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Studyonblastwavesgeneratedbymilligramcharges

KentaroOhashi…,HaraldKleine●,andK㍍uyoShiThkayama仙

Thebl舶tWavefromthedetonationofacylindricalchargeofsilveraziidewithachargemaBB

varyingbetweenlongand0.5mgiSdescribedbasedonexperimentalresults0fpreBSure

meaBurementSandvisuali祖tion8.PrimaryShockwave,secondaryShockwave.anddetonation

productsareSeenOnSequences0fphotostakenwithAnimageconvertercamera.Fromthese

picturesx･tdiagramscouldbeeStabli8hedandbasedonthese冗-tdata,theoverpre88urecould

beobtainedaSafunctionofdistance.Comparingtheobtainedface･onoverpreSsuredatawith

TNTreferencedataagainstSCaleddi8tAnCe,theblastwavesgeneratedbytheinvestigated

chargesWereSeentOfollowthecube･rootScalinglaw.FurthermoreanaverageTNTequivalence

factorofsilverasidewasfoundtobeapproximately0.45.

1.lntrodu()tion

TheStudyofexplosionphenomenaiSAn

importantresearchfieldforSafetyaSSe88mentand

fortheanalysisandpredictionofexp108ion

di8a8ter8.Blastwave白areproducedbytheSudden

rele88eOfenergyfromsourcessuchaSaChemical

detonation,anuclearexplosion,ortheruptureof

apre88urizedvessel.Thesewavesarechar8Cteri2:ed

byaBuper80nicshockfrontfollowedbyan

exponential-typedecayofthephysicalproperties

ofthegasll).Occasionally,someofthefragments

ofthesesourcesJnAypassthroughandmoveahead

oftheshockftont,

Inlarge･SCaleexperiments,Whichhavebeen

intensivelycarriedoutoverthehstdecades,many

diagnO8tictechniqueshavebeendevelopedto

measurethephysicalpropertiesofagassubjected
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toablastwave【1,2】.In8mall･8Calelaboratory
experiment8,0ntheotherhand,different

di8gnOSticsareavailable,whichmaybedifficult

toimplementinlarge･SCaletests.ThisCOnCernB

mainlyden白ity･BenBitiveflowvi8uAli2iAtion

techniquesSucha88hadowgrAph,8Chlieren

methods,andinterferometry.Thesetechniques

allowustovisualiZ:eandquantifythefullnowfield

includingpnmaryand8eCOndary与hockw8Ve8and

thecontactSurfaceenvelopingthecloudof

combustionproducts【31.Apartfrom8ignirICantly

reducedcost,anothermaJOradv8nt8geOf8m811･

scaletestsistheShortturnovertimebetween

experimentsImorethan30trialsperdaycanbe

performedwithoutdifficulty.Thegathered

informationisusefulforathorough Validationof

computercodesforblastWaveBimul8tion,Since

theexperimentalAndnumericalre8ult8Caneasily

bebroughttothesameformatforcomparison.

Oneofthemainre8ult80fthenumerous1arge･

SCaletrialsconductedthroughoutthelastCentury

i8thatmanybl舶上WaveparametersCAnbeScaled

forchargemassesvaryingfromafewgramsuptO

Severaltonsll,2,4】.Ⅰnthisstudyitwa8tObe

Shownthatthe缶ameSCalinglawcould8180be

appliedformuchlowerchargem888eSOftheorder

ofafewmilligrams【5】.

KayakuGakkaishi,Vol.63.No.6.2002 -397-



2.Experiment

Threeset80rexperimentsWereCOnducted,

namelyme88urementOfface･onoverpre88ure,time･

resolved8ChlierenvisualiZ:ation,anddirect

Shadowgraphofthebla8tWavenowfields.From

the8ereCOrd8,thepropagationorthegenerated

blastWavescouldbenappedincorre8pOndingx･t

diagramBandanaverageTNTequivalencefactor

ortheu8edexplosive(silverazide)couldbe

determined.

