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ⅠnvestigationoputilizationofliquidpropellantinbalustiC
rangeexperiments

AkihiroSASOH●.ShinjiOHBA●●.andKazuyoshiTAKAYAMA●●●

ExperimentswereconductedinaballisticrangeusingaHAN (hydroxylammonium

nitrate)-basedliquidmonopropelhnt.LP1846.Ina25･mm･boresingle･stagegun.usingbulk･

loadedpropellantof10to35g.amuzzlespeedupto1.Ohm/らwasobtained.Timevariations

oEpropenaJltChamberpressuresandin-tubeprq'ectilevelocityproGlesweremeasured.The

liquidpropellantcombustionwasinitiatedaccompanyingadelaytimewhichwascreated

duetothepyrolysisofthepropellant.InordertoobtainreliablebalusdcrangeperformaTICe,

themethodofpropellantloadingwasrevealedtobecridcaLSincethebumingrateoEtheliq-

uidpropeuantisreladvelylow.thepeaka∝eleradonandthemuz2:lespeedstronglydepend

ontherupturepressureofadiaphragmthatwasinsertedbetweenthelaunchtubeaJtdthe

propellantchamber.

1.lntroduct暮On

AbaJJisdcrangeservesvariouspurposessuchasa

hypersonicgroundtest血caity.ahypervelodtyimpact

testandadrugdeliverysystem.RelatedteclmOb h

giesareextendedtomanyindustrial.engineering

andevenmedicalsystems.Requiredperformanceof

aballisticrangedependssolelyontheconditionof

applications.Imparticular.inordertolauncha血･agile

model,theballisdcrangedesignrequiresalowlevel
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ofpeakacceleration.Thedevelopmentofadevice

whichhassuchacharacteristicde丘nitelywarrants

furtherintensivestudies.Forexample.intheram

acceleratorinstalledattheShockWaveResearch

centern.a35gran prq･ecdlewhichhasacomplicat･

edgeometryandasabottheperforationratioof

whichisoftheorderof50%havetobepre-acceler-

atedupto1.15km/scurrentlybyusingsmokeless

powder.Withlimitedhcihtyresources.thisrequired

performanceisnotreadilyachievedandstillneces･

sitatesfurtherimprovementofthepre-acceleration

device.

Liquidpropellantshasbeenstudiedasanalterna-

tivepropellanttosolidpropellantsfortacticalappli･

仁ationsmainlyinEuropeandU.S.A.Excellentsum-

mariesofthepreviousworksaredescdbedinRefk2

and3.haddidontosomepracticaladvantages,under

an appropriateoperationconditionliquidpropeuants

areknOwntohavea血Vorablecharacterisdcofabat

pressure-timeproGIe.Byutilizingthis.smoothaccel-

erationoEafragilepmjectilewithahigh piezomet･

ricefGciency(theratioofthemean pressuretothe

peakbreechpressure,p.29inRef.2)wouldbe

potentiallyachievable.Ahigh piezometrice氏ciency

impliesthatahigh thrustiskeptdowntothemuzzle

withapeakmechanicalloadbeingsuppressedlow,
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andtheprojectileise岱cientlyaccelerated

Amongvariousliquidpropellnats.‖AN(血ydrox･

ylammoniumnitrate;NH･20H･HNO3)･basedmono･

propellantshavelowtoxicityandsensitivity.andare

mostwidelyused.Theircombusdoncharacteristics

andrelatedfundamentalinvestigationwereconduct･

edalsoinJapanH J.Recendy.thistypeoEpropellant

onceagalnattractsanattentionasacandidateof

rocketpropellantm.

Thepurposeofthispaperistobasicallystudybal-

1isticrangecharacteristicsofatypicalliquidpropel-

lant.LP1846.andtoexaninetheapplicabilityofthe

propellanttolaboratoryexperiments.

2.PropertiesofLP1846

LP1846isamixtureofHAN.TEAN (Lri-

SthanoIammOnium且itrate:C6Hl6N206)andwater.

