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Phenomenological model of shock initiation in

heterogeneous explosives
E. L. Lee and C. M. Tarver

Lawrence Livermore National Laboratory, Livermore, California 94550

(Received 3 December 1979; accepted 20 August 1980)

An ignition and growth concept is used, within the framework of a one-dimensional Lagrangian
hydrodynamic code, to model the shock initiation of heterogeneous solid explosives. The leading shock wave
of an initiating pulse is assumed to ignite a small fraction of the explosive at localized heated regions. These
ignited regions then grow as material is consumed at their boundaries. The growth rate for a particular
material is assumed to have the characteristic pressure dependence of high-pressure laminar burning
experiments. Results of the model calculations are in good quantitative agreement with recent manganin
pressure gage and particle velocity gage measurements of the buildup of the initiating shock front to
detonation for both sustained and short duration pulses in four solid explosives: PBX — 9404, TATB, cast
TNT, and PETN. The predicted run distances to detonation as functions of shock pressure at various initial
densities and the predicted reaction zone lengths of the fully developed detonation waves also correlate well

with experimental data for these four solid explosives.

. INTRODUCTION

A complete determination of the process by which an
impulse delivered to an explosive evolves into a self-
sustaining detonation wave, would require not only a
complete determination of the macroscopic hydrody-
namic flow but also a detailed microscopic measure-
ment of the small scale nucleation and turbulent phen-
omena. These phenomena must play an important part
in heterogeneous materials, if not in all explosive ma-
terials. Experimental researchers over the past thirty
years have provided progressively more accurate and
complete data. During this time, the development of
theoretical models to better understand the shock initi-
ation process has often lagged behind the experimental
observations. Efforts to extend the models to predict
hitherto unobserved results have been very limited.

Since the ignition and growth concept discussed in this
paper also makes extensive use of the available experi-
mental data to parameterize the equations and to test
the phenomenological models, it is useful to briefly re-
view the experimental evidence and the development of
theoretical models of shock initiation in heterogeneous
explosives.

A. Development of experimental techniques

It has long been recognized! that the shock initiation
of heterogeneous explosives is controlled by the forma-
tion and subsequent reaction of the hot spots that have
been created by various localized heating mechanisms
as the shock pulse compressed the heterogeneous solid.
The ignition of these “hot spots” is strongly dependent
on the constitutive state of the explosive, especially
the porosity and the crystalline microstructure.
Many excellent experimental studies of shock initiation
of heterogeneous explosives at various initial densities
have been conducted by determining the trajectory of the
shock front and the ensuing detonation wave through a
wedge of explosive. Seay and Seely® determined the
shock initiation threshold of PETN wedges pressed to a
density of 1.0 g/cm?® for sustained pulses from brass
and Lucite plates. Ramsay and Popolato® reported the
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measured excess transit times and run distances to de-
tonation versus shock pressure for sustained pulses in
wedges of several explosives at higher densities. In
later wedge test studies, PETN-based,* RDX-based,’
and tetryl-based® explosives were used to determine run
distances to detonation versus shock pressure for sus-
tained pulses driving explosives at various initial densi-
ties and degrees of porosity.

In addition to these sustained pulse studies, Gittings,’
and later, Trott and Jung® studied the shock initiation
of PBX-9404 and Comp B by short duration shock pulses
produced by propelling thin aluminum flyer plates into
the explosive sample at various velocities and measur-
ing the transit time of the pulse through the sample.
These studies yielded critical impact velocity or pres-
sure versus pulse duration curves for initiation of de-
tonation and excess transit time measurements for
samples that did detonate.

More recent experimental studies have revealed that
in heterogeneous explosives the principal buildup of
chemical reaction lies in a region behind the lead shock,
and not as closely coupled to the trajectory of the shock
front, as had earlier been supposed. Liddiard,’ using a
fast framing camera, reported delayed (6 to 30 psec)
burning reactions when PBX-9404 was subjected to low
amplitude (0.5 to 1.5 GPa) shocks in underwater exper-
iments. Green!'® in similar experiments observed de-
lays of 40 to 70 psec before burning reactions began in
PBX-9404 subjected to even lower amplitude (0.3 to 0.5
GPa) shocks in underwater tests. Using a free surface
velocity technique, Craig and Marshall'! reported sig-
nificant decomposition behind the shock front as well
as partial reaction at the front in shocked but not deton-
ated PBX-9404 for initial shock pressures in the 2.3 to
5.8-GPa range. Kennedy'%!3 used a quartz guage tech-
nique to observe pressure buildup behind the shock front
when the initial stress into PBX-9404 exceeded 3.0
GPa. With a laser interferomatic technique, Kennedy
and Nunziato'® measured the increase in particle veloci-
ty behind the shock front in PBX-9404 for two pulse dur-
ations at an intial stress level of approximately 3.7
GPa.
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Important recent developments in experimental shock
initiation research have been the perfection of thin em-
bedded manganin pressure gages and embedded particle
velocity gages. These techniques allow detailed, quan-
titative studies of the flow fields in the region of buildup
to detonation in one-dimension shock initiation experi-
ments. Cowperthwaite and Rosenberg!® measured the
hydrodynamic flow behind the shock front in cast TNT
shocked to about 5.5 GPa with Dremin loop particle vel-
ocity gages and developed a direct analysis of Lagrange
gage data to interpret these data in terms of reaction
rates. Manganin pressure-gage records of the pres-
sure histories at several gage planes in the buildup re-
gion for relatively high input shock pressures (>2 GPa)
and short run distances to detonation (<20 mm) have
been obtained in four heterogeneous solid explosives:
PETN,!® TNT (cast'™!® at a density of 1.61 g/cm? and
pressed!® to a density of 1.56 g/cm?®), TATB,* and
PBX-9404 2%2! Both sustained and short pulse durations
have been used to obtain manganin gage data in cast
TNT!® and PBX-9404.% Recently, Green, ef al.?? stu-
died the reaction buildup in PBX-9404 from low ampli-
tude (0.4-1.4 GPa), long-duration shock pulses in 102-
mm long specimens containing multiple embedded man-
ganin gages.

