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A STUDY OF THE ROLE OF HOMCGENEOUS PROCESS
IN HETEROGENEGUS HIGH EXPLOSIVES

P.K. Tang

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

In a new hydrodynamic formulation of shock-induced chemical reaction, we can
show formally that the presence of certain homogeneous reaction characteristics is
becoming more evident as shock pressure increase even in heterogeneous high
explosives. The homogeneous reaction pathway includes nonequilibrium excitation
and deactivation stages prior to chemical reaction. The excitation process leads to an
intermediate state at higher energy level than the equilibrium state, and as a result,
the effective activation energy appears to be lower than the value based on thermal
experiments. As the pressure goes up higher, the homogeneous reaction can even
surpass the heterogeneous process and becomes the dominant mechanism.

INTRODUCTION

It has been recognized that various fundamental
physical and chemical processes take place in the shock-
induced chemical reaction of high explosives (HE).! Not
all of them play the same significant role over a wide
range of hydrodynamic condition, however. Quite often,
only one becomes perhaps the dominant mechanism
within a certain range while the rest are dormant or
inconscquential by comparison. Wherever there s
seemingly a substantial change in the appearance of
reaction behavior, a switch of mechanism should be
suspected. Identification of the various elementary
processes and their relative contribution to the total
reaction can eventually lead not only to the better
understanding but also to the contrc! of reaction
behavior for specific purpose. A case in point is the
variation of density and grain size on the initiability of
HE.

High explosives without any form of physical
hetcrogeneity are rarely used in applications for they are
difficalt 10 nitiate; however, chemical reaction is
observed when the shock intensity is hugh. In fact, many
studies on homogeneous HE have been carried out
mainly to investigate the chemical aspects without the
complication associated with heterogeneity. Among the
major differences ohserved between the shock-induced
chemical reaction and the thermal reactior. 15 that the
former exhiltits a lower activation energy based on a
simple Arthenius kinetics formulation,? considering the
fact that high pressure effect alone usually inhibits
chemica) reaction for some major explosives. The result
prompts us to suspect that the chemical reaction under
shock loading for homogeneous HEL is beyond the
simple Arrhenius kinetics

in static loading. heterogeneity in material causes
stress concentration, thus, it is not surpriting to expect
localization of mechanical energy dissipation under

dynamic conditions. The nonuniformity of energy
transformation from mechanical to thermal type results
in nonuniform temperature distribution along with the
associated consequence. In HE with  physical
heterogeneity, the response to shock loading depends on
the physical structure in addition to the chemical
properties. Within the HE, regicns associated with
heterogeneity are more susceptible to shock cffect,
resulting in the concentration of shock energy at some
specific sites. Due to the higher energy absorption in
thase locations, the temperature is therefore higher than
their surroundings, and chemical decomposition starts
sooner. The regions with shock energy localization are
called “hotspots” and serve as the center of ignition. If
the hotspot bum is intense enough and if the number of
hotspots is large enough, then the buming can propagate
into the bulk of the HE, enabling the reaction to grow to
its ultimate intensity. In this scenario, the hotspot burn is
the first stage in a chain of steps that follow. As a result,
the overal! reaction follows the shock front quite closely.
The hotspot bum itself depends on the shock intensity
and also on the charactenstic of the region, typically
linked to the packing density as well as the grain size.

For high compaction and very fine-grained HE,
however, the hotspot mechanism is not as effective at
low pressure because of cooler temperatures associated
with small hotspots. In this case, the mitiation of HE
cannot rely an the hotspot bum; an alternate route must
be available 1f the HE can be imtated at all. The new
avenue iy the homogencous process which does not
require the hotsp ot bum as the very first step. So it is not
sutprising to find out that for very fine-grained and/or
for high compaction HE, the imtiation behavior is quite
similar to shat found in liquids and single crystaly?

