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

J. M. McAfee, B. W Asay. and J. B. B&il
Los Ahrrnos Nruionaf Laboramry
Los Alamos, New Mexico, 87545

Expcrimentaf studies and analysis of rhe deffagra[ion-[o dc[onation marrsi[ion
(UN) in granular HMX am con[inuco. Expcrimenrs @ormcd using a dircct-
gasless igniter exhibit the ssme phenomenclogy as thoac ignited with a piston,
Simple kincdcs and mechmics dcscribc tie fonna[ion of the - I(M)% TMD plug
in lemns of compcling pressurization prrxesacs. A mass-conscma[ion amdysis
of the experimentally observed structures shows how lhe low velocities
characteristic of convective burning are amplified 10 shock-wave velocities
[hrough non-convective processes.

INTRODUCTION

In the Ninul Detonation Symposium, I We prcsemed
u descriptive model ot [he deflagrdtion-lo-detonation
transition (DDT) of granular HMX confined in s[eel
lubes. The particular experiments descrik.f find
tmalyzed in that paper were ignited by a combustiun-
driven piwon. We have since performed ex@mcn~ on
the same material, igniting ‘lirectly with a tligh-
Icmpcrature gaslcss igniter ins[ear.f of’ * pislon. We
briefly describe these experiments find correlate the
previous analysis wilh these obscrvaliorrs.

Funhcr cxperimcnta[ion isnd umsidcra[ion 01’ Ihc
uf-rscrvmf phenomena. pm-ricuksrly in [he regiun hcluw
the plug, have ICLIus [u expand imd correct Ihc original
dcscriptlvc model. “IIIc nalurc of the burning in the
cornpac[cd nlatcrial is uruclal 10 undcm[anding [hc

f
~hcrved hcrromcna. I’reliminiq discussing on Ihc
nrrture tin tipplica[ion of mmwmrlytic kmcllcs to [his
problcm is given by McAfcc, Asuy, wrd l“crm.~ Ilcrc
wc will cxpmtf sruf mothty thtil cxpr)sition and cimsidcr
Ideas ;Iboul lmcr~r:mul:lr gas prrssurc ml cnrrgy
Irunsporl in grtinukrr tscds.

NXtWRIMliNTA1. RHSIJI. TS

The dlrcclly i~nilcd experiments were ilnlililr lo

Ilmsc dcr<nf’md hy ( “wnplwll. ‘ Illc smnc 101uf ~rimular

I IMX used in Ihc prcv ImIs s[udics I wss h:md luruhcd in
mild 91A Iuhcs (-76-mm {mtcr diurnrtcr, 12.1 mm mncr
dlmmcter) wrd ignilcrl wllh Ihe prrvlimsly dcscrltwd

‘l”i/lVPynlfusc@ system. llc~lnnin~ I I 111111illXJVC lhC
i~niler, twaxinl ioniznlion pins wcIr plnccd in il Ihmfde -
spirnl prrllcrm with n net vcrticni Ypm’InK t~l 2 mm. l~iu
Irqnmsc wrm rcc(mlcd hy IImr Intrrvnl Itwtrrs IO an
Ilccllrscy (d t ~ II*. SOIIIQ-II( Ihc steel Iulms hmxt (luring
IIIC Irsts. lll~)se Ihnl dill II(II wrrr :IRInllv wwvi~mc{l mid
thr prillilc 01 [he mnm dlnmclcr mrnsurml. llIc Iclmmnl
tdmcrvulitmq Ior XII Ihc lrsl* AIwI-11 slnlllnr ~llllcllm~.
lllthou Nh the Imrsl Iuhrs wrrc IIIN qumllllllrlvrly
Incriwmvl. I:lgmr 1[~1) ~h~twk Ihr pill Il~Uu illlll wnll
Im}lile l~~rShot NI~, II VU?”l

The cxparrdcd-tube profile and pin-repon [imcs w-c
plotted rer.ru.r dismrrcc from the igni[cr. The cxpsnsmn
dam are an average of [he Iwo sides of the axial section.
Figure l(b) shows [hc incrcmcn[al vcloci[ics [ pIII
.scparation divided by rcpcm-time difference) fur pmrs ot”

r
ins in rhc Icading trsjcctory, ‘The six pins Iha[ rc~:)rrcd

istc MC plotted. but arc not cnnsidmd for vclucity, “Ilw
pins used in this cx~rimcnt were not pafliculurly W141
constructed, and some significant fraction hnr-fdiffcrcm
[hrcshold hchtrvior, [bus [hc occasionally wl(ml~lum
rqxsrl limes.

