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I.ItttroductioTL

Sludies on combustion of solid rocket

propellantsarcclassirledinloanuml児rOf

Gelds.Inthisresearch,afundamentalcomb-

ustionmech.lnism wasinvestig.ltedexpenm･

enta)ly.Theinitialstepinaseriesofreactions

occurring during propellantcombustion is

conversionoEsolidconstituentsto reactive

gases.OnthisproblemF.Danielspresented

ahypothesisconccmingrate･deteminingstep

andburningrateOfdouble-basepropcllanls.1)

ByusingatlArrheniustyperegressionrate

equationheobtained46.7kcal/moleforan

nctivAtion energy oEN-0 bond from his

experimentalresults,andevaluatedburning･

ratesthcoretically.However,thistreatment

w.lSlackinginpressuredependenceofburning

mtcs.Schult之etal. developedthiswayoE

reasoningtobumingoEcompositesolidpro･

peIlmtsandproposedatwotemperaturethe･

ory.2)3)Andthesemacroscopictreatmentsof

polymerdegrad.ltion proccsses lmve t光en

developedintoamiCroscopicanalysisbyB.
Ravinovitch.I)

Inadditiontopyrolysisreactionofpolym･

cricbinders,thebumingprocessesofcompl

ositesolidpropellantsinvolveheatandmass

transferbylaminarandturbulentdiffusion

andanumberofgas.phasechainreactions.

RiceS)andGecklerC)emphasi芳edthatthetime

requiredformixingbydiuusionoEtllegaSe･
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ofTokyo,Bunkyo･ku,Tokyo.
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ousfueland oxidiZierStreams, Should t妃

takenintoconsiderationoEtheoverallconve.

rsionrateandmigtltt光 Ofdominantimport-

anceunlessmelting oEsurfaceand liquid

ph.lSemixing would precedegasi丘cation.

Thisdiqusionmodelledtotheconclusion

thattheburningratewasunauectedbypress-

ure,whichwasincorrect. M.SummerGeld7)

柵 presentedatheoryoEbumingthatyield-

edcertainpredictionsregardingeffectsofpre-

ssure, Euel･oXidantratio, particlesizeand

bumingratecatalystcontents.Summer鮎Id's

theorywasepoch･makinginthatthepressure

exponentwas derived theoretically which

fairly agreed with experimentd results.

Ⅰ-Iowever,thistheoryfailstoouerdirections

forcontrollingpressureexponentsinorder

to obtain mesal0r Plataeu･buming. And

neitherdoesitexplainthediaerencet光tWeen

apressureexponentofammonium percuorate

andthatOfpotasiumperchloratepropellants.

Thesedisadvantagesmightberesultedfrom

thefactthatllistreatmentwasnotchemical

butme(:hanical.

Anidealtheoryshouldt* suchonethat

makespossible(1)controlofaburningrate,

(2)establisllmentOfmesa･Orplataeu･buming,

(3)selectionofcatalystsandoxidants, and

soon. Unfortunately, theredoesnotexist

anydependabletheorytoguidepropeuant

formulationsatpresent.Thisisduetolack

ofinvestigationsbaseduponcllemiCalreaction

mechanismsandkinetics.

Aflerpyroly.Sisofsolidphaseofpropellants,

reactionstakeplaceinthegaseousphase.
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kt'actionsoLammonium perchlorate wcrc

invcstigatcdbyLevyandFriedman,10) and

manyothers,thoseoEcompositeprope)hnts

byM.SumJner丘eld,7)6)9) L A.Povinelli,ll)

S.Tsuchiya12)andsoon. However,invest･

igationsoEgaseousreactionswerelimitedto

nlCaSuremCntSOf瓜ametemperatures,analysis

oECombustionproductsandintensitymeasur･

cmcntsoEspectrallines. Only S.Tsuchiya

referredtoareactionmechanismbycompar･

ison oftllCOreticalandexperimenlal values

ofnametcmperaturcs.Andaconclusionwas

derivedtlmtthechemicalequilibriumwasnot

atlaincdinthe8amcgasoEammoniumperc･

hloratepropellants,andthatl九iscllemically

JIOn･equilibriumstatewasduetoexistenceoE

cxeess nilriC oxideproduecd by thermal

dceompositiorLOfammonium perchlorate.

