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NUMERICAL MODELING OF THIEEFFECT OF PARTICLE SIZE
>. OF EXPLOSIVES ON SHOCK INITIATION PROPERTIES

by

Charles L. Mader and James D. Kershner

ABSTRACT

The three-dimensional Eulerian reuctive hydrodynamic code 3DE has been

used to investigate the eflects of particle size and the resulting void or

hole size on the shock initiation of heterogeneous ezplosive charges of

TNT. Shoch interacting with TNT containing various hole’sizes have been

modeled. The void fraction was held at 0.5!%while the spherical hole sizes

were varied from 0.5- to 0.0005-mm radius, and the TNT was shocked to

12.5 GPa. As the hole size was varied from 0.5 to O.O5mm, the explosive

became more serwitive to shock as the hole size decreased, and the number

of hot spots increased. When the hole ~ize was deereased to 0.0005 mm, a

12.5-GPa shock wave failed to build toward propagating detonation because

the resulting hot spots were coded by side rarefactions before appreciable

decomposition occurred. At the same density, the most shock-sensitive

ezplosive will be that with particle sizes between coarse and eztremely fine

material.

L INTRODUCTION

The effects of particle size and the resultinghole or void size on the shock
initiationpropertiesof csst and pressedheterogeneousexplosiveshavebeen studied
usingthe wedgetest and the gap test for many years. Cast TNT has been observed
to be less shock sensitivethan pressedTNT at the same density. Cast TNT has
fewerand largerholes than pressedTNT, resultingin fewerhot spots that are too
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far apart to be as effectivein supportingthe reactiveshockwaveas pressedcharges
with more, althoughsmaller,hot spots. Campbell, Davis, Ramsay,and Travis (1)
haveused the wedgetest to measurethe distanceof run to detonationas a function
of shock pressure(the Pop plot) for pressed-TNTchargesof coarse TNT (200-250
micrometer) and found that they are less shock sensitivethan pressedchargesof
finer TNT (20-25 micrometers).

Donna Price (2) has reviewedthe effect of particlesize on the shocksensitivity
of pure porous explosives considering both gap test and wedge test data. She
showedthat in many gap tests, coarse porous explosiveseemsmore shock sensitive
than fine, whereasin most wedge tests, the reverseis true. She concludes that the
apparent reversalis actually a result of crossingPop plots and that the gap tests
sensea lowerpressureregion than that usuallyavailablein wedge test data.

Moulard, Kury, and Delclos (3) studied two special monomodal
RDX/polyurethane cast-PBX formulationsof 70 wt% RDX (either &micrometer
or 134-micrometermedian particle size) and 30 wt% polyurethane. The shock
initiation properties of these formulations were measured in thin-plate impact,
projectile impact, and wedge tests. The formulationscontaining the fine RDX
were significantlyless sensitivethan that with coarse RDX at the same density of
1.44g/cm3, at leastup to 10.O-GPashockpressure.Fromthesestudies,we conclude
that at the same density,the most shock-sensitiveexplosivesare thosewith particle
sizesbetweenthe coarse particlesand the very fine particles.

Heterogeneousexplosives are initiated and may propagate by the process of
shock interaction with density discontinuitiessuch as voids. These interactions
resultin hot regionsthat decomposeand produce increasingpressurescausingmore
and hotter decompositionregions. The shock wave increasesin strength,releasing
more and more energy,until it becomes strong enoughthat all the explosivereacts
and detonationbegins. This process is describedby the “hydrodynamic hot-spot”
nodel, which models the hot-spot formationfrom the shock interactionsthat occur

at densitydiscontinuitiesand describesthe decompositionusingthe Arrheniusrate
law and the temperaturefrom the HOM equationof state (4).

The numericalmodelingof the interactionof a shockwavewith a singledensity
discontinui~ was reported in Ref. (4), where an 8.5-GPa shock interactingwith a
single sphericalhole in nitromethanewas studied. The study was extended to four

.
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rectangularholes (4). It was determinedthat 0.0032-mm-radiuscylindrical voids
would build toward detonation and O.001-mm-radiusvoids would form hot spots
that failed to propagate because of rarefactionscooling the reactivewave.

