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MODELING HETEROGFNEOUS HIGH EXPLOSIVE
BURN WITH AN EXPLICIT HOT-SPOT PROCESS

P. K. Tang, J. N. Johnson, and C. A. Foreat
Los Alamos National Laboratory
Los Alamos, New Mexico

We present s method of treating high explosive burn with a multi-step
process which includes the hot-spot excitation, decomposition, and tre
propagation of reaction into the region outside the hot spots. The basic
festures of this model are the separation of the thermsl-mechanical and chemi.al
processes, and the partition of the explosive {nto hot spots and the region
exclus.ve of the hot spots. The thermal-mechanical aspects are formulated in s

way similar to the chemicsl prooess,

The combined processes lead to s set of

rate equstions for the mass fractions of reactants, {ntermediate ststes, an¢
finsl products. The rates are expressed {nitially in terms of general
characteristic times, but with apecific phenomenological correlations {n*roduced
in the finsl model. Computstional examples are given ol simulsted flyer plate
impscts, short-shock initistion, corner turning, and shock desensitizstion.

INTRODUCTION

The rapid burning of high explosives (HE)
involves many complex thermal-mechsnical and
chemical processes. Here the term burn refors
to the chemicsl energy release proocess
associated with shock initistion; also, the
thermal-mechsricsl p.rocess includes both
hydrodynamios and transport., In the classicsl
model of stesdy detonstion, transport
processes are not ooncidered in detail since
the shock thickness is qQuite small compared to
sny typical dimension; second, the chemicsl
resction rate {s quite h.gh and thus the
reaotion zone is thin, and the entire pr« eus
is hydrodynamiocally controlled. Use# of the
Rankine-Hugoniot relations and the Chapman-
Jouguet condition leads to a well~defined
detonation velocity(1). This model ignores
the chemical and transport aspeocts and thus
simplifies the problem significantly. A large
classs of explosives follows this
simplification with a constant detonation
velocity under vasrious conditions, provided
the size of the explosi-'e ragion is much
greate: than some characteriatic dimeision.
The classical burn model, baseu on i{deal
steady detonation and known as programmed
burn, has bean used successfully in many
engineering design appliocations.

With the advent of {nsensitive high
explosives (IHE), the ochamical reaction can no

longer be assumed very fast compsred to the
hydrodyrsmic process, especially for
initiation; in fact, the ohemicsl process
could be so0 sensitive to local {nstantaneous
conditions that i{: msy not start or reach
cvmpletion within the time of interest, at
least for a large portion of the HE. The
above condition {s oslled detonation failure.
For the acenerios of shook-to-detonstion
transition, HE encountering a wesk ~hock will
undergo chemical resction at some¢ ‘'{istance
behind the shook front, the effect of ~eaction
wil) propagate through the additional distan-ze
to reach the front, intensifying and speeding
it up until a final steady detonation i{s
established. The total distance traversed by
the shock to the point of detonstion is known
as the run. Obviously a weak initial shock
requires a long run, The finite distance
needed for the transition is nothing but an
indicatior of the finite reaction rate
involvad. The unique experime tal
relationship between the initial shock
pressure and the run distance i{s presenied in
the form of a Pop plot. This relstionahip is
usually linesr on a log-log scsle(2) and is
used {n the determination of the Forest-Fire
resction rste(3).

While many recognize that models of HE
burn should be based on first princirles,
there are numerous difficulties with this
approach. Even though the chemicnal
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composition of the HE is usually known for the
major constituents, the chemical processes
that lead to the final products are poorly
understood, and pany intermediate species and
some finsl products have not yet been
identified, All of these make the description
of the processes accor.ing to the principles
of chemical kinetics almoast impossible. The
seconc difficulty in describing HE dburn s
that most aolid HE'a are not homogeneous;
voids and cracks are present and diatinct
boundaries exiat between various constituents.
Physical heter .geneity requires mass and
anergy bsla.uce calculations among all
components and phases if we are to desoribe
th2 complerte scenarios following the
principles of continuum mechanics and chemical
thermodynamics. The condition of extreme
pressure during the burn adds more uncertainty
in the determination of tranaport and thermal
properties. In ocoupling with the detailed
chemistry, the task of establishing a complete
thermal-mechanical and chemical model appears
impractical if not impossible. The motivatlon
for the development of a new model is to avoid
detailsd ocalculations, but toc include sore
ersential physical ooncepts that a first-
pgrinciplas approach would ocontain., We
conaider this a compromise, but believe |{t
off'ers many advantages and features frequently
needed {n computational models, The
aeparation of thermal-mechanical and chemice.
processes, plus the partition of the HE {into
hot apots and the region other than hot apots
are the main features of this model. The
apecial attantion paid to the treatment in the
hot-apot rigion lends the name to the model,
explicit not~apot process. Details of the
model have been presénted elsewhere, along
with a review of other HE burn podels(l).