The question remaing how shock causes chemical
reaction in \mmngcncous explosives. The logical answer
would simply be shock heatng and the teaction model
follows the Arthenius kinetues  with  assumed large
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activation cncrgy.5 The driving force is just the bulk
temperature. After a period of induction, a reactive wave
is formed behind the shock and moves forward to catch
the initial shock. Since the reactive wave has the
characteristic of a detoration but travels at a greater speed
than thie leading shock, it is thus called superdetonation.
The chemical reaction wave first falls behind the shock
but gains on it uniil the two merge to form a single
detonation wave. However, in recent experiments on
nitromethane, instead of a superdetonation wave, a
growing amplitude reaction wave is observed® and is not
easily explained by :the simple Arrhenius kinetics
formulanon Along w .h thc observed lower activation
energy? and pressure effect,’ we develop a new concept in
the homogeneous reaction.

HOMOGENEOUS REACTION

High explosive element is treated as a dynamic
system consisting of many degrees of freedom (modes),
each with its own characteristic time. Subjected to
external stress, these modes respond to the simulus in
different ways according to the times. If the longest time
among all degrees of freedom is still shorter than the
characteristic time of the imposing stress, then, a quasi-
steady case is resulted. For example, high pressure static
compression, such as found in diamond anvil experiment,
can produce a temperature rise so that uniformity inside
the explosive element is expected. On the other hand, if
the characteristic times of some modes are longer than the
characienistic time of the stimulus, these modes will not
sense the effect of the stunulus until sometime later, Thus,
the impact is concentrated only on those modes with
shorter response times, Using shock as the miechanical
stress and temperature as an indication of 1he effect, we
expect to see faster temperature nise in some degrees of
freedom and slower rise in othz1s. As time elapses, these
temperatures should converge to the equilibrium value.
But before that occurs, the thermal nonequilibrium
condition prevails. So we must make the distinction
between a simple high-pressure state and a shock state:
the former is in thermal equilibrium but the latter, at least
for a period of vime, is not. During the nonequilibrium
perind, chemical process can oo1on quite a difterent
manner To express the higher temperature condition of
those particulit modes, we inuoduce the concept of
overheat

0t = Fo. ()

0 18 the equilibriny temperatire of the medium, ot the
temperature of the excited state. Evidently the overheat
factor, Foas greater than 1, but iteventually approaches to
I as the equibibnium condition reaches, 1f these excited
maodes are i the pathway to chemical raction, using the
Authenius kineties fonmuolation, a process time T, 15
expressed as

o

v -~ 7 l(‘x[‘(:;‘) A (xp(lo

(2)
Z s the frequer 'y factor, and o the  activation
teanperature Sce Foas typreally geeater than t, Eq (2)
Wlustiates the consequence that, expressing in term of the
equitibimia temperature: which is generally obtunable

from the equation of state under equilibrium conditions,
the apparent activation temperature a/F would be
smaller than its counterpart, o, in a normal chemical
reaction. Thus we conclude that the lower activation
energy appearing in shock initiation of explosives is
quite likely a manifestation of a certain nonequilibrium
state along the reaction path-vay. Such a reduction in the
activation temperature can be substantial and likely
invalidates the very large activation energy condition
usually assumed in asymptotic analysis. At this
moment, we should point out the similarity between the
heterogeneous hotspots and the nonequilibrium state
discussed here, although one is acting in the
microstructure level and another in the intramolecular
level. To facilitate the homogeneous reaction involving
an cxcited state, we find that the principle of the
transition state theory provides an excellent framework
to accommodate the formulation of shock-induced
chemical reaction. ‘Without going into any background
information in great detail, we propose the following
scheme:

where R and P represent the reactant and the product,
and RY the excited state of the -eactant. 1 is the
excitation time for the creation of the excited state, t
the process time of the deactivation step. t, is the
chemical process time based on the excited state
temperature as given in Eq. (2) Based on this reaction
scheme, the overall reaction rate 1s as follows.

dA
= (1=}), H
dt Ty
. ‘ A / Il )
with T, - tlE 1+ r ll + x J| (4)
A is the reaction fraction and 1 the ume. t,, is the

effective  global  homogencous  or 'umpfy the
homogeneous time. In arriving at the above result, a
quast-steady assunption s made on the excited state,
Although we have constiucted the reaction scheme
hydrodynamicai ., the times Tt and v, do have ther
quantum-mect. Jcal ongin® ‘]‘hcv are treated as
constant in the current formulation, or at least in the
range in which they are significant T, a8 typreally mthe
nanosecond range. An impaortant point to make is that t,
can be orders of magnitude smaller than % indicating
that the reverse proces. is much faster than the
CXCIALION PIOCESS, Tet, then we simplify

