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1 Introduction

Chemicalexplosivescanbe found in the gaseous,liquid or solid phasesbut it is customaryto distinguishhomogeneousexplo-
sivesfrom heterogeneousones. Indeedexperimentshave revealedthat the dynamicalbehaviors of detonative or quasi-detonative
decompositionregimesof explosiveshave moreto do with the latterclassificationthanwith the former. However, distinguishing
betweenhomogeneousandheterogeneousbehaviorscanbequestionabledependingon thenature,theamplitudeor therangeof the
solicitationappliedto theconsideredexplosive.

The objective of the presentationis to report on somerecentmodelingof critical dynamicalbehaviors of homogeneousor
heterogenousexplosives in conditionsof chemicaldecompositioncloseto the detonationregime. The approachesarebasedon
continuumandmicromechanicalmodels. The first part of the presentationwill be devotedto the shock-to-detonationtransition
(SDT) in homogeneousmaterials,the secondoneto detonationcritical diametersof heterogeneousmaterials. Eachpart will be
precededby a short review of experimentalfacts. The choiceis to relatemodelingand experimentsby meansof as simpleas
possibleassumptions,yetmathematicallyandphysicallyconsistentwith theunderlyingdynamicsof thephenomena.

2 SDT process in homogeneous materials

Theshock-to-detonationprocessin homogeneousmaterialshasbeenidentifiedin suchimpactexperimentsasthoseof Campbellet
al. (1961a)or Leal-Crouzet(1998)in theliquid explosivenitromethane.It appearsto beidenticalto oneof thetwo observedin the
shock-tubeexperimentsby Meyer andOppenheim(1971)in gaseousmixturesof hydrogenandoxygen: At first, a shock-induced
thermalexplosionoccursin the closevicinity of the impactor, thena detonationbuilds up very rapidly in the shock-compressed
material(theso-calledsuperdetonation),and,finally, afterthesuperdetonationcatchesupwith theshock,therelaxationtowardsthe
normalself-sustaineddetonationregimeis realized.Smalldeviationsfrom this scenariohavebeenreportedandcanbeattributedto
suchdefectsaspistonroughnessor presenceof bubblesin the liquid. A differentpicture,thatessentiallyfeaturesa moregradual
detonationbuild-up, i.e., without bulk thermalexplosionandsuperdetonation,is typical of mostsolid heterogeneousexplosives
at moderateshock-pressuresolicitations(e.g.,Campbellet al. 1961b)but the heterogeneousmaterialwill reactaccordingto the
homogeneousscenarioor soathighershockpressures(e.g.,BowdenandYoffe 1952,Dreminetal. 1970).

A model for the explosion stageof the SDT processin homogeneousexplosives will be presented,basedon reactive gas-
dynamicsequationsfor inviscid fluids (Vidal andKhasainov 1999a-b).Theapproachwasdevisedsoasto besimply applicableto
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bothgaseousandcondensedexplosives,andto extendthepredictiveability of existingasymptotics-basedworksto abroadervariety
of solicitationsthanpreviously considered,e.g.,noncompressibleor compressible,planaror curved,constant-or variable-speed
pistons.Closed-formexpressionsfor inductiontimesandcritical constraintsfor shockinitiation of adiabaticexplosionfor arbitrary
(i.e., unspecified)shockdynamicsareobtained.Here,theshockdynamicsappearsto bedescribedby the shocknormalvelocity,
normalaccelerationandtotal curvature.Theapproachamountsto formulatingthe inductionstageof thechemicaldecomposition
processasa Cauchy(initial-value)problem,with theshocktakenasthedata-surface,andto expandingthesolutionalongmaterial
path until the time of explosion. Its key ingredientsare (i) a local shock-expansionmethod,for relating the induction time to
the shockdynamics,(ii) the solutionto the Cauchyproblemfor the shock-transformation,for relatingthe shockdynamicsto the
rearboundaryconditions(theso-called“shock-changeequations”,e.g.,Fickett andDavis 1979),and(iii) analysesof specificrear-
boundaryconditions,for determiningthepistondynamics,thentheshockdynamics,in termsof theuser’sparameters.It is important
to acknowledgethatthis approachis really a synthesisof known ideas,which,however, have not yet beensufficiently emphasized.
In particular, the failure criterion is, in somesense,akin to the so-called“breakdown” phenomenapostulatedby Dremin (1970).
Similarly, thesolutionto theCauchyproblemfor theshocktransformation,which is known in its elementaryform for morethan
onecentury, wasalreadyusedby Jouguet(e.g.,Jouguet1917),for studyingdetonation-frontacceleration,andby Cowperthwaite
andTarver (1975),for interpretingexperimentsof impactby constant-speedpiston.Thecalculationprocedureof thesolutionto the
Cauchyproblemis aclassicalexerciseof thetheoryof (systemsof) hyperbolicequations.

