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EstimationorhighestburningrateorA〟HTPBcomposite
propeIIantwithexperimentalapproach(I)

-BurningratecharacteristicsofAP/HTPBcompositepropellant-

MakotoKohga'andYutakaHagihara

ThcburTlingralcisoneoftheimportantpropertiesOftheprope日aJlt.llleupperlimitcontentorAP

in00rporatcdinAPhrrpBcompositepropcllant,¢加eXjstsbecauseoftherequirementsforthepreparationof

p【opellant.TTtcbumingrateincTCaSCSWithincreasingtheAP00ntentandthebuntingrateofthep10Pe)Lant
preparedat¢W.roisthehighestva)ueofthepropellantpreparedwithAPusedasanoxidizer.ItisnecessaJy

fortbcdesignofAP/Io bcompositepropellanttoestimatero. nlispaperisoneoraseriesofthesttldy10
developLTleestimationoft･.)withthecxperlmentalapproach.

Alotorprope]lantswerepreparedwitJlmanykindsorAPsamples,C.g.sphen'ca]AP,porousAP.ho)lowAP,

narrowdistribution,widedistribution,monomodal,bimodaL,elc･,andthebtJTningrateCharacteristicsofthe

p10PCILantswcrcinvcstigatcd.lllC♂ -Ofthepropellantpreparedinthisstudyisintherangeof721085wt%
AP.Andtherangeofroal7MPaisll･7-25.2mm･sTl･ llleincrementofbumingrateiTtCTeaSeS

rcmarkablywithcomingc]oscto¢一･.TTIeincreasingratiooftheburningrateupondleAPcontentincreases

withincTCaSIngSpecificsurfacearea]cssthan500m:･kg-I,andisthemaximumandalmostconstantabovethat･

TheincrcaslngratioofthebunlingrateuponthespecificsurfaceareaincreaseslinearlywiththeAPcontent.

TT)cbumingratewou)dbechangedgreatlybytheslightvariationofthespecificsurfaceareaatthehigherAP
content.

1.lntroductio【

ForthedesignofacomposltCP10pCILant,thespecific

impulseandthebLJrningratearctheimportantpropcrtics.

TlleSPeCificimpu)scisaphysicalquant)tyrcpresenLSthe

totalimpulscperunitweightorp10PCllant.As the

burningralCincICaSCS,theamountOfcombustiongasper

unitlimcincIcascsandla唱CrthrustcanbcobLaincd.

¶1CrCroIC,ahighspecificimptJIscandhighbumingTalc

propclLantisrcquircd.

AJTlmOniumpercMomtc(AP)/hydroxyl･terminated

poLybutadicnc(m B)compositepropellantwasadopted

inthisstudybccauscAP/TTrPBcompositepropcHantis

themostwidc]yusedoneatpresent. ¶lCSpecific

impulscandthebumingrateofAP/HTPBcomposite
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p†OpcllantincTCaSCWithincreasingAPcontent.The
propcllantprcpaTCdatthe]argcrAPconlCntisrcquiTedto
obtainthehigherspcdficimpLJLscandthehigherbuming

rateofAP/JTTPBcompositep10PCILant. Theupper

limitcontentofAPincorporatedinp10PellanL,CL exists

b∝atJSCOfthercquLremCntSforthepreparationof

AP/Jm B 00mpositep10PCl)antl.:'. TT]especiRc

impulseandtheburningrateofthcpropel)antat¢ 柑are

thehighestvalueofthepropcL]anLpreparedwithAPtJSed

as anoxidizer. ttisncccssaryforthedesignof

AP/HTPBconlpOSitepIOPCuanttOestimatethespeCはC

impulseandthebtJrningrateofthepropellantprcparcdal

¢ 仰 .

Itwaspresentedthat¢ 仙Canbccstimatcdwiththe

specificsurfacearea,Swmeasuredbyair･pcrmcability

method2)･Thespecificimpulsecanbecalculatedh･om

theAP00ntentbylhcthcrmodynamicmethodtheoreticaIly3'.
TTLerefore,thespecificimpulseofthepropcllantprepared

at¢ 仙CanbccslimalcdbySwofAP.OTltheoLhcr

hand,lhcburningrateisdependentonLhcAPcontent.
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However,theburningrateorthepropcllantprcparcdat

¢叫,rOCannotbcdctcrminedby¢-Ionlybecausethe

burningralCisnotonlydependonlhcAPcontcnlbutaltw

theparticlepropcrticsofAtt Nowrt･isdctcrmincdby

themcasurcmcnloftheburningIalcsormanypropc]lanl

samplespraclicaL]y. Thedctcrminationofrし･takes

labourandtime.Ilisanimportantsubjectforthedesign

orAP/HTPB composite propellantto makelhc

estimationorr¢.

mebuming IalccharactcristiesorAP/1m B

compositepropcllantTlaVebeeninvestlgat]ng･Howcvcr,

Lhcburningratecharaclerisliesofthepropc日anlprepa†cd

aLd～I,thatis,rohaveLilLlcbeenpublishcdtodate.

