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THE HETEROGENEOUS EXPLOSIVE RE.\CTION ZONE

Charlea L. Mader and James D. Kerokaer
Los Alamos National Laboratory
LOO Alamos, New Mexico 87545

I )
The calculated reaction zone of PBX-9404 usint solid HMX Arrheniu- kir.eti:s
in stable LO paturb~tion~. The cdcul~ted reaction zone Von Neummn -pike

presmue agr~ with the ●xperimental obcer+mtioru within experimental uncertainty

mocis’~ with ditTermtt uperim-ntd ~hniqua. Tho calculated homogenecrus

explooive re~tion zone thlckrma u luger thui ohaemed for the heterogeneous
explaivo. The e~ect of two volusm percent Air hol~ on the reution zone Wm

modeled using the thredimmakmml Euleri~ reactive hydrodynunic code, SDE.

The air hoi- pert~rb the reaction zorm. A complicated, timsdependent, multi-

dimenaiorml ra~tion retion praecds through the hetaroreneou.s ●xploaivn. The

experimentally observed reution zone characteristic of heterogeneous explosives
ue meu mluc!a of UI irregu:hr, thr-dimensional reaction region.

INTRODUCTION

The hydrodynuxric stability of ona-dhmecuiond
detonations in ur ides] gaa waa studiad analytically by

Erpenbeck’ md numerically by Fickdt and Wood,’
Fickett, Jacobaon, and Sclmtt,’ and Mulor.4 Thg

hydrodynunic fitabili’v of t~dirrnnaional datonatioru
in gua wsa atudi~d by Madm,4 by Ta.ki utd

Fujiwam,s and by Mukow.6 ?+4dar k atudlod tha
stabilityof datonstl.ona In th~ ho~aztaua axplosiva

nitromcthue md Ilquld TNT. Datormtions of tha
crruckensed ho~ uplalva nitrornath~le and
ll(~uid TNT wra found to axhibit urutablc Pariodlc

hchavior, Tho otady-ctata Chapman-Jouguat theory
of the datonalion prw - will not proparly d-crib+

(h? behavior of homogenrmus ●xplcmiv~ thst ●xhibit

Turh unst~bk bchtvim M~t exparimantd studia of
ro. u ti(]n ZOIIF rharaclcrlmtlcs of cxplrwiv~ have bwn

I)rrforlrlrd unins hrt~rogenmrus •xploaiv~- rather lhan

lIq III(ls or mingle rryslaln Iletcrogcnroum ●rrplocives
are rxl)lonIv Fm rontalnll]g drnslty II IS CO IIt ImJIt Iem such u

voids or ~ir hoi-. Tha shock interactions that ucur
when nhak intaut with voids or air holu result
in Iocml high tempm~turo and prwur~ regions called

“hot q)oti.” Th- “hot 6PM” decompose ●nd ~dd
their •mr~ to lhe flow and result in the praem of

heterogonuxra shuck initiation, The praeu haa Lccn

modeled numaric-lly ud is ducribad in detail by the

hydrodynamic hot #pot rnodel.7,c,9,10 The SUCCUS Of ~hc

thrc+dimenaion~l numeric~l model- in describing lhe

inter,xtion of thak wmvra with density disco nlinultim

●nd of a detonation wave inter uting with ● ruatrlx

of tunsnterr puticla in II MX, ” rncours~~d us to

numerically exunine tha interaction of a rmolvcd
reactive zone in lIMX with ● two volumr prrrrnt

mstrix of sir hol-.’z An objective of thr SLIIdy v ,M
(rr de(erm ina tha nalura of tlIe flow I)ril)g rxall)il~v{l III

?xperirn?nlhl stu(i Irs of r?actlon zonm 0( llrtrroKrIlr~)\lq

●xplmiv?n,



TABLE I. PEIX-9404 REACT!ON ZONE

EXPERIMENTAL OBSERVATIONS

The heterogeneous explosive reaction zone that
!tw been the mwt studi~d ia PBX-9404 (94/3/3
H\fX/Nitrocellulose/Tria-~ -’hloroethyl phmphate). A
surmnary of the eatimat~ I reaction zone thicknem
and Von Neumann spike assure is given in Table
I along with the calculated reaction zone pmumeters
using the did Arrhenius HMX conatante or 34.8 kcal/

mole for activation ●nergy uId 3 x 104 M-’ for
frequency factor dacribed in reference 9.

The metal free--urface measuremen~ of B. G.
Craig used the technique described in reference 13.

The infr- red radio-try meaauremen~ of W. Von
Hone used the technique dacribed in leference 14,

The interferometer measurerrmts were performed
by W. Saitz, The ●pplication of this method to reaction
zone me~uremente u described in reference 15.

