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DEFLAGRATION-TO-DETONATION IN GRANULAR HMX:
IGNITION, KINETICS, AND SHOCK FORMATION

J. M. McAfee, B. W Asay. and J. B. Bdzil
Los Alamos National Laboratory
Los Atamos, New Mexico, 87545

through non-convective processes.

Experitnental studies and analysis of the deflagration-to detonation transition
(GDT) in granular HMX are continuea. Experiments performed using a direct-
gasless igniter exhibit the same phenomenciogy as those ignited with a piston,
Simple kinetics and mechanics describe the formation of the ~100% TMD piug
in terms of competing pressurization processes. A mass-conservation analysis
of the experimentaily observed structures shows how the low velocities
characteristic of convective buming are ampiified to shock-wave veiocities

INTRODUCTION

In the Ninth Detonation Symposium,! we presented
a descriptive model ot the deflagration-to-detonation
transition (DDT) of granular HMX confined in sieel
tubes. The particular experiments described and
analyzed in that paper were ignited by a combustion-
driven piston. We have since performed experiments on
the same material, igniting ‘lirectly with a unigh-
lemperature gasless igniter instead of a piston. We
briefly describe these experiments and correfate the
previous analysis with these observations.

FFurther experimenialion and consideration of the
abserved phenomena, particularly in (he region beiow
the plug, have led us to expand and correct the originat
descriptive model. ‘The nalure of the buming in the
compacted material is crucial to understanding the
observed phenomena. Preliminary discnssion on the
unture and application of autocatalytic kinetics o this
problem is given by McAfee, Asay, and I'ern.< ilere
we will expand and mexiify that expasition and consider
wleas abont antergraunlar gas pressure and energy
transport (n granular beds,

EXPFRIMENTAL. RESUL'TS

The directly ignited experiments were smular to
thase desenbed by Camphell.' The saine lot of granular
1IMX usect in the previans stities! was hund packed in
inlkd steel thbes (~76-mm outer dimmeter, 2.7 mn nmer
diameter) and ignited with the previonsly described
TiB/Pyrofuse® system.  Begnming 13 mm abave the
igniter, coaxitl jonization piny were pinced in 2 double-
spirat pattern with a net vertical spitcing of 2 mm. [l
iesponse was recarded by time itesvat aeters to an
wechmey of +3 na. Some of the steet tubey tnrst during
the tests. Thase that dinl nat wisre axinlty sectioned ind
the protile of the inner dianeter mensnred. 1he tenmunmt
observations tar atl the testy showed sinulinr stinctures,
withough the burst tmhey weve ant gintntiitttyety
measured.  Frgure e shows the pn ddata aml wait
protile for Shot Na. [ 9827,

The expanded-tube profiie and pin-report times are
plotied versus distance from the igniter. The expansion
data are an average of the (wo sides of the axial section.
Figure i(b) shows the incremental vetocities (pmn
separation divided by report-time difference) for pairs of
rins in the leading trajectory. ‘The six pins that repurted
ate are piotted, bui are not considered for velocity, The
pins used in this expeniment were not particularty well
constructed. and some signiticant fraction had different
threshotd behavior, thus the occasionally anomalous
report limes.

The pin data indicate the transition to detonation
occurred at approximately 52 mm. ‘The tube cxpansnm
and inner-bore surface characlenisiics are convistent with
this position for the transition, The expunsion
measurements are confounded in this itrea because the
axial section passed through two of the pin holes at 50
iand $2 mm. There are four regions evident in the wall-
cxpansion data: (1) = 010 =10 mm, (16) = -1 o ~30mmn,
(i) = =Mtto ~50 mm, and (iv) = =50 o to the end af
the tube. Region (1) does not have correspondg pin
data. ‘the expan.ion indicates a refatively low piessore,
Region (11) carrespands ta an appraximately comstant
velocity frant as mensured hy the incremental velocibies,
and the pressure increases mienderately.  Regian 1)
indicntes rapidty mereasing pressure, and the pins show
a rapid increase in velocity, In region (iv), the rertuced
cxpiansion 18 typrcal, nat signicant, and dne o
contineient loss near the end of the tube. The fast timr
pis give the detonation velocity ot the ongiiml density
nateriat.

