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a b s t r a c t

Determining the hazard classification of energetic materials is important for transportation safety and
storage concerns. To avoid costly grain redesign and additional testing, a model that adequately predicts
the shock sensitivity of energetic materials is required, particularly the outcome of the Naval Ordnance
Laboratory Large Scale Gap Test. The goals of this effort are to develop and validate computational tools
that predict the shock sensitivity of energetic materials. Specifically, to use our packing code, Rocpack, to
generate morphologies of interest for shock sensitivity assessments, and to use our CFD code, RocSDT, to
propagate shocks of various strengths through the pack to predict the onset of detonation.

Dealing accurately with the material interfaces in this problem is a long-standing challenge, as familiar
strategies lead to spurious temperature spikes, and therefore spurious reaction rate spikes. We describe a
new strategy, which does not generate spurious spikes, and demonstrate via a number of test problems
that numerical convergence can be achieved. We also examine two problems that are stepping stones to a
complete simulation; both are planar. In the first, we consider the passage of a shock wave through pure
HMX in which a line of hot spots of the kind generated by void collapse are located a short distance
behind the shock. When the hot spot spacing is large, the shock remains a shock; when small, transition
to detonation occurs. In the second problem we also insert hot spots, but into a matrix of HMX particles
and binder.

� 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

There are two important classes of energetic materials – solid
propellants and plastic bonded explosives. Composite propellants
are composed of energetic particulates, typically ammonium per-
chlorate (oxidizer) and aluminum (fuel) bound together with a
polymeric binder which is 10–12% of the total weight. Plastic
bonded explosives consist of a heterogeneous mixture of high
explosive crystals (typically HMX or RDX) and a polymeric binder.
The crystals, which vary in shape and size, are densely and ran-
domly packed, occupying 80–95% of the total volume, and are held
together by binder. The manufacture and subsequent aging or han-
dling can introduce various defects or degradation, such as voids,
micro-cracks, de-cohesion, or chemical decomposition, and these
play an important role in accident scenarios.

Because geometric effects, such as morphology (voids, the size
and shape of the crystals, the type of binder, etc.), and the nature
of the confinement (strong or weak), all affect hazard classification
ion Institute. Published by Elsevier
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[1], one-dimensional empirically-rooted models are of little use in
sensitivity prediction. In this paper we lay down some of the nec-
essary foundations of a multi-dimensional model.

We use an Euler code, and a major issue is the manner in which
material interfaces (e.g. the HMX/binder interface) are handled.
The usual strategy is to smooth out the discontinuity over a few
mesh points in a manner that prevents thickening because of
numerical diffusion. For problems in which the temperature plays
no important role such strategies exist [2], and have been proven
successful. However, they give rise to temperature spikes within
the interface domain because the equation of states employed on
either side of the interface are not designed to be viable in the thin
but artificial region. When chemical reaction is significant these
temperature spikes are unacceptable. Thus we handle the temper-
ature equation in a special fashion to avoid this difficulty, and
spend some time in this paper demonstrating successful conver-
gence sans spikes.

There are various mechanisms that can lead to shock-to-
detonation transition in an energetic material, all of which lead,
at first, to hot spot formation. One is shock interaction as shock
waves are reflected and refracted around the particles. Another is
the collapse of voids, such as crystal defects, and it is believed that
this plays a central role for HMX. If the shock propagation through
Inc. All rights reserved.
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Table 1
Density q0 for the different materials used in the calibration process. Parameter
values c0 and s for the linear fits to the experimental Us–Up data. Calibrated values c
and P1 for different materials; with p0 = 1e�4 GPa.