TIIC pin dnta indica[c the [riuwition 10 dcum:llmn
occurred w appmximalcly 52 mm. The lube c~pmlsllm
and inner-horc surface chnructcristics wc c-(msistcn[ with
[his pnsltiorr fur the transition. “1’IIc cxpmsl(m
mcasurcmcn[s irrc confourrrfcd in this ii~ir hccmssc IIIC
uxlal .wctinn passed [hmugh IWO of Ihc pln holes M 50
wrcf 52 mm, Thcrr irrc fnur rcgmns cvidcm in [hc widl
cxpansimr dnla: //) .=O m --IO mm, III).= -lo m -Uhmn,

!() 10-50 mm, timl (iv) = -50 mm to Ihc Clld tll(ii{) = -.
[hc tub. Itcgion (I) dIrcs not huvc cmrcsp(m{llng pin
Ilill&!. ‘Illc cxpan. iion indicalcs il rclirllvcly hnv prwurr.
ftr~iun (Ii) clmwponds 10 wr appmximirlcly L“llllSlillll

velOclly Iwrt M Incnsurrd hy lhe mcrcmcmtil vclIKIt Ics.

;Imf [hc pressure Incrcuscs mtsdcrulcly. KCXIIM1 I III ~
imlicmlcs rapidly mcrcw+m~ prcwwe, :Ind the lIIns SIIIJW
J rtipld Inucrrsc In vrlocity, In rrgi(m (II), Ilw lrllucrvl
rximnsIIm I* ly[llCill, 1101 si~nllicmll. ~11111thlr 1~~
~xmlincmrnt loss Ilcitr Ihc (wI ~d [hc lutm. [lr Ixsi Itmr
lIIIVJ gIVC Ihc dctwIuIIoII VCI(ICIIY III the IIrlglmd tlrmllv
m:lleri:d.

“IIIc Inurrmrntn! vrhwums IIIIIIC-:IIC Ihr IIIIIC pl(llllr
[n rcgiml~ (Iii) :uul I Iv) is r.t~il \ (mlpJIscd {It lw{~ 111$111111
vrlw.dty rrjymcs. In rr~mu (III), Ihc vrh’l llics Im rcsw
Iqmlly lrom Icss lllm) I hm/s 10 IWCr ‘) km/s III ~ll~hilv
{vmr rs 10 IIIm (Iiwlwwc. In 1,,11, liw lnsl vt-lIM”IIY (’~ I ~
knl/s) is nmr~lnrrlly ds4wr IIIC (Irtmlrrlmn VrlINIlV III

l’hmMcIIc’nl MMIIIIIIIIII I) CIIXIIV (“l”Ml)) IIMs I l’~rll
Ihough this vcloc Ity i:~ tlr(rlmmrd hv Imly twt~ 11111
rrpwls. it t’lrmly is not thr hr~mmnK IIf J ~h,l{m;tll(lll
hrctiu~c thr IICXI vrhwity ul) !Iw lubr IX IIIW(II Iris,
~tmxtnnt. ml qnuIM Ihrrc inns. Ax wlltrd III Nrlr[rm r 1.
wc nllllhulr Ihls WIII ~~1 vrl,l(’lty It) lIlill}lllItIlllillrlv
!(ullm,lin~ 11:111111(11111% lI{Ini lr~lims wllh illi!lllt’llv
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FIGLIRE 1. ‘[’UBE PROFILE, PIN RECORD, AND [INCREMENTAL VELOCITIES FOR SHOT NO. B-9x27

different physical proper-ties arrrJhismries. Our mcdel of
the DDT process pos Iulmes u contact -sur[acc

