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NUMERICAL MODELING OF THE EFFECT OF PARTICLE SIZE
OF EXPLOSIVES ON SHOCK INITIATION PROPERTIES

by

Charles L. Mader and James D. Kershner

ABSTRACT

The three-dimensional Eulerian reactive hydrodynamic code SDE has been
used to tnvestigate the effects of particle size and the resulting void or
hole size on the shock initiation of heterogeneous ezplosive charges of
TNT. Shocks interacting with TNT contasning various hole sizes have been
modeled. The votd fraction was held at 0.5% while the spherical hole sizes
were varted from 0.5- to 0.0005-mm radius, and the TNT was shocked to
12.5 GPa. As the hole size was varted from 0.5 to 0.05 mm, the explosive
became more sensitive to shock as the hole size decreased, and the number
of hot spots increased. When the hole size was decreased to 0.0005 mm, a
12.5-GPa shock wave fasled to bustld toward propagating detonation because
the resulting hot spots were cooled 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 extremely fine
material.

I. INTRODUCTION

The effects of particle size and the resulting hole or void size on the shock
initiation properties of cast and pressed heterogeneous explosives have been studied
using the wedge test and the gap test for many years. Cast TNT has been observed
to be less shock sensitive than pressed TNT at the same density. Cast TNT has
fewer and larger holes than pressed TNT, resulting in fewer hot spots that are too
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far apart to be as effective in supporting the reactive shock wave as pressed charges
with more, although smaller, hot spots. Campbell, Davis, Ramsay, and Travis (1)
have used the wedge test to measure the distance of run to detonation as a function
of shock pressure (the Pop plot) for pressed-TNT charges of coarse TNT (200-250
micrometer) and found that they are less shock sensitive than pressed charges of
finer TNT (20-25 micrometers).

Donna Price (2) has reviewed the effect of particle size on the shock sensitivity
of pure porous explosives considering both gap test and wedge test data. She
showed that in many gap tests, coarse porous explosive seems more shock sensitive
than fine, whereas in most wedge tests, the reverse is true. She concludes that the
apparent reversal is actually a result of crossing Pop plots and that the gap tests
sense a lower pressure region than that usually available in wedge test data.

Moulard, Kury, and Delclos (3) studied two special monomodal
RDX/polyurethane cast-PBX formulations of 70 wt% RDX (either 6-micrometer
or 134-micrometer median 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 formulations containing the fine RDX
were significantly less sensitive than that with coarse RDX at the same density of
1.44 g/cm3, at least up to 10.0-GPa shock pressure. From these studies, we conclude
that at the same density, the most shock-sensitive explosives are those with particle
sizes between the coarse particles and the very fine particles.

Heterogeneous explosives are initiated and may propagate by the process of
shock interaction with density discontinuities such as voids. These interactions
result in hot regions that decompose and produce increasing pressures causing more
and hotter decomposition regions. The shock wave increases in strength, releasing
more and more energy, until it becomes strong enough that all the explosive reacts
and detonation begins. This process is described by the “hydrodynamic hot-spot”

nodel, which models the hot-spot formation from the shock interactions that occur
at density discontinuities and describes the decomposition using the Arrhenius rate
law and the temperature from the HOM equation of state (4).

The numerical modeling of the interaction of a shock wave with a single density

discontinuity was reported in Ref. (4), where an 8.5-GPa shock interacting with a

single spherical hole in nitromethane was studied. The study was extended to four
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rectangular holes (4). It was determined that 0.0032-mm-radius cylindrical voids
would build toward detonation and 0.001-mm-radius voids would form hot spots
that failed to propagate because of rarefactions cooling the reactive wave.

The process of shock initiation of heterogeneous explosives has been analyzed
(5) numerically by studying the interaction of shock waves with a cube of
nitromethane containing 91 holes. An 8.5-GPa shock interacting with a single 0.002-
mm hole did not build toward detonation. When the shock wave interacted with
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 compensate for the energy loss to the flow caused by the
shock wave interacting with the holes. The shock wave slowly grew stronger, but it
did not build to detonation in the time of the calculation.

