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lねrtII. BurningVelocitiesofMulti･componentFuel

MaS80NAgao*AndTsutomuHikita++

I.htrodtICtion

ln combustionoEcompositepropellants,
manysortsoEthegAS･phase reactionsAmong

pyrolysisproductsoEfuelandoxidizercompか
nents occur. bthfuelAndoxidizergases

consistoEanumberoEcomponents.Insuch

asystem,diqerentpllenOmenAwillbeexpec-

tedtotakephceEromthOseinsystemswhich

consistoEaSinglecomponentoEFueland

oxidizerrespectively.

Especidly in an ammOnium perchlorate

oxidizedpropellmt,Ammoniaisliberatedinto

pyrolysisproducts,whichproducesnitrogen

oxidesduringcombustion. Consequendy8m一

moniawill86eCtburningvel∝itiesofhydro-

carbonairsystems.

McD.CtJJnmingSl)invesdgAted perchloric

acid血meSwithmethAtle,ethaneandsoon.

Thissa msthe血streportconcemiz)gbuming

velocitiesinaSyStem oEpyrolysisproducts

ofcompositepropelhnts. Withregardto

combustioninmtlld･componentsystezm,J.

W.Am itageandP.Gray2)reportedzLnin-

yestigationdediJlgwith temarymixb resof

ammo血 with hydrogen,nitricoxide,nitrouS

oxideoroxygen. As tosystemsinduding

hy血 1nns, manyiJIVeStig8donshvetN!en

reportedofin88mmAbilitylimitsbutthoseoE

bumizlgVelocities areveryLewex∝ptinves-

tigationsregardinge∬ectsoEASmallamount

ofadditivesonburningvelocities. hastudy
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bySimon8)ontheeqectoEadditiyesona

propane･airdame,carbondisul丘dewa且used

asoneoEtheadditivesAnditwasfoundthat,

despitetheburningvelocityoEcarbondisul丘de

insaturatedairt光iJlghigherthantlmtof

propaneinAir,theAdditionoLcarbondisul-

fidetothepropaneEhmereducedthebuming

velocityoverthewidcrangeOffuel/Airratio

studied. Thisreductioncontinuedprogr6 -

sivelyuntilEortypercentoEthefuelwascar-

bondisul丘de,whentheinvestigation was

teminated.

In thisprogram,An investigation was

conductedofbumingvelocitiesoEcombustible

gases,thecomponentsofwhichweredeter-

minedafterpyrolysisstudyoEpolymericbiJl-

deroEAcompositepropeuAnt,Whichwere

determinedafterpyrolysissttldyoEpolymeric

binderofacompositepropelhnt,whichwas

reportedpreviously.I)Thisstudy王mAyOqer

abetterunderstandingoEthemeclm isnnot

onlyo川 amepropagationbutalsoofcomp-

ositepropellantcombustion.

OEanumberoEmethod oEmeasuring

btJEningvelocity,8tuVemethodwasemplo-

yed.Thismethodisverysimpleinoperations

oftlleapparatus. Adiaicultproblem exists

onlyintlmtcalculationofdamefrontarea

iscomplexwhenhemisphericslmpesoEdames

打enotObtained. Andalthough limitation

existsthatbumingvelocitiesarereducedin

8tudebycoolingeqectofthetubewall,this

methodllaSbeenutilisedbyvariousinvesti-

gators.わーlO),
ⅠⅠ.E叩erimentAlApprAtu8AttdProcedure
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Aflame･speedmezLSuringApparatusCOnSi-

stedofaPyrex:tube,1,220Tnm long,with

anintemaldiameterlof26mm openatthe

ignitionendandclosedattheotherend.

TheappasattlSassemblesLortheintroJucLion

oEafuel-airmiⅩtureareshowninFigure1.

Twotungstenelectrodes,whichwere)ocAted

intheltutkat30mm from theopenend,
weretJSedtoignitethemixture.