T
A
”7\(141 ) (Bl

’

T

As seen in Eq. (2), the overheat factor F has the
effect of deareasing t,; therefore, the amount of
overheat required s to mn c v, much smaller than T_so
that the overall reaction can oceed at 4 signiticant tate
The study of the limiting behaviot of the homogeneons
time leads to the conclusion that 1, s actoglly

composed of two times  the modified /(nlu-nur time
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and the excitation time. Due to the Arrhenius nature of the
time 1, at low shock pressure level, the temperature is
low “so that t,/t »1, and we obtain
T, = t,(1,/1) =1, which is defined as the modified
Alfthenifis fime. The" fact that 1 4 <an be orders of
magnitude larger than 1, by the fagor T /1, is su?poncd
by the observed reduction of frequency Factor Z.? At the
other extreme where the pressure and therefore the
temp-arature are very high, then 1 ./t «land 1, = 1 .
Their behaviors are illustrated in ¥ig' 1 for TATB. The
change-over pressure condition from chemical kinetic-
dominated to excitation-dominated is about 320 kbar.
Also shown is the conventional Arrhenius time without
the overheat factor. In this paper, we do not pursue the
homogencous model alone further except 1o mention that
we have obtained preliminary results similar to those
observed in nitromethane experiments.® Our main goal
here is to construct a unified or hybrid model including
both homogeneous and heterogeneous reaction pathways,
and to explore the condition for the presence of the
homogeneous process and the impact on heterogencous
HE reaction behavior.

HETEROGENEOUS REACTION

Historically this model was developed first, but a
peculiar behavior involving a specific characteristic ime
prompted us to look into a new reaction pathway in
parallel to the regular heterogencous reaction route. That
particular characteristic time is related to the energy
transfer between the hotspot burned product and the
unbumed bulk explosive, and the unusual behavior is the
rapid increase of rate at high pressure At this poumt, a
review of the model and the refinement to account for the
nonequihibrium process is deemed necessary.

In the original unified reaction model for the
hctcru%cnenus HE, we propose the following major
steps:'!
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Lonf \
5o
.

i

Arthenms tine
0 .fﬁwxuiwl./&m.' NS e
1o “sedatien fime
Horoog neoas Line
1 VUV VU OV N VNS U SR S YR
o Hn

PRASCSURE (Kb

FIGURE T THU BASIC PROCESS 'TIMES IN THE
HOMOGENEOUS MODEL. SIMPLE - ARRHENIUS
TIME  t,, N ODIFIED  ARRHENIUS TIME 1,
EXCITATON TIME 1 AND BOMOGENEOUS TIRE

Y

1. Hotspot shock process leading to the formation of
an intermediate state, a state of higher temperature
than the bulk,

1
sh
R, =1,

2.  Hotspot decomposition, consumption of the
intermediate state,

Ta
I, P,

3. Heating of the bulk of explusive by the hotspot
burned product, creation of the intermediate state
for that region,

1 L
R,+P, 5I,+P, .

4.  Decomposition of the intermediate in the bulk of
explosive, generation of decomposition product,

1.
d
l,,—»Dh.

5. Decomposition product becomes final product
through fast reaction,

T
D,hp,.
6.  Decomposition product transforms into final

product through slow reaction,

T
»
Db'ilhl'

The symbols R, 1, D, and P represent reactant,
mtgnncdimc. decomposition product, and final product.
P, represents the ““cool” hotspot product. Subscripts A
and b are for hotspots and bulk of explosives; f and s
for fast and slow processes. The intennediate state
means that 1t is “hot;” and the decomposition product is
the direct descendant of the decomposition process but
does not represent the tinal product. To teach the final
product, there are two reaction branches. one 1s fast, the
other slow, which accounts for the slow reactions
including carbon coagulation. t 1, T, Tt oand €,

sht Th
represent  the  shock,  bBotspot, © energy  “tansfer,
decomposition,  fast,  anG  slow  process  nmes,

respectively.

