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Aballoonte卓tWasCamiedoutu8ingthealuminum/potaSSium chloratemixtures.and

theunderwatergasproductswereanalyzed.inordertotlnder8tandtheunderwaterexplosion

phenomenaofaluminumandoxidiZerCOmPOSition80f丘reworkSandtorevealtheeffects

ofmorpl10logyandcontent80faluminumuponthebubbleenergyreleasedbyunderwater

explosion.Asaresult,aremarknbleamountofhydrogenwasdetectedanditwaSfoundthat

partofthealuminumpowder8intheSamplemixturesreactedwiththeSurroundingwater.

However,nocorrelationwa8foundbetweentheamountofhydrogenAndthebtlbbleenergies

obtainedbytheunderwaterexplo8iontest.Thuさ.thereactionofaluminumwithwater8hould

giveA8mallcontributiontothebubbleenergy

1.In上rt)dtJCtjon

Aluminum and oxidizercomposition8have

beenwidelyu8edfor丘reworkB,however,the白e

compo8ition8havebeen involvedin alarge
numberof8eriotlSaCCident8inthefirework

industries.h ordertopreventandreducethe

numberofaccidentsandtominimi2:ethedamage

duetoundeSiredexplosionsinfireworkfactories,
thequantitativeinformationabouttheexplosion

properties0fpyrotechniccompo8ition8containing

alumintlmpowderandtheSafetyevaluationonit

arerequired.

Inpreviouspapers,inordertoevaluatethe

explosionStrengthof丘reworkcomposition8Which

containpotA88iumchloratemiⅩedwithdiqerent

kindsofaluminum,anunderwaterexplosiontest
wascarriedoutlトS).Itwa8foundthatthe8hock

andbubbleenergiesproducedbythe8emixtureS
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werestronglyin血uencedbythemorphologyof

thealuminumpowderandtheenergyrelea弓eSOf

theAlJKCIO3mixtureSdependedonthebubble

energycomparedtothe8hockenergy. The

maximumbubbleenergyvalueevaluatedwasat
amountof180%ofthatofTNTfora50wt.%

atomizedaluninuncontent.

Iti8knownthattheexploSive8COntaining
aluminum producealargeamountofbubble

energies in the underwaterexplosion teat,

although theamountoftheShockenergyi8

not80large.Stm8eShowedthepo88ibilityof

overe8timatingthebubbleenergyduetothe

reaction ofaluminum in the 8ample and

Surroundingwaterinwhichrelea8eShydrogen.).
However,thereactionofaltlninum withthe

Surroundingwaterhasnotbeenexperimentally

verifiedandtheinfluenceofthehydrogenon

thebubbleenergyhasnotbeenquantitatively

estimatedeither. Inthi8paper,inorderto

underStandtheunderwaterexplosionphenome･

RonofaltlminumandoxidizercoEELpOSition8andto

revealtheefrect80fmorphologyandcontentsof

aluminumuponthebubbleenergyrelea8edby

underwaterexplosion,thegasproducts0fthe

AVKCIO.1miXtureSWereCOllectedbyaballoonand

analyzedwiththegasChromatography.
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2.Expen-mental

2.1Materl'als

Table1showsthematerialsu8edinthisStudy.

Thematerialsincludedflakealuminum lAl(i)]

coatedwithstearicacid,atomizedaluminum

lAl(a)] 8pheroidal particles,and pota88ium

chlorate 【KCIO;l】pyroteclmic grade. Their

averageparticlediameters(andSpeCi丘cSurface

area)were30JLm (3.55m2/冒),20jLm (0.71m2/ど),

and70JLm (0.27m2/ど),respectively.AllpuritieS

weregreaterthan99%.BothaluminumSWere

manufacturedbyNakatsukn KinzokuHakufun

XogyoCo.,Ltd.Potassiumchloratewa卓manu･

factured by Eka NobelElektrokemi. All

materia18hadbeenStoredindryairatroom

temperature. The8amplewasmixed in a

rotatingmiⅩingmachinetoform thebinary

mixtures.Thetheoreticalzerooxygenbalance

fortheAlrKC103mixturesisa30wt.%aluminum
content.