I A.一 Ik,A_吐 _｣
Fig.1. AppmtuBForMcastITing

-BumiJlgVeloci吋

AsEuels,butadiene-I,3,ethyleneandam-

moniawereselectedforreasonsdescribed

al)eve.

GzLSeOuSm血 esoEeachEuelwithairwere

madeupin20-litercarboysandwereallowed

tobecomecompletelyhomogeneousbyStan-

ding24hoursbeforesampleswerewithdrawn.

臨 ides,8lliter8askwithacirculationpump

wasdesigned afterH.M.Papieetal,H)and

utilizedformixingcombustiblegases. The

combustiontubewasevacuatedtoapressure

oEatleast0.1milimeleroEmercuryandthe

samplewasintroducedandbrt)ughtupto

atmosphericpressure. Atle拡t丘veminutes

wereal)Owed fortlle mixtureto become

quiescent,thestopperwascarefullyremoved,
andthemiⅩturewasignited(1.01micro･Ear8d,

4.5kV). Flamepropag8donwitsphotograp-

ll

bedbyaFramingcamera(16mm 丘lm,64

Er8meSPerSecond),andarotating drum

camera. The丘lm speedandexposuretime

oL16mmmovingcamerawerecdibmtedby

photographingaluminouspointsweptata

knownspeedonanoscilloscopescreen･ For

eachfuel-airmixttlretheerecordsweretaken

toobtainthevaltleSOEdamevelocity.

III.M tB '

ThemodeoL血JnePrOPagadorLConsistsoE

threeregions,i.e.,theinitialplmse,unUorm
movementout,Seecopy.Framingphotog-

raphsaJlddrum camerarecordsoE鮎me

propagationinatubeareShowninFig･2･

propagationvdocitiesoHlam esweremeasured

(296)Fk.2. High･speedPhotographs(Left

)8nJRota血gDrum.ameTaR∝ord(R
ight)offumePropaptioninATtJbe
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tdleotherend.Horizontaltu
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from successivephotographs. Thebtlming

velocity,orEumdaTnentaldamevelocity,can

lxcalculatedEromthefoIIowingequation;

su- 告 V (1)

whereふ.isthebumingvelocity,んthe

crossareaoEthe.tube,AIthe血mefront

area,andVthepropga.tionvelocityofthe

鮎me. Thed∫eaOfdamesurfaceiscalculated

ontheassumptionbasedontheAameshape.

Shapesofdameswhichpropagatesteadilyin

atube,canbeclassi丘edinto two;ahe-

misphericandatiltedflame.Forthelatter,
CowardandHartwell12)proposedasemi･elli-

psoidapproximation. Onthisassumptionthe

鮎mefrontareaisapproximatelyequal to

thtoEasemi･ellipsoid,whichiscalculated

byEquation(3).(SeeTable1). TheRuth-

TAble1.EpuationsoLFhmeFrontAreas

Approximation Equation

Hemisphere A/-27Tra (2)

Seni一e)lipsoid AJ=方b(aLe!)XE(A,≠)+.Tbβ(a2-メ)~舛Ftk,≠)+･7C2 く3)
け.β】暮

p8-boloid A/-意lt4a2(R-b'2'I'X-1]'1-J言 ノ軒 ･CA･-Jl音(誓 十砕 く4'

T&ble2. CalcuhtionoLjlJandStl

RunNo. (cmV/sEN=) ApproximAtion AJ(cm2) AL/A′ (cmS../see)

EN-51(Right) 77.0 tIcmi叩heric 10.6 1/2 38.5

EN-53(Left) 91.0 ParaboIic ll.2 .I/2. ]2 1 43.0

Ellipsoid81 10.1 1/1.91 47.7

ors,ontheotherhand,presentedaparab0-

10idApproximationaccordingtotheshape oE

adamephotographed. Bylettingaformula

oEaparabotoidbe

g=a(i2+y2),

aLIamefrontareaisexpressedbyEquation

(4).

