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Simulation of Void Collapse in an Energetic Material, Part 2:
Reactive Case
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In Part 1 a numerical methodology was used to study collapse of voids in energetic materials by ignoring
the contributions of the gas phase and chemical reaction. In this paper, the thermomechanical response of solid
phase is combined with the vapor-phase compression and chemical reactions to study their effects on the energy
deposition mechanisms. The formulation and numerical treatment of the coupled solid—gas interactions, including
heat release caused by chemical reactions, are discussed. The effects of loading intensity and void size are studied.
The results show that for the micron-size voids under consideration significant gas-phase chemical reactions occur.
However, their influence on the void collapse itself is minimal. Results indicate that when voids completely collapse
a significant amount of reaction products are created, but the collapse time is too short to set up thermal runaway

at the hot spot before void collapse.

I.

HEN an energetic material is subjected to impact or other

loads, ignition can occur at hot spots that typically occur at
voids or defects in the material. As a void in an energetic material
undergoes elastoviscoplastic deformation under the imposed load,
viscoplastic heating and microjetting occur at the void, and the tem-
perature at the material-void boundary attains very high values. The
temperature rise can be high enough to cause melting followed by
evaporation of the solid material, thereby ejecting gas into the void.
To be more descriptive of the situation, the term “solid phase” will be
replaced hereafter with “condensed phase” because the solid phase
might have undergone solid—solid or solid-liquid transitions un-
der shock loading conditions. Therefore, the material in the vicinity
of the void surface is some combination of solid, liquid, and perhaps
even gas, all comprising a “foam” layer.! In propellant deflagration,
for instance, the transition from solid to gas occurs through several
layers, that is to say, a solid layer transitions to a liquid or melt
layer, which is followed by a foam layer (melt containing gas bub-
bles). In such a situation the foam layer typically is a few microns in
thickness. For the high-pressure detonation situation being studied
here, experimental observations indicate that a clear foam layer is
not present. Thus, the energetic material appears to transition almost
directly from a condensed phase (solid—liquid mixture) to the gas
phase.”

The typical scenario by which shock loading causes a thermal
explosion in an energetic material necessarily involves gas—solid
coupling phenomena. The entrapped gas within the void is com-
pressed to high temperature and pressure as the void collapses. The
temperature in the gas phase can become high enough to initiate
ignition in the gas phase. After the reaction has been initiated in
the vicinity of the pores, the condensed surface temperature rises
further leading to the propagation of a surface burning wave into
the condensed phase. The surface burning in turn deposits gaseous
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reaction products into the void, which increases the gas pressure.
Under suitable conditions, this gas pressure will eventually exceed
the condensed-phase pressure and cause a reversal of the plastic flow
around the pore, and therefore the void will cease to collapse and can
even expand outward.? Acceleration of the surface burning wave as a
result of gas-phase reactions can generate a secondary compression
wave. This compression wave then can interact with the primary
shock wave to enhance it. The enhanced wave can impinge on other
voids as it propagates from the hot spot and be further strengthened.
These mechanisms then combine to result in a runaway explosion
of the energetic material.

The scenario just described can be dominant under conditions in
which the compression rate is relatively low and the cavities are
of the order of a millimeter or larger.* For typical void sizes in
the micron range, the physics of void collapse remains to be eluci-
dated. Numerical modeling of void collapse and hot-spot formation
is a useful means to understand the full range of complex thermo-
mechanical and chemical reaction effects that contribute to energy
deposition resulting from shock-void interactions. Previous work in
studying void collapse has relied on different levels of complexity,
both in terms of treatment of the void collapse as well as the chemical
heat-release aspects. The two main works that exemplify analysis
of void collapse including chemistry in the gas as well as condensed
phases are those by Kang et al.? and Conley.’ In the former the void
collapse is assumed to be spherically symmetric, which allows for
a one-dimensional treatment of the system and facilitates a semi-
analytical approach to solve the equations. In such a geometry the
hydrodynamic impact regime described in Part 1° cannot be inves-
tigated. In the latter work, that is, Conley’ and Conley and Benson,’
a mixture formulation is employed, which distinguishes the void
region from the rest of the material by means of a condensed-phase
fraction variable. A mixture formulation is used to treat the mechan-
ics in those computational elements that are partially occupied by
void. Inherent in this treatment are several assumptions regarding the
thermomechanical behavior of the “mixed” material. In the present
formulation for multimaterial flows, the “mixed” cell treatment is
avoided in favor of a sharp-interface treatment. Within this frame-
work the efflux of mass from the condensed phase into the void can
be treated without losing information as to the precise location of
the void surface. Furthermore, explicit interface conditions between
the condensed and gas phases can be applied as in Kang et al.> but
in a full multidimensional setting.

A further difference between the treatment of Kang et al.’ and
Conley” lies in the way in which the mass-transfer rate from the
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condensed to the gas-filled void is modeled. In Kang et al., the
mass of condensed material that is converted to gaseous reactants
is obtained from a semi-empirical model proposed by Mitani and
Williams.® The expression used by Kang et al. is

Ru Tc,i
mc2 = Ioccht,i{ E }

c

% AC exp[_EC/(Ru Tz‘.i)]
{‘L:(l - G) - [Cc(Tc.i - TO) - ‘]c] [""(I/G)}

where G is the mass fraction of unreacted vapor entering the pore,
q. the specific heat release in condensed-phase reaction, E. the
activation energy of condensed-phase material, A, the frequency
factor for condensed-phase surface reaction, m, the mass flux com-
ing from condensed phase, p. the condensed-phase density, k. the
condensed-phase thermal conductivity, 7, ; the condensed phase in-
terfacial temperature, R, the universal gas constant, Ty the reference
temperature, and ¢, the condensed-phase specific heat.