2.2BallooTIteSt

Theballoontestwasdevelopeda8amethodto

trapnotonlythe801idreactionproductsbutalso

thegaSeOu8anddissolvedproductsfrom the

underwaterexploSion6)-A). The experimental

arrangementoftheballoontestis8howninFig.I.

Aflexiblemturalrubberballoonmadeoriginally

forweatherob8erVation8Withtheradius0f0.31m

and0.2kgweight(manufacturedbyTheWeather

Banoonmfg.(Ⅹ辻yuSeisakusho)Co.,Ltd.,Tbkyo,
Japan)wa8丘lledwithabout0.125m3waterand

wasSuspendedhywireinwater-filledqyhndrical

open-topped丘ringtankwithadiameterof1.06m

andadepthof1.22m.AI.5gtestsamplewas

loadedinapolyethyleneve88el(diameterof

8.8mm and depth or46.8mm)and a No.6

detonatorwasinsertedintotheve8Sela8Shownin

Fig.2.Thechrgewas8uSpendedwithinthe

waterintheballoonandplaceda8Closeas

possibletothecenteroftheballoon.Theballoon

waspurgedofanyairbubblesandpluggedwitha

SiliconerubberStopper.Theballoonswerewashed

pr10rtOtheteststOremovethetalcwhichwere
coatedontheinternalSurfaceontheballoon

duringmanufacturing.

Whentheamountofsamplewa卓leSSthan

1.5ど,theballoono8Cillatedwiththeexplosion

bubble,butdidnotrupture. Allgaseous

Table1 SampleSuSedinthi8Study

Oxidizer Al Aleontent(&t.%

]KC103 Al(f)* 10,3
0,50Al(a)★ 1

0,30,50Al(∫)★:凸ake

aluminumAl(a)★:atomized

aluminum(0=1.06m,d=1.22m,water]m3)

Fig.1 Samplesuse



productsoftheexplosionweretrappedinside

theballoon.Aftertlletotalgasvolumewas

measuredusinga1000mlgraduatedcylinder,
apartofga8eOu8productswerecapturedina

ga8･SamPlingbottleforanaly8i8.Productga8eS

wereanalyzedbyGC/TCD(ShimadzuCo.,Ltd.,
GC6AM).Table28howstheconditionsused

toperformtheanaly8i8.

TheultimatepurposeOftheballoontestwa卓

toobtaindataontheexp108ionofahIminum/

oxidiZ;ermixtures. Inordertoe8tabli8han

experimcntal ba8eline,theinitialte8tWas

performedusingCHNO explosives. ANo.6

detonatorwascho8enaSthe8tandardcharge

forcalibrationbecauseitiseasytodealwith

andtlledetonationoftheexploSive8inside

the detonatori8nOtea8ily innuenced by

theexternalconditions.Moreover,mostOfthe

explo8ionproductsdonotchemicallyreactwith

theSurroundingwater.TheNo.6detonator

u8edinthisexperimentcon8i8t80f0.2gof

DDNPand0.4gortetryl.

2.3Undorwatwexpbsionlost

Theexperimentalarrangementwa8almo8t

theSamea8thatfortheunderwaterexplosion

te8tgiveninpreviouspaper81ト3), ThetestWas

carriedoutinaroundpoolwithadiameterof

8mandadepthof5m.ThechargesWereplaced

atadepthof2.0m,and0.5mfromatourmaline

piewelectricgauge. Thepres8urePrO丘le80f

theShockwavesandthebubblepul8e8Were

mea8uredwiththegaugeandthepressure-time

hi8tOriesfromthegaugewererecordedwith〟D

converterconnectedtoapersonalcomputer.

A1.5gtest88mplewasloadedinapolyethylene
veS8eltheSamea8thatoftheballoontestand

wasignitedbytheNo.6detonator.TheShock

energy(E)andthebubbleenergy(E)were

determinedinthe卓ameWaya88hownina

previouspapers)･

3.ResuttsandDiscLJSSion
3.1UndorwaterexplosiongasprodLJCtSOftJIO
Al/KC103mixtLJreS
Thetotal ga8vo一umeandtheratioofeach

componentobtainedfromtheballoonte8tSOfa

detonatorandofthe8amplecharges(1.5gof

AUKCIO3mixturesdetonatedbyadetonator)are

ShowninTable3. FivegasprOduct8Were

Selectedforourexperiment,Suchashydrogen

(H･L),Oxygen (02),mitrogen (N2),Carbon

monoxide(CO),andcarbondioxide(Col).

