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A STUDY OF THE ROLE OF HOMCGENEOQOUS 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 cenain homogencous 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 cheniica! reaction of high explosives (HE).! Not
all of them play the same stgnificant 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
inconsequential by companson. Wherever there s
seemingly a substantial change in the appearancce of
reacticn behavior, a switch of mechanisin should be
suspected. ldentification 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 contrcl 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 fortn of physical
heterogeueity are rarely used in applications for they are
difficult to nitiate; however, chemical reaction is
obseived wheu the shock imtensity is high. In fact, many
studdies on homogeneous HE have been carried out
mainly to investignte the chemical aspects without the
comphication associated with heterogeneity. Among the
major differences observed between the shock-iduced
chemical reaction and the thenmal 1eactian, 1s that the
former exhiltits a lower activation energy based ou a
simiple Anthening kanetics formulation,? considering the
fact thut high pressne effect alone usnally ithibits
chemical reactian for smne wajor explosives.’ The result
prouipts us to suspect that the cheniical reaction under
shock loading for hamogeneons HE s beyowd the
simple Airhenius kinetics

in static toading, heterogeneity in material causes
stress concentration; thas, it is not surpriging to expect
localizntion aof mechunical energy dissipation nnder

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, regicus 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
these locations, the temperature is therefore higher than
their suiroundings, and chemical decomposition starts
sooner. The regions with shock enesgy 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 ulttmate intensity. In this scenario. the hotspot burn is
the first stage in a chain of steps that follow. As a result,
the overal! reaction tollows the shock front quite closely.
The hotspot bum itself depends on the shock intensity
and also on the charactenstic of the regiou, typicully
linked to the packing deusity as well as the grain size.

For high compaction and very fine.grained i,
however, the hotspot mechanism is not as effective a
low pressure because of cooler temperatures associated
with suall hotspots. T s casie, the mitiation of HE
cannot rely an the hotspot buim; an alteinate 1ome st
be availahie 1f the HE can be unnated at all. ‘The new
avenue iy the homogeneous process which does not
require the hotspaat bum as the very first step. So it is not
smprising to find aut that for very fine-grumed and/on
for high compaction HE, the imitimion belwvior is ¢ite
sitnikn to that found i Hyguids and snigle crystls*

The question remning how shock canses chenical
reaction in \lmnogcnmus explosives The logical nuswer
wouhl simply be shock heanng nnd the reactian mndet
follows the Arthenius kinetics with assimmed large
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activation enc:rgy.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 tlie leading shock, it is thus called superdetonation.
The chemical reac*ion wave first falls behind the shock
but gains on it unil the two merge 10 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 :he simple Arrhenius kinetics
formulauon 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 weated as a dynamic
system consisting of many degrees of freedom (modes),
cach with its own characteristic time. Subjected to
external stress, these modes respond to the stimulus in
differem ways according to the times. If the longest time
amoung all degrees of freedom is still shorter than the
characteristic tine 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
characieristic time of the stiraulus, these modes will not
sense the effect of the stimulus until sometime later. Thus,
the impact is concentrated only on those modes with
shorter response tintes, Using shock as the miechanical
stress and temperature as an indication of \he effect, we
expect 10 see faster teinperature rise in some degrees of
freedow and stower rise in othais, As tiine elapses, these
temnperatures shonld couverge to the equilibnuim value.
But before that occurs. the themmal nouequilibrium
conditionn prevails. So we must mike the distinction
between a sinple high-pressure state aud a shock state:
the farmer is in thermal equilibrmn but the tatter, at least
for a period of vime, is not. During the noneqntibrivim
pericd, chemical process can o, 0o guite a difterem
manmer To express the higher iemperatnre condition of
those particnkn odes, we intoduce the coucept of
averticat

ot = Fo. ()

0 185 the equilibiy tewmperatnre of the medimn, 9! the
temperiature of the excited state. Evidently the oveiheat
tacton, 18 ereer than 1, hat it eventually approachies ta
bas the eqpuhbinn condition reaches. If these excued
mades are m the pathway to chemical roaction, using the
Aunthenius kinetics fonnlation, a pmcess tine T, s
expressed ns

o

o w -
o/ rxp(()‘) 4 (xl'(l'())

(2)
Z is the fiequer 'y factin, axd o the  activation
tewperature. Swmice [ typicnlly greater than |, Eqg ()
ithistiates the consequence that, expoessing i tenn of the
equilibiuun temperatine which is genennlly  ohtninahle

from the equation of state under equilibrium conditions,
the apparent activation temperature a/F would be
smaller than its counterpart, o, in a normsl chemical
reaction. Thus we conclude that the lower activation
energy appearing in shock initiation of explosives is
quite likely a manifestation of a cerntain nonequilibrium
state along the reaction pathvay. 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 excited state, we find that the principle of the
transition state theory provides an exceltent framework
10 accommodate the formulation of shock-induced
chemical reaction. 'Without going into any background
information in great detail, we propose the following
scheme:

\
X
R Rt S p.
\
r
where R and P represent the reactant and the prodct,
and RY the excited state of the -eactant. t 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 raie 1s as follows.

dA
= ‘n“_k)' 3
‘ T .
with AN f.l 1? J, (4)
A is the reaction fraction and ¢ the ume. 1, is the
eftective  global  homageneaus  or umpfy the

homnogeneous thue. I arriving at the ahave result, a
quasi-steady assusuption 1§ made on the excited state,
Although we have constiurted the reaction scheme
hyirodynamicas ., the times T asul t, da have ther
quantum-niech. Jcal ongm?* ‘]‘hrv are weated w
constant in the current formulation, or at least i the
range in which they aie significant T, is typcally mthe
nitosecond range. An impoitant point ta make is that t,
can be arders of maguttude smaller than t .7 mdic atug
that the reverse proce.. is nch faster than the
excitation process, T« T, then we simphly

T
A
r”..—t|(141 ) (Bl

As seen i e (2), the overheat factor F has the
effect of decreasing t,, therefore, the mpount of
overheat tequued is to nm e t, much smaller thun T %o
that the overall ieaction canpiiiceed ut 4 signiticant ‘e
The study of the Innting behavin ot the homogeneons
time  leads to the conchisin that 1, s acinlly

compaosed of two times  the madihied /(nlnrnm. TTITS
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and the excitation time. Due to the Arrhenius nature of the
time T, at low shock pressure level, the temperature is
low “so that T, /t »1, and we obtain
T, = 1,(1,/1) =1, which is defined as the modified
Althenills {ime. The"fact that 1 4 <an be orders of
magnitude larger than t, by the fac“for t_/1, is supported
by the observed reduction of frequency Factor Z.? At the
other extreme where the pressure and therefore the
temp-arature are very high, then t ./t « l and 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 i3 the conventional Arrhenius time without
the overheat factor. In this paper, we do not pursue the
homogencous model alone further except to mention that
we have obtained preliminary results similar to those
observed in nitromethane experiments.® OQur maiu goal
here is to construct a unified or hybrid model including
both homogeneous and heterogeneous reaction pathways,
and to explore the coundition for the presence of the
homogeneous process and the impact on heterogengous
HE reaction behavior.

HETEROGENEOUS REACTION

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

In the original wnified reaction model for the
hctcru%cneons HE, we piopose the following major
steps:!

II!| \\\
! ||(' \
L N\
5 o i DR
|3 )

v Arthenms lgoe |

0 .fﬁ'):llil'rsl./‘n:m nms e
w Cdation T
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no
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FIGGRE 1T THE BASIC PROCESS FIMES IN THE
HOMOGENIOUS MO, SIMPLE ARRIENRUES
TIME 1, NODIFIED ARRIENIUS TIMI 1,
EXCTEATON FIME £ AND HOMOGENEOUS TIRA

A7)

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

t:h
R, =-1,.

2.  Hotspot decomposition, consumption of the
intermediate state,

Th
I, -»P,.

3. Heating of the bulk of explosive by the ho'spot
burned product, creation of the intermediate state
for that region,

t L
R,+P, 51, +P, .

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

T
d
l,,—»Dh.

5. Decomposition product becomes final prochuct
through fast reaction,

T
D,hpr,.

6. Decomposition procduct transforms into  tuial
product through slow reaction,

! A
“l.‘ilm-

The sywbols R, I, D, and P represent reactant,
mtgrmediate, decomposition product, and final product.
P, represeuts the “cool” hotspot product, Subscripts A
and b are for hotspots and bulk of explosives; f and r
for fast and slow processes. The intennediate stute
means that it is "hot;™ and the decomposition product is
the direct descendant of the decomposition process but
does not represent the tinal prexduct. Ta reack: the finat
prachict, theie are two reaction bianches. one s fast, the
other slow, which accounts for the slow reactions
inctuching carbon coagutation. t L1, 1, 1 T aud 1)
repiesent  the  shock,  Eotspat, — energy  “tiausfer,
decomposition,  fast,  and  slow  process  tines,
respectively.