The crementad velogities mdicate the inhe probite
in reginny (i) and v s eaci composed of twa distinet
velwily regunes. T region (), the veleaities increase
rapdly from fess than T kn/s o cver @ kin/s m shdy
over a 10 non distance. In fa £ e fnst veloonty (013
kiy/s) is margumtly above the detanaban vehwny ot
Fheoretical Maximmn Density (TMI) TIMX? ven
though this velocity in detenmned by anty twn pin
reparty, it clealy is not the beginmug of a detonanon
hecanse the next velocity np the tnbe iy much fess,
constant, nidd spany three pans, As stnted m Reterence f,
we ntinbmte tus sort ot velaeity ta nutppoptiately
vimmecthing datn pomts tom regians with shstmetty
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different physical properties and histories. Our model of
the DDT process postuiztes a contact-surface
discontinuily between a buming region and a near 100%
TMD region we have identified as the ptug. These
urrent data are interpret:d by this model. ‘the region
nnmediately above this discantinuity (velocity = 4.2
km/s) corresponds to the shock thal is the upper
boundary of the ping. 'The region below the
discortinuity is reacting rapidly und is described by a
tocus of a fixed (but arbitrary) amount of reaction n the
approxinatety 90% TMD compuct.  The amonnt of
reaction tor this particufos tocus is determined by the
threshold belwvior of the Tugnostic pins.

Ity informative ta campare the pin-messured 6-mn
run dismnce of the 4.2-km/s shock ad the miu-to-
detonation (x*) derived trom the tnli-d=nsity HHMX
Hugoniot and Pop Plotd for hat vewaity.  The
citeulation resut's i a shock pressure of 5 GPa act an
x* of 6.5 mm. this vatue of x* i plotted on the
meremental veloaity-distance praphn thy, t,

Regiow (1) extubits a two-p incrementat vetocity
of 2,09 kin/s, tallawed by a hmr-pin veloeity equal 10
the detonation velovity of 5% TMD HIMX (6.4 ki/v),
The detonation, notimed 1 the coryymet, avertnken the
mitimt comprction wive, md subseguentty proceeds
(muare slowly) in onigindd atensny matermt,  the
observation of these 1wa diviimar detmmmion veloaities
mdicntes the existence and gmisinion o1 a compaction

Incremental Velocity (km/s)

TUBE PROFILE, PIN RECORD, AND INCREMENTAL VELOCITIES FOR SHOT NO. B-Y827.

wave it these directly igmited experiments, the smme as
for the pistou-igimted expenments. !

DISCUSSION
Ignited K xperinents

One af the continuing controversies i descripnoms
of the DDT is the significince of convective combnstion
(Sce cituhions in Reference t). By definion, conveenve
combastion reguires the net vetocities of the 1w (or
mare) phuases be different.  Our previous expernments
usmg piston-driven ignition, hy thew very natme,
compacted the bed betore gnition or any at e
structires required tor nmmsinon o detonanmm were
cstablished.  The initiat pision compnetion ¢l the
grnutar bed to approxunatety Q0% TMI) essennatty
chmunated the possibility of sipnibicint gas How ctmve
10 the rolid watrix m scales targer than n grinn size.

The current igmtian-started experiments remov  dhe
constimint af  precompaction by piston monon,
Huwcvcr the pirznomenalogy abserved is the sime as
tor the piston-started expernments.  Undouhtedty, ihe
very cnrlly stnges of buromg mignied expeimments e
cmvective. ‘the pressnres, Reynotds nmmbers, amd s
evatation mtes are smalt enoagh thne gns can tow
through the mitial bed. tlowever, the gas permeation
mta the nascent bed is thimted. Far those mmenids i
can sl in detnantion, the tmomng rme s tngh enouph
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FIGURE 2. SCHEMATIC OF THE DDT PROCESS 1N GRANULAR 1IMX.

that product gas is prod:iced faster than it can How awav,
The subsequent build-up of pressure and the resutuny
compaction of the .ed are well described by Campbeli.)
By placing diaphragms at various distances in the HMX.
bed. Campbeit determined that convection was
sigtiftcant for only the first 10 to 15 mm. Additionaliy,
Asay and othersd have ignited granular 1IMX below a
confined bed of SiC partictes of similar size distribution
and porosity as the nascent HMX bed. Mcasurements of
the pressure at stations within the effactively-rigid bed
indicate bulk gas penetration at a velocity an tie order of
onty 10 n/s for driving pressures of approximately 0.3
Gla.. Therefore, convection in beds of these porositiey
is too slow to have anything bul a slight influence an the
higher-velocity trajectones and tong ignition-tine
phenomena observed in bath piston- mut ignition-driven
cxperunents.