These pressure and particle velocity measurements
have greatly increased the knowledge of the buildup to
detonation region in the one-dimensional shock initiation
of solid explosives. These measurements clearly show
that the initial shock front increases slowly in amplitude
as it propagates through the explosive. However, they
provide strong evidence that the principal pressure
buildup occurs behind the leading shock front, and the
transition to detonation occurs very rapidly as the trail-
ing pressure pulse overtakes the leading shock front.

B. Development of the theoretical models

The development of the theoretical understanding of
shock initiation of heterogeneous explosives has closely
paralleled the experimental progress. The “hot spot”
concept, originally proposed by Bowden® and Eyring,**
postulated a grain burning mechanism for the propaga-
tion of detonation. Hubbard and Johnson®® pioneered
the use of one-dimensional hydrodynamic computer
codes to model shock initiation using Arrhenius kineties.
Mader?® 2" extended the use of Arrhenius kinetics to
studies of the formation of hot spots by void closure and
the subsequent thermal explosion of hot spots. Boyer?®
used a reaction rate model that included the hot spot,
grain burning, and diffusion controlled reaction con-
cepts and was able to fit shock trajectory data for shock
initiation of TNT. Hydrodynamic calculations by Enig
and Petrone?®* showed the importance of the tempera-
ture variation in the equation of state of the unreacted
explosive in initiation calculations involving Arrhenius
kinetics. In fact, the problems of calculating® (much
less measuring) the temperature of a shocked explosive
for use in an Arrhenius kinetic reaction rate equation
still severely limit the usefulness of such calculations.

In the analysis of short pulse duration shock initiation
data for TNT, Walker and Wasley® proposed a critical

2363 Phys. Fluids, Vol. 23, No. 12, December 1980

energy criterion for initiation of detonation which has
become known as the p?7=const criterion. This rather
simple criterion has been the subject of considerable
experimental work and theoretical discussion.®® de
Longueville et al. in an extensive study of granular,
pressed, cast, and liquid explosives showed that the p*t
or constant critical energy concept describes initiation
behavior over wide ranges of pressure and pulse dura-
tion for PBX-9404 and Comp B, but does not correlate
with shock initiation data on liquid TNT, nitromethane,
and some RDX-based explosives. As it was originally
intended, the P?7, or critical energy criterion, has
been shown to be a very useful engineering tool for
predicting shock initiation of certain explosives over
certain ranges of pressure and pulse duration.

This brief summary illustrates the variety of empiri-
cal and phenomenological models which have been ap-
plied to the shock initiation problem. Within carefully
defined limits, these models has successfully simulated
experimental results. The use of a pressure-dependent
reaction rate law rather than one based on Arrhenius
kinetics in a one-dimensional hydrodynamic calculations
was first reported by Bernier ef al.®® Using run dis-
tance to detonation versus shock pressure data as input
to the reaction rate equation, Mader and Forest®® devel-
oped a semiempirical shock initiation model, based on
the dependence of detonation delay time on shock pres-
sure that has been applied to two-dimensional detonation
wave propagation in homogeneous and heterogeneous ex-
plosives® and to shock initiation of heterogeneous ex-
plosives at various initial densities .38

Recent theoretical modeling efforts have attempted to
reconcile the type of reaction rate implied by the La-
grange gage experiments previously described. Using
manganin gage data from PBX-9404% as a basis for
similarity solutions, Cowperthwaite®® constructed solu-
tions that qualitatively describe the hydrodynamic flow
and that indicate a two-step energy release rate. A
continuum model for hot-spot initiation of granular ex-
plosives formulated by Nunziato ef al.4® matched the
qualitative features of the early shock growth observed
by the laser interferometric technique in PBX-9404 .14
Wackerle et al.? successfully reproduced their sus-
tained and thin pulse pressure histories in PBX-9404
with a reaction rate law containing a quadratic pressure
term, an Arrhenius kinetics term, and an induction
time factor based on the plastic work at void peripher-
ies being proportional to [p®dt and on a pressure cut-
off for reaction of 0.75 GPa. Using the direct analysis'®
of gage data, Kamel and Dremin'”*® have employed a
pressure-dependent reaction rate law that agrees
reasonably well with the early part of their pressure
gage data.