An explmation Out,seecopy (3)and

derivationofEquation(4)aredescribedin

Appendixofthispaper. Thenumerical

integrationofEq･(4)ismadepossibleby

usingSimpson'S"Athirdpowerlaw川, An

exam pleofcalcuhtionisillustratedinTable

2.andFigurs3.m astoichionetriCmixture

oEethylene(1)-amnon]'a(0.4)-air,hemiS-

pheriCdameswereobtainedintwomeasure-

mentsand inthethirdmeastlrementEtilted

dameswerephotographed.Btmingvelocities

werecalculatedacco-dingtoapproximadons

vol･27･N〇･it細 く2SV)

Fig.



mendonedaboveandtheywerecompredwith

eachother(Tat)1e2).ThevalueobtahedEor

thethirdbytheparat)Oloidapproximationgave

abetteragreementwith thoseobtainedforthe

丘rsttwoon thehemisphericassumption,of

errorscouldl⊃eregardedastheleastofthose

whichresultingfromtllethreeapproximations･

AgainstmiⅩttLre COmpOSitiOn are plotted

bumitlgVelocidesofethyleneairinFjg･4,
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gasesirICludingAmmonia. EqeclsoEbuta-

dieneonbumingvelocitiesoEethylene･air,
andoEAmmoni80nthoseoEethylene-airand

oEbutadiene･airwereveryremarkable. The

bumingvelocityoEthestoichiometricethyle-

ne-airmixturewasreducedtoits seventy･th托e

percentwllentwentyPercentOEelhylenewas

replacedbybutadiene. Howeverthatofthe

stoichiometricmixtureoLbutAdiene･airwas

notAlmostchangedevenifLortypercentof

lMtadienewasrephced by ethylene. The

euectofammoniaOnbumingvelocitiesof

ethylene･8irislargerthanthatonthoseoE

butadiene-ait. Theextentsoftheseeuects

arecomp8rCdintermsoLslopesoEbumiTlg

velocityversusfuelcompositioncurves;the

slopeoEthecurveofethylene･ammOnia･airis

miJluS0.28cm/5cc. PerPercentOEammonia

infuelcomponent,AndthatO‖)utadiene･8m一

moniaairminus0.09cm/see.perpercentof

ammoniainfuelcomponent.

IV.DiBCtLBBion

ln Figures4 8nd5,damepropagation

velocitiesareplottedwhichwereobtainedby

ReymoldsandGersteinOI. Thediuerenceis

verylarget妃tWeenOurandtheirdata. We

plottedthosevalueswhichwereobtainedin

theHUniEorm MovementMregionbyreading

succe翁ivephotographs. Thedata,however,
ofReymoldsandGersteinwerethosewhich

weretakenbyusingtwophotoclcctriccells

locatedatpoints10and40centimetersfrom

theignitionspark gaps.(Otherconditions,

(i.e.,atubediameter,theinitialpressure,

atubeopenattheignitionendandclosedat

theotherend,etc.)werealmostthesame).

Consequentlytheirvaluescorrespondtomean

valuestxtweenthoseinthe.-InitialPh8SeM

andthoseintheHUniform MovementMor

"vibratoryBuming"region. Infact,Such

meanvaluescalulatedfromtheAuthors'dAta

arealnostneartothevaluespresentedby

ReyJIOldsandGerstein.

BurningvelocitiesoEethylene･airandoE

butadiene･airarecitedinTAble3Eromlite-

raturcS18-18). ThevaluesobtAined in this

program arealittlesmallerthanthoseobtai-

nedbyburnerand othermethods. This

resultedLron theFactthatpartoEenergyoE

a丑amewasabsorbedbythewalloEthetube

whenatubemethodwasemployed. Apro-

blem alsoexistsincalculationoEdameFront

areas. Wh enhemisphericdameswereobtai-

nedvaluesoLtheirsurLaCeareasareevaluated

withoutdi瓜culty.

Wh entilted瓜ameSWereObserved,however,
theevaluationwilleasilyintroduceerrorseven

by using the paraboloid approximation.

