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HOT-SPOT REACTION [N UNSUSTAINED SHOCKS*

J. N. JOHNSON

Los Alamos N-tiocnal Laboratory, Los Alamos, NM £7545

Shock waves in reactive media create hot spots which undergo further temperature change (following
Creation) by means of (i) chemical reaction, (ii) trermal conduction, and (iii) adiesbatic effects
resulting from pressure variation. A thermodynamic cescription of exothermic reaction uander con-
ditions of variable preiasure is presented here. The reaction rate is assumed to be a function
of temperature only, and of the Arrhenius form: the effect of varisble pressure enters through its

influence on temperature. Decreasing presaure significantly

alters adiabatic thermal explosion

times, and can, under nowinal conditions, completely inhibit hot-spot reaction. This effect is

discussed in terws of explosive initiation by

1. INTRODUCTION

Shock-wave Linitiation of wsolid explo-
sives it schieved by the presence of hot
apots; that is, small localized regions of
high te.perature which are necessary to
start the reaction process. Hot spots are
typically 0.1 to 10 ym (pechaps larger for
very coarse-grained explosives) in radius,
or half-thickness if they are planar, and
400-500 K sbove the mean temparature of the
surroundtnll.l

1f a shocked enxploaive containing hot
spots is divided into two regions con®
sisting of (i) hot spiis (mass fraction M)
and (ii) wmaterisl exclusive of hot spots
(mass fraction 1-y), the overall extent of

reaction A can be written

A= opn + (1-p)y (v

vhere n is the extent of hot-spot reaction
(0 < n < 1), whose rate of clisnge is deter-
ained by the react'on kinetics at the ele-
vated hot-gpot temperature t, and y |y the
extent of resction of (0 < y < 1) for the

unsustained shock waves.

remainder of the explosive. For coanstant y,
the overall rate of reaction is then given
by

Ampn e ((1-A) - p(lenly/(-y)  (2)

Hot spots get the reaction started by means
of the term pﬁ in Equation (2). Growth of
reaction is governed by the additive turm
iavelving i/(l-y).

At present, most of what is kaown about
shock iapitiation of solid explosives comes
from macroscopic meacursment of run distance
to detonation (for known initial pressure),
particle velocity and pressure as functions
of time at points within the sample, and
free-surface motica. Exceptions to this
statement consist of the work of Von Holle
and Loq’. Von Holle end TerQIJ, and Field,
gg_giéa in which direct observations oJ hot
apotea have been mads.

[t ta difficult to separate unsmbigu-
ously the effects of hot-spot reaction
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For a reactive hot spot of temperature T

subject to Arrhenius kinetics with
n = (1-n) v exp(~E/R1), (1)

where v 1is the frequency factor and E is the

activation energy, the constant-preasure

time to thermal explosion is given by 3,6
Re_t?
tp = —LEQU exp(E/Rto) (&)

where 1, is the initial hot-spot tempera-
ture, Q L{s the heat of reaction, and Cp is
the constant-pressure specific heat. I[f t
is extremely short, say on the order of the
risetime of the shock, then wbatever time-
dependent behavior that occura behind the
shock is & consequence of a reaction growth
mechanism and not the thermal explosion of
hot spots. However, tp is a sensitive
function of {initi4l hot-spot temparature,
which is turn depends on the shock ampli-
tude. Thus, it 183 expected that for any

particular explosive there is a range of

(A) (®) t-t,
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shock pressures for which t is long com-
pared to other characteristic times of
interest, and that thermal conduction and
pressure change should each have a strong
influence on initiation properties.

In a sustained shock, the pressure is
nondecreasing in the early part of the
initiation process as shown in Figure 1B-D.
At time Ep evidence of chemical reaction is
seen in the region between the impact sur-
face and the shock front S. The physical
interpretation of Ep is the aversge time for
hot spots to undergo thermal explosion at
constant pressure. At tise L* the C’
characteristics converge (Figure l1A) to form
4 detonation wave D. For wunsustained
shocks, the rarefaction wave R, Figure 2,
may be sufficiently strong to reduce the
hot-spet tempsrature and completely inhibit
thermal explosicn. A quantitative descrip-
tion of the conditions that make this pos-
sible is the subject of this paper.
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2. ENERGY BALANCE

The specific model of the hot spot that
is ilmplicit here is one of a constant mass
(density p) of reactive material at ele-
vated, spatially uniform, temnerature t(t)
embedded in inert, heat conducting sur-
roundings at unitorm initial temperature TO.
The hot spot is created within the shock
front (t=0), with t(0) = T by some highly
irreversible and dissipative process such as
void collapse or localized shear deform-
ation; the precise creation mechanism is not
important in the present discussion. The
analysis presented here aspplies only to con-
ditions following hot-spot creation, in
which further pressure change is assumed to
be coatinuous and mechanically nondissipa-
tive.

