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Abstract

An analysis of hot spot formation and evolution in
porous explosives is performed for a viscoplastic model of
pore deformation behind an initiating shock wave. Critical
conditions for initiation of reaction in hot spots are
estimated for the limiting cases when the chemical
reactions occur only in the solid phase and when they occur
only in the gas phase. Based on the comparison of mean
pore size in the explosive material with the critical one
that is sufficient for initiating and sustaining the
chemical reaction, an explanation is given of the
experimental data on nonmonotonic dependence of the shock
sensitivity of porous explosives on their microstructure.
The dependence of the critical pore size on the initiating
shock wave amplitude is presented.

Introduction

During the last decade, substantial progress was made
in studies of shock initiation of porous energetic
materials. Special attention has been paid to the effects
of the structure of porous high explosives on their shock
sensitivity [Taylor et al. (1976); Setchell and Taylor
(1984); Von Holle (1983)]. Several physical models of "hot
spot" generation (i.e., origination of reaction centers in
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a heterogeneous explosive), which precedes the spread of
the reaction over the entire volume of shocked explosive,
were developed. These models are based on the analysis of
hydrodynamic and elastic-plastic interactions of an
initiating shock wave (ISW) with: density discontinuities
in the material, e.g., voids or solid microparticles [Mader
(1979); Hayes (1983)], viscoplastic deformation of the
pores caused by the action of an ISW on the material
[Khasainov et al. (1981, 1983); Borisov et al. (1986);
Attetkov (1986); Frey (1985); Kim and Sohn (1985); Maden
(1987)] or friction heating in the shear bands [Frey
(1981); Amosov (1982)].

Each of these mechanisms may lead to formation of hot
spots in a suitable situation. However, theoretical.
studies of the stage of growth (or evolution) of the
reaction centers are rather contradictory, as was
demonstrated by Wackerle and Anderson (1983).

In the present work the formation and development of
the reaction centers in porous explosives are analyzed
based on the viscoplastic mechanism. Critical conditions
for initiation of solid high explosives (HE) around a pore
are calculated for the case where chemical reaction occurs
in the solid phase. Within the framework of the gas-phase
mechanism of chemical reaction initiation, extinguishment
of certain reaction centers and transition to a self-
sustained growth of the hot spot are described. The
nonmonotonic dependence of the shock sensitivity of porous
HE on the size of pores and HE grains (Setchell and Taylor
1984) is explained.

Dynamics of Pore Deformation

In the analysis of the dynamics of viscoplastic
deformation of pores in solid materials, an effective
spherical cell is usually considered (Carro] and Holt
1972). The initial radius of a void is assumed to be equal
to the mean pore size a, and the outer radius of the cell
b, is defined in such a way that the ce]] poros1ty ¢
coincides with the HE porosity, i.e., 0 (ao/b )3
1-p/p,. Here p is the density of porous HE and p_ is the
theoretical maximum density of the HE. Thus, in the model
under consideration, the structure of the porous HE is
characterized by a  and ¢, .

Estimates madeé by Khasainov et al. (1981), 1nd1cate
that, for Reynolds numbers Re=a (p Pm/4u) <1 (P
characterlst1c ISW amplitude, and u is the so11deE
viscosity), the process of pore deformation behind the ISW
front is viscosity-controlled and spherically symmetrical,
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that is, the cell together with its field of radical
velocities moves as a whole at the particle velocity behind
the ISW front. This hypothesis is supported by data
(Hasegawa and Fujiwara 1982) which shows that, during the
course of collapse of gaseous bubbles behind a shock wave
in glycerol, the shape of the bubbles is nearly spherical,
even for Re = 10. For propagation in the HE of a
compression wave with an extended pressure profile (ramp
wave), the assumption of sphericity of pore deformation is
substantiated by Khasainov et al. (1983), Frey (1985), and
Attetkov (1986). In both cases (sharp and ramp waves), the
bulk solid in the cell may be considered to be
incompressible because specific volume changes in a shocked
porous material are mainly due to collapse of voids. It
should be noted, however, that the real pore shape is close
to the spherical one solely in high-density explosives
(Soloviev et al. 1981). Shock Hugoniots of porous
materials calculated employing the model of spherical cells
(Dunin and Surkov 1979) are nevertheless consistent with
the experimental data, even for HE densities characteristic
of loosely packed materials.

