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Detonationvelocities0fSingleanddoubleba母epropellants

KenOkada',TomoharuMatsumura',YoshioNakayama▲.Hi8aShilguchi''

MaSamichiIShiguchi'',TbshihikoUchikawa'',TbtsuyaSawada'',

Ka21uShigeKato●●,AkihikoYamamotoh,andMasatakeYoshida●

Thedetonationvelocityof8inglebaseanddoublebasepropellantsi8investigatedu8ingtwo

types0rignititor;anexplodingbridgewiredetonatorwithC4,andafu8eheadwithblackpowder.

Intheformerca卓e,8teady･8tatedetonationiBachievedandmeasured.whileinthelatterCa卓e,

deflagration･to-detonationtransition(DDT)behaviori8Observed.Thedetonationvelocitie80f

threeSinglebaseandfivedouble･baBepropellantsaremeasured,anddensitycorrectioniBap-

pliedu8ingKHTandCHEETAltcomputationalcodetoaccountforthedifficultyinen8uringa

con8tantChargedensityintheexperiments.ThediametereuectforSingleanddoubleba白eprO･

pellant8iBa180determinedwithre8peCttOthedetonationvelocity.Thecalculateddetonation

velocitiesatinfinitechargediameterare3624m･8'1forSinglebase(351)propellant8and4134

m･8-fordouble･baSe(SS)propellant8,andthecalculatedreSult8are8howntobehighlyconBiSl

tentwiththeexperimental丘ndi叩8.

KEYWORDS:8inglebasepropellants.doublebasepropellant8,detonationvelocity,8mOkele88

powdezT,diametereqect

1.Introduction

OnAugu8t1,2000,anexplosionoccurredatthe

Tal⊂etoyoplantoftheNorCorporationinAichi

prefecture,Japan.Theexplosionwa月attributedto

7.7tofSmOkele88powderthathadbeen8tOredat

thefacility,andre8ultedininjuriesb79peopleand

damageto888hou8e8intheareal).Ba母edonthe

report,whichdetailedthecreationofalargeCrater

intheconcreteStoragefacility,theexplosivesare

consideredtohavedetonatedratherthan
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undergoingcombustionandden負gration.The

SequenceOfeventleadingtotheaccident,88

indiはtedbyaninterimreportpre8entedonOctober

23.2000bytheinve8tigationcommittee.iSa8

follow8.The8mOkeleBSPOWder,whichage8rapidly,

wasStoredinatemporary8tOragefacilityforalong

period.Onthedayoftheaccident,iti8thoughtthat

thetemperaturein8idetheStoragefacilityro8edue

tosolarradiation,whichtriggered8pOntaneOu8

ignitionandthesubsequenteXploSion.

Thepre畠entauthor8havebeguntoexaminethe

trigger80fthisaccident,8tartingwiththe

detonationpropertie8interms0fde爪agration-to-

detonationtransition(DDT)behaviorand

detonationvelocity(DV).Inthisreport,WePresent

there8ultBOfaninvestigationintotheseproperties.

Smokele88powderi8aballi8ticpropellantthat

canbecategori21edintothreeform8;Singleb88e

propellants(SB8),doubleba8eprOpellant8(DB8)

andtriple-ba8epropellants(TBs).Thefacilityin

whichtheaccidentoccurredwa卓LISedtemporarily

toStoreSBandDB,withonly88mallamountor
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TB.InthisStudy.Wearethereforeconcerned

primarilywithSBandDB.A8these8mOkele88

powdersdonotgenerallydetoTtate,WewilIattempt

todeterminewhethertheSePropellantsdidinfact

detonate,andmeasuretheDVofthe8eprOpelhntB.

Ourdetailedinve8tigationoftheDDTofvariou8

smokele88powdersWillbepresentedinanother

PaPer･

TherehSbeenquitealotofreBearChrecentlyon

StabilizingagentSforSBandDBpropellant82･3)･

Many801idpropellant8,althoughmuchle88

8en8itivetoinitiationby8110Ckorother8timuli

comparedtomosthighpropeIIant8.aredetonatable

inchargeSizes8mallenough tomakeStorageand

handlingof8uChcompositionsextremelyhazardous.