We hegin our technioal discussion with &
review of some fundamerntal conoepts related to
combuat’'nn. This {s not to auggest that shock
initiation i{s phyaiocally the aame as laminsr
combustion, but only that the two phenomena
ahare sim!lar genersl features, as we ahall
aese. Following Zeldovich and Frank-Kamaneiski
theronl theory of pre-mixed laminar flaane(5),
the burning can be roughly divided into two
phaaes: heat-up and chemiocal reaotion. The
heat-up phaae i{nvolves *he Qnergy transfer
from the already-burned hot region to the
unburned ocold region, bringing the cold region
to the ignition oconditicen. Ouly when the
unburnad region haa raached high enough
texperature will the chemioal reaction take
place at a sufficient rate and liberate
ene~gy. Thia concept leads to aieplification
of many vombuation problems accdrding to the
dominance of either the tranaport-oontrolled
(heat-up) or the chemical-controlled
(resotion) prooeas. To {llustrate the
relative importance of tha tvo proceasea, vwe
define the condition of a combustible material
Gs a mixture of three distinct =tates; cold C,
hot H, ani burned B; each maas point contains

aome or all of the states. The processes of
trsnxformation from one state to the other
are;

C+H hest-up . (1}
H+B chemical reaction . (2)

Following the chemical kinetics
principle(6), with t being the time, the rates
of the transfcrmations can be written as:

@€ __C.
FE' 1 0 (3)

h

el
(]

ol (2]
1
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where C and H represent the mas, fractions of
the materis. in cold and hot oconditions snd B
13 the burned portion with:

Cc<H+¢+Bawli . (6)

Here h and T are the heat-up and chemiocsl

reaction characteristic times. The rate
expression of Eq. (3) is based on the
assumption that the energy transfer process {s
a volume rather than a surface effect. The
chemical reaotion given in Eq. (4) represents
a first-order prooess; with constant ™ and
T the integration of Eqa. 73) through (5)
with initial conditions (=1, and HeB=0 yields

Th t t
Be1l+[=— exp(- =) - exp(- =)]
1r 1h 1r
T
sy %3
Tr

If the heat-up proceas ia much alower than the
chemical procees, namely, 1, >> Tpt then we

h
have Lhe following extreme
t
B =1 - exp(- ;—) . (8)

h
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The other limiting case occurs wvhen the
chemical prooess {s much alower than the hest-
up prooeas, T, >» e and

B =1 - exp(- {'—) . (9)
r

Equations (8) and (9) each repreaents a
aingle-rate controlled proceaa, elither
thermal-mechanical or ohemiocal. The aingle-
atep prooess ia certainly aiapler than tha
two-step oase, and {t i{ms to our advantage to
recognize when we have the former. When both
oharacteriatic times are comparable, the more
general repreeentation ia the unly scoeptabdble
one. In the feollowing aection, hot-apot
formation, decompoaition, energy tranefer,
etc. ara oconaidered from a general viewpoint,
and then the relevant chararnteriatic times are
compared in order to reduce the entire aystem
to a simplar, two-rate controlled process.