After some  simphfications, the above set of
reaction steps leads to three rate equations for the
hatspots, the bulk and the slow bum. The model worked
quite well until we tned to mateh the mterface velocaty
expetiments wheie we found wo had to impose a himn
on the energy transter rate ' 1 appems that for PRX
9502 (VS TATH, S9% Kel F), at the detonation front a
rather constint teaction chatacteristic e of a few
nanoseconds is needed The mvestigation of the oryan
of the process at high pressue leads 1o the teplacement
of the decomposition process, step -, by

T, [T
Is ¢ ' l{.
1

A
LI
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this is where we first applied the transition state
principle.'* Since the temperature of the state I, is already
quite high due to the energy transfer from v?hc hotspot
bumed product, the nonequilibrium temperature
associated with 1,7 should be even higher; therefore we
conclude that T, T, the reaction is dictated by the
excitation process time T, see Bq. (5). So instead of one
rate equation for the bulk buming, we have one
exclusively for the energy transfer, and followed by
another for the excitation as we will see shortly.

We summarize the result here. The total reaction
fraction A is divided into three major components:
hotspot, bulk reaction, slow reaction,

A=nd, + (1-m-y)A, +yi . (6)

The designated amounts that go into the hotspots and the
slow reaction are M and y; the balance falls into the bulk
as the subscnipts A, s, and b imply. The major portion is
usually bumed in the bulk. 4, & 2nd A, are the reaction
fractions of the corresponding components, and they are
zero for the completely unreacted ponion and one for the
bumed product. Each component has its own reaction
stage with a unique characteristic time In addition to the
rate  equanons for various reaction fractions, £,
represents the fraction of the bulk of the explosive being
heated by the hotspot bumed product; ¢ quantity was
considered as decomposition product previousty

First, the hotspot bum,

dA
PEENTRE W %)
A

The hotspot process time 1, is assumed to take the forin
of thermal explosion ume based on the  hotspot
temperature which, in tun, is linked to the initial shock
pressure using an empirical formulation. The calibration
15 essentially based on the low impact gauge records The
second stage s th e energy truasfer,

dF, (A, ~fo/ )
de o T (g

¢

(R)

Equation (R) represents the effect of anergy transfer trom
the hotspot bumed product ta the unbumed explosive
T,/ 08 the characteristic time for overail enetgy transfer,
including the hotspot mass fraction effect, the amount of
heat source. f, represents a threshold condition Fven
though the encigy vansfer mechimusm is not known and
cannot he maodeled diectly, it is probably  thiough
conduction at low pressute level but becomes turbulent
mixing at haph pressure “That as the reason why we
choose o relte the enerpy transfer ime to puessure. The
method is stnufar to the bumm rate for solid propellants
The calibration 1s done based on the wedpe test resuirs
(Pop plott simnhan ta the Forest Fite rate

The chemieal process s controlled by the exaitation
process alter the encigy tuansfer stage,
b 1

dA
P (r, )\,;‘ (V)

]

and binally, the slow reaction follows the bulk an,

di

s 1
7 =R (10)

Calibration of 1 , 1, and y is achieved by matching
interface velocity and plate push experiments. Figure 2
shows the variations of the hotspot process time T, , the
overall energy transfer time t /M, the excitation time
T., and the slow process time t_with respect to the
change of the hydrodynamic condition represented by
pressure, for PBX 9502. We can draw the conclusion
that the hotspot process controls the rate in the lowest
pressure range. As the pressure goes up higher, the
energy transfer becomes the limiting factor. These two
processes dictate the initiation behavior of the HE. In
the detonation plase, the reaction is sssentially
controlled by the nonequilibrium excitation, Eq. (9).
The slow reaction, Eq. (10), affects the late time
behavior, and contributes to the nonsteady detonation
phenomenon.'*

One feature standing out quite vividly is the rapid
decrease of the overall energy transfer time at the high
pressure level, even in log-log scale Such a strong
hydrodynamic  dependence through pressure s
suspected - perhaps 0o strong to be physically
reasonable. We currently use the following relaton,

. -
T,= [Gy prexpila, ph] . tn

where (7, and g, are constant The exponeutial pan is
known as the Forest Fire with typically more than ten
terms. Such a complex expression is used to accelerate
the rate in the high pressure region, a condition required
to match the Pop plot. The fonnulation quite likely
misrepresents the physical origin, that is, the encrgy
transfer as we intend it to be If a simpler power law is
used to express the eneigy transfer, for examp.e,

