
ArtiOle
日日日日川日日HHll

DDTtestforSmOkeleSSpowders

KenOkada†★,TbmoharuMatsumura*,YoshioNakayama*,Masamichilshiguchi★★,
Hisashilguchi*',TbshihikoUchikawa*',TetsuyaSaWada★★,Ka2;u8higeKatoM,
Akihiko｢血mamoto州 ,andMasatakeYoshida★

A50/608teeltubedenagration-to-detonationtransition(DDT)testWa島COnductedfor58types

of白mOkeles8powdermanufacturedbytheNOFCorporationinordertodetermineappropriate

criteriaforpredictingdetonation.Oftheproductstested,26weredeemedtodetonateunderthe

testconditions,andthem888distribtltionoffragmentsrecoveredfromthetestsofthese

propellantsexhibitedtwodistinctregionswithslope0.6(与mallfragments)and1.6(large

fragments).Fromananaly8i80rthedetonationcriterionusedinJapan,bywhichdetonationiS

derlnedtooccurwhenleBSthanh81rortheoriginalmassofthetubing18recoverableinfrAgments

18rgerthan200g,thequickne88andsurfacearea-to-volumeratiowerefbundtobereHable

indicatorsofthepossibilityofdetonation.

1.lntroduGtion

OnAugustI,2000,anexplosionoccurredatthe

TaketoyoplantoftheNOFCorporationinAichi

prefecture,Japan.Theexplosionwasattributed

to7.1iof8mOkele悶pOWderand0.6iofgas

generant8(mainlycomposedofperchlorate)that

hadbeenstoredinatemporaryexplosivestorage

facility.Theaccidentresultedininjuriesof79

peopleanddamageof888hou8eSintheArealI･

Basedonthereport,whichdetailedthecreationof

8largeCraterOntlleCOnCretemoorOr8tOrage

facility,srnokelesspowdersareCOnSideredtohave

detonatedratherthanundergonecombustionand

defhgration.

NumerousDDTstudiesCOrlCernlng8mOkelt!ss
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powderhavebeenreported.Cruy8bergetal.2I

determinedthat8nexplosiona.ccidentin1972

duringthemanufactureOfaporouspropellantin

theNetherlandsinvolvedthedetonationof350kg

orporousSingle-b88epropellants.ThisreportWAS

basedonrleldtrialsinvolvingthesamequantity

ofpropellants,andpeakpressuremeaBuremenL8

andblasteErectswerefoundtocorrespondtoaTNT

massequlValenceorbetween20and60%.

Bernecker川 reportedadetailedDDTprocess

forporouspropellant8y8tem8,anddiscoveredthat

theDDTbehaviori8Closelyrelatedtothe

theoreticalmaximumdensityandSurface･to･

volumerat,io.

Recently.Yangetal･ら)reportedaDDTtestOf

threetypes0f8mOkelesspowderwithdataobtained

uslngaStraingaugeandionizationprobe.Arapid

pressureincreaseneartheigniterwaSfoundtobe

anecessaryconditionfortheformationofthe

compressivewave,whichmayexplainthe

differencesinDDTcharacteristics.

Thedenagration･to･detonAtiontransition(DDT)

behavioristhemostimportantpropertyof

explo8ive8.Although,thereisalargebodyof

researchontheDDTofSmOkelesSpowders,there

lm8beennore8e8rChinvolvingthequantitative

recoveryorfragmentsaftertestsasinthepresent
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Table1Comparisonbetween50/60DDTtestandmodifiedUSADDTtest

Name 50/60DDTte8t ModifiedUSADDTte8
tDiameter 49.5mm

74mmSteel ThickneSS 5.5mm

7.6mmtubeSi2;e Length 50
0mm 457mmVDlume 962

cm.1 1965cm31gnitionpoint EndpO
int MiddlepointⅠgnitor lOgofbla

ck 20gofbhckpowderGo/nOgocriteria MaSSdist.ributiono
f Holeformedinw

itnesSfragments phte*～Witnessplate:8mm-thickmild8tee

lplateweldedtothetube(G3454,pressure･re8i8t

anCetype)a8SpeCirledintheUnitedNations

(UN)BA祖 50/60Steeltubetestl61.Theinnerand

outerdiameterofthe白teeltubingw8850mman

d60mm,respectively,andeachtubewa台500

mminlength.ThecapwasS25Csteel,fittedwithAg

asketandrlttingsuitableforAnignition8y8tem,T

hetotalweightoftheDDTassembly(Fig.1)wa

sabout5300冒.Thechargevolumeofsmokele88

powderwa白962cm3.andapolyethylenebagconta

ining10冒orblackpowderandafusehead(1ea

dthiocyanate+KCIO,)wasusedastheigniter.