A 5.5-GPa shock wave interacting with a matrix of 0.002-mm holes resulted
in insufficient heating of the resulting hot spots to cause significant decomposition.
Desensitization by preshocking resulted when holes were closed 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
homogeneous explosive until it caught up with the lower pressure preshock wave.

The interaction of a shock wave with a single air hole and a matrix of air holes
in PETN, HMX, and TATB was modeled in Ref. (6). The basic differences between
shock-sensitive explosives (PETN or HMX) and shock-insensitive explosives (TATB
or nitroguanidine) were described by the hydrodynamic hot-spot model. The
desensitization of TATB and resulting quenching of a propagating detonation were
also modeled using the hydrodynamic hot-spot model.

The hydrodynamic hot-spot model has been used to model the basic processes
in the shock initiation of heterogeneous explosives. 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 investigate the basic differences between shock-
sensitive and shock-insensitive explosives. The hydrodynamic hot-spot model has
been used to model the basic processes that occur when a heterogeneous explosive
has been shocked with a pressure too low to cause propagating detonation in the

time of interest. The explosive is desensitized by the preshock, and a propagating
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detonation wave can be quenched when the detonation front arrives at the previously
shocked explosive.

From the hydrodynamic hot-spot model (4-6), we can postulate that the coarse-
particle explosives have fewer holes or voids per unit volume than the fine-particle
explosives, resulting in fewer but larger hot spots. As the explosive particles become
finer, the number of hot spots formed by a shock wave increases while 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 rarefactions before appreciable
decomposition can occur. This results in a less shock-sensitive explosive if the
explosive has very fine particle sizes. In this paper, we will describe a three-
dimensional study of the effect of particle size and the resulting void or hole size on
the shock initiation of heterogeneous charges of TNT using the three-dimensional

hydrodynamic hot-spot model for shock initiation of heterogeneous explosives.
II. NUMERICAL MODELING

The three-dimensional Eulerian reactive hydrodynamic code 3DE is described
in detail in Ref. (7). It uses techniques identical to those described in detail in
Ref. (4) and used successfully for describing two-dimensional Eulerian flow with
mixed cells and multicomponent equations of state and for modeling reactive flow.
It has been used to study the interaction of multiple detonation waves (8), the
basic processes of shock initiation of heterogeneous explosives (4-6), the reactive
hydrodynamics of a matrix of tungsten particles in HMX (9), and the reaction zone
in heterogeneous explosives (10).

The Arrhenius reactive rate law was used with the constants determined

erimentally by Raymond N. Rogers and described in Ref. (4). The TNT
\rrhenius activation energy used was 34.4 kcal/mole and the frequency factor used
was 2.51 x 105 us—1.

The HOM equation-of-state constants used for TNT detonation products were
the BKW equation-of-state constants given in Ref. (11). The nonreactive solid
HOM equation-of-state constants used are given in Table 1 and the Hugoniot states

are given in Table 2.



TABLE 1

HOM Solid Constants for Nonreactive TNT
at 1.64 g/cm®

C +2.20000000000E—01
S +1.76600000000E+-00
F, —2.71235359951E+-00
G, —4.86625796696E+01
H, —-1.02215618376E+02
I, —9.01182904938E+-01
Js —2.60329744463E+-01
v +1.50000000000E+00
C, +2.93000000000E—-01
Vo, +6.09756097561E—01
o +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
interacts with a hole, a hot spot with temperatures several hundred degrees hotter
than the surrounding explosive 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 degraded by the hole interaction. Whether this
energy is sufficient to compensate for the loss from the hole interaction depends on
the magnitude of the initial shock wave, the hole size, and the interaction with the
flow from its nearest neighbor hot spots.