Parameter/material HMX AP Estane HTPB

q0, kg/m3 1900 1950 1200 1060
c0, km/s 2.74 2.84 2.32 1.65
s 2.6 1.9 1.7 2.13
c 7.4 5.3 4.6 5.5
P1, GPa 1.93 2.94 1.38 0.52
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the crystal ensemble is thought of as a mesoscale process, void col-
lapse is on the micro-scale and can not be incorporated in the
mesoscale simulation. Thus libraries or look-up tables must be
constructed which describe the parameters of the collapse-gener-
ated hot spots for use in the simulation. In the preliminary calcu-
lations presented here we introduce hot spots whose two
essential ingredients, size and temperature, are suggested by
empiricism and unpublished collapse calculations that we have
carried out. In one context we introduce these hot spots into a do-
main occupied purely by HMX; in a second context, into a domain
occupied by an HMX/binder matrix.

The layout of the paper is as follows. Section 2 presents the gov-
erning equations and the scalings used in the shock-physics code
RocSDT. The numerical method is given in Section 3, along with a
discussion concerning the treatment of the temperature at mate-
rial interfaces. Section 4 presents a number of verification tests
for the numerical solver, where the numerical solutions are com-
pared to solutions of induction equations derived from asymptotic
theory. Results are given in Section 5, and conclusions in Section 6.

2. Basic model

Mesoscale simulations of energetic materials occur on the
millimeter scale, with grid resolution down to the micron scale
to resolve the dynamics at the crystal/grain level. Mesoscale simu-
lations are essential for predictive simulations of shock-induced
detonation and for hazard classification. To this end, a robust
numerical framework is needed that can handle different micro-
structures, strong shocks, multi-material interfaces, material
deformation, general equations of state (EOS), and chemistry. A
two-dimensional solver, called RocSDT, that can handle all of these
issues is described here. Preliminary two-dimensional exploration
is well justified for a problem of this complexity and expense.

2.1. Governing equations

The Euler equations, in dimensional form, for a reactive medium
are:

@q
@t
þr � ðquÞ ¼ 0; ð1Þ

@ðquÞ
@t

þrpþr � ðquuÞ ¼ 0; ð2Þ

@E
@t
þr � ððEþ pÞuÞ ¼ QX; ð3Þ

@ðqYÞ
@t

þr � ðquYÞ ¼ �X; ð4Þ

where q is the density, u the velocity, p the pressure, E the total en-
ergy per unit volume, Y the mass fraction of the reactant, and Q the
heat release parameter. We adopt a simple one-step kinetic scheme

X ¼ DqYe�Ea=RuT ; ð5Þ

and E is given by the formula

E ¼ q eþ 1
2

u � u
� �

; ð6Þ

where e is the internal energy. For a general equation of state (EOS)

p ¼ pðq; eÞ; ð7Þ

the sound speed is

c2 ¼ @p
@q

����
s

¼ @p
@q

����
e

þ p
q2

@p
@e

����
q
; ð8Þ

and the specific heats are
Cv ¼
@e
@T

����
v

and Cp ¼
@h
@T

����
p

; ð9Þ

where h = e + p/q is the enthalpy.

2.2. Equation of state

We consider three forms of the equation of state. The first an
ideal gas EOS so that

p ¼ qRT; ð10Þ

with R the gas constant; the second a stiffened EOS given by

p ¼ ðc� 1Þqe� cP1 ¼ ðc� 1ÞqCvT � cP1: ð11Þ

Here, c and P1 are constants, and e = CvT with Cv a constant. Note
that Cp = cCv � cP1/ qT so that in the limit P1? 0 the stiffened
EOS reduces to the ideal EOS with c the ratio of specific heats.

The third is a Mie-Gruneisen EOS, given by

p ¼ Gv ðe� e0Þ þ f ðvÞ; ð12Þ

where

f ðvÞ ¼ pH 1� G
2v ðv0 � vÞ

� �
� G

2v p0ðv0 � vÞ;

pH ¼ p0 þ
q0c2

0/

ð1� s/Þ2
;

/ ¼ 1� v=v0:

ð13Þ

Here, G is the Gruneisen parameter, s is related to the isentropic
pressure derivative of the isentropic bulk modulus, v = 1/q the spe-
cific volume, and c0 is the bulk sound speed ahead of the shock. For
HMX, accepted parameters are Q = 14.67 kJ/gm, G ¼ 0:7; s ¼ 1:79;
q0 ¼ 1891 kg/m3, and c0 = 3070 m/s [3]. The value of Q was chosen
to match the experimental CJ pressure. The corresponding CJ and
von Neumann states are: pCJ = 39.4 GPa, qCJ = 2445 kg/m3,
DCJ = 9590.0 m/s, pZND = 66.05 GPa, and qZND = 3058 kg/m3. The
experimental values for HMX are DCJ,exp = 9110 m/s and
pCJ,exp = 39.0 GPa [3].