THE GENERAL MODEL

The heterogenecus nature Oof high
explosives is widely recognized, as ve have
already diacussed. The concepts of hot epots
and the aechaniams leading to heterogenecus
reactior ara adiabatic gaa oompreasion(7),
rapid ahaar(8), viaco-plastic flow(9), vold
collepae(10), friotion(11), and others. It is
reaaconadle to antioipate that hot apots behava
qQuite differently from the rest of the
explosive, as far as reaponding to the ehock
aotion is oconcerned. Although adi{abatic
compreaaion (preaaure work) is a meana of
incraasing the internal energy in general,
disalpation assocliated with the {irreversible
atresses from the ahock proceaa {a nuite
aignifiocant {r the highly localized regions of
heterogeneous material. The internal energy
1is inoreaeed even pora and thua the
temperature 18 much higher than the
aurroundings. The 1%cal high teapereture
atarta the chamioal prucess aoonar than in the
aurrounding near-revertnibly compreased
portion. Aocordingly, we divide the explosive
into two aajor ragions: the hot apots and the
balance of exploaive. Since we do not {ntend
to inoclude the detaila of the hot~-apot
formation here, we define the hot apota only
in a very general way: there are sitea within
the HE that are potentially auaceptible to
mechanical atimulation (ehock) and become
energetic. Thaae cheajioally unatable eitee
then prooeed to decompoae at a rete determined
by a higher ioccal temperature; we may that the
hot epote have reached the ignition conditien.
Here tha ahook procese 1s aquivalent to the
heat-up phaea diacuaaed earlier in relation to
the pre-aixed flame. The balanca of exploaive
responds to the ehook in quite a different
way. There are poaaibly aome {nitial physical

(G=070)

and/or chemical ohangea but no aubatantial
exothermic chemical reattion. Only after a
oartain amcunt of hot-apct reaction ocan
additicnal reaction propagate iInto the balance
of the explosive. In ammary, we propoae the
fol)owing major steps {in ahock-i{induced
chemical reaction of he .erogenecus explosivss:

1. hot-apot oreation, formation of
ignition atate

R, =~ 1 ' (10)

2. hot-apot decompoaition, conaumption of
ignition atate

I, P ' (1)

3. heating of the balance of explosive by
the hot-apot burned product, oreation
of the ignition state for that region

»
R2°P.I-012°P.I ' (12)

4, decomposition of the balarnce of
explosive

I,+»°, . (13)

The symbola R, I, and P repreaent reactants,
intermediates, and producta; aubscripts 1 and
? are hot epote and balance of exploiives,

[ ]
raapectively. Here P1 repreaents P1 at a

cooler condition follovwing enerygy tranafer
from the hot apota to the balanoe of
exploeive. Tha firat two atepe involve the
hot mpota only, but the laat two control the
burn {n the balance of the &«xploaive as a
result of the hot-apot bturn. We 0rll this
phaae the burn propagation. The bdurn
propagation playe an axtremely {mportant role,
namely, the overall burning is daterminec by
the ability of the hot apota to transfer
energy to the dalance of che exploeive. It is
further asaumed that the hot-apot burn must
€xveed a certain threahold value to atart the
reaction in the baianca of explneive. This
leade to ignition delay in the burning of the
exploaive as a whole. Therefore, the oritical
pathway leading “o the completa burning of the
HE {r the prcpagetion, mcep 3, without which
burning will be confined to the hot apots.
Since tie hot-epot region i{a uaually quite
amall, the HE aa a whole can be conaidered
unburned {f thare {a no propagation at all or



Tang, et al. (G-070)

if {t tekes too long. The failure of burn
propagation is basically the fallure of
transition from shock to detonation.

Let us define Rl. Il. and P1 to be the

actual mass fractions of reactenta,
intermediates, and producta in hot apots
qivided by u, the fracticn of material capable
of being excited by the ahock., We oall these
quantities normalized sass fraotiona and adopt
aimilar definitions for "2' 12. and P2 with
(1 - u) replacing u in the normalizing process
for the balance of explosive. Uaing the
convent ional forrmulation in chemiocal kinetics
(6), we obtain the time ratea of change for
the processes (10) through (13):

A, the consupption rate of the
unactivated hot epota due to the
ahock action:

dR R
1 1

™ "TT v (v
8

B. the craation and conaumption of the
ignition state of hot apota:

dl
t

1
-1, (15)
1

Py
Py

Q
-

C. the oreation of the hot-apot burned

product:
dpP 1
1 1
—_— -, (16)
dt 10

D. <he® rate of conaumption of the
balance of exploalive due toO heating
from the already burned hot apota:

g . an
a 0

E. the oreation and oconaumption of the
ignition atate of the balanoa of
exploaiva:

dl R P f 1
2 H 1 -
e (=2 -% . e
] 0 10

F. the creation of the finsl product of
the balance of explosive:

% I,
T "= (19)
10

At any instant, the total unburned and burned
fractions are

R = uR1 + (1 - u)ﬂ2 ' (20)
P e uP.l « (1 - u)P2 . (21)

