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HOT-SPOT REACTION IN UNSUSTAINED SHOCKS*

J. N. JOHNSON

Los Alsmos N-ticnal Laboratory, Los Alamoa, NM #7545

Shock waves in resctive medias creste hot spots which undergo further temperature change (following
crestion) by mesns of (i) chemicsl resction, (ii) tirermsl conduction, and (iii) adiabatic effects
resulting from pressure varistion. A thermodynsmic dlescription of exothermic resction uader con-
ditions of varisble preasure is preasented here. The resction rste is sssumed to be s function
of temperature only, snd of the Arrhenius form: the effect of varisble pressure enters through its

influence on temperasture. Decreasing pressure significantly

slters sdisbatic thermal explosion

times, snd can, under nowinsl conditions, completely inhibit hot-spot resction. Thias effect is

discusaed in terws of exploaive initistion by

1. INTRODUCTION

Shock-wave {nitistion of asolid explo-
sives it schieved by the prcsence of hot
npots; that ia, emsll locslized regions of
high te_persture which are necesssry to
atart the resction process. Hot apots are
typically 0.1 te 10 ym (perhsps larger for
very coarse-grained explonives) in radius,
or half-thickaess if they asre plansr, and
400-500 K sbove the mean temparature of the
nurroundln.l.l

If s shocked enploaive contsining hot
spots is divided Into two regions con-
sisting of (1) hot spcis (mass frection )
snd (ii) meterisl sxclusive of hot spots
(msss fraction 1=p), the oversll extent of

reaction A can be written

A mopn ¢ (lepy (n

vhere n is the extent of hot-spot rsaction
(0 < n ¢ 1), vhose rate of chsnge is deter-
ained by the resction kinetics st the ele-
vated hot-spot temperature t, snd y |v the
entent of resction of (0 < y < 1) for ths

unsustsined shock waves.

remainder of the emplosive. For coastsat u,
the oversll rste of reaction is thea given
by

Awpn e ((1-A) - pllenly/(ley)  (2)

Hot spots get the resction started by mesns
of ths term un in Equstion (2). Growth of
reaction is pgoverned by the additive turm
involving i/(l-y).

At present, most of what is kaown about
shock inif.istion of solid explosives comes
from macroscopic mescurement of run distance
to detonation (for known initisl pressure),
particle velocity and pressurs ass functions
of time st points within the sample, snd
frese-surface moticn. [Emceptions to this
statement coasist of the work of Von Holle
snd Loo’. Von Holls and anvorJ. snd Field,
gg_giéa io which direct observations ol hot
spots have been made.

It is 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/Rt), (1)

where v {8 the frequency factor and E is the

activation energy, the constsant-pressure

time to thermal explosion is given by 3.6
RC_t?
tp = —LEQU exp(E/Rto) (&)

where 1, is the initis] hot-spot tempers-
ture, Q is thc hest of reaction. and Cp is
the constaat-pressure specific hest. If tp
is extremely short., ssy on the order of the
risetime of the shock, then wbatever time-
depsndeat behsvior that occurs behind the
shock is s consequence of s resction growth
mechanism and not the thermal explosion of
hot apots. However, tp is & sensitive
function of 1initial hot-spot tempersture,
which ia turn depends on the shock ampli-
tude. Thus, it 183 expected that for any

particular explosive there is & rsoge of
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shock pressures for which t is long com-
pared to other characteristic times of
interest, and that thermsl conduction and
pressure change should esch hdave a strong
influence on initiation properties.

In a sustained shock, the pressure is
nondecressing in the esrly psrt of the
initiation process &8s shown in Figure 1B-D.
At time Ep evidence of chemicsl reaction is
seen in the region between the impact sur-
fsce and the shock froat S. The physicsl
interpretation of Ep is the aversge tims for
hot spots to undergo thermsl explosion st
ronstsnt preasure. At tiase t* the C’
characteristics coaverge (Figure 1A) to form
8 detonstion wsve D. For unsustained
shocks, the rarefaction wave R, Figure 2,
msy be sufficieatly stroag to reduce the
hot-spot tempsrsturs snd completely inhibit
thermal explosion. A quantitative descrip-
tion of the conditions that mske 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 1mplicit here is one of a constant mass
(density p) of reactive material at ele-
vated, spstislly uniform, temnerature t(t)
embedded 1in inert, hest conducting sur-
roundings st unitorm initial tempersture To.
The bot spot ias crested within the shock
front (t=0), with t(0) = T,» by some highly
irreversible snd dissipative process such as
void collspse or localized shesr deform-
stion; the precise crestion mechsnism is not
important in the present discussioa. The
snslysis preseated here spplies only to con-
ditions following hot-spot creation, in
wvhich further pressure chsange is sssumed to
be coatinuous asnd mechsnically nondissips-
tive.

Mechsnical equilibrstion within the hot
spot is sssumed to t ke plscr on s time
scsle much shorter than other (thermal)
characteristic times of interest. Thus, the
pr-ssure p(r,t) is tsken as a function
p(t) involving time slone. The resction rate
is sssumed to be s function of the tempers-
ture alone and of the Arrhenius form.
Varisble prersure influences resction rate
indirectly through its effect on tempe-a-
ture.