This expression was derived based on matched asymptotic
expansions’ assuming a thin reaction zone on the surface of a pla-
nar energetic material in the absence of convection in the gas phase
and assuming an unstressed and stationary condensed material. It
is not clear that these conditions are satisfied in the shock-induced
void collapse under investigation in the present work. Therefore,
with respect to mass transfer at the interface between condensed
and gas phases, an approach similar to Conley was adopted. In this
approach all of the gaseous-phase reactants produced at the surface
of the condensed phase are assumed to be convected into the void
and to subsequently undergo further reactions in the gas phase. The
amount of the gaseous-phase reactant produced is obtained based
on a chemical kinetics model described next.

)

II. Kinetics Models for Combustion of HMX

Combustion of nitramines has been studied extensively in the past
few decades. A typical combustion pathway involves radical forma-
tion, chain branching, recombination, and multibody reactions that
occur in hundreds of sequential and/or concurrent steps. Fortunately,
most of these steps are quite fast and have negligible thermomechan-
ical effects. The more important reactions steps are ones with longer
timescales, and a reduced kinetic model allows treatment of only
these rate-controlling steps.

The concept of reduced kinetics models is based on the idea that
the prioritization of intermediate reaction steps is inversely related
to their reaction rates. Therefore, a complex reaction with hundreds
of steps can be represented by a suitable number of slower, rate-
limiting reactions. This greatly simplifies a complex reaction to just
a few sequential steps.!%!!

Numerical simulation of void collapse and energy release with
detailed chemical models involving over 40 chemical species and
167 chemical reactions was performed by Kang et al.> However, in
their case the overall numerical complexity is greatly reduced by an
assumption of a one-dimensional axisymmetric problem. For mul-
tidimensional computations as in the present work, the numerical
complexity of taking into consideration all of the detailed chemical
reactions becomes prohibitive. Therefore, in this work, as in Bonnett
and Butler'? and Conley,” we use a reduced kinetic model proposed
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Fig. 1 Illustration of conservation of fluxes at the gas—solid interface.

by McGuire and Tarver'® to model the reactions in the condensed
and gas phases. We are interested only in how qualitatively distinct
species of a reduced kinetics model manifest themselves during hot-
spot formation and the subsequent ignition of the reactive material
caused by viscoplastic void collapse.

The thermal decomposition of HMX can be modeled as a three-
stage process:

1 2. . 3
HMX — fragments — intermediate gases — final gases
C4HgNgOg CH,NNO, CH,0,N,0,HCN,HNO, N»,H,0,C0,,CO

The three major groups of irreversible rate-controlling steps in
the HMX decomposition process are 1) unimolecular endothermic
breaking of C-N and/or N-N bonds to produce methylene nitramine
and other higher molecular weight fragments; 2) weakly exothermic
unimolecular decomposition of these condensed-phase fragments
to produce intermediate gases: CH,O + N,O or HCN 4+ HNO,; and
3) highly exothermic bimolecular gas-phase reactions between these
intermediate gases to produce stable reaction products N,, H,O,
CO,, CO, etc. Note that of these three mechanisms the first occurs
in the condensed phase, and the second occurs at the surface of the
condensed phase as well as in the gas phase, whereas the third is a
purely gas-phase reaction.

Table 1 Thermal properties of various species'?

Property HMX Fragments Gases 1 Gases 2
Heat capacity (cal/g-K) at
293 K 0.24 0.22 0.24 0.27
433K 0.34 0.31 0.27 0.28
533K 0.40 0.36 0.29 0.29
623 K 0.46 0.42 0.31 0.30
773 K 0.55 0.50 0.35 0.31
>1273K 0.55 0.50 0.42 0.35
Thermal conductivity (cal/cm-s-K) at
293 K 1.23x 1073 650x107* 1.0x107% 1.0x10~*
433 K 9.70x 107% 5.00x10~* 1.0x10~* 1.0x10~*
533K 8.10x107* 4.00x107* 1.0x10™* 1.0x107*
>623 K 7.00x107% 3.00x10™* 1.0x10™* 1.0x10~*
Heat of +61.0 +161.0 —139.0 —1339.0

formation at
298 K (cal/g)

Table 2 Chemical kinetic parameters!3

| Intermediate  Final
HMX —

Fragments — gases — gases
Reaction number 1 2 3
In frequency factor, s~! 48.7 37.3 28.1
Activation energy, kcal/m 52.7 44.1 34.1
Order of reaction 1 1 2
Heat of reaction at 298 K (cal/g) +100 —300 —1200

DA\

HMX crystal

t t t t t

\%

Fig. 2 Schematic of the computational setup for simulation of collapse
of a spherical void.
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The lumped species for each step are then represented by species
A, B, C, and D; therefore, the three reactions are

with thermal and chemical kinetic parameters given in Tables 1 and
2, respectively.

Some comments regarding the preceding decomposition model
are in order. First, the preceding model was derived for HMX under
conditions corresponding to slow decomposition. Its extension to
the present case to situations of surface reaction and shocked flows
is, therefore, subject to question. The model carries the virtue of
simplicity in terms of the kinetics but should be viewed more as a
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Fig. 3 Void diameter of 10 zm, U, of 200 m/s, rise time of 10 ns. Evolution of void collapse process is shown for a) 50 x 100, b) 100 x 200, ¢) 150 x 300,
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phenomenological model in the context of shock-induced reaction
rather than as a true chemical reaction mechanism. In its applied
form, as employed by Conley, it allows for the evaluation of the
interaction between the energy deposition and localization mech-
anisms, including inertia, viscoplastic work, void deformation and
impact, and the breakdown of HMX as a result of localized heat-
ing. As shown in the results, the timescale of collapse of the void
is short enough that the reactions listed in the preceding mecha-
nism do not have time to progress to an appreciable extent. Sec-
ond, in Conley’s work there is no clear demarcation between the
condensed- and gaseous-phase regions because a mixture formu-
lation is employed. Thus, the preceding three reactions can occur
anywhere in the material provided the temperature is high enough
to cause significant reaction progress. In the present work, because
we avoid the mixture formulation by not having gaseous species
within the condensed phase and vice versa, the first reaction occurs
only in the condensed phase, the second at the interface between
the two phases, and the third only in the gaseous phase. There-
fore, we consider only reaction (2a) to occur within the condensed
phase. The gasification of species B leads to its transfer into the pore
through advection. The gas-phase reactions are then reactions (2b)
and (2c¢).