2.1Explosivecharges

TheblastWavesWeregeneratedbythe

detonationorSilveraZidepellets(AgNl;charge

den8ity･･3･77g/cm3,manufacturedbyChugoku･

K8yakuCo.Ltd.)withmaSSe80f0.5mg土5%,

1mg土1%,5mg土1%,AndlOmg土1%.Thelarger

charge8(massOflongand5mg)areCylindrical,

whiletheShape80fSm811ercharges(massesor1mg

and0.5mg)areirregularbccauSethesecharges

areObtainedbyremovingmaterialfromlarger

One8.

2.20verpreSSUreme88urementS

Intheoverpre88urete8tS,thechargewa8glued

toanopticalfiberandignitedbytheirradiatiorLOf

apulsedNd:TAG188er(1064nm.7nspulse

duration,25mJ/pulse)fedthrough thi8fiber.

Fig.1Schematicoftheoverpre88uremea

8ureJnentSetupFigurel8howStheSChematicofth

eoverpreBSureme88urement8etup.Thechargewa

splacedbetweentwoplates,eachorwhichw88equ

lpPedwithonepieZO-electricpressuretransduce

r(KiStler603B,responsetime<2p8,Sensitivearea: 9.1mm2).Thepressuregaugesandthec

h8rge8wereSettObeontheSameheight.Thetran8

ducerSwerefacingeachotherandAlignedononeaxiswiththecharges.Distancesbetweenthecenteror

thechargeandthetranSducer(d,,d2inFig.1)

rangedfromloょo.1mmto200土0.1mmin8tep8oflOmm.For

smallerdi8tanCe8,theSizeofthepressure

tranSducerbecomestoolargewithrespecttothe

radiu80ftheblastWave;forlargerdi8tanCeS,the

signal-to-noiseratioincreaSeSduetoweakpre88ureSlgna18;fordiBtanCe8largerthan20

0mmonealsohastOconsiderthattheSizeofth

eplateisinSumCientforrecordingthewh

olepre88urehistoryaS

COrnerSl印818mayreachthetran8ducerbef

oretheblastWaveprOrllei8COmpleted【5,6】.Press

ureSignalswererecordedintoadigitalmemorywit

h888mplingrateof2MHz.Foreachconfigurationt

hreeexperiment8WereCOnducted,thetotalnumber

orpre88ureme88urementBamountedto200trials

.InaSetOrpreparatoryexperiments【6日heIgnitionthresholdofSilveraヱidehadbeenfo

undtobearoundlOOpJwithanignitiondelayorl

e88thanl岬.Thein8tantOfignitionthereforec

orre8POnd8with8ufficientaccuracytothein8tAn

tWhentheNd:TAGlaseri8fired,whichc

anbemeasuredbymean8

0faphotodiodeA8indicatedinFig.1.2.3Density-sensitive



AnalogoustotheconfigurationinaCOlour

schlierenapparatust7】AdifruSing8CreenWitha

circularsourcem88kwasilluminatedbyalight

source(aflA8hlamPthatprovidedintense

illuminationforAboutlm8),Whileapinholewas

useda8Cutoffdevice.ThisresultedinaSy8tem

thatwasequally8en8itivetogradientsinall

directions.Acylindricallensinfrontorthesource

maskwasrequiredfor88tigmaticcorrectionL7L

TheimagesWerereCOrdedwithanimageCOnVerter

camerawhichcouldtake6rrameBpertestWith

anindividualexposuretimeSettO200nS.This

systemhelpstOinterprettheexplosionphenomena

such88thepropagationorbla8tWaves,the

generationofthecloudordetonationproducts.and

alsothefragmentationorexploSiveS.Inparticular

thepropagationorthegeneratedb188tWaVe8Can

bee8tabliShedfromthetime8equentialphotos

obtainedwiththismethod.Furthermorethe

renectedoverpre88ureCanbedeterminedasx･t

dataandoverpre88urearelinkedthroughthe

Rankine-Hugoniotrelation8hip8.Finally,the

equivalencefactoror8ilver82:i°ecanbedetermined

bycompari80nwithTNTreferencedata.