ManykindsofAPsamp]cs,C.g.sphcricaIAP,porousAP,

hollow AP,niLrrOW distribu(ion,widedistribution,

monomodal,bimodal,etc.,weTCusedasanoxidizerin

thisstudy. TTleburningralccharacteristicsofthe

propellantspreparedwithlTleSeAPsampleswere

investigatedinorderloRndoutlhcestimationofrowith

theexperlmentalapproach.Thispaperisoneofaseries

ofthestudytoestimalcrL,･

2.Experimental

2.1Samples

APsamplcsusedinthisstudyareSTIOWninTablel･

SamplesA-EwcrcpreparedbygrJ'ndingcommercial

Apro√5,10,20,30and40minutesinavibrationball

milL SampleFwaspreparedbyshift]'ngsampleEand

Table1FomlulationofpropellantprcparedwilhbimodalAP

Samp一e shape D､舟 m) S-(m3･kg-I)

A i APgroundinvibrationmillfor5minulcs

a

C

D

E

ド

G

H

∫

K

L

M

N

0

APgroundinvibrationmil1for10minutes

APgroundinvibrationmillfor20minutes

APgroundinvibrationmiLlfor30minutes

APgroundinvibrationmillfor40minu-es

38FLmPassed

APpreparedbythespray-dryingmcLhod

APprcparcdbylhcspray-dryingmethod

APpreparedbythespray-dryingmethod

APprcparcdbythespray-dryingmethod

APpreparedbythespray-dryingmethod

APpreparedbythespray-dryiI唱mClhod

APprcparcdbythespray-dryingmcttlOd

APprcparcdbythespray-dryingmethod

APprcparcdbythespray-dryingmethod

… ≡ ≡‡…≡;‡≡三………≡喜S:C:::zyc=_:d:…≡n:A:m:芸hh:.:d

; j Apprcparcま:bGy:I;岩::nc,DZ:C8-odr:::yngmclhod

b A:J=4()wl%:60wt%,

A:P=5Owt%:50wt%

A:R=6Owt%:40wt%

A:R=̀lOwt%:60wt%

G:R=80wl%:20wl%

G:R=6Owt%:Ilowt%

G:R=5()wt%:50wt%

Spherical 110 40

Spherica1 70

Sphcrica1 50

Spherica1 40

Spherica1 40

Spherica1 20

Sphcrica1 2

Spherica1 2

50

loo

150

180

260

1010

940

Spherica1 3 900

Porous 6 1060

porous L 8 450

p｡.Ou£ r 7 780

Porous

Porous

Porous

Hollow

l̀ r 840
3 990

4 860

3 1200

Hollow 3 1160

Il｡Il｡w 4 6川

Hollow 11 370

2 480

10 470
F

完 訳jX

9 ㌢ 220



wasAPparticlcspass:jCd38/zm･sonicsi鮎rwasusedasa

si触r.SamplesG~Qwerepreparedbythespray-drying

methodl6)･samplcsRandSwerepreparedbythe
freeze-dryingmethod:'･SanlpLesa-hwerethemixture

oftwoAPsamples.

ThescanningcLcctTOnmicroscope(SEM)photographs

ofsamplcsA,∫,P,andRareshowninFiguTCL The

shapeandthemeanvolumcISurfacediameteronnumber

basis,D-ofAPsamplewereexaminedfromSEM

photograph･Thercsu]tsarcshowninTablel･TheD Ll

isintherangeof2to110/Lm.Theshapcofsamplcs

A-EwassphericalandtheparticlesizedisLribuLionwas

wide.TheshapeofsampleFwassphericalandthe

distributionwasnarrow.TheshapesofsamplesG-I,

sanlPIcsJ-0,andsamplesP~Swcrcspherical,porous,

atldholtow,respcctivcly.Thesepartklesizedistributions

werenaTTOW.AccordingtothecxtcmalviewofsamplcJ,
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PorousAPhassomesmanholesattheshelland(hcvoid

insidctheporousAPparticleisconnectedlooutsidethe

pilrticLe･TheshapeofsamplesPandRLookssphcrical

accordingtotheSEM photograph. Howcvcr,Lhesc

sampLcshaveavoidattheparticle,thatis,hollow6･了).

