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Criticalthicknessf♭rdetonationpropagationintri一m･butyl

phosphateandfumingnitricacid(TBP/FNA)mixture8

YayatRuyat',YoshioNaknyama柵,KenOknda●●,TbmoharuMat8umura,
●●

Atsumi Miyake',TbrushigeOgawa'.andMasatakeYoShida''

Tri-n-butylphosphate(TBP)andnitricacid,whichi8COmmOnlyusedinthePUREXmethod

forreprocessingspent･nuclearfuel,i8knOwntobedetonableunderextremeconditionwhen

rumingnitricacid(FNA)isemployedAndignitedbyanexplosive.Thechemicalpropertiesof

theTBPIFNAmixturesalongwiththeelap8edtimewereevaluatedbyFT･R8manSpectroscopy.

RamanSpectrumOftheTBP/FNAmixturesafterthertrst2hoursShowednoBignific8ntChemical

change.ThecriticalthicknessordetonationpropagationintheTap/FNAmixtureSWithinthe

fir8日WOhourswasevaluatedbythewedgemethod.Nitromethane(NM)wasuseda8a

compari80n.rrhecriticalthickne880ftheTBP/FNAmixtureSWereVery8m811,determinedaS

O.5･0.6mm.andindependentofthemixtureratio.Darkwaves,aCOmmOnphenomenonin

liquidexplosive,wereobservedfromthetraceOntherecordingplatejust8hortorthefailure

poinL.ThedetonationpropagationinthewedgechargewasCOnrirmedbyframlngCamera

photography.Theaveragedetonationvelocityw886.24土0.24km/8.

1.Introduction

Amixtureoftri-n-butylphosplmte(TBP)And

nitricacidi8COmmOnlyusedinthePUREXmethod

forreproceSSlngSpen七･nuCleArfuel.Themixture

whenheatedforaprolongedperiodcanform r̀ed

oil',whichiSahighlyden畠e.energetic,organic

b88edmat,erial.lfit.i白heatedatanelevat,ed

temperELture(morethan1350Casthethermal

restrictionvalueinJapan),itcanleadtoan

exothermicreactionorexplosiveviolence.

Therefore,ith88Causedsomeexplosionaccidents

inthepast,SuchatTom8k-7(Russia,1993),

SavannahRiverandHanford(UnitedStates,1953
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andl975).Atpresent,theTBP/nitricacidmixture

i8usedatambienttemperaturewithoutheating

theTBPandhasperformedSafelyl･2).

However,evenattheambienttemperature,And

withouttheredoilbeinggenerated,themixture

canbedetonableunderextremeconditionsWhen

employingfumingnitricacid(FNA)andignited

byanexplosive.A88COn8equenCe,recently,the
detonationperformanceoftheTBP/FNAmiⅩture

hasbeenevaluated.InApOtyVinylchloride(PVC)

cylindricalchargeWith20mmi.d.,experiment8

haveshownthatthemixturedetonatedwhenI,he

TBP/FNAmixtureratiowas13/87･36/64wt.%.

ThedetonationvelocityorthestoichiometricTBP/

FNA(22/78wt.%)mixturewas6.JI5km/8,andthe

detonationpre88ureWa且8pprOXimAtely14GPA3).

InS8fetyevaluation80fthedetonationha2iard,

thefailureconditionofdetonationpropagationis

usuallyexamined.Thefailureconditionof

detonationpropagationi8usuallyderlnedaSCritical

diameterorcriticalthickne88.Thecriticaldiameter

orcriticalthickne88iBtheSmallestdiameterOr

thicknessatwhichtheexplosivewouldpropagate

thedetonation.However.noexperimentaldataAre
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n 200or500nmFig.1Assemblyofcriticalthicknes8measureme