The bromoform meesuremen~ were mada by R
McQueen and J. Fr!ta using the ter4nique dacribed in

reference 16.

The calculated reaction aone for
“homogenaoue” PBX-9404 u luger than the observed
reaction zone for heterogeneous PBX- MM, ●lthou~h
within the uncertainiti~ es~iated with experimental
interpretation and with the eolid Arrhenlos conatmk

We undertook M invatitation d the effect of

heterogenitia on reaction zone structure to determine
if they might rault in ● reaction zone whose ●f%ctive

thickn~ wu diflerent than the ideal etaady-etste

reaction zone IenSth,

The calcul~bd etaady-etate reaction aone for the
ho~enemm explaivo liquid TNT Is WXII cm in good
~groament w;%h the lIa~ conductivity thlckn~ of
00013 cm and comxiemt with the Craig up-r limit

frea eurface reutboa acmethickn~ of 0,01 cm Ieported

in ref~rcnce 7. TIM obned reution aone thicknaze is

probably a nzaur d ● periodic flow mince Hmya obeemed

a lUXI m?gacycle (10 ‘s#/cycle) oscillation in liquid

TNT and we calculat~ m period of 5 x 10-ZPS,

Experimental Reaction Zone
Technique Thickness F’VN sP,kt PC-J

[cm) (kbar) (kbar)
—. —-

Bromoform 0.02 485
Interferometer <0.01
Lrtfra Red O 024J,I)3

Radiomtry

Metal Free 0.01 550 265
Surfue . .

Ca[cul~ted 0.07 560 365

TABLE II. P13X-95CJ2 REACTION ZONE

Experimental Re~tion Zone
T=hnique Thickneae PVN Sp,h, PC-J

(cm) (kbar) (kbar)

— —— .—

Interferometer 0.08-0.16 376
Infra Red 0.08

Radiormt~

Metal Free 0.03 ?90
Surface

Foil/Water 0.21 375
calculated 377 290

TABLE 111, COMPOSITION B REACTION ZONE

Experimental Reution Zone
Techniqu J Thickrmm /’\VfJ .$P,A. 1’,: J

(cm) (kba.r) (khar)

Dromoform 0.04 :19.5

lntarferometer ().02 420

Me!al Free 0.014 374 IH5

Surface
(hmductivity ().()13

(!alcul~trd 437 In:)
-, -



NUNf12RICAL MODELING

The steady -stste reaction zone for PBX-9404
wax calculated using the on-dimensional reactive
hydrodynamic code, SIN, the HOM ●quation-of-state
cocstmu dexcribed in reference 7 and the Arrhenius
co~.stan~ for solid HMX described in relerence 9.

The calculated PBX-9404 reaction zont profile in
shown in Figure 1.

The time-dependent khsvior of the dow in
the reaction zone of detonating PBX-9404 wax
invaatigated using onedirnensional Lagrangian and
Lhree-dimensional Euleriui numericsl hydrodynamics.
rhe steady-rotate solution wax ~takla ~d perturbation
were [ound to decly, Thb i~ in contrut to the time

dependent, unstable, periodic reaction zona repo[ted
for liquid TNT and nitromethane in referenc~ 4 and 7.

The stable steady-state reaction zrme of PBX-
9404 permits u to ctudy the ●fkt of heterogenitia

rm the reaction zone profila without the complication
usaisted with ● tim~dependent rexction zone.

To examine the dqct, ~f heterogenitia on the
reaction zone, we uxed the three-dinruional Euleriu
reutive hydrodynunic code, 9DE.’7 It uxa tha
techniqua idwrtica.1 to thcwa d~ribed in de~ail

in reference 7 and usad auccaufully for ducribing
tw~dimensional Eulerian flow with mixad cells and

multicomponent equatioru of otate, and for modeling
reactive ff~ including reaction zorm citability,’

The thrm-dimenxiorml computational grid
rontainad 30 cellx in tha x dirulion, 20 cells in the y

direction, and 57 calfx In tha s diration, ●ach O,(M4 cm
on a oida. ‘Tha ti~ Incramcnt wu O x 10-4~. At
Llw bottom of the Uld WM ● raact~on zona piston w
drncribed in refereu- 4 and 7, which wu programmed

M initialize tha fl~ with a ~taady-atatx reution zona.

After lha staady-slab roxction zone had travalad ona
rmztinn zone iength in soiid Pfl X-9404, it intm~tul

with L LWOperc~nt hy vniurne HCP (hexagon-i cioaa

pU-k IId) mhlrix nf ●ir holcm.

Thirty-four spherical air holen, each with a
ditieter of 0.012 cm, occupy ● region in the middle

of the m-h about 25 ceils high. ParLial air sp4erea
occur on the bounduriea ax nec~sary. The air hole size
wan chwen to be repreaent~tive of the actuai hole size

present in preued PBX-9404.

