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ASimphfiedAn alysisonTheMagicNum bersinDetonation

byHiroyukiMATSUIandMitsuoKOSHI

AmdyticalcalcuhtionswithsimplifiedmodelsoEdetoJutionhareshownthegoodaq eement

with theexperimenはllyobKrYedcriticalconditionstor.mi 血 lingdir∝tlyantuconfined

sphericaldelomatitm.TherehdonbetweenthecellsizeDfdetotLationpropagatinginstraight

tutB andthecriticalttlbediameters.i.e.,experimeJltallyobseryedmagicnumber13iswell

reproducedtheoredcauyiJ)aStOichiometricmixtureoEhydrogenandoxygenoyertheinitial

pressure90E0.1to5atmospheres.TherLatureOEthemagicntJmberSeemstObeexplainedby

therelationoHocalaJ)dbulkde(oTLabihtylimitscausedbythephysicallosstermsduetothe

bundaJ･yCOndidons.

t.Introduction

PhysicalordhemicaJconstaJds(orquasi-constaJds)

whicharetJLiyersanyⅥ山dtorayadetyofexpedJneD

tatcondi血 zLSharesonetinesappearedtoodifficult

toexphinbytheexi8tenttheodes,thustheyareoft和

Calld m̀agicmlmbers'.E3uJnplescanbebtmdill

thefieldoLdelonadonstudies;ithasbeenlong

dis00血 vhy thedrcuhrtubesmustharea

d血れelαdchTP enOugh toaccomodateathZaSt13

打m W SEordkecdyinjthhgaA uACO舶

sphe血ddetonadoniEthetubeisconnectedtoaurge

volumeyeSSell)-3),i.e.,

dC=Mll(Ml≡13) (1)

where.iisthemaximtn dd血 d thetraJm

wares.tJsudythetmceoLtheinteracdngtraJmerSe

wIVeS叩perSreguhrceuularEeatwe,紺Ii80fteACall-

ed.ceusize'.UnLbnuAatdy,nodearexphLnah oL

thephysical and/ordhedcal帽 60nEorthismLgic

numberhasom outSoh r.

AlsoformaJly血e1-oxygenmixtures,Westbrookand

ooworkershareshownthatchemicalhductionlength

EoronedinensionalENDtnodel,Acanbewellcor-

reiLatedwiththeceu由eibymddply血g291),i.e.,

)=MzA(M2=29) (2)
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where,Ahasbeenestimatedbyuseofdlculatedin-

ductiondehy也merin aJIadiabatic,oonstzLntVolume

system thenmultipliedbythe瓜ow speedbehinda

phJleShockwarewithC-Iyelocity.Thisfindingis

veryu紀fulbecatueonecalleasilyeyaluatethecritical

tubediameterEorhducingthedirectdetonationonly

byperLorTmi grathersimplecomplltationsoEelemen-

taJYChemi calprccesscs.RecentdeyelopmentoEthe

urge-scale00mputershaseJnbledoncstoperEorn

detailedcalcuhdonsoE2-or3-dimeASiondreacting

now8andsomedemonstrationsoEthelocalSh∝k

waveinteractionsleadingtothecellular8tnlCttlreSin

detonadonwaresbyebeenrepzted5)17).

AIthough the紀 eXPerimentalandcomputationd

worksbyesuggestedthatthereexistsacloseCOmh-

tionbetweenthechemicalreactionratesandthe

celluhrstructtm oEthedetoJntion.triah oEthe

phySimllyorchemicallybasedexpkLnadonsLopthese

maglCntmber88既mnotyetSuccessful.Thep咽 ent

sttldyhasbeenundertakeninordertoinyestigatethe

natureofthesemaglCnumbers.i.e..thecriticalcondiJ

lionsoEthepropagationoEdetonationbyusing

simpWledLhiddynamicnlodeb.SuchsimplirICatiozLS

mayhtroduce80meunCertaindesinthecalcuhted

re冬山tS andthediSCu汚ionsmaybeunitedb a

qualitatiyeleyeL.howeyer,itvmtEadyaJ)tageOuSfor

exploringtherelationsbetweenthechemicalreactiyi-

tyandthelocalaJldglobalpropagationlimitsmore

deqlyratherthanperformingtimeconsuming00m-
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putationoEthenuiddynamicconSerYationequations.