III. Governing Equations and Numerical Method
for Reactive HMX Materials

The governing equations in both gas and condensed phases
are solved separately. Under the assumption of a negligibly thin
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foam zone at the void surface between the condensed and gas
phases, gasification is modeled to occur directly from the con-
densed phase. Similar to the work of Kang et al.*> a different
set of governing equations is solved in each phase, that is, for
the condensed phase and the gas phase within the void. Chemi-
cal reaction terms are included in the energy equation. The inter-
face (condensed material-gas) boundary conditions are described in
Sec. IIL.B.

A. Governing Equations

The axisymmetric mass, momentum, and energy conservation
equations for each phase are given as follows (with x denoting the
radial and y the axial direction):

90  IF(Q)  9GQ) _
T e ey =@ @)

where the vector of conserved variables @ and the convective flux
vectors F(Q) and G(Q) are
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Fig. 5 Void diameter of 10 ;zm, U, of 200 m/s, rise time of 10 ns. Species A mass fraction (at the instant of void collapse) for mesh sizes of a) 50 x 100,

b) 100 x 200, ¢) 150 300, and d) 200 x 400.
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and the vector of source terms is

S =
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The solid material is treated using a Johnson—Cook model for the
constitutive behavior describing the evolution of deviatoric stresses
and a Mie—Gruneison equation of state for the pressure. The model
includes thermal softening of the material as a result of phase change
of the solid. The material parameters for HMX were applied to the
solid phase. Details on the mechanical response and its modeling
are presented in Sec. 1.° Note that for the gas phase the deviatoric
stresses are given by the viscous stresses with the gas treated as
a Newtonian fluid. The fifth and sixth terms in the energy source
term are the enthalpy fluxes caused by diffusion velocities of the
molecules, whereas the last term represents the energy production
caused by chemical decomposition.
A real-gas equation of state, the Noble—Abel equation,'? is used
for the gas phase:

pé’ = 1pg R Tg

— N0y
where the covolume factor 7 is 0.001 m3/kg.
In addition to the preceding system of equations, the species con-

servation equation is solved in each phase, which is given for the
ith species as

a a
—(pYiu) + —(pYiv) = —
ox ay

Q)

pYi(u+U)
X

+ 0 DaY[ + 0 o + @)
— 0 - w;
ox P ax ay P dy

In the preceding system of equations for gas and condensed
phases, we assume that the Lewis number Le=1.0, that is,
pD=k/C,. The diffusion velocities are obtained according to
Fick’s law of mass diffusion:

D 0Y; D dY;
U =—— and Vi=——— ()
Y; ox Y; dy
The mass production rate for the ith species is determined by the
phenomenological chemical kinetic expression, assuming that the
reactions are thermodynamically simple:

M
TR (CARE
[

k=1
where M is the number of reactions, N is the number 0f species,
Wi is the molecular weight of ith species, and v;,; and v/} are the
stoichiometric coefficients of the reactant and product respectlvely

The reaction rate is based on an Arrhenius form, having unit of
1.

9
—(pY;
8[(,0 )+

S
k; = A exp[—E,/R,T] (10)

where A is the pre-exponential factor and E,, is the activation energy.
In writing the expression for enthalpy for each species, one has
to keep in mind that all species must have the same zero reference
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Fig. 6 Void diameter of 10 pm, U, of 200 m/s, rise time of 10 ns,
150 x 300 mesh. Temperature contours (at the instant of void collapse)
are shown for a) inert, decoupled gas—solid phases; b) inert, coupled
gas—solid phases; and c) reactive, coupled gas—solid phases.
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Fig. 7 Evolution of void collapse process for void diameter of 10 zm,
Uy of 100 m/s, rise time of 10 ns, and 150 x 300 mesh.
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energy level. The expression for enthalpy is then

T
hi :Ah‘;i+/ C,.dT (1
Tq

0

where Ah(} ; 1s the enthalpy of formation for ith species at reference
temperature 7. Note that, strictly speaking, for the conditions pre-
vailing in the compressible material flow in the solid and gas phases
in the simulations presented, and to be consistent with the equation
of state, Eq. (6), the enthalpy of the gaseous reactants and products is
a function of temperature as well as pressure. Pressure dependency
of the enthalpy is not included in Eq. (11) as a simplification. This
omission can potentially entail errors in accounting for entropic bal-
ances. These errors can occasion instabilities during computations.
However, no such instabilities were encountered during the calcu-
lations presented in this work, perhaps because the errors are small
and overshadowed by physical and numerical dissipative terms in
the discretized system of equations.

B. Interfacial Boundary Conditions
The gas-condensed interface boundary conditions can be de-
rived from conservation laws by considering a control volume
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Fig. 8 Void diameter of 10 pm, U, of 100 m/s, rise time of 10 ns, and 150 X 300 mesh: a) pressure contour at 17 ns, b) temperature contour at 17 ns,

¢) pressure contour at 18 ns, and d) temperature contour at 18 ns.
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surrounding a segment of the interface (Fig. 1). In the limit as the
thickness of the control volume approaches zero and assuming there
is no mass accumulation within it, the jump conditions for the gov-
erning equations are as follows:

