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BumingcharacteristicsoffueI･richAP/HTPBcomposite

propellantaddedwithiron0Ⅹide

MakotoKohga●,and≠takaH喝ihara●

Hybridrocketmotorhasbeendevelopingforarocketmotororthenextgeneration･)Iisnecessaryto

investigatethebumingcharacteristicsoffucl-richAP/HTPBcompositepropcLlantiTtOrdertodevelopasolid

fuelforhybrid一ocketmolor.IroTtOXideisusedasapositivecatalystfortheAP/HTPBcompositepropeltant･

TheburningcharacteristicsofA)eI-richAP/HTPBcompositepropeHantaddedwithirDrLOXidewety

iTtVeSligaledhlthisstudy.Fromthisstudylhcfollowingconclusionswereobtained:l)TTtebumingrate

decreasesastheAPcontcn(decreases,andthepTOPe]Ianlssclf-quenchlessthanacertahlAPcontent･The

seLfluenCbedcombtlSLionoccursatalowerpressureandahigherpressure.2)Thepossibilityofcombustion

forfuel･ricbAP/HTPBcompositepropel)antaddedwithironoxideisdependerLtOntheAPcontent,theparticle

sizeofAPandthepressure.3)ThelowerlimitofAPcoTttCnttOCOmbustjsdccICaSedbytheadditionofiron

oxide.4)Theeffectoftheadditionofironoxideonthedecreaseinthe)owerlimitofAPcontenttocombust

be00mesgreaterasthesizeofAPparticledecreases.5)TTteeqectofironoxideontheincreaseintheburning

rateisdependentoTttheAPcontentandthesizeofAPpartictc.

1.lntrodLJCtion

llybridrocketmotorshavebeendeveloplngfora

rocketmotorofthenextgeneration.GashybridrcH=ket

motorisakindofhybridmcketmotors.Am monium

perctllorate(AP)/Hydroxyltent)inatedpoLybutadiene

(HTPB)compositepropellantisusedasasolidbetmost

widely. Thebuming characteristicsoffurl-rich

AP/lTITBcompositepropellanlhavebeeninvestigating

todeve)opaso]idfuelofTlybridrocket,

Thebumingcharacteristicsandtheself-quenched

combustionmechanismoffuCトrichAP/m Bcomposite

propellantwereinvestigatedinthepreviouspaperl)･lt

wasfoundthatthelowerlimitofAPcontenttocombust,
め,"由eXistsaTtdめ,nhOfthep†opcllamtPreparedwith

coarseAPisLowerthanthatofthepropellantprepared

withfheAP. IfdI血.00uldbedecreased,the

app]icablefieldofafuel-richAP/HlTBpropellaTttCOuld

beextendedand,further,theamoutttofhydrogen

chlorideincombustiorLgases COuldbereduced. A
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fuel-richAP/HTPBPropellantat】OwcrAPcontentis

requiredinordertomakearnorcwideusefulofthis

propc)Iartt.

Irono丈ideisknownasapositivecatalystforthe

JW/HTPBcompositepropellaTtt.Itwasexpectedthat

¢mi"WOuldbedecreasedbytheadditionofironoxidelo

thepropellant.Theburningcharactelislicsofbel･rich

AP/HTPBcompositepropellantaddedwilbironOXide

wereinvesliBaLed inthisstudy. Detailonthis

experimentisIeportcdinthispaper.

2.Experiment

lnthisstudycoarseAP(CAP)andfitteAP(PAP)

wereusedasoxidizcrinasimilarLothepreviousstudyl).

CAPwasprepa-edbygrindingacommerdalAPfor5

minutesinavibrationballmilLFarwasprepaTCdbythe

frcczcJTyingmethod27･TheshapeofAPsamplesused

inthisstudywasalmostspherical.Themeanparticle

diametersofCAPandPAPwereaboutllOymand

4L･m,respectively. TTOn(Ⅲ)oxidewasusedasa

bumingratecatalyst.IronoxidewasaddedtoIwl%of

prope)lant3)･HTPBwasusedasabindef･HTPBwas

cured with isophorone diisocyanate. lsophoIOne

dii弧CyaTtatCWasaddedto8wt% ofm B. me

propcltantmixturcswerecuredfor4daysat333K.



ThrccLotsofpropcI]anLswerepreparedaLSameAP

content.

TTtcnT10dlCTnicalbehaviorofprofX:llantwasinvestigated

bydiqeTmdcaJLhcrmalaJlaIysis(m如 andtherrnogravimeby

(TG).DTAaTtdTGwerecarTicdoulusingaRigaku

TAS-LOOTherma)Analyzler. ThecqulpmentSWere

opcratcdinanitrogenflow00nditionalatmosphedc

pressurc.Thesamp]ccontainersforthecqLJLPmentwere

madeofaluminium.Theheatingmtcwas20K/min.