Mechanical equilibration within the hot
spot is assumed to t ke placr on a time
scale much shorter than other (thermal)
characteristic times of interest. Thus, the
pr-ssure p(r,t) is taken asw a function
p(t) involving time alone. The reaction rate
ils assumed to be a function of the tempera-
tuce alone and of the Arrhenius form.
Variable prersure i(nfluences reaction rate
indirectly through its effect on tempe-a-
ture.

Under conditions of variable pressure,
energy balsacu requires that tie time rate
ot change of the hot-spot temperature t be
given by7

t = (tr/pcd)p o (Q/c,)3 +
(K/pVC )J‘ (Y1) *n dS, (5)
P s

vhere ' 1» the Grineinen coefficient, c is
the adiabatic sound speed, K is the thermsl
conductivity, T(r,t) is the temperature in
the region outaide the hot spot (defined by
surface S, with unit normal ﬁ. enclosing

volume V).

An approximate solution to EZquation (5)
is given in Referencec 7 for hot spots with a
nonzero characteristic constant for thermal
conduction, v ® (K/pCp)(S/V), where S/V is
the surface-to-volume ratio of the hot spot;
Ve has units of velocity and is a measure of
how quickly heat is lost due to thermal
conduction over the boundary.

For purposes of discussing hot-spot
reaction in unsustained shocks, the adi-
abatic case, V. = 0, is instructive. [t is
also u3jeful to employ the exponential ap-
proximation to the Arrhenius rate law.5
Expansion of 1/t in a Tay.or Series about
the initial state 1/t° in Equation (3), and
neglecting the first-order depletion term

gives

n3Iv exp(® - E/Rt ), (6)

uhere 8 = E (T - 1)/ n:i . In the adiabatic

case, Equation (5) then becomes

t, 8 3 ACL + Ry 8/E) + exp(0), ()
. 2
A=t p (TE/RTpc), (8)

with lnitial condition ©6(0) = 0

A typical value for E/Rto is 30 and
hence in the early stages of reaction
RIOIBI/E <<]: under this condition and the
apecia’ case of p = conetant (and thus A =
constant, neglecting changes in I, p, a4nd

c), a solution of Equation (/) is

A exp(-0) = (1 ¢+ A) enp(-At/tp) -1 (9

The time t' at which exp(-8) * O (thermal
explosion) is given by

b/t . AN e oA (10)

wWhen A + 0 , t'/tp * | an required. Fqua-
tion (10) describes the way in which the



thermal explosion time is reduced or extend-
ed for a corstant value of A given by Equa-
tion (8).

The critical condition for complete
quenching of the adiabatic hot spot occurs
for A = :1; that is, vhen t'/tp + » In

terms of constant ﬁ this occura when

- 2
tp p €<= pc RtolEr . (11)

Nominal values for the physical quan-
tities in Equation (1.) are p ~ Zglcna. c ~
3000 m/s, I ~ 1, and E/Rt° ~ 30. For PBX
=9404, ar HM}{-based explosive with a nitro-
cellulose binder, tp ~ 1 ya for a 3.7 GPa
shock. Thus & ccastant value of p ~ - 0.6
GPa/us is wsufficieat to inhibit all hot-
spot regction, rugarcless of size, heat
capacity, or thermal conduction.

This condition is easily achieved in
unsustained sbnck initiation experiments.
Inequality (11) provides a very useful
criterion for determination of conditions
under which a constant rate of pressure
decay inhibits hot-spot ceaction.

4. CONCLUSIONS
Reaction under treosient pcessure con-
ditions is described by Equation (3) for hot
spots of nonszero v " (K/pcp)(SIV). For the
special case of the adiabatic hot spot, v "
0, snd Arrhenius kinetics io the exponential
approximation, Eyuatioa (3) can be solved to
give noudimensionsl hot-spot tewmparature @
as a fuaction time behind aan ussustained
shock wavs in the region of constaat p (for
exasple, ia the rarefaction wave R of Figure
2€). It is found that for 6 givea by [o-
equality (11), time for thermal explosicn
beconrs infinite. The critical coudition
corrasponda to a vslue of ﬁ ~ «0.6 OPs/un,
commonly achieved im unsustaine® shochs.
It is obvicus thet constant ﬁ canaout be

maintained indefinitely, and Inequality (11)
serves only as an estimate of pressure decay
rates that cam influence the initiation
process. The formal solution of Equation
(5) for the nonadiabatic hot spot and arbi-
trary p(t) ia presented in Reference 7.
However, once the pressure has dropped to
zero, whether hot spots undergo thermal
explosion or not probatly has little to de
with prompt initiation because of the strong
dependence of y, Equation (2), on pressure.
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