The solid material is assumed to obey the
relationships relevant to a viscoplastic medium. As the
wave amplitude, in a porous material, P (t), exceeds the
pore strength, the pore deformation occurs in the totally
plastic regime (elastic behavior of the solid material is
ignored). The time history of the macroscopic pressure P
is assumed to be prescribed. In the model suggested, a
response of a porous cell to a given load is considered
alone, and the effect of the processes occurring in the
cell as a result of chemical reactions on the macroscopic
flow pattern is not considered here, in contrast to the
closed model proposed by Khasainov et al. (1981).

Inasmuch as the radial flow of the solid material
around a pore arising on passage of a shock or ramp wave
through the cell results in heating the solid and gas
phases, this may lead to initiation of the chemical
reaction.

Mechanism of Local Chemical Reaction Initiation

The analysis of the viscoplastic mechanism of hot
spot formation performed by Khasainov et al. (1981, 1983)
has shown that this mechanism is very efficient and
provides for a temperature rise at the surface of not too
small pores up to T>1000°K for P >0.5 GPa. However,
neither the melting of HE nor the detailed mechanism of

chemical reactions is considered in these works.
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Now we will formulate the main features of the
mechanisms of chemical reactions that may occur during pore
deformation. As the pore radius decreases, the temperature
of the solid material at the pore surface may reach melting
point. Melting points of solid explosives do not exceed
450°K at atmospheric conditions, a much lower temperature
than that at which chemical decomposition becomes
noticeable. Melting temperature increases nearly linearly
with pressure by about 200°K per 1 GPa. With decreasing
pore radius, a phase transition must occur at the pore
surface. Since the pressures (> 1 GPa) and temperatures
(2300°K) under consideration are much higher than the
critical point coordinates on the phase diagram of typical
organic nitrocompounds, the solid material will not be
converted on further heating first into liquid and then
into gas. Instead, it will transfer to a new isotropic
phase that for convenience is referred to below as a "gas,"
though under the conditions considered there is no
difference between liquid and gas.

When the material is reactive, its heating during the
course of pore deformation may initiate chemical reactions
both in a layer of the solid adjacent to the pore surface
and on the surface proper. For values of the kinetic
parameters typical of solid HE pressures on the order of 1
GPa, and melting points of HE are below 700°K; at
relatively Tow ISW amplitudes "gasification" of a solid at
the surface of a pore being deformed will result from the
phase transition starting when the pore surface temperature
attains the melting point. At relatively high pressures
P 23 GPa and melting points of 1000°K, the major
contribution to HE gasification results from homogeneous
and heterogeneous solid-phase HE reactions occuring before
the surface temperature reaches the melting point. The
gaseous products evolved from the pore surface diffuse in
both cases to the pore center, and their temperature
finally turns out to be higher than that at the pore
surface because of continuing gas compression (regardless
of whether the pores have been preevacuated). As a result,
an exothermic chemical reaction may also begin in the gas
phase. The dynamics of the reaction center development
(whether it will keep burning or fade out) is determined by
the competing processes of mechanical pore deformation,
heterogeneous and homogeneous solid-phase chemical
reactions, and homogeneous chemical reaction and diffusion
in the gaseous phase, and also by the processes of heat
conduction in the gas and solid arcund the pore (Borisov et
al. 1986).

Because of the complexity of the hot spot evolution
process, it is expedieni to analyze the solid-phase



CRITICAL CONDITIONS FOR HOT SPOT EVOLUTION 307

(mechanism A) and gas-phase (mechanism B) mechanisms of
reaction center formation and growth separately. Within
the framework of mechanism A we ignored the heterogeneous
reaction on the pore surface and assumed that pores contain
no gas at the initial time moment and that depletion of the
solid HE during the course of the chemical reaction is
insignificant. Thus, the problem is reduced to determining
conditions of a thermal explosion of the material around a
pore being deformed by ISW (Attetkov 1986). The critical
ignition phenomena are associated in mechanism A with
interactions of the processes of mechanical energy
dissipation, chemical heat generation, and heat transfer in
the material around the pore.

In analyzing mechanism B of chemical reaction
initiation in hot spots, we ignored the contribution of
solid-phase chemical reactions; i.e., we assumed that the
ignition takes place in the gas phase. Unlike the current
version of the solid-phase ignition model, mechanism B
allows the entire sequence of the processes of reaction
center origination and growth up to the onset of the self-
sustaining regime of pore burnout to be followed.