2.2.1. Calibration of the stiffened EOS
The stiffened EOS (11) is intended to mimic a solid with c and

P1 parameters that are material dependent. For example, for the
nitramine crystal HMX, the values are determined using the exper-
imental Hugoniot curve. Thus, consider a shock wave traveling
through pure HMX with speed Us which generates a particle speed
Up. A linear fit to the Us � Up relation can be constructed,

Us ¼ c0 þ sUp; ð14Þ

where c0, a reference sound speed, is given in terms of a reference
state (p0, q0) by

c0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c

p0 þ P1

q0

� �s
; ð15Þ
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Fig. 3. Convergence rate for the isolated hot spot in an infinite medium. The squares
are for the ideal EOS and the triangles are for the stiffened EOS. Here, n is the
number of grid points, and ‘‘error’’ is the relative error in the maximum
perturbation temperature at t = 0.2, defined as the difference between the solution
with resolution n and that with resolution 4000, taken as the ‘‘exact’’ solution. Time
steps are 0.25/n and 1/n for ideal and stiffened EOS, respectively.
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Fig. 1. Comparison of temperature profile with (solid) and without (dashed) the
temperature correction. Material marker / (circles) plotted for reference showing
grid resolution and location of material interface.
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and s is a dimensionless fitting parameter. Values of c0 and s for
different materials are listed in Table 1; see [4–7].

To determine c we require that the Hugoniot relation

Us ¼ c2
0 þ

cþ 1
4

Up

� �2
" #1=2

þ cþ 1
4

Up; ð16Þ

be approximated as closely as possible by the linear fit (14); and
then P1 is obtained from the sound speed
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Fig. 2. Temperature and velocity profiles for the perturbation equations (no symbols) a
about x = 0, only x > 0 is shown. Here, c = 1.4, P1 = 0, d = 0.02 for the ideal EOS and c = 1.4,
and 0.3, with the arrow indicating increasing time. For the numerical simulations, h = 2
P1 ¼ q0c2
0

c
� p0: ð17Þ

The values for c and P1 are listed in Table 1.

2.3. Scalings

To non-dimensionalize the equations we use the reference state
variables ~q; ~p, and eT and a reference speed ~c, defined by
x
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nd for the full solver (symbols) at various times. Since the solutions are symmetric
P1 = 100, d = 2.38 for the stiffened EOS. In all cases the times shown are t = 0, 0.1, 0.2
0, T0 = 1.0, and the number of grid points is n = 4000.
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~c ¼ ð~p=~qÞ1=2
: ð18Þ

To specify a reference time we first choose a reference temperature
T0 (not necessarily equal to eT ), which then defines a chemical
induction time ~t,

~tD ¼ T2
0

bh
eh=T0 ; ð19Þ

where h ¼ Ea=Ru
eT is the non-dimensional activation energy, and b is

the non-dimensional heat release parameter. The length scale ~‘ is
defined as ~‘ ¼ ~t~c.

In addition we use the scalings eE ¼ ~p and ~e ¼ ~p=~q. The specific
heat at constant volume and the specific heat at constant pressure
are scaled by eC ¼ ~p=~qeT .
Finally we scale the heat release parameter Q by setting
Q ¼ bC�p p�0

� 	eT ¼ bCpðp0ÞeC eT ¼ bCp;0
eC eT , where the asterisk marks a

dimensional value, and p�0 is the dimensional pressure in the
unperturbed state in the post-shock induction zone where the
temperature is T�0.