discon[inuily Ixtwcen is bumin ~ Iegwrn iurcl J near 100%
‘[’MD region we have iderr[ltwd as the plug. “!lrcse
I urrcru dala w-e in(erpre[scl by [!lis model. ‘Fhe region
immedin[cly ubnve [his discnntinuily (velwity = 4.2
km/s) corresponds 10 [he shock that is Ihc upper
boundary ot” (he plug. ‘~hc rcglon trelow Ihe
(Iiscon[inuity is rerrc[ing rnpidly d is dcscrll-d by a
I(xus of a Iixed (bur urfsi[rruy) arrmrm uf rcuctiun in the
Jpproxlmalely 90% TMD cl~ml]uct, rhc :Inloull[ of
rcaclion for (his pnrriCiil~i I(SCUS is deicnnincd by (he
thmshohl Iwhnvltw (If the Iiugnosl[t pIIIS,

II is irrlornlfiuve 10 ctmlpnrc [he pln-rnrusurd (]-nlm
Iun (Iislurrce of [he 4.2-k nl/,q sh(wk JIILI IIIC rll,l-t(~-
~lctonltimr (x*) derived frmu [he t’1111-dens[ty IIMX

l{ugoniol ;IIId l’op PI(}14 t’or thi-rl VCIIICIIy. ‘1’hr
L.; II CUIOIIOII m+ II1’\ tu ii $h{rnk prcssulc (II $ (il’n illi~l iuI

I * 01 {),5 mnl Ilris vnluc {)1 I* II; ploItd ,)11 lhc
ill(.lcmcnld vclczlty-diwtrmc l:rnldl III I:IX, I,

ltr-Hl~~I’ (I I,) cxhlbils a Iw,)-pln Ilwrcllwnl:d velocity
~lf ‘),09 km/s, Itdlowed hy :1 Iollr pIn VrlIKIIy quirl I()
IIIC dr-(onrul{)ll vchwiiy ()( (15’?I I“Ml) IIMX ((),4 knl/s),
[“hC dcl!lllrlll(lll, llllll:l(C[f 1:1IIIC cOII[?IICI, (]vcrrnkcv lhC
11111Inl ~ru[lpiicliun wIivr, nml ~uhxmlucnll y prtscre~ls
(nl{~re $Iowly) In orlgln,tl Ilr-ns Ily m:ltr’rlni. “IW
(ltvicrv Mi(m fit’ Ihcqe lw{~ (I IsII III: I tlclIIIIntl,m vcltkllici
lll(ii~n[cq [hr cxi~tr-ntc Jml l){~~illt~ll ,)[ J (tMIIllWIttIII

wfive In [hese dlrcclly Ignl[etl cxpcrlmcn[s, Ihe \, IIIlc ,I\

I’[JrIhe plslrlll-ignllcd rxpcrrmcnls. I

DISCUSSION

Igrrlted KxpcrimenM

onc O( the wn!lnuing uonlr~wcrslcs In dCWrIIIII~III\
d Ihc [IDT is [hc signltic:mcr t)l”LWIIVCLIIVCCtNIlhII\II~ItI
(SCC cltulwns In Rclcrerwc I ). Ily drlirr[lmn, tIMIvctII\c
CL)III bIISIIOII rcquirc$ [hc net VCIL)CIIICS t~l IIIC (w~j (llr
nlorc) phuscs tK LIiffcrcn[, our IJrcvlt)us L’xlwl Illlc.lllj
ustn~ piston-drlvcn Ignillon, hy Ihell very n:llurr.
ct)mp:ll,icd [he bed hclt)rr Igni[i(ln t)r JIIy ,JI IIIr
}Iruclulcs rcqrrl red for lr:lnsltl~)n l{) LIClIJnUII~}II wr-Ic
rstabllshcd. The ImIIHl pISIIJn Cm II; !IICIIOn (!I III(.
grmnrrlar Id 10 ;Ip rnxlmulely 90% ‘l”,Ml) c\w III I;Illy

[ ~~rllmlrrntc(l !hc y)ssI IIIIy 01 SIKI l[i~illlt g:IS IIIJW Irl UIIVr
It) Ihc f;(llid nlulrix In scales Iil(gcr lh[irn II grilln sI/c,