2
b N
\\ ~~ .
M F . \\
\\\ \\
.
PETls r M N\
~. ™
Wy ~.
= 1 y .__........__-._______..___‘\_\,A._
: N
it b oot process L \
, Fuer o bene (17
P iy e due
, . Tow JUALKEES \'”“v-
Y et e e e ]
K 140
PRESTE S (Kb )

FIGURE 2 THE FOUR MAJOR PROCESS TIMES IN
THE  HETEFROGENYOUS  MODEL  HOTSPOT
PROCESS  TIMIP 1., OVERALL  ENFRGY
TRANSFER TIME t /1), EXCUPATION TIME 1
AND STOW PROCESS TIME t, !



TANG, 51

1, = (Gy p+G, p)~", (12)

where & and a are constant obtained by fitting the lower
pressure portion of Eq. (11). The results are shown in Fig.
3. Since Eq. (12) yiclds a lower rate than Eq. (11) in high
pressure, a compensation must be made to account for the
difference between the two. The logical and physically
sound choice is to add a new branch in parallel to the
heterogencous branch. This new pathway has to be of the
homogeneous type which does not require hotspot bum
and cenainly becomes effective only at high pressure
level. However, a simple Arthenius time, also shown in
Fig. 3, would not work since it would produce too fast a
reaction rate; therefore, we conclude that the proper
homogeneous time must be the one we have presented
previously. At this point, we cannot speculatc on the
adequacy of the form of Eq. (12), but for the time being, it
does serve the purpose and it is stmple in form.

HYBRID MODEL

We believe the homogeneous process does contribute
to the reaction even for heterogeneous high explosives,
but its presence is felt mainly at high pressure. Realizing
this fact, however, we should not generaie a new set of
rate ~guations by sirnply adding the two rates together as
giveri in Eq. (3) and Egs. (7) through (10). A formal
wreatment of multiple reaction stages involving both
branches must be cammied out. In additic © o the
heterogeneous pathways 3 and 4 as seen earlier, we add a
new brinch for the bulk of expiosive,

CEne trane Yo o
. e ey brags G
N I SRR T

I [ IR
HL
FRIZCHRE (kb

FIGURT Y THY ENPRGY TRANSEFER TIME BASED
ON THY TOREST FIRE, THE NIFW  ENFRGY
TRANSEFEICTIME, AND THE SIMPLE ARRHENIUS
TIMI:

bulk of explosive only. After extensive mathematical
manipulation, Eqs. (8) and (9) are replaced by:

dE, n-fom) 7 ..

CRRRCIEE S R AN
and

dr, 1 T

W=1“(Eb_xb)+f_’_,“—Eb)(l—i)I (14)

T, is the characteristic time of the homogeneous branch

defined previously in Eq. (5). The second terms on the
right-hand sides of Egs. (13) and (14) represent the

ditional contribution due to the homogencour process.
Its presence in Eq. (13) makes the apparent energy
transfer nime shoner or the rate faster as reflected in lﬁc
original formulation using the Forest Fire expression. Tt
should be noted that the benefit of the homogeneous
contribution to the decomposition product 15 not
realized until t, is smaller than T . However, the
homogeneous pathway does not require any precursor
bumn from the heterogencous hotspots as indicated in the
bum rate. It should be emphasized that although the
homogencous time T,, appears to link ro the pressure, in

fact, the relationship is to the temperature through 1, as

5:vcn in Eq. (2). It is through this panicular connection
ar the homogeneous process remains effective longer
as we will see later. Overall, we find that t, and t_and

the hotspot mass fraction 7 are affected exclusively by
the physical microstructure, whereas t, ¢, 1T, and T,

and the slow mass fraction y are intrinsic o the
fundamental molecular chemical propenty. For granular
explosives, the hetetogeneous process 1s essentially a
surface bum mechamism, whereas the homogencous
branch directly affects the intenor. Figure 4 shows all
the principal process times in the hybnd model.