Mass conservation:

me = pc(vc,n - UI,n) = pg(vg,n - vI,n) (12)
Momentum conservation:
pCUc(vc,n - vl,n) - ngg(vg,n - vl.n) = (&c - 6g) N (13)

where U, and U, are respectively velocity vectors in the condensed
and gas phases at the interface.
Energy conservation:

chc(vc,n - Ul,n) - :OgEg(vg,n - Ul,n) - |_O~’c Ve — &g : vgJ : ﬁ

N N
= _(qc,n - qg,n) — Pg Z Ytghtg Vi,gn + Zwihi (14)

i=1 i=1

and species conservation:
chi,c(vc,n - Ul,n) - ngi.g(Ug,n + Vi,gn - 1}I,n) = w; (15)

where v, is the interface velocity along the local normal to the
interface, Vo= Vi, -n is the mass diffusion velocity along the
normal to the interface, and & is the stress tensor. The subscript g
denotes gas phase and ¢ denotes condensed phase.
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It is easily seen from the preceding jump conditions that there
are far more unknowns than available jump conditions. It is there-
fore necessary to make assumptions regarding the behavior of the
fields in the two phases at the interface. For the condensed phase
the stresses are treated in a manner similar to that of the inert case.
These interface conditions have been described and tested in Tran
and Udaykumar.'* Further, it is assumed that the change in temper-
ature, density, and velocity of the condensed phase in a direction
normal to the interface is small compared to the jumps across the
interface at the interface. The condensed-phase interface values for
these variables are obtained by extrapolation from the interior of the
condensed phase.

With the preceding system of jump conditions, extrapolated
condensed-phase values, along with the equation of state for the
gas phase [Eq. (6)] and the temperature continuity condition at the
interface

Ty =T =Ty (16)

there are five equations for six unknown interfacial quantities
(mw VUlns Vg,ns Pgs T15 pg)

There are different approaches to resolving this deficiency in the
interfacial constraints. The key lies in modeling the mass flux of
material from the condensed to the gas phase. If the mass flux was
caused by vaporization alone, then the surface temperature and pres-
sure can be linked through thermodynamic relationships. However,
in the present problem this mass flux at the interface is caused
by a combination of vaporization (condensed-phase species B to
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Fig. 9 Void diameter of 10 pum, U, of 100 m/s, rise time of 10 ns, and 150 x 300 mesh. Close-up view for a) species B mass fraction contour at 18 ns,
b) species C mass fraction contour at 18 ns, c¢) species D mass fraction contour at 18 ns, and d) temperature contour at 18 ns.
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gas-phase species B) and unresolvable subsurface reactions that
convert the condensed material (species B) to gas (species C). The
fraction of mass transferred from the condensed to the gas phase that
can be attributed to vaporization as opposed to chemical reactions is
not straightforward to determine. In Kang et al.> an approximation
to the instantaneous mass flux m, at the gas-condensed interface
[(Eq. (1)] was applied. This semi-empirical approximation, which
provides the mass flux as a function of the interface temperature,
was obtained through an activation energy asymptotic expansion
by Lengelle.’ In the work of Lengelle, using a matched asymptotic
expansion (in the limit of large activation energy) and assuming a
steady linear regression, the relationship between surface regression
rate and surface temperature is derived. In later studies, of Mitani
and Williams® and Li et al.,'” the gas departing the condensed-phase
side of the interface was assumed to be composed partly of unre-
acted vapor enumerated by a factor G (which represents the fraction
of unreacted vapor-phase energetic material) and partly of products
of an exothermic surface reaction. The curve fits for G to the exper-
imental results of Mitani and Williams,® obtained by Kang et al.,?
show that the mass fraction of unreacted vapor is a weak function
of interface temperature.

Using activation energy asymptotic solutions for steady-state de-
flagration waves, Mitani and Williams® were able to obtain an ex-
pression for the regression rate as a function of surface temperature
under certain restrictive assumptions. Briefly, the assumptions in-
volved in obtaining the instantaneous mass flux at the gas-condensed
interface were steady-state deflagration, steady regression of the pro-
pellant surface, low pressure (compared to material yield strength),

Y(m)
3.0x10° [ )
+ 1270
r 1206
s L 1142
2.5x10” C 1078
L 1014
F 950
s B 386
20x10° F ot
5 758
L 694
. E 630
1.5x10° L 566
r 502
L 438
L 374
1.0x10° -
0.5x10° [
0.0 Lo oo laiaaa X(m)
a) 0.0 05x10° 1x10° 1.5x10°
Y(m)
3.0x10° [
L Yp
L 0.584
25410° |
r 0.429
20x10° |
&) 0312
1.5x10° [ 0.156
i 0.040
1.0x10° C
0.5x10° [~
0.0 Lol b X(m)
b) 0.0 05x10° 1x10° 1.5x10°

and to a certain extent the material properties did not change ap-
preciably from the bulk unreacted material. In our analysis of inert
HMX material under high-pressure shock loading (Part 1°), we have
found that large gradients exist around the collapsing pores, the be-
havior of the material is highly nonlinear, and thus many of the
limiting conditions underlying the Mitani and Williams approach
are violated. Furthermore, the size of the void [O(u)] is such that
the subsurface reaction zones [also of O(u)] can no longer be con-
sidered to be asymptotically thin regions. The extent of the softened,
partially liquid condensed-phase region at the collapsing void can-
not be neglected when compared to the void radius.

Therefore, because of the preceding reasons, we chose not to
apply the closed-form expression for interface mass flux to close
our system of interfacial boundary conditions. Instead, we have
followed, in part, the approach taken by Conley.’ In Conley’s work,
the density, energy, and species are diffused across the interface
using a mixture formulation. Through this treatment, the mass flux,
which accounts for unreacted vapor entering the pore, is handled
naturally by assuming that the flow of material across the interface
is caused by advection of the material at the speed of the local front.
Therefore, as far as the treatment of the species concentrations at the
interface is concerned the condensed and gas materials are treated
as continuous. Because of this treatment, whatever gas species is
produced at the computational nodes in the condensed phase that lie
adjacent to the void surface is directly advected into the gas phase
in the void. The interface temperature is taken as continuous at the
interface between the gas and condensed phases. Finally, the stress
boundary condition is satisfied through Eq. (13), once the interface
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Fig. 10 Void diameter of 10 zm, U, of 100 m/s, rise time of 10 ns, and 150 X 300 mesh. At instant of void collapse (18.4 ns), shown are a) temperature
contour, b) species B mass fraction contour, ¢) velocity magnitude contour along with velocity vector, and d) pressure contour.
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velocity is determined and the gas-phase pressure is obtained using
the approach given in Tran and Udaykumar.'*

C. Initial Conditions and Reference State

The initial conditions specify an equilibrium state between the
gas phase and condensed phase. The void is initially considered to
be completely filled with inert gas. Although this inert gas takes on
the physical properties of the final gas products, it is energetically
insignificant and does not have a role in determining enthalpy fluxes
in our calculations.