Samplcsa-hwcrcbimodal.TheS甘,Wasdeterminedin

Rcf･2･The-csullwasshowninTablel･Therangeof

sL-js40-1200mご･kg-1･

Diffcrcntia]themlalanalysis(DTA),thermogravimctTy

(TG)andX-raydiffractometry(XRD)Wereemployed

aspTCLirninaryexpcrjment. TT)eDTA-TGthermogTamS

andtheXRDpatternsofAPshowninTableIwcrc

almostthesameandwerecloselycoincidedwiththe

typICalDTA-TGthermogramandXRDpa【temofAP,

respeCtlVCly･¶1CSeresultsindicatethatthethermochemicaL

hchaviorandthecrystallographica]propcrticsofAPused

jntMsstudywerealmostthesame.

1000FLm
a.A

C.P

b.J l
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HTPBR-45MwasLJSedasabitldcr.m Bwascured

withisoph0-Onediisocyanate.lsophoroncdiisocyanatc

wasaddedto8wt%ofHTPB.

Tnordertodetenlline¢仙andrd,aprOPellanlshould

bepreparedwiththeoptimumoperatiTtgCOndilion.¶le

optimLJmOPeratingconditioninthisstudywasdecided

onthebasisoftheresultsofRef.8andthepropeltant

sampleswerepreparedaccordingtoRefs･1and2･

ThcAP/HTPBpropellantsamplespreparedwcrc

dcsignaledbythesymbolsofAPsample.ForcxampLc,

thepropcllaTttSamplepIePaICdwithsampleAwas

designatedaspTOPCLlaTttA･

2.2MeasurementofbLJrninBrate

¶leburningratewasmeastJrCdinachimneytype

strandbunlerWhichwaspressurizedwithnilrogenat288

±L.5氏.TTtcrangeofpressurewas丘om0.5MPa107
MPa.ThestrandsamplewasIgnitedbyanelectrically

heatednichromewireattachedoTtIkeLopofeachstmnd

sample.TwofuScwireswerethreadedthroughthe

strandsamp)cal25mmdistance･ n efusewirewascut

assootlaSthebumingsurfacepassedthoughthefuse

wire.ThebLJmingratewascalculatedwiLhthecutoff

periodoftwoAJSeS.

3.ResultsandDiscussion

3.1PropeJlantpreparedat¢ 別 .

Thc ¢ 叫eXI'stsowingtotherequirementsforthe

prepala(ionofAP/m Bcompsitep10PellantW.The

bumingrateinCreaSeSwitbincreasingtheAPcontentand

roisthehishestvalueofthepropellantpreparedwithAP

usedastheoxidizer. TherocanbedetcTmincd

inevitablyatthesametimeasthedecisionofd｣ ..

TllC¢･W Wasdeterminedinthefollowingway

cxpcrimentallya∝ordingtoRefs.1and2.First,the
uncLJredpropellan(～arepreparedatvariousAPconlcnls

andtheLargestAPcontentintheuncurcdpTOpe)]ants

whichhavetheviscosity required forcasting is

dctcrmined. Second,threelotsofpropcILanlswcrc

preparedalsameAPcorLtenL TheAPcontentwas

decreasedby1wt%AP斤omthelargestAPcontentinthe
uncurcdpropc)lantswhichhavetheviscositylequircdfor

casting.WhentheproportionofbubbleconlaminaLion

inpropeHantislessthaT1210vo]%,thereproducible

bumingrateisobtainedandtherelationshipbctwccn

bumingrateandpressurefo一lowsVieil]e'slawaccording

tolhccxper)encc]'nthislaboratory.Whenlhcbuming

rateisreproducibleandfol一owsⅥeiLIe'slaw,ilisjudged

thatLhcbumingrateoftheplopeltantisnotinntJCnCCdby

lhcbubblecontamination,thatis,(hcproportLOnOf

bubb1ccontaminationinpropellantislessthan2.0vo1%.
lnthisstudy,¢ -wasdctcnT)incdasthelargcstAP

contenHrLthepropellants,ofwhich(heburningrateisnot

influencedbythebubblecontamination.