Numeri:ai t=tx with two to six ceils per air
nphere diameter -hwed the rexulti were independent
of grid nize for 3 or more cellm per sphere dianeter.

Figurw 2 sh~~ the initial configuration of spherical
air hoim in PBX-M04.

The iow rwoiution naamry for the lb.r~
dimanaiond cafcuiation r-uitx in & 1- resoived
reaction zona than d~cribed eariior using the on-
dimenaiond SIN code, The reaction zone burn frutior,
ax a function of dixtanca u ahmvn in Figure 3 for the SIN
on~dirmnxional calculation and for the SDE calculat ior

for two v-kmity coefficient. The vixcmity coet%cient
mhiftmthe iocation of the mtut of tha burn. Tha profiie is
not signi6cantly changed by variations in the viocmity,

The SDE reaction zone profile for preaaure,
tempemture, puticia velocity and mam [raction u R
function of distance am ●hwn in Figura 4.

Tha burn fraction fiurfaca nf ● PBX-94C4 reaction

zone alter it hu interacted with tha region 01 two

voluma parcont ●ir spheru “wahmn in Figura S. The

het.erogenitiu perturb the reution zone. A cornpiicat.d

r~action region davelo~ and ix maintained by the
reutive flow.

Crux mctionai ploti of pr-mura ●nd burn frmction

through tho I!ilh ceii in the x dir~tion (I .- 1s) mr~

shown in Figure 6, A complksted timmdependent,
multi-dinwmiond reaction r~gion prncedn through the
heteromen~ux axpioaive.
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CONCLUSIONS

The calculated reaction zone of PBX-9404 using
solid HMX Arrheniue kinetics ia -table to perturbation
and ● -teady-state reaction zo,~e pro61e u maintuned.
This i- ~~ .ontrast to the tim~dependent, periodic

re=tion L :;e calculated for nitromethane and liquid

TNT w dacribed in referenea 4 and 7.

The effect of two volume percent mpherical air hoi=
on the reaction zone wu modeled using the thr~

dimensiona~ Eulerian hydrodvn~ic code, SDE. The ●ir
hola perturb the reaction zone fiow. A complicated
reaction region develo~ and “u maintained by the
reactive fluid dynamicrn.

Thus, my experimental study of a reaction region
“n a heteroseneoum explaiva ‘u actually meuuring

some mem value of an irregulu, complicated multi-

dirnenmionsl flow. It b not curpriaing that dillerent
experimental techniqua may give quite different
reaction zone “thickn~es,” Von Neumann npike

pr~urm utd profilee.

As nhown in T~ble 11 f~r PBX-9S02 and
Treble 111 for Composition B, tha measured reaction
zone par-] neterc for heter~eneoua explmiva vuy

considmmbly with the ●xperimental technique. The

rcpm tcd reaction zone thickneu fo: PBX-9S02 (96/5
TATl]/Kel F, p = 1.894) varia by n factor of

H between the metal freemtiue measurement of

Crmig’J ●nd dle foil/water meeeure-t reported by

Sheffield. Ls The reaction aone length for aaveral TATB
formulatioru reported by Campbell -d Engelkeio vuy

from 0,5 ta 0.014 cm or by a factor of 3S. Soma of thie
variation ia probably a r-ult 01 the diflerent binders
uid derwitim ol lha TATB formulatlcma and the indinct

●stimation tihcde u.! b obtain Mme of the re~tion

zone thickn~, As shown in ‘hble III, the reaction aone
thicknem of Ccmpmition B (64/36 RDX/TNT, p =

1.713)Vari- by a futor of 4 between the bromofonn
meaeurerrwi: and the conductivity meamuemen~ of
I{ay(m’o

The meuured Von Neum*nn spike prexsure can
dao vary with the experimental technique u shown
in T=ble HI where the reported Composition B
%n Neumann -pike preamre vwiee from 374 to 420
kilobux, and in Table I where it viuies from 48s to 55o
kilobue for PBX-9404.

The reactive region in heterogen~u- ●xploaivee
is complicated, time-dependent, ●nd multi-dimensional

(non laminar). .-

The re~tive region hae bounds which approach ●

mteuly-sta’~ condition, but the flow irmide thoee bounds
is multi-dimerraional and timo-depandent.
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Fig, 1. Tha high r~lution on-dirnennimml resction zone profile of PDX-9404
calculstad using the SIN code,
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Fig. 2. The i.nitisl configuration of air mphora in ●

cube of solid PBX-0404.
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Fig. 3. The re=tion mne m- fraction u s function

of distanca for the hish rdutitrn SfN calculation and
low resolution 9L)E calculation.

Fig. 4. The reaction zone profila in the $DE

calculation.
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the hatarogeneous PBX-M04 reaction region.