TheirmolarratioisHA打:TEAN:H20=7:1:

12.32).Ⅰnthepropellant.TEANtakesaroleasafuel.

HANactsasanoxidizer.Theirreactionformulais

7NH30HNO3+C6tl16N206-6CO2+22H20

+8N2+4.12MJ/mol (1)

Therefore.theequivalencerationofLP1846isunity.

Theabovestoichiometriccombustionyieldsthenon-

toxicproducts.Accountingthewatercontents.the

averagemolecularmassoftheproductis22.9

kg化mol.Theimpetus(orforce)oEthepropellant

isOB99MJ/kg2).

3.Experhentalapparatus

Fig.1showsaschematicillustrationofthesingle･

StagegunoftheShockWaveResearchCenter.Insti-

tuteofFIuidScience.TohokuUniversity.Itslaunch

tubehasaninnerdiameterof25mmandaleng血

of2.0m.andisconnectedintoatestchamber.The

inidalpressureinthetestchamberwaslowerthan

100Pa.Thetestchamberhasapairof300･mm-din.

Tolleh巾b●T

Fig.1Single･stagegun acrylicwindows.throug

hwhichtwodiodelaserbeamsweresettomeas

urethemuzzlespeedbymeansofthemethodoftim

eoHlight.Alsothroughthewindow.anargon-ionlaser

beamanditsreflectedbeampassformeasuringani

n･boreprojecdleveloc･itybyusingaVISAR(Veloc

ityInterferometerSys-temforAnyRe瓜ector).For

detaileddescriptionoftheVISARmeasurement.thereadersshouldref

ertootherarticles9-日Thepropellantchamber.Fig.

2.con五guresalmostasacylinder.Ithasaninner

diameterof35mmandaleng山ofl13mm.Atitsoutle

tend.alayerofmetaldiaphragmisinserted.The

staticrupturepressureiscontrolledbyvaryingthe

materialaJIdthicknessofthediaphragmandthedep

thofthepressedgraveonasu血ceofthediaphragm.

Inthisstudy.therup･turepressurevariedfro

m10to40MPa.Thetimevadationofpresuresinthe

propellantchamberweremeasuredusingpie2:〇七Iectri

cpressuretransducers.Thepressuretransducers.

PlandP2.Wererecess-mountedhmtheprope心ant

chamberinnerwaJI.Thedistanceh)mthediaphragm

toPlis80mm.thattoP2is30mm.Tileliquidprop

ellantwasbulkloaded.Theignidonoftheliquidpro

pellantwasassistedbyusing0.9･gram smokeless

powder(SS,NipponOilandFatCo.).which.inturn.wasignitedbya

nelec-tricalignitor.Fig.3showsthedesign

oftheprojectileunderstudy.Itismadeofhigh･densi

typolyethylene.IthasaBridgmansealontheb

ase.TheouterdiameteraroundtheBridgmansealis

slightlylargerthantheinnerdiameterofthelaunc

htube.Exceptf♭rthisportion.itsdiameterissmallerthan thelaunch
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EMdgman

SealFfg.3DesignoEproj ectile

inner djan eterbyO28%.ThetotaHengthofthe

prかjectileis40mm.Itsmasswas16.1土0.08g.Oni
tsfrontalface.alayerofretro･re瓜ectives

heet(3970G.3M)isattached.Thissheethasafunctionth

atanincidentlaserbeamisreL]ectedintheexactlys
amedirectionastotheincidentbeam.Thisfunctio

nisconvenientforthein･borevelocitymeasur

ementusingtheVISAR.4.ResLJltsanddlscL

JSSlon4.1Basicpropellantchamberpressure

charaCterlstlcsFig.

4aand4bshowtypicaltimevadationsofthepropel

lantchamberpressures.TheoriginoEtheabscissa

.t.designatesthebeginnlngOfthedatarecording.

