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Theheronhydrides,becauseoftheirhighreactivity,havebeensug-
gestedforuseasignitionorrelightfuelsin jetengines.Spontaneous-
ignitiontemperaturesandignitiondelayswerethereforedeterminedfor
pentaboranein a heated-airstream.

Igmitiontemperaturesfrom600°to 675°F werefoundfori@tion
del~s of about3 to 20udllisecondsovera rangeofpressurefrom5 to

. 29inchesofmerWryabsolute.Theeffectoftemperatureonignition
delaycanbe representedby theArrhenniusequation.Theeffectofpres-
sureonignitiontemperaturecanbe representedby ane~ationof thetype

.

E-—
Pn =ke~

where p is absolutepressure,n and k areconstants,E is the =ti-
vationenergy,R is theuniversalgasconstant,and T istheabsolute
temperature.!Rmmeanvalueof n was1.6forcombustorpressuresof
10to 29inchesmercuryabsolute.

A flamestabilizerreducediguitiontemperaturesforpentaborane.

INTRODUCTION

ResearchisbeingconductedattheNACALewislaboratoryto deter-
minetheperformanceofboronhydridefuelsin Jet-enginecombustorsys-
tems. Thehighreactivityofthesefuelsmakesthempotentiallyuseful
asignitionorrelQhtfuels.In addition,undersomeoperatingcondi-
tions,no flameholderwillbe requiredwiththesefuels.An investiga-
tionwasthereforemadeto determinetheconditionsunderwhichpenta-
boranewillignitespontaneously.s

Smallconcentrationsof decaboranein gasolinesubstantiallyreduce
m theignitiontemperaturebelowthatforgasoline(ref.1). Reference2

showsthatpentaborane-airmixturessrespontaneouslyinflexmmbleovera
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widerangeof composition.Unpublisheddatafor~wor~doneattheLetis
laboratoryshowthattheleanlimitforpeiitaborane-~rmixturesis 14 _
percentbyvolumeat a pressureof1 atmosphere~nd~%out55percent-”by:
volumeat0.1atmosphere.Otherworkhasbeendoneatthislaboratory—
onthespontaneousidtion ofpentaboran~-inai~in-a1~-inch-diameter—
ram-jetcombustoratelevatedairtemperatures.~Spontaneousignition ,,
seemedgovernedprincipallyby temperature.I@,tioutemperaturewas
influencedbyburnerlengthandconfiguration.No iufluehceof combusto~
velocityorequivalenceratiowasfoundoverthe!ra~-einvestigated.

Thespecificobjectiveofthisstudywasto!det&mine’’thelimitsQf”
temperature,pressure,andiguitiondelayforsp~taneousignitionof
pentaboranein a flowsystemthatprotidedfuel~esi@ncetimescomp&a-~::-:
bleto thosefora jet-enginecombustor. 1= .-..,!—:

Ignitiontemperaturesweredeterminedforpekta~oranein.a6-inch-~~ -
—- .,

diameterductfora rangeof.delaytimefrom3 to’20millisecondsandof,
pressurefrom5 to 29inchesofmercuryabsolute.1Theda.tawerecorre-
latedby semiempiricalequations.

..
Theeffectof& 3/4-inch-diameterrod, z

flameholderontheignitiontemperatureswasalso!determined. _ ?:

Somespontaneous-ignitiondatawereobtainedlwi~~amyl~tr@e in ~~ .,S
thisappsratusforcomparisonwiththeresultsof!re~e’rence3. <.- ***

:

APPARATUS

LThespontaneous-ignitiontestsetupis shownin~igure1. Them&_n~~. ,_-
airsupplycouldbeheatedto 700°F intheheat,xch~nger.Highertern-
peratureswerereachedbyburningpartofthecomustgonairin a turbo- .
jetcancombustor. $Thetestsection,a 6-inchpile41incheslo,ng,had ,,—
~-inch-pipetapsat 4&inchintervalsforinstallingthefuelinjector,

,.