The culrcnt l~nllinrl~lnrrcd cxperinlcnls rrnl{~v IIIr
c[)nslrnilll ()( prcctlnlpncli(]n by IJI*IOII II1[J!I{JII

Ilowcvcr, [hc ph?mxncnology tWcrvcci lx Ihc \cIIIIc ,Ii
I’(!r the ]Iilon-slnrtcd cx

\

p-rinlclws. I In(l(llll]tcdly, Illr

very cnr y $IIIKCS (I( hurnln~ In IgIIImd CXpCLIIIICnt*i JIr
{(mvmlivc, ‘ll~c llrrxsll Icx, Reyllt)ltls II IIIIllm II, ,111{1}t:I\
CVCIIIIII(III rnlcs NIC \IIl:Ill en~~tl~h thIIl KIIS ~iIII llt Iw
Illl!mgh Illc Illitlrd hcd, Ii!, wcvrl, Ihr ~ilq I)cllllr.llloll

1111(I Ilw IIn.ircnl hc(l IR llmIlc(l I;{]r lh~)se Ill[llrll:(!s 111;11
$illl llilll’411 Ill (lCll~lllllll Jll, IIIC 1111111111~1[11~Is II I)J,II !,ll!lll}l,ll
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FIGURE 2. SCHEMATIC OF THE DD’r PR(ICF,SS IN GRANULAR lIMX,

that product gas is prod: wed f’astel [bun i[ can I1OW irway,
“rhe subsequent build-up of’ pressure wrd the resul[lnl;

compaction of the .,cd arc well described by Campbell, )
By placing diaphragms at various disttmcrx in the HMX.
bed, Cam bell determined that convectitm wux

fsigl, if’lcarrt or only the fhst 10 to 15 mm, Additionally,

Asay and otheris have ignited granulur IIMX below a
confined bed of SiC particles crf similar size distribution
and porosity as the nascent HMX bed. Meusurcmerrts of
the pressure rrt slations within the ef’f:ctively-rigid bcd
Imficatc bulk gas pcnetrittion UI a velocity on tfre order of
{rely I() m/s for dri\rmg pressures t)f opproxtmtilcly (),3
( i Pa.. Thcrcforc, convcctiorr In beds of ltwsc p(wosllies
is too slow to have anything but a slight intluence on [he
higher-velocity trujcctortcs und long i~niiion-tlmc
phenomena ohscrvcd in both piston- ;In(l i~nititmdrivct}
cxpernrrents.

The woil prol’ilc (If region (i) in l:i~. 1 Indicntcs II
Imild-up of pressure tlver nn ilpproXIIliUtCIY Iomnl
distrmce, “rhe small cxprmwon of Ihc WIIII indiculcs Iliis
re~mn wns exposed to rhc h~west prrssurc In Ihe Id,
Wc believe the impr)rmnt cl fcctx 01” ct)nvc((ion In tksc

[m experiments urc confined tt) thit rcliltlvclv i;i,)rl
rc~i(m. once the gns gcncr;![ion rate is wltfi~.iml( 111
t)vcrcomc u<mvcc!ivc I{ IWCS, Ihc t’l{~w IS ih{~krd ,Ind
~lre$surc huIlclII, I~InjpnctIn~ IIIC hctt ;Ilv: tic tilt..
(.ImvcctItm iunit,

Illc pm 1111(1wall cYpun’+l(m (Illtll Ill Ic}:l(lns ((1), (Ill),

;Ind (iv) att {IImpletrly t (msIwcnt wIlh Ihc ~l;ItIi ;IINl
tlllell{JlllellI)lIt~y prcxcntctl for lJISIIIII ~lIIVCII
cxpcrimcnts, I ‘I”herrltwc, the b{ II IIhlmy lwtwi-I.11 tht-

low-pressure c[)nvcctivc region and the C[)t]lpiict IS

C~ulvalcnt 10 J C~)(llbllstl~)n-[lrtvcrl ~ncChanlc;l~plst(~n.