3. Numerical method

3.1. Strategy for a non-reactive medium

Shukla et al. [2] have described a numerical scheme that can ad-
dress problems such as ours that contain shock waves and material
interfaces, albeit in the absence of chemistry. A key ingredient is
the use of a material marker /, advected according to

@/
@t
þ ur � / ¼ 0: ð20Þ

In a continuum description / jumps discontinuously from 0 to 1
across a material interface, but in the numerical scheme it changes
smoothly over a small number of mesh points in a narrow region
we designate S. Over a time step Dt, / is advanced using Eq. (20),
but before moving to the next time step a correction is calculated
on S by means of the equation

@/
@s
¼ n � rð�hjr/j � /ð1� /ÞÞ; ð21Þ

where s is a pseudo-time and n is the interface normal. This equa-
tion is integrated to steady-state in s. The nonlinear term leads to
convective steepening of the interface region, whereas the diffusion
term smears it out; these effects balance, as in Burgers equation.



J. Zhang et al. / Combustion and Flame 159 (2012) 1769–1778 1773
The density q is treated in a similar fashion using

@q
@s
¼ Hð/Þn � ðrð�hn � rqÞ � ð1� 2/ÞrqÞ; ð22Þ

where,

Hð/Þ ¼ tanh
/ð1� /Þ

10�2

� �2
" #

: ð23Þ

This scheme was fully demonstrated in [2].

3.2. Numerical scheme in a reactive medium

For a reactive medium, both the mass fraction Y and the tem-
perature T must be explicitly calculated, and on the set S both vari-
ables must be treated in the same fashion as q, cf (22). It might be
thought that one could simply use the equation of state on S to find
T, using a mixture rule, but this leads to spurious temperature
spikes and unphysical reaction rates. Fig. 1 demonstrates this: it
shows the temperature profile at the material interface for an inert
shock-interface problem (the shock, not shown, is on the right,
traveling to the right). The material interface is located in a neigh-
borhood about the spurious temperature peak (dashed line), calcu-
lated without the correction step. Note that the solution is S has no
physical significance, and the only constraint on it is that it have no
characteristics that could introduce significant error into the solu-
tions outside of S. But the spike does introduce such errors, spuri-
ous temperature increments for 2 or 3 mesh points to the right of
the interface, increments that would have a significant effect on
any Arrhenius reaction. The solid line is the result of applying
the temperature correction step.

For the discretization, we use a fifth-order WENO reconstruc-
tion. To avoid possible numerical effects on the reaction rate with-
in S we set a threshold for reaction
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x!
x for / > 0:99;
0 for / 6 0:99:



ð24Þ
4. Verification

For the problem at hand, particular attention must be paid to
verification because of the special strategy needed to calculate
the temperature at an interface. We start by examining an induc-
tion problem for which the early evolution can be described using
an asymptotic analysis which yields linear acoustic equations plus
an exponential reaction term. Solutions generated using the meth-
od of characteristics can be compared with solutions of the full
equation set.

4.1. Perturbation equations

Consider a uniform state denoted by subscript ‘‘0’’ and O(1/h)
perturbations (one-dimensional and unsteady) denoted by sub-
script ‘‘1’’. In the limit h ?1 the non-dimensional perturbation
equations are

@q1

@t
þ u0

@q1

@x
þ q0

@u1

@x
¼ 0; ð25Þ

q0
@u1

@t
þ u0

@u1

@x

� �
þ @p1

@x
¼ 0; ð26Þ

q0
@h1

@t
þ u0

@h1

@x

� �
� @p1

@t
þ u0

@p1

@x

� �
¼ q0Cp;0eT1 ; ð27Þ

T0q1 þ q0T1 ¼
p1

Cvðc� 1Þ ; ð28Þ

where we have omitted the independent equation for Y1. For the
stiffened EOS we have
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h1 ¼ c CvT1 þ P1q1=q
2
0