Thcsizeofcachstrartdwas10mm X 10mmin

crosssectionand40mminlength.TlleSideofeach

strandwasinhibitedbysiliconICSin.刀lebumingrate

wasmeasuredinachimney･typcstrandburnerwhich

waspressurizedwithnitrogen.TTtestrandburnerwasset

inatemperatureconditionerwhichisoperatedata

tempcralureOf288士l･5K･TllCignitionofeachstrand

wasconductedbyanelectricallyheatednicb10mewire

attachedonthetopofeachstrand.TT]cpmpeI)antstmnd

wascombLJStCdinpressu一℃rangeofO･5MPa-7MPa･

ThebumingphcrLOmenOnOflhcpropellantwasrecorded

withthehigh･specdvideorecorder.TTtebumingratewas

measuredbythepicturerecordedwiththehigt1-Speed

videorccordcr.n]recLotsofpropelhntswereprcparcdat

sameAPcontentasmentionedabove.ltisjudgedthat

thepropcl]antmnnOtCOmbustwhenoneinthethreelots

ofp-opel)anlswasSCIfluCnChcdorunlgnitcd･
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JtsandDiscussion3.1Thern

ochemicalbehaviorTheTmOChcmicalbehaviorofprope

llantcontainedat¢ 血 WaSinvcstiBatedbyDTA-TGF

J'gurc1showstheDTA-TGcurvesofthepropeLLanLs.

Forthepropellantcontainedat55wl%CAP,acxothe

micdccompositiottbeginsaRcrlhccrystaltraTtSilionpoint

ofAPandthepeakoftheexothcmicdecompositionof

lhepropellantisshiRedto15K]owcrbyironoxide.

TTICdecompositionraleofthep-opc]lantwithironoxideisa

Litt]chigherthantJlatOfthepropeuantwithoutirono

xide.llcterminalwei豆htlossofthepropcIIant

withironoxideisapproximately7wt%largerthanthat
ofthepropellantw

ilhoutironoxide.Forthepropellantcontainedat63

wt% RAP,theFCakoftheexothcrmicdecompositionof

thep10PCllantisshiRedto9)Ktowerbyironoxide

.TT1ccndothermicpeakofthecrystaltraJISitionpointo

fAPisverysmalla∝ordingtotheDTACUTVCOEthep

ropc)lantwithironoxidebecausetheshiningamou

n10日hccxothermicdecompositionis)arse.Thebeginn

lngtCmPeraturCOfdccompositionisdecTCaSedapprox

imate)y20I(･Thedccompositionrateofthepropcllant

withironoxideishigherthanthatofthepropcllantw
ithoutironoxide.Theseresultsshow ironox

idemakesthemaindecompositionreglOntOShifttolowertemperatLJre･The
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Fig･2 BuminglatCCharacteristics

buminBrateCanbeincreasedbyshiRingthemain

dccompositiorLrCg10nOfthe propellantto lower

tcmperatu-e4'･ltcanbesupposedthatd mE.Cou一d-be

decreasedbytheadditionofironoxidel

3.2Burningratecharacteristics

BecauseoftherequlrementSforthepreparationof

AP朋TPBcompositepropel)an(,theupperlimitofAP

conten(inpropellantexistsS)6㌧ TheupperLimitsofAP

conlCnlinpropel)antspreparedwithRAPandCAPa一e80

wt% AP and85wt% AP,respectivclyS)6)･ lne

propellantsampleswerepreparedLessthantheupper

limitofAPcontentinpropc]LantwitheachAP sample･

ThebumingratesofthepropelIanLSWereneaSurCd.As

mentionedinsection2,threeLotsofpropellantswere

prcparcdatsameAPcontcTtt. Ttisjudgedthatthe

p10PCllantcannotcombustwhenoneinthethreelotsof

propellantswasseIトqucnchedorumgnited. Thc

buming一ateCharacteristicsofthepropellantsarcshown

inFig.2.ThebtJmingratedecreasesastheAPconlenl

decreaseslTnregardtolhcprope)1anlpreparedwilTI

CAP,thepropcllantscontainedabove52wt% AP

combust,andLhat00ntainedat51wt%APcombustsonly

betweenIMPaand3MPa.Thepropellantscontained
)essthan5lwt%APdozlOtCOmbustinthepressure

rangeadoptedinthisstudy,betwccnO･5MPaand7MPa･

lllClinearplotofh(burningTalc)againstln(pressure)

Pressure (MPa)

Table1 Pressureexponentofpropetlant

APcontent(wt%) pressureexponcTtt(-)CAP R

AP85 0.

35 -80 - 0.49

75 0.39

-70 -

0.3865

0.34 -60 - 0.28

55 0.40

-52 0

.45 -5 1 0.41 -

50 - 0.