Experimentswereconductedfor58typesofBmOk

ele88POWdersmanufacturedbytheNOFcorporat

ion.including24typesof8ingle･ba8epropellant

s,30typesofdouble-basepropellantsand4types0

ftriple･basepropellant8･Afterignition,thefra

gmentsWererel:OVeredanddatacollecteduSi叩ape

rsonalcomputerand80rtedaccordingtomaB8.

FragmentsSmallerthan1どwerenotrecordedint

hisStudybecauseitwouldtakeAnunreaBOnable

amountOrI.inle.However,theresultsareCOn8idered

nottobeaWectedbythisomissionaswillbeSe

enlater.Theresultswereplottedasacumulativenumberwithrespectto

mass,alsoasShownlater.Table18howsthec

onditions0fthe50/60DDTtestandtheModifiedU

SADDTtest(test5(b,ii)with20どigniter)6).The

diameterofthetubeusedintheUSAtestiBI.5tim

eslargerthanforthe50/60DDTtest,COrre

SpOndingtotwicethetubevolume.flowever,thef

acilitiesavailabletothepresentauthorsWereun8ui

tableforthelargertest･Therefore.the50/60

testW86Conductedandthetransitionlength

takena8twicethatofthestandardUSAtest.lntheUSAtest,thego/nO-go Criterionisdefined88Wh

etheraholeiscreatedinawitne88plate.Ⅰnthiswo

rk,thego/nO-gocriterioniSdecidedbythemass

distributionoffragments.Specifically,theratioof

thetotalma880frecoveredfragment8heavierthan200

g(W20.)totheoriginalma880fthetube(Wo)i8employedaBtheindexfor

thedetonationcriterion.FigtJre28how8thedoll

ble-Shellwaterprotectionandfragment-r

ecoverySy8tem actinga8amomentumtrap.The

outerandinner8he118areconstructedfrom

VU400andVU200polyvlnylchloride(JapanIndust

rialStandardK6741),TheShellis67cminlengt

h,AndthetotalvolumeorwaterCOntainedis5

8.7L.Thetopwa8COVeredwithwood.This8yStem

effectivelylimit8damagetothedetonationpitandfacilitatesth

erecoveryorfragments.2.20ui

cknessandS/VmeasurementFigure38ho

wSthemethodorquickneBBmeasurementemployedi

nthisStudy,86developedbytheNOFcorporation.

Quickne687)i8ame88ureortheburningrateo

fasmokelesspowderforaglVengeometrical

formandpressure,andiBmeasuredasarelativ

evaluebecauseatpresenttherei8nOinternati

onalStandardorquickne88measurement.Inthis

method,a150ccve88elisrllledwith30gorsample

with0.5gofblackpowdera8theigniter.Thevessel

preBSureduringatestiSmonitoredusingap

re8Suregaugeandrecordedonapersonalcomput

er.The20%and80%point8withrespecttOm8Xim

umve88elpre88ure(jW aredenotedFT2巾8nd鳥,and
20%and80%oftheelapsedtimetothemaximumv

esselpressurearedenotedE2｡andI.0.Then,q

uicknessisdefinedaStheKayakuGakkaishi.Vol1
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e88uremerLtOfquickness.(a)SchematicofapparatuSand(b)variationinborepre88ureover

time.followlngequati

on.P 8. - P2.Quickness= J帥-′ュo (1)The

densityofpropellant8WasmeasuredbytheArchim

edesmethod,andtheSpecificSurfaceareaw

asmeasuredbyBruAnuer･Emmet･Teller(BET)a

bsorption.Thetheoreticalmaximumdensity(TM

D)wascalculatedusingcomputationalcodeaccord

ingtothechemicalproperLieS.The朗′ratiowasdeterminedbyme88urlngtheSurfaceare

aandvolumeoreachpel一etorexplo8ive.