Therehasbeen80mere8earChrelatingtotheDV

ofSBandDBpropellants,andith88beenreported

thattheDVof8mOkele88pOWder8iBnotrelatedto

thechargediameter.althoughtheaccuracyoftheSe

measurementi8indoubt41.Inrelatedre8earCh.the

failurediameterandDVwereme88ureda8

functions0fdiameterforSeveralpla8ti801･

nitrocellulo8eCOmpO8itepropellant8,8ndfor

ammoniumperchlorateandC4forcompariBOnS).It

isclearfromthe白e8tudie8thattheDViSthemoat

importantdetonationparameter.ItiBnotablethat

thereareveryfeW8tudie80nthepropertie80f

SmOkele88powders.Re8earChrelatedto8mOkele88

powdersha母been80meWhat8uPpre88edinthep88t

becau8etheseprOpe118nt8areu8edalmo8t

excluBivelyforammunitionanda8Ouchare8ubject

toSecurityrestriction8.

InthisStudy,thepropertie80fcommercialSBand

DBpmpellant8areinveStigatedwithrespecttOthe

variationin8teady･8tateDVwithchrgerAdiu8in

acylindricalgeometry(the"diametere飽ct").There

isaconsiderableamountOfpreviou8re8earChon

thediametereffect.8peCificallyrelatingto

compo8itionB6),high･den8ityheterogeneous

expl08ive87),8mmOniumperchlorate8).andH2帥 20

mixture89).

2.Exper;mental

Photograph80f35Ⅰ(SBpropellant)andSS(DB

propellant)areshowninFig.I.35IiBCylindrical,

whileSSisdi8CShaped.The8hapeandinternal

poresizeofSmOkele88powderdiLrerBaccordingto
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Fig.1Photographs0f(a)占ingleba卓eand(b)double
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hematicofchargehot鳩ingwithpincoAtaCtOr.(a)EBWD+C4(b)fusehead+blackpowder(C

)pincontactor舶Bemblycanbeachievedbyion

gaporpincontactApproAChe8.Theiongapmetho

dcannotbeu8edefficientlyforpropellant8withhig

helectricalconductivity,aSi8theca8eforthe

8mOkeleJ38powdersexaminedinthisWOrk,whi

chhave80medegreeofconductivityeventhough 0

.2･0.4wt.%graphitehasbeenintroducedtoBup

pre8Btheconductivity.Therefore,thepincontactmet

hodi8adoptedinthisyork.Fipre2(a8how888Ch

ematicdiagramofthe8teelpipeandpinaBBemblyfor

meaeurementOfDV.Tboig
mitionmethodsWereemployedtoobservetheDDT

behaviorandmeaSurethe8teady･8tateDⅥ8fu8eheadwi

th10どofblackpowder,oranexplodingbridgewire

detonator(EBWD;RP･50I,Reynold8Indu8tria

lSy8tem8,Inc.)withcompoBition･4(C4).Thefunction

timeofEBWDiB2.8+0.5岬 .andinthisexperim

entwA8血edby84･kVcapacitorbank.Thevariatio

ninDVaccordingtotheboo8terWasevaluated.

Threediametersofa88embly(ID27,35.5and55mm)wereexaminedinordertoinve8tigate

thediametereffectwithre8peCttOtheI)V.Thepin 50(乙06q]Ô contactaBBembly(Fig.2(C))W

88丘ttedtothesteelttlbe.Eightpairsofn
ickeliZed8teelneedles0rImmin diameter were att

ached to apolynethylmethacryhte(PMMA)baseA

ttaChment.Thegapbetweenthepinsandth
e8teeltubewa台1.0mm,thedistancebetweenpinsinapinpairwas

1.5mm.andthedistancebetweenpi npair



Table1ExperimentauyobtainedDV8for占ingleanddoubleb88ePrOpeI18ntB

Code I.D.●1 A)nourLtoー AmountOr ChrgedeBnSit},EXperimental
dataDV(mJ

S) R●2name (mm))rt)polhLrL(ド) lgTutCr(g) (gJcrrL3)1Vpeofpropellant8 Cal

cula

teddataKHT

DV(m/8) ADV●3 CHEETA

HDV(mJa)ADV●335Ⅰ 27.0 142.9 23.0 0.513 3

515 0.99975 3818 +8.6%35Ⅰ 27.0 144.8 22.3 0.