The mass fract:on of hot spots u is quite
likely related to the microstructural
properties such as the grain apecific ares and
aocme characteristic thickness in the hot-spot
region. The threahold fo is the normalized

mass fraction of hot-spot resction that must
be reached befora the burn can propagate into
the balance of explosive. Equations (:7) and
(18) also contain the multiplication fsctor u:
this represents a condition that a vanishingly
amall mas> fraction of hot apots would be
incapable of inducing large scale reaction in
the balance of explosive. We assume constant
and ro. For the normalized mass fractiona,

R, + I ¢+ P =1 . (22)
R, +I,+P, =1 . (23)

1n equations (14} and (15), T, reprasents

the charactaristic time for hct-spot
excitation due to firat~ghook affect. If hot-
apot temperature is choaan aa the paramete:r

repreaentiag the excited atate, then Ta ir the

charaoteristic time of tha procaaa leading to
that temperature. It {a qQuite likely a
function of the ahook atrangth and the
material propertiea. The descomposition
proceaa in tha ignition atate ia characterized
by Te and e vaually a funotion of the local

temperature. The charactei iatioc time T

oontrole the tranaport proceaa for the energy
tranafer from the burned produot of the hot
apota toc tha cold balance of exploaive. The
mechanism of the energy tranafer ia poaaibly a
turbulant mixing procesa at higher presaure
range and simple heat oconJduotion vhen the
burning {a leaa i{ntenes. It could bdbe a
funct.on of preaeura and temperature. The
phenomenological correlationa of these
oharaoteriatic times will be deecribed latar.

4
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Finally, To is the characteriatic time

for decomposition in the balance of explosive
Jnce the energy transfer from the hot spots
has taken place.

Equation (17) deaervea some additional
explanstion. Due to the normalized nature of
the gquantities "1' Rz. 11' IZ' Pl. and Pz. t he

presence of u is raquired to give the absolute
influence of the hot-spot mass fraction:
(l-fo) is another normalizing factor so that

when the hot spots have burned ocompletely
(P1'1)' the threshold effect vanishes and only

the energy trsnsfer mechanism through Tn
controls the rate.

THE SPECIFIC MODEL

We now use some phyaical arguments to
aimpl:fy the sbove formulation. First, {n the
hot-spot region, wve can expect the shock
(thermal-mechanical) prooess t0 be much faster
than the decomposition, (1c > r’). and this

should lead to an instanteneous change of R1

from one to zero., Mathemsticslly, Eqs.
(14),(15), and (16) are repleced by a single
rate equstion:

dPl 1
T (1'P1) ' (?“)
¢
and from Eq. (22):
P, ¢+1 =1 . (25)

In the balance of explosive, the energy
tranafer (tharpmal-mechanical) prozess (s
axpeocted to be much slower than the
deocoapoaition process that follows: |, e.,
Tm > 1;. a0 va oan maks addéjitional

simplifioation that I2 = 0, and from Eq.

(23

P, +R, =1 . (26)

The uoneequence is again a eingle rate-
controlled prooess:

dP:‘ " P'I - fo
o 1.‘ (- Pz)(—-_T) . 2m

(G-070)

The overall burned product rate equation
is a eummation of Eqa. (24) and (27) with the
uae of Eq. (21):

dP

- & -
dt ¢ a Pl)
o]

L P - %o
. o [v = P)=ur - Pl)][l_-Fo_-) .(28)

Equation (28) contains an unknown P, which ‘s

evaluated agparately uaing Eq. (24). As we
osn see in Eqs. (24) ang (28), 1if T, is much

less than o (1. e., the reaction in the hot

spots {a muoh faster than the rest of the
explosive, a condition that may be reached st

high pressures), P1 will reach unity much

sooner than P, this will eventually lead to a
single equation for the total burned zass
fraotion:

[
-]

- %— (1-p) . (29)
a

a

t

This apecific case (s representstive of
reaction-rate models auch as Forest Fire{3) in
which u/1In is specified as a function of

pressure. The apecific model described in the
repainder of this paper is not of this form,
but rather the explicit two-step process
represented by Eqs. (24) and (28).