3.ResLJltsanddi8CU8Sion3.1DDTtestTab

le21iSt8theproperties0ftheSmokelesspowde

rste8tedandthere8ult80rDDTtests.Thelisti

880rtedinorderofincreasingdetonationcriterion(W20./Wo)ineachofthepowdertypes; Single･ba

se(SB),double-base(DB).andtriple-base(TB

)propellants.ThecriterionforSBandDBpropella

ntsvariedfrom0tolO0%,where88AllthevaluesfortheTBpropellantsWereClosetO

IO0%.indicating

non･detonation(no･go).3.2Testcriteria

Afterthe50/60DDTtests,theSteeltubefragments

areCOllectedandweighed.InthisStudy.detonatio

nwasdefinedtohaveoccurredifle88thanh81foftherecoveredtubepieceswere

heavierthan200g,thatiS潔 くo･5 (2,Tab

le281808howStheUNtestclaB8divisionresul

tsforarangeOf8ingle･Anddouble･baSedpro

pellant8.ExceptforDB･13,thedetonationthresholdsobtained



V

K
ay
a
k
u
G
a
k
k
a
i
shrV
o
1,6
3
,

N
o
.
5
,
2
0
02

1
2
8

7
-

Table2DDTtestresults

PropertiesofsmokelesspOWders 50/60DDTresults
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goodAgreementwiththeUNtestcla88division

results.ThereaSDnforthediscrepancyforDB･13

isunkrLOWn.Division1.lrepresentsdetonation,

andDivision1.3correspondstOnOn･detonation.We

canthereforeconsiderthepresentgO/n0-gOCriteria

tobeappropriate.

3.3Distributionoffragmentmass

Shockfragmentationorsolidobjectshasbeen

studiedextensivelyinthelaboratoryandin

geologicalplanetarysystems.Forawidevariety

orfragmentedobjects.ithasbeenfoundthatthe

cumulativedistributionofsizesandmas8e8Can

berepresentedbyapowerlawforsomenon･

negligiblerange.ThediLrerentiAlmA8Sdistribution

iswrittenaBfollows.

JZ(nl)a m'P (3)

whereA(nl)isthecumulativemass,LZ7isthe

fragmentm888,andPisthecoemcientofthepower
一aw.

Equation(3)wasintroducedtocharacterizethe

shockfragmentationofsolidobjects.Formany

brittlem8teri&18,includingsoap,parafrlnand

frozenpotato,声 1.5-28〉.ForthinglaSSrods,P=

0.6(Smallmass)andP=I.5(largem888)9).These

value8forgl888representthetransitionfromone-

dimenBionAlfragmentationtothree･dimen8ional

fracturing.

MarthoetaI.W)examinedthreemodelsforthe

fragmentSizedistributionofanexplodediron

cylinder;theRosin-Ramler･Bennet(R･R･B)model,
Gates･Gaudin･Scumann(G-G-S)modeland

logarithmic･Probability(L-P)model.Thesemodels

weredi8CuBBedwithrespecttOfourtypes0f

exploSiveS;dynamite,Slurry,emulsion,and

pentaerythritetetranitrate(PETN).TheG-G-S

modelwa卓foundtofittheexperimentalresults

mostaccurately,andi8equivalenttothe

differentialm888di8tributionglVenbyequation

(3).Thus,thisderlnitionofthedifferentialm888

distributioniSadoptedinthepresentStudy.

FigureJIShowsthema88distributionof

fragmentsandphotographoftherecoveredtubing

forsingle･b88ePropellantsSB･4andSB･11,and

double･ba8epropellantsDB･landDB･22.The

fragmentsrecoveredforDB-1arethesmallestin

thisStudy.TheSlopevalue(A)forthispropellant

changedfrom0.6to1.6,Withatransitionat

approximatelya,=60g.ThereJlrenOfragmentS
largerthan200どinthiscase.

Theratiosforthedetonationcriterionindicate

thattherirStthreeofthesefourpropellants

detonated,withDB･22beingtheexception.The

transitionpointa,lnCreaSeSfrom60ど,to100どto

200ど,inthefirstthreecases.Notransitionpoint

isseeninthedataforDB･22,andtheslopevalue

(P)i80.6overtheentireweightrange.Therecovery

offragment8Smallerthan10gisdiWICult,aSthe

figuresindicate.

