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1 Introduction

Chemicalexplosives canbe found in the gaseousliquid or solid phasesut it is customaryto distinguishhomogeneousgxplo-
sivesfrom heterogeneousnes. Indeedexperimentshave revealedthat the dynamicalbehaiors of detonatve or quasi-detonatie
decompositiomegimesof explosiveshave moreto do with the latter classificationthanwith the former. However, distinguishing
betweerhomogeneouandheterogeneousehaiors canbe questionablelependingn the nature the amplitudeor therangeof the
solicitationappliedto the consideredxplosive.

The objective of the presentatioris to reporton somerecentmodelingof critical dynamicalbehaiors of homogeneousr
heterogenousxplosivesin conditionsof chemicaldecompositiorcloseto the detonationregime. The approachesire basedon
continuumand micromechanicaimodels. The first part of the presentatiorwill be devotedto the shock-to-detonatiotransition
(SDT) in homogeneousaterials,the secondoneto detonationcritical diametersof heterogeneoumaterials. Eachpart will be
precededy a shortreview of experimentalfacts. The choiceis to relate modelingand experimentsby meansof as simple as
possibleassumptionsyet mathematicallyandphysicallyconsistentvith the underlyingdynamicsof thephenomena.

2 SDT processin homogeneous materials

The shock-to-detonatioprocessn homogeneoumaterialshasbeenidentifiedin suchimpactexperimentsasthoseof Campbellet
al. (1961a)or Leal-Crouze{(1998)in theliquid explosive nitromethanelt appeargo beidenticalto oneof the two obsenedin the
shock-tubeexperimentsy Meyer andOppenhein(1971)in gaseousnixturesof hydrogenandoxygen: At first, a shock-induce
thermalexplosionoccursin the closevicinity of the impactor thena detonationbuilds up very rapidly in the shock-compresse
material(the so-calledsuperdetonationpgnd,finally, afterthe superdetonationatchesip with the shock therelaxationtowardsthe
normalself-sustainedetonatiorregimeis realized.Smalldeviationsfrom this scenarichave beenreportedandcanbe attributedto
suchdefectsas pistonroughnes®r presencef bubblesin theliquid. A differentpicture,thatessentiallyfeaturesa moregradual
detonationbuild-up, i.e., without bulk thermalexplosion and superdetonationis typical of mostsolid heterogeneousxplosives
at moderateshock-pressureolicitations(e.g., Campbellet al. 1961b)but the heterogeneousaterialwill reactaccordingto the
homogeneouscenarioor soathighershockpressurege.g.,BowdenandYoffe 1952,Dreminetal. 1970).

A modelfor the explosion stageof the SDT processin homogeneousgxplosiveswill be presentedbasedon reactive gas-
dynamicsequationdor inviscid fluids (Vidal andKhasain@ 1999a-b).The approachwasdevisedsoasto be simply applicableto



bothgaseousndcondensedxplosives,andto extendthe predictive ability of existingasymptotics-basadorksto abroadewariety
of solicitationsthan previously considerede.g.,noncompressibler compressibleplanaror curved, constant-or variable-speec
pistons.Closed-formexpressiongor inductiontimesandcritical constraintdor shockinitiation of adiabaticexplosionfor arbitrary
(i.e., unspecifiedshockdynamicsare obtained. Here, the shockdynamicsappeargo be describedby the shocknormalvelocity,
normalacceleratiorandtotal curvature. The approachamountsto formulatingthe inductionstageof the chemicaldecompositior
processasa Cauchy(initial-value)problem,with the shocktaken asthe data-surce,andto expandingthe solutionalongmaterial
path until the time of explosion. Its key ingredientsare (i) a local shock-&pansionmethod,for relating the induction time to
the shockdynamics(ii) the solutionto the Cauchyproblemfor the shock-transformatiorfor relatingthe shockdynamicsto the
rearboundaryconditions(the so-called'shock-changequations” e.g.,Fickett andDavis 1979),and(iii) analyse®f specificrear
boundaryconditionsfor determininghepistondynamicsthentheshockdynamicsjn termsof theusers parameterdlt is important
to acknavledgethatthis approactis really a synthesiof known ideas which, however, have not yet beensufficiently emphasizec
In particular the failure criterionis, in somesense akin to the so-called‘breakdavn” phenomengostulatecoy Dremin (1970).
Similarly, the solutionto the Cauchyproblemfor the shocktransformationwhich is known in its elementaryform for morethan
onecentury wasalreadyusedby Jouguet(e.g.,Jouguetl917),for studyingdetonation-fronticcelerationand by Cowperthwaite
andTarver (1975),for interpretingexperimentsof impactby constant-speepiston. The calculationprocedureof the solutionto the
Cauchyproblemis a classicakxerciseof thetheoryof (systemf) hyperbolicequations.