Mathematical Formulation of the Problem

In the frame of reference fixed at the center of a
pore cell, the conservation equations for an incompressible
solid viscoplastic material read as

a (rfv) =0, p = const
ar
[dv, + v, dv.] = da_ + 2 (0, - og) la
gats sars arr r r 9 ()
AT + v AT 1 = (A/r?) (8 r?3l)
pscs[ats : arS] ® ar ar

+ (2/3) (0, - 09)(%—% - V) + pQ.zexp(-E/RT)) (1b)
r r

0. -0g =Y+ 2 (av/or - v/r), P = -(0, + 20g)/3(1c)

S

for a(t) < r < b(t)

Here c_, A_, and Y, are, respectively, the specific
heat capaciiy, Yhermal conductivity, and yield strength, of
solid HE, P=P_(r,t) is the solid-phase pressure, Q, Zz,
and E  are the’ heat, preexponential factor, and activation
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energy of the chemical reaction in the solid, respectively.
The thermal and physical parameters of HE are assumed to be
temperature-independent, since the solid-phase temperature
T, cannot exceed me1t1ng point T_. When the gas-phase
initiation mechanism is cons1dered the intensity of the
chemical source in the solid is set at zero.

The conservation equations for the gas phase are
written as

2y -
gfg ! %2 %r(pgvgr y=0 (2a)
(dv_ + av ) = - 9P 2b
oot Bar® o (2]

éegg+l 8[vr(pe + Py)]
r? ar

at
=13 (\r 2,91 aT ) + Q.z.p, NANexp(-E /RT) (2¢)
rZ ar ar’®
dp A+ 1 3 (pv rZA) l 3 (pD r2 3A)
ot r ar 2 3r ar
nan
- z,0,"A"exp(-E_/RT ) (2d)

for 0 < r < a(t). Here A is the concentration of the
gasification products evolved into pores during melting or
decomp051t1on of so11d HE, D is the gas ("vapor")
diffusivity, Q, z, E, and n are the kinetic parameters
of the gas- phage reac€1on The Abel equation with a
constant covolume b_was used as an equation of state of
the gas phase

P, (1-bp)=pRT, e =RT/(k-1) (3)

= (cp/cv)g = const

It should be emphasized that these equations are employed
in mechanism B alone.
The conservation equations for two phases are connected by
the boundary conditions at the pore surface r = a(t)
Poo = Py + 2Y/3 - dpv/a + §(vg, - vy,)
J=ay8 - v,) = p(a - ), (& = da/dt)
T, =T Ag(aTg/ar)+ = ), (T /ar),

s+ g+’
Dp, (88/0r), = §(1 - A)
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Where j is the mass rate of gasification due to solid-phase
chemical reactions or phase transition at T =T, j=0
before the reaction starts or for T <T , and'Tm =T +CP
and Q_are the melting temperature and heat.
oundary conditions at the pore center (r = 0) and at
,the periphery of the spherical cell [r = b(t) with b(0) =
a/¢,'%] are

for r = 0, Vg = 0, aTg/ar = an/ar = gA/or = 0

for r = b(t), aT/ar =0 (5)

The initial conditions for Eqs. (1-5) are

fort =0, vo=v, =0, P =P,

T, =T =T,35=0,a=a,¢=¢

s ] °
P (t=0) = 3[[ P,rédr/(b® - a¥)],.,

= [P,(0) - P8,/ - &)

Equations (1) - (4) are analogous to those that describe
the behavior of a gas bubble in a liquid (Nigmatulin 1978).
In the present model, the response of the solid HE to
compression and chemical reactions in the solid or gas
phase are incorporated, and the phase transition kinetics
are neglected. In particular, the temperature jump at the
interface is ignored.

The pressure distribution in the solid material
surrounding the pore is found by integration of the
equations of solid-phase motion with respect to the radius
from a(t) to r, with the boundary conditions [Eq. (4)]
taken into account. The mean pressure in the material
around the pore P, is found by averaging this pressure
distribution over the solid phase volume. Since the mean
pressure in a porous medium, also the ISW amplitude, P_ in
the model considered is related to the mean pressure in the
pore P_ and that in the solid material of the cell P_ by
the exﬁression

P =P(1-¢)+Pg
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we can establish the following equation for the motion of
pore walls [from Eq. 4 it can be deduced that v,=a - i/p.]