1540 -

0.1435 - 0.1332 - 0.2730 - 0.63bec

omesacurvedslopcslightlyastheAPcontentdecreases.

TlleOverallprcssuTeexponentinthepressurerang

eof0.5MPaand7MPacannotbecalculated.Asmentionedabove,thepropellantcontainedat5Iwt%

APcDmbusLSOnlybetween1MPaand3MPa. Thepressurecxp

onen(inthevicinityof2MPawascalctJ]atcdandthere

sultsareshowninTTable1.TherangeofttlCpICSSuTC
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(hcpressureexponentisa)mostconstantillthecaseoflhc

propellantprcparedwithCAP･

Inregardtothep10PCllantprcparedwithrap,the

propc)tanksconLaI'nedabove3Swt% APcombust

between0.SMPaand7MPa.Thepropct]antcontained

at30wt%APcombustsonlybetween2MPaand5MPa.

Thepmpe)lantscontainedlessthan29wt%APdonot

combustinthepressurerangeadoptedinthisstudy.

TheliTtearPlotoflTt(burningrate)againstLn(pressure)

becomesacurvedslopeslight)yastheAPcontent

decreases.TTletendettcyisthesameasthatofthe

propellantprcparedwithCAP.ThepressureexponeTlt

inthevicinityof2MPawascalculatedinthesame

mannerasthecaseoflhcpropc]lantpreparedwithCAP.

TheresultsarealsoshowninlTablc1.Thepressure

exponentdecreasesabove35wt%APandincreases

belowthatasAPconlenLdecreases.

The ¢mi.Ofthepropeltar)Iwithironoxidewas

expressedascQ.,binthisstudy.Accordingtotheir

burniTlgrateCharacteristics,C血 血OfCAPandrapis51

wL%APand30wt%AP,respeclivcly.Thisindicates

thatcQbidOffineAPis)owerthanthatofcoarseAP.

TheselfluCnChedcombustion∝cursatatowerpressure

andhigherpressure.ItisfoundthaHhepossibilityof

combtlStionforfuel-richAP/frrPBcompositepropcltant

addedwi(hinnoxidejsdependentontheAPcontent,the
particlesizeofAPandthepressuIc. Thisrcsu]tisina

similarmannerofthepropellantwilhoutironoxidcL)･

Theくらh.i.OfCAPandPAPis55wL%APand63wl%

AP,respectivclyl)i TTtelowerlimitofAPcontcnHo

combLJStCanbedecrcascdbytheadditionofironoxide.

TTLedifferencebetweenc丸 山and¢mi.,33wt%,ofthe

propel一antpreparedwithrapislargerthanthat,4wt%,

ofthepropellantprepaIedwilhCAP.ThisstJggeStSthat

theeffectofironoxideonthedecreaseI'nthetowerlimit

ofAPcontenttocombLlSlbecomesgreaterasthesizeof

APpartic)cdecreases.

Inthecaseofthecomparisol10ftheheatgencratcdat

thebumingsurfaceofthepropellanLcontainedatc亀山,

ttleheatquantityofthepropellantpTCParedwithCAPis

largerthanthatofthepropellantplePa陀dwithPAP

beauscc少.rhOfCAPistaJSerthanthatofFAP.Atc¢血,

thebumingratesat2MPaoEpropcIlantpreparedwith

FAPandCAPare0.35mm･S-Jand0.70mm･S-I,

respectively.TheheatgcneTatedontheburningsurface

andthebumingrateoEtbcpropellantpreparedwithCAP

arehigherthanthesevaluesofthepropellantprepared

withFAT,howeverthepropellaTttPreparedwithCAP

sc暮fluenChcdnevertheless･Thcscfactssuggestthat

c¢血 WaSSCarCelydependentontheheatquantity

geneTatCdatthebunlingsurfaceandtheburningrate.I(

Couldbcconsideredthatthemaincauseofthe

sclf-quenchedcombustionwasthemcchanica)condition
onthebumingsurfaceandcon,i,Wasgreatlydependent

ontheparticlesizeaTtdthedistarLCeSbetweentwo

adjacentAPparticlesinthesimilarresultofthepropellant

withoutinnoxideり･Ilisnecessarytoinvestigatecat,.血
and¢mL.OfAPwhichvaryinsizeinordertocxamiTte

thecatJSCOftheself-quenchedcombustioTtandclarifythe

relationshipbetwccncdm由and ¢ 血 .