A first applicationis the impactby anincompressiblgiston. The shockinitial dynamicsis trivially determinedoy that of the
piston. Thepredictionsof themodelarefoundto bein goodagreementvith thoseobtainedoy meansf asymptoticgechniquegor
thecaseof a constant-speeplistonin idealgasege.g.,Clarke andKant 1985,JacksorandKapila 1985,Blythe andCrighton1989),
aswell aswith ourdirectnumericalsimulationsfor the casef constanbr variable-speegistons,ncludingthecritical conditions.

Anotherapplicationis the cylindrical or sphericashock-tubgroblemwith aninerthigh-pressurehambe(HPC)andareactive
low-pressurehambeLPC). TheHPC/LPCinterfaceconstituteghe pistonthatdrivesthe shockinducedin thereactve LPC by the
expansionof theinert HPC. The calculationof the initial dynamicsof the interfaceconstituteghe main difficulty of the problem,
dueto the existenceof anexpansionwvave departingfrom this interfaceinsidethe HPC. Finally, the resultis the critical (minimum)
sizeof anonidealenegy sourcebelon whichthe shocled LPC will notexplode(Vidal etal. 1999c).

3 Detonation critical diameter in heterogeneous materials

Themodelingof detonatiomprocesses heterogenouexplosivesfaceswith four problems.

Thefirst oneis to selectthe essentiaphysicalconstraintsamongthe mary a-priori involvedin the flow. Examplesaredrags,
heattransfersaandfriction phenomenaetweergrainsandbinderor at crystalcracks collapsemechanisms,.). Obviously, theseare
very dependenbn the consideredxplosive material: aerodynamicatiragsof particlesarean essentiapropertyof particle-lader
gaseousnixtureshbut, clearly, arenotrelevantto bubbly liquids.

The secondoneis to synthesizahe ratherlarge amountof experimentaldata. Its solution providesa sensibletargetfor mod-
eling and,asa consequencdor assessinghe validity of the choiceof the retainedphysicalconstraintsand of their mathematica
description.

Thethird oneis the poorknowledgeof the constitutize relationshipsandphenomenologicatonstantslescribingthe stateprop-
ertiesof the explosive componentsynderthe high dynamicalpressureandtemperatureconditionsthat are specificto detonating
solid heterogeneousxplosives.Sofarthesolutionhasbeentheuseof crudeassumptionsn statedependenciesf thermodynamice
coeficientsor, on the contrary the useof sophisticate@quationf state,which involvesmary adjustableput physicallyvague,
coeficients.

Thefourth oneis to decidewhetherthe microscopidiuid propertiesaresuficiently well describedy anisolatedcell, represen
tative of the heterogeneityandof its interactionwith the surroundingmaterial,or if cooperatre phenomenamongdifferentcells
shouldalsobeaccountedor.

Otherproblemssuchassensitvities to initial conditions(e.g.,thetemperatureareoftendisregarded.

Thevariety of behaiors obsenedin experimentsandthe mathematicatlifficultiesencountereth solvingthe mary differential
equationglescribingheterogeneoutows have left theoreticianavith few hopeto obtainsuficiently simple,yet representatie, re-
sultsor trendsthat could be usedasguidelinesin physicalor numericalexperiments.So-calleddirect numericalsimulationshave
thusbeenprivilegedfor studyingdetonatiorprocesses heterogeneousedia. This choicehoweverimpliessolvingtypically over
ahundredcoupleddifferentialequationsit doesnot necessarilallows oneto extractphysicaltrendsandoftenendsupin a sophisti-
catedfitting exerciseof a smallsetof experimentakesults.In addition,sensitvity studiesof the modelingonthe phenomenologice



constantareseldomconducted.

Yet, someprogressanbe made basedn preliminarysynthesisf literature. Thus,asanexampleof answerto problem#2, an
analysisof abroadamountof experimentatresultson run distanceo detonation(RDD) anddetonatiorcritical diameter(DCD) will
besummarizedPreslestal. 1995,Khasain® etal. 1997). The synthesigxtractsa correlationbetweerthe RDD, or thereciprocal
of DCD, andthereciprocalof theinitial specificsurfaceareaof heterogeneitie§.e., thetotal hot-spotsurfaceperunit of volume),
valid for mostliquid heterogeneousxplosives.This confirmstheideaof Price(1970)thatDCD canbeagoodindicatorof theshock
sensitvity of explosives. Then, the presentatiorwill focuson an experimentaland numericalstudy on two-dimensionakteady
detonationpropertiesn a modelheterogeneouexplosive madeof liquid nitromethangNM) andof glassmicroballoondGMB),
suchas DCD, shockcurvature-detonationelocity and detonationvelocity-chage diameterrelationshipgthe “diametereffect”).
The advantageof suchcompositionss thattheir microstructurecanbe variedin a wide range for exampleby changingthe GMB
sizeandconcentrationandmoreeasilycontrolledthanthatof classicaborousexplosives. Also their modelingis, in someaspects
facilitatedbecausenly one physicalphenomenunis be accountedor, specificallythe viscoplasticcollapseof the GMB andthe
subsequentonductie heattransferto the adjacentayerof NM.

