos. New Menico 57555 U'SA

\Ve describe rsults ohtamed with the implementation of o new large drag hmit. two-phase continuum
mixture model ot DDT 1utu MESAZD The kinetics scheme ungimally «described by BN 15 used to
~simulate a suite of 1D atd 2D experiments The BN kinetics scheme 1= tound to be inadequate.

INTRCDUCTION

When sa explosive sustatlis Jalnage due to an
ULPACt  Its POrosity can mclease which makes ar
crry sensitive to wadental mitiaton of detona-
rion v barh subsequent weak unpacrs and ther-
inl suurced  As part ot rhe explouve satetv pro-
gram at Lus Alamos. our group has worked s de-
velop models lor cotnpa ol Wave supparted -
ution ot granular «xplosves. sl 1o mple ment
these madel m hvdrodviame s codes The preex-
ng models of defagration-fo-detohaton fransi-
rion (DDT) were examiun d as part ot ur work.
capecially the Baer & Nunziata (BN wadel 1),
ad new models were developad. Here we nopore
on the nuplementation of @ pew lange Aok hmie.
two=plutie continuulh muxeire model that we have
developed (20

Ihix model 1 o ontgrowth ot oyr <tudies ol
the 1ale plaved by having diterent <ol and gas
velocities In compaction driven coibustion (31
41 We hnd that bednuse the terphase sdrag
is lngh tn low poroary ¢ - S0 matenals. lage
(x1) ifferences i the velngy are pancipally
tound In the narrow zone that comprla< G twio-
phase shoek  Elsewhere i the Hew vebacdty (il
terences are siiall and effectneiv approxatmated In
a combined presuresdensiey govdent tenme Al
though thin. this drmg-1elaxaton zane Joes pot
Inregrate to a sunple pmp condnen strouoone
problem nevdx o b solverd Wee have develaped
a viecous model that properlh regulanizes this
sme  Thie rery thin zone wax pot properly pe-
soiverd i earlier work 111 & (%) When at 1=

* Thie wetk aupsported by the US Depaptnont oo Lonengy

properly resolved. propertes of the nmnerioal al-
20lithin van sletermine rhe nergy partitioln be
rween phades. .aud wot the phvsies ™

We have inmpleniented vur model in the MESA
hvdrodvnamics corde 161 One version ot the an-
plementation uses the: phase iliteraction terms and
rate laws described v BN 15 Here we report
that the BN mnlel doe uer opraduce the qual-
itative reenids of wo=nite of ew olie danensional
(1D experiments on granular HMX  We also des
~cnbe two  utiensichal 12D sinulatieons of the
DDT -tube rost.  and illustrate the unporrant
role plaved by multimateral.  multchimensional
stnulations 1onterpretng the relarively slow pro-

resw ot DD
MODEL

I basge hverindvnnme - quustions of our twio-
phase. large drag merde] consists of separate phiae:
mnax alid Chergy copservation equatjons. n single
IIXTUe Mot ulh guatieh ad an equation lor
the volmme tractiel 4 ol
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Subscripts s and g refer to the solid and gas
phase, respectively. The state variables are den-
sitv ( p, ), specific internal energy (¢, ), pres-
sures | P;), particle velocity (u,), temperat'ire
(T,). and volume fraction (¢;) where i is s
or g. The mixture variables are the mixture
density (p = @aps + ¥gpg) and mixture pres-
sure (P = ¢,P, + ¢oFy). The saturation con-
straint is @, + ¢, = 1. The source terms ap-
pearing above are rate of compaction ( F ), inter-
phase energy exchange ( £ ), and volumetric rate
of mass exchange (C ). The Lagrangian derivative
is D/Dt=ofot +i- V.

We have analyzed the structure of two-phase,
two-velocity shocks in the limit of large drag (4).
Bused on these results. we have developed the fol-
lowing regularization for shocks

Vrply
P+ dgpglvr = 1)

Py=> P+ ( ) Q. M
where the regularization constant, ».. sots the
partition of energy between the solld and gy, Q
it the viscous pressure for the mixture (Q is taken
ws the nrtificlal viscosity used by the code).

'The Hayes equation of state (EOS) Is wsaumed
for the solid (e.g.. (1)).

T(eaeps) = Top + (—- (8)

+ (_.L ((ty = Pao/pan)(L = 00} + Grgity)).