— ,.;,
3 inchrodflameholder,anda sampling‘probe.& thedownstreamenda ~-
*

ofthetestsection,anair-atomizedwatersprayI

mixture.
~uen~hedthefuel-sir ,,

-.—:.——

Thefuelinjector,whichwasfabricatedfrom~brassandcontoured.to!
anairfoilshape,containedpassagesforcooling%Tater,atomizingair,_,,-–
andfuel. Theinjectorandwaterquenchareshowriin-figure2.

Both
ThetestandJT
weremaintained

FuelSystem““

fuelswerepipedtothe
at thessmepressureby

injec+or=romseparatet&iksJ
press,urizationwithheliuk

—

--

1, ,:

i=” ,, ..:-:,,u-
.
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fro’qthe“samesource.Thetestfuelpassedjin order>througha solenoid,& valve) a filter,sightglass,anda spring-loadedcheckvalvethatopened
whenthepressuredifferenceexceeded8 poundspers-e inchto a junc-
tionwiththeJT-fuelline. TheJTfuelpassedthrougha solenoidvalve;
a checkvalvethatopenedat a pressureof lessthan2 poundspersquare
in~j anda remoteindicating,rotating-vaneflowmeterto thefuelin-
jector.Wst ofthefuelpressuredropoccurredacrosstheinjector
orifice.

Whenbothsolenoidv~veswereopened,onlytheJT fuelflowed.A
timingdevicethenclosedtheJT-fuelvalvefor3/4Second$permitting
thetestfuelto flowandfillfrom2 to4 feetofthelineto thefuel
injector.Theslugof testfuelwasprecededandfol.lowedbytheJPfuel
andenteredthecombustoratthevolumeflowrateindicatedby theJT-
fuelflowmeter.

Theinjectorfuelpassagewasthuscooledbeforethetestfuelen-
teredandwasflushedcleanafterthetestfuelpassed.Bothcooling
andflushingsrenecessarybecausepentaboranedecomposesrapidlywith
timetoa solidresidueatthetemperatureoftheair.

< Instrumentation

Combustionair flowwasmeasuredupstreamofthe
a standardorifice.

Inlet-airtemperature
jectorby a chroml-alumel
oftheduct.

-1

wastaken4+inchesupstream
thermocoupleat0.707radius

s-heal.

heat exchangerby

ofthefuelin-
fromthecenter

A strain-gagepressurepickupwasusedto determineignitionandis
shownin sectionB-Boffigure1. Thepressurepickupwasconnectedto
onechannelofa two-channelstriprecorder.Fuelflowratewasdeter-
minedby a rotating-vaneflowmeterjwhoseoutputwasrecordedon &
second”dhannelof therecorder.

Atomizing-airflowforthefuelinJectorwasmeteredthrougha cali-
bratedrotameter.

Surveysweremadeoffuelandtemperaturedistributionacrossthe
ductjthe~psratusandtechniquesforthesurveysaredescribedin ap-
pendixA. Measurementsofturbulenceintensityandscaleweremadewith. a constant-temperaturehot-wireanemometer.The=thodsandequipment
usedsrediscussedin s@pendixB.

*
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TESTPROCEDm , -:.. ~;-,..-Q
.:-..,

Ignitiondelay ~ ofthefuel-airmixturetis~terminedby ,,-~

—..
zT=--
U i :’: (1)

where Z isthedistancebetweenthefuelinjec~or-andwaterquenchspray,
and U themeanvelocityoftheairstream. . ,,

At a constantductpressureandairflow,thetestfuelwasinjected
andthepressurerecordexaminedforanindication~ignition. Thetem-
peraturewasthenraisedif therehadbee~-noi&t@n or loweredif there
wasignition,untilthethresholdignitiontempe~atuiewasdetermined.,

,,-.
Undersomeconditions,afterseveraldonsec$tiv~ignitions,ignition-

temperaturesasmuchasa hundreddegreeslower~han-e~ctedwouldrestit.
Thiswas causedby depositbuilduponthefuelinjec”~or.Theproblem~’~
eliminatedbywasfing-theinjecto~atinte~~s ~~tba

Spontaneous-ignitiontemperaturesfor”yental+ora~
overthefollowingrangeof conttl.tious: >.