After scae  simphficntions, the abave set of
reaction steps leads to three e equations for the
hntspots, the bulk ad the staw buin. The nodel wairked
qaite well nunl we thed 1o match the mterface veloacty
expernnents where we fonnd wo had to ipose a lnnn
on the energy tanster rate "' 1Cappews that for PRX
9502 (V8% TATH, 8% Kel 1), at the detonation fone o
mther canstant reaction chmacteristic e of a few
aancseconds is needed The mvengation at the otigim
of the process ut high pressuie leads 1o the 1ephn emem
ol the decompmgiion pincess, step -1, hy
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this is where we first applied the transition state
principle.” Since the temperature of the state 1, is already
quite high due to the energy transfer from v’.’hc hotspot
bumed product, the nonequilibrium temperature
associated with I,¥ should be even higher; therefore we
conclude that 1, « 1, the reaction is dictated by the
excitation process ime T, see Eq. (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 X is divided into three major components:
hotspot, bulk reaction, slow reaction,

A=nA s (I-n-y)A + i, (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 subscnpts A, 5, and b imply. The major portion is
usually bumed in the bulk. &, , A 2nd A, are the reaction
fractions of the corresponding components, and they are
zero for the conipletely unreacted portion and one for the
bumed product. Each compouent has its own reaction
stage with i unique characteristic ime I addition to the
rate  equanans  for variqus reaction  fractions, £,
represents the fraction of the bulk of the explosive being
heated by the hotspm bumed product; a uantity was

considered as decomposition product previansty '©
First, the hotspot bum,
dA
h !
= P-X,. 7
di n A @

h

The hotspot process tiune T, is assuined to take the form
of themmal  explosion ume based on the  hotspot
temperanne which, in tnu, 1s hoked to the imual shock
pressure using an anpirical formulation. The cahibration
is essentially based on the low uupnet gauge records ‘The
second stage 1s the energy traasfer,

dF (A, = fy/M)
S (1=t Ao : (R)
dt T, (F -4,/ )

Equatian (R) represeits the effect of anetgy transter from
the hotspat bumed product ta the unhmmed explosive
T, /1 asthe chnacteristic tine for averatl eneigy transfer,
mchiding the hotspot mass fracnon effect, the amaunt ol
heat samrce. f, represents a threshokd condhition Pven
thongh the energy nansfer mechamsm is not known and
cnnnat be madeted duectly, it is probably  tlnongh
conduncton at faw pressiie lfevel but beoames tinbulent
g at hoph pressie ‘That s the easan why we
chaase twelite the energy tiansfer e 10 pressie. The
method is sionla ta the o rate for sohid propetbants
The calibiatian s done bused on the wedpe test resihs
(Fap plott simmhan ta the Forest Fire iate

The chenmnend pracess is conttolled hy the excntnm
process aler the encigy tinsler stage,

dA
L o, A )

dt (PR

and tnlly, the show tenctmn tollows the btk i,

@, 1,
IR

Calibration of T, Tt and y is achieved

(10)

by matching

. X . .

interface velocity and plate push experiments. Figure 2
shows the variations of the hotspot process time 1, , the
overall energy transfer time t /M, the excitation time

T.. and the slow process time t_with r

espect 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 phase, 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

phenometion.'*

One feature standing out quite vividly is the rapid
decrease of the overall eneigy transfer tiune ai the high

pressure level, even in log.log scale. S
hiydrodynamic  dependence  through
suspected

uch a strong
pressure s

- perhaps too strong to be phyucally

reasonadble. We cuirently use the fattowing relation,

. . A
1, = [Gy prexp(Xa, pY)] .

(1)

where (7, and g, are coustant The exponential pin s

known as the Farest Fire with typically 1

nore than ten

termis. Such a coinplex expression is nsed to accelerate
the rate in the high pressure region, a condition required
to mutch the Pop plot. The fonnulation guite hikely
unsrepresents the physical aiigiin, that s, the energy

transfer as we intend 1t to be If a simpler

power faw s

used to express the eneigy triansfer, for exainp.e,

" b S
; N
1 F \\ ~
. .
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r
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FIGURE 2 'FHE FOUR MAIDR PROCESS TIMES IN

THE HETFROGENEOUS  MODEL
FROCESS — TIME 1, OVERALL
TRANSEFER FIME € /1), EXCITATIO
AND SLOW FROCESS TIME ¢,

HOUSPOT
ENIFRGY
N CTIME T
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1, = (G 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) yields 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
lhomogeneous type which does not require hotspot burm
and cerainly 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
homogeiieous time must be the one we have presented
previously. At this point, we cannot speculaie on the
adequacy of the form of Eq. (12), but for the time being, it
does serve the purpose and it is simple in form.