P-!(Ts-ﬂn) = Py + (Ty - Tw)Cuayy + padG/doy,

(9
where G(igity) = =tg{vd=" = (n=1D(1 =) =1
and r. = pan/pe - The Jones-Wilkins-Lee (J\VL)
EOS v assumed for the g (e.g., (1))

L) = T v oy V&) ()
vy
(A )
€@ atifan " N, '

Pyl py) = TywCiypy 4 Alpy) + Blpy), (11

where  A(p,) = Aexp(-Ryvwopa/py)  anl
Bip,) = Bexp(-- Rygapan/ ) .

Interaction Terms

There are some notable inconsistencies in the
form of €. BN's published expression is £ =
~(Py —34(¢,)) F-H(T,-T,) , where the first term
is a model for the compaction related work and
the second term models interphase heat transfer.
The BN calculations (5) used £ = -H(T, - T,) .
Our suggested form is € = —-P,F - H(T, - T,)
which corresponds to depositing the compaction
work with the solid (2). Here we use the former
expression to malntain compatibility with BN's
calculations.

The BN compaction law is (1):
F = "I:'—:bl(mux(ﬂ, -3.0)=1,). (12)

where . is the compaction viscosity. The intra-
granular stress or configuration pressure, /., in
By = —max|(¢s = ¢a0),0]7In(¢y) /0, .

The volumetrle heat transfer coctliclent, H.
is assumed to have the form. H = (3k,0,)/(a3)
where ap i an effective particle riddius -
sumed to be slmply related to o, ap =
apomix(l, (640/¢,)'/") in BN's calculations. Al-
though the resultsa are insensitive to this de-
pendence, the Intended relationship wis a, =
apomin(L, (v, /da0)!%) .

Kinetics

We use the BN kinetics schowme deseribed ingh).
Then € I8 o model for g pluiwe combustion,
modifed with switches that atteinpt. to impart the
flavor of 0 compaction supported lgnition mech-
anisi, vin an induction varinble, 7 and a grain
sutface tetupernture. ¢ The induction time equa.
tlon In

Dl . .
B k(P - o)/ DA D (13)
where 0 < 1< 1. Thin ecquation is shinply a thimer
that triggers n change In the g energy reference
state (combustion energy relmwe), QM glven by
AR = (1=H(T-1/2)AH UL 1/ 2D)AH
The surface temperatare equation s,
1

73'- ® H(Tq a 'l'”,')/((',..l,".l’.)- (l")



where ((T,n: Ty, T,) is a function of the interface
temperature Tj,, . This function can be ‘nverted
to give,

5(C +Ty) + BiT,
(5 + Bi)(1 + Bi)
Bi (T. - Bi¢ + /2T = [T, = T] )

(1 + Bi) '

Tml =

(15)

+

where Z = max(Bi(/2.0) + |T, — T,]). We use
Bi = 10k, /k, . ws in BN's calculations (5). This
equation was derived assuming that interphase
heat transfer is driven only by (T, - 1),,), und s0
neglects the heat generated by compaction. 'This
interface temperature is used only to trigger the
principal reaction in C.

C = —-:"H(Tnn - Tl_l"l )kl‘ (5-
P

p

- ka((P - Pll)/Dp)‘JI’.l(l - o) f (10)

where f = max((dy = ©w0),0)/(1 = ©.0) and &,
and Ay are rate constants.

'The parameter values used by BN to model
conrse grain granulnr HMX (class D) at ¢ =
0.73 are given iu Table 1.

Table 1. Parameters for ¢ = 0.73 . granular HMX,

Al = T.706 x 10" J/ky ey = 2880/ /hyy K
Allypye = 23 x 10" J/ky e = 1500 S hg/ K
ty =407 x 107 J/ky r=1.2x 10" Pu
1y = B2 x 10% J/ky hp =2 108

(% = GO M Pa) == Ly hn o= MXga!
by (1'% 2 09 A Pu) = 0.8 n="98
kn(l% < GO ALPa) = O122T mi /A i =42
hp( Py 2 09 M PR = 000 m/ s Ry =10
= 16 x 101 w =020

dpo = THx 10" m Dy = 0% Pa
A =270 210 o Tin = B3N
B= -4 x 10"Pa P = 1000 ky/m
ky = 0043 W/ - N the == 2100 kyg/m'
kv =04 W/m K jte = LD kg/m - x

The rogularization wan v, = L0 ad Py -
Py = WY Pa T = Ty = 300 K. Uslng thvese
parnnoters all qualitative fentures wore replicated

p, )' dapa(l = N2

and falr quantitative comparison with BN’s pub-
lished calculations (5) were obtained. The ignition
locus differed by a maximum of 4 us through
a 60 ps simulation. More favorable quantitative
comparisons (to within numerical nccuracy) have
also been made with a 1D MacCormack's method
hased code integrating the large drag limit equa-
tions or the full BN equations (2-velocity) equa-
tions.