Shocks interacting with TNT of various particle sizes have been modeled. The
effects of a 15.0- and a 12.5-GPa shock on single air holes in TNT have been modeled.
The effect of a 12.5-GPa shock wave on a matrix of spherical air holes in TNT has
been modeled with the void fraction held at 0.5% and the hole size varied from 0.5-
to 0.0005-mm radius. Calculations were performed using 22 by 29 by 111 or 70,818
cells with a particle diameter of at least two cells. The spherical air holes were

placed on a hexagonal close-packed lattice. Five layers of 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 interaction of a 15.0-GPa shock wave in TNT with a single spherical air
hole of 0.5-mm radius 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 marginally failing to build to detonation.
The interaction of a 15.0-GPa shock wave in TNT with a single spherical air hole
of 0.05-mm radius is shown in Fig. 3. It is failing to build to detonation. Increased
shock pressure results in larger hot spots that decompose more of the explosive and
result in increased sensitivity of the explosive to shock, while smaller holes result
in decreased sensitivity.

Although a single 0.5-mm- or a 0.05-mm-radius hole shocked to 12.5 GPa fails
to build toward a detonation, a matrix of holes with a void fraction of 0.5% (density
of 1.6318 g/cm?) builds toward detonation, as shown in Figs. 4 and 5. The matrix of
0.05-mm holes builds more quickly than the matrix of 0.5-mm holes. The increased
number of holes results in more hot spots that decompose the explosive and increase
the sensitivity of the explosive to shock.

A matrix of 0.0005-mm holes shocked to 12.5 GPa fails to result in appreciable
explosive decomposition, and the flow fails to build to detonation, as shown in Fig.
6. The hole size is so small that the resulting hot spot is cooled by side rarefactions
before appreciable decomposition can occur.

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 number of holes and resulting
hot spots increased. Decreasing the hole size to 0.0005 mm resulted in hot spots
that were cooled by side rarefactions before appreciable decomposition occurred.
At the same density, the most shock-sensitive explosive was the one with 0.05-mm
holes. The numerical examples demonstrate that the most shock-sensitive explosive
is that with particle sizes between coarse and extremely fine particle sizes.

Decreasing the hole size while holding the density constant results in more holes
of smaller size. The most shock-sensitive matrix is the one with 0.05-mm-radius
holes, corresponding to a fine-particle explosive. The less sensitive matrix consisting
of 0.5-mm-radius holes corresponds to a coarse-particle explosive. The matrix with
0.0005-mm-radius holes is the least shock-sensitive matrix and corresponds to an
explosive of very fine particle size.
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III. CONCLUSIONS

The three-dimensional Eulerian reactive hydrodynamic code 3DE has been
used to investigate the effect of particle size and the resulting void or hole size on
the shock initiation of heterogeneous explosive charges of TNT. Shocks 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 0.05 mm, the explosive became more sensitive to shock as the hole
size decreased, and the number of hot spots increased. Decreasing the hole size to
0.0005 mm resulted in failure of a 12.5-GPa shock wave to build toward propagating
detonation because the resulting hot spots were cooled by side rarefactions before
appreciable decomposition occurred.

As observed experimentally, the hydrodynamic hot-spot model indicates that
at the same density, the most shock-sensitive explosive will be that with particle
sizes between the coarse and extremely fine particle sizes. The hydrodynamic hot-
spot model describes basic features of the particle-size effect on the shock initiation
of heterogeneous explosives. Increased hole size results in larger hot spots that
decompose more of the explosive and result in increased sensitivity of the explosive
to shock. Increased numbers of holes result in more hot spots that decompose more
explosive and increase the sensitivity of the explosive to shock. The interaction
between hole size and number of holes is complicated and requires numerical
modeling for evaluation of specific cases. The hole size can become sufficiently small
that the hot spot is cooled by side rarefactions before appreciable decomposition
can occur. Because increasing the number of holes while holding constant the
percentage of voids results in smaller holes, we have competing processes that may
result in either a more or less shock-sensitive explosive. The magnitude of the
competing processes will change as the initial shock pressure is changed, resulting
in reversals of the relative shock sensitivity of explosives with different particle
sizes such as observed with low-pressure gap sensitivity and high-pressure wedge

tests (2). In low-pressure gap sensitivity tests, the coarse-particle explosive is often
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more sensitive than the fine-particle explosive. As the pressure is lowered, the fine-
particle explosive forms smaller hot spots than can be more effectively cooled by side
rarefactions. The coarser particle explosive forms larger hot spots than can still be
effective in supporting and increasing the shock wave at low initial shock pressures.
The hydrodynamic hot-spot model has resulted in an increased understanding of

the effect of particle size on shock initiation properties.
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Figure Captions