In this paper, a phenomenological model is developed
which applies to a wide range of materials and a wide
range of shock initiation stimuli. An earlier version®™
of the ignition and growth model presented in this paper
was used to calculate initiation in PBX-9404% from low
amplitude shock waves and to demonstrate the signifi-
cant difference in shock initiation behavior of PBX-
9404 below 1.4 GPa as compared with the initiation be-
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havior above 2.0 GPa.®-*:2%2L Ip this paper, the igni-
tion and growth approach to modeling the one-dimen-
sional shock initiation of heterogeneous explosives is
described in detail, and results are presented to show
that quantitative agreement can be achieved with the
pressure-time, particle velocity-time, and run distance
to detonation data for varying stimuli over the wide
range of behavior exhibited by the four solid explosives
for which detailed experimental data have been pub-
lished.

il. THE IGNITION AND GROWTH MODEL
A. General discussion of ignition and growth

The ignition and growth concept of shock initiation in
heterogeneous explosives was incorporated into a
special version of the one-dimensional Lagrangian hy-
drodynamic code KOVEC.** This version was designed
to yield stable detonation waves based on the Zel-
dovich—von Neumann-Doring modeL*® Detonation
waves thus consist of a leading shock front in which
little or no chemical reaction occurs followed by a
well-defined reaction zone in which the pressure de-
creases to the Chapman- Jouguet value as the fraction
of explosive reacted approaches one. The fraction of
explosive reacting per cycle is limited to insure pre-
cise resolution of the reaction zone and reliable evalua-
tion of the energy and pressure, The volumes of the
unreacted explosive and its reaction products are as-
sumed to be additive, and pressures are assumed to be
in equilibrium. This work assumes a heterogeneous
process in which the temperatures of the reacted and
unreacted material are not in equilibrium.

The Jones—Wilkins— Lee equation of state** was used
in the ignition and growth calculations for both the un-
reacted explosives and their reaction products. This
equation of state has the form

w w wE
P =A( —R—F) exp(—RlV)+B<1 "RV >exp(-RzV)+ v
)]
where p is pressure in megabars, V is the volume of
the material at pressure p divided by the initial volume
of the unreacted explosive, E is the internal energy and
A, B, R,, R,, and w are adjustable constants. For un-

TABLE 1. Equation of state parameters for unreacted explosives.

reacted explosives, the constant B is negative allowing
the solid to undergo tension and w is set equal to the
initial Gruneisen coefficient. This equation of state is
fitted to initial sound velocity and experimental Hugoniot
data, and the initial internal energy is adjusted to fix
p=0 when V=1 at the initial {emperature (generally
298°K). This form has some advantages over forms
based on a linear shock velocity-particle velocity fit to
Hugoniot data. The Jones-Wilkins—Lee equation of
state can accommodate the measured bulk sound veloci-
ty and the experimentally observed curvature of shock
velocity ~particle velocity relationship at low shock
pressures, while still approaching the linear shock
velocity —-particle velocity data at higher shock pres-
sures. Table I contains the unreacted equation of state
parameters and the resulting calculated von Neumann
spike conditions for the four solid explosives examined
in this paper, The equation of state parameters and the
Chapman-Jouguet state for the reaction products are
derived primarily from fits to the experimental cylin-
der test expansion data for these explosives® and are
listed in Table II.

The chemical energy release rate laws in the ignition
and growth models are based on considerable experi-
mental evidence that the ignition of the explosive occurs
in localized hot spots and that the buildup to detonation
occurs as the reaction grows outward from these reac-
tion sites, As shown by Taylor and Ervin,* the ignition
and buildup sensitivities to shock can be separated.

The formation of hot spots can be explained by several
plausible mechanisms (void closure, microjetting in
collapsing voids, plastic work at void peripheries,
friction between particles, etc.). Von Holle* recently
reported the first actual measurements of hot-spot
temperatures in shocked PBX-9404 using a time re-
solved infrared radiometric technique. His results in-
dicated relatively small amounts of material ignited
close to the shock front in agreement with the predic-
tions of the model presented here.

The growth of chemical energy release from these
hot spots has been the subject of a great deal of re-
search, as reviewed by Howe ef al.*® Generally, the
growth has been treated as a thermal explosion mech-
anism or by a grain burning mechanism in which the

Explosives PBX-9404 TATB(RX-03~BB) PETN Cast TNT
polg/cm?) 1.842 1.90 1.75 1.61
w 0.8578 1.251 1.173 0.8926
A(Mbars) 69.69 108.2 37.46 17.98
B{(Mbar) —-1.727 ~2.406 ~1.313 -0.931
Ry 7.8 8.2 7.2 6.2
R, 3.9 4.1 3.6 3.1
Cv(Mbars/°K) 2.505%x107° 2.724X107° 2.263X107° 2.050%x107°
von Neumann spike conditions
D(mm/usec) 8.80 7.596 8.21 6.845
Pg(Mbars) 0.563 0.355 0.452 0.281
V/Vy 0.6057 0.6757 0.6068 0.6285
us(mm/psec) 3.470 2,460 3.188 2.5466
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TABLE II. Equation of state parameters for reaction products.