As forthechemi calreactions,ontheotherhand,itis

desirabletoempbytheexactexpressionsfortherates

ofheatreleasebehindstrongsh∝kwavesoffue1-oX･

ygenmixture,becausethetesthavetobeperformed

oye丁awiderangeoEexperimentalconditions,ifother-

wise,thechemicaltenncanintroducetoomtldhtmcer･

tainties(becauseofitsnonlinearnature)formaking

discussions ofthe criticalconditioll.Thus.a

stoichiometriCmixLtweOEhydrogenandoxygenhas

beenemployedasatestoLtheinyestigation,sincethe

reactionmechanism ofitisconsidered asalmost

established.DetailedelementatTreactionsforthemix･

ttm haresbeennumericallysolvedsimulta皿eOllSly

with thesimpWIedmliddynamicconseryationeqtu･

dons.

2.Thomodolandtheanalysesfordir8Cttr8nSi-

tionofaPl8n8rtOaSPheric81dotonation

Aconceputualmodelforexpr鰯 ingthetransition

ofaplamartoasphedcaldetomtionsisillustratedin

Fig.1.Iftheinddentdetonationpropagatinghacir･

cdartubeiswellahoyethecriticalconditionforthe

tw idon,thedetonadonhatstartstoexpzLnds

semisphericallyattheexittofreevolume,asisshown

inFig.1-a.Ⅰncontrast.thedetonationfrontstartsto

shrinIEattheexitasisshownisFig.1-b.iLitisbelow

thecriticalconditionbeQuSethelosstermcausedby

thePrandtle-MeyerexpzLnSionoyerwhelmsitsabili･

tyoErecoveringtotheselEsustainedpropagationof

detomtion.From theseconsiderations,the､Critical

Conditionforthedirect bansidonoEapkLnartO

sphedcaldetonationshouldbejtwtintheintermediate

oLthesetwocasB aJldmaybeillustratedasshownin

Fig.1-C.Thepl孤灯detonationpropagatinginadr･

血 rtubewithacriticalbbcdiameterd̀iszLSStmed

nottochangeitscrosssectionevenafteritstartsto

propagateinatmconfinedsituationatit8Criticalcondi･

lion.ThisSituationis,oEcourse,tmrealisticshcethe

freedetonadonstm tmdedbyexplosiyegasmixttm

israthertmstablezLndso,caLnnOtkeepitscru secdoII

constantverylong.Accordingtothissimplified

critical comdition,apkLnardetonationwavep和･
pagadnginatubewithaconstaJltCrossSeCdonwilI

s山脈cealo防dmasswhenthe… dingwallissud･

denlyremoyed,andtheaveragedlosstermbehinda

pl血ardetonadonbntcanbeeasilyeyaluatedbyLor-

muhdng the Eouowing cozLSerVation eqtLa血 ns

･, £ 挺 d

(b)-･一日
below
threshold

(C)
criticaL
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Fig.2 CalculatedresdtsonthedetozlationyelocitywithfrcebouJldaryforastoichiomet

ricmixtureofH2aJld02ly.Therateofheatprod

uctionbythechemicalreac･tionsperunitmass,

dQ/dz-∑)(Ahj)dYノ血 0ゆhasbeenalsosol

vedsimultaJleOuSIy.Theelementaryreactionsusedint

his8ttJdyarethesameasthoseofWestbrook9).