Under conditions of varisble pressure,
eaergy bslancu requires thst tie time rste
ot change of the hot-spot temperature 1 be
given by7

tm (tr/pcd)p ¢ (Q/c )3 +
(k/pVC )f (Y1) +n ds, (5)
P Js

vhere I 13 the Grinsinen coefficient, c is
the sdisbstic sound speed, K is the thermsl
conductivity, T(r,t) is the temperasture in
the region outside the hot spot (defined by

surfsce 8, with unit normal ﬂ, enclosing

volume V).

An approximate solution to Zquation (5)
is given in Referencc 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 unsustsined shocks, the adi-
abatic case, v, = 0, is instructive. It is
also useful to employ the exponential ap-
proximstion to the Arrheaius rate law.5
Expansion of 1/t in & Tay.or Series sbout
the initisl state l/t° in Equstion (3), and
neglecting the first-order depletion term

gives

n3Iv exp(® - E/RT,), (6)

where 6 a E (T - to)/ Rtg . In the adisbatic

case, Equation (5) then becomes

L 6 = A(1 + Rt _8/E) + exp(O), (1)
. 2
A= tp p (FE/Rt pe ), (8)

with {aitisl condition ©6(0) = 0

A typical value for E/Rt° is 30 and
hence in the esrly stsges of reaction
RtOIBI/E <<]: under this condition and the
specis’ casse of p = constant (and thus A =
conatsnt, neglecting changea in I, p, and

c), s solution of Equation (/) is

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

The time t' at which exp(-8) + O (thermsl
explosion) {s given by

T LTI (10)

wWhen A + 0 , t'/tp * | as required. Fqus-
tion (10) iescribes the way in which Lhe



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; thst is, when t'/tp « @ In
terms of constsnt p this occurs whea

. 2
tp p < - pc Rto/Er . (11)

Nominal values for the physicsl quaa-
tities in Equstion (1.) sre p ~ 2|/cn3, c ~
3000 a/s, T ~ 1, sad E/Rto ~ 30. For PBX
-9404, sr HMX-bssed explosive with s nitro-
cellulose binder, tp ~ 1 pya for s 3.7 GPs
shock. Thus s ccastsat value of p ~ = 0.6
GPs/us s sufficieut to inhibit sll hot-
spot redction, rugsrdless of size, hest
caspacity, or thermal conduction.

This condition is easily schieved in
unsustained sbnck initistion experiments.
Inequality (11) provides s very useful
criterion for dstermination of conditions
undar which s constant rate of pressure
decsy inhibita hot-spot cssction.

4. CONCLUSIONS
Resction under trsnsient pcessure con-
ditions is described by Equation (3) for hot
spots of nopaero Ve " (K/pcp)(SIV). For the
specisl case of the sdiabatic hot spot, “ "
0, sad Arrbheajus kinstics io the exponentiasl
spproximation, Eyuation (3) can be solved to
give nondimensionsl hot-spot tewperature @
as a fuaction time behind sa ussustained
shock wsve in ths region of constaat 6 (for
snample, ia the rarefsction wave R of Figure
2€). It {a found thst for p givea by lo-
equslity (11), time for thersmal explosiocn
beconrs infinite, The critical coudition
corcesponds to a vslua of p ~ =0.6 GPs/us,
commonly schieved 1in unsustsine? sbocks.
It is obvicus thet constant ﬁ ceannot be

maintained indefinitely, and Inequality (11)
serves only as an estimate of pressure decay
rates that can influence the initiation
procesa. The formsl solution of Equation
(5) for the nonadisbatic hot spot and arbi-
trary p(t) is presented in Refereace 7.
However, once the pressure hss dropped to
zZero, whether hot spots undergo thermsl
explosion or not probatly has little to do
with prompt initistion becsuse of the strong
dependence of i. Equstion (2), on prsssure.

REFERENCES

1,

F.P. Bowden sad A.D, Tfoffe, Initistion
snd Growth of Explosion in Liquids and
Solids (Csmbridge University Preas,
1932.)

W.G. Von Holle sad E.L. Lee, Tempersture
messurement of shocked explosives by
time resolved infrared rsdiometry, in:
Symposium H.D.P. (Commissrist }
L'soergie Atomique, Paris, 1978) pp.
4623-438,

W.G. Von Holle snd C.M. Tarver, Tempera-
ture messurement of shocked explosives
by tims resolved ipfrared radiomatry-a
nev techaique to messure shock-induced
resction, in: Seventh Symposiua
(Interpationsl) oan Detonation (Nsvsl
Surfsce Wespons Centsr, White Oak. MD,
1981) pp. 993-1003.

J.E. Field, G.M. Swullowe, sand 8S.N,
Hesvens, Proc. Roy. 8Soc. Lond., Al
(1982) 231,

P. Gresy snd P.R. Lee, Thermal explosion
tbheory, tn: Oxidstion and Combustion Re-
viavs, ed. C.F.N. Tipper (Elsevier,
Amsterdam, London snd New York, 1967)
pp 1-183.

J.N. Johnson, P.K. Tang snd C.A. Forest,
J. Appl. Phays. 37 (1983) 4323,

J.N. Jobngom, Proc. Roy. 8Soc. Lomd., in
print.