ThepropellantswerePreparedwithAPsamplesshowTt

inrrable1and【hebuminBratesOftheirpropellantswcrc

measured･Figure2showstheburningratechaTaCLcristics

ofpropeuantsA,J,P,andA.Thebumingmteincreases

withirLCreaSingAPcontent.Thepropellantprepared
abovecertainAP00ntcTltCOuLdnotobtainreproducible
bumingrates.ThelargestAPcontcnLst0Obtainthe
reproduciblebunljTtgrateforpropellantsA,I,P,andR

are85,73,72,and80wt%AP,respcctivcly.1¶isresult

iTtdicatesthatthevaluesofd･Edforp10pCllantsAJ,P,

andRare85,73,72,and80wt%AP,respectively.Tbc

¢wofthepropellantspreparedwithAPsamplcsshown

inTable1weredeterminedinthesamewayasabove

nlCntioncd TheresultsanshowninTabtC2.T71e少 .a

isintheTangoOf72to85wt%AP.Theb.wof

propellantsAandBisthemaximum,85wt%AP,and

thatofpropellantsPandQistheminimum,72wt%AP,

inthisstudy.

Theplotoflog(bumingrate)againstlog(pleSSUrC)is

fourLdtobeapproximatelylincar.Ther｡atcertain

prcssurccouldbeestimatedalmos(exactlybythestraight

0
1
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LinedmwingwithtwopointsonaLog(hmingraLc)-
Log(pressure)graph.TheromcasurcdatlMPaor7

MPawasdetermined舟omtheburningratecharac(erisLics

assTIOWninFiBl2･ThesevaluesarealsoshowninTable

2.7llerangCSOfToatIMPaand7MPaare4･719･3

mm･S-Iandll･7-25･2mm･S-L,respectively･Thero

at7MPaofthepropellantgistTlehigTleStinthissltJdy･

3.2Jncreasingratioofburningrate

3.2.1JncreasingratiouponAPcontent

TTLCI)umingrateincreasesastheAPeontenLittcTCaSCS･

InorderlomakecleartheeffectoftheAPcontentonthe

burningrate,therelationshipbctweeTHhebumingrate

measureda(IMPaor7MPaandtTleAPconLcntis

showninFigure3･Theburningrateincreaseswith

iTtCreaSingAPcontetltandespeciallytheincrementofthe
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burningrateincrcascsgreatlywithcomingcloseto 45m T.

ThcincrcmcntofthebumingratemcastJredat7MPajs

largertTlanthatoftheburTtingratemcasulCdat1MPa.

¶lCSerelationshipsdi胞rfromoneanotherandthe

incrementoftheburningrateisvariedwitTIAPsample.

ThisresultsuggeststhattheinnuenceoftheAPcontent

ontheburningratewou一dbedependentontheparticle

proper(icsofAP.

TheincrcasLrLgraljooftheburningrateupontheAP

conlcnt, αisdcfincdasthefollow)ng.

α= dr
duPconte〝E)

As mcntioncdabove,thejncrcmcntofburningrate

increasesremarkablyinthevicinityofめ .q t.InorderLo

makec)carthedifferenceinα,αwasdetermined

Table2Bumingratecharacteristics

Symbol ¢m以(Wt%) r¢(mm.S~l) α(
-)lMPa i 7

MPaA 85 F 5.3 11.

7 1.7B 85 I 5.
3 12.1 1.9C 84

5.4 12.4 2.1D 83 5.4 12.8 2

.6E 83 5.5 14

.2 3.1F 82 5.

7 15.1 3.5G 75

6.2 16.9 4.6H 76 6.9 [ 19.8 4.
7I 77 7.2 ー 21.8

4.3∫ 73 5.8

15.4 5.2K 80

6.9 19.l 4.5L 77 7.4 24.2 5.

5M 77 7.1 23.)

4.5N 74 6.2 17.2
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fromlhcdiffcrcnccbelwccnroandthebumingrateof

thepropcIlantprcpaTedattheAPcontentwMehsubtractI

wt%from くわ叫.TTICαcalml]aLcdbyuseofthebuming

ratemeasuredat7MPalkhrgcrtTlanthatat1MPa.

TheacalcuLatcdfromthebtJmingrateat7MPawas

usedinthefollowingdiscussion.Thevaluesofαare

showTlinTablc2.Thcrangeotαisl.7-5.5.
ThcflameofAPcomposl'tcpropcllantisasocallcd

tl.
diffusionname,andthemodelorMultipleFlames)s

gencralLyacccptcdasamodctofthenamestructure.