1D IMPACT SIMULATIONS

Sheflield et al. (8) have performed shock load-
ing experiments on ¢,y = (.73, coarse grained,
clnss A HMX (mean particle size of 1.5x 1074 m ).
The nominal sample thickness was 4 x 1074,
which is about 30 particle diameters. A sand-
wich geometry was used, where the HMX was sur-
rounded by thick picces of Kel-F or PMMA, The
particle velocity wna mensured at both nterfaces.
A s gun wis used to shock load the samples,
with the initial purticle velocity at the interface
ranging from 200~ 500 /s . Our 1D calculations
used n grid slze of Ar = 2.6 x 10~"m . The com-
purison for Kel-F/HMX/PMMA when the initlal
projectile velocity I8 380 m /s I8 shown in Fig.
1. For this case, [ of Eq. (13) exceeds 0.5 at
7.5 pa (9.8 pa) for the lefe (right) gauge. The
doubling of the oressure due to wave reloction
(left) and inpedenee matehing (right). leads to
vigorous reaction nt nbout 10 pa. The transit
time of the compaction wave ncross the sample
in 4 px. A 2D simulation showed the How boe-
coming 2D on the conterline at about Yus, The
agreement. of ealenlation with experiment s good.

When the initial fnput velocity s increwsdd to
400 m/y , the expoeriiental sued computed veloeity
displayed lun Fig, 2 whow poor agreement. The coll
trninft thne i 2uw, dduring which time as much
reaction veenrs ns in A tor problem 1. This re-
fleets the higher preasures in the svstem,. However,
the experiments show the reactions to he expo-
nentinlly fiustor for thin compared to the previous
ciss, “1'lgs the agreement is poor. Other cases in
this siite of exporiments show sintlar poor agree-
mont with BN, ‘TUhun the BN eeaction sehieme fnad-
viuately reprosents the experiments, Similar re
sults woere obtained using the BN wodel integeated
usiig o method of lines algorithm ).
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FIGURE 1. A comparison of experiments (dotted linm)
and computed (solid lines) interface velocities. ‘The com-
puted compaction wave is too thick. The rounding of the
computed velocity at the left interface is due to the time
scale ussoclated with tho compaction process. lowever,
the overall companson is good.

coarse HMX (1400 kg/m’)
......... .caic  Impact speed = 597 m/s

0.1 -
= 1".calc ) i ) ' !
f° 0.08 ‘.-.-..z._g.“u. A .h"" Aem e e = .—:,--- _':__-
-
»n
—-—
J
]
>
3
>
-0.02 e e om e —dmma
0 1 [} 7 8

k| 4 S
t(s)n10*

FIGURE 2. A comparison of experiments (dotted linen)
and computed (solid lines) interloce velocitios, The ngroe-
ment I8 poor.

2D “TUBE TEST"

A caleulation of the “tube test" experhinent
performed by Sundusky & Bernacker (10) I8 shown
in Flg. 3. ‘The tube win Lexan (Johnson-Cook
strength model) and the inpactor rod, which inl-
tlally wis traveling at 207 m/a. ww PMMA
(Huld).  Significantly, the large 2D effects bring
Into quoestion 1D enlibrations of models to such
experimonts,  Models lke BN were ealibrated to
sich exporimoents using 1D slimulations,

4
lexan cylinder
E o PMMa pin porous
E piston aé (( HMX
-4
-5 0 2(cm) 5 10

FIGURE 3. A calculation of Sandusky's 2D tube test.
The pressure contours are shown.

CONCLUSION

The published BN “kinetics” scheme is fully
described in this paper. It is both overly complex
and does not provide an ndequate representation
of granular HMX. In addition to the discrepancies
shown here, the “plug" that has becn observed
oxperimentally is not obtained. Work v ongoing
in our group to develop better rate modeling. An
initlal effort (n this direction Is found in (11).
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