Po - Py = (2Y/3)In(1/¢) - (1-¢)[4mv /a - J(vg, - v,,)]
- pl(avg, + 23v /p)[1 - ¢ - 1.5(4'%-¢)]

+ 1.5 V2 [1 - ¢ - (932 +9) - 3¢)1) (7)

where v_=dv_/dt. _

Inthe case of mechanism A, P =0 and X =0; hence,
there is no need to use Eq. (2). For the Sake of
simplicity we also disregarded the effects associated with
phase transitions and burning of HE before the ignition (j
= 0 and v_ =& in this case) and assumed Y and s to be
constant.  Thus, within the framework of mechanism A, the
problem reduces to a solution of the heat conduction
equation for the solid-phase jointly with Eq. (7). As this
simplified model does not account for the generation of
gaseous reaction products in the bulk of the solid material
surrounding the pore, it is limited to the calculation of
solely the critical ignition conditions in the vicinity of
a pore being deformed. The dynamics of hot spot growth are
beyond its scope.

In ignition mechanism B, the pressure in the pore is
assumed to depend only on time, since the time of the
pressure-wave journey in it (ao/cspnd) is much less than
the characteristic time of viscos1%y-contro]1ed deformation
of pores (4p/P ). This assumption is equivalent to
ignoring the gas motion in the pore; therefore, viscous
heating was ignored in Eq. (2). Furthermore, in this model
the temperature dependence of the viscosity and yield
strength can also be disregarded, since the solid material
temperature is bounded from above by the melting point, and
Y and p start decreasing with temperature rise only when T
approaches T (Borisov et al. 1986). The heat of melting

was assumed to be pressure-independent in calculations (Q,
is substantially less than heat of reaction), and the
kinetic parameters for the gas-phase chemical reactions
were taken equal to Q, z_, and E_, respectively (n=1).

The governing equations were solved numerically for
mechanism A and approximately by the method of integral
relationships for mechanism B. A comparison of the
approximate calculations of pore deformation and solid
heating with numerical calculations showed reasonable
agreement.



CRITICAL CONDITIONS FOR HOT SPOT EVOLUTION 311

* »
ao / H 0) 00, ‘ )
P p
I’M‘tt‘ah I’m'h’o”
100 - 100 SN
1(5'1 - 164 )
. N S
<P, Owin
1éL 1 2 1 162 N 1 N 1
0 1 2 By 3% 0 1 2 0,90

Fig. 1 The effect of viscosity (a) and yield strength (b) on the
threshold of reaction initiation in TNT of initial porosity ¢ =
0.1. Yield strength Y = 0.2 GPa for curves 1 and 2 and 0.1 6Pa for
curve 3. Viscosity g = 10 Pa-s for curves 1 and 3 and 1 Pa-s for
curve 2. The dashed line in b represents the threshold pore radius
at which cooling of HE by heat conduction becomes important.

Results and Discussion

To illustrate the effect of the basic parameters on
the critical conditions of solid HE ignition in the
vicinity of pores being deformed behind the shock wave
(mechanism A) and on the ignition and growth of hot spots
in mechanism B, we performed calculations for a model solid
HE similar in its properties to TNT: p_=1.66 g/cm?, Q.=4.31
MJ/m®, E_=0.224 MJ/mole, z=10'% s7!, X =0.2 W/(m°K), and
€,=1205 J/(kg°K). The viscosity of the solid HE was varied
over a wide range to demonstrate the limits within which
the viscoplastic model can result in reaction center
growth.

Critical Conditions of Hot Spot Initiation by Mechanism A

Fig. 1 shows the critical pore size a*o, at which the
chemical reaction can still be initiated on the pore
surface as a function of the ISW amplitude for various
values of the viscosity and yield strength. It is assumed
that P (t) = P = const. The explosive is ignited at a
given $m when a >a . As seen from the results presented,
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the plastic properties of the solid HE dominate when the
ISW amplitude is commensurate with the material strength
(P =Y), but for relatively strong waves (P >Y) the effect
of viscosity prevails. For TNT the material strength
becomes unimportant when P> 1.5 GPa.