The relationship betwaen the two

characteristio times, Tq and ot and thermal -

pmechanical and chemiocal properties of the
explosive are prcaented in detall
elaewhere(i), of whioch we give here only a
aummary,

The paasage of the i{nitial ahook wave of
presaure ampl|itude p. produces an average hot-

mpot temperature 8_ given by

[} p -1
S—} 2
o, = o1 - m==1n (Po)] . (30)

where m, 00 and Po are conatant and a is the

Arrheniua activatiou temperature., For hot-
apot temperature s‘ there is an induction time

for thermal axfplosion which we i{dentify with
the charaoteriatic time To!
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e2
[ a
. "z exp(—es) . (31)

In Equation (31), 8 is the temperature
coefficient due to chemicsl resction and Z {s
the frequency factor for Arrhenius resction,
The quantity that is experimentally determined
18 the sverage delsy for s given shock
pressure, The justification feor
{dentification of T, in EqQ. (24) with the

induction time for thermsl exploaion is gilven
in detall in ref. (4). Equations (30) sand
(31) are then used to obtain the aver ge hot-
spot temperature for assused values of a, 8
and Z. The latter quantities are sometimes
well-known from {ndependent measurement, but
are occasionally in doubt because Of extreme
thermodynamic conditions reached within the
hot spots. Therafore, in this work as vell as
the esrlier one(4), the hot-spot temperature
peans simply thst particular tempersture which
gives the experimentally datermined delay time
for a given set of Arrhenlus psrameters.
After the shock prnoess, sny further ohange of
s‘ will be zaused by isentropic compression or

expanaion(i):

de
—2. gp
AR (32)

with T being the Gruneisen coefficient snd «
the {sentropic compressibility, both assumed

constant. Here %% is the time rate of change

of pressure. Heat l1o0ss due to thermal
oonduction and radiation are assumed to be
negligible for the application presented hare.

As the hot spots burn, energy |is
transferred to tha balanca of axplceive. The
aecond phase Of the burn, burn propagation,
atarts as aoon as sufficlient energy 1is
received by the unburned exploaive. ¥e now

diacuas the correlation of A with the

thermodynamic state.

Aa va have manticned earlier, o

represants the proocass of enargy tranafer,
When the premaure is low, we expeot the
aechanisa to be simple heat conduction, but at
puch higher preaaure levels, oconvaotion and
loocal mixing ocould be a major factor for the
rapid increase of the effectiveness of energy
transfer. The parameter Ty in fact plays the

rola of both film ocoefficient and temperature
difference betveen the hot and oold regions.
Acoordingly, we propose the following
expreanion:

= [Ggp v 6p)] . (33)

The linear term in p represents the wesker
energy trsnsfer mechanism, most likely thermal
conduction, and G is a highly nonlinear
function of the current pressure p: we
speculate the efrfect is due to the more
efficlient energy tranafer mechanism such as
turbulence. For high pressure’, G provides
the dominant contribution: {n fact, we =an
identify that term to the pressure dependence
in the Forest-Fire rste(3), when we ccipsre
the Forest-Fire model with Eq. (29). The
determinatjion of G is therefore carried out
Lthrough s procedure simi.sr to the Forest Fire

model using Pop plot information; Go is

obtsined from the embedded gsuge data and the
Pop plot In the low pressure range. Using tre
originei Forest-Fire rate function form(3},

n 1
G(p) = exp(] ap) . (3u)

1«0

Since the current formulation has an explicit
multiplier u in the propagation term of Egq.
(28), vslues of Gy snd a, aiffer from the

originsl formulstions(3,4).

The expliocit hot-spo:. model of shock
initiation rapresented by Eqs. (24), (28) and
{30) through (32) alao inoludes the physical
effect of shock desensitizstion(12): A shock
wave of insufficient amplitude to cause prompt
initistion {tself has the e”fect of
dasensitizing the explosive to additional
compression. That this effect is indeed
included in the model given here can be seen
by starting with Eq. (30). Consider a first
shook of preasure p’ that creates an sversge
hot-apot temperature 03' Ir °a is smsll
snough, the charaotaristic time Te due toO the
first ahook ie too lung. Additional heating
due to autsequent shooks takes place according
to the adiabatic relationship, Eq. (32), which
is much less afficient than EqQ. 130) for
producing high hot-apot temperatures. The
phyaical explanation for this is that hot-spot
creatinn {s a8 highly irrevaraible and
dissipative proceas, and can happsn only once
vhen the firet shook arrives., Subsequent
ehocks oan do only reversidle mechanical work
on relutively ocool hot spots that have already
beer. formad.