535 3519 0.99977 3901 十10.9%35Ⅰ 27.0 152.4 22.

5 0.563 3587 0.99992 JIOOtI +ll,7%35Ⅰ 35.5 2

35.9 50.8 0.528 3477 0.99979 3875 +ll.4%35Ⅰ 50.5 528.8 10●4 0.528 3641 0.99855 3875 +6.Lltl/～

35Ⅰ 50.5 475.7 140 0.528 3568 0.99950 3875 +

8.6tI/08′lⅠ 50.5 464.6 145 0.515 3537 0.9

9915 380L1 +7.5%PSB 50.5 425.9 144 0.482 3

377 0.99917 3698 +9.5%188 50.5 532.7 loll 0.5

32 3334 0.99593 3868 +16.0%NY500 50.5 965.9 lo

ll 0.964617.10620.94383 5306 -SS 27.0 183.

0 14.Jl 0.659 3924 0.99998 JlJIOt +12.2%SS 35.5 300.6 23.5 0.627 3891 0.99999 LI279 +10.0

%SS 50.5 568.5 151 0.631 3962 0.99916 JI

294 +8.JI%9P 50.5 595.8 153 0.661 4080 0.9997ノl

JIJl35 +8.7%M9 50.5 685.5 151 0.761 4512 0.99921 Jl758 +5.5%

MJ-B 50.5 573.6 lノ16 0.636 4047 0.9997′l JI321 +6.8｡/a

NP 50.5 579.I 149 0.643 4040 0.99958 4316 +6.8%Single

baseSingle

ba昨Singleb

88eSingleb

88eSingleb

88eSingleb

88eSingle

babeSingle

ba阜eSingle

baseSingle
b88eDouble

ba白eDoubl

eba月eDoub

lebaseDoub

lebaseDoublebase

Doubleb88e

Doublebase

3833 +9.0%3906 +ll.0%

3999 +ll.5%

3882 +ll.6%

3882 +6.6%

3882 +8.8%3819 +8.0%

3726 +10.3%3926 +17.8%5247 ･J1318 +10.0%LI2

12 +8.2%J1259 +7.5%4399 +7.8%4681 +3.7%JI290 +6.0%4276 +

5.8%'II.D.=InnerDiamter-1Correla

tione瓜cientusinglea8t･8quare丘tting●JADV=(Calculateddata･Experimentaldata)rExperimentald

ata●4U8ingblackpowder888ignititerdetonatio

n.Thefragmentsproducedbythefusehead+blac

kpowderdetonationindudedboth8hort.thickfmg

mentBOrabout15cminlength,andlong,thinfr

agment8.BaJ?edonthiさOb8erVation,thedenagration･to･deton8tiontransitionappear8tOhaveOCCurredatabout15cmfromtheendofthe tube.The卓amedetonationwithNY500propellantha

dtheeffectShowninFig.4(C),
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8Burement(x･tdiagram)for(a)EBWD+C4with35Iatp=0.528g･cm3(b)fusehead+blackpowderwith35Iatp=0.528g･cmT3(dfu8ehead+blackpowderwit

hNY500atp=0.964g･c

m●3maybereachediftheEBWD+C4igniteriBu8ed

withafarlongertube.Figure58howBaDVte8t

uBiJlg(a)EBWD+C4and0))fusehead+blackpowde

r.Steady･8tatedetonationappear8tObeach

ievedintheearlier8tageOfdetonationu81ngthefusehead十

blackpowderdetonatOr.forwhichtheDVwa8hig

hertbnthatforEBWD+C4.Theintervalerrori8土4

0pmwithre8peCttOeachintervalof40mm.andtheti

meintervalerrori8土10m8,givingatotalmeas

urementerrorOflesstlmn土0.2%.Therefore.the

differencesinDVarenotcorLBideredtobedue

tomea8urementerror,butratherhmadvancecomp

re朋ionoftheprope皿antBduetoprece

dingdena訂ation.whichincreasedtheDVforth

efuBeheadAndblackpowder.InthecaseOfNY500

(SB)withfuBehead+blackpowderdetonator(Fig.5(C)
),deflagrationo∝um dbetweenthefiJStandfourth

pins,andthe8teeltubew88notfmgmentedindir

ectrenectionofthewavefront.Detonationoccurred

fromthefourthpin,miBingtheDVfrom617m･Blt

o1062m･Bll.However,inthiBCase.theSpeedin

dicate8therupture8peedof8teeltuberatherthanth

eDVofthe8mOkeles8powder.Infact.iti8diErICultwhenu8ingthepin contactmethodto

identifyexactlywhetherthemea8urementindicates

therupture叩eedoftheSteeltubeortheDVofth

e8mOkele88powderunderthesenOn･8teady･8tateCOndition8.