l)escriptive Model

[n I;ig, 2, wc present a whcmirtw ol Ihc 1)[)’[’
process tor tgntterf t{MX. “Ilcrc irrc three dlftcrenccs
I)ctwecn this cfiagrrsrn and Illiit glvcn In Rcfcrcncc I :
‘Ilc Imtial convective rc~mn IS Included, the rilrly tImc
plug IS rfmndcd In shii~ and \{mlcwh;l[ tlitfu~ic. ,111(1 II()

conlewing wrcss ,vavc$ are (hawn ( hlly the Iait of the

Ihrcc c$h;ill~es Is \ignrfiC:lr)t. (’oll:;ltlcrillloll” {It (I1c

(Ilspcr$lve iill(i dl*Slp;l IIVC IIillllrc of p{)rtms Ilc.1+
(’OIIVIIICCS IIS Ihilt ilUi)U$tlC propilglllloll” ;111(1 ‘Illl)SIX{llClli

L’oillC\ CCn L’C ()[ charir(rcrlstlcs are rlt~l .III JLLIII:IIC
dcscrlptl{m. In$lcud, WC hellcvc [tic w.n~rllvilv IJI
[]{)rt]srty t~t Ihc Itwnl prC\\Url)illl{m h), tCi~LllI)n lJlllIllli I
~ilSSC%, Ill {(mplnctton \vlth Ihc conlpncttt)n I)ch;l> I,,r {)1

IIlc bed (lot Ihc Ilmc w.islc~ I~f Interest), Icmls I(} lIIIIg
Itmnalltm. VJc will cxph)rc lhIx iiswrll~m In vmw t:ct:IIl
alter dcwrlblng Ihe Igr. Ilion (JI Ihc L<mIpaL1. [’11(”
lNmndnry trCtWCdll IIIC 111111,11c(mvrrllvc rr-~1[1[1ilrl(l Illr

(’olT}lln(’t i$ Iiltrelrdas p. I“hl$ 1$ tllc sanlc nolnrYILl,ltll Ic

uv(l prcvn)u$lv to in,lic:llc lhr tr:llcct{~ry II( tlIr
rncvlurnlcal pI\IINI Iwausc thr Ilmcll(w 1$the wnnv, I Iw
IIIIIC IMIS IX ht{)kcil t{} Ilulitu(c thiil thr Imr-Iv;Il ttorrl IIIC

Ilrst l~nitlon to iompitctlon” wnvc lI)rlnnllon IS IIJIII:
Ifl;lllvr IIJ Itw Cvrllls {h( llr)ln~ ollcr LIIIIIIIIIII ltIIIII:lt I(ItI
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FIGURE 3. PRODUCT CONCENTRATION AND
RATE FOR THE SIMPLE AUTOCATALYTIC
REACTION, THE INDUCTION PERIOD IS
DEFINED BY THE TANGENT TO THE RA”I”E
CIJRVE.
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“Ille compaction wave provides Ihc cnrrgy Ior the illllid
dcrmnp~ili[~n hy qhrar, IJmIpre$NIt In, JIIIII II i~.tion, IIIC
cxpcrimenlal (Jhscrvatiims mprnlcd m Rclr;rIIcc I +(IW
Inster pistons give shorter induclitm prI I~rrls, Ihrrcf{im
III? lime fmlwcrn twnpnui(m rmd l~tllllim, r, (!rprmls
IIIvcIxely lm n,,, “[’his dqrndcncc CIUI Irc cstIIIIntd for
:Iul[wuurlytic kinrlius. “1’nking I he I:ItrI (II Irm”tiiw
Imllnwtiond 10 tlIe twrwcnlI utIIm Id IMJIII :Iw Irm I:uII ;Ind
ihr pIImhrL.I. lt~r Ihr Iwne:nl ClrtIIIIIIRINIIIt~II Ijt ICWIIIIII A
11111)plorlut’1 x :s

For n = 1, the simple autocatslytic ram law irnd its
integral are

$ =kax =k(aO-x)(x+xo) and

I [* 2CL&.#,‘[‘ (~) -

4

(2)

where k is hc rate constant. u and x arc concen[r~lions
at lime t. ~ and X. SIC initial concentrations, and x is Itrc
progress variable. The [otal product concentration iss =
Xo+ x([). Initially (t = O), x = O and a = &,while at [he
final quilibnum (I-), ~+~ and a+!l