InordertoeStimatetheamountofleaknge

ofthegasproductsandthecontaminationto

the8amplingga島,material balance8between

thecalculatedvalue8from thecompo8ition80f

explosivesinthedetonatorandtheelements

T&bLe2 ConditionSforgaschromatographyanaly8i8

H2Analy8i8 Column MolecularSieve5
ACarrierGa8 N2,40m1/

minSamplema88

0.8mlTbmperatu

re 40℃CO2Aーlaly8is Column
PorapakNCarrierGa8

He,40m1/仙inSamplema88 lml

Tbmperature らo℃Allga8eSeXCePtH2andCO2 Colllm
n MolecularSieve5ACarrierGa8 He,40m

1/minSamplema

88 lml1bmperature 50℃KayakuGakk-ishi.Vol



containedintheSamplingga阜WereCOnSidereda8

ShowninTable4.ConcerningthereSult80fthe

detonator,althoughtheamountofthecarbon,
hydrogenandoxygenelementsintheSampling

gaswerelessthanthoseofthecalculatedvalues,

theamountofnitrogenshowedagoodagreement

withthecalc山atedvallle. Itisexpectedthat

CO2di880lved in the water,hydrogen was

chemicallyconvertedintolique丘ed H20,and

thecarbonwaschemicallyconvertedintosolid

carbon.Concerningthere8ultsoftheAJJKC10:I

mixtures,theamountofNwaslO～25%more

thantheexperimentalValuesobtainedfromthe

detonator.Itwa8thoughtthattherewas80me

contamination,Suchasairinthe8ampleve88el

thatgetsintothe8amplinggas. Thebalance

ofnitrogen iSfound tobeusefultoveri&

theexperimental success,becausethesample

comp08itionandtheAVKC103miⅩture8doesnot

containanynitrogen.

TabJe3 MajorunderwaterexplosiongasprodtlCtSintheballoontest

Sample TbtalgasVolumel×10-cm:l】 Eachga8prOduct8【VO1.%】H2 02 N.i CO C

O皇 CH1No.6detonator 320 5.4 5.2 45.5
43.0 2.9 0.5339 5.2 4.4

43.0 43.8 3.6 0.0Al(b/KC103F10/90 466 2

.2 35.1 36.0 22.1 4.7 0.0Al(a/KC103=30′70
427 15.6 6.3 41.7 35.9 I.

7 0.3433 22.9 3.7 37.5 34.2 I.7 0.0Al(D/KC103=50′50 598 30.5 3.7 28.6 32.8 3.6 0.2587 36.2 2.7 27.2 32.

8 1.8 0_0Al(a)/KClO3=10/90 435 2.0 2S.2 3

7.5 25.1 3.2 0.0Al(a)/KC103=30/70 467 19.0 4.8 36.4 34.1 2.4 0.04

45 21.2 5.3 37.3 33.) 1.9 0.0Al(a)/KC103=50′50 612 37

.6 4.8 30.3 29.4 1.8 0.0Table4 Materi

albalancesofunderwaterexplo8iongasproductssam,le t Amountofea

chelement【Vo1.%】C H N 0Calculatedfromadetonator 1.55×10ー! 8.87×10-3 I.08XtO-2 1.59×

10~ZNo.6detonatOr 6.03X10-3 1.64XlO-3 I.18X10-2 7.70

×10-36.53XIO-3 I.43×10-3 1.18×10-2 8.22×10-3Al(D/KClO.,=10′90 5.08×10~3 8.18×10~1 I.

36XlO-2 I.92×10~!Al(a/KC103=30/70 .58X10-3 5.63×10一3 1.45×0ー! 9.01×10ー3.33×10-3 8

.04×10ー3 1.32×0-2 7.94×10-3Al(I)/KClqF50/50 I .89X10-3 1.50×10~2 1.39×0-2 1.15×10~2.23X10-3 1.73X]0-2

1.SOX01 9.93×10~3Al(a)/KC103=10/90 4.