The influence of structural parameters of a porous HE
(a, and ¢) on the reaction initiation limit P is
i1ustrated by the curves plotted in Fig. 2. The results
show the following.

1) The structural parameters affect the initiation
Timit only for P <2 GPa; at P >2 GPa, practically all the
pores ignite. Approximate]y'%he same pressure range
(P =2.0-2.2 GPa) was defined by Balinets and Karpukhin
(1581) as the range in which the concentration of effective
reaction centers reached its maximum value in TNT of the
initial density p = 1.66 g/cm’ (¢,=0.06). Taylor and Ervin
(1976) considered the ISW amplitude P = 1.7 GPa to be the
1imit of detonation initiation in TNT with p = 1.56 g/cm’.
Recent experimental studies by Balinets and Gogulya (1986)
employing light-emission measurements yielded nearly the
same values of the detonation initiation limit, with Pm =
2.0 GPa for pressed TNT with p = 1.6 g/cm® (¢,~0.036).

2) Near the threshold wave amplitudes the effect of
pore size inhomogeneity on the critical conditions for
initiation of a chemical reaction in hot spots in TNT is
most prominent at Tow porosities (¢.<0.1). As the initial
porosity of HE increases, the depenaence of P on the mean
pore size becomes weaker.

*
a,,
JMW
Izm‘tion
1 0 L Fig. 2 Influence of structural
0 Pr=0.8 9Pa. parameters on initiation

threshold of the solid-phase
chemical reaction in TNT.
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3) The calculated dependence of a’ on ISW amplitude
shows that a° grows abruptly with decreas1ng shock-wave
amplitude; i.e., a threshold pressure for reaction
initiation exists. Earlier we derived the following
expressions for estimating this pressure:

= (2¥/3)1n(1/8,) + pc (T, - T,)/3
(Khasainov et al. 1983) and
= (2Y/3)1In(1 + [(1-9.)/¢,]
exp[(1.5p,c (T, - T D/

(Attetkov 1986). Here Tgn 1000°K is a typical
temperature of pore surface ignition. The values of Pm
Fig. la are shown by the vertical bar. These two estimates
agree with each other and with numerical calculations
performed for mechanism A.

4) Since a decrease in the shock amplitude causes a* o
to increase, the chemical reaction in a very porous HE
(with a broad distribution of pore sizes) will be initiated
by a relatively weak wave solely around sufficiently large
pores. The number of such pores is greater in coarse HE.
Therefore, at lTow shock amplitudes HE’s with fine grains
are less sensitive than the coarse ones having the same
porosity. On the other hand, when an initiating wave is
sufficiently strong (to the extent that a _ turns out to be
much less than the mean pore size), a fine- -grained HE will
be more sensitive than the coarse one with the same
porosity. Hence, the nonmonotonic behavior of the shock
sensitivity of porous explosives as a function of their
microstructure (Setchell and Taylor 1984) appears to be a
natural consequence of the dependence of a  on the ISW
amplitude. This effect can also be accounted for based on
an estimate of the threshold pore radius a . at which
conductive cooling of the hot spot during pore deformation
becomes essential. According to Khasainov et al. (1981)

3y, = 2[m/(p,cP,)]*

The dashed curve in Fig. 1b shows the a_. vs shock
amplitude dependence for g = 10 Pa-s Tﬁe a and a .

dependences on the shock amplitude are seen to be
qualitatively similar, and their quantitative discrepancy
diminishes as the shock amplitude rises and the strength of
HE becomes unimportant.



314 B. A. KHASAINOV ET AL.

4 'l'% 4

PS 2<
T

5 T/TO 15.

1IN

gL 10-

I\ ©

S \___ 5“

t

!
LH --: 3 21

L \\ ..P/\1 g
0 T :t: T L] T y T Y
2 6 t, rs 2 6 t'rs

Fig. 3 Dynamics of formation and evolution of a reaction center in
TNT. Results are shown for P =1.75 GPa, s = 50 Pa-s, Y =0, ¢ =
0.05, a_=2pum, k=2, b =1cm’/g, W = 22.7 g/mole, D = X\ /p Cyr
x =0.08 W/ (m°K), the constants in dgpendence of melting p int %on
p?essure T =T +CP: T =478°K, C = 200°K/GPa, and Q_ =1
MJ/Kg, with (so"fid curve) and without (dashed 1ines) gasphase
decomposition of TNT.