� 	
: ð29Þ

These equations can be solved using the method of characteristics,
and we have done this to describe the initial evolution of an un-
bounded hot spot defined by the initial conditions

ðq0;u0; p0; T0Þ ¼ ð1;0;1;1Þ; ð30Þ

with

T1ðx;0Þ ¼ 0:5 e�
x2

2d2 and p1ðx; 0Þ ¼ u1ðx;0Þ ¼ 0: ð31Þ

Results are shown in Fig. 2, and are compared to those for the full
equations. For t < 0.2 the differences in temperature and velocity
are within a few percent. The convergence rate of the maximum
perturbation temperature at t = 0.2 is shown in Fig. 3. As time pro-
ceeds, the perturbations exhibit thermal runaway while the full
solutions remain bounded.

4.1.1. Detonation stage
To demonstrate that detonations can be represented, we inte-

grate the full equations further in time until a detonation wave
develops. The initial conditions are,

Tðx;0Þ ¼ 1:þ 0:1e�
x2

2d2 and pðx;0Þ ¼ 1;uðx;0Þ ¼ 0; ð32Þ

where d = 2.38, c = 1.4 and P1 = 100. In addition T0 = 1.1 and h = 20.
The computational domain is x 2 [�25,25]. Zero-flux boundary con-
ditions are imposed at the computational boundaries.
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Fig. 4 shows the temperature, pressure, and mass fraction vari-
ations at various times. For late times, the combustion wave devel-
ops into a detonation wave, characterized by a strong pressure
spike, which propagates outwards from the hot spot. The peak
temperature and pressure profiles shown here at late times are
within 4% of the peak values obtained when using a grid with four
times as many points.
4.2. Shock-shock interaction problem

The second verification problem that we consider, again using
the nonlinear perturbation equations to construct a comparison
solution, is the shock-shock interaction problem examined in Short
and Dold [8] as shown in Fig. 5.

Initially a shock wave M2 with Mach number M2 catches a
shock wave M1 with Mach number M1, and when this process is
completed a shock Mi with Mach number Mi is generated with a
trailing contact surface and a trailing expansion wave. Ahead of
M1 and Mi is a prescribed uniform quiescent state �1, and behind
M2 and the expansion wave is a calculable uniform state �4. Be-
tween Mi and the contact surface the state is �2; between the con-
tact surface and the expansion wave it is �3.

Absent chemical reaction, the uniform state (but one of increas-
ing length) �2 can be calculated using the Rankine-Hugoniot con-
ditions across Mi, isentropic relations between �3 and �4, and the
Fig. 11. Wave transit times vs. projectile speed for 3 material batches, from Borne [13]
transit time corresponds to transition to a detonation. Courtesy of L.Borne and the Fren
continuity of p and u across the control surface. We choose param-
eter values so that the temperature in �2 is high enough to initiate
chemical reaction.

There are then two ways to solve the ignition event: (i) using
the nonlinear perturbation equations, exclusively in �2; (ii) using
our full code over the entire physical domain. Fig. 6 shows the
comparisons for both ideal and stiffened EOS. For the first,
M1 = M2 = 2 (and Mi = 3.11), for the second M1 = M2 = 1.2 (and
Mi = 4.19). The variables are non-dimensional and n is the scaled
distance from the contact surface.

What is difficult to see from panels (a) and (d) in Fig. 6 is the er-
ror in the temperature near the contact surface, and so in Fig. 7 we
examine that neighborhood more closely. Refinement of the grid
suggests convergent solutions can be obtained; see Figs. 7 and 8.
The latter is plotted assuming that 32,000 points capture the ‘‘ex-
act’’ solution.
4.3. Shock-interface problem

For the mesoscale simulation of propellants and explosives, we
need to accurately calculate not only shock-shock interactions that
lead to chemical reaction, but also shock-interface interactions.
And so here we examine a simple problem in which a shock pass-
ing through a material (B) encounters an interface between B and a
material A (Fig. 9). Passage generates motion of the interface and
there is a chemical induction zone between the shock and the
interface in which the perturbation equations can be solved to igni-
tion and the solutions so obtained compared to solutions of the full
equation set. Agreement is as satisfactory as for the shock-shock
interaction problem, and here also convergence is suggestive as
demonstrated for the maximum temperature near the interface
and for the shock location; see Fig. 10.
5. Sensitivity results