The process of shock initiationof heterogeneousexplosiveshas been analyzed

(5) numerically by studying the interaction of shock waves with a cube of
nitromethanecontaining91holes. An 8.5-GPashockinteractingwith a single0.002-
mm hole did not build toward detonation. When the shock wave interactedwith
a matrix of 0.002-mm holes, it became strong enough to build toward detonation.
When the size of the holes was reduced to 0.0004 mm, a marginal amount of the
explosive decomposed to compensatefor the energy loss to the flow caused by the
shock wave interactingwith the holes. The shock waveslowly grew stronger,but it
did not build to detonation in the time of the calculation.

A 5.5-GPa shock wave interactingwith a matrix of 0.002-mm holes resulted
in insufficientheating of the resultinghot spots to cause significantdecomposition.
Desensitizationby preshockingresultedwhenholeswereclosed by the low-pressure
initial 5.5-GPa shock wave. A higher pressure (8.5-GPa) shock wave that arrived
later had no holes with which to interact and behaved like a shock wave in a
homogeneousexplosive until it caught up with the lowerpressurepreshockwave.

The interactionof a shock wavewith a single air hole and a matrix of air holes
in PETN, HMX, and TATB was modeled in Ref. (6). The basic differencesbetween
shock-sensitiveexplosives(PETN or HMX) and shock-insensitiveexplosives(TATB
or nitroguanidine) were described by the hydrodynamic hot-spot model. The
desensitizationof TATB and resultingquenchingof a propagating detonationwere
also modeled using the hydrodynamichot-spot model.

The hydrodynamichot-spot model has been used to model the basic processes
in the shock initiation of heterogeneousexplosives. Interaction of a shock wave
with density discontinuities, the resulting hot-spot formation, interaction, and
the buildup toward detonation or failure have been modeled. The hydrodynamic
hot-spot model has been used to investigatethe basic differencesbetween shock-
sensitiveand shock-insensitiveexplosives. The hydrodynamic hot-spot model has

been used to model the basic processesthat occur when a heterogeneousexplosive
has been shocked with a pressuretoo low to cause propagating detonation in the
time of interest. The explosive is desensitizedby the preshock, and a propagating
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detonationwavecan be quenchedwhenthe detonationfrontarrivesat the previously
shockedexplosive.

Fromthe hydrodynamichot-spot model (4-6), wecan postulatethat the coarse-
particle explosiveshave fewerholes or voids per unit volume than the fine-particle
explosives,resultingin fewerbut largerhot spots. As the explosiveparticlesbecome
finer, the number of hot spots formed by a shock wave increaseswhile the hot

spot size decreases. When the explosive becomes very fine, the hot-spot size can

become so small that the hot spots cool from side rarefactionsbefore appreciable

decomposition can occur. This results in a less shock-sensitiveexplosive if the
explosive has very fine particle sizes. In this paper, we will describe a three-
dimensionalstudy of the effect of particlesize and the resultingvoid or hole sizeon
the shock “initiationof heterogeneouschargesof TNT using the three-dimensional
hydrodynamic hot-spot model for shock initiationof heterogeneousexplosives.

II. NUMERICAL MODELING

The three-dimensionalEulerianreactivehydrodynamiccode 3DE is described
in detail in Ref. (7). It uses techniquesidentical to those described in detail in
Ref. (4) and used successfullyfor describingtwo-dimensionalEulerian flow with

mixed cells and multicomponentequationsof state and for modeling reactive flow.

It has been used to study the interaction of multiple detonation waves (8), the
basic processesof shock initiation of heterogeneousexplosives (4-6), the reactive
hydrodynamicsof a matrix of tungstenparticlesin HMX (9), and the reactionzone
in heterogeneousexplosives (10).

The Arrhenius reactive rate law was used with the constants determined
erimentally by Raymond N. Rogers and described in Ref. (4). The TNT

lrrheniusactivationenergyusedwas 34.4 kcal/mole and the frequencyfactor used
W= 2.51 X 106 /.4S-1.

The HOM equation-of-stateconstantsusedfor TNT detonationproducts were
the BKW equation-of-state constants given in Ref. (11). The nonreactive solid

HOM equation-of-stateconstantsusedare givenin Table 1 and the Hugoniotstates
are given in Table 2.