Explosive PBX-9%404 TATB PETN Cast TNT
E{(Mbars-cc/cc) 0.102 0.069 0.101 0.070
A(Mbars) 8.524 6.546 7 6.17 3.712
B(Mbars) 0.1802 0.071236 0.16926 0.032306
R, 4.6 4.45 4.4 4.15
R, 1.3 1.2 1.2 0.95
w 0.38 0.35 0.25 0.30
Cv(Mbars /°K) 1x107%  1x107%  1x107% 1x1073

Chapman-Jouguet conditions
Pcy (Mbars) 0.370 0.275 0.335 0.210
Va 'V, 0.7403 0.7492 0.7253 0.7317
% cy{mm/psec) 2.29 1.91 2.28 1.84

intergranular surface area controls the rate of reac-
tion

In the ignition and growth model described in this
paper, a small fraction of the explosive is assumed to
be ignited by the passage of the shock front, and the
reaction rate is controlled by the pressure and the
surface area as in a deflagration process. The ex-
plosive material can be consumed very rapidly since
the number of hot spots can be very large. Micron-
sized spherically burning regions grow and interact to
consume the intervening material within microseconds
in most cases. The most physically justifiable models
have produced the best simulations of the experimental
results. They can be represented by the generalized
energy release rate equation

%: (1 = Fynrs G(1 = FY*F7pe @)
n=Vy/V,-1, 3)

where F is the fraction of explosive that has reacted, ¢
is time, V, is the initial specific volume of the explo-
sive, V, is the specific volume of the shocked, unre-
acted explosive, p is pressure in megabars, and I, x,
r, G, ¥, and 2 are constants.

B. Hot-spot formation and ignition concepts

The rate equation was used to investigate several
concepts of hot spot formation and subsequent growth of
reaction from these hot spots. The n” term in Eq. (2)
was used to investigate various hot-spot formation con-
cepts, because 7, the relative compression of the un-
reacted explosive, can be related through the unreacted
equation of state to any of the thermodynamic parame-
ters that may be involved in the initiation process. To
a good approximation, p is proportional to 7* and the
square of the particle velocity u: is proportional to n*
over the range of compressions and pressures of in-
terest in shock initiation.

In the first reported application of the ignition and
growth model to the shock initiation experiments in
PBX-9404,% the reaction rate equation

11 -yl 2 20

+G(1 __F)zlst/spL.z , (4)

included an ignition rate which was simply proportional
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to the strain rate in the shocked explosive. When inte-
grated over the time required for shock compression,
the fraction of explosive ignited is proportional to 7,
and Eq. (2) with =1 yields the same results as Eq. (4).
Subsequent applications of this ignition rate showed that
this formulation did not apply over an extended range of
stimuli or material properties.

One model of hot-spot formation postulates that hot
spots are formed during the stagnation of microjets of
material accelerated into rapidly closing voids as the
shock front propagates over the irregular particles and
voids of a granular explosive. The energy deposited in
these hot spots is proportional to the square of the
particle velocity in the shocked explosive. The stagna-
tion of accelerated material as an ignition mechanism
was first postulated by Seely*® and later elaborated on
by Stresan and Kennedy.*® The shock initiation data of
Roth® supports their idea of a critical particle velocity
immediately behind the shock front which was nearly
independent of loading density for four explosives. In
order to investigate this ignition concept, Eq. (2) with
r =3 is used, since the square of the particle velocity
uj is proportional to 7°. Results shown later in this
paper tend to favor an ignition rate dependence of » =3
or greater.

An alternate model of hot-spot formation is based on
the amount of plastic work required at void peripheries
for dynamic void collapse. This mechanism was orig-
inally suggested by Taylor and discussed in later papers
by Wackerle.'®? It predicts that the amount of plastic
work required for hot-spot formation due to void col-
lapse depends on the pressure and its application rate
and is proportional to [p?dt. To investigate the p? igni-
tion dependence, Eq. (2) with =4 is used in the igni-
tion and growth calculations and yields the best overall
agreement with experiment as shown in Sec. IIIL.

C. Growth of reaction from ignited hot spots

The second term in Eq. (2), which describes the
growth of the reaction, is the most physically justifiable
one of several that were formulated. The constant G
corresponds to a surface area to volume ratio and the
p* term represents a pressure dependent laminar burn
rate. The pressure exponents measured for laminar
deflagration rates in explosives are generally on the
order of 0.8—1.0 for pressures below 0.1 GPa.5* There
is some experimental evidence that an abrupt increase
in the pressure exponent to approximately 2.0 occurs at
higher pressures.”® However, there is also experimen-
tal evidence that large increases in burning surface
area are the principal cause of the rate increases in
closed bomb tests on nitramine-based propellants
above 0.2 GPa.>* We will illustrate two approaches to
the growth process. We will either fix the exponent 2
at 1.0 to specifically show the degree to which the
burning surface area must increase or we will fix z at
the smallest value that yields good agreement with
shock initiation data. In both cases the sustained shock
pulse experiments will be used for parameterization.
The steepness of the run distance to detonation versus
shock pressure data, especially for TATB-based ex-
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plosives,”® indicates a strong pressure and/or surface
area dependence for the growth of reaction, The