3.Analysis.resultsanddiscussions

3.1Shockfrontproperties

TheArrivaloftheShockfrontleadstOapressure

jumpfromatmosphericpre88urePltOtheBhock･

generatedpreS8ureP･.Thepre88ureincrementP.

IPlistermed8ide･Onoverpre8Sure.lftheShock

renectSfromarigid8urhce.thepressureincrea8eS

from P/tothereflectedpreB8urePS.The

correspondingpressureincrementP.･P/istermed
face･onoverpre88ure.

Thechanges0rthethermodynamicproperties

ofthegascambedeterminedusingtheRAnkine-

HugoniotrelationsLI,2.JI,81.TheRankine-

Hugoniotrelation8hip8aCrOSSaCurvedshockare

theBaneaBthoseforaplaneShock,evenfora

verySmallradius0rCurvature.Theserelations

canbewritteninaformthatlinksthejurnpln

pressure,density.temperaturee上c.immediately

behindtheShockrronttotheSpeedoftheShock

front,V.,usuallyexpre88edinformoftheshock

MachnumberM.:

Î,=サ ･ (2･1)

whereo,iSthe叩eedof80undinthegasahead
oftheshock.

ThenormaliZled8ide･onoverpre88ure

immediatelybehindtheShock,intermsofthe

ShockMAChnumber.i8givenby

響 -響 -APZ･ (2･2,
andthenormalizedrenectedoverpre88urefollowS

aS【1,41

P51月_,A., . (Y+1)APZZ,
2APZl+

i: 'l(Y-I)AP2)+2Y
AP,. (2.3)

Equation(2.3)iSderivedunderthea88umption

thatthegasbehindtherenectedShocki8brought

torest.ThisiBnoteXaCtlyfu]rIlledinthecaseof

blastwaves,WhereaneXpanSionヱOnefollows

immediatelybehindtheShockfrontcausingAnOn･

2:ereVelocityortheflowwhenthewaverenectB

normallyfromarigidwall.Fortheinvestigated

rangeOfdi8tanCe8andchargem888e8,however,

thiserrorappearstObenegligible.

3.20verpressuredata

Figure38how8atypicalfacel0nOVerPreBBure･
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acommon(butusuallyweakandthereforemo8tly

neglected)blastwavefeaturel1,2】.Thetracein

Fig,3representstheme88uredrawdata.These

traceshavetobecorrectedAnd8mOOthenedin

ordertoaccountforimperfections0fthemea8uring

device,whichresultinanovershootandringing

oftherecordedsignal.Thecorrectionprocedure

appliedherecorre8pOnd8tOtheonedescribedin

【41.Thetimeofarrivali,i8defineda8thein8tant
atwhichtheoverpresBurereaches10%ofthe

recordedmaximumvaluePn". - P,(卓eeFig.3).An

exponentialcurvefitoftheformAP=C,exp(･CT2i)
ismadeforthefir8thalfofthepositivedurationof

thernea8uredpre88urepu18e,i.e.,forthetime

intervaltD/2IEI.Figure4Bhow8thecorrected

traceb舶edonthemea8uremCntdataOfFig.3.The

correctedoverpre8BurepeakvalueP,vm ,,a,M.i8
obtaineda8thevalueorthederivedcurvefitfor

theinstantCJ.Inthegivenexample.oneobtains

thefわllowingdata:

Pn,.. -P,(highestpressureValueinFig.3)≡
143.6kPa,

Pcp〃吋 cd.W . -PJ=115.8土2kPa.
tl=74.85土0.25llS,

tD=27.5ps.
FromthecompleteSerie80rexperiments,8m

overpressure･vs/rangediagramofthetypeofFig.7

canbeestablished.Thetimeofarrivaldatatlfrom

thesetestswereincludedinthex･tdiagrams

(Fig.6)AndwereSeentObeinexcellentagreement

with thecorrespondingdatafrom the

independentlycAmiedoutvisualization.
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4C orrectedtraceb88edont

hemeaSurementOfFig.3 3.3Visualiza

tiondata3.3,1x-tdiagramFromtime-sequenti

alphotos0rtheblastWaveobtainedbythetime

･re80lved8Chlierenmethod,suchastheoneshown

inFig.5,itiSpO88ibletomeasurewith8ufrlCie

ntaccuracythelociofthedi8COntinuities(pr

imaryshockwave,SecondaryShockwave,andthecl

oudofdetonationproducts)andtoestablishanx･td

iagramforallinveStigAtedchargemaSSeS(Fig.6

).The8i2;eOfthe8ymbolsrepresentingthemea

surementpointsinFig.6iSlargerthantheer

rorbara880Ciatedwiththeuncertaintiesofth

egeometricalmeaSurementS.Thedecayinshock

8peedfortheprlmaryblastwaveismorerapidf

orSmallerchargesthanforlargeOneSSOthatdistinct

x･tcurvesareeBtabli8hedforeachchargesize.T

hepropagationSpeedofthesecondaryShock,however

,Appear8tObee88entiAllyconstantforallinvestiga

tedchargem888eS,Atlea8twithintheaccu

racyofthismeA8urement.3.3.2

0verpressurefromx-tdz)taSincethejumpoft

hethermodynamicpropertiesiBintimatelylinkedtot

hespeedoftheShockfront,thetimeofadvaldatac

anbeusedtoindependentlyobtainpressurevalues【2

,4】.Basedonthex-tdatafromvisuali21ationan

dpre88uremeaSurementS,anappropriatecuⅣefitx

≡I(i)canbefoundforthedatarepresentedinFig

.6.TheformofthisfitiScriticalandaStrictl

ymonotonou8functionShouldbeusedt21.C

orrespondingfunctionsweredeterminedforthex･t

curveofallprlmaryblastwavesassoci

atedwitheachchargemA88.Differentiationofthese

function8yieldSthechArge･specific白hock8peed

VDfromwhichaccordingtotheaboverelationst

hefacel0nOVerpreB8ureCanbedetermined,ThereS

ult8arepre8entedtogetherwiththepreBB

uremeaBurementSinFig.7.3.4Face10nOVerPreSSLJ

reVS.SCaleddis-tanceThemo畠tCOmmOnf

ormofblast8Calingi8the"cube･TqOビ'scaling【91.Th

isStatesthatatidentical8Caleddistancess

elf･8imilarb188tWavesareproducedwhentwoe

xplosivecharges0fSimilargeometryandofthesam

eexplosive,butofdiqerentsiZieS,aredetonatedintheSarneatmo
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Fig.5SequentialphotosOfblastWavesObtainedwiththetime-resolved
SChlierenSy8tem.ln8tantSOfphotography:(1)5.叫8,(2)55.9pB,(3)
105.9pS,(4)155.9岬.(5)205.9岬,(6)255.9pB,afterignitionofalmg
silver82:idecharge.
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customarytoplottheblastpropertyofinterest

(e.g.,theoverpre8Sure)againstthescaleddistance

ZHCdefinedaS
∫

ZHC=完万･ (2･4'

wherexi8thedistancefromthecenterofthe

explosivesourceandWisthechargema88.This

ScalinglawhaBbeenextendedtoaccountfor

diErerenceSinatmosphericconditions【10日nthis

case,thepreviou81ydefinedoverpresstm ratiosAP21

0rAPslareplottedagainstthescaleddistance

zs-訪 ×# (2･5,

AgreatamountofreferencedataexistsforTNT

as̀Standard'explo8ive.Thesedataarenormalized

tostandardAtmosphericcondition白(P｡≡Lot.25
kPa,T.=288.15K)andareavailableintabulated