Therefore,inordertomeasurethe8teady･8tate

DV,weexaminedEBWD+C4.Figure68how8there)atio

n8hipbetweenchargedensity(p)andDV.Thecorrcht

ione缶cientiB0.983,andtheDViBStronglypropor

tionaltopde8Pitethevariousdiameters.prOpelhnt8aJld8hpe8.1

notherwords,theDViJ38trOnglyrelatedtochrgedensity
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ratherthanotherproperties8uCha8Chemical

compo8itionandtheinnerdiameterofthetesting

tube.

3.2.Denskycorrect;onushgKHTorCHEETAHcompLJ-

tationalcode

As itiBdifficulttoloadaconBiBtentamountOf

propeuAntinthe8teeltube.thedenJiitydependence

ofDVwasCAlculated8RercorrectionusingKHT

andCHEETAH computationalcode.Thi卓

班mputationahloprovide8theoreti血lcalculations

ofthedetonationAnddenagr8tionpropertie80f

pyrotechnicmixture8.TheI(HTcodeallows

calculationof900g88eOuJiand600conden8ed

productsathighpre88ure,andtheCHEETAHcode

provide8C81culation8b88edontheBecker･

K血tiBkow8ky･Wihonequationof8tate伯KW･EOS)

u8ingdatafromtheBKWCandBKWSdatab88e8.

TheBKWCdatAba8eiBCOmpO8edofonly23g88eOuさ

prodtlCt8and2complexproduct8,Wherea8the

BKWSdatabaSeincluded750gaeeOu叩rOductsaTId

400conden8edreactionproduct8.Iftheelemental

compo8ition,den8ity,andheatOfformationofthe

propel18ntSandpropeuantSareknown.theBKW

codecanbeu8edtocomputeC･Jequilibrium

detonationproductioncomposition,C･Jpre88ure.

detonationvelocity.tempemture,theSingle8hock

Hugoiniotandi8entrOpy.

A le88t･8quareBfitw888ppliedtothe

experimentalre8ult8fortheDV(Fig.7).The
Correlationcoefficients(氏)are0.993and0.996for

theKHTandCHEETAHcode8.indicati喝thatboth

code8areingoodagreementwiththeexperimenbl

(s
Ju
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0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.BO 0.85 0,

90 0.95 1.00Don叫 (9/CmlFig.7Calculat
ionofDVu8ingKHTandCHEETAHcode data.Dens

itycorrectionw88thenperformedu8ingthe畠lope8Cal

culatedfromtheKHTcode,allowingtheDVatconB

tanLden8itytobedetermined.TheSlopeof

theexperimentalre8ult8(8lope=3936)W88clo8er

tOtheKHTcalculation(8lope=3486)thantheCH

EETAHcalculation(Slope=3236).Theexperimentalr

e8ultSWeretherefore00rrectedusingtheKHTcodebyf

ittingalinetotheXHTresultandtranslatingitt

otheexperimentalreSultSWhJepreBerVingthe8lop

e･Engeuteet819)･introducedthi且znethodinord

ertDachievemoreaccuratee8timate8oftheDVfor

H202n120mixture8.Tbinve8tigatethe"diametereqeCt".WecomparedtlleDVatdiqeren

tdiaJneterBforthe88meden8ityofpropelI8nt.Fip

re8show888Chematicdi叩ramOftheden8iLyCorr

ectionmethod.The古lopeortheden8itycalculat

edusingthecomputationalcodewa白u8edtoderivetherelation8hipbetwee

nDVandchargeden8ityfromtheexperimentald8t8.TheDVwith

respecttOChargeden8itywasthencorrectedtoth

atofobjectdensity.3.3.DiarTletereff

ectforsingleanddoublebasePrOPeトIants

Figure98howBtheDVdiametereueCtforJliJl

gleanddoublebasePrOpellant8.AfterdensitycorT

CCtionu8illgXHTorCHEEEmHcode,theDVexhibit8

agoodlinearrelation8hipwiththereciprtmlofthediameter.ThelimitingDVBforthe

SBandDBpropeuantBatirL6nitediameterare3624

m･8-land4134m･8'l.re叩eCtively.TheexperinentauyDV8Werelower

thantheCalculatedvalue8by7.1%(35Ⅰ)and4.1%
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))Fig.9Diametereuectfor(a)Sin