99×10~3 7.00×10-. 1.32×lOー! I.55×10-!Al(a)/KClO3=30/70 6.
93×10~



Fig.38how8theinfluenceofthealuminum

contentandthemorphologyofthealuminum

particlesonthetotalvolumeofgasprOductSfrom

theexplosionof1.6gAlJXC103mixturesdetonated

bythedetonator.Theplotsinthis8gureshow

theamountofgasproductsproducedfromboth

theSamplecompositionandthedetonatortlSedin

eachexperiment.Itwasfoundthattherewas

littledifferenceinthetotalgasvolumebetween

Al(D/KCIO3and Al(a)rKC10.1With the Same

aluminumcontent.Thetotalgasvolumeat10

and 30wt.% aluminum content,i.e.,positive

oxygenbalancecondition,waSalmo8tthe8ame.

Ontheotherhand,thetotalgasvolumeat

60wt.%aluminumcontent,i.e.,negativeoxygen

balancecondition,was30%morethanthoseof10

and30wt.%aluminumcontent.Thus,thetotal

gasVOlumewa卓8igmificantlyinfluencedbythe

aluminum ∝Intentandoxygenbalancesorthe

Sampleら.

Fig.4and5Showtheinfluenceofthealuminum

content and the morphology or aluminum

particlesontheamountofeachga母product.Fig.4

8howStheamountofN2,CO,andCO2.These

threeproductswereconsideredtobeproduced

from thedetonatorusedtoignitetheSample.

Katoetal.8ugge8tedthatthealuminumreacted

withN2a8WellasH20andCO芝andthereactions

co叫ributed to bubble energy relea8e When

Oxygcnba]aTICCl%1
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emulsionexplo8ivecontainingaluminumpowder

weredetonatedunderwaterS).However,inour

Study,theamountofN2didnotchangeaSthe
aluminum contentincreased. ASShown in

Table4,theamountofNelementsBomexplosion

isalmoBt,the8ameaSthatofthedetonator.

Thus,intheunderwaterexplosionofAuKC10.1

mixture,N,,didnotreactwith aluminun and

theothergaseousPrOductSfrom thedetonator.

Ontheotherhand,theamountofCOincreased

withanincreaseinthealuminumcontent.This

isbecau8ethefollowingreactionoccursaSthe

8amplecontainseXCeSSaluminum9).

2Al+3CO2-Al203+3CO (1)

Howeveritheamountoraluminumreactedwith

CO芝basedonequation(1)isevaluatedtobeless

than0.2%. Thus,intheballoontestofthe

AVKCIO:lmiXtureS,thereactionofaluminumwith

N2andCO2fromthedetonatortnaybenegligible.

Fig.58how8thattheamountof02inthe

gasproductswasrelativelyhigh,atlOwt.%

aluminumcontent,i.e.,positiveoxygenbalance

conditionforbothAl(DIKC103andAl(a)/KC10.,.

1twasconSideredthatexce88KCIO3intheSample

thermallydecompo8edtoproduce02 andthe

reactionwasgivenasfollow8.

Oxygenbalancel%]

30 15 0-15 -30
(]o∈
T
O
lX
】
S一3n
P
2

d

s
t

!g
JO
)unOu
V

00

上U

4



Oxygenbalancc(%)

30 15 0 -15 .30

tlOu
T
O
]×
】
S

IUttP
O
J
d

s
亀

J

O
)unO
u
LV

10 20 30 40 50 60Alumin

umcontentlw(.%]Fig.5 In瓜uenceofal
uminumcontentontheamountofgas
prOduct8(H2,02)obtaindfromtheballoonteatOf

Al/KC103miⅩtureS2KCIOa

I 2KCl+302 (2)Fig.5ShowsthatH2Wasp
roducedatthe30and50wt.%aluminumcontent

s,i,e.,negativeoxygen balance condition
8,and its amountincreaseda8thealuminum c

ontentincreased.ItwasClearthatH.iWa
sprOducedfrom thereactionofthealuminu

n in the8AnPlewiththe surrounding waterb

ecau自e the samplecomposition8didnotcont
ainhydrogen_ Thereactionofaluminumwith w

ateri8knownandtheI.eaCtionschemesareVery

COmplicated,andvariedwiththereactiontempera

turerange10)-IS)Somereaction8Chemeshave

been8uggeBtedinpreviou88tudies.Itisco
nsidered thatthereactionsofaluminumwithwa

terarebasicallythe8amereactiona8thehydra

tionofaluminum.Somepo88iblereactio

nsareaSfollowS:2Al+6H

20-2Al(OH)3+3H22Al+

4H20ー 2AIOOH+3H22Al+3H20ー Al ･LO:I+3H･L

/ヽ
)

/ヽ

hU
H

は

theunderwaterexplosiontest andthereaction

producedasignificantam ountofhydrogen.