.
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TABLE 1

HOM Solid Constants for Nonreactive TNT

at 1.64 g/cm3

+2.20000000000E-01
+1.76600000000E+O0
–2.71235359951E+O0
–4.86625796696E+01
–1.02215618376E+02
–9.01182904938E+01
–2.60329744463E+01

+1.50000000000E+o0
+2.93000000000E-01

+6.09756097561E–01
+5.00000000000E-05

A constant velocity piston was applied .to the bottom of the explosive cube,
shocking the explosive initially to the desired pressure. When the shock wave
interactswith a hole, a hot spot with temperaturesseveralhundreddegreeshotter
than the surroundingexplosive is formed in the region above the hole when it is
collapsed by the shock wave. The hot region decomposes and contributes energy
to the shock wave, which has been degradedby the hole interaction. Whether this
energy is sufficientto compensatefor the loss from the hole interactiondependson
the magnitudeof the initialshock wave, the hole size, and the interactionwith the
flow from its nearestneighborhot spots.

Shocksinteractingwith TNT of variousparticle sizeshave been modeled. The
effectsof a 15.0-and a 12.5-GPashockon singleairholesin TNT havebeenmodeled.
The effect of a 12.5-GPa shock wave on a matrix of sphericalair holes in TNT has
been modeled with the void fraction held at 0.5% and the hole size variedfrom 0.5-
to 0.0005-mmradius. Calculationswereperformedusing 22 by 29 by 111or 70,818
cells with a particle diameter of at least two cells. The spherical air holes were

placed on a hexagonalclose-packedlattice. Five layersof cells above the piston did
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not contain any holes. With 2 cells per sphere diameter, the matrix contains 72
holes.

The interactionof a 15.O-GPashock wave in TNT with a single sphericalair
hole of 0.5-rnmradius is shown in Fig. 1. It builds toward a detonation. The
interaction of a 12.5-GPa shock wave in TNT with a single spherical air hole of
0.5-mm radius is shown in Fig. 2. It is marginallyfailing to build to detonation.
The interactionof a 15.O-GPashock wave in TNT with a single sphericalair hole
of 0.05-mmradius is shownin Fig. 3. It is failing to build to detonation. Increased
shock pressureresultsin largerhot spots that decomposemore of the explosiveand
result in increazedsensitivityof the explosive to shock, while smallerholes result
in decreasedsensitivity.

Although a single0.5-mm- or a 0.05-rnm-radiushole shockedto 12.5 GPa fails
to build toward a detonation,a matrixof holeswith a void fraction of 0.5% (density
of 1.6318g/cm3) buildstowarddetonation,asshownin Figs. 4 and 5. The matrixof
0.05-mmholesbuilds more quicklythan the matrix of 0.5-mmholes. The increased
numberof holesresultsin more hot spots that decomposethe explosiveand increase
the sensitivityof the explosiveto shock.

A matrix of 0.0005-mrnholesshockedto 12.5 GPa fails to resultin appreciable
explosive decomposition,and the flow fails to build to detonation, as shownin Fig.
6. The hole size is so small that the resultinghot spot is cooled by side rarefactions
before appreciabledecompositioncan occur.

As the hole size was varied from 0.5 to 0.05 mm, the explosive became more
sensitiveto shock as the hole size decreased,and the numberof holes and resulting
hot spots increased. Decreasingthe hole size to 0.0005 mm resulted in hot spots
that were cooled by side rarefactionsbefore appreciable decomposition occurred.
At the same density,the most shock-sensitiveexplosivewas the one with 0.05-mrn
holes. The numericalexamplesdemonstratethat the most shock-sensitiveexplosive
is that with particle sizesbetweencoarse and extremelyfine particle sizes.

Decreasingthe holesizewhileholdingthe densityconstantresultsin moreholes
of smallersize. The most shock-sensitivematrix is the one with 0.05-rnm-radius
holes,correspondingto a fine-particleexplosive. The lesssensitivematrixconsisting
of 0.5-mrn-radiusholes correspondsto a coarse-particleexplosive. The matrix with
0.0005-mm-radiusholes is the least shock-sensitivematrix and correspondsto an
explosiveof very fine particle size.

