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NAC!ARME51A24

NATION~ADVISORYCOMMITTEEFORAERONAUTICS

RESWCH MEMORANDUM

IGNITION-ENERGYREQUEWMMTSINA SINGLETUBUIARCOMBUST~

By HsmptonH.Foster

SUMMARY

An investigationwasconductedtodetemminetheminimumspark
energyrequiredforignitionina single“Wbularcon,tnzstor.Datawere
obtainedat simulatedstaticsea-levelenginestartingconditionsfor
a widerangeofsmibienttemperatures,andalsofora rangeofaltitude
inlet-airpressuresandair-flowrates.Theinlet-airpressureand
flowrates13mittiimitionarecomparedwiththoselimitingsteady-.-
stateburninginthectiustor.Tkw=e
imdicatetheeffectoffuelvolatility

A decreaseinazibienti%mperature
engine-crankingconditionsrequiredan
0.022to about1.5joulesforignition
volatilefuelti~estigatedjcomparable
volatilefuels.‘Thealtitudeignition
ingthesparkenergy.abovethatofthe’

differentfuelswereusedto
on ignition.

from70°to -60°F at sea-level
increase in sparkenergyfrom
inthecodmstorwiththeleast
trendswereobtainedwithmore
13mitswereextendedlyincreas-
cowentionalsystem.A spark

energyof-approxima~ely10 joulespersparkata sparkingrateof8 per
secondgavesatisfactoryignitionat codmstor-inletconditionsclose
tothesteady-stateburninglimitsofthecotiustorat lowandinter-
mediateair-flowrates.Theignition-energyrequirementsatbothsea-
levelandaltitudeconbuptor-inletconditionsgenerallydecreasedwith
an increaseinfuelvolatility.

INTRODUCTION

ReMableignitionintheturbojetengineis importantat sea-level
conditionspriortotake-offoftheaircraft.It isparticularlytital
ataltitudeforrestartingofm engineinwhichcombustionbl~-out
hasoccurredandforthestartingofauxilisrythrustengines.The
altitudestsrtingproblanhasbecomemorecriticalas thesteady-state
operationallimitsoftheenginehaveincreased.

Fundamentalexperiments(reference1)haveshownthatdecreases
inpressurerequireverylargeincreasesin ignitionenergyjforexample,
witha mixtureofpropaneandairunderidealconditionsforignition
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(optimumcomposition,homogeneous,quiescentmixture)theignitionenergy -
mustbe increasedfrom0.27to 34millijoules,orabout125times,for
a reductioninpressurefromatmospheric(sealevel)to1/10atmosphe&ic l-l
pressure(pressureat55,000-footaltitude).Largeincreasesin igni- E
tionenergyarealsorequiredfordepartures’inthefuel-airratioto
eitherthelesmorrichsideofan optimumvaluenearstoichiometric.

-—

Theconditionsintheactualconbustorcanbefarfromtheideal
conditionsforignitionrepresentedinreference1. TheturboJet-engine
fuelisa liquidthatmustbe sprayedintotheconkmstorina pre-
scribedpattern,atomized,vaporized,andsomixedwiththeairinthe
zoneofthesparkplugthata.favorablefuel-airratioisobtained, .
despitetheveryshorttimeavailableasthefuel-airmixtureflows .
pastthespark-plugelectrodes. -

ResearchisbeingconductedattheNACALewislaboratoryonfull-
scaleenginesandonsinglecombustorsto determinetherelativeimpor-
tanceoftheseveralfactorsaffectingignitionfitha viewto ~e~ng
thealtitudestartinglimitsoftheengine.(references2 to4). Ref-
erences2 and3 reportresultsoftheeffect’offuelvolatilityon
thealtitudestartingUm.itsofa full-scaleturbojetengineanda
singletubularcodmstor,resl?ecti~elY=Reference4 presentsresults
ofan investigationconductedona full-scaleaxial-flowturboJetengine .. intheNACALewisaltitudewindtunnelto determinetheoperational
characteristicsofseveralignitionsystems(withconventionalspark
energiesanddifferentspark-pluglocationsinthecotiustor)fora
rangeofsimulatedflightconditions.