ntbythewedgemethodavailableonthecritica

ldiameterorcriticalI.hickne880

rtheTBP/FNAmixture.Thereareseveral

methodstoexaminethecriticaldiameterort

hecriticalthickness.Cylindricalchargel'andco

nicalcharge5)areusedtodeteminethecriticaldi

ameter二Wedgecharge6°nandprismCharge9Iare

usedtodeterminethecriticalthickne8S.Thevalu

eofcriticaldiameterispredictedtobeseveraltime

sthatofthecriticalthickness6)9'･Thecommon

methodofdeterminingcriticaldiameteriStOPrepa

reCylindricalchargesofvariousdiameters.Unfor

tunately,thecriticaldiameteroftheTBP/FNA

mixturewasconsideredtobeequaltothatofliqui

dexplosives,whichisvery8m811'.),andFNAhas
high toxicityandhighcorrosiveoxidation.Fo

rthisreason,awedgemethodG.R)wa8adoptedto

determinethecriticalthickness0ftheTBP

/FNAmixture,whichisre)ativelySimplecompared

totheothermethods.ThepurposeOfthisstu

dyistodeterminethecriticalthicknessortheT

ちP/FNAmixtureanditscorrehtionwiththemixture

ratio.TbexaminetheexistenceOrthechemicalr

eactionalongwiththeelapsedtimeintheTBP/

FNAmiⅩture,firstFT-RamanspectroscopylSanalyze

d.Inordertoobservethedetonationpropagati

oninthewedgechargeanddeterminethedetona

tionvelocity,framingCameraphotographyiSthenemplo

yed.2.Experimental2.1Raman

spectroscopicanalysisTBP(CH3(CH2)..0).,PO,ex

trapurereagent),FNA(nitricacidcone.94wt.%,g

uaranteedreagent)andnitromethane(NM,gu

aranteedreagent)WereobtainedfromNacalaiTesque,Japanandusedas received.Ramanspectrawere

measuredwithanInGaAsorSpectrumGXNIRFT

･Ram8m(Perkin-Elmer).ANd-YAGlaser(10

64nm)wasuseda8theexcitationsource.Thespe

ctraweremeA8uredwith1-1508CanS,Withalas

erpowerOr100-200mWThesamplesWereinsertedi

ntothecapillarycellandsealedupwithanadh

esive.Me88urement80ftheSamP)e8Wereperformed

alongwiththeelapsedtime(2hours-14days)afterbeingmiⅩed

atroomtemperature.2.2Critical

thicknessmeasurementFig.lshowstheassembly

oftheexplosivewedgeusedinthepresen

tStudy.Thewedgewasassembledbygluingtogether

twopleCe80fAlalloy(JISHIOOOA5052P.A195%,

tensileStrength>235N/mm2,proofStreS8>I75N

/mm2,Brinellhardness68HB)plate210mm

long.25mmwideand10mmthickintoawedgeSha

pewithtwoBidepIateSconfiningit.Thewedgeangle

wasSetat1.10･Ll.30.Thebottomplatewasused

astherecordingplateforrecordingthetracesofd

etonationpropagation.Toevaluatetheresultingt

raceOfthedetonationfailure,thesameAlalloy

platewithalengthof510mmandapureAl

(JISH4000AIO50PiA199･5%,tensilestrength95-1

25N/mm2,proof8treSS>75N/mm2,Brinellhar

dneB820HB)platewerealsousedastherecordi

ngplate.SinceFNAiscorrosive.theinsideofth

eassemblywascoveredby80pm･thickresinadhes

ivetape(NittoDenko,No.903UL).Themixturewas

ignitedwithabooster(Pentaerythritoltetranitrate

,PETN/Siliconrubber,SR=75/25wt.%,2-34ど)a

ndanexplodingbridgewire(EBW)detonatOr(PETN0.8



Kayaku)atambientteJnPerature(7-25oC).The

detonationpropagatedthroughtheexplosivewedge,
andfailureoccurredatathicknesscriticalvalue.

Thefailurepointwasdeterminedfromthedent

intherecordingplaterecoveredafterfiring.The

failurepointwasdefinedastheendcenterofthe

dentatwhichthethicknessoftherecordingplate

changedmostrapidly.Thecriticalthickne紬WaB

definedaBthethickness0fthewedgeatthefailure

point.