(1- FFF? term in the growth reaction rate forces the
rate to zero when F equals zero and one, but also de-
termines the geometry of the hot spots and the value of
F at which their growth rate maximizes. Since spheri-
cal hot spots are implied by the various concepts of
their formation and ignition, the constant y is set equal
to £, since F?/3 corresponds to the surface area of
spherical hot spot burning outward.* The maximum of
(1-FFF? occurs at F=y/{(x+y). A value of x equal to
2 is used in Eq. (2) to maximize (1-FF'F? at F=§,
which corresponds to the maximum relative volume
that uniform size spheres can occupy. The

(1 = F)?/ °F?/3 term has little affect at small values of
F but does affect the completion of reaction as F—-1.
Relatively rapid transitions from shock initiation to
detonation and steady-state detonation reaction zone
lengths in good agreement with experiment values are
obtained in ignition and growth calculations that used

(1 — F?/°F?/3, This section has described the reason-
ing behind the choices of parameters in the ignition
and growth models. In the next section, detailed com-~
parisons of various model calculations with experimen-
tal one-dimensional shock initiation data are presented
to illustrate how the parameters » and z in Eq. (2) af-
fect the calculational predictions.

1ii. COMPARISON OF EXPERIMENTAL
AND CALCULATED RESULTS

A. General trends in the calculations

One-dimensional hydrodynamic calculations of shock
initiation based on various forms of the ignition and
growth reaction rate equation are compared with ex-
perimentally measured pressure or particle velocity
histories at various embedded gage positions in the ex-
plosive. Sustained and short duration shock pulse and
wedge test run distance to detonation versus shock
pressure dependences are compared for PBX-9404,
TATB, cast and pressed TNT, and PETN at densities
near theoretical maximum density. Run distance to
detonation versus shock pressure data for PETN at
four initial densities from 1.0 g/cm® to 1.75 g/cm? are
also used to compare the various models. Good overall
agreement between the ignition and growth calculations
and the experimental records is obtained for the two
reaction rate equations,

Qal;-‘:I(l - F)2/%pt + G(1 - F)2/°F2/3pr, (5)
where z is between 1.2 and 2.0 for the four explosives,
and

14— FProt + G~ FPIoF %, (&)
where the pressure exponent is 1.0 and the growth co-
efficient G(P;) increases as the input shock pressure p,
increases. The n* (or p?) dependence of the ignition
term is effective in predicting the differences in the
amplitude increase of the leading shock front measured
at several manganin gage positions as a function of ini-
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tial shock pressure and the differences in initiation be-
havior as a function of initial density. Ignition and
growth calculations based on ® (or «2) are nearly as

4 »
successful as those based on 7n°.

Manganin pressure gage records and the run distance
to detonation at a particular input pressure can be
matched fairly well with a pressure exponent of 1.0 and
a fixed value of G. However, when other input pres-
sures are calculated, the calculated run-distance shock-
pressure curves are not nearly as steep as the experi-
mental results. In the ignition and growth calculations,
the ignition term burns a very small fraction of explo-
sive, which is always less than the original available
void volume during shock compression. The ignition
term is turned off when the shock compression is com-
plete and the artificial viscosity approaches zero. The
growth term then dominates the reactive flow. The de-
tailed gage records and run distance to detonation
curves are calculated in two ways illustrated by Eqs.
{(5) and (6). In Eq. (5), a value of z is chosen that gives
good agreement with the detailed shapes of gage data
and the run distance data. The values of I, G, and z
used for the four explosives studied are listed in Table
III. Equation (6) demonstrates the dependence of the
growth term on the ignited surface area as a function of
input shock pressure p; required to match the experi-
mental data for a pressure exponent of 1.0. Table IV
contains values of I and G(p,) that gave good agreement
with gage buildup and run distance to detonation data for
these four heterogeneous explosives and shows that fac-
tor of six or smaller changes in G(p,;) can match the ob-
served steepness of run distance to detonation data.

B. Results for sustained shocks in high density explosives

Equation (5), with the values listed in Table III, cur-
rently yields the best overall agreement with the de-
tailed shapes of embedded gage records and run dis-
tance to detonation data, and is used for comparison
with experimental data in this paper. Figure 1 shows
the calculated and experimental manganin gage pres-
sure histories in PBX 9404 at several gage locations for
a sustained shock pulse of 2.5 GPa.?® Ignition and
growth calculations are also in close agreement with the
sustained pulse manganin gage records of Wackerle
et al.?' in PBX 9404 at 3.0 GPa. Figure 2 shows the
calculated and VISAR measured particle velocity histor-
ies at the explosive/fused silica interface for 3.7 GPa,
1.1- usec shock pulse in PBX-9404.1% The difference

TABLE III. Ignition and growth reaction rate parameters for
Eq. (5).

Explosive PBX-9404 TATB PETN Cast TNT
Iusec?) 44 50 20 50
G(usec! Mbars™%) 2002 125 400 40
z 1.6 2.0 1.4 1.2

3 Extrapolating the laminar burn rates measured for HMX be-
low 0.2 GPa by Boggs et al. (Ref. 54) to 2.5 GPa, this value
of G yields a surface area/volume ratio of 215 cm™! for the
growth of reaction in shock initiated PBX-9404.

E. L. Lee and C. M. Tarver 2366



TABLE IV, Ignition and growth rate parameters for Eq. (6).