HYBRID MODEL

We believe the homogenenns process does contribute
to the reaction even for heterogeneous high explosives,
but us presence is felt mainly ar high pressure. Realizing
this fact, however, we should not generate a new set of
rate ~auations by simply adding the two rates together as
giver, in Eq. (3) end Eqgs. (7) through (10). A formal
wreatment of multiple reaction stages involving both
brancher inust be carned out. In addite « 10 the
fieierogeneous pathways 3 and 4 as seen earlier, we add a
new branch for ihie bulk of expiosive,

-—
b . \
h] \\\\
b1 r \\“\'
n L r \“\\
-_-! |'|' \ \;‘
PR \ \
" " .
. [ Foes bone tan oy
, P ey brage b
PR A e T
|“|J [l - et T S s

L
PRESHERE (Wban)

PIGUKE Y THE ENEFRGY TRANSEER TIME BASED
ON CHHE TOREST FIRE, 'PHE S NEW BNERGY
TRANSEERCTIME, AND THP SIMEL S ARRETENILIN
TIML

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

dEb T'] ()"h_fo/n) l ¥ Y.

T = 0B Dy te, | 09
and

dlb 1 1 AR

_d, =1—X(Eb—xb)+t—H(l—Eb)(l"i) (ld)

T, is the characteristic time of the homogeneous branch

defined previously in Eq. (5). The second terms on the
;ight‘hand sides of Eqs. (13) and (14) repiesent the

ditional contribution due to the homogeneour process.
Its presence in Eq. (13) makes the apparent energy
transfer nume shorter or the rate faster as reflected in tﬁc
original forrulation using the Forest Fire expression. It
should be noted that the benefit of the hoinogeneous
cortribution to the decomposition product 1s no
realized until t, is smaller than 1. However, the

homogeneous pathway does not require any precursor
burn from the heterogeneous hotspots as indicated in the
bum rate. It should he emphasized that although the
homogeneous time t,, appears to link 1a the pressurc. in

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

5:vcn in Eq. (2). It is through this particular conneciion
at the homogeneous process reinains effective tonge
as we wil! see later. Overall, we find that t, and t_and

the hotspot mass fraction 1 are affected exclusively hy
the physical microstructure. whereas 1. 1, T, und 1,

and the stow mass fraction y are ininnsic to the
fundamental niolecutar chemical property. For granular
explosives, the heterogenieuns process is essentiatly a
surface bum mechmism, whereas the homogencous
branch directlty uffects the interior. Fighre 4 shows all
the principal process times i the hybnd model,

n l\\ \
TN
1t s “'\\ \
B N \
G NN
TS SO e
I A
iy Holzpot presess b e N
Encigy o tne
bt Mochifiedd Ak Tone
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0 et ]

Ar Hed
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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 purpese,'® it does
provide an excellent opportunity to test the hybrid model
The reason will be made clear shortly. A very thin HE
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 aluminuin. The driver provides a ncar prompt
initiationt 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 tectinique. 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 ihe hybrid model
with the simnplified energy transfer tirne relation and with
the honiogeneous 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. i 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 initial shock The heterogeneaus inodel + alculation
©oseetns guite satisfactory and captures all the features
inchiding the reverberation inside the HE, but it stll
slightly underestiinates the experunent. With au adequate
amouni of overheat, the result of the hybrid model
matches  the experiment  almost  perfectly. In ths
coufignration, it is realized that although the HE s
imuated vather prompity by the dniving system, the
reaction cannot ieally sustain itself to reach the finat
detonation duce to the pressure release, cansing rapud

qm Rbase

. Ct .
e “"JM“’

[ ] IRERTE ERTRIN |

- , Inlrt! g ol
t ($
;:' et gp alel
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N e
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LME (a)

FIGURE S 025 MM PRX 950 EXFERIMENT AND
CAL CULATIONS

reaction rate reduction. If the reaction is solely
supported by the energy transfer process through the
pressure dependence in the pure heterogeneous 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
homogeneous 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 increasingly thicker HE
harges, 0.5 nim, 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 phenomenou 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 regiines. For heterogeneous explo-
sives, the low pressure initiation behavior is controlled by
the hotspots and followed by the energy transfer. The
homogetieous branch works in paraliel to the heteroge:
neous branch. Although {imited mainly in the high pres.
sure regime, the homogeneous process does ¢ontribute to
the total reaction. Its effectiveness, however, relies on the
nonequilibrium condition associated with shock. A tnovel
1dea to account for this effect is introduced by using the
concept of overhuitt. The overheat factor represents the
abihity of a few selective modes to absorb the shock
energy more effectively than others; and the excitation
time is a measure of how fast that can be accomplished
before equilibration settles . The equilibration process is
characterized hy the deactivation process time. As the
pressure pets higher, the reaction rate is first controlled by
the modifiedd Arrhenins process but eveutually reaches a
platean dominated by the excitation process. Further
increase in shock strength would not increase the rate.
Finally, a slow reaction component appears foliowing the
nuin hurn The appearance of a strong ptessure depen-
dence ut energy trauster nsing the Forest Fire formulation
secins to be anattempt to acconuodate the effect of the
homogeneons process.
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