Allhough many investigations have bccn

rcportcd of combustion mechanisms and

kinetics, cxpcrimentshave scarecely tx!en

carried outwith giLSCOuSreactionsduring

combustionofcompositeprope1lmtscxccpt

one which McD. CummIngsla) reporlcd

recently.

Asreviewed,informationsaboutcllemical

reactions in propellantcombustion areso

nleagCrthatatheorycannotbedeve)opcd

whichwouldcombinepropellantcombustion

tochemicalreactionsincorporatedtherein.

Thereforethisprogramwasdesignedinorder

toobtainmorebasicinformations.Pyrolysis

oEapolymericfuelbinderwasexperimentally

investigatedforlheかststep.

Studieson kineticsand mechanisms of

polym erdegradationhavebeenconductedby

spccialislsinhigh polymerchemisLry,whose

mainobjectsa托 inelucidationoEchemical

structuresofnaturalmaterials,understaJlding

ofprocessesinbreakdown,gettinginformat-

ionsaboutthestructureandcompositionof

copolymers and so on. Therefore those

experimenlshavebeencarriedoutundermild

Yol.27.No1.11舶

conditions,i.C..energy issmilllwllicllis

supplied to polymersfordcgradalion. In

combustionofsolid propellaJltS, pOlymeric

bindersareexposedtolhcheatLIuxoEhigh

intensity. Forestablishmentofsuch an

experimentalcondition, an apparatuswas

developedwhichwasequip叩dwithallintense

healinge)emcnt. AnalysesoEdcgradalion

productshavebctnreportedofdoublc･base

propeIlm tsIOandammonium perchloraLe,LO

butnotofpo]ymericEueIcomponentsof

compositepropellants.

Agreatnumt光rOfpapershavetpcnpres･

ented regarding dcgrad.llion rcacti('ns of

polymc111ylmcthacrylatcandpolyslyrcnc. A

fewinformations,however,canl光foundin

litcriltureSWithrespecttopyrolysisofpolyb･

uttldicnewhicl=vasusedllS aSampleinthis

progratn･Samsel16)andCoblerobtainedgas

chromatogramsoEpyrolyzatesoEpo]ybutadienc

butdidnotidcnliRledthem.Volalilcdegrad･

aLiollprOdu舶 Ufpolybtltndicncwcrcallalyzcd

byWall.17)Theseproducts,showninTablu

1, formedthrccperL･eJlloftheoriginal

samplehealedto400℃.ThtlmOl10mCryield

frompolybutadicncamountedtoollCPerCent.

Madorsky and coworkerslO) carried outA

moredetailedanalysis. PyroIysisinvacuum

producedtwomainfractions, Volatileand

involatileatroom temperature. Thelatter

constitutedat)cast80-90percentoEthe

whole, and theaveragemolecuhrweight

was739,whichmeantthatontheaverage

fragmentsinthisFractionconsistedoEabout

13-14monomerunilS.Twomaimcomponents

oEvolatilefmctionswt!rebutadiencAJ)dbute-

nes.ThesewL･rCanaly批dbymeansoEamass

spectromeler. Analyses oE pyrolyZZlteS Of

potybutadiencaretabuhtedinTableI. In

ourreseatch,cuectswerestudiedoEpyrolysis

temperaturesandcontacttimeonamountof

pyrolyzates.Inaddition,dissociationenergies

oEC-CbondsinthelongchainoEpolybut且･
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fableIPyrolyzatcsoLPolybutadicnc

authorsJMadorskyIWall

oEAm IysisIGaschro･LMassspec･日
Tcmpemture
omponenl/Pressure

450-1000 I350-5001400

Iatm Iinvacuum.atm

一
D

D

D

一

一

一

一
D

D

D

一
D

D

一

D

D:Detected,
-:NotJctected,
+･･Detected,butnotbyamassspectTOmL･tCr.

dieJleWereeStinatedandapyrolysismecha-

nism wasspecuhted.