TN
) N \
— \\\ \\\ \
< it L \\\
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Encrgy frane tune
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Ar 100
PRESTURE (Khao)
FIGURE 4. AL MAJOR PROCUSS TIMIE IN THL.
1Y HRID MODEL
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SIMULATION OF THIN EXPLOSIVE CHARGE
EXPERIMENTS

Since the contribution of the homogeneous process
is significant only in the high pressure regime, its
presence can only be indirectly implicated in
hydrodynamic experiments near detonation phase.
Although the interface velocity experiment on very thin
explosives was designed for other purprse,'® it does
provide an excellent opportunity to test the hybrid model
The reason wil] be made clear shortly. A very thin HE in
the range of 0.25 mm and up was initiated by a driver
consisting of a planewave lens, a piece of Comp B and a
layer of aluminum. The driver provides a near prompt
initiation on PBX 9502 The HE charge was sandwiched
between the aluminum and a transparent window of
potassium chloride (KCl). Measurement of the interface
velocity between thy HE and the window was made using
the Fabry-Perot technique. Two calculations are made in
each case: one based on the original heterogeneous model
with the Forest Fire expression for the energy transfer
time (dash curve), and another using the hybrid modei
with the simplified energy transfer time relation and with
the homogeneous process explicitly included (solid
curve). Markers are from experiments. Result is presented
in Fig. S for a thickness of 0 25 mm. Instead of a sharp
peak observed in thicker HE, a rounded top is seen in the
experimental record. Thus feature indicates the decreasing
reaction rate due to the quenching effect even with a very
strong initiat shock The heterogeneous model - alculation
© seerns guite satisfactory and captures all the features
including the reverberation inside the HE, but it stll
shghtly underestimates the experument. With an adequate
amouni of overheat, the result of the hybrid model
matches  the  experiment  almost  perfectly. In this
configuration, it is realized that although the HE s
minated rather promptly by the driving system, the
reaction cannot really sustain itself to reach the final
detonation due to the pressure release, causing rapid

; "
IR 9 I""‘"o"“‘.
} 15 S W
S
( d e e nl
.
"o bbbl
; ' Cohetapo el
7ot
! R NN e
[ [ AR} 0 %0 0y
HIME (i)

FIGURE S 025 MM PBX 9807, EXPERIMENT AND
CAL CULATICONS

reaction rate reduction. If the reaction is solely
supported by the energy transfer process through the
pressure dependence in the pure heterogencous reaction
model, then indeed the reaction would drop rather
quickly, and so does the velocity us seen in simulation.
However, even with significant pressure drop, the
temperature decrease would not be as great. As a result,
the temperature condition can support reaction by the
homogencous reaction pathway, in the hybrid model.
With a proper amount of overheat, the net result is
additional growth in reaction intensity as reflected in the
interface velocity record. For incressingly thicker HE
charges, 0.5 mm, 1.0 mm, and 2.0 mm, seen in Figs. 6,
7, and 8, the rounded top feature gradually diminishes as
the two different model calculations converge. Although
there is no significant difference between the two
simulations numerically, the important point to make is
the better representation of the physical phenomenon in
the high pressure region using the hybrid model.
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CONCLUSIONS

Based on the process time characteristics, we can identify
the significance of various fundamental processes in dif-
ferent I "drodynamic regimes. For heterogencous explo-
sives, the low pressure initiation behavior is controlled by
the hotspots and followed by the energy transfer. The
homogeneous branch works in paralle! to the heteroge-
neous branch. Although [imited mainly in the high pres-
sure regime, the homogencous process does contribute to
the total reaction. Its effectiveness, however, relies on the
nonequilibrium condition associated with shock. A novel
idea to account for this effect is introduced by using the
concept of averheat. The overheat factor represents the
ability of a few selective modes to absorb the shock
energy more effectively than others, and the excitation
tume 15 a measure of how fast that can be accomplished
before equilibration settles in. The equilibration process is
characterized by the deactivation process time. As the
pressure pets higher, the reaction rate is first controlled by
the modified Arrhenius process but eventually reaches a
plateau dominated by the excitation process. Further
increase in shock strength would not increase the rate.
Finally, a stow reaction component appears following the
main burn The appearance of a strong pressure depen-
dence in energy transfer using the Forest Fire formulation
secms to be an attempt to accommaodate the effect of the
homogencous process.