AsapreliminaryeXperimemt,NMw88usedto
evaluatetheemTect80fthewedgeangle,thematerial

andthethicknessofBideplates,andtheboo8ter

ma$8.

2.3FramingcameraPhotography

Thephotographyofthedetonationpropagation

inthewedgeoftheTBP/FNAmixturew88

performedbyanultrahigh-Speedframingcamera

(n
Oe
)A)!Sue一u一
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RamanSh机(cm~1)

Fig.2RamanSpectraOf(a)neatTBP,(b)neat
FNA,andTBP/FNA(22/78wt･%)
mixture8inthefirst(C)2hours,(d)8
dayBand(e)14daysafterbeingmixed

KayakuG8kkaishi.Vol･63･No･5･2002 (I

macon200,DRSHadlandcamera,16fullyindependentfr

ame8,100･200,000frames/S).A8trObe(PE560MG

NNational.G.N.56,fhshtimeI/7508)wasuseda

88backlightsource.Thephotographywascond

uctedfromthe8ideviewwith82psframeinterval.Tb

observetheinsideofthewedge,5mm･thickglaSSplatesWereu8edaStheconfining

plate8.3.ResultsanddiBCLJSS

ions3.1RamanspectroscopICanaJysisThe

RamanSpectraAndtheirasSignmentB■0')27ofneat

TBP,neatFNAandthefir8t2hours,8daysa

nd14days8rtermixingortheTBP/FNA(22/78

wt.%)mixtureareShowninFig.2.Thespectrum

ofthefirst2hoursshowedthesumofthespectr

umofneatTBPandneatFNA,butthereweree

xtingui8hment80fbandsat-2200cmll,-2500cm~1(be

longtonitricacidhydratemolecule),and-340

0cm''(belongtonitricacidmoleculeslinkedbyhyd

rogenbond)'l.)2',wecan'tassignthebandat-22

00cm'1,butitisconsideredtobeaneffectofimpu

rities0rEluore8CeJICeOftheSample.Alon

gwiththeelapsedtime,thebackgroundnoiseincr

easedAnd80meChangesintheSpectrumwerede

tected.The叩eCtrumOfthefirst8daysShowedane

wpeakat953cm-J(probablybelongingtothes

ymmetricCIC･08tretChingofAlcohol).Th

eSpectrumOrthefirst14daysShoweddecompos

itionofTBPandtheformationof80menewmat

erials.Theextinguishmentsoftypicalpeaksofalky

lat2970･2870cm~landthegenerationofsomenew

peaks,8uCh8SAt1033cm-I,2346cm'l(p

robablybelongingtoPHbendingandPHstretchingo

fphosphonatee8ter,respectively)And3707cm''(p

robablybelongingtotheOHstretchingofalcohol)w

eredetected.Itwasdifficulttomakedtglnitive

8tatementBaboutthechemicalreactionpathway

.Otherchemicalanalyticalapproachesshould

beconductedforfurtherinvestigation.Ther

efore,forthemeASurementOfcriticalthickne

ss,themiXturewithinthefirst2hour8waschosen,becausetherewasnoSig

nificantchemicalreactiondetected.

3.2CritiOalthickne88meaSurernentFlg.3(a)

8how8thephotographoftherecordingplateafterthefi



Fig.3Photographof(a)the
recordingplateafterfiringofNM.andthefailureareaont

herecordingplates;(b)forNM,(C)an

d(d)forTBP/FNAmixtures(22/78wt.%)Table1CriticalthicknessofNMandTBP/FNAmixturesWithvariou8measur

ementconditionsSample Mixtureratio Wedge Conrlnin late Booster Recordin late Criticalthickness,Tc,. Thic
kness MaterialLength(wt.%) angle(○)