Therefore, at t =0,

T.=T,=T, (17)

In the condensed phase:

Yy = 1.0, Yg=Yc=Yp = Yipen = 0.0 (18)
In the gas phase:
Yinern = 1.0, Ya=Yp=Yc=Yp =00 (19a)
Py = Do (19b)
Pg = Pg.0 (19¢)

The subscript 0 denotes the reference state with values: 7o =298 K,
po=1.0 atm, and py, = 1.38 kg/m*. The melting temperature at
reference conditions is 558 K with condensed phase shear modulus
of 12.0 GPa.
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D. Numerical Method for Stiff System of Equations

Because of the fast reaction rates as temperatures increase
(Table 2), the timescales for chemical reactions and for the flow
can become different by orders of magnitude. During a flow time
step At, which satisfies the Courant stability condition for the flow,
chemical species production rates can be high enough to lead to
large excursions in temperature, pressure, and density during that
time interval. Therefore, naive treatment of the preceding system
of equations can lead to numerical instability. To circumvent this,
severe constraints on computational time steps might need to be
placed rendering the flow calculations infeasible. One way to over-
come this classic stiffness problem is to advance the entire sys-
tem of equations for the flow dynamics and chemical reactions in
a time-implicit fashion. This approach calls for inversion of large
matrix systems leading to time-intensive computations. An alter-
native is to resort to Strang operator splitting!® of the governing
equations. In this approach, in the first step the flow calculations
are performed using the usual explicit approach governed by the
Courant-Friedrichs—Lewy time-step constraint without inclusion of
the chemical reaction source terms. In the next step, the time step-
ping is treated implicitly by including the source terms alone. For
example, a general evolution equation for a variable Q can be con-
sidered where the right-hand side is composed of two parts, the first
consisting of all transport terms and the second the chemical reaction
contributions:

— =5+ sk (20)
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Fig. 11 Void diameter of 10 zm, U, of 500 m/s, time rise of 10 ns, and 150 X 300 mesh. At instant of void collapse (11.9 ns), shown are a) temperature
contour, b) species B mass fraction contour, c¢) velocity magnitude contour along with velocity vector, and d) pressure contour.
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We solve the system of equations with transport terms using the
already described numerical method."?

DQ*
Dt

= s'(0" @n

Then, to obtain the new solution at time level (n + 1), we apply a
backward Euler implicit scheme to treat the stiff chemical source
term:

D Qn ! R n+1

o =35 (@) (22
This numerical treatment provides for stable computations in the
presence of stiff source terms; however, it is only first-order time
accurate. Also, the stability of the time-split approach can be unre-
liable for some systems where the stiff source terms are confined
to very thin reaction zones that cannot be captured by reasonable
mesh sizes.!”

IV. Results

The setup for all calculations performed in this section is as shown
in Fig. 2, assuming a two-dimensional axisymmetric problem. A
shock-loading condition is applied at the bottom boundary by im-
posing a particle velocity at the bottom domain boundary as de-
scribed in Sec. 1.9 In the present case, the resulting shock profile has
a finite, linear rise time, and once it reaches the desired peak shock
pressure it attains a constant particle velocity and therefore a steady
compressive loading condition.

In the following, a grid-independence study is performed to estab-
lish a suitable mesh density for the subsequent calculations. Next,
in order to assess the relative importance of the different phenom-
ena that lead to energy localization a comparison is carried out for
the solid-phase and gas-phase thermal characteristics for void col-
lapse in three cases, which is to say: 1) inert-decoupled (ID) case
where the gas-phase reactions are switched off and the effect of
pressure rise of the gas is not transmitted to the condensed phase
thereby effectively decoupling the two phases; 2) inert-coupled case
(IC) where the reactions are turned off but the gas-phase pressure is
transmitted to the condensed phase in the interfacial momentum bal-
ance; and 3) reactive-coupled case (RC) where reactions are allowed
to occur in the gas in addition to coupling of the gas and solid phases.

The purpose of studying these three cases is to isolate the effects
of gas—solid mechanical coupling and chemical reactions in the en-
ergy localization process. In Sec. IV.C, the effect of shock-loading
strength on the behavior of void collapse process is investigated for
two different void diameters. Finally, the effect of shock rise time
for a void with diameter of 10 «m and a loading velocity of 200 m/s
is studied. This issue is important considering various rise times,
and void collapse times are reported in literature. For example, in
Kang et al.? the rise time was on the order of tenths of a microsec-
ond, whereas in Conley’s work® the rise time was on the order of
tens of nanoseconds. For the loading conditions considered here the
typical void collapse timescale is of order of tens of nanoseconds.
Although there are other fundamental differences between these
two works as discussed in preceding sections, a clear delineation of
rise-time effects would be useful to understand not only the results
of the present work but also to enable comparison with those of
Kang et al.3 and Conley.> Therefore the sensitivity of the results to
shock rise time is examined.