ACKNOWI EDGMENTS

The expetimental data are taken from Reference 15
The author wishes to thank J. Wacketle, W. Seitz and 1.
Stacy for their generous support, and C. Forest for the
thermal nonequilibrium treatment of the equation of state
The aunthor s also indebted to 1. Dick, 8. Shaw, and J.
Wackerle, all of Los Alamos, for valuable discussions and
suggestions The wotk i supported by the Uneted States
Dieparonent of Fonergy under contract W-7408-ENG 36,

REFERENCES

1.

10.

Dremin, A. N.; Klimenko, V. Yu., Davidova,
ON, and Zoludeva, T. A., “Multi-process
Detonation Model,” in Proceedings of the Ninth
Symposium  (International) on  Detonation,
Portland, OR, Aug 1989, pp. 724-729.

Dick, J. 1., “Pop Plot and Arrhenius Parameters for
<110> Pentaerythritol  Tetranitrate  Single
Crystals,” in Proceedings of the APS Topical
Conference on Shock Wave in Condensed Matter,
Spokane, WA, Jul 1985, pp. 903-907.

Lec, E. L; Sanbom, R. H.; and Stromberg, H. D.,
“Thermal Decomposition of High Explosives at
Static Pressures 10-50 Kilobars,” in Proceedings
of the Fifth Symposium (International) on
?;;ona:ion. Pasadena, CA, Aug 1970, pp. 331-

Kipp, M. E.; and Setchell, R. E., “A Shock

Initiation Model for Fine-Grained
Hexanitrostilbene,” in Proceedings of the Ninth
Symposium  (International) o0n  Detonation,

Portland, OR, Aug 1989, pp. 209-218.

Campell, A. W Davis, W. C,; and Travis, J. R,
“Shock Initiation of Detonatton in Liquid
Explosives,” Phys. of Fluids, Vol. 4, No. 4, 1961,
p. 498.

Sheffield, S. A.; Engelke, R., and Alcon, R. R.,
“In-Situ Studv of the Chemically Driven Flow
Fields in  Initiation  Homogeneous  and
Heterogeneous Nitromethane Explosives,” in
Proceedings  of the Ninth  Symposium
(Internationaly on Detonation, Portland, OR,
August, 1989, pp. 39-49.

Eyring, H., “The Activated Complex in Chemical
Reactions,” Journal of Chemical Phvsics, Vol. 3,
No. I, 1935, p. 107.

Bardo, R D., “The Lattice Density of States
Concept and Its Role in Determining the Shock
Sensitivity of PETN and Nitromethane,” in
Proceedings  of the  Ninth  Svmposium
(International) on Detonation, Portland, OR,
August, 1989, pp. 235-245.

Moore. D). S.; Schunidt, S. C.; Shaw, M. S, and
Johnson, J. D., “Coherent Anti-Stokes Roman
Spectroscopy  of  Shock-Compressed  Liquid
Carbon Monoxide,” Journal of Chemucal Phyvsics,
Vol. 95, No. 8§, 1991, p. 5603

Tang, P. K., “Initiation and Detonation ot
Heterogeneous  High  Explosives: A Unified
Model,” LLA-11352.-MS, Sep 1988, LANL, los
Alumos, NM,

Seitr, W 1. Stacy, H. L, Engelke, R, Tang, P.
K. and Wackerle, J., "Detonation Reaction Zone
Structure of PBX 9502 w Proceedings of the
Ninth Symposium (International) on Detonation,
Porttand, OR, Aug 1989, pp. 657-669

Tang, P. K., “ Maodeling Hydtodynamic Behavior
in  Detonaton,”  Propellants.  Explosives,
Pyrotechnics, Vol 16, No. 5, 1991 p. ;‘.4({.

Tang, P K., “Transition State Theory Applying to
the Study of R action Procssses in Detonation,”



14.

15.

TANG, 51

LA-11903-MS, Jul 1990, LANL, Los Alamos, NM.
Tang, P. K.; Seitz, W. L.; Stacy, H. L.; and
Wackerle, J., “A Study on the Contribution of Slow
Reaction in Detonation,” in Proceeding of the APS
Topical Conference on Shock Compression of
Condensed Matter, Albuquerque, NM, Aug 1989,
pp- 279-282.

Wackerle, J.; Stacy, H. L.; and Seitz, W. L,
“Velocimetry Studies on the Prompt Initiaton of
PBX 9502, paper presented at this Symposium.