T 3 to 20milliseconds i 5

2 27and36inches 15
—

P 5,10,15,~“;and29inchesofmercuryabso~ute-”..

were

RESULTSANDDISCUSSIONI =

EvaluationofExperimentalM&hod
--

-.
streamofwat&c.

weredete~ne-d‘“ “,::
.
1. –-
I!

. .-.—
. .

,.,..

Determinationofignitiondelaysford.ifferentductlengths.- Tests
conductedwithdistancesbetweenthefuelidjectorandthewater

quenchof 27and36inchesin orderto determinekefierlengthalone-ln~_
fluencesignitiontemperature.Fortherangeof~ontitionscoveredi-n”
thisinvestigation,ignitiontemperaturesloreqqalyaluesofignition~:
delay ~ werethesameforbothductlengths. I = . -- -“-:-”

Fuel-airratioandtemperaturesurveysin t~et~~stsection.- Sur-
veysof thefuel-air-ratiodistributionweretakebat thesameconditions
astheignitiondatafortheextremesofvelocit~en~ufitefidat””i”atitt“
pressureof 29inchesofmercury.Thesesurveys&e~wn infig~e 3. “
Thepeakfuelconcentrationatthe27.8-inchsamp~ng-distancewasabove
therangeofthefuel-airanalyzerandhenceis nbtplotted.Thetempera-
turedroppresentedwasduetoevaporation~%ndhektingofthefuel. ~,, _
temperaturescalehasbeenadjustedsothatthet~m~%atureresultingfr~
completeevaporationandthecorrespondingfuel-a&rratiohavecommon
ordinates. ! -—

——

.

*-

— .M

:

—

—:

—.
.,. .-

.j

-

w
i
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Thedataoffigure3 indicatethatthedesiredconditionswereob-
+ tainedin theapp~atusj that is,a coreofhighfuelconcentration

existealt.jmcmghoutmostoftheductandlowfuelconcentrationsin the
loti-Velocityregionneartheductwalls”.

.

.

*

●

Effectoffuel-air.ratio.- Theeffectofvar@ngfuel-airratioon
theignitiontemperatureofpenta.boraneforconstantignitiondelayis
showninfigure4. At thelowerfuel-airratios,a markedincreasein
ignitiontemperatureoccurred;as thefuelconcentrationwasincreased,
however,theignitiontemperaturereacheda minimumandbecameindepend-
entoffuel-airratio.Withtheexceptionofthedataoffigure4,where
fuel-airratiovaries,theignitiondataweretakenfora constantfuel-
airratioof 0.0135iO.0005.

Theamountofairforatmizingthefuelwasheldconstantrather
thana fixedpercentageof thefuelzflowrate,andthis,mayhaveresulted
inpoorspraysat thehigherfuel-flowrates.

Turbulenceintensityandvelocitysurveys.- A fuelinjectorcon-
touredto airfoilshapewasusedtominimizetheeffectoftheinjector
ontubulentmixingofthefuelandair. Surveysoftheturbulencein-
tensityT/U2 U andvelocityU weretakenatvariousstationsdownstream
of theinjectorandareshowninfigure5. T(Thequantity U2 is theroot
meansquareof theturbulentvelocityfluctuationsinthedirectionof the
streamvelocityU.) Theextremesof velocityfromtheprofilerepresenta
t10percentdeviationfromthemeanintheregionwheresubstantialconcen-
trationsof fuelarepresent.Thispresumablycouldresultina likeerror
inthevaluespresentedforignitiondelaytime.