—
.-

-—.
—

-.

Theinvestigationreportedhereinwasconductedto determinethe
energyrequirementsforignitionina singletubularconbustor.

.——
The

followingdatawereobtainedwiththreeturbojetenginefuelsofdiffer-
entvolatility:

1.Theignitionenergyrequirements
simulatingsea-levelenginecr@singfor
of70°to -60°l?.

2.Theignitionenergyrequirements

forcombustor-inletconditions
ansmbienttemperaturerange

fora rangeofcoribustor
inlet-airpressuresandflowratesat constantinlet-airandfuel
temperatures.

3.Comparisonsofthec@ustor inlet-airpressuresandflow
rateslimitingignitionwiththoselimitingsteady-stateburning.

.

*
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FUELS

.

Thefollowingthreefuelsof currentinterestforuseinturbojet
engineswerechosenfortheignitionstudies:

1. JP-1(MIL-F-5616,NACAfuel48-306),a low-volatilityfuelwith
a Reidvaporpressure.ofO - 0.2pound-persquareinch.

2. JP-3(MIL-F-5624,NACAfuel50-174)a high-volatilityfuel,
witha Reidvaporpressureof6.5poundspersquareinch.

3.ModifiedJT-3-fuel(NACAfuel49-246)obtainedbyremoving
volatilecomponentsfroma MIL-F-5624stocktoadjusttheReidvapor
pressuretoa
thismtiied

Analyses
curvesof the

nominal1.0poundpers@are inch. (Inthisreport,
fuelwillbereferredtoasthel-poundfuel.)

ofthethreefuelsaregivenintableI. Distillation
threefuelsarepresentedinfigure1.

APPARATUS

Cotiustor

A diagramofthesingle-codmstorinstallationisshowninfig-
ure2. Airflowto theccmibustorwasmeasuredlya sqpare-edgedorifice
plateinstalledaccordingtoASMEspecificationsandlocatedupstreamof
al-lregulatingvalves.Theinlet-airtemperaturewasregulatedbythe
useofelectricheatersandrefrigeratedair. Thecodmstor-inletair
quantitiesandpressureswerereguhtedbyremote-controlvalvesinthe
laboratoryair-supplyandexhaustsystems.Instrumentationforindicat-
ingtotalpressuresandtemperaturesat theinletandmust ofthe
ccmibustorisdescribedinreference5.

A sectionthroughtheupstresmendoftheconibustorshowingthe
relativepositionofthesparkplugandfuel-spraynozzleis shownin
figure3. A variable-areafuel-spraynozzle(reference6)wasused
becausea satisfactoryspraycouldbe obtatiedat considerablylower
fuel-airratiosthanwiththestandardsimplexnozzle.Theimcluded
angleoftheconicalspray,as observedinstillair,variedfrom
100oto 90°forthefuel-flowraue investigated.Thefuelsystem,
describedin
controlsfor
ratestothe
fuel.

reference3, include~a refrig~ationsystemwithsuitable
re@latingtemperatureofthefueltotheburner.Fuelflow
conimstorweremeasuredby rotameterscalibratedforeach

.
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IgnitionSystem .

Theignitionsystemconsistedofa specialhigh-energypowersupply
andcontrolssothatthevoltage,condensercapacitance,andsparking g
ratecouldbe v“~ied.throughwidelimits,allowinga variationinspark
energyfromseveralmillijoulesto about16 joules.Figure4 showsa
blockdiagramof$heessentialcircuitconfiguration.A standard
aircraft-typesparkplugwasused.Becausethehighsparkmergyeroded
theelectrodepointsveryrapidly,thesparkingtimeforeachignition
startwaslimitedto 30to 45 secondsandthesparkingratewasmaint-
ained at 7 to 8 sparkspersecondexceptwhereotherwisenoted.Pre-
liminarytestsindicatedthatignitionlimitswereunaffectedly .—
increasingthesparkingratefrm”8to 45persecondat onemoderate
(O.72 joule)constantsparkenergy.