Figure | gives a quantitative description
of this phenomanon for PBX-9"04 (94E HMX/3%
NC/3% CEF) with varjous values of I'c in Eq.
(32). The discussions are general and Apply
to axploalves other than PBX-9u04, Figure 1
elves the average induction tima for hot-spot
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reaction for s 5-GPa second shock prec=zeded by
a first shock of amplitude Py For a single

5-GPa shock, the induction time is -0.2 us;
point A on the solid line given by Eqs.
(30)and (31) with p’-s GPa. If the 5-GPa

shock {s preceeded by a 1-GPs shock, the
induction time for the firat shock (1 GPa) is
~11 uys, point B, If Tks0, there is no
additional heating due to the second ahock snd
the induction timeremains at =11 us., If I'k =

0.01 GPa 1. the induction time is reduced to i
us, point C; this {s st{ll quite long compared
to -0.2 us for a single 5-GPs shock. As the
compressibility {s increased, the delay time
behind the srcond shock gets closer to that
for s single shock (points D snd E in
compsrison with A), The dashed lines in Fig,.
1 sre the delsy times behind s 5-GPa shock
that follows a first sh-ck of amplitude p‘.

These delay times {ncrease significantly as p’

i1s decreased until a threshold shock pressure
i1s reached (below which hot spots cannot be
created by the first shock). Below this
threshold (not shown) the second shock travels
into essentially virgin material snd the delay
time decreases rapidly to a “slue near that
for a single shock (1. e., point A for a
single 5-GPa shock).

rek=0 GPs'

-
o
-

sl L1t

I}

DELAY TIME (us)

1 llllll

L

—e®
] 4 g aaaal Pkl O U

10'=
10" 10° 10"

FIRST SHOCK PRESSURE (GPu)

Figure 1, Effect of the firast shock on
the delasy time followed by a
second 5-GPp shock.

COMPUTATIONAL RESULTS

Calibration of the explicit not-apot
model presented here {s described in detall in
(4) for sustained impact in FBX-9uOU,
Computstions were performed numerically by the
method of charscteristics tracking s single
discontinuous shock front. A thick lucalox
impactor produced an {nitial particle velocity
of 0.055 ca/us in the PBX-9404 sample,
experiment 547(13)., Comparison of the
theoretical oOslculstion with measured particle
velocities at 0.5 om, 2.5 mm, and 4.5 mm is
shown in Fig. 2. The same model was used with
identical rste paras2ters to compare with
messured psrticle velocitie. for 8 finite-
duration pulse. In experiment 532(13), a
0.28-om thick lucslox projectile produces s
0.51-us pulse with initisl particle velocity
of 0.053 cm/us in PBX-9404, Comparison of
theory and experiment i{s shown in Fig. 3 for
psrticle velocity gauges located st 0,2 mnm,
1.2 mm, snd 3.2 mm. The good sgreement shown
in Fig. 3 is very encouraging because
calibration was performed for s sur*ajned
shock, Fig. 1. This result gives some
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Figury 2. Sustsined impa.t results,
experiment and oalculstion.
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Figure 3. Finite-durstion pulse results,
experiment and calculation,
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oconfidence that the explicit hot-spot uodel
represents ressonsble departures from
calibra:ion situations. As obvious s
requirement as this may be for shock
initiat,on models, it has not alwsys been
demonstrated.

We have 8lso included the explicit hot-
spot model {n the two-dimensional,
hyd-odynamic finite-element code DYNA2D(14),
As on? check of the explicit hot-spot model
anda the code, a number of distsnce-to-
detonstion calculstions were performed and
compered with the chsracteristic theory snd
the experimentsl dats, the rasults are shown
i Fig. 4. Tn addition to these compsrisons,
DYNAZD snowed favorable ccmpsrison with the
dsta and chsracteristic calculstion given {(n
Filg. 2.

70{_ T vl T T ST T
.0 C-J PRESSURE PBX-9404
& 30+ -
(] % ¢ PBX-0404 (EXP) ﬁ
20+ ~
> 4 DYNA2D (CALC.)
*s
10— K -
o +}o 3
£ I - 3
- *ﬁ'
€ |  +pcaLcULATION a8 ]
E (REF. @ e
- \ -
1 A 11l H LI A | ) l[
0.1 10

OISTANCE TO DETONATION (cm)

Figure 4, Pop plot for PBX-94O04,
experiment, 1-D snd 2-D
oslculstions,

In the remainder of the work desoribed
here, the DYNA2D code with the explicit hot-
spot burn model was used to investigste two-
dimensional effects of corner turning and
shook desensitizsation in PBX-9502 (95% TATB
/5% Kel-F). The model parameters for PBX-9502
ware estimated from the Pop plot given in (15)
and embedded gsuge measurements for porous
TATB(16), which give an approximate value of
Te -1 us for a ahock pressure of -8 QGPa. The

Arrhenius constants for TATB are given {n
(7).