Themethodof samplingthemixtureforthefuel-airprofilesgave
timeaveragevaluesoffuelconcentrationthatdo notrevealthehetero-
geneitythatprobablyresultedfromatomizedspraybeinginjectedintoa
turbulentairstream.Mbd_ngwasnotexpectedtobe complete,andzones
ofrichmixtureprobablypersistedthroughoutthereactionzone. The
natureofthedistributionpatternofincompletelydiffusedfuelfilaments
in a turbulentstreamis suggestedinreference4,whichstatesthatalt-
hough average-temperatureprofilesin thewakeof a heatedwiregavethe
expectedGaussiandistribution,instantaneousmeasurementsshowedthat
pulsesrepresentingpeaktemperatureswereobtained.‘Reference4 attri-
butesthesepulsesto thedisplacementofthefluidsheetby thetur-
bulenceeddies,diffusionwithinthesheettakingplaceby moleculardif-
fusiononly. Thisconditioncanoccurif thescaleof theturbulenceis
largecomparedwiththesizeofthesource.Thiswasfoundto
caseinthepresentinvestigation(appendixB);therefore,the
ofreference4 mightbe applicablehere.

be the
observations
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EffectofXWessureandTemperatureonPentahoraneIgnition

*“
Theignitiondataareshowninfigure6 asa plotoftemperature ..

againstignitiondelqfforlinesof constantpres+e.. Onlyoneiguition
pointis shownfora ductpressureof5 inchesof~er~ absolute.Scat-
ter forthepressureof 10inchesofmercuryabsoluteresultedmostlyfrom
lowfuelflows,whichbroughtthedataintotheregionwhereignitiontern- _
peraturewasstronglydependentonfuel-flowrate(fig.4).

.3—
Zhedashedcurveinfigure6 isbasedonmini~~emperaturesfound $ “~

by extr~olatingtheappropriatecurvesoffigure~. 7 . .s~:—.

Temperatureeffectonigni
.-

tiondelay.- Thed$ta-offigure6 are
replottedinfigure7 as thelogarithmof ignitio~delayagai~t‘he‘e-‘., =
ciprocalof absolutetemperature.Overtherange~f temperaturesin-
vestigated>theresultsareconsist%twiththeArrhenniusrelation ,._ _._<

where Aisa

Plotting
to E/2.303R.

logT againstl/T makestheslo+ of”thelinesequal -u-

In thisway,apparentactivationeper@esforeachofthe
constant-pressurelinesweredeterminedandarepr~sented
ingtable: I

I :’

Duct Appexent IT
pressure,p, activationi:
in.Hg abs energy,E, ‘~

kcal/mol! .--.
10 21.8 , 5“
15 26.9
20 28.1 i;
29 31.6 .)-

inthefollow-,. ~— _-=
,, =
ii ,– — —

,: .= -
..,; .-

..-—.

il -!:,.
,,,.
1’
I =>
,,

,.

Pressureeffect,onignition.- Thepentaboran~re~ultsindicatethat,.
thereisan inversepressuredependenceonignitionwhJchiscontraryto
thatgenerallyencounteredforhydrocarbonignitioh..~s beh.atiorischar-
acteristicofa chaiu.reactionmechanisminwhichchaiiibiranchingandchain
breakingcompete,forexample,thehydrogen-oxygenlrea~tion(ref.52p:292). ‘-~

ReactionsofthistypeexhibitupperandJ.awe$pressurelimitsfor ● “
ignition.Thelowerlimitis a functionoftheapparatusandisprobably
dueto chainbreakingatthewall. Theupperlimitis.independentofthe “ .~
apparatusandisheld.evedduetoa gas-phasechain{-bregdd.ngreactionwhich; _=__
is favoredbyincreasingpressure(ref.5,p. 264]:. -.,.r,,— .— “.

*_..

T
1- i, -:.2
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.
If thechain-branchingreactionis a lower-orderfunctionofpres-

.k surethanthebreakingreactionja pressurelimitwillbe reachedabove
whichexplosioncannotoccur.Withthebranchingassumedtobe an
exponentialfunctionoftemperature,thecomilltionat theuppere~losion
limit,wherebranchingandbrealcingratesareequal,is givenhy

E
kpn=e~

Writteninlogarithmform,equation(3)is

lnp .&+kl

(3)

(4)

Upperandlower,ignitionlimitsfordiboranehavebeenstudied(refs.
6 and7)janda chain-branchingmechanismproposed.

Theselimitcurveswere determinedin staticsystemsandrepresent
tinimumignitiontemperatures.Forhighertemperatures,a familyof such
curvesmightexistforfixedignitiondelays.