Asthediss∝iationaJldrecombinationofHO2areexp

ectedtobeimthefall一〇ffregionathighpre88ureSl0㌧thepresentcalcuhtionsarelimited

onlyforthelow presstuerzLnge (po=0.1-5at･mospher

eS)wheretherateconstaJltSatlowpressuel

imitcanbeused.Equations(7卜 0ゆhayebeenin･tegratedbyusingG也rlsmethodwithan ass

umedyalueoEDbywhichaJtinit

ialconditionisgIYenbyRankine-Hugoniotrehtion

sFornonr也Ctiyeflow.SeardtLoptheeigenvalueDhas

beencontinuedtlntilthegeneralizedC-Iconditi

on,dQl/dt=EI● OI)hasbeensadsrIed.w

heretheasteriskdenot6 qtnn-titiesattheC-

Icondition:M=1.Du血gtheintegra･tiorL.Ths

beenreeyaIuatedineachintegralstep.althoughiti

sasstJmedasaconstaJltintJlederiyadonoE恥 tion

(7).As dleYariatioJIOfTisverysm札sudlapproxi

mationhsnotbroughtsigniGcazlter･rots.The

resultsoEthepresentcdculationsonthedetonad

onyel∝ityi8ShownisFig.2agaiAStthein･yeT8eOfthe

tubediameter,d-1.Thesoludonsgiyedual-eigenyalues

EorDfora触edttlbediameter.Thehighervalu

es0日hesolutiononDagreesverywellwiththatcal

culatedbyusingidealC-Jtheoryatsufficiently

urgettJbediameters.AJBOitisshown thatno801utionexistLo†d<dC.th usdcisdecided theoreticallyEorf

reedetonation.As ShowninFig.3,血ecalculatedresul

tsond,a耶 eSVeryWellwith theexpenmentbyMatsuiaJ

ldLeeIl);thepresentmode)torexpressingthecrit

icalconditionofthedir∝timitia･tionoEaspher

icaldetonations班mSreasonable.AlsothecalctJlatedmagicntJmb

erMl(=dJl.)isshow imthe

sameLigtlre,Where,い さthecellsizedecidedintheexp

erimentalworkbyManzhaleyetal12I.hthiswork,theme

anvalueoEんhBLSbeeJlgivenbythefollowingform,

log).I-0.969logp0-0.878where,).andp

oareexpreSSCdincmaJldalms.units,respectiyely.Iti

sfouJ)dthattheLimitoEthepropap･lionoff

reedetorLationaqea yerywelIwithacondi･don of

dノん-13EorthewiderangeoEinitialpressures.So,aS

faLraSempidcalcellsizeisadmitted.itmay

bereasonabletoconcludethatthemagictIum berMICaJ)beroughlyexphinedbythepnS

entsimphLiedanalysis.atbastforthedetonatioJ

IOfthestoichiometricmixtureoEhydrogenandoxygen.

3.Discussionoftholoc81cellLJlarstructLJreOfdo

ton8tioninJ)8traiOhttuboEvahntionofthe

sizeoEtheceuuhrstructtJreindetonationwaretrave

rsinginastraighttubeisessien･tiallydifficults

inceoneShouldsolyenonSteadythreedimen与ionalcon

sm atiorLeqtntionscoupled withmanyelemeJltaryreactio

ns.AccordingtothedetailedexaminationoEthedetonationstructtI



po/atzns･Figl3 Company}nSOEthe
calcdatedcriticaltubediameterandthemagic numb

er, MI=4/ん with eDtPeriment in astoidliometdcmiXttlr

eOfH2aZld02･(a,byprcscJltCalcuhdon;一 ･-,4byexpedJneJ)IbyMat･

suiandLee;- --,a,/んhypreseJltCdcuhtion;-

)andsothedetonationfrontiScomposedoESuchmany

localexplosiorLSaSSOCiatedwithcurvedShockfronts

(seeFig.4).Thus,itmaybeinterestingt

oinvestigatethenattlreOEthism

icroscoplCexplosionassociatedwithacurvedshoc

kfront.ByusingartassumptionoLa血 lsym metric

flowbehindaBPhericalleadingShockfront.