Inthispaper.plandLhdesignatemealsuredpressur

esbyPlaJldP2inFig.2.respecdvely.Notehere

thatPlislocatedat80mmupstream かomthediaphragm.

andP2is30mmfromit.Fig.4ashowsthewholerecordeddataolll

tandFig.4bshowsablow･upofplandL12Varia

tionsaroundthemomentof也ediaphragmrupture.hFig.4

a.eventsso血rinterpretedaremarkedbynumbers.p
lbeginstoriseat(1)andslowlyincreasesduring

(2).Thepressureriseduringthisperiodcorresponds

toburn･imgofthesmokelesspowder.Atthetimez

one(3).thepropellantchamberpressurekeepsan

almostconstantvalue.Thisdelayinpressurer

isefortJlemaincombustioniscausedbythep



towardsthemuzzle.Ontheotherhand.apressure

d∝托 aSe Causedbythediaphra伊IlruptureappearstO

takeplaceearlierinp2byAt2.Thosediuerences

appearedwellreproduciblyinthepresentstudy.

However.inalongertimescaleduringwhichpro･

jectileacceleradoncharacteristicsarediscussed.Such

diuerenceshaveonlyasubtlesigniGcance.Therefore.

inthefouowingdiscussionsonlyplprOGlewiLlbepre･
sented.

InFig.5.thetimevariationsofpJwithandwithout

theliquidpropellant(LP)arecomparedwitheach

other.Withouttheliquidpropellant.thepressureis

increasedonlybythecombustionofthesmokeless

powder,sothatplbeginstoriseatt=4ms.J･eaches

itsmaxI'mumatt=21ms.andgraduallydecreases
duetoheatloss.

Withtheliquidpropellant/thepressurerisepro･

flleattheearlystageissimilar.However,thepeak

pressureisslighdylower.ltisbelievedthatpyrolysis

oEthe拡quidpropellanttakesplaceduringthisperiod.

therebydecreasingthepropeuantchamberpressure

duetonecessaryheatforthepyrolysis.Atatime

intervalfromt=20msto26ms.PIZremainsanalmost

constantvalue,andthenstartstoincreaseduetothe

combustionoftheliquidprope一lant.

4.2Effectsofliquidpropellant一oading

ltwasfoundthattheignition.combustionand

accelerationcharacteristicsweremuchauectedby

methodofloadingtheliquidpropellantTheliquid

propellantwasabsorbedbyasmallpieceofcotton.

putintoabagmadeof20･〟m･thickpolyethylene
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BthdBFtg.6Methods'ofpropeHantl

oadingfilm.andwasplacedattheendoftheprop

ellantchambernearthesmokelesspowder.Theb

agwasfoldedseveraltimes.Fig.6schematicallyillus

tratestwomethodsoffoldingthebag;intheMethod

A.thebagisfoldedsothattheliquidpropellantissep

aratedfromthesmokelesspowderonlybyasinglela

yeroEpolyethylenesheet;intheMethodB.itwasfol

dedsothatthepropellantiswrappedbysevenlay

ersofpolyethylene

sheet.Muzzlespeedsweredistinctlyauectedbyth

edif･EerencebetweentheMethodsAandB.and

summa･ri2edinFig･7･TnFig･7.thediaphragmruPture

pres･surewas20MPa.ThenuJnberoffoldingwa

skeptconstantineachmethod.Reladvelyhigh perfo

nnanceandbetterdegreeolreproducibilitywereob

tainedwiththeMethodA.AmuzヱIespeedof950m

/Swasachievedbyusingtheliquidpropellantof35g.
The
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Scatterinthemuzzlevelocitywas士6% (forpro･

pellantmassof15g)atmost.Themu2;2;Iespeedis

notfoundtobesensidvetothevariadonofpropel･

Iantmass.Aswillbeshownlater.theballisticper･

fomanceforalargeramountofliquidpropeuantcall

beimprovedbyadjustingthediaphragmrupture

preSSure.

AsseeninFig.7,themuzZ;lespeedwiththe

MethodBscatters±25%withliquidpropellantof

27g-aJldshowspoorerdegreeofreproducibi旺ty.The

mu2:Zlespeedismuchlowerinalmostallcases.