SOnrc of the pr~tiies of this rate law, particularly the
induclion period. arc dmtiled in Reference 2, The
induction lime is dctincd by the abscissa-intersection ot’
NW urrgcnt to ths rate curve as shown in Fig. 3. ( /\s an
example, we choose XO= 0.0001 for this and tie
following grnphs, ) ‘The induc[ion period r depcmfs
primarily on the late constan[ and the initial prrnfucl
concentration XO,because for cwics of irnercst. the ini[d
product concenms[ion is small, x,,. ~, and a,,= 1.

The mlc LIx/rJl al time r is ~pproximatrly 0. I H 01 [he
maximum rute. The value for x(r) is ().()45. I’m Ihls
kinetics model, the rate-curve $hape IS nr; lrly
Indcpcnrlenl 01 Illllial product concentration illlcr [Iw
inrluctirm lime, ‘l”hut is, once Ihc induction [imr IS
rcmhed und the “fnst huming’ slans, rractiun.rate lime
histurics we similur regnrrllcxs (~t’ Ihe inltml produc[
conccmratiun, “lficrctom, [tic ignition line b m l:i~. 2 1~
no[ a prupirgn[in~ WIWC with u distincl houndir~, I* III J

Iocuk (If conwam rcaclion rate or prrhlucl corm nlmlloli,

I{xperimental mcasurrmmrls I)! !Irc tyniti(m l(wu~ 11.IVC

otten incorrectly kn sw4t)ciIllcd wIlh cl) Ilvrtl Ivt -

Immmg.

We cun cslimulc Ihc illltrsllliill prcwurr 1’ In Ilw
(xmlpuul ihrc It) rr:ktimr prthhn”ls using Ihc lIlcd ~;ti I,lw
Jml trwrmmg mkwqrrrssddr wdld,
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FIGURE 5. PRESSURE RATI? AS A FUNCTION OF
INITIAL POROSITY.

In Fig. 5 we plot the pressure riuc for scvcrd values
of the initial porosity for u constant inltlid product
concentration. llre amount of time by \vhich the
pressure-rate leads the prwll]st-concentrat i{~n rv!e IS ii
function of $(). By inking the proper lime derivatives nrd
using the ttbr)ve upprrrximrstiorrs, it rs W.sightt’orwdrd,
th[~~lgh tedious, to show thisl ~he Ilmc difference Atr,. x
betwecn the maximum pressure-riile and the nurx~rnurn
concentrattrsm rttte is independent O( the inltd produc(
concentration. ‘Ilis is plotted in f’ig. 6 ,Ind ~lven by

Atp-xJ inl( I + 44))/0(, I. (5)

Tl!c intcmctmn of the burn region ;mcl Ihc compact
C:II, be undcrstmd with Ihc help of l;igs. 7 and H, “flc
iwhnrs P(b) reprpsent the Influcncc of rhc Frurnlng
rc~mr {n] the rxmrpnct nnd Arc w:hcntutlc, ‘Ilwy tndicult
pressure cqutlihrmm bchrnd [he i~nltlon IIKIIS imd thclr

[riilcctory III tire compact ishovc b, Prrssurc gcncrntc(! In

Ihc twrninu rcginn ( below h) prt~pn~atcs into the Ixxl
(iikvc h). AI thr smnc trrnc. I(IW ICVCIX {d prmluct III
the ~{)tni>il~t ([lcrivd Iron} [he {tee-ottljn)%iti(l:l \tiIItmf try

lhc c{mlpnctwn wuvc) pmvidc intcrgrnnuiilr plc$sutc ro
teslst Iurthcr (.tnnpuctltm. ‘1’hrs IS rcpmscnlrd hy rhc
l\llhllrl i}(L-’)pit?tIC(i n~ {i[lriC(i iillC!I pntlliiCi Ill [Illti C:lrilCr
thnn b, ‘1’IIC finui p~c,wurc ~trcq$ Itrld tflr iI KIvrn
Io,.irlml IS n superprqillt, tl [I( 1’([), l)(b), Jnd thr
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Initial Porosity ( $,, )

1’IGIJRE 6. TIME DIFFERENCE BETWI{I{N
MAXIMUM PRODUCT RATE AND ,MAXIM[.~~1
PRESSURE RATE.

intergrwrular srrcss imd producl pressure, JId [he twd
WIII further ct)ll:tpsc to ii compaction stfi[e constslcnt
wilh the bum rc,glinl’~ pressure (i.c,, Ihc plug WIII I{)nn).