.
An inversepressureeffectonignitiondelayhasbeenfoundin a

flowsystemforcsrbonmonoxideandhydrogen(ref.8)2whereincreased. delayswithincreasingpressurewereobservedin someregions.

A crossplotoftheignitiondatafromfigure6 is shownin figure
8. Thecurvesarea plotofequation{4)fordelaytimesof5, 8, and
12milM.seconds.

Theslopeoftheselinesis equalto -E/2.303nil,andthepressure
exponentn canbe determinedfromtheactivationenergy.

A furthercorrelationsshowninfigure9 asa plotof # a@nst
l/T. Theignitiondatacanberepresentedhya singlelinewhen n is
takenas -1.6.

EffectofFlameholderonIgnitionTemperature

Sincethespontaneous-ignitiontemperaturesfoundforpentaborane
werehigherthaninlettemperaturesformanyoperatingconditionsOY jet-
engi.necombustorsjitwasofinterestto determinetheeffectivenessof
a flameholderinreducingtheignitiontemperature.

“ Ignitiontemperaturesweredeterminedattwnvaluesofignitiondelay
at a ductpressureof 20inchesofmercuryabsolutewitha $inch-

U
diameterrodplaced~ inchesdownstreamof,andinthes- p~ne ~th,
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thefuelinjector.Theresultsareshowninfigur~10togetherwitht@e ,,. ~
curveforno flameholderfromfigure6. The20°tp 35~F dropin igti.-.z.._-..A -
tiontemperatureduetotherodcorrespends%0 a l@rge_increasein resi- “” : Q
dencetime. presumably,theignitionoccur~ina portionofthefuel-air
tixturethathasencounteredanincreasedresidencbtimebecausethe .;
mixturehaspassedthroughtherecirculationzoneIn$.%ws.keof therod.~~
Thechangein ignitiontemperaturewithignitiond+layindicatesthat ““ “. ~
ignitionis stilloccurringimmediatelyupstreamo:th~quenchandprops-..
gatingupstream.Afterignition,theflamestabilAzedjontherod>whereas ~--””:
withouttheflameholderjstabilizationoccmwedat~thefuelinjector. ,,_ .x

m
Witha flsmeholderthatblockeda lsrgeperce~a~%oftheductarea,‘~. ~

i

ignitioncouldpossiblyalwaystakeplacein therecirculationzonesince,, ~
somefuelwouldremainin thiszoneforrelatively!longperiods. .~

:

Forpurposesof comparisonoftheresultsof$his=investigationwith
thoseofreference3, somespontaneous-ignitionternper;aturesweredeter-

--

minedwithamylnitrate.Thismaterialwasreadilyax%.ilableandits- ;-‘“”, ‘
ignitioncouldbe accomplishedwithintheternperatijrelimitationsof the ,,. ;
apparatus. 1* =. +- .,— - .i

Ignitiontemperaturesweredeterminedforamylnitrateata pressure
of 29inchesofmercuryabsoluteandaniguition

t
lay.of24milliseconds,,

*2Opercentfora rangeoffuel-airratios..Ther suitsareshownin .,. ~
figureXl. A largeeffect.offuelconcentrationo!ignitiontemperattie
is appsrent.Thepercentageofatomizingsirwas~=i~d aImosttwqfold

-...—

fora constantfuel-airratiowithoutanysignificanteffectonignition‘“‘- “-~
temperature.Reference3 reportsigrdtiontempera$ure~.of950°and990°T, ~ .
forignitiondelaysof 28and19milliseconds.~ j -. i!