Fig.8showsthedmevariationsofp)forMethods

Å anda.Theabscissarepresentsa血 e,t.measured

fromthemomentofnodceablepressurerise.AtA

andAt]ldesignatetimeintervalsfrominitiadoT10f

thepressurerisetoapressuredropduetpexpan･

sionwavesoriginatedindiaphragmruptureinthe

MethodsofAaJldB.respecdvely.Inbothcases.the

pressureslowlyrisestoreachanalmostconstant
valueof5.5MPaatt=7ms.IntheMethodA.the

presureriseduetothemaincombustion'appearsat

t-Ions.However.intheMethodBthepressure

riseappearsdelayedbyllns.Whenitstartsincreas･

ingagainatt=21ms,thepressurealreadydecreases

byabout30%;血om55MPato4.OMPa･Forthislong

delaydmeinterval.theheatlossformthecombus･
tionpro血ctgastothepropellantchamberwancaus･
esthesigniGcantpressuredrop.AIsotherateofpres･
sureincreaseafterEz=2lmsisloweredinthecase

oftheMe也odち.

InTable1.AÊ.Atllandtheirscattersarecom･
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"細 雪 Tab一e1MeasuredvaluesoEAt̂andAth

de丘nedinFig.8.andtheirscatters.Liquid
propel･lant(LP);25

toSOBparedbetween也etwomethods
.
Af

∧isaboutthehalfofAtfl.Moreover.scatterinAt̂

isaboutone･tenthofthatofAtB.Itisconcluded

fromtheseresultst

hatthepyrolysisprocessissensidvetothemethodofloadingtheliquidpropenant.Theignidon

oftheliquidpropellants



(tSILu,O
t
X)qO!1W
P
83V

oo .
51.
01.5
2
.
0

Traveldistance(m)

Flg.
10In･boreprojectileacce lerationproSIeswith

diaerentdiaphragmrup turepre ssures.LP;

25g

(tlJM)aJFtS切巴J 3020110 -5 0 5 10

Time(ms)Fig.11 Propellantchamberpre
ssure(pJ)historiesmeasuredwithdiaer

entdiaphragmrupturepre岱ureSLLP;25g.E=
0correspondstothearrivalofanexpansionwavegeneratedby

diaphragmruPturediaphragmrupturepressures.In

Fig.10,theaccel-eradonoftheprojectileisestimat

edbydifferentiadngthetimevariationofthemeasure

dprojectilein･tubevelocity.Thepmjectiletraveldista

nceiscalculatedbyintegratingtheim･tubevelocitypr

o丘k.InFig.10.theintegrationofthisaccelerationJ

istanceprdlescaleswithaprq.ectilekineticenergy

gain.Theaccelera-tionisdonemainlynearth

ediaphragm -inthe丘rst20%ofthetotallengthoE

thelaunchtube.Theamou山ofenergyinputinthis

regionisdeteminedmainlybythediaphragmmptu

repressure.InFig.ll.atthelowestrupturepres

sure.thepropellantchamberpressuredoesnotreachsuchhigh
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液体発射薬のバリスティックレンジ実験への応用に関する研究

佐宗幸弘●,大庭英治●●,高山和書●

HANを基材とした-液性液体発射薬LP1846を用いて,′iI)スティックレンジ夷験を行った｡実験

は,発射管内径25mmの一段銃を用いた｡10-35gの液体発射薬をバルク装填し,発射管出口速度

1.0km/Sを得た｡火薬重圧九 飛行体の管内速度履歴を潤定した｡液体発射薬の燃焼は,熟分解に起因

する選れ時間を伴う｡再現性の良い性能を得るためには,装薬方法に注意を払う必寮があることが分か

った｡更に.発射管出口速度は,火薬壷と発射管の問におかれた隔膜の破断圧に強く依存することが確

かめられた｡

(●東北大学兄体科学研究所衝撃波研究センター 〒980-8577仙台市青葉区片平2-1-1)

●●東北大学大学院工学研究科 航空宇宙工学専改)
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