. A single 0.5-mm-radius spherical hole in TNT. The initial shock pressure is

15.0 GPa. The density and burn fraction contours through the center of the hole
are shown at various times. The resulting hot spot builds toward propagating
detonation.

A single 0.5-mm-radius spherical hole in TNT. The initial shock pressure is
12.5 GPa. The density and burn fraction contours through the center of the

hole are shown at various times. The resulting hot spot is marginally failing.

. A single 0.05-mm-radius spherical hole in TNT. The initial shock pressure is

15.0 GPa. The density and burn fraction contours through the center of the
hole are shown at various times. The resulting hot spot is failing to build to

detonation.

. A matrix of 0.5% air holes in TNT. The spherical air holes have diameters of

0.5 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

builds toward a propagating detonation.

. A matrix of 0.5% air holes in TNT. The spherical air holes have diameters

of 0.05 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 quickly builds toward a propagating detonation.

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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of 0.05-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 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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Table 2. The TNT Nonreactive Hugonsot

SOLID EQUATION OF STATE CALCULATION FOR NON REACTIVE TNT FOR HOT SPOT STUDY

Us = 2.20000000000E-01 + 1.76600000000E+00 S FROM PO TO 1.05000000000E+0O0 MEGABARS

THE INITIAL OENSITY IS 1.64000000000E+00 GM/CC

THE COMPRESSIBILITY IS 1. 15300000000E+O1

THE LINEAR COEFFICIENT OF EXPANSION IS 5.00000000000E-05

THE INITIAL TEMPERATURE IS 3.00000000000E+02

THE HEAT CAPACITY IS 2.93000000000E-01

THE VOLUME INCREMENT IS 1.00000000000E -04

THE TEMPERATURE FIT IS BETWEEN 1.000000C00000E-0O4 ANO 1.00000000000E+00 MEGABARS

LN(T)= -2.71235359951E+00 -4.86625796696E+O1LNV -1.02215618376E+02LNV+2 -9.01182904938E+O1LNV+*3 -2.60329744463E+01LNV+4

VOLUME IN CC/GM PRESSURE IN MEGABARS SHOCK VELOCITY PARTICLE VELOCITY

L1

TEMPERATURE OEG' K
3

6.09756097561E-01 0. . 00000000000E +02 2.20000000000E-01 0.