Theenergywascalculatedas (reference7)

(1) .—

where

E energy,joules .

c.!capacitance,farads
●

v voltage,volts

PROCEDURE .—

Thesea-levelignitiontestsw=.ecopductedat conditionssimu-
latinga sea-leveleng~necrankingspeedofabout,9-percentnormalrated ““
rpmfora simulatedambienttemperaturerangefrom70°to -60°F. The
correspondingcombustorinlet-airpressures,temp~atures,andflow
rates(lb/sec/sqftbasedona combustormaximumcross-sectional - -
areaof0.267sqft)areshowninfigure5. Fuelatthesimulatedtem-
peraturewas&&nittedtothebui?nerby openingthethrottleslowlyuntil =
ignitionwasobtained,allowinga maximumthe intervalofabout30 sec- .—

endsforignition.Theoccurrenceofi~itionwas@dicatedby a teii-
peratureriseinthecombustor.Thecriterionforsatisfactoryignition
wasthattheflamefilltheconibustorandcontinueburningafterthe
sparkwasde-energized.

Priortothealtitudeignition@vestigation,thesteady-state
burninglimitsofthecombustorweredeterminedasabasisforjudgi~
theignitionrequirementsoftheccmibustor.At conditions(-10°F .

“

— .-
-.



. inlet-airtemperatureand-40°F fuel-inlettemperature)representative
ofinlettemperaturesfor.altitudeengine-windmi~ing,theminimumand

N maximumfuel-flawratesatwhichsteady-stateburningcouldbe obtatied
o weredeterminedfora rangeof inlet-airpressuresandflowrates.
~“

Theprocedurein obtainingthealtitudeignitiondatawasto chwse
a pressure,higherthantheburning-limitpressure,at eachair-flow
rateandby trialto determinetheminimumsparkenergyrequiredfor
satisfactoryignition.This”procedurewasrepeatedforsuccessively
lowerpressuresuntila limitingpressurewasreachedwhereignition
wasnotpossible,evenwithan energyof10 joulesperspark.The
inlet-ah andfueltemperaturesweremaintainedatthesamevaluesas
inthedeterminationofthesteady-stateburninglimits.

Itwasdesiredto obtainignitionlhitswitha s@em typicalof
currentpracticeinorderto comparetheselhitswiththoseobtained
withthenonconventionalhigh-energysystemsinvestigated.Severalcon-
ventionalturbojetignitionsystemsprovide’from0.016to 0.033joule”
at sparkingratesfrom400to 800persecond.A nunberoftestswere
thereforemadewiththeimitionenergysetat0.025jouleandthe
spsrkingrateat
testapp=atlls)j. ignitionsystem.

.

200per;econd
thissystemiS

IuiHJlxs

(the=xtiumrateperr&sibletiththe
referredto asthellconventionalt*

ANDDISCUSSION

IgnitionatSea-LevelConditions

Theeffectofauibienttemperatureontheminimumsparkenera
requiredforsuccessfulcotius;orignitionat simulatedsea-hvel
enginecrankingconditionsisshowninfigure6. Thesparkenergies
requiredincreasedrapidlywitha decreaseinsnibienttemperattiefor -
thethreetestfuels.Forexample,thel-poundfuelrequired
0.007jouleforignitionat 27°F,butreqyired1.0jouleat -60°F,
or an increaseof143to 1. Themostvolatilefuel,JP-3,required
theleastignitionenergyatthelowerambienttemperatures,whichis
inagreementwiththetrendspresentedinreference3 withconstant
sparkenergy.Thelowvolatilityfuel,JF-1,reqtiredthehighest
ignitionenergyandtheresultsweretheleastConsistent,as indi-
catedbythescatterofthedataforthisfuel.WithJ_P-lfuel,the
requiredener~ increasedfrom0.022to 1.5joulesasthesmibient
temperaturewasdecreasedfrcan70°to -6(3°F.

Theresultsshownarefora sparkingrateof8 persecond.At very
highsparkingratessuchas areusedinconventionalignitionsystems
thesparkenergiesreqtiedwouldprobablybe somewhatlower,particu-
larlyinthelowenergyrange.Thedifferencesinsparkenergyrequired
forthe3 fuelsmightalsobe qffectedbylargechangesinsparkingrate.
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AltitudeSteady-StateBurningLhits .