Development of Reaction Centers According to Mechanism B

In Fig. 3 the evolution of a reaction center is shown
with and without allowance for the gas-phase exothermic
reaction of TNT "vapor" in a hot spot formed in an HE
charge loaded with a long-duration shock wave. The results
diverge only after vapor ignition occurs. First, we
discuss the case of inert vapors. At the initial stage of
pore deformation a reduction of its radius (Fig. 3a) is
accompanied by a rise of the pore surface temperature (the
bottom curve in Fig. 3e) and the gas temperature [the
medium-dashed curve in Fig. 3e represents a temperature of
gas in the center of the pore, Tg(r=0)]. At t=0.07us the
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pore surface temperature reaches the melting point and the
phase transition starts, as a result of which vapors of the
solid material begin to flow into the pore and thus enhance
the pressure rise in the pore (Fig. 3b). The linear
regression rate for the solid undergoing the phase
transition is shown in Fig. 3c by the dashed curve. The
dimensionless parameter £, inversely proportional to the
gradient of vapor concentration at the pore surface, is
presented in Fig. 3f. In the absence of the chemical
reaction in the gas, the vapors rapidly fill the pore
volume, and their concentration becomes almost uniformly
distributed (dashed curve). Characteristics of this stage
are a fast rise of the gas pressure, regression rate, and
gas temperature in the pore center. The mass fraction of
gasified solid material n also grows (Fig. 3d). The pore
pressure becomes even higher than the mean pressure P in
the two-phase medium; therefore, the pore radius ceases to
grow and the pore starts to expand (Fig. 3a) at the expense
of both the phase transition and the pressure difference.
This immediately causes a pressure decay in the pore to the
ambient pressure, which in turn leads to a drop of the
temperature in the pore and of the regression rate (Figs.
3e and 3c) and n to level off (fig. 3d). Finally the gas
temperature drops to the melting point as the result of
pore expansion and injection into the pore of a large
amount of relatively cold gas at Tg+ =T, and solid
gasification stops. Starting with this instant (about
0.6us), the surface layers of the pore are slowly cooled by
heat conduction in the solid phase. Because of the phase
transition of an inert material, about 0.5% of it converts
into gas during pore deformation.

The situation is quite different for reactive vapors.
Almost immediately after gasification begins, HE vapors
diffuse to the pore center, where the high temperature
ignites them. As a result, the vapor front appears as if
it is pushed backward to the pore surface (Fig. 3f, solid
1ine) because of the burning of the vapor. With exothermic
reaction in the pore the pore pressure and temperature do
not drop as rapidly as in the case of inert vapor. The gas
temperature then grows to a high value and causes the
regression rate to increase (Fig. 3c). After a relaxation
period, from 0.1 to 0.8 us, the regression rate attains a
quasisteady value of about 0.4 m/s, and the reaction center
grows further in a self-sustaining regime.

The burnt fraction of the HE as a function of time
during pore deformation is shown in Fig. 4 for various
shock-wave amplitudes. Although the characteristic
reaction center burnout times may differ appreciably,
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Fig. 4 Burnt fractions of TNT vs time for different shock-wave
amplitudes. Results are for: u = 10 Pa-s, a =1pm, and k = 2.

depending on values of the main parameters, the time
histories of the burnt fractions possess some common
features. A critical shock amplitude exists below which no
self-sustaining chemical reaction is initiated in the hot
spot. In the examples considered this critical pressure is
close to 1 GPa, in reasonable agreement with the
experimental data [Taylor and Ervin (1976); Balinets and
Karpukhin (1981); Balinets and Gogulya (1986)]. The
results (Fig. 4) suggest that decomposition of HE around
the pore occurs in two stages corresponding to the clearly
distinguished portions of the n (t) curves with
fundamentally different sensitivities to the shock
amplitude. In the initial stage (up to burnt fractions of
the order of a few percentage points) the hot-spot burnout
dynamics is strongly dependent on the shock amplitude.
After the quasisteady self-sustaining regime is attained,
the burning rate is only slightly affected by the shock
strength. This result agrees qualitatively with the
experimental data (Von Holle and Tarver 1981) and can be
explained by the fact that, at the pressures considered,
the gas density grows only slightly with the growth of
pressure, and the burning velocity increases with the
rising gas density. At the reaction initiation limit the
burnt fraction of the solid HE (n = 1%) may be sufficient
to sustain propagation regimes of lTow velocity detonations
(Khasainov et al. 1977). Calculations also show an
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interesting effect; namely, in some cases an increase of P_
enhanced HE burning up to n = 15-30% only. After this the"
burning rate vs P_ dependence for a growing hot spot is
reversed. This result may indicate that the solid-phase
reaction should be incorporated into the model.