Ⅱ.ExperinenblAppnttwandProcedure

A pyrolysischamberconsistsessentiallyof

a17mm transparentSilicatutRheaLedwilh

AcylindricalheatiJ)gelement.Thefumace,

whichiscontrolledbyavariabletraJISformer

toraisethetemperatureup 10 1,300℃. A

samplerodhasashortpinattheheadcnd,

withwhicllZIpieceoLsampleisslabtd and

insertedrapidlyintothecenterofthechamtだr

atadesiredlemperattlre.
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ForanalysisoEpyrolysisproducts,thegas

chromatograph oE YnnagimoLo GCG 220

cmployingthermalconductiyitydetectorswas

used. Light gasses except methane and

hydrogenwere sampled in A trap Cooled

withliquidnitrogen. C｡mpoundswithhigh

boiling pointswereinjt･cleddirectlyintogas

chromatographyinthemamlCremployedin

pyrolysis gas Chromatogr叩hy technique･

MethanAndhydrogenweretrappedinagas

samplingvessel,andanalyzedqualitatively･

Gas chromatographic conditions employed

ares110WninTat〉le2.

TAtlle2GascllrOnalt)griIPhiccondiliorLS

ruI霊cpcrl 謡̂ 急 .

Di12-cthylhexyL
setnczLte20%on
fircbrick
(30-60mesh),2m.

Polydicthylenttg]yct)I
SuccinaLe25%on
Di鵬OlidM,4m.

Silicagel,2111.

AcLive払rtx)n,)Ill.

Vinylcycloh･
eXCne
Unkl10Wn
compd.

Butndicnc-
1,3

㌫課 cJe?I
Ethane,
Methanc

A thermosetting polym erwasused asa

sample, themaincomponentoEwhichwas

polybutadiene(nolecuhrweight=3,770)with

carboxylgroupsatboth endsandwhichwas

curedwiLhMAPO.Thecuringreactionand

structureoEthepolymerare asFollows:

f100C- 卜C-C-C-C-C-cI
C=C C=C

- L cIL十 -- coolI

+MAPO-
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Ill.B!xperiTttehhlllcSults

CompontsoEpyrolyzatesObtainedconsisted

of;

Ilydrogen Elhane

M cthane Butadienc･1,3

Accty]ene VinylcycIohexene(ad:.met

ofbutadiene･1,3)

Elhyleme Unknown(B.p.>200℃)

Thcsc components were completely the

sameASthose obtained inpyrolyzingbuta･

dicnc･1,3 with all exception ofunknown

compoundsdelecled on thecolum No.1.

Thee∬ectoEpyrolysistemperatureonthe

amountoEeach componentofpyrolyzates

wasclearlyobtained asiHustratcdinFigures

1-3. The amountOibutadienemonomer

reached amaimum value, 5.2weightper

centoEtheoriginalpolymer,atabout650℃

LInd ethylene20.8weightpercentat800℃

when the contacttimewas38.6 sec. At

lowertemperature,theamountsofbuladicne

400 600 800 70

00Pyro]ys

istemp.(oC)FIE.I E恥ctoEpyrolysislempemttlreOnamount
ofpyroly祖tCSOEpolybutil(lic･nt･(HContact
time:38.
6sct: .

OEthylene,
●ButadiLme,
G)Ethanc,
XAcetylcnc

Yol.
2T.No .