3
.
2Theinfhenceofthohydrt )Eononthbubble
enerdesoftheAJ/KCJ

O
3m
ixturos
lnordertoconfirmtheinAuenceofthe
hydrogenfromthereactionofaluminumwiththe

Surroundingwateronthebubbleenergies0fthe
Al/ECIOamiⅩture8,t
heunderwaterexploさiontest

ofa1.
6gtestSample,w
hichwasloadedina

polyethyleneve88elthatwasthe母amea8thatof

theballoontest,wa自Ca
miedout.
Fig.
68how8
theinfluenceofthemorphologyofthealuminum

particles0nthe8hockenergies0ftheexplosionof

AuKC10=lmiⅩtureSa8afunctionofaluminum
content.
The8hockenergiesof1.
5gofAl(D/

KCIO
;I8
howedamaximumvalueat20wt.
%

alumintlmCOntent,
i
.e.,pos
itiveoxygenbalance

condition.
Asthealuminuncontentincreased,
the8hockenerEie$Significantlydecreasedat

morethnabout30wt.
%aluminumcontent,
i
.e.,
negativeoxygenbalancecondition8.
Thetrendof

8hockenergychangewithaluminumcontentof

25gofAl(DrKC10
.1W
asalmostthesamea8that

of1.
5gofAl(i)IKCIOa.
ThediuerenceofShock

energie8betweenI.
5gand25gofthemixturemay
beduetoitslowreactivity.
Ontheotherhand,
Al(a)mixedwithKCIO3Showedamaximumvalue

at30wt.
%

aluminumeomtent.O
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6032
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Ⅰtisexpectedthatthemainreactionfollows

equation(3).
Itisknownthatthehy血ationof

aluminumoccursoverloo℃,
withoutaninduction

period･
There8ult80fourexperimentclarified

thatpartofaluminumpowdersinthesample

reactedwiththesurroun dingwaterduring

-172- 20 40 60

[･]8tJaT]Ẑ!ttba巨
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Therearetwopo88iblewaystOCauseareaction

betweenaluminum andwater.First,theunre･

actedAluminumpowderwithcontact8WaterOn

the8urfiICeOfabul)bleduringthe丘r8tbubble

o8Cillation. Second,theunreactedaluminum

powdercontactSWithwaterWhilethebubble

i8ri8ingtotheSurfacea氏erthe丘r8tbubble

o8C山ation. Ifthe丘rBtOneiscorrect,there

8houldbeacornlationbetweentheamountof
hydrogenandthebubbleenergy･Fig･78how8

theiduenceofthemorphologyofthealuminum

particles0nthebubbleenergies0ftheexplosionoL

Al/KCIO汀mixture8aSafunctionofaluminum

content.ThebubbleenergiesOfAl(f)miXedwith

KCIO.1Showedamaximum valueat25wt･%

aluminumcontent,i.e,,po8itiveoxygenbalance

conditiorLB.Ontheotherhand,Al(a)mixedwith

KCIO.18howedamaximumvalueat30-50wt.%

aluminumcontent.i.e.,negativeoxygenbalance

conditions.Itisclearthatthereisnocorrelation

betweentheamountorhydrogendeteminedby

the balloon te8tand the bubble energies.

Moreover,Fig.88how8thecalculatedconversion

ratioofaluminuminthe88mpletothereaction

withwaterandtothebubbleenergy. The

corLVerさionratioofaluminunwithwaterisbased

ontheAmountOfhydrogenandequation(3).
Theconver8ionratioofaluminumtothebubble

energyi8basedonEA/AH. AHi8basedonthe

followlngequation.

50.