TherelationshipbetweenthebumingrateandtheAP

contentisshowninFig･3･nebumingratedecrcascsas

theAP00ntentdecreases.ForthepTt)pellantprepared

withCAP,thedecrcmentofthebLJmingraLcisslighdy

largebetween80W偶 APand85wt%AP,i.e.,inthe

vicinilyOfthetJPperlimitofAPcontentiTtPropellant.Less

lharL80wl%APthebumingratedecTeaSeSalmostlineaTly

withdecTCaSingAPconlcTtt･ForthepropellaTltPFeParCd

withPAP,(hebumingratedecrcascsgreatlyinthevicinity

oftheupperlimitofAP00ntentinpTOPeIlant.TTIe

decreaseOfthebumingratebe00mcs)argerwi(hincrcas】ng

thepressureabove45wl%APandbelowthatthedccn ase

ofthebumingrateisindependentonpressure.

3.3EffectofironoxideonincreaseofbLJrninerate

IronoxideistheposilivecalalysIfortheburninsrate

ofAP/HTPBpropellant.Thatistosay,theburninsrate

canbcmodifiedbytheadditionofironoxidelothe

pmpellant. Theinfcren∝softheAPcontent,the

particlediameterofAPandthepressureontheincrement

ofthebumingTalcbytheadditionofironoxidewere

discussedinthissection.

TTLerelationshipbetweentheburningrateandtheAP

contentoflhcpropellantwithoutironoxideissTIOWnirL

Fig.3･刀lebumingrateoftbcp10PCllantwilhoutiron

oxideisIkedataofRef.I.TTlcbuminBratesOfthe

propellantsaddedwithirottoxideareLargerthanthoseof

thepropc]laTltSwithoLJtironoxideata]tpressures.¶le

decreaseofthebumingrateagainstAPcontentofthe

propellarLtaddedwithironoxideissmallerthanthatof

lhepropellantwithoutironoxideinthevicinityofthe

upperLimitofAPcontent_ Especially,thistendencyls

moreobvious)yin(hecaseofthepropellantprepared
withrap.
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shipbetweenbumingrateandAPcontentlnordertomakec

leartheeffectoftheadditionofironoxideonthein

cTCmentOfthebumingrate,LTICratio,JH-)ofthebtnling

rateoftheprope)laTttaddedwithironoxidetothat

ofthep10PellantwithoutironOXidewascalculated.

ncinfluenceoflhcAPcontetttonRisshowninFig

･4･TTLCRisscarcelydepcndcntonthepresstJrCatt

heconstantAP00ntent.TTteRdccTeaSeSwithincleaSi

nsAPcontent. TT)isindicatesthatlhee触ctofironox)'

deonthe)'ncTementOfthebum'ngratedecreasesasthe

APcontentincrcascs.'nledecreaseofRagaI'TtStAPco

ntentforthepropcllantplcparcdwl'thPAPislagerth

anthatforthepropel)antpleParCdwithCAP.Itisfoul

dthattheeffectofirotlOXidcontheincTeaSCOfthebumingrateisdependentontheAP

contentarLdthe

sizeofAPparticle.4.ConcLtJSiortsItisnecessaryto

investigatetheburningcharacteristicsoffurl-rich

AP/mYBcompositepropellantinordertodevelopaso一idb

eloHlybridrocket.IronoxideisLJSedasapo

sitjyecatalystfortheAP/m Bcompositepropc)lant.

ThebumingchalaCleristicsoffuel-richAP/HTPBcom

positepropellantaddedwithironoxidewereinvestig

atedinthisstudy. Fromthisstudythefollowingco

nclusionswereobtained:1)Thebumingratedecreas

esastheAPcontentdecTCaSCS,andthepropettantsself-quenchlcssttlanaCertainAP content.
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酸化鉄を添加したFuel･richAP/HTPB系

コンポジット推進薬の燃焼特性

甲賀 誠●,萩原 豊●

ハイブリッドロケット用固体推進英としてfue)･richAP/HTPB系コンポジット推進薬の燃焼特性に関す

る研究が必要とされている｡酸化鉄は 〟/HTPB系コンポジット推進薬の燃焼触媒として用いられてい

る｡本実験では,酸化鉄を添加した fuc)-richAP/HTPB系コンポジット推進薬の燃焼特性について調べた｡

その結果,以下のことが明らかになったo1)AP含有率の減少にしたがい燃焼速度は減少し･あるが 含

有率以下で中断燃焼が起こった.中断燃焼は低圧または高圧餓域から起こった｡2)酸化鉄を添加された

fucL_.ichAP/HTPBコンポジット推進薬の燃焼が可能な粒因は･AP含有軋 圧力鞄朗とAPの粒子径に依

存することがわかった｡3)酎 ヒ鉄を推進薬に添加することによって,燃焼可能なAP含有率の下限を波少

できた｡4)用いたAPの粒子径が小さいほど･酸化鉄添加による燃焼可能なAP含有率の下限の減少虫は

大きかった｡5)酸化鉄による燃焼速度増加効果は･AP含有率と用いたAPの粒子径に依存した｡

(.防衛大学校 応用化学科 〒239-8989横須賀市走水 1-10120)