theconserya･lioneqtntioTLOfnussalongthesyTnmetricaxisfo

rst飽dy爪owisapproxiJnatelyexpress

edby";d(pu)/dz=-2p(D-u)/(R.1之) (Lヰw

here.R.istheradiusoEtheleadingshockfmnt.Toge

therwiththecon紀rYationeqtudonsformomentt也m a

Lndenerw .theEouowhgordinarydiueren血Iequationis

deriyed.dp/dz=[(T-1)pMZ]/(M2-1)【d

Q/dz-E2] (l専and,82=2aZ(D-u)

/[(T-1)(A.-Z)tl] ㈹where,E2denotesthelosst

erm Cau紀dby也e加wdeflectionbehindnonphJlarleadingsh∝kfrorLt.The

solutionsoEEqtndonsOヰand04nJ)beobtaine

dbythesameprocedtJreaSdiscussedhthe

previoussec･lion.AgenerdizedC-IcorLdition.dQ●

Idz=E{ (l専issatisfiedatM=1

whenanexacteigenvalueoEthedetonationyelocityiSgiyenaS aJlini血lcondition. =-≠-

---三±-Fig.4 ThemodelEard
e∝dbingthepropaptionofthelocalexplosion

ofdetonadon.Theca)culateddetonationyelocit

yisShwTIillFig.5againstnondiJnerLSional sh∝kr

adius,RJA)･Thecridcalconditionforsustaining

steadypropaptionofdetonationisfoundtoliei

ntherange.RJh=2.5-5 0¢forthestoichi

ometricm血 reoEhydrogeJtandox･ygeJIwithinit

ialprcSStm ,Po=0.1-5atmospheres.WhereRKdeno

testhecridcaI8h∝kwareraditlSforrealiZhgselLstnt

ainaqLCeOfasteadydetonation.Thephysicalmeaning

ofso]yingEquationOヰistoeyaJuatetheapproximate
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Rs/leFig･5 ●lbecalcdateddetona
tionvel∝itywithasphericalleadingsh∝kfront

inastoichiometricmixttweofHZand02.size.OneshouldthendecideacoefGcientkwhich

isderlnedas,k=RJl 的hmthetheoretica

lconsideration.AsArepresentsthemaximtlm widthof

theperiodicallyproducedtransversewares.the

inchadonoLtheshock血Ontmustnotbetoolargeinorder

toinitiatethesuccessiyelocdexplosionatthei

ntersectionoEtheadjuscentshockwares.Thereisac

ridcalconditionEorthesh∝kwareaJlgletostLStaiJIaSubonic

nowbehindallobliquedlOC

kw e.Asthisconditioncorrespondstoastrongintera

ction(socanleadtoalocalexplosionyeryquiddy),itisusedtoevalua

tekinthisstudy,i.e.,

k=2cosa. (tゆwhere,α

ci8thecriticalangleoEtheshockwaveslopeagainst

zaxis.aJlditiseasilyeⅦ luatedbytheEollow･lng

eqlJation,tan [屯-Sin-1[(r-I)/2T)]1J2=2cotὰ

sin2αJ(T+cos2αC) 的Thecalcuhtionshowsthatkis

approximatelyequalto2whezITisasstme

dtobeequaltothatatC-Jcondi･lion.Calculati

onsonthemaximtmcellsizeAhasbeenperEornedb

yusingEquationO可andtheresultsarecompapedwitht

hoseOfexpenmentinFig.6.Thecalcuhtedcensizeaq肥 prettyWellwiththeex･

perimentalone,ち;thisimdicatesthe

yalidityoftheassum pd

onsintroducedinthisstudy.Thus,iti8Verylikelythatthem血 mcelhhrwidtJICOrreSPOnds, 0.I