Fortunatelyinourexperiments,hemispheriC
88meSWereObservedinmostcases.

TJLt)le3-1.BumingVe]∝idesoEE血y)ene･AirMixtures

Investigator E…cnkneeS.!& Ss霊恕 & EiOnTdnt,e LHiTnrc3 .,
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TBble3-2.BumingVel∝itiesoE1,3-Zh tzLdieJle

InvesdgAtOr Method 恕 器i恕 芸f
BumingVelocity

cm/scc.

Fenn皮mlcotclT) ? Butadiene･Air(Stoich.) 49.6

血dinaStuArtlも〉 ? Butadiene･(He+Oz)(Stoich.) 145

thdin皮StuartI.) > Butadiene･(NE+Oz)(Stoich.) 40

MAnyinvestigationshavebeenreportedof

euect90Eadditivesonburningvelocitiesof

combustiblegasesoEwhichfuelconsistsoEa

singlecomponent. Sincehydrocarbonsem-

ployedA9additiveswouldalsoact88Afuel

component,itwillbereasonabletoregafd

Euelsincludingadditives asmulti.Component･

EaectoEan inhibitoraSAA additive,for

example,isexplainedqualitAtivelyillterns

ofitsrapidreactionswithreactiveradicals

suchasoxygen,hydrogen,andhydroxyL

Buttheseelementaryreactionkineticshave

nottandevelopedenough toexpressover-all

bumiJtgVelocity. An Attemptwasmadeby

vanTiggelen et81m)to estimatebuming

velocityFrom elementary reaction kinetics

theoreticdy. OAtheotherhand,buming

velocitycurvesobtainedformuld･componemt

EuelsinthisresearchsuggesttisaprObabiilty

thatthesecurveswillbeexplainedinAman-

neranalogoustokineticsoEcopolymer血tion

DrCO.OXidation. UnLorlunately,Sinceelem-

entaryreactionsremaintobeworkedout･
furtherdiscussionsarediaicultatpresent.

Nevertheless,thisresearchgaveadirection

forFurtherstudyinthisGeld. AndiLthe

relationshipt光tWeenelementaryreactionsand

over.allcombustionweresolved,thepressure

dependenceoEbumingvelocities皇… l'i2)would

necessarilybeexplainedAndthisinturnwould

｡aerdirectionsforformulationsoEsolidr∝ket

propelhnts･

V.Appendix

semi･ellipsoidapproximation

AccordingtoCowardandHartwell,the

dameFrontareaofatilled且amewasappr-

22

00′Aβ 3=0.

y=0,ヱ=O.r=0,
y=b,才-0L=0.y=-(R-A),_-

=D(R-A)tE=0,y=R+A,=

=D(R+b)tFig.A-I.APicLtlreOEATil

tedFumeoximatelyequaltotheAreaOfasemi･el

lipsoid,theaX田 Ofwhichwereequalto(1

)AlineわiJlingthepointswherethe血me

touchedthetopdanbottom oEthetube,(

2)twi cetheperpendiculardistAncebetweent

hatlineandthepointmostremoteEton i

torLthephotographofthe血mefront,An

d(3)thediameterofthetutR Thearea0E

thehlL･Surfaceoftheellipsoidwascalculat

edbythefollowing

formuh:A′-.Tb(02-C2)~h
EE(A,i)+訂bc2(a2-C2)-XF(A,4)

+汀Cl (3)wherea,b,caretheBemi･axes

,a>b>C;k=cJ/e;申-Sin-1e;eande'arethee

ccentri-citiesoftheellipsesintheblameoE

theByesαandc,andbandc,respectiv

ely. ThevaluesoEE(A,?)andF(A,Q),the

ellipticfunctionsofthesecondand丘rstkin

drespe-ctively,areobtainedfromstand8-d

mathem-atical

tables.Paraboloidappro

ximationTheauthorsregardedatilted8

8meaSAparaboloidenclosedinatubewith a

pardlelbutdetachedcenterline(FigureA

-1). Putcoordinateaxes asillustratedirIth

e丘gure,(Sの)



andletaformulaoEaparaboloidbe

Z=a(㌔+y2)