Explosive PBX-9404 TATB PETN Cast TNT
Iusgec!) 44 50 20 50
G(Py) (usec! Mbars™) G(P;=10.8 GPa)=15 G(1.5 GPa) =80 a

G(P;=2.5 GPa)=38"
G(P;=3 GPa)=44
G(P; =5 GPa) =175

G(P;=11.6 GPa)=24
G(P; =15 GPa) =45
G(P; =20 GPa)=90

G(1.9 GPa) =100
G(2.7 GPa) =200
G(3.2 GPa) =250

G(P;=17.5 GPa)=130
G(P; =10 GPa) =176

2 No experimental run distance to detonation versus shock pressure data available for this particular

cast TNT (p=1.61 g/em?.

b Extrapolating the laminar burn rates measured for HMX below 0.2 GPa by Boggs et al. (Ref. 54)
to 2.5 GPa, this value of G(P;=2.5 GPa) yields a surface area/volume ratio of 374 ¢cm™! for the

growth of reaction in shock initiated PBX-9404.

between the experimental and calculated records at 6
mm in Fig. 2 may be due to the overtaking of the shock
front by the reactive pressure pulse in the 1.5-mm
thick buffer placed behind the explosive in the VISAR
experiments. In each of these studies, the leading
shock front is observed to slowly increase in amplitude,
but the main growth of reaction occurs behind the front.
The ignition and growth calculations agree quite closely
with the manganin gage records until the gages fail in
the rapid pressure buildup region which precedes tran-
sition to detonation.

In the first reported manganin gage study of shock in-
itiation,'®* PETN at a density of 1.75 g/cm? built up to
detonation in a manner very similar to PBX-9404.
Figure 3 shows the calculated and experimental pres-
sure histories for a sustained, 1.9-GPa shock pulse in
PETN. Again, the agreement between calculated and
experimental records is good up to the pressure at
which the gages fail, and the calculated run distance to
detonation also agrees with experiment.

Manganin gage records in sustained pulse initiation
of cast TNT'"® and TATB? appear to be quite different

60 T T T T T
—— Experimental (Ref 20) 2 1
""" Ignition and growth ! | i.
50 |- calculations ; i -
I
Ao h
Run distance to ; [
40 L detonation = 12.6 mm i I A
: scyidcy

_—é———-—

b cJ
(G]
}
» 30+
2
[d
a

20}

10

0

0 4.0 5.0

Time — usec

FIG. 1. Calculated and experimental pressure histories for a
sustained shock pulse of 2.5 GPa in PBX-9404.
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from those in PBX-9404 and PETN, since the leading
shock front increases in amplitude more rapidly and the
growth of reaction occurs closer to the front. In the ig-
nition and growth calculations, the higher-shock pres-
sures required for shock initiation of cast TNT and
TATB cause larger fractions of the explosives to be ig-
nited and correspondingly earlier increases in the
growth of reaction. From this point of view, it is
merely the increased relative importance of ignition to
growth that created the differently shaped pressure his-
tories. In fact, a change from PBX-9404-like to
TATB-like pressure hisotries is sometime predicted

in ignition and growth calculations simply as the input
pressure is increased. Figure 4 shows the calculated
and experimental pressure histories at several man-
ganin gage locations for a sustained pulse initiation of
cast,TNT at 6.5 GPa.!” Figure 5 shows the calculated
and experimental pressure histories in TATB (actually
RX-03-BB) subjected to a 11.6 GPa sustained shock
pulse.?

Thus, the ignition and growth model based on Eq. (5)
and the values in Table III has successfully calculated
all of the sustained pulse manganin pressure gage and
particle veldcity measurement data for four solid ex-
plosives at densities near their theoretical maximum
densities. Figure 6 shows the calculated and experi-
mental run distance to detonation versus input shock
pressure curves® !5 for these four explosives. The
experimental curve for this particular cast TNT ( po'

28 T T T T T T T
Experimental (Ref 14) 1
¢ 24F ——--- lgnition and growth 4
4 calculations
E 20 Flyer Fused| )
€ Jate|{PBX 9404 f=— Visar
| 161 P silica |
z —— ~
'_S 12 Run distance to detonation ~ 8 mm / \f
g / |
S 0.8 4
s ver 4 7]
£t ’ ]
a 04+ 5= -
F1 mm 2mmi3mmi@d mm{5mm |6 mm
0 n P Y B P | | Ly PR Y

0 02 04 06 08 1.0 1.2 14
Time — usec

16 1820

FIG. 2. Calculated and experimental particle velocity histories
for 3.7 GPa, 1.1 usec shocks in PBX-9404.
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FIG. 3. Calculated and experimental pressure histories for a
sustained shock pulse of 1.9 GPa in PETN.

=1.61 g/cm?®) is not available. Also shown in Fig. 6
are two calculated curves for PBX-9404 using a pres-
sure exponent of 1.0: one which used G(p,) data listed
in Table IV and one which used the value of G(p; =2.5
GPa), for all input pressures to demonstrate the neces-
sity of a higher pressure exponent, or an increase in
surface area with increasing shock pressure. Again,
the good agreement with run-distance data lends support
for the phenomenological rationale of the ignition and
growth models.