AccordingtothemodelofMu]tip]eFlames,theoxidl'zer

andbinderdccompos)'tionproductsdL'ffuscandm]'xand,
00nscquently,thc00rnbLJStiono∝um ltcanbeconsidered
thatlhccombtJStionofAPom rsonthesurfaceofAP

paTticlcISomeporousOrhollowAPsampleswcrcused

inthisstudy. ｢mI'SsuggcslCdlhalSvwouldbcan

appTOPriaLcpropertylocxprcssthesurfaceareaOfAP

particlecontributestothecombustion,comparedwithD...
TheS.rwasusedastheparticlepropertytOrePrCSCntthe

s]'zcofAPpartic一erelates10COmbuslt'oninfo]low]ng

discussion.Figure4showstheinnuenceofαonSw.

TheαincTCaSCSWithincTCaSingSwlessthan500m:･kg-I,
atldisthemaximumandapproximatelyconstantabove

(.Is
u
Tu
)
2]u･Tg
t

コ
U･TnU

30201003020100 l l l l l t't la.7h4Pa

二

.∠l l l l l l l

lb.tMpa ▼A
△E
∇G
ⅠJ

OP●R

l l l.l t t.l l70727

4767880828486Ap

content(wt%)Fig･3Re)ationshipbetweenbumingrateaJldAP

COntenl～ that.Thisfactindicatesthatforthep†opcL

)antprcparcdwithAP,ofwhichSu･isabove500m:･kg-L,

thejncTementofthebunlingrateinthevicinity

of ¢ - isthemaximumandalmos

tconstant.3.2.2lncreasing

ratiouponSwTTLebumingratedependsnotonlyont

heAPcontentbutalsoonlhcpartI'cIcpropertiesofAP,

e.g･parliclediameterandspccirLCSuTfaccarea.TTleSけ

･WasadoptedastheparticlepropertyLOrePreSenllhcsizeo

fAPparLic1ccontributestothecombLJStionasmcntion

cdinsection3.2.1.1mCL'ncTCaSlngratiooftheburn]'ngr
ateuponsb･,βwasexaminedin

thissection.Figure5showstherelatiorLShipbetweentheburnin

g10

8

〇

6ち

42 500 10005,(m2･kg･1)Fie.4InElucnccof
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Table3Resultsof♂

ratemeasuredat7MPaandSw･Thebumingrate

increaseswithincTCaSingS〝. TllCaPPrOXimalce

quationwasdeterminedbythe)Cast
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実験的手法によるAPノ瓜TPB系コンポジット推進薬の

最高燃焼速度の推算(Ⅰ)

-AP/HTPB系コンポジット推進薬の燃焼速度特性一

甲賀 誠●,萩原 豊●

AP/m Bコンポジット推進薬は製造上の条件があるために.推進薬中に混入できるAP含有率の上

醍,¢帖がある｡推進薬の燃焼速度は,AP含有率の増加にしたがい大きくなり,¢～.で剣道された推進

薬の燃焼速度,T｡は最大値となる｡推進薬を設計する上で.r.を推昇することは必輩である｡実験的な手

法によってT｡の推穿法を兄いだすために,AP/m Bコンポジット推進薬の燃焼特性を調べた｡本実験

描,r｡の推算法を兄いだすための一連の実験の一つである｡

さまざまな粒子径(体面積平均径:21110zEm),粒子形状(球状,多孔質,中空),比表面械(40-1200

m2･kg-L),粒度分布(一山分布,二山分布)のAPを用いることによって.¢棚が72-85wt%AP.7MPa
におけるrdが 11.7-25.2mm･S-Lの推進薬を製造できた｡製迫された推進薬の燃焼速度はAP含有率の

増加にしたがい大きくなり.特に血,W近傍における燃焼速度増加率は大きいことがわかった｡AP含有

率の増加による燃焼速度増加率は,比表面横が500m2･kg-1以下では比表面梢の増加にしたがい大きくな

り,それ以上ではほぼ一定で最大値となった｡比表面積の増加による燃焼速度増加率は,AP含有率の

増加にしたがい直線的に大きくなった｡このことは,AP含有率が大きくなるほど,APの比表面積がわ

ずかに変化すれば,燃焼速度は大きく変化することを示している｡

('防衛大学校 応用化学科 〒23918989横須賀市走水 1-10-20)