0.01 Eq5 ･･････ヨia3･･････510 1.0 0.1

8.OIpo/atznS･Fig.6 Acompari
sonofthecalcuhtedceuwidth,iwithexperiment(presentcalculation;- ,e

x･pedmentalcellwidth,ibyManZhaleyetal;

○)roughlyspeaking,tothecdticalconditionof

theseUsustainanceofthemicroscopicdetonationwit

haspheriCalleadingshod かont.This血dingmay

beexpl血edphenOmenOlogicallyasfollows.ThemiCrosc

opicexplosiotlinitiatedatthein･teractionoftrans

versewavesrapidlyexpandswithd∝ayingpropgadonvel∝i

tyundlA.=RC ,wherethepropaga血g8bckwaveshavez



Fig.7 Presm dependenceofthecaku
htedmagtcnuJnber,M2=ちd/AaJldcOmpnsonwith

em･pilicalValue.29.resonaJtCeCOTIditiontorw

areproductionamongthemicroscopicexplosion

s.aJldthisre80naJICeCOnditionseemstobeass∝iatedwi

ththecriticalconditionoEeach

localexplosion.TheyelocityoEthepropaptionoE

thelocalexplosiollalongZaxis.DznyarieS

intherange,Di>Dn>Dc,where,DiandDCdenotetheinitialandthecritical

detonationvelocity.respectiyely.OLcourse,the

timeandSpaceavengedvalueoED.nShouldcorrespond

tothemicroscopicdetonationvelocity.D,blltnOtheoreticaleyidencecanbesuppliedinthispoint.

tnFig.7.thecalcdatedrcsdtonthesecondmagicntJmber,M

2-〟zidisst10WTIagainstinidalprem po.Here.lid
iSthecomptediJlductionlengthwhichisdefinedast

JlertnCtionlengtJtrequiredfortheachieve>mentoE5%iJICremeTltatemperature.Thepresent

resultindicatesthat肋 idis且bout8atpo

=0.1alms.(28%oEM2=29giyenbyWe8tbroo

k4)).buttheagTCe･tnentbecomesbetteraspoIncreases.ThedifEeTmCe

ofthetnagnjtudesot)M2how

ever,seemsnotseriotubecauseboththetemperature

andpresstm histodesalongwhichch

emicalkineticeqtLationsareintegTatedarediLLere

nteachother.4.Conclu8暮onFromtheaboyediscu

舶ions,iti98uggeStedthatthel∝aJceu血 struc

tureofdetonationpropagadnginastraighttu

beiSCausedbythequauBircsonantbehaviotqoE

the interacting traA8Yer8e WavesWhich isrepresentedbyasphericalle

adhgShockfrontinthisBtlldy.TheresonantnatlJre

iSlikelytobestronglyrelatedtothecriticalconditionFortheseUsuS･ tainanceofmicro

scoplCexplosions.Thebu

lknatureofthepropagationofquasisteadydetonation,ontheotherhnd,canbeexpressed

prettywdlbytheonedime

nBiotlalZNDmodelevenindeSCribingthecritica

lconditioTtforthedirectinitiallionoEaspher

iCaldetonatiorL.Thus.itislikelyth上tJ)
enagICnumberMl=13i8there

preseJltationoEtherehtionbetvecn themicr
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爆舟におけるマジ･.Jクナンバーの評価について

松為宏幸',越 光男書

簡単なモデルにより蕨水素系の爆曲限界を計昇した結果,直接起爆条件は自由壁の爆典

に対応する限界爆確直径と良く一致することが見出された｡更に故細な爆喪のセル構造は

球面衝撃波を伴う燦赫限界と良い対応を示している｡これらのことから爆轟限界における

セル構造の数が約13である理由は徴視的な球面衝撃波を伴う局所的爆発が準定常的にくり

返し発生可能な限界と巨視的な平面波で近似される爆轟波の定常な伝播限界における両者

のスケール効果を反彫していると解釈できる｡
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