A. Grid-Independence Study

To establish the framework for further calculations, grid inde-
pendence of solutions is assessed for a typical test case with void
diameter of 10 pum, loading velocity of 200 m/s, and a shock rise
time of 10 ns. Four mesh sizes considered are 50 x 100, 100 x 200,
150 x 300, and 200 x 400. The evolution of the pore collapse pro-
cess is shown in Figs. 3a-3d. It is clear that the modes and rates of
void collapse for the coarser meshes are somewhat different from
that for the finest mesh. However the solutions for the 150 x 300
and 200 x 400 meshes show convergence. The effect of grid size

on the temperature field produced by the void collapse is shown in
Fig. 4a. As seen in the figures, the maximum temperatures achieved
are higher for the finer mesh concentration. The localization of the
high-temperature zones is also high for the finer meshes. For the
maximum value of the gas density in the pore, shown in Fig. 4b, there
is still a noticeable difference between the 100 x 200 and 150 x 300
meshes. This shows the gas-phase solution is more sensitive to mesh
size than the condensed-phase solution. This is perhaps because of
the higher compressibility of the gas and hence the formation of
higher gradients of the flow variables in the gas phase. These larger
gradients demand finer meshes to obtain accurate results. Further-
more, there is some anomalous behavior of the gas density, that is,
the solution does not appear to converge monotonically for the finer
meshes. This is because the recorded value of the gas density might
be high in local spots trapped in small underresolved voids that
form when the overall large void collapses and pinches into small
pockets that subsequently vanish. It is computationally infeasible
to fully resolve the behavior of the complex interfaces and flow-
fields down to the smallest pores that form in the final stages of void
collapse. The impact of the differences in the void shapes during
collapse can be significant for the chemical species calculations as
shown in the mass fraction contours of species A in Figs. 5a-5d,
respectively. These figures show the concentration contours of A
plotted at the time when the pore has collapsed completely. For
the underresolved mesh (50 x 100), the mass fraction contours are
completely inaccurate, with almost no conversion to species B. For
the 200 x 400 mesh, a grid-independent solution can be considered
to have been reached. However, at the instants of void collapse,
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that is, when the gas pockets have shrunk to occupy dimensions of
the order of the mesh size, the solutions obtained in the gas phase
cannot be considered to be accurate. Significant grid effects and nu-
merical dissipation caused by the local smoothing provided by the
essentially nonoscillatory scheme will pollute the solution at such
instants. This limitation exists in the present as well as other numer-
ical solutions of formation of singularities, such as in the collapse
of voids.
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Fig. 13 Evolution of void collapse process for void diameter of 20 zm,
U, of 100 m/s, rise time of 10 ns, and 150 x 300 mesh.
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B. Effects of Gas-Solid Coupling and of Reactions in the Gas Phase

Calculations were carried out for the ID, IC, and RC cases (de-
scribed in Sec. IV) for a test case with void diameter of 10 um,
loading velocity of 200 m/s, rise time of 10 ns, and a mesh size
of 150 x 300. The objective is to examine whether and how the
gas-phase affects the behavior of the void collapse process for inert
and reactive calculations. All of the figures shown in this section are
plotted at the time instant when the void has collapsed completely.
These time instants are only slightly different for each test case:
15.8 ns for inert decoupled, 15.6 ns for inert coupled, and 15.0 ns
for reactive coupled. This indicates that the collapse is mainly driven
by the effect of the incident shock and that compression of the gas
phase has only a minimal effect on the void collapse timescale for
the case already examined.

Figures 6a—6c¢ show the contours of temperature for ID, IC, and
RC cases. The temperature rise for the ID and IC cases are not high
enough to have significant condensed-phase reaction from species
A to species B even after complete collapse of the void. From the
temperature contours, it is clear that the maximum temperature area
is localized and smoothly varies away from the maximum values.
Note the higher temperatures reached in the case where the reac-
tions are present in the gas (the RC) case when compared to the IC
case. There are only small differences in the temperature contours
between ID and IC cases while for the RC case the higher temper-
ature rise is localized more than for the inert cases. Overall, these
calculations indicate that the mechanical coupling between the gas
phase and condensed phase is weak, which is to be expected because
the gas pressure through the entire void collapse process is a few or-
ders of magnitude below the condensed-phase pressure. For the void
size, shock strength, and rise time considered, there is insufficient
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time for the gas in the void to be compressed to high pressures be-
fore the void completely collapses. As it turns out from calculations
that will be covered later in this chapter, there is insufficient conver-
sion of the condensed-phase material into the gaseous phase for the
parameters chosen for this test case. Therefore there is negligible
gas-phase energy release, and the gas pressure in the void does not
achieve the high values reported in Kang et al.,> where larger voids
were considered.

C. Effects of Loading Conditions

Next the behavior of the void and the energy release in the hot spot
is studied for different loading conditions for two void diameters,
10 and 20 pum. The particle velocities for the bottom boundary
considered are 100, 200, and 500 m/s with a mesh size of 200 x 400
to ensure grid-independent solutions. The rise time for all test cases
is 10 ns.

1. Void Diameter of 10 um

The void collapses in this case in about 18.4 ns. The mode of
collapse in shown in Fig. 7 plotted at equal intervals of time. The
formation of a weak jet in the lower part of the void and the pinch-
ing of the void to form disconnected pockets is seen in the figure.
Figures 8a—8d show the contours of pressure and temperature at
two times during the collapse of the void, that is, 17 and 18 ns.
The condensed-phase pressure is three orders of magnitude higher
than the gas-phase pressure; hence, even though the void contains
gas under pressure, the contours of pressure do not show up sig-
nificantly in the void. At t =17 ns (Fig. 8b) the condensed-phase
temperature is still low, around 400-500 K, and the temperature

y(m)
2.7x10%

rise is exclusively caused by viscoplastic work being dissipated into
heat. The gas temperature shows the highest values in the domain,
and the high temperatures are concentrated around a thin region
where the interface deforms the most. The compression of the gas
in this region is very high. The large temperature gradients in the
gas show that conduction effects in the gas phase are insignificant.
In fact, the timescales for thermal diffusion in the gas phase are
much longer than the timescale for collapse considered here. Note
that radiation has been neglected in the current work as a means of
transmission of energy from the gas phase to the solid phase; there-
fore, apart from convection there is no other effective mechanism
for heat transfer between the gas and condensed phase. The rise in
temperature observed in Fig. 8b is caused purely by gas-phase com-
pression because there is no reaction occurring in the pore at the
instants shown. This is because the condensed-phase temperature
has not reached a value high enough to cause a significant break-
down of species A to B (typically temperatures of 800 K or higher
are required for gaseous reactants to fill the void) and for the sub-
sequent breakdown of B into the gaseous reactants. At around 18
ns, the jetting of lower void surface occurs, the jet impacts with the
upper surface, and the void collapses completely (Figs. 8c and 8d).
The pressure resulting from this hydrodynamic impact is an order
of magnitude higher than the value before impact (compare Fig. 8c
to Fig. 8a). There is also a rise in temperature in a localized region
corresponding to the jet impact location as seen in Fig. 8d.