C. Sustained shocks in porous explosives

One set of manganin gage data has been published for
an explosive with a moderate degree of porosity (TNT

30 T T T T T T
—— Experimental (Ref 17)
-~-- Ignition and growth
25 |- calculations
Run distance to
detonation = 12 mm
20|
[
a
(6]
. 15 g
o — /
5 A
] v\
& # d \\?\?
10 |- -
5 -
o] 3 5 8 110 | 12 16mm
0 1 ! 1 1 1 1
0 0.5 1.0 1.5 20 25 30 35
Time — usec

FIG. 4. Calculated and experimental pressure histories for a
sustained shock pulse of 6.5 GPa in cast TNT.
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FIG. 5. Calculated and experimental pressure histories for a
sustained shock pulse of 11.6 GPa in TATB (RX-03-BB).

pressed to 1.56 g/cm?®).!'® Figure 7 shows the calcula-
ted and experimental pressure histories for TNT
pressed to 1.56 g/cm?® and shocked to approximately 4
GPa. Since Belinets, et al.!° used the same unreacted
Hugoniot for pressed and cast TNT, the calculations in
Fig. 7 used the TNT values listed in Tables I, II, and
IIT, with the initial density, initial energy and heat of
reaction reduced by the appropriate initial density fac-
tor. The slightly more porous pressed TNT exhibited
significantly more ignition and shock front growth than
cast TNT, and the ignition and growth calculations pre-
dict this increased ignition.

A more severe test of the model for porous explosives
is the run distance to detonation versus shock pressure
data for PETN% %16 at four initial densities: 1.0, 1.6,
1.72, and 1.75 g/cm?. Jones-Wilkins—Lee equations of
state were formulated for the unreacted PETN at 1.0,
1.6, and 1.72 g/cm?, based on the available sound vel-

100 T — Ty -

Least square fit to

= experimental data

I — — — tgnition and growth calculations
based on table 3

————— p10 & G {pj) in table 4 for PBX-9404

weeeee pl1.0 & G {py = 2.5 GPa) for PBX-9404

Cast TNT \ |
pp =161 g/cm3\\ \ :

]

\ TATB (RX-03-BB)
\ \ PO = 1.80 g/cm3
\

Run distance to detonation — mm
=

\ PBX-9404

pg = 1.842 g/cm3

PGP

\

\ PETN
po = 1.75 g/cm3
U
1 10 100

Pressure — GPa

FIG. 6. Calculated and experimental run distance to detonation
versus shock pressure data for sustained pulses.
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FIG. 7. Calculated and experimental pressure histories for a
sustained shock pulse of 4 GPa in TNT pressed to 1.56 g/cm®.

ocity, shock velocity and particle velocity data.>* Fits
to cylinder test data were already available for the re-
action products of PETN at various densities.* Table
V contains the parameters used for unreacted PETN and
its reaction products at the three lower densities. Fig-
ure 8 shows the experimental run distance to detonation
data for PETN and the calculated run-distance curve
for each density using the appropriate equations of state
and the reaction rate values listed in Table III. Also
shown in Fig. 8 is a curve marked =3 which repre-
sents the run distances for 1.0 g/cm3 PETN calculated
using ¥=3 in Eq. (2) and the values of I, G, and z that
gave the best agreement with manganin gage data for
1.75 g/em3 PETN. There is a great deal of uncertainty
in the unreacted Hugoniot of 1.0~-g/cm® PETN and in the
resulting pressures attributed to flyer plate impact of
this porous explosive, but the ¥=3 and =4 calcula-
tions bracket the experimental run distances. The ig~

TABLE V. Equation of state parameters for low density PETN.

Unreacted explosive

polg/cm?¥) 1.72 1.60 1.00

A(Mbars) 346.6 21.88 13.12

B(Mbars) -3.3 ~0.58 ~0.0784

R, 10.0 7.8 11.0

R, 5.0 3.9 5.5

w 0.7556 0.3468 0.02027

Cv{Mbars/°K) 2.887x10"°% 2.685%107% 1.6766x107°
Reaction products

A(Mbars) 6.17 6.253 2.372

B(Mbars) 0.16926 0.2329 0.106 1

R, 4.4 5.25 5.6

R, 1.2 1.6 1.8

w 0.25 0.28 0.24

Cv(Mbars /°K) 1x1075 1Xx1075 1x1075

Ey(Mbars-cc/cc)  0.09815 0.0913 0.057 06
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FIG. 8. Calculated and experimental run distance to detonation
versus shock pressure curves for PETN at various initial
densities.

nition and growth model, normalized to manganin gage
and run distance data for high-density explosives,
yields a reasonable prediction of the shock initiation
properties of the same explosives pressed to lower ini-
tial densities.