For the oase of corner turni:ng when the
axplosive changes size abruptly, we use a 2-om
long PBX-9404 booster to atart the burn in
PBX-9502. The explioit hot-gpot burn model is
used for PBX-9502 but programmed burn {»
imposed on PBX-9UuO4, The problen
configuratior is given {n Fig. O with the
explosives bound by plexiglss. With a radius
of 1.3 om in the firat aegment (li-om long) and
6-om radius {n the aacond segment (3-cm long),
the burned mass fraction contours are shown in

Fig., 6 at 14 uys, a partially burned region is
seen near the region vhere the explosive
incresses suddenly in size. The reasorn for
this behsvior is the rapid lowering of
shockpressure when the detonaticn wave tries
to expsand suddenly, resulting in partial burn
or even complele extinction, st least {n some
locsl region. However, the main burn front {s
atill strong enough to maintain the burn sc
that an expsnding detonation wave can be
formed eventually. except the portion in the
vicinity of the corner,

PLEXIGLAS

PLEXIGLAS

PBX-9404
4 PBX-9502

Figure 5. Configuration for corner
turning stimulation.

PLEXIGLAS UNBURNED

BURNED

PBX-9502

+

Figure 6, PBurned mass fraction contours
for 8 detonation wave turning
s ocorner in PBX-9502.

The final example is s study of shock
desensitization, using thc configuration of
Fig. 5 but replacing the msterial bounded on
the side with aluminum. A wesk shock will
travel throug.. that medium and resch part of
the axplosive blook sooner than the main
detonation front becsuse of the higher shock
velocity for aluminum. Since the intensity of
the shcok {s wesk, the {nitisl hot-spot
temperature associated with the shock remsins
low snd the ignition delsy is very long. Even
with subsequent. compression of high intensity,
the ignition delay is not reducec enough to
oause significant burn in the hot-spot region
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as discusaed earlier. Tne effect of the pre-
shock on the burned mass fraction (P) at 14
usis shown in Fig. 7: a well-defined unreacted
region i3 seen between the alumi{num and
PBX-5502. Figure 8 shows the density contcurs
exhiditing the sharp contrast of the densily
batween the burned and unburned regicns. A
flash radiograph of shot no. 1746(18) for PBX-
9502 turning a 90-deg aluminumr corner {s
reproduced in Fig. 9. Although the experiment
was performed with a somewhat different
geometry, the essential features are
reproduced by the explicit hot-spot model.

UNBURNED
ALUMINUM

BURKNED

PBX-9502

Figure 7. Burned mass fraction contours
for PBX-9502 with shock
desensitization.

=

ALUMINUM

Figure 8. Density contours showing the
ef fect of shock
desensitization,

Figure 9. Flash radiography.

CONCLUSION

We have presented a new HE burn model and
demonstrated some of the experimentally
obssrved features of the model {n one and two
dimensiona., The resul.: are quite encouraging
ind we 3hall continue the effort; {n
particular, we shall °'nvestigate further how
those emplrical parameters relate to the
thermodynamic state and material propertlies
such as {nitial temperature and grain size.
The energy transfer concept of thi3 model
prompts us to believe that those parameters
90. ro, GO' and al's must be related to the

initial temperature, The hot-spot mass
fraction, u, must be linked to the grain size
through the surface area and {inter-granular
inhomogeneity: a smaller grain size wovld
result in a larger hot-3pot mass fraction.
Therefcre it i3 possible that finer grain 3lze
may lead to shorter run distances as some
experiments indicate(12). MHowever, che grain
size may also have some effect on the inltlal
reference hot-spot temperature. As the grains
become smaller, the material approaches a more
homogeneous 3state which reduces the
dissipation coming from the irreverajible
stress compunents, The net effect i3 a lower
reference hot-spot temperature BO which would

decrease the hot-spot burn rate, resulting in
longer run Jdistance, Experimental evidence
also supports this trend at low shock
pressures('9), At the present time, thr=z data
necded for the model are limited and {n some
cases, rrelirminary. More experimental work is
required to support the model improvement and
actual application.
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