The wall pratile of region (1) in tig. tindicates
build-up of pressare over an approximmtety {0-mm
distance. ‘The small expansion of the wall indicutes this
regioit way expased to the laowest piessure i the bed,
We believe the innportnnt etfects of convechon m these
DDT experiments nre canfined to this relntively sisant
region. Once the pas generation rate is sutficient to
overcorne convective fosses, the ttow 18 choked and
pressure bnilds,  compacting the hed abeve the
convection funit.

The pivnnd watl expamsion dntn moaepgims (), (i),
and (iv) are conipletety comsistent with the datn and
phenomeaotoyy  presented  tor  piston diiven

experiments.!  theretore, the bannay betwern the

low-pressure convective regiou and the compact s
equivalent 1o a combastion-dniven mechameat priston.

Descriptive Model

In Fig. 2, we present a schematic of the DDT
process tor ignited HMX. ‘There are three dhtterences
between this diagram and that given i Reference t:
‘The mitiai convective region 1s inchaded, the early time
plug is romded in shape and samewhat dhifusie, md no
coalesciay stress wvavey are ddriawn. Onty the tast of ihe
three ctumges s sigmficant.  Conaderation ol ahe
dispersive and dissipative nature ot porons he.ts
cotvinees ns that acoustic prapagation amd subsequeni
coplescence of charactenistics are not an acenrae
deserippon,  Instead, we believe the sensiivity 10
porosity of the tocal pressasization by resction prstna
gasses, i conpmction with the compaction betravien ol
the bed (for the tine scales of terest), tends o ptay
fornon. We witt explore this assertion i some detant
after desenting the agmtion of the compact.  the
hoandnry between the imtiat convecnive regnm and e
compact is fnbeted asy p. This 15 the same nomenctatme
nsed previaasty to nticate the aragectary ot the
mechanical prston becanse the tonction s the smne. the
tine nas s broken to nnficnte thnt the iterval o the
hrst mton to compretion: wave Tommbon s tong
ictative to the evems ocenning atter comypmet tonmanom

the thermt decompositon of HMX s antocatatytne ©
e att antoentntynic decompisitioms, there nmst bhe
stance tor the imtat product comeentiaton v, We assen
s, mosamewny, pinpornanat e the siienpih ol ahe
vompaction wave e, the work pertanmed anthe ted)
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‘The compaction wave provides the energy for the intial
decomposition by shear, compression, nnd fiiction. The
cxperimental observations reparted in Rebrience | show
taster pisions give shorter induction penads, therefore
the time betweett compaction and igoitton, r, depeindy
inversely an x,,.  This depemddence can be estitnated tor
antocatatytic kinetics.  Toking the 1ate of reaction
papartional 10 the concertiation ot both the 1eactant and
the product, tor the general decompostion nf reactmt A
mn puxhtet X s

ArnX »aurbX v )
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For n = I, the simple autocatalytic rate law and its
integral are

%1:=kax=k(nn-x)(x+x°) and
I afxgt ®)
l“'(nt,nto) CYTRETE SY

where k is the rate constant, ¢ and x are concentrations
at time t. a, and x, are initial concentrations, and X is the
progress variabie. The total product concentration is x =
Xo+ X(t). Initially (t = 0), x = 0 and a = a,. while at the
final equilibrium (t—o0), x —a, and a—0.

Some of the properties of this rate law, particularly the
induction period, are detailed in Reference 2. The
induction lime is defined by the abscissa-intersection of
the langent to the rate curve as shown in Fig. 3. (Asan
exampie. we choose x, = 0.0001 for this and the
foilowing graphs.) The induclion period r depends
primarily on the 1ate constant and the initial product
concentration x,, because for cases of interest, the initial
product concentration is small. x,« ag, and a,= |.

Ta -ﬁ
kt = —] [ln('(i jﬁ! )

(a,+xy)

The rate dx/dt a1 time r is approximately .18 of the
maxinum rate. ‘The value for x(t) ts 0.045. tor tus
Kinetics model. the rale-curve shape 15 ncarly
mdependent of intial product concentration after the
induction tinte. Thal is, oice the induction time s
reached nud the “fnst burning' starts, reaction-rate tine
histories are similer regardiess of the imtiat prduct
concentration. Therefore, thte ignition line b in g, 1
uat a propagating wave with a distinct boundary, kut a
locus of constant reaction rate or pricduct cone mranon,
txperimental measurenrents of the ignition locus have
often inenrrectly been assocmted with canvective
humug.