I
.
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舶
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5
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.)̂
t)
･'一t!J
uO
叩SJâ
uOU

400600 800 1000Pyr

olysistemp.(℃)Fig.2 Elk
etolpyrolysi!jtemt*ratureOnamountt)∫pyr
olyzatc50lpolybutadienc(H)Contacttimc:

26.85cc.O E111
ylt:nL:,● ButatlicJIC.ii

liLhilnL!, ×Acctylcnc(%JA
t)
3
一t2
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and etl､yicne increase astile degradation

lempcralureisraised. Tllisimpliesthatthe

primary decomposition(dinerandmonomer

formation) aJld secondary decomposition

(From butadienetoethyleneandothersmaller

fragments)take'placeatthesam etimeand

consecutively. The primary decomposition

predominates overthe secondary decomp･

osilion atlowertemperatures. Athigher

tempemtures than 650℃, the secondary

predominalesandabovesoo℃,furtherdeco-

mpositiontakesplace.Thesamet血avioroE

thesecondarydecomposition canbeseenin

pyrolysisoEbul且dienemonomerasshownin

Figure4.Themaximum yieldvariedwith

thenow rateofthecarriergas, butthe

temperatureatWhichitwasattainedwaskept

constantat650oCforbutadienemonomerand

800℃ forethylene.

(TS
J言
)
a)Tu
tJ0!SJ･TAuO
U

30

即

ー

400 600 800 1000

PyrolysistL･mp.(eC)

Fig.4 TL･mpCmlurcdlectonpyTOlyzalesoE
but爪dicncmt)nomcr.

O I:tlly)cnc,● TiutZldiene,
G?F.Lhnnc, × ĉcty]ene
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Variation oELlow mLesofthec.lrrierL!aS

alteredthecompositionandamour一tO卜degr･

.1dation products. Convcrsiorlmtt,VCrSuS

contacttime isplotted in Figure5.(Tlle

contacttimewasc.llcul.ltCd from theflow

rateofthecarriergas.) Whenthecontact

timeislong,theprilllnryPr(ductsarcnot

rapidlycarriedawayfrom the110tT･OnC.lnd

secondaryreactionsI.lkcpkL｡L･. When the

contactLimewas26.8see., thecotlVCrSion

ratetobuladienemOnOmerreachedamaxi･

mum valueof7.8wcightperCentoEthe

originalpolymer.

10

5

H(
%

aTOu)

att2J
t10!SJa
At)OU

∴

10 20 30 40

ContllL･ttime(scc･.)

Fig.5 E仔ectoEcontacttimt･oneonvcrsion
mtL:tOI:th)･Itmc;LndI)utildiLmL･1,3

(Pyr.'n:nlP.=650'C)
O ELhylL･nL･. ●13utAdicne

IV.Di8CtL88ion

EStimBtion ofDi舶OCiAtion JhergiesoE

C-CI)ond8;

AccordingtoVedeneev,l廿日 0) abonddiss･

ociationcnrgy,Qn-.t･, isempiricallyrepres･

entedas

Qn_x=un_̂･-(BIE+B.r) (1)

(238) エ光火英仏会誌



where ji''R_X is an inilerent dissociation

energyoftheR-Xbond, andBJ-andB.r

energiesstabilizedbyradicalsRaJldXrcsp･

ectively.NumericalvaluesoELi.'nnd those

necessaryforcalcuhtionoEB, aregivenin

literatures.

Thcmainstructureofpolybuladicnemay

beillusLraledasfollows.

1 2
- --CIl巳IC1-1-Cl･1-CI-ⅠじICI12-CH

CH-CH壬CI-1=CH2
314 l

-CH-- -C-CH三一C-- -
H l=

Disscciatiunenergiescf1日･d1,2,3,and

4canbeesLimnLc･das;

Bond Dissccitltion
Energy(kcaI/mole)

1 41.9

2 81.8

3 85.1

4 62.1

Thcreforc,itisexpectedthatpolybumdiene

willdecompo紀atβpositionstodoublebonds,

in other words, into monomers, diners

andsoon.Thishastanconfirmedbyour

experimenls.

h pyrolysisoEpolybutadiene, thUamount

ofbutadienemonomerincreasesdtLirstwith

increasingcontacttime, anddccrensesafter

reachingitsmaximum value. TheFormer

maybeattributedtothefactthtthepolym er

decomposesintobutAdienediners,oligomers

andsoonaswellasintomonOmerS. This

impliesthatpolybutadienewiIIdccomposcin

themanneroE80.Calledrandomcllainscission.

ThelatterresultsFromthesecondarydccon-

posiLionoEmonomcrsintoethyleneafldother

smallerFragments.