A numerical analysis of hazard classification in heterogeneous
materials requires a set of sophisticated tools. One is a packing
algorithm that can generate realistic models of the material mor-
phology, and such an algorithm has been reported elsewhere [9–
12]. Note that earlier work on the packing of spheres is useful for
the simulation of AP-based rocket propellants but is not suitable
when crystalline components such as HMX play an important role.
A second tool is a shock-dynamics code such as the one that we
have described in earlier sections. And then there are important
. Projectile speeds are related to shock pressures, as shown; and the sharp drop in
ch–German Research Institute of Saint-Louis (ISL).
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subgrid issues, most importantly the contribution to the meso-
scale of hot spots generated by void collapse or shock collisions.
This last issue is not one that has yet been developed in a satisfac-
tory fashion, although it is not difficult to foresee an effective strat-
egy. But in its absence we shall introduce hot spots into our
simulations in a crude but revealing fashion which gives some
indication of how hazard classification might be carried out in
the future.

5.1. Equation Of State (EOS)

In our earlier validation, which dealt only with induction, we
used the stiffened EOS. However, this is quantitatively inadequate
for reactive problems in which detonations arise in solids. Thus a
choice of the heat release parameter for HMX which enables a
matching of the CJ pressure yields a CJ speed that is one-fifth of
the experimental value. If instead we choose the parameter to
match the speed, the CJ pressure is 20 times the experimental va-
lue. It is for this reason that a Mie-Gruneisen EOS has long been
used by the detonation community, and we use it for the simula-
tions described in this section. Satisfactory parameter choices are
possible, as noted in Section 2.2.
Fig. 13. Pressure field at various time
5.2. Borne’s experiment

Borne [13] carried out experiments in which a slug of energetic
material is hit by a projectile to generate a shock wave which may
or may not transition to a detonation depending on the material
and the impact speed. Fig. 11 summarizes his results for three
material batches. Wave transit time is plotted against projectile
speed and for each batch shows a rapid drop in transit time in a
narrow band of speeds. The inference is that the drop in transit
time marks the boundary between shock (to the left of the drop)
and detonation (to the right of the drop) behavior.

Numerical simulations that capture Borne’s observations are a
gold standard for sensitivity-assessment studies, one which has
yet to be attained. To do so would require an ability to numerically
generate the hot-spots created by the passage of the shock-wave;
and then to compute the affect of these hot-spots on the shock,
and the detonation transition what would occur if their density
and energy content were large enough. Certainly computations
have been carried out in which, for example, a single hot-spot is
created by void collapse, but the scale of these computations is
much smaller than the scale of shock-wave-in-a-heterogeneous-
material computations, and these scales have yet to be bridged.
s arising from shock interactions.
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Fig. 15. (a) Pressure field in an HMX pack sans hot-spots. (b) Pressure vs y at
x = 0.5 mm, sans hot-spots.
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We are not aware of any publications that capture the qualitative
trends of Borne’s observations, but have now done this, albeit in
two dimensions, and have achieved quantitatively agreeable
results.

We prescribe a post-shock hot-spot by leaving the pressure un-
changed but instantaneously decreasing the density

0:2qs expð�r2=2d2ÞÞHðps � pyieldÞ; ð33Þ

where ()s refers to unperturbed post-shock values, pyield is the yield
pressure (0.3 GPa for HMX), r is the radial distance from the hot-
spot center, and d is a measure of the hot-spot radius. There is an
attendant temperature increase.