To obtain a better picture of the behavior near the point where
the void has pinched to give a disconnected pocket of gas, a closer
view of the region near the pocket of gas is plotted in Fig. 9. As
can be seen in Fig. 9a, the high-temperature region at the point of
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Fig. 15 Void diameter of 20 pzm, U, of 100 m/s, rise time of 10 ns, and 150 X 300 mesh. Shown are close-up view of contours at 24 ns of a) species B
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impact leads to breakdown of species A into B. Furthermore, there
are further gas-phase reactions that occur in the high-temperature
region adjacent to the point where the jet impacts. This results in
some production of the gas-phase species C (Fig. 9b) and of species
D (Fig. 9c). These gas-phase reactions are exothermic and lead to
a high-temperature region (Fig. 9d) in the gas trapped in the pocket
that is left after the jet has impacted with the top surface of the
void. At 18.4 ns the remaining gas pocket has also collapsed, and
in this case the temperature (Fig. 10a) of the remaining material
is not very high. The amount of B species produced (Fig. 10b)
after the void has entirely collapsed is also minimal. Following void
collapse the velocity of the material (Fig. 10c) in the vicinity of the
collapse is extremely high. As shown in Fig. 10d, a nearly spherical
compression wave emanates from the location of the void collapse
and propagates into the surrounding condensed phase.

The important insight obtained from the preceding case is that,
for the parameters investigated, chemical reaction is not significant
prior to void collapse. This is because the temperatures are not high
enough to induce the transformation from A to B species, that is, for
the breakdown of the polymer to occur. Consequently the reactions
that follow, that is, from B to C and thereafter to D, do not occur to
any significant extent for this low-velocity case.

For a high loading velocity of 500 m/s, similar observations can
be made as for the two preceding 100-m/s cases. Obviously, as the
impact velocity is increased the phenomena noted in the previous
two cases become more severe. The jet impact is stronger, and the
production of species B is more noticeable. However, even for this
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high-velocity case, the viscoplastic heating raises the condensed
temperature to about 600 K, which is still too low for significant
A — B reaction to take place in the condensed phase. When the
void has completely collapsed (at a time of 11.9 ns), the temperature
(Fig. 11a), species B (Fig. 11b), particle velocities (Fig. 11c), and
pressure (Fig. 11d) all show higher intensities than for the previous
low-velocity cases. A strong, nearly spherical shock wave emerges
from the collapsed void. There is a significant focusing effect during
void collapse, and the particle velocities (Fig. 11c) at the point of
collapse are nearly six times that of the imposed far-field particle
velocity of 500 m/s.

The question remains as to why in all of these cases we do not
observe significant chemical reactions occurring prior to void col-
lapse? There are several reasons for the lack of runaway reactions.
The void collapse occurs very quickly. The viscoplastic work does
not heat the solid material to high enough temperatures to break
down the polymer (A) to monomers (B). Thus there is insufficient
B species advecting into the gas. The breakdown process A — B is
endothermic. Therefore when this reaction occurs it actually lowers
the condensed-phase temperature further hindering the formation of
species B. Whatever B has been advected into the void can undergo
further gas-phase reactions to form C and D. These exothermic reac-
tions could then raise the temperature of the gas leading to a thermal
feedback to enhance the reactions. However, because the void col-
lapses very quickly there is little time for the exothermic reactions
to progress enough to have a significant impact. The gas-phase den-
sity and pressures have not built up enough to prevent the void from
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Fig. 16 Void diameter of 20 pzm, U, of 100 m/s, rise time of 10 ns, and 150 x 300 mesh. At instant of void collapse (24.5 ns), shown are a) temperature
contour, b) species B mass fraction contour, ¢) velocity magnitude contour along with velocity vector, and d) pressure contour.
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collapsing completely. The complete disappearance of the gaseous
material is of course a numerical artifice, but the fact remains that as
far as the condensed phase is concerned the gas plays a negligible
thermomechanical role.

Figures 12a and 12b show the variation of maximum condensed
temperature and maximum gas density plotted vs time for the differ-
ent loading velocities. The rise in condensed-phase temperature at
the different velocities is rather modest for the conditions simulated.
The rise in the gas-phase density is rather more marked, but because
the gas plays only a minor role in the void collapse process this does
not appear to be of much consequence in terms of the overall energy
localization mechanism.

2. Void Diameter of 20 pum

This part of the study seeks to examine the effect of void size on
the void collapse and energy localization mechanisms. Figure 13
shows the evolution of the void shape for a 20-pm void, a loading
velocity of 100 m/s, and arise time of 10 ns. In the later stages of the
collapse, the formation of a clear jet of material at the bottom surface
of the void and the pinching of the void to form an isolated pocket
is clearly seen. This behavior is qualitatively similar to that for the
10-pm-diam void. Figures 14a—14d show the contours of pressure
and temperature at times of 23 and 24 ns for a loading velocity
of 100 m/s. The void collapse time is larger here than for the 10-
pm-diam void (for which the time of collapse was 18.4 ns). The
rise in condensed-phase temperature is around 500 K, whereas the
gas-phase temperature is over 1800 K, over a thin region where the
void deforms the most. At the instant (24 ns) after the void pinches
to form an isolated pocket, the pressures (Fig. 14c) are high in the
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impacted region, and the temperature (Fig. 14d) is high both in the
region of impact and in the gas pocket.