Thus,a viscoplasticpore collapsemodelof sphericallyimploding GMBs (e.g.,Khasaine etal. 1993)wasimplementedn a
three-phaséormulationof thebalancdaws (shocledunreactedNM, NM detonatiorproductsandGMBs) for massmomenturmand
enegy for reactive flows underthe assumptiorof a quasi-onedimensionfibw. Thesebalancdaws werethenintegratedbetweer
the detonatiorshock-frontandthe soniclocus(the rearboundaryfor self-sustainedetonation}o obtainthe shocknormalvelocity
(D,,) asaneigervaluefor agiventotal curvature(C) of thedetonatiorshockfront (Bdzil 1981,Bdzil andScott-Stevart 1988).The
D,,-C relationshipvasthenusedo describehediameteleffect. A semi-quantitatie agreemenof themodelwith theexperimentss
obtained Ermolae etal. 1995,Bouton1997,Boutonetal. 1999).In particular oneimportantresultis thatthe experimentalinear
correlationbetweenDCD andreciprocalof the GMB initial specificsurfaceareaare modeled,aswell asexperimentalproperties
of bimodalcompositions Anotherimportantresultis thatthe so-called'shock sensitvity reversaleffect” (SSRE)(Moulard 1985,
1989)is captured.This effectis characterizedy a nonmonotoniadependengof RDD andDCD on the grainsize,giventhe mass
fraction of heterogeneitieg the composition(i.e., giventhe specificsurface). More specifically at larger shockpressuresmaller
grainsare more efficient hot-spotghanlarger ones,andthe larger the shockpressurehe largerthe numberof efficient hot-spots
regardlesgheir diameters.On the contrary at smallershockpressuredarger grainsare more efficient thansmallergrains,andat
too smallshockpressurenly largergrainswill beefficient. In the caseof our mixtures,we indeedobsenredin our calculationghat
theinductiontime of NM aroundcollapsingsmallerGMBs canbetoo large,thatis comparableo thetravel time of thefluid particle
from theshockto thesoniclocus,whenconsideringower shockpressuresThusonly larger GMBs remainsefficientin transferring
heatto the shocled unreactedNM dueto the relative increaseof the conductve heat-dissipatiomatein the GMBs comparedo
the viscoplasticheat-productiomate aroundthe GMBs. For monomodakompositionsthe calculatedSSREis characterizedby a
reasonabldit of the experimentallinear correlationbetweenDCD andreciprocalof GMB initial specificareaonly whenlarger
diametetGMBs areused.As aconsequencehe calculatectritical diameterappearasa nonmonotonidunctionof the GMB initial
initial diameter given the specificarea,which exhibits a minimum at intermediatevaluesof GMB initial diameter For bimodal
compositionsthe calculatedSSREis characterizedby a D,,-C curve thatexhibit two critical points. The partof the curve belov
the uppercritical pointis closeto the D,,-C curve of the monomodakcompositionmadeof the larger GMBs. Thus,in this case
of bimodaldistribution of size of potentialhot spots,smallerhot spotsdo not contribute to the chemical-reactiomgrowth at large
detonatiornvelocity deficits(i.e., at low shockpressures3othat,again,the critical detonatiordiametemonmonotonicallydepend:
ontheinitial specificsurfaceareaof the heterogeneousomposition.

It isinterestingo obsenethattheincreasen efficiency of all hot-spotsat high shock-pressurelueto decreasen inductiontime
aroundthe grains,is consistentith the obsenation that heterogeneousompositionscan behae ashomogeneousnesfor such
solicitations(cf. § 1 and2). It alsoindicatesthe existenceof a critical hot-spotsize,similar, in somesenseto thatobtainedin the
secondapplicationdescribedn §2. Theseresultspromotethe ideathat simplificationsand synthesesire worthwhile preliminary
stepsheforeattemptingnoreformal andexpensve treatment®f heterogenouBiuid flows: on onehandthevalidity of assumption
on physical constraintsand equationsof statecan be assesseth a relatively easyway, and, on the other physicaltrendsand
interpretationganbeobtained.
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