SurE8cc teTTtPer8ture Of A propelhnt

dtlringconbtL8tion:

G.M.Bmucr21)obtainedthatstyrcnemo･

nomerrezIChedAmaximumvalueat725℃ in

pyrolysis oEpolystyrene. M.SummerAeld

Yol.ZT.No.1.1W

andco･workers.･2)measuredsurfaceIcmperat･

uresofpropelhntsdurinJiCOmbustion by

usinglInelhermocoupleserrLbtZddcdinsolid･

propellants.As asurfacetempemture,about

soo℃ wasobtainedforPBAA･APcomposite

propellantsregardlessofprcssurcs.According

tothesetaclstogetllerWitllOurCXPCrimenlal

results, temperaturesraJlgingfrom 6OOto

700degreemightbcspcciflCduscllamCteriStic

temperaturesinpyrolysisofl】01ymers.Dani･

elsandotherinvestigatorsprcscntedanduti･

lizedArrheniustypeequationstorregression

rateofpo)ymersinpyrolysisstudiesbyusing

ahotplatetechnique.AccordingLoanequ･

ationofthistype, tlleSurfacelcmpemlure

willexceed1,M ℃ underpressuresashigh

as70kg/cm2,Suchahighlemperalurcbeing

txyondconsiderations.

Therefore, itwiIHn morereasonableto

coIISiderasfollows:

(1) an Arrhenius･Lype regression rate

equationisvalidattemperatureslowerlhiLn

thechamcteristicpyrolysistL･mPt!mturCOfa

polymericluel･binder,and

(2) theregression rateoEaFuelbinder

iSestimatedasafunctionoEheatnu又o鮎r･
redtolhcburningsurface1-1arcgrcssiomrate

willincreasewilh increasingllelltnu又from

thegaseouscombustionr.One,SOnStOkeep

constantthesurfacetempt:raturc.

ThiskindoEtreatmentisalsoemployedin

studiesonablationaccompaniedwithcombu･

stion.23)ThesurfacelemperaturcOfadouble

baseprope1lm twasalsoobtainedasabout

劫o℃ byM.SummerGe)d.22)Thiswill1光

duetonitrogroupsincluded.DiKcrentkinds

oLmaterialswillhavediuerentsurfacetemp･

erattlreS. Evidently indammable materials

havelowcrsuEacetemperaturesduringtheir

combustion.Hence, itisineLreclivetoput

aninnammablematerialonthesurfaceoEa

propellalltillOrdertoimproveignilability･王｡

(Ofcourse,itwillbee仔ectiveifanin爪amm･
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ablematerialwereputoninthicknessenough

toraisethetemperaturein theChamberso

high astoigniteapropellant.)

V.StlnmBry

lnpyrolysisoEpolybutadiene, ethylene,
butadiene monomer, vinylcyclohexene (a

butadienediJner), and many otherspecies

wereobtained.Monomeranddinerformation

waspredictedbyestimationofbonddissoci･

ationenergiesoLthepolymerbymeansOE

Vedeneev'smethod.TheamountoEbutadiene

monomerin pyrolyzatesreachedam8Ⅹlmum

valueatpyrolysistemperature650℃, and

thatofethylemeat800℃. Accordingtoour

experimentalresultsandseveralinvestigations

reported in literaLures,We conclude that

temperaturesrangingfrom about600to700
degreearecllaraCterislicofpyrolysisofpoly･

mers.A regressionrateequationofamArr･

hemiustypeisonlyvalidwhenthesurface

temperatureofdegrading polymeriSlower

thanthecharacteristicpyrolysistemperature.