:*

ThedataoffigureI-1werecorrectedti.ameanvalueof 24.2tilli-,.
secondsby useoftheresultsshowninreference31an&areshownby th5 —

dashedline.Fortheover-allveryleanmixturesofreference3,the ,, ~
—.

resultsappearcomparable. i -1 ;;---==-T
.:

----.- =
SUMMARYOFRESULTS

.
i ‘F ,~ —:!!-—

An investigationofthespontaneousig@tionQf@ntaboranegavethe11....’-:
followingresults:

1.Pentaboranespraysignitedspontaneouslyover:arangeofpressures *
of 5 to 29inchesofmercury,ignitiondelaysof 3;to_~ millisecondsa~d,,,_ ._ _
inlet-airtemperaturesof 600°to 675°F. ~ J ~ -.—

— s{
:

,: ~ ..—-_,.
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2.Theapparentactivationenerfgfortheignitionofpentaboranein
A airincreasedfrom21.8to 31.6kilocaloriespermoleas thepressure

increasedfrom10 to 29 inchesofmercury.

3.At constantignitiondelay,theignitiontemperaturevariedap-
proximatelyasthepressm tothe-1.6power.

4.A flamestabilizerreducedthespontaneous-ignitiontemperature.

z 5. Thespontaneous-ignitiontemperatureofamylnitrateat 29inches
% ofmercuryandanignitiondelayof 24millisecondsvariedfrom1060°to

64@ F asthefuel-airratiowasvariedfrom0.020to0.052.

LewisFlightPropulsionlaboratory
NationaLAdtismyCommitteeforAeronautics

Cleveland,OhiojJUl.YIJ1955
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APPENDIXA

FUEL-MR-IWEtOAND~ PRCII?HJ3SIN

Surveysoffuelandtemperaturedistribution

—- ,.
..
.:

:
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. .—

THETESTSECTION
..-,,

weremadeattestcon-, _+
ditionsbracketingthosefortheignitiondata.~etou wasusedfor
thesesurveysbecauseitsphysicalpropertiesaresimilartothoseof : - ““~
pentaborane.Temperaturesurveysweretakenwitha thermocouplethat

~.
g

wasfastenedneartheopeningofthesamplingpro$esothatdataforfue~ B
concentrationandtemperaturedroPduetofuelevaporationandheati~ —
weretskensimultaneotisly.Theprobewasinstall$d@ >hedesiredaxial
positionandmovedradiallyforthesurveys.Gasisamples
at streamvelocityandpassedthrougha fuel-airanalyser
scribedinreference9. 1:

—

I

werewithdrawn~” —
whichis de-

1,
--

-..—

—
-.

—-

—

—

.-

.-

.

.-. <.--- ~
,.
{:- --,

,.

.-

-..

,, 3

1,

t.
,.

,,
i,”.--”,,

.— ..—.
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APPENDIXB

TURBULENCE~S

I-1

As shownin reference10}theturbulenceparametersofinterestin
mixingaretheturbulenceintensity,theroot-mean-squarevalueofthe
turbulentvelocityfluctuations,andthecorrelationcoefficient,which
is a statisticalvalueexpressingtherelationbetweenfluctuatingveloc-
itiesattwodifferentpointsin thestream.Measurementsofthetur-
bulenceintensity~ andthecorrelationcoefficientf werecon-
venientandweremadewithconstant-temperatureanemometryeqtipment
partiallydescribedin reference11. Additionalequipmentnecessaryfor
themeasurementof thecorrelationcoefficientf h.asbeendesi~edat .
theLewislaboratoryonprinciplesdescribedin reference12.

Theturbulenceintensitymeasurementssreshowninfigure5(b)and
thecorrelation-coefficientmeasurementsareshowninfigure12. The
turbulenceintensity~2 andcorrelationcoefficientf me descfibed
by thefollowingdiagram:

l-x-t
where U. and ~ representvaluesofthevelocityfluctuationsattwo
pointsinthestreamseparatedby thedistancex. Thusjthecorrelation
coefficientis

Thescale
bulenteddies,

expressedby

ofturbulence
wascalculated

therelation[ref.12)

f

L, a
from

L=

~

measureofthemeansizeofthetur-
thecorrelation-coefficientdatawith

andwasfoundtobe 0.112foot. TheturbulencemicroscaleX,which
representsthemeansizeofthesmallesteddies}wasalsocalculatedfrom
thecorrelation-coefficientdatausingtherelation{ref.13)

andwasfoundtobe 0.025foo
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