Which cvcntuirlity is detcrrnind by ih~ Icng[h [)1
IImC (he prsrtwle has had to rcuct irltcr cnrnp:icrl(m ,Ind
twtorc being irt’fccted by the pressure trorn IIIC huln
region. l.owcr parrwlcs (eg,, [he llh in };ig. 7) IIAVC I
sul(iclcnt portmn (It their inductwm tlrnc unottrctcd I(J
produce enough prnduct, and therctorc prci$urc, [[J
prevent furrher ctmlpwlion unt[l riipr(t Imlnlny Jt:lrfs
‘1’hc hlghcr pisrtlcles (j(t’) ilrC irstcrccptcd wml)cr :Itler
c(mlp:wtlt~n hy pressures gcncm[r!d frnm the hulnlnz
rc~mn. Thcrclorc. there IS Insuttlcmr([ Intrrflr:illul;lr
prC$\UfC t{) $t(lp f’llrti)Cr C’oln[NSC[loll,” drld C{)llil[)W ()( ’(.’111S

Schcmo[wnlly, Fig, 8 sIIOW$ the ln!cr~ldl)uliir ~rrriy

iInd prc$’um htsttmcs of rwo SIICII p;ulr.ir+. I:or rhc Iiti
}lilltlclC, IIlc \[rC$s gcncratcd Irtml k- Ltlllll)ill:llofl w,l~c

(7C IS lar~ety wppnttcd hy the wllId nwrrlx I’lw plfMlll( I
x:1$ prr$$orc 1’(($) Incrrnw’s s,l(ln rn(lllgh 10 Ir.lfl
c.(nnpticlltnl by the prcwurc Ir[wl Ihc tmln lc~t{ln 17111
‘1’hc lgnlli~m I(K<US b IS rrilchcd dtui rlw 1(1’l)llltI~l(’
Iwc(mlcx pnrt 01 the hum mgIiIn

i;{)r rhc Jtt’pnrtlllc, l’(h) t~)!l[ls to iillm! rtlc ,{)IIIIM(I
hct(~w therr IS sutlictcnt pr~rntutr ptrssurr h) ~ltllrn Ihr

Id, ‘1’hr r:lllld inc[rnw In I}rrsqurr- OVCII (llnr~l 111(.
~tmlt~lll,lll(~n !~t wdid slrrs~ iln(l low lnlcl~l,llllllllt
t,rcqqtllr, :Irl{l ,(wlpnt Vr tlw Id turthct. 1’111$mt{lllllullll

‘ l)nll~~~~tl(ln ~lllrn~”h~~ Illf (t f(’(llll l)osllll)ll, 11111,,

lnrv~.nttn~ tmthfl plfKhlcr rv(llllllotl

I’hr rxpcrimrntul fvttlenfe {’lcnlly Ill(llc!lt Illr
;~(’urlcl:ltltnl (d Ihr’ l~rllll{ul IIM Ii\, ;Ii we h~tvc (II ,l\\( ’(1

rlwwilclr l.’ WC Iwlirvr lhnr ~he :U~rlrfntitl~ II IIIII~Itl
10! 11, i !Nnlllncq ‘.Vnrtglslk:llly \vllh Ihr llIr\\lltl/;lllt Ml
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I a.

‘lime

h’IG(JRE 7. PARTICLE PP,TtIS SlioWING TIIF
TIMING OF PRESSURE INTERA(”TIONS FOR
P1.(JCiFORMA’IION.