glebase(35Ⅰ)and(b)doublebase(SS)pr

Dpeuant8code･Mader川 repo,tedthatthecomputed

andexperimentalpre88ureSandtemperaturesa

greetOwithin20%andtheDVstowithinlO%for8u

Chexperimen

t8,indicatingthatourre8ult8areVeryre880n

Able.Inthecomparisonbetweenthemea8uredDV

arLdthecalculatedDV,thefollowingevaluationw88introduced.Hobb8etal.15IandF血edetal.J6)re

portedtherootmeanSquare(L･mS)errorbetweenth

ecalculated(

D,･.C)andmeasured(D,･.a)detonationvelocitie8a8

Dim-D ･.(wherethe8ub8Criptsz',m,a

ndcrepre8enttheJ'thexplosive,andmeasu

redandcalculated,respectively.Nrepre8entSth

enumberofDVmea8urement8,inthisCase14under8t

eady･8tateDVcondition8.ThisLmSdefinition

i8generallyu8edtocompareCalculatedandmeasur

edvalue8.InFriedetal.[6).anappropriateEOSandparameter waBintroducedtominimizethetmse

rror.However,inthepre8entStudy.wehaveonlye

stimatedthevalidityofthecalculatedvalue白.The

me88urementerrorwasalsoestimatedbyFriedet

al.16).TnthecaseOfacomparis

onofDV8,themea8urementerrorisconsideredtob

enegligible.Table2Showstheoverallrmserrorfor

predictingthedetonationvelocityoftheexpl

o8iveBinreferenceJ与)u8ingtheBKWS･EOS,BKWC･E

OS,JCZS･8mall.andJCZS･largedatabaBe8.Inthis

WOrk,theTmSerrorofthe148teady･Btate

DVmea8urementSWa卓8.8%forCHEETAHand9.2

%forKHT.Thisi8SlightlyhigherthanthatforH

obbS're8ult8,attributabletothefactthat8mOkel

e88powderi8notahigh explosiveandconta

in8VOidBtOcontroltheburningvelocity.Themea

8uredDV8arecon与ideredtobeinveryclo卓eagreementWiththe

calculatedDV8inthisWOrk

.Table2OptimizedLmSer

rorEOS-#ofgase8 D(dI.% Db),%

BKWS-】32 5.I 5.2BKWC-22 3.0 2.5JCZS-44. 2.3

2.1JC

ZS-132 2.3 2.2(a)Amexplosivesinref暮6)(includi

ngnonidealexpIo･8ive8)(b)AllexploBive8in
reP6)excludingthenomidealex･plo8ive8COntai

ningTATBandHNB4.Con¢lusionU8ingpreSS

ure･re8iStanCeSteeltube,wefわundthat8mOke

le88powdercanbedetonated.ThevariousCOnditi

on80fDVwerea8follows.TheSteady･StateDVo

fvariou8prOpellant8.u81nganexplodingbri

dgewiredetonatorandC4,wa8foundtobe8trOn

glyrelatedtothechargeden8ityregardleSBOft

hetypeofpropellant.Den8itycorrectionu8ingc

omputationalcodewase飽ctive,andtheDV80fsingle

anddoubleb88epropellantsforaChargeofin丘nit

ediameterwereidentified883624m･SLand4134

m･8).Thecomputationalcodeproducedre8u

ltBthatwerehighlyconBiBtentWiththeexperimental re8ultさ,i



i8accurate.Thi8Studydemonstratedthatthe

detonationvelocityi8aparameterthatcanbe

calculatedandu8edinconjtlnCtionwithother

detonationparametertoa88i8tintheprevention

anddiagno8iBOfaccidentSSucha8thatattheNOF

facility.
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