Figure 5 demonstrates n (t) dependence for various
initial pore radii a,. The smaller the mean pore size,
i.e., the h1gher the HE-specific surface for a fixed value
of porosity (¢, = 0.05 in the case of 1ssue), the faster
the reaction center grows. This trend is observed only for
mean pore sizes exceed1ng the critical value a° o F Ay
For example, at a, = 0.3um the chemical reaction cannot be

initiated with the other parameters being equal. Thus, the
gas-phase ignition mechanism also may explain the
nonmonotonic dependence of shock sensitivity of porous
explosives on their microstructure.

The time histories of the burnt fraction and gas
pressure in the pore, for the case when the porous HE is
pressurized by a shock wave and ramp compression wave with
an extended front of the same amplitude (2.5 GPa), are

0%
10 "%
p
7'}' a,s3y
p
5..
t)
O :l é me

Fig. 5 Burnt fractions of TNT vs time for shock wave 1n1t1atlon at
different values of the mean pore size. Results are for P = 2.5
GPa and g = 100 Pa-s
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presented in Fig. 6. The calculations demonstrate that
viscosity increases result in longer hot spot ignition
delays, since a , rises as the viscosity grows and may
become commensurate with a . The pressure in the pore
after ignition also increases, since the forces resisting
the pore expansion increase. In a wave with a longer rise
time (2 ps instead of 1 us), the reaction centers form much

104 %

Fig. 6 Comparison of burnt fractions vs time curves for porous TNT
(¢, = 0.05) of various viscosity loaded by a shock and compression
waves of the same amplitude (2.5 GPa). The pressure in the ramp
wave changes stepwise to 0.5 GPa at time zero [to provide P_(t=0) >
(ZY/:;,)In((jléqso)] and then to grow linearly with time to 2.5 8pa for
T=1an Bs.
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more slowly, and, when 7 = 2us and g = 40 Pa-s, no reaction
is initiated in the hot spot.

Additional calculations with gas heat conductivity
set at zero show that at the initial stage of pore
deformation thermal conduction from the gas phase
contributes little to solid phase heating. During this
time the gas pressure is much lower than the solid phase
one (i.e., the HE is heated at the expense of the viscous
energy dissipation and the work of plastic deformation).
After the gas and solid pressure become equal, the energy
is transferred to the fresh solid around the pore solely by
gas-phase heat conduction rather than by viscous energy
dissipation. If the HE strength is taken into account, the
gas pressure at the stage of self-sustaining hot spot
growth exceeds the solid-phase pressure by (2Y/3)1n(1/¢) =
0.1 GPa; v_, in this case is nearly zero. The proposed
model ignores the compressibility of solid HE and hence the
possible role of hydrodynamic flow in the energy transfer
mechanism. After postignition pressure relaxation in the
gas phase, heat conduction becomes the major energy
transfer mechanism from the gas to the solid in the model
considered.

Summary

The main results of the computations are as follows:
1) The gas-phase ignition mechanism may describe both the
development of a reaction center (from ignition to self-
sustaining burning) and its extinction.
2) The two ignition mechanisms considered explain the
experimentally observed nonmonotonic dependence of shock
sensitivity of porous high explosives on grain and pore
size through a comparison of the mean pore size with the
critical one at which the self-sustaining chemical reaction
can still be initiated in the hot spot. This critical pore
size increases when the amplitudes of constant or ramped
strength shock waves decline.
3) According to the gas-phase initiation mechanism, the
rate of reaction center growth is determined by the
initiating wave amplitude at the initial stage of the
reaction but is practically independent of wave amplitude
when the burnt fraction of the solid explosive around the
pore exceeds several percentage points. This prediction is
also consistent with the experimental data.
4) The model suggested may be employed in modeling
detonation buildup (particularly low-velocity detonations)
and estimating critical pressures of local chemical
reaction initiation in porous high explosives behind shock
and compression waves.
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