MatenaI (mm) (且)17 (mm) (mm)NM - 1.4 A

l lO Alalloy 210 NodetonationNM - 2.9 A
l 10 32 Alalloy 210 03NM - 4.3 Al 10

40 Alalloy 210 DetonationNM - 2.9 PMMA 3
34 Alalloy 210 NodetonationNM - 2.9 Al

3 34 Alalloy 210 0.2NM - 2.9 Al 6 34 Alal

loy 210 0.3NM - 2.9 Al 10 2 Alalloy 21

0 NodetomationNM - 2.9 Al 10 5 Alalloy
210 0.3NM - 2.9 Al 10 10 Alalloy 210

0.3NM - 2.9 Al 10 20 Alalloy 210 0.2

TBP/FNA●l13/87-32/68 2.9 Al 10 34 A11旦!麺yM
Alalloy 210 0.5-0.6TBP/FN 22/78 1.1 ー~-Al lO a′l 210
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Thicknessoftheexplosivewedge(mrn)
8 6 4 2 0

200 18

0 160 140 120 100 80 60 40DistarlCebmthewedget

oe(mm) 20 0Fig.4Procedurefordefinedhilurepoi

ntintheTap/FNAmiXture.energy(approximately

morethan1.13kJ)toigniteNM.Fromthep

reliminaryexperiment,forcriticalthicknessmeasure

mentOftheTBP/FNAmiXture,theconflningplate

usedwas810mm･thickAlplate,thewedgeanglewasSetat

2.90andthemixturewas1gnitedwith34どorboo8ter

ma88atambienttenperature.Thephotograp

horthefailurepointafterfiringortheNMandT

BP/FNAmixture(28hot8),areshowninFig.3(

b),(C)and(d)respectively.Thefailurepointo

ftheTBP/FNAmixtureisunclearcomparedtothatofNM.

Todeterminethefailurepoi ntmoreaccuratelyintheTBP/FNAmixt

ure,.==(LJJLJJ)..11sseLIPN1

te3召0 日12 14 16 10 20 22 24 26 28 30 32

34TBPConcen廿ation(wl.%)Fig.5
Criticalthickness0fTBP/FNAmiXtureanditsCO汀elationwiththemixtureratio thethickness

orthecenterpartOftherecordingplateWasme

asuredbymicrometer(resolution0.001mm)andth

erir8tderivative(Fig.4)wascomputed.Thefailurepointwa

sdeterminedtobethedrasticchangeOfthe古lo

pe(thefirstderivativevalue).Fig.5showsth

ecriticalthickne880fTBPIFNAandcorrelation

withthemixtureratio.Criticalthickne8Se80f

TBP/FNAweredeterminedAB0.5･0.6mm,butthec

riticalthickne88eBOfTBP/FNAat19/81and25/75wt.%wereshownaS

errorbars.Thecriticalthickne88叩pearStObeind

ependentofthemixtureratio.Fortherecordi

ngplate,alongerAlalloyplate(wedgeang

lew88SetAH.10)andApureAlplate(wedgeang

lewasSetat2.9o)wereemployed(bottomofTabl

e1).Theresultshowedthatthedeterminationofthe

failurepointwasslightlyeasier,duetothedis

tanceOrthefailurepointbeingfurtherFromt

hewedgetoewhenalongplatewasemployed,andth

eresultingdentbeingdeeperwhenapure

AlplateWasemployed.ButthecriticalthicknessoftheTBP/FNAmi

xtureappearsindependentofthelengthandth

epurityoftheAlrecordingplate.Thesmall

criticalI.hickne880ftheTBP/FNAmixtureisaboutt

he88meOrderaBthatOftheliquidexplosives"I,h

igh explosivesrI',andemulsionexplosivescontainin
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averagedetonationvelocitywas6.24土0.24km/8.

TheTBP/FNAmixturehasasimilarorderof

criticalthickne88tOthatoftheliquidexplosives.

high exploSive88mdsomeemulsionexplo8iveS.

HandlingtheTBP/FNAmixturerequiresalotof

attentionbecauseOfitsabilitytopropagatethe

detonationinSmallthickne880fmmorder.
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