Then,theAAmefrontareaCAnbeexpressed

Asasum oES.andS2ASfollows;

AJ=岩舟4a℡(R-b)2･11-1]

･封芸仰l･E･cos-,
[去(苧 ･E)id:-A (4)

whereβisequaltoab,T=aR,aLldヂ-a3;.
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固体推進薬の燃焼に関する基礎的研究 (Ⅱ)

多成分 系燃料 の燃 焼速 度

長 尾 雅 男 ･疋 田 強

混成系推進薬の気相における反応は燃料成分及び酸

化剤成分の分解ガスのPJ)で起る燃焼反応 で あり,樵

料,酸化剤弗に多成分からなる系の反応である｡前者

については著者らが朗報で報告した通りであり,後者

については既に多飲の和文が捉山されている｡そこで

くi)一成分系燃料の燃焼速度 (Su)と多成分系燃料の

53との比快 くii)炭化水耕系燃料に NHl(過安の分

yol.21.No.!.1仙

解ガス成分)が含まれる場合の S..の測定を行ない,

(iii)従来の撚料理胎の限界を指摘し,(lv)将来の研

究方向に対して-起案を行なった｡

Suの測定には燃焼管法 (水平)を採用,火炎伝 播

速度 (V)及び火炎両々頼 (Jl′)を高速度写井(16mm

フイルム,64コマ/砂)で測定した｡燃娩管断面横をAl

とすれば Sb=(AI/A/)･vAJの井出に博しCowArd

(SOL) 23



皮 Hahweuの回転梢円体面近似に対し,著者らは回

取放物面近似を准Luした｡

可燃混合丸体は朗報に基きエチレンー空気 (I),

ブタジェン一重銘(Ⅱ).エチレンーブタジエンー空気

(Ⅱ),エチレンーアンモニアー空気 (Ⅳ),ブタジエ

ンーアンモニアー空銭(V)を適び,(I),(Ⅱ)につい

てはそれらのVを Reymold8皮GersteinのVと比較

した｡彼らの測定は光唖管によるものでVの耐定位は

火炎伝播の初期及び定常額域の平均伍に相当し,著者

らが写共振畝こより定常儲域のみについて抑定した V

の任と大巾に異なっている｡(D.(tl)について沸

定された SBはバーナー法噂によるSt,よりも低い伍

となっているが,これは火炎のエネルギーが管豊に攻

収されるためで,燃焼管法自体に由来するものであ

る｡燃料が=成分でも (Ⅲ)と (Ⅳ)及び くⅤ)とで

は Suの変わり方が興なる｡これらの場合,共酸化又

は共亜合に荊似の速度漁的額癖が適用できると考えら

れ,我々の S..～燃料組成曲線が得られるのはそれぞ

れの系における各無反応の速度比によるものである｡

類似の爽改鋳巣 はプt]パンー=硫化炭新一空包系 の

乱 についても報告されている くSimom)｡これらの突

放結果は気体燃焼速齢 こ関する従来の理飴では脱明で

きない｡他姓速度の圧力依存性が従来の理由で袋わさ

れないのもこの点に起因している｡従って今後は燃免

に含まれる来反応の槻柄と速度由の研究,及び素反応

の速度とS.,との閑係式の政立がなされねばな らな

い｡そうすれば Sbの圧力故存性及び添加剤の効果等

が明白になるであろう｡

訂

火薬新の熟安定度 (訂正)

27番 )05貫の報文に就き,一触執りがありますので

gr正いたします (篠原呂史)｡

京 行 糾 正

･05 創 7 丁-Aexpト音 ]r-Aexpl%]
]05 右2)固 本骨に記ナ

･06 左2 logT-A′一意 logr-A′.意

106 左7 22.1 22.6

正
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