D. Results for short pulse duration shock initiation

The final type of available shock initiation data to
which ignition and growth calculations can be compared
is the short pulse duration data. Manganin gage data
on short pulse initiation is available for cast TNT® and

———rrrT — T — T

[
» p2r =565 GPa? ysec :
o Gittings’ (6.35 mm of PBX-9404) ]
JoooL ¢ Trott&Jung® (12.7 mm of PBX-9404) |
E o 6mm of PBX-9404 ]
E' ©  10.1 mm of PBX-9404 } Weingart et al®7 ]
[ © 19.1 mm of PBX-9404 l

©
{‘5 [ Calculated P/F curves for PBX-9404 1
| (po = 1.842 g/em3)
2100 E
é b — == 12.7 mm long charges ]
& ~==~=  6.35 mm long charges 1
I Propagation of |
100 detonation ]
£ b
Failure to
§ initiate detonation |
0 PR Loyl b a1
0.001 0.01 0.1 1
Time — usec

FIG. 9. Calculated and experimental propagation/failure
curves of pressure versus pulse duration in PBX-9404.
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FIG. 10. Calculated and experimental pressure histories for a
3-GPa, 0.33-usec shock in PBX-9404.

PBX-9404.2' A great deal of propagation/failure (P/F)
and excess transit time data for short duration pulses in
various charge lengths of PBX-9404 is contained in the
works of Gittings” and Trott and Jung.® Recently,
Weingart et al.% using electrically driven thin plastic
flyer plates obtained P/F data at high pressures ap-
proaching 28 GPa and very. short pulse durations ap-
proaching 7 nsec. When applied to this short pulse dur-
ation data for PBX-9404, the ignition and growth model
gives good agreement with P/F pressure-pulse duration
experiments and the p?7 criterion, as shown in Fig. 9.
When compared to the manganin gage records in both
PBX-9404 and cast TNT, the calculated growth of pres-

18 T T T T T T T

Experimental (Ref 18)

------- Ignition and growth
14 - calculations with
G’ =2.5G in table 3

Pressure — GPa

0 0.5 1.0 1.5 2.0 25 3.0 35
Time — usec

FIG. 11. Calculated and experimental pressure histories for a
8.5-GPa, 0.25-usec shock in cast TNT.
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sure behind the shock front is slightly slow and the run
distances to detonation are slightly too long. Increasing
the growth coefficient G in Table III by a factor of 2.4
for PBX-9404 and 2.5 for cast TNT, yields the im-
proved pressure histories shown in Figs. 10 and 11 for
a 3 GPa, 0.33-usec shock pulse in PBX-9404 and a 8.5
GPa, 0.25-pusec pulse in cast TNT, respectively. This
improved agreement with higher values of G may indi-
cate that a process is occurring which increases the
available surface area for ignition as the rarefaction
wave, which follows the short duration shock pulse, in-
teracts with the reacting hot-spot sites.

1V. CONCLUSIONS

Application of the ignition and growth concept of shock
initiation through one-dimensional hydrodynamic com-
puter modeling to the published experimental pressure-
time, particle velocity-time, and run distance to de-
tonation data, has led to the following conclusions:

(1) The fraction of the explosive that must be ignited
in the hydrodynamically created hot spots is well below
the initial void volume fraction that would be collapsed
during shock compression.

(2) Ignition models, based on either the stagnation of
material during void collapse or plastic work during
void closure to produce hot spots, yield good agreement
with experimental data. Hot-spot ignition must involve
a complex combination of mechanisms which generate
and dissipate thermal energy. A two-dimensional hy-
drodynamic study of the thermodynamic conditions
reached in dynamic void closure in PBX-9404 is cur-
rently underway.5®

(3) The growth of reaction from these ignition sites
apparently proceeds at rates that exceed the linear
burn rate-pressure dependence of laminar deflagration
in explosives. The growth of reaction can be accurately
modeled using a higher pressure dependence and/or a
surface area/volume ratio that gradually increases with
increasing input shock pressure. Threshold conditions
for ignition and growth of smaller hot spots being at-
tained as the shock pressure increases should be con-
sidered as a probable phenomenon.

(4) By using the ignition and growth parameters de-
veloped for the maximum pressing density of a particu-
lar explosive, the experimental shock initiation results
for explosives pressed to initial densities significantly
lower than theoretical can be predicted to within the
uncertainty in the hydrodynamic properties of the por-
ous explosives. Only the equations of state of the por-
ous explosive and its reaction products were adjusted to
match experimental data.

(5) The short pulse duration shock initiation data on
PBX-9404 can also be predicted by the sustained pulse
ignition and growth models. Improved quantitative
agreement with manganin pressure gage data in short
pulse initiations of PBX-9404 and cast TNT is obtained
using an increased surface area/volume for reactive
growth.

(6) Further development of this phenomenological
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shock initiation concept will require more detailed in-
formation on the constitutive properties of unreacted
explosives, since hot-spot formation and subsequent
ignition are strongly dependent on the transformation of
shock energy into localized heating. Further experi-
mental work on laminar burn rates at high pressures
would be very useful tests of the validity of the model.
Our results indicate major differences in these rates
for PETN and PBX-9404 on the one hand and TATB on
the other, TATB exhibiting the smaller rate. However,
we can estimate surface-to-volume ratios for growth
of reaction sites only in PBX-9404, because we lack
high pressure burn rate data for other explosive ma-
terials.

(7) Since the ignition and growth models have been

successful in predicting one-dimensional initiation and
detonation properties, a two-dimensional hydrodynamic

computer study of shock initiation tests, detonation
wave front curvature, failure diameter, corner-
turning, and other two-dimensional effects in hetero-
geneous explosives is currently underway.
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