Theresultsofthesteady-stateburning-13mitinvestigationare
showninfigure7 forthethreefuels.At anyfuel-airratio,stable
combustionmaybe”obtainedonlyat a pressureabovethelimitingpres- g
sureindicatedby thecurve.Thegeneralshapesoftheburninglimit
curvesaresimilar.Theminimumpressureatwhichconibustionmaybe
maintaineddecreaseswitha decreaseinair-flowrate.Thefuel-air
ratiorequiredforburningatminhumpressureswasrelativelyunaf-
fectedby airflowexceptatverylowair-flowrates.Thedisplacement
ofthelowestair-flowcurve(0.37Xb/(sec)(sqft))to higherfuel-air —
ratioscanbe attributedtopoorfuel-spraycharacteristicsatthe
attendantlowfuel-flowrates.

.
By replacingthev~iable-areafuel

nozzlewitha smallernozzle(nominal4.5&l/hr at 100lb/sqin.noz-
zlepressure)thatwouldproducea satisfactorysprayat lowerfuel
flowrates,thecurvefor0.37poundpersecondpersquarefootwas
shiftedto lowerfuel-airratioswithlittle‘significantchangeinthe
mimbmunpressureNt (fig.7(c)).Theminimumpressuresandthe
correspondingair-flowratesframfigure7 sreplottedinfigure8 to
comp~etheburningUmitsat optimumfuel-airratioforthethree

—

fuels.Thesecurvesrepresentthelimitsofsteady-stateburningand,
—

hence,thelimitingair-flowratesandpressuresatwhichignitionis
possible.Slightlylowerpressurelimitswereobtainedwiththemore

--

volatileJP-3fuel;however,thisdifferenceinlimitingpressurewas
—

onlyabout.1.5inchesofmercury. .

AltitudeIgnition

Theminimumignition-energyrequirements,at optimumfuel-air
ratios,forthethreefuelsareshowninfi@re 9. Withthevolatile
JP-3fuel(fig.9(a)),a largeincreasein spark-energyrequir~nts

—

accompaniesa decreaseincombustorpressureuntila limitingpressure
isapproachedbelowwhichignitioncouldnotbe obtainedevenwith ._ ~
veryhighsparkenergies.Alsoat constantc~ustor-inletpressure,
an increaseinair-flawrates(orairvelocity)requiresan increase
in sparkenergy.Thesametrendsmaybe obse&vedforthelessvolatile
l-poundfuel(fig.9(b))exceptthatthecurveswouldprobablybecome
parallelto theenergy-scaleordinateathigherspsrkenergies.Data
forthelow-volatilityZP-1fuel”areshowninfigure9(c).Exceptions
totheregulartrendofignitionenergywithAirflow,whichwas
observedwiththemorevolatilefuels,arepvidentin figure9(c).As
inthecaseofthesea-leveligmitioninvestigation,ignitionwiththis
low-volatilityfuelwaserraticandunpredictable.

.

.
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A crossplotoftheignition@ta offigure9 is showninfig-.
ure10. Comhustorinlet-airpressureisplottedagainstair-flowrate
forconstantsparkenergiesjtheburning-limitcurves(fig.8)”are“
ticludedforcomparison.Anypointonan en&rgyMne representsthe
minhmmsparkenergyrequiredforignitionattheparticularpressure
andair-flowcontition.WiththeJP-3andl-poundfue~ (figs.10(a)
and(b)),an increasein sparkenergfrcrm0.025jouleto 10 joules
extendedthelhits ofignitionto conditionsapproachingtheburning
limitsoftheconibustor,particularlyat intermediateandlowair-flow
rates.Itwouldappearthatonlyverysmallgainscouldbeexpected
forsparkenergiesgreaterthsa10 joulesforthesemorevolatile
fuels.