0.4

0.3

0.2

0.1

0.0

-0.1
0 10 20 30 40 50 60 70

AILJminumcontent【%】Fig.8 Conversionrati
ooraluminumtothere･actionwithwate
randtothebubbleenergya8afunctiono

faluminumcontento∫Al/KCIO;I2Al+KCI

O3I- 山王03+KCl (6)Theheatofreaction

,AJlha8amaximumvalue,whentheoxygeTIbala

ncei8nearlyzero(thealuminumcontenti8

about30%).However,88thealuminumcontent

increases.theconver8ionratioofaluninun

inthereactionwithwaterincrease81inearl

y,andoppo8itelythattothebubbleenergyde

crea8e8. Thus,therei8nOcorrelationbetwee

nthe8eCOnVer8ionratiosandtheheatofreactio

n,AH. AndthetendencyさhowninFig.8Showedt
lmtthealuminum notconvertedtothebu

bbleenergy8houldreactedwith water,aIthough thereaction

had littleinfluenceonthebubbleenergy.Moreo

ver,iti8SuggestedthatthereiSanOther

reaSOnforthelarge bubble energy observed du

ring theunderwaterexplosionte卓tOfaluminumJ

oxidizermixture8L6J.InapreviouspaPer!),

WereportedthataStronglightemi88ionw

asobservedduringtheGrStbubbleo8Cillatio

nofthegasbubblefrom theunderwaterexpl

osionoftheAln(C10:Imixturesusingahigh-Spe

edvideorecord.Moreover,WereportedthatthebandBP



productsofaluminum/oxidizermixture8ba阜edon

anequilibriumcalculation19㌧ TheSefacts8how

thatthecombustionofthealuminumparticles

doesnotfinishin8tantaneOuSly,butcontinues
tobuJlnfromtheSurfaceintotheinsideofthe

particlesWhilethega母bubblewasexpandingand

contracting.Thetotalamountofintermediate

gasprOdtlCtfrom thecombustionofaluminum

becomeslarge.Thati8,itisconsideredthatthe

largebubbleenergie80fthealuminum/oxidizer

mixturesarecausednotbythereactionof

aluminum withthe8urrOtlndingwater,butby

theaRerburningofaluminutnpowdersinsidethe

ga8bubbleduringit8eXpan8ion. Weneedto

quantitatively estimatethe innuenceofthe

a氏erburningphenomenaofaluminum onthe

bubbleenergies.

4.ConclLJSiorl

Fromtheexperimentalinve8tigationorunder･

waterexplo8ion ga8prOduct8 0faluminum/

pota88ium chloratemixturesusingtheballoon

t由t,thefollowingconcltlSionscanbedrawn:

(I)Apartofaluminumpowderinthealuminum
/oxidizermixturesreactedwith thesur.

roundingwaterduring the underwater

explo8ionte且tandthereactionproduceda

remarknbleamountofhydrogen.
(2)Therei8nOCOrrelationbetweentheamount

ofhydrogendetectedbytheballoontestand

thebubbleenergiesanditi8under8tOOd
thatthereactionofaluminunwithwater

providedonlyaSmallcontributiontothe

bubbleenergyrelease.
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アルミニウム/塩素敢カリウム混合物の水中爆発生成ガスの解析

育地忠治●,松永猛裕●,中山良男●,飯田光明●.三宅浮巳●●,小川輝繁～

アルミニウム粉末の形状およびその含有虫がアルミニウム/酸化剤系煙火組成物の水中爆発における

バブルエネルギーに与える影野を調べるために,水中爆発生成ガスを採取できるバルーンテストを行っ

た｡その結果,水中爆発生成ガスに大畠の水薬が計測された.これは,爆発後に試料中のアルミニウム

粉末が爆源周囲の水と反応したためと考えられる｡また.水素の生成量と水中爆発試験より得られたバ

ブルエネルギー値との関係を湘べた結兜.両者の間にはあまり関係のないことが分かった｡したがって,

アルミニウム/酸化剤系煙火組成物の水中爆発においては,アルミニウムと水との反応による水素の発

生は,バブルエネルギーにほとんど寄与していないことが示唆された｡

(-物質工学工弟技術研究所 極限反応部 〒305-8565茨城県つくば市来 ]-]

~横浜国立大学 工学部 物質工学科 〒240-8501横浜市保土ヶ谷区常盤台 156)
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