We cun estimate the intershitial pressure 1 m the
compnet due to reaction pradacts nsimg the wdeal pas taw
and assuming incompressibite sotud,

1 Rt
X 0 1,
x4, . M

I3 v h

where ¢, 18 the imbal poosity, p, the mat aotd
density, R the gas constant, 1" the absalnte temperatine,
aml M the average walecmar weight ot the prodncts,
The pressure Tnstay s anntar m shope 1o the poduct
concentratmn. - he mterstitimt piessure amt ats tme
drrivative (the pressne rate, dP/dt) e guphed m tag
tor an nutial poronity ot 010, Uiapanson b the
shaws P oand di/de temd x and dx/dt by appomxomatety
LSkt or these conditton,



McAFEE, #15i

Rate (dI'/dt or dx/dt)

Time (kt)

FIGURE 5. PRESSURE RATE AS A FUNCTION OF
INITIAL POROSITY.

In Fig. 5 we piot the pressure-rate for several vatues
of the initial perosity for a constant initial product
concentration. The amount of time by which the
pressure-rate leads the product-concentration riste is i
function of ¢,. By aking the proper time derivatives nnd
nsing the above approximations, it is straightforward,
thigh tedions. to show that the time difference At.«
between the maximum pressure-mte and the maximum
concentration: rate is indepenifent of the initmt product
concentration.  this is plotted in Fig. 6 and given by

Mpx = {1+ o)/, ). (5)

The interaction of the burn region and the comnpact

e be nndderstead with the hetp of Figs. 7 and 8, The
isobnrs Pib) represent the mflnence of the burping
region on the comnpact and are schenatic, They imdicate:
pressure equilibrnun behind the igmnon toens and thewr
trajectory m tne compact ubave b, f'ressnre genernted in
the buming region (below b) propagates into the bed
(above b). Al the same tune, low levels of product
the compact (derived from the decamposition stuted by
the compaction wuve) pravide intergranutar pressnre to
1esist further compaction. Thny s represented by the
isubanes F{0) piolted as dotied tines paritet to and earher
than b, the final pressure stress hicld for a given
location 18 n superporsition o '), Ph), and the

mtergmuntas siress, O As the product concentrabon
contines to siawty 4se, the irtergmnniar pressine abave
b can wempomrily keep pnee with the rapadly mevessmg
pressure transnitted from the buaumg vepian becanse ithe
mtergranntar pressure tends the product concentration
thig. B). ‘the varintion of this time ditfereme with
campacthion date provides nanechamsm thnt tends to
mevent further cotinpse ot the bed. tventmntty, one ot
wo everts wilt occurs The campnenon mitinted
renction witl (ransit 10 fase bimng (e, the particle watt
pmss thiough the b Tovus). Or, the vapudly merensig
presnne from betow o witt avercome the cconbmianon ol
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FIGURE 6. TIME DITFFERENCE BETWEEN
MAXIMUM PRODUCT RATE AND MAXIMUM
PRESSURE RATE.

ytergranular stress and product pressure, and the hed
wilt further coflapse to a compaction state cansistent
with the burn region’s pressure (i.¢.. the plug witt form).

Which cventuality is determined by ihe tength ot
tume the particie has had to react after comnpacnan and
hetore being atfected by the pressure tran the binn
region.  fawer particles (eg.. the i in Fig. 7) have a
sutficient portion of their induction tine unattected to
produce snough product, and theretore pressure, to
prevent further compaction untl rapid burnng «tans,
The tagher parucies (j™) are ntercepted sooner alter
compaction by pressures generated from the bnmung
region.  Theretore, there s wmsuthicient intergranular
pressure to stop hnther compaction, aud coltapse ocoms

Schematicnily, Fig. 8 shows the mlergranutanr shess
and presenre bistories of two snch parhicics, Por ihe b
paticle, the stresy generated trom the Conupacton wave