(Iensily Clfccts It) gcm.rilteIhc ~llug, Iligh vel{~lllcs for
[hc Igmticm Iucus below the vtrru;d plsmn (+,5 km/s in
f:ig, I ) cm he Ihought of il~ providing ~ nctir c~Nis[mJ[-
v{dumc ignitiun {~f [hc c~mlpact In the vwitl]ty the plug,
‘[”he prcsf;urc will [hcrctorc ~r~)w iupidly, quickly
:wcclcrtitiug the vlrtuui pwtml wld thus t“t)rnllng ;tnd
;u:cclcrating the sh(wk,

At compunctions ncnr ‘I’MI), :hc g:is lIIIIISC WI(J ~as

Ill(xluclrlg [r?uctlons sk)p Irccnusc Ihcrc IS csw.nllnlly m)
trm vt~lllt;lc :Ind the tncrensc in till.rtllill c(mducti(m
rupklly cools” Ihc rcsl(lud MIIS, I{vrtl (Iccollsoll(liitlvc”
hunting Is slowed by rmm lhan M (Jrtlct t~t IIIUgIIIl; IdC, ~
Ihret’{m, Illc Ignition locwx cl’lcttlvciy Iclmlnotcs whrn
II Intcrscvlx the plug. l:urthm frnctltm (~1[he l)lu~ ICM[(W
1+ }:(lVCnlCd hy C{llldCll\C{l-[ ltlllsC kllwtl~s ;lpl)l~)ll[l,ltC 10
shock mdu(.cd rcncti{mx.

Vrlucity Ampllfkxttlon

Illc (’olllpllcll(ln, lgl)lll(m, ml phl~ I(lllll:lll(ul lMthr\w’t

wr IIIC Illr’t’lllllllsll l’i llliit fiCllClillC \ll(N’k. Irvrl vrltwltlr\
III thl Y Sy’.ktll. ( ‘[lllv(’{’ttvc hlllllltl~ kttwtl~’\ ;1!10

~tmipn(ti{m lmqwtlIcY (d tlw IIC(I \* Ill (lrlr ImItIc llN-
(’(wlplll:tlon Wilvr Vcllrt Ily 11,.Irl;lllvr to Illc iollvct tlve

111]111illtrr!wc vrl~kily 111,! Nli!ii Iutlmr }!lvrs

i ‘h particle

P(c) -::

[/

-—at —-‘

—

—

j ‘h particle

P(b) --,>
;7

4- --- K
c *b

‘lime

[:I(; [JRU X. PRESSLJRE, STRF3S, AN[) PROI)[’(’1”
(“ON(’EN’I”RA’I’ION” PROFII, E3 FOR 1’111: I W()
f’AR’11(’l.E.
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CONCLUSIONS

We have shown, using de[ailed experimental
observations, simple mechanics and kinetics, that the
transition from deflagration to detonation in granular
HNIX is a straightforward consequence ot’ material and
porous-bed properties. Convective tlow and hot-gas
ignition contribute only to the early-time, low-velocity
phenomena. The formation of a compaction wave in
undisturbed maLeriaJ begins the series of mu-r-convective
events that lead to a final shock-to-detonation.

This model demonstrates the necessity of a rapuJ
pressurization in the initial bed. The pressurization ra[e
(dP/dt) must be large enough such that product gasses
cannot infinitely diffuse into the granular bed. With
strong enough confinement, the tlow is choked because
of limited permeability, and the bed above this burning
is compacted. The launching of a compaction wave
above the convec[ively-i,grrited and burning region is the
first vebcity amplitica:mr in the process. The second
amplification revolves the formation and acceleration ot’
the plug, and is sut’ficisnt to reach shock velocities.

W c believe this scenario and anfilysls generally
describe the DDT in granular and porous materials. ’13w
lack of convective phenomer~ after compaction leads us
to speculate that computational modeling ot’ this and
similar systems can be accomplished by invoking the
complexity of multi-phase flow only in the
precampactmn regimes. Therefore, two- und three-
dimcnsiortal rnoucls of the det’lagratmn-[u detono[wn
trimsition may be cmnpu(a[imtally wlth:n reach in (he
nc-tir future.
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