.
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III. CONCLUSIONS

The three-dimensionalEulerian reactive hydrodynamic code 3DE has been
used to investigatethe effect of particle size and the resultingvoid or hole size on
the shock initiationof heterogeneousexplosivechargesof TNT. Shocksinteracting
with TNT containing various hole sizes have been modeled. The void fraction
wss held at 0.5% while the sphericalhole sizes were varied from 0.5- to .0.0005-
mm-radius and the TNT was shocked to 12.5 GPa. As the hole size was varied
from 0.5 to 0.05 mm, the explosive became more sensitive to shock as the hole
size decreased,and the numberof hot spots increased. Decreasingthe hole size to
0.0005mm resultedin failureof a 12.5-GPashockwaveto build towardpropagating
detonation because the resultinghot spots were cooled by side rarefactionsbefore
appreciabledecompositionoccurred.

As observed experimentally,the hydrodynamic hot-spot model indicates that
at the same density, the most shock-sensitiveexplosive will be that with particle
sizesbetweenthe coarse and extremely fine particle sizes. The hydrodynamic hot-
spot model describesbasic featuresof the particle-sizeeffect on the shock initiation
of heterogeneousexplosives. Increasedhole size results in larger hot spots that
decomposemore of the explosiveand resultin increasedsensitivityof the explosive
to shock. Increasednumbersof holesresultin more hot spots that decomposemore
explosive and increase the sensitivity of the explosive to shock. The interaction
between hole size and number of holes is complicated and requires numerical
modelingfor evaluationof specificcases. The hole sizecan become sufficientlysmall
that the hot spot is cooled by side rarefactionsbefore appreciable decomposition

can occur. Because increasing the number of holes while holding constant the
percentageof voids resultsin smallerholes,we have competing processesthat may
result in either a more or less shock-sensitiveexplosive. The magnitude of the
competing processeswill change as the initial shock pressureis changed, resulting
in reversalsof the relative shock sensitivity of explosives with different particle
sizes such as observed with low-pressuregap sensitivity and high-pressurewedge
tests (2). In low-pressuregap sensitivitytests, the coarse-particleexplosive is often
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more sensitivethan the fine-particleexplosive. As the pressureis lowered,the fine-
particleexplosiveformssmallerhot spots thancan be moreeffectivelycooled by side
rarefactions. The coarserparticle explosiveforms largerhot spots than can still be
effective in supportingand increasingthe shock waveat low initial shock pressures.

The hydrodynamic hot-spot model has resulted in an incressed understandingof
the effect of particle size on shock initiationproperties.

.
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Figure Captions

Fig. 1. A single 0.5-mm-radiusspherical hole in TNT. The initial shock pressureis
15.0GPa. The densityandburnfractioncontoursthroughthe centerof thehole
are shown at varioustimes. The resultinghot spot builds toward propagating
detonation.

Fig. 2. A single 0.5-mm-radiusspherical hole in TNT. The initial shock pressureis
12.5 GPa. The density and burn fraction contours through the center of the
hole are shown at varioustimes. The resultinghot spot is marginallyfailing.

Fig. 3. A single 0.05-mm-radiussphericalhole in TNT. The initial shock pressureis
15.0 GPa. The density and burn fraction contours through the center of the

hole are shown at various times. The resultinghot spot is failing to build to

detonation.
Fig. 4. A matrix of 0.5% air holes in TNT. The sphericalair holes have diametersof

0.5 mm. The initialshock pressureis 12.5 GPa. The densityand burn fraction
contoursthroughthe centerof the matrix areshownat varioustimes. The flow
builds toward a propagatingdetonation.

Fig. 5. A matrix of 0.5% air holes in TNT. The spherical air holes have diameters
of 0.05 mm. The initial shock pressureis 12.5 GPa. The density and burn
fraction contoursthroughthe centerof the matr”~are shown at varioustimes.
The flow quickly builds toward a propagatingdetonation.

Fig. 6. A matrix of 0.5% air holes in TNT. The sphericalair holes have diametersof
0.0005 mm. The initial shock pressureis 12.5 GPa. The density and burn
fraction contoursthrough the centerof the matrix are shownat varioustimes.
The flow fails to result in appreciabledecompositionof the explosive.
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The flow quickly builds toward a propagating detonation.
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Fig. 6. A matrix of 0.5% air holes in TNT. The spherical air holes have diameters

of 0.0005-mm. The initial shock pressure is 12.5 GPa. The density and burn

fraction contours through the center of the matrix are shown at various times.

The flow fails to result in appreciable decomposition of the explosive.
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