Two8lope8Canbe8eeninthepresentmaSS

distributions;P=0.6inthesmallmassregion

indicativeofone･dimensionalbreakage,andP=1.8

inthelargema88reg10n,reflectingthree･

dimensionalbreaknge.

3.4RelationshipbetyreenDDTandS/V
ThequicknessandW valueS(Figure5)clearly

Separatethedetonationandnon-detonationresults.

Thedottedregioninthefigurerepre8ent8the

regioninwhichdetonationoccurred(GOresult)

forthepresentexperimentalconfiguration.The

thresholdforquickne88is20MPa･msll,andfor

theSWratioi86mm '1･Apartfrom3exceptions

(SB･14,15and19),largervaluesofbothquicknesB

andS/Vcorrelatedirectlywithdetonation.

Therefore,thedetonationconditioncanbe

predictedinmostcASeSfromthisdata.Inthecase

SB･14andSB･15,theratioforthedetonation

criterioni850%,atwhichdetonationmaystill

occur.ForSB119,itisconsideredthatthequickne85

wasoverestimated.

TheuseofquicknessandtheS/Vratiofor

estimatingthedetonationconditioni8re880nable

becausequicknessisdefinedfromthevariationin

vesselpressurewithtime,anddirectlyrepresents

physicalproperties.

4.Conclusion

Of58typesof8mOkele88Powder,inclllding24

typesofSB,30types0fDB,and4type与OfTB,26

typesofsmokeleSSpowder(lltypesofSB,15types

ofDB)werefoundtodetonateunderthepresent

I)I)Ttestconditions.Themassdistributionof

fragmentsrecoveredfromdetonatedtestshadtwo
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5 30S/V(mm'1)Fig,5Relationshipbetw
eenquicknessandS/Vwithrespecttothedetonati

oncriteriondistinctregionswithslopeβ=0.6(sm
allfragments)and1.6(largefragments).Froman

analysisoftherelationshipbetweenthedetonati

oncriterionandthequicknessAndSNratioof

thepropellants,itwa.Sfoumdthatpropell

antswithhighPossibilityofdetonationcanbei

dentifiedwithreasonableconfidencebasedo

nthequickne白BandS/V.Therefore,DDTbehavior

canbeestimatedbasedonquicknessandぷ/Vdatawitho

uttheneedtoconductexpensiveandtime-c

onsumingDDTtests.Tllisresultisexpected

tocontributeSignificantlytosafetyresearch

.5.AcknowledgernentsTheauthorswould

liketothankMr.ShuheiEawaguchi,Mr.Ya8utOShiYamaka

ge,Mr.HiroshiAmakiandMr.KazuyaSudafore

xperimentalassistanceandhelpfuldiscu閑ion.

References1)Accidentinvestigati

oncommittee.̀̀ReSearChreportofexplosionaccidentin12thexplosive

sstoragefacilityinNOFTaketoyoplant."

December15,(2000)(inJapanese). 2)

E.E.A.Cruysberg,H.J.Pasman andTh.M.Groothui2:en,6

thSymp.ondetonation,pp.299(1

976)Coronado,Carifornia.3)RichrdA.Bernec

ker,AIAAJournal,24(I),82(1986).4)氏

.R.Bernecker,H.W.SAndusky andA.R.CIairmont,J

r.8thSymp.onDetonation,pp.658(1985)Al

buquerque,NewMexico.5)Yang,Tao,Ⅹia,Z

hixunandLei,Biwen,JournalofPropulsionTech

nology,16(6),66(1995).6)UnitedNations,"Recommenda

tions0nthetranSPOrtOfdangerousgoods,Manua

lofTTestsandCriteria..ST/SG/AC.10/1I/Rev.

2,(1995)Ge

neva.7)PicatinnyAnsenal,"Encyclopediaofexp

losivesandrelateditems''vbl.3,C390

-R(1966)Dover,NewJersey.8)LeneOddersh

ede,PeterDimonandJaknbBohr,P

hys.Rev.Lett.,71(19),3107(1993).9)T

sukasalshiiandMitSuguMatsuShita,a.PhyB.Soc.Jpn.,

61,3474(1992),10)A.G.Martho,Jr.andD.Bast