Close-up view of the region near the hydrodynamic jet impact and
the gas pocket is shown in Fig. 15. In this case there is a fairly large
region in the condensed-phase material, where the polymer (A) has
been broken down into the monomer (B). In the gas pocket there has
been substantial conversion to species C (Fig. 15b) and to species
D (Fig. 15c) albeit in a highly localized region. The exothermicity
of the gas-phase reactions has also led to high temperatures in the
gas phase (Fig. 15d).

When the void has collapsed completely at about 24.5 ns, as
shown in Fig. 16, there is a strong wave associated with high tem-
perature (Fig. 16a) and pressure (Fig. 16d) that propagates into the
condensed phase originating at the location of void collapse. As-
sociated with this are very high particle velocities (Fig. 16¢) and
nearly completely reacted zones with large monomer concentrations
(Fig. 16b). In all of these figures, it is observed that the phenom-
ena are much stronger for this case of larger void diameter than for
the smaller diameter void. Thus, one can expect a strong effect of
void size on thermomechanical coupling with chemical reactions,
with larger void sizes displaying higher intensities of the phenom-
ena. This effect might be caused by the longer collapse times of the
larger voids leading to longer times over which the reactions and jet
velocities can build.

Figures 17a—17d show contours of pressure and temperature at
times of 14 and 15 ns for a higher loading velocity of 500 m/s.
A broad and pronounced jet is formed at the lower surface, which
after impact with the upper surface gives rise to high condensed-
phase temperature in a region where strong compression waves form
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Fig. 17 Void diameter of 20 pum, U, of 500 m/s, rise time of 10 ns, and 150 X 300 mesh. Shown are contours of a) pressure at 14 ns, b) temperature at

14 ns, c¢) pressure at 15 ns, and d) temperature at 15 ns.
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and propagate outward. Around this high condensed temperature,
complete conversion of species A to species B occurs (Fig. 18a).
Figure 18b-18d show that there are confined regions where fur-
ther breakdown of B to form species C and D occurs. However,
again there is insufficient time for these reactions to have a signifi-
cant effect before the gas pocket is completely squeezed out by the
collapsing condensed phase. Figure 19 shows the variation of maxi-
mum condensed-phase temperature and maximum gas density with

time for the different loading velocities. The maximum temperature
rise caused by viscoplastic work (values at the base of the curve be-
fore the sharp increase) is about the same for all cases. The largest
temperature excursion is caused by the hydrodynamic mechanism
and seems to be nearly independent of the loading velocities. The
maximum temperature achieved here is around 1900 K, compared
to 1300 K for the smaller void diameter of 10 um (Fig. 12a). This
reinforces the preceding conclusion that the effect of void size is
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much stronger than the effect of loading velocity with regard to the
intensity of localization of energy. The variation of the maximum of
the gas-phase density for different impact velocities for the 20-um
void (Fig. 19b) is similar to that for the smaller 10-um-diam void.

V. Conclusions

A numerical method has been developed and applied to study
the combined gas- and solid-phase mechanics in the presence of a
void, which collapses under shock loading. The chemical reactions
in the condensed as well as gas phases were modeled. Calculations
were performed by varying parameters that are important in the void
collapse phenomenon, namely, the intensity of shock loading and
the void size.

The current model allows for only one reaction to occur in the con-
densed phase. This is a depolymerization reaction (species A — B),
which is endothermic. Following this reaction, the product B can ex-
ist in the condensed or gaseous phases. The species B, when formed
in the condensed phase, is advected from the solid-void surface into
the void. Thereafter, provided the gas-phase temperature is suffi-
ciently high, species B breaks down into gas-phase products (C and
D) through highly exothermic reactions. In the current system it ap-
pears that, at least for the conditions investigated, the temperatures
in the condensed phase do not reach high enough values to produce
much of species B. The temperature needs to be at least 800 K in the
condensed phase in order for production of B to begin. Such high
temperatures are only reached when the void has partially collapsed,
whereby the impact of the jet of condensed material from the bot-
tom surface of the void onto the top surface of the void leads to high
enough temperatures to almost completely convert A to B in such
locations. However, this does not leave enough time for the species
B to accumulate in sufficient quantity in the remaining gas pockets
to set off the exothermic gas-phase reactions. In fact, the effects of
the gas—solid coupling in the void collapse problems studied in this
paper were modest. This shortcoming of the model was not foreseen
prior to the simulations.

Under the model used, the effects of the void size were far more
significant than those of the loading intensity on energy localization.
For a given size of void, loading intensity appears not to influence
the energy localization significantly because the void collapse time
scales inversely as the loading strength. Therefore for higher loading
strengths the void collapses rapidly, and the events that contribute
to energy localization, such as the formation of a hydrodynamic jet,
are not able to build for sufficiently long durations. On the other
hand, for larger voids and given loading intensity the void collapse
time is longer. Hence the buildup of energy localizing phenomena
can “cook” for longer times.

This work brings to light an important aspect of modeling of reac-
tive micromechanics of void collapse. In most cases, the present sim-
ulations show that the high temperatures that could lead to the con-
version of polymer HMX (species A) to its monomer form (species
B) and the subsequent breakdown into gaseous reactants occur when
the void completely collapses. Thus, prior to collapse the highly
exothermic gas-phase reactions are limited in the void. The conven-
tional picture of a thermal runaway caused by the thermal feedback
from the gas phase caused by reactions in the gas does not seem to
occur for micron-sized voids studied here with the reaction model
used in this work. For sufficiently strong loading it is found that once
the void collapses a large region of breakdown to yield the monomer
B occurs. This region is coincident with very high temperatures and
pressures. In this region the subsequent reaction steps leading to
formation of C and D species and the accompanying large heat re-
lease could occur if these reactions occurred in the mixture of phases
likely to be present at such a location. At the extremely high pres-

sures and temperatures present it is difficult to characterize the state
and properties of the material present, and there is little guidance
that can be obtained from empirical data. Thus, further theoretical
and experimental investigation is necessary to clarify the thermo-
mechanical coupling during void collapse when chemical reactions
are initiated.
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