A first applicationis the impactby an incompressiblepiston. Theshockinitial dynamicsis trivially determinedby thatof the
piston.Thepredictionsof themodelarefoundto bein goodagreementwith thoseobtainedby meansof asymptoticstechniquesfor
thecaseof aconstant-speedpistonin idealgases(e.g.,ClarkeandKant1985,JacksonandKapila1985,BlytheandCrighton1989),
aswell aswith ourdirectnumericalsimulationsfor thecasesof constantor variable-speedpistons,includingthecritical conditions.

Anotherapplicationis thecylindrical or sphericalshock-tubeproblemwith aninerthigh-pressurechamber(HPC)andareactive
low-pressurechamber(LPC).TheHPC/LPCinterfaceconstitutesthepistonthatdrivestheshockinducedin thereactiveLPCby the
expansionof the inert HPC.Thecalculationof the initial dynamicsof the interfaceconstitutesthemaindifficulty of theproblem,
dueto theexistenceof anexpansionwave departingfrom this interfaceinsidetheHPC.Finally, theresultis thecritical (minimum)
sizeof a nonidealenergy sourcebelow which theshockedLPCwill notexplode(Vidal etal. 1999c).

3 Detonation critical diameter in heterogeneous materials

Themodelingof detonationprocessesin heterogenousexplosivesfaceswith four problems.
Thefirst oneis to selecttheessentialphysicalconstraintsamongthemany a-priori involvedin the flow. Examplesaredrags,

heattransfersandfriction phenomenabetweengrainsandbinderor atcrystalcracks,collapsemechanisms,...). Obviously, theseare
very dependenton theconsideredexplosive material: aerodynamicaldragsof particlesareanessentialpropertyof particle-laden
gaseousmixturesbut, clearly, arenot relevantto bubbly liquids.

Thesecondoneis to synthesizethe ratherlargeamountof experimentaldata. Its solutionprovidesa sensibletarget for mod-
eling and,asa consequence,for assessingthevalidity of thechoiceof the retainedphysicalconstraintsandof their mathematical
description.

Thethird oneis thepoorknowledgeof theconstitutive relationshipsandphenomenologicalconstantsdescribingthestateprop-
ertiesof the explosive components,underthe high dynamicalpressureandtemperatureconditionsthat arespecificto detonating
solidheterogeneousexplosives.Sofar thesolutionhasbeentheuseof crudeassumptionsonstatedependenciesof thermodynamical
coefficientsor, on the contrary, theuseof sophisticatedequationsof state,which involvesmany adjustable,but physicallyvague,
coefficients.

Thefourthoneis to decidewhetherthemicroscopicfluid propertiesaresufficiently well describedby anisolatedcell, represen-
tative of theheterogeneityandof its interactionwith thesurroundingmaterial,or if cooperative phenomenaamongdifferentcells
shouldalsobeaccountedfor.

Otherproblems,suchassensitivities to initial conditions(e.g.,thetemperature)areoftendisregarded.
Thevarietyof behaviorsobservedin experimentsandthemathematicaldifficultiesencounteredin solvingthemany differential

equationsdescribingheterogeneousflows have left theoreticianswith few hopeto obtainsufficiently simple,yet representative,re-
sultsor trendsthatcouldbeusedasguidelinesin physicalor numericalexperiments.So-calleddirectnumericalsimulationshave
thusbeenprivilegedfor studyingdetonationprocessesin heterogeneousmedia.Thischoicehowever impliessolvingtypically over
ahundredcoupleddifferentialequations;it doesnotnecessarilyallowsoneto extractphysicaltrendsandoftenendsupin asophisti-
catedfitting exerciseof asmallsetof experimentalresults.In addition,sensitivity studiesof themodelingon thephenomenological
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constantsareseldomconducted.
Yet,someprogresscanbemade,basedon preliminarysynthesisof literature.Thus,asanexampleof answerto problem#2,an

analysisof abroadamountof experimentalresultsonrundistanceto detonation(RDD) anddetonationcritical diameter(DCD) will
besummarized(Preslesetal. 1995,Khasainov etal. 1997).ThesynthesisextractsacorrelationbetweentheRDD, or thereciprocal
of DCD, andthereciprocalof theinitial specificsurfaceareaof heterogeneities(i.e., thetotal hot-spotsurfaceperunit of volume),
valid for mostliquid heterogeneousexplosives.Thisconfirmstheideaof Price(1970)thatDCD canbeagoodindicatorof theshock
sensitivity of explosives. Then, the presentationwill focuson an experimentalandnumericalstudy on two-dimensionalsteady
detonationpropertiesin a modelheterogeneousexplosive madeof liquid nitromethane(NM) andof glassmicroballoons(GMB),
suchasDCD, shockcurvature-detonationvelocity anddetonationvelocity-chargediameterrelationships(the “diametereffect”).
Theadvantageof suchcompositionsis that their microstructurecanbevariedin a wide range,for exampleby changingtheGMB
sizeandconcentration,andmoreeasilycontrolledthanthatof classicalporousexplosives.Also their modelingis, in someaspects,
facilitatedbecauseonly onephysicalphenomenumis be accountedfor, specificallythe viscoplasticcollapseof the GMB andthe
subsequentconductiveheattransferto theadjacentlayerof NM.