6.08756097561E-01 1.30933974130E-04 3.00318402278E+02 2.20639023566E-01 3.61847998659E-04
6.07756097561E-01 2.63395872986E-04 3.00637204931E+02 2.21281770228E-01 7.25804206373E-04
6.06756097561E-01 3.974058 14005E -04 3.00956472352E+02 2.21928272621E-01 1.09188710133E-03
6.0575609756 1E-01 5.32984229470E -04 3.01276270680E+02 2.22578563758E-01 1.46011537830E-03
6.04756097561E-01 6.70151872308E -04 3.01596667844E+02 2.23232677043E-01 1.83050795181E-03
6.03756097561E-01 8.08929821995E-04 3.01917733604E+02 2.23890646272E-01 2.20308395939E -03
6.02756097561E-01 9.49339490608E - 04 3.02239539595E+02 2.24552505643E-01 2.57786276486E-03
6.01756097561E-01 1.09140262898E-03 3.02562159374E+02 2.25218289756E-01 2.95486396170E-03
6.0075609756 1E-01 1.23514133303E-03 3.0288566846 1E+02 2.25888033627E-01 3.33410737644E-03
£.99756027561E-01 1.38057805016E-03 3.03210144388E+02 2.26561772685E-01 3.71561307216E-03
5.98756097561E-01 1.52773558586E-03 3.03535666747E+02 2.27239542788E-01 4.09940135203E-03
5.97756097561E-01 1.67663711042E-03 3.03862317237E+02 2.27921380219E-01 4.48549276286E-03
5.9675609756 1E-01 1.82730616580E-03 3.04190179720E+02 2.28607321703E-01 4.87390809886E-03
5.95756097561E-01 1.97976667262E-03 3.04519340263E+02 2.29297404404E-01 5.26466840528E-03
5.94756097560E-01 2.13404293736E-03 3.04849887201E+02 2.29991665939E -01 5.65779498228E-03
6.93756097560E -0O1 2.29015965967E-03 3.05181911184E+02 2.30690144381E-01 6.05330938875E-03
6.92756097560E-01 2.44814193982E-03 3.05515505233E+02 2.31392878266E-01 6.45123344627E-03
5.91756097560E-01 2.6080152864 1E-03 3.05850764803E+02 2.32099906603E-01 6.85158924316E-03
5.90756097560E-01 2.76980562415E-03 3.06187787832E+02 2.32811268879E -01 7.25439913850E-03
5.89756097560E-01 2.93353930185E-03 3.06526674809E+02 2.33527005063E-01 7.65968576633E-03
5.88756097560E-01 3.09924310060E-03 3.06867528830E+02 2.34247155622E-01 8.06747203991E-03
5.87756097560E-01 3.26694424210E-03 3.07210455664E+02 2.34971761521E-01 8.47778115598E-03
5.86756097560E-01 3.43667039724E-03 3.07555563815E+02 2.35700864234E-01 8.89063659921E-03
5.85756097560E-01 3.60844969478E-03 3.07902964590E+02 2.36434505751E-01 9.30606214667E-03
5.84756097560E-01 3.78231073030t-03 3.08252772166E+02 2.37172728587E-01 9.72408187237E-03
5.83756097560E-01 3.95828257531E-03 3.08605103657E+02 2.37915575788E-01 1.01447201520E -02
5.82756097560E-01 4.13639478659E-03 3.08960079192E+02 2.38663090945E-01 1.05680016674E-02
5.81756097560E-01 4.31667741575E-03 3.09317821979E+02 2.39415318193E-01 1.09939514118E-02
5.80756097560E-01 4.49916101895E-03 3.09678458388E+02 2.40172302230E-01 1.14225946945E-02
5.79756097560E -0O1 4.68387666692E-03 3.10042118023E+02 2.40934088319E-01 1.18539571457E-02
5.78756097560E-01 4.87085595515E-03 3.10408933804E+02 2.41700722299E-01 1.22880647221E-02
$.77756097560E-01 5.06012101434E-03 3. 10779042044E+02 2.42472250595E-01 1.27249437116E-02
5.76756097560E-01 5.25173452111E-03 3.11152582537E+02 2.43248720225E-01 1.31646207390E-02
5.75756097560E-01 5.44569970888E-03 3. 115296986 38E+02 2.44030178814E-01 1.36071227711E-02
5.74756097560E-01 5.64206037912E-03 3.11910537357E+02 2.44816674598E-01 1.40524771224E-02
5.73756097560E-01 5.84085091274E-03 3.12295249440E+02 2.45608256440E-01 1.45007 114607E-02
5.72756097560E-01 6.04210628186E-03 3.12683989470E+02 2.46404973833E-01 1.49518538127E-02
$.71756097560E-01 6.24586206174E-03 3.13076915956E+02 2.47206876919E-01 1.54059325701E-02
5.70756097560E-01 6.45215444310E-03 3.13474191431E+02 2.48014016491E-01 1.58629764953E-02
5.69756097560E-01 6.66102024465E-03 3.13875982552E+02 2.48826444009E-01 1.63230147275E-02
%5.68756097560E-01 6.87249692594E-03 3.14282460203E+02 2.49644211610E-01 1.67860767892E-02
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.39756097559E-01
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.33756097558E-01
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.31756097558E-01
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.08662260054E -03
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.22704050920E -02
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