form【l),ascurvefits【41,0rindatabaBe8【2】.ln

ordertocompareanexplosiveotherthanTNTwith

thesereferencedata,Wi島tObeinterpretedABthe

equivalentTNTmA880fthecharge,i.e..themass

0fTNTthatwouldbenecessarytogenerateda

blastwaveoftheSameCharacteristicsaStheone

generatedbytheinvestigatedcharges(here:Silver

a2iide).Thiscanbewrittenas

W=WRNr-77XW..･IWaZide (2.6)

withllaStheTNTequivalencefactor.An explo8ive

i8SeentOfollowthescalinglawsl9,101ifall

overpre88ureme88urementSforvariou8Charge

massesandAmbientconditionscanberepresented

asonecurvewhenplottedagainstthescaled

distanceZe由venin(2.5).BycomparingthisCurve

withTNTreferencedata,anaverageequivalence

factorqcanbefoundbyidentifyingtheTNT

referencecurvecloSe8ttOthemeasureddata.

StrictlySpeaking,q18alocalvalueandwillvary

withdistancefromthecharge,butformost

englneerlngpurPOSeBitiB8ufrlCienttodetermine

anaverageequivalencefactor.Figure7showsthe

experimentallyobtainedface-onoverpressuredata

vs.scaleddistanceincomparisonwithTNT

referencedatafromL4】foranaverageequivalence

factorofOA5.Theexperimentaldatapoints,Which

representabout1500measurement8Obtainedin

morethan300trials,liereasonablyclosetOthe

referencecurve.PreB8ureandvisualizationdata

werefoundtobeinverygoodagreementandgive

virtuallyidenticalresults.Thevalueofqfoundin

theseexperimentslies81gnificantlybelowone

valuegivenintheliteraturelll),whichwas,

however,determinedforlargerChargesbythe

entirelydifferentSandcrushtestmethod(qn,=

0.88).Anotherreference(【12】)give8theequivalence

factorofSilvera2:ide8817=0.4,whichisrea80mbly
closetOtheresultobt.aimedhere.Theexact

determinationofI7dependstOalargeextentOnthe

blastpropertyChosenforcomparisonandalsoon

theSelectedSetOfreferencedata.Slightdeviations

fromthevalueobtainedherearepossibleifother

blastprOpertie8(e.ど.,impulseorenergy)and

differentreference80urCe8(e.g.,【1,2))areused.

The白edifference8Will,however,beminorand

wouldnotaccountforthesignificantdiscrepancy

betweenthevaluefoundhereandtheonegivcnin

【11】.

4.SLJmmaryandconclusions

lnordertocharacteriZiethepropertiesofblast

wavesgeneratedbymilligramchargesinfreeair.

exten畠iveflowviBualiziationandpressure

measurement8WereCOnducted.Theresultsof

t,he8etestsCanbeSummarizedaSfollows:

1.Thepropagationofprimaryandsecondaryblast

wavesforfourdifferentchargemasseswere

mappedincorrespondingx-tdiagrams.

2.TheblastWavesgeneratedbytheinvestigated

chargesfollow the8Calinglawsforthe

investigatedrange1<Zs<20【m･atm.13/kg'J3).

3.BasedonpreB8ureandvisualizationrecords,the

averageTNTequlVAlenceofsilvera2iidewas

foundtobeapproximatelyOAS(literattlre:AMC

report1977Lll]:Tl=0.88forsandcrushtest;

BJlker1983(12):TlI0.4).

4.ThepropagationSpeedofthesecondaryShock

waveappearstObeessentiallyconstantforAll

investigatedchargem888eS(10mg,1mg,5mg,

0.5mg).

Otherresults,notdescribedindetailherebut

in【131,indicatethat

(a)ⅠntheearlyStageOftheexplosion,theblast

waveisStronglydistortedinthey-2iplane,but

-イ〝 - 火薬学会誌



Alreadyhighlysymmetricalinthex･yplane.

(b)Thedistortiondimini8he8quicklybuti8not

reprodueible.
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