Thus,a viscoplasticporecollapsemodelof sphericallyimplodingGMBs (e.g.,Khasainov et al. 1993)wasimplementedin a
three-phaseformulationof thebalancelaws(shockedunreactedNM, NM detonationproductsandGMBs)for mass,momentumand
energy for reactive flows undertheassumptionof a quasi-onedimensionalflow. Thesebalancelaws werethenintegratedbetween
thedetonationshock-frontandthesoniclocus(therearboundaryfor self-sustaineddetonation)to obtaintheshocknormalvelocity
(
���

) asaneigenvaluefor a giventotalcurvature( � ) of thedetonationshockfront (Bdzil 1981,Bdzil andScott-Stewart1988).The� �
- � relationshipwasthenusedto describethediametereffect.A semi-quantitativeagreementof themodelwith theexperimentsis

obtained(Ermolaev etal. 1995,Bouton1997,Boutonetal. 1999).In particular, oneimportantresultis thattheexperimentallinear
correlationbetweenDCD andreciprocalof theGMB initial specificsurfaceareaaremodeled,aswell asexperimentalproperties
of bimodalcompositions.Anotherimportantresultis that theso-called“shocksensitivity reversaleffect” (SSRE)(Moulard1985,
1989)is captured.This effect is characterizedby a nonmonotonicdependency of RDD andDCD on thegrainsize,giventhemass
fractionof heterogeneitiesin thecomposition(i.e., giventhespecificsurface).More specifically, at largershockpressure,smaller
grainsaremoreefficient hot-spotsthanlargerones,andthe larger theshockpressurethe larger thenumberof efficient hot-spots,
regardlesstheir diameters.On thecontrary, at smallershockpressures,largergrainsaremoreefficient thansmallergrains,andat
toosmallshockpressureonly largergrainswill beefficient. In thecaseof ourmixtures,we indeedobservedin ourcalculationsthat
theinductiontimeof NM aroundcollapsingsmallerGMBscanbetoolarge,thatis comparableto thetravel timeof thefluid particle
from theshockto thesoniclocus,whenconsideringlowershockpressures.Thusonly largerGMBsremainsefficient in transferring
heatto the shocked unreactedNM dueto the relative increaseof the conductive heat-dissipationrate in the GMBs comparedto
theviscoplasticheat-productionratearoundtheGMBs. For monomodalcompositions,thecalculatedSSREis characterizedby a
reasonablefit of the experimentallinear correlationbetweenDCD andreciprocalof GMB initial specificareaonly whenlarger-
diameterGMBsareused.As aconsequence,thecalculatedcritical diameterappearsasanonmonotonicfunctionof theGMB initial
initial diameter, given the specificarea,which exhibits a minimum at intermediatevaluesof GMB initial diameter. For bimodal
compositions,thecalculatedSSREis characterizedby a

� �
- � curve thatexhibit two critical points. Thepartof thecurve below

the uppercritical point is closeto the
� �

- � curve of the monomodalcompositionmadeof the largerGMBs. Thus,in this case
of bimodaldistribution of sizeof potentialhot spots,smallerhot spotsdo not contribute to the chemical-reactiongrowth at large
detonationvelocity deficits(i.e., at low shockpressures)so that,again,thecritical detonationdiameternonmonotonicallydepends
on theinitial specificsurfaceareaof theheterogeneouscomposition.

It is interestingto observethattheincreasein efficiency of all hot-spotsathighshock-pressure,dueto decreasein inductiontime
aroundthe grains,is consistentwith the observation that heterogeneouscompositionscanbehave ashomogeneousonesfor such
solicitations(cf. � 1 and2). It alsoindicatestheexistenceof a critical hot-spotsize,similar, in somesense,to thatobtainedin the
secondapplicationdescribedin � 2. Theseresultspromotethe ideathat simplificationsandsynthesesareworthwhilepreliminary
stepsbeforeattemptingmoreformalandexpensivetreatmentsof heterogenousfluid flows: ononehandthevalidity of assumptions
on physicalconstraintsand equationsof statecan be assessedin a relatively easyway, and, on the other, physicaltrendsand
interpretationscanbeobtained.
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