¢ s targely supported by the solid matnx. The prodnct
gis pressure 1'(¢) mcerenses snon enomgh o e
compaction by the pressme trom the b egim Pdo.
The ignition tocus by is veached amt the % paticie
hecmmes part of the burn regicn,

tor the P paticke. 'th) begins to attectibe compast
betore there s sutticient pradnct pressme to sotten the
hed.  The rapid inciense m pressime overcomes the
combmmation at solid stress and tow mergranmtn
pressure, md compacts the bed tuther. s addinemat
vompaction  gnenches the ddecomposibon, i
preventmg tnther puoduct evolnton

The experimentnt evutence ctemty mdicar - ahe
acceteration of ihe gntion toens, as we have e assedd
chiewhere 0 We betieve tha the acorleating v anrm
tocas combimes synergsticatty waohohe pressimzamom
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density cffects to generate the phug. iigh vetocines for
the ignition tocus betow the virtual piston (~6.5 /s
Fig. 1) can be thought of as providing a near constant-
vohune igmtion of the compact in the vicinity the plug.
The pressure will therefore grow rvapidly, quickly
acceterating the virtunt miston and thus torming and
aceelerating the shock.

At compactions near TMD, the gas phinse ind gas
mmaducmyg ienctions stop becanse there s essentintly na
free votmne and the incrense in thewmal conduction
rapidly coots the residunt gns.  tven deconsohdative
tmming is sfowed hy more thmn an onder of ingmtade. !
Pheretare, the ignition foens effectively termates when
it mtersects the plug. Further veacuon ot the plagregion
18 gaverned hy condensed-ptimse kineties appnopmate to
shock induced reactiony.

Veloclty Amplification

The compction igmtion, and plug tonation processen
are the mechmusms thnt penerate shock tevet virtneines
m thos system. Convecnve bunmng kimeties it
campaction properties ot the bed witt dercmnne the
compnction wave vetoaity ngaetative to the convective

tirut interfnee vetooity "y Y Mass tudanee pves
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i"™ particle

Pressure or Stress
Product Concentration

™ particle

Pressure or Stress
Product Concentration

FIGURE 8. PRESSURE. STRESS, AND PRODCCT
CONCENTRATION 'ROFILES FOR THIE tWO
PARTICILE.

M= Pel(Pe - Pa) ay 1t

where pas the campuct ilensity amd py, the mascent bed
density, Becaase the ymtion tocus b tottows froom ahie
compnction wave ¢, the reactive veloaity m the systemn s
amplitied from tens ot m/s (chivactensne of convecnan)
10 tindreds of /s,

Amplitication ot vetocnies from the oider adn, o
shock speeds cim atsa be estimated nsimg mass batiner
across 8. Using e (0), we rewnte the cquation yasen m
Reference 1 oas

Lo pang/ine ped 1k 1)

hiere Gy the shock vetoeny, pyoshe phog denan
1% TMDY), and Nype 18 the sninat prston vetoeny
the shock vetoeny refative to the virtnat-pnsion vetoeny
1 brgety detennined by the denommator gnommatty
0.1, tins s the mnphticabon necessary toarench <hock
speeds of km/s, cnngh tor a shock ta detomatiom
wansiton (S, Phere s no direct measmement ol (LN
but the emrent experimentat esatts tor Uy oamd
mdhcate that s on the tader ot g,
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CONCLUSIONS

We have shown, using detailed experimental
observations, simpie mechanics and kinetics, that the
transition from deflagration to detonation in granufar
HMX is a straightforward consequence of materiat and
porous-bed properties. Conveclive flow and hot-gas
ignition contribute only to the earty-time. low-velocity
phenomena. The formation of a compaction wave n
undisturbed material begins the series of non-convective
events that lead to a final shock-to-detonation.

This modei demonstrates the necessity of a rapid
pressunization in the initial bed. The pressurization rate
(dP/dt) must be large enough such that product gasses
cannot infinitely diffuse into the granular bed. With
strong enough confinement, the flow 1s choked because
of limited permeability, and the bed above this burniug
is compacted. The launching of a compaction wave
above the convectively-ignited and buming region is the
first velocity amplifica’ion in the process. The secund
amplification invotves the formation and acceleration of
the plug, and is sufficient 10 reach shock velocities.

W believe this scenario and analysis generalty
describe the DDT in granular and porous matenals. The
tack of couvective phenomer~ after compaction leads us
to speculate that compulationai modeting of this and
simitar systems can be accomptished by invoking the
complexity of multi-phase flow onty in the
precompaction regimes. Theretfore, two- and three-
dimensional mmoucls of the detlagration-ta-detonation
transition may be computationatly within reach in the
near future.
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