An d aplymerburnsatthecharacteristic

pyrolysistemperatureataratedeterminedby

theintensityofheatAux supplied from the

gaseollSCOmbustionzone.
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蜘体推進薬の燃焼に幽する礎･X･的研究

第 1軸 高分子燃料兼粘結剤の熱分解

長 旭 雅 95･疋 田 政*

田(州生地兆の燃焼速度と圧力のru係についてはこれ

迄に欺多くの研兜が報/a-･されているが,それらは班体

力学的取扱いによるものが殆どで,化学反応論的立場

からの蒋掛 ま米だ万足になせれたものがない｡その結

輿,焼燃適度及びその圧力相投の制御に対する指針が

得られない｡そこで著者らはこのような問題の解決を

最終tJ捺とし,光lJtその為のA:喋的突軟を行なった｡

柵 はポM/タジエン(PIl)を位批 熱分解装樫は

円筒形鵜弘発射 本のFPに石英管を通 じた ものを作成

し,紙料が急減に拭魁に曝されるように汲.汁した｡耕:

科を 400-1.)0ぴCの温故菰問で熱分解させ,分解生

成ガスを液体老躯で冷却したサンプリング,(ルブに描

兆してガスクT,で分析した｡永楽及びメタンは延性的

に政弘 前節点生成物は熱分解ガスクt]マトグラフイ

ー法で定性分析した｡そのAJf火,検出された分解生収

物は .A

1. 水 漉 2. メ タ ン

3. アセチレン 4. エ チ レ ン

5. エ タ ン 6. プJ/ジエンーL,3

FF伽 1年7JH8E)受用
+北大工学帯地料工やII

ニ ュ ー ス
(1117mlmmllZl和1mm11JJIlrm111

JIcrcd也 火燕工場の爆発

CarlhzLgC.Mo.にある 1lerculcsの産菜火炎工

朝は先遡火災と畑発によって非常に的部を受けた｡

完成にまで到った火災は火炎船場符から起り工鶴を

撤収するだけの余裕があった｡早期の軸'utlにも拘ら

ず死亡者款は6I諾されず 183の従繋flLT)内唯 Ⅰ名が

皿悔したにすぎなかった｡工場から20マイルはなれ

た地物の窓が破損され,衝撃波は10-1･イル以上で級

詞された｡欺人のTrfl-上亡が紙片とこわれたガラスで軽

いけがをした｡到近作菜は中止された｡机音の誰鋳

YoI.21.No.3.1I舶

7･ ビニルシク｡ヘキセン (-/タジュン=止体)

8･ 未知物'jl(沸点 200'C以上)

9. 妹

である｡このうち 3-6の生成IL糾こ対する熱分解温度

及び按敏時l;IJの好管は則 ト 3になった｡ブタジエン

岬流体及びエ･fLレンの生成鼓は熱分解温皮が夫々 650

cc 及び 800'Cで拡大となl),これは接触時刑に無関

掛 こ観蕪された｡エチレンの生収故が80がCで瓜大と

なるのはブタジェン蝉流体の熱分解においても悦解さ

れた (図4)｡PB 中の C-C 結合の解放エネルギ

を半経験式をJflいて推起した結果,PBはJIi鼠体,ニ

魚体･･････等に無秩序に分解することが予潤されたが,

これは以上の実敦紡柴によって経路された｡

本実験及び他の研究肴 らの報Id-･か ら,600-700℃

とい･)温度は高分子の熱分矧 こおいて特歓的な温度で

あり,混成系推進薬の燃税において誠分子燃料はこの

粒度の温度で分解するものと判断される｡その分解適

度はこの特徴的熱分解iu腔のもとで燃焼耐 こおける熟

収文によって決起され,従来のアレニクス型の後退速

度式は点火から延常燃焼までの過淡的状.QBにのみ適用

されるものと増えられる｡

はまだ終っていない｡

Chem.WeekJuly23,L966(ホ付 拭)

火 薬 工 喝 爆 発

Mc.Arther.Ohio近くの火範工樹でダイナー/イ

トが爆発し死･打5糸をIllした｡火鵬･&･lLL｡棚発は

AustinPowderCo.コ二鳩の35年のP.t史の中で:4Lid

あり,こ)い土好評ダイナ-.･イト別途系統で比和工虫

が破損した.畑発及び的'Jfの抑En土比仲の時に滅Lq

されない｡工韻には200人従事している｡

ChemiealEngineeri叩 1966.6.20.(*fT fi)
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