A single hot-spot with parameters realistically related to phys-
ical hot-spots does not generate a detonation; it takes an ensemble.
And so for our first calculation we consider a shock wave initially
located at x = 3 lm traveling through pure HMX with a single y-
periodic array of hot-spots fixed at x = 0. The periodic spacing is
8 lm (batch 1), 6 lm (batch 2), and 4 lm (batch 3). We take
d = 1 lm. Results, to be compared to Fig. 11, are shown in Fig. 12.
Not surprisingly, the closer spacing leads to transition at lower
shock pressures.

To gain some insight into the transition mechanism we show
snapshots of the pressure field for batch 3 with a shock pressure
of 5 GPa. Fig. 13a (t = 0.23 ns) shows four pressure spots where
the shock waves generated at y = 0 and y = ±4 lm intersect.
Fig. 13b (t = 0.38 ns) shows that an asymmetry has developed in
the pressure spots. And Fig. 13b (t = 0.63 ns) shows how the hot-
spots near the shock have spread vertically so that the pressure be-
hind the shock is increasing, albeit non-uniformly. This process
continues until about t = 0.99 ns the detonation is formed.

The second set of simulations consider a shock-wave propagat-
ing through a pack of HMX crystals in estane. The pack width is
1.12 mm, periodic, and 4.4 mm high. Initially a 5 GPa shock is lo-
cated at y = 0.435 mm.

To more realistically model hot-spot formation than was done
for the first set of simulations we generate random hot spots at cer-
tain points 6 ns after shock passage. The number density of these
points is 27.4 per mm2 of HMX area. (The HMX area is 52% of
the domain area.) In these simulations numerical exigencies com-
pel us to choose d = 10 lm, somewhat large. This is a grid issue. It
takes �20 grid points to resolve a hot spot (diameter �2d) and for
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Fig. 14. (a) Pressure field in an HMX pack with hot-spots. (b) Pressure vs y at
x = 0.5 mm.
d = 1 lm this would require a 11,300 � 45,200 grid (510 million
grid points).

Fig. 14a shows a pressure map at t = 0.5 ls and Fig. 14b shows
the pressure along the line x = 0.5 mm at the same time. A detona-
tion has formed.

Fig. 15a shows a pressure map at t = 0.5 ls, sans hot spots; and
Fig. 15b shows the pressure along the line x = 0.5 mm at the same
time. It needs hardly to be noted that the transition no-detonation/
detonation at 5 GPa must occur for a hot-spot number density be-
tween 0 and 27.4.
6. Conclusions

In this paper we have examined the problem of simulation-
based prediction of hazard classification of energetic materials, in
particular describing and verifying an Euler code suitable for the
purpose. The key attribute of this code is that it does not generate
spurious temperature spikes at interfaces. Such spikes, if not elim-
inated, would play havoc with the description of chemical reaction.
We have introduced a series of asymptotic solutions specifically
designed to provide detail verification at interfaces. In particular,
they include a solution for the temperature adjacent to the inter-
face which provides a direct means of assessing the accuracy of
the temperature predictions in the neighborhood of the interface.

A complete formulation of the problem requires a packing code
for the construction of morphology models, an appropriate Euler
code, and a linking of this code with essential microscale ingredi-
ents, most importantly hot spot formation from void collapse or
shock interactions. The first two components are now in place
but the third is not, and presents its own serious challenges. And
so, for the interim, we have seeded the post-shock material with
hot spots of appropriate size and concentration. The structure of
these hot spots and their parameters are suggested by preliminary
micro-scale simulations, not reported here.

We obtain qualitative agreement with experiments by Borne
[13]. The quantitative results are also comparable. Borne used an
impact plate to generate a shock traveling through the energetic
material, and measured the transit time of this shock for various
plate speeds. These measurements reveal a sharp drop in transit
time at a critical plate speed, signaling a transition to detonation.
Our results exhibit the same behavior.
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One set of results we obtain, for a homogeneous material, show
how the interaction of weak shock waves generated by the hot
spots can lead, if the spots are close enough, to strengthening of
the primary shock and subsequent transition to detonation. But
we also demonstrate the generation of detonation for a heteroge-
neous material, a model of an HMX pack.
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