Thedottedcurveinfigure10 showsignitionlimitsobtainedwith
the“conventional”system,0.025joulepersparkand200sparksper
second.Theimprovementshowninfigure10(a)oftheconventional
0.025-joulecurveoverthe0.025-joulecurveobtainedfromthedataof
figure8 isduetothehighersparkingrate(200persecond);however,
inpreliminarytestswitha highersparkener~ (0.72joule),increas-
ingthesparkingratefrom8 to45persecondhadlittleeffectonigni-
tionlimits.Itmaybe surmisedthatignitionofsprayedcoldfuelis
aidedwhensparkelectrodesbecomehotenoughtoproduceqpreciable
vaporizationofthefueldropletsstrikingthem.For“thelow-e~ergy
(O.025joule)case,theincreasein sparkingratemayhaveappreciably
increasedthetemperatureofthesparkelectrodes,whereasforthe
higherenergy(0.72joule)case,theelectrodetemperaturemayhave
beensufficientlyhighdvertherangeofsparkingratesinvestigated.

Withtheconventionalenergyof0.025joule,tgnitioncouldnot
be obtainedat as lowpressures(orhighair-flowrates)withthe

‘ l-poundfuelaswiththeJP-3fuel;howeyer,theresponseto increases
in energywasgreaterwiththel-poundfuel.Thisobservationispos-
siblyindicativeofthenecessityforhighsparkenergiestovaporize
fuelsincea sparkof1 jouleormoresuppliesa largeexcessof energy -
overthatrequiredforignitionofidealmixturesatthepressure
encountered(reference1).

Dataforthelowestvolatilityfuel,JP-1,arepresentedinfig-
ure1O(C).Increasingthespark-energyfromtheconventional
0.025jouleto 10 joulesallowedincreasesintheignitionlimitscom-
parableto thoseobtainedwiththel-poundfuelathighandinter-
mediateair-flowrates.At lowair-flowratestiththelowestvola-
tilityfuel,theconstant-energycurvesshowan increaseinMting
pressurewitha decreaseinair-flowratej thisiscontrarytothe .
trendsobservedwiththemorevolatilefuelsandisprobablydueto. insufficientvaporizedfuelinthevicinityofthesparkwhenthe
lowestvc?latilityfuelissprayedintoa low-velocityairstream.

.

w“””~-
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A comparisonoftheignitionlimitsofthe”ttieefie~ issh~ in
figure11fora spqrkenergyof10 joules.Themorevolatilefuel
(n-3)hasslightlylowerpressurei~ition.lmts t~ thel-po~d
fuel.At intermediateair-flowrates,theignitionlimitsoftheleast
volatilefuel(JP-1)weresimilartothoseofthemorevolatilefuels;
atlowandhighair-flowrates,however,theywereinferiortothoseof
themorevolatilefuels. ‘“, -“.

Thedifferencesintheboun&ies ofignitionandtheburninglimit
curvesindicatedinfigure10aresmallestattheintermediateair-flow
ratesforthelowestvolatilityfuelandattheintermediateandlow
air-flowratesforthehighervolatilityfuels.Thelowerair-flow
ratesrepresent.therangeof cotitionsthatwouldprobablybe encoun-
teredinattempted-enginestartsataltitudewindmillingconditions.
The”&ctualoperationallimitsoftheturbojetenginewouldoccmat
somewhathigherpressuresthantheburningli@tsthathavebeenpre-
sented,becausethecodmstormustnotonlysustaincombustionbut
mustalsoproducesufficienttemperatureriseto operatetheengine.
A sparkenergyof10 joules,therefore,appearstobe sufficientfor
ignitioninthecombustoratmostengineoperatingconditions.Also,
as showninfigure1.1,a sparkenergyof10 jouleswillprovideeqpally
satisfactoryignitionofbothlowandhighvolatilityfuelsovera wide
rangeofoperatingconditions.

Reproducibility

Thetailedpointsshowninfigures9(a)and9(b)representcheck
dataobtainednotonlytoextend,theignition-l~tcurvesbutalsoto
indicate,toa limitedextent,thereproducibilityoftheresults.In
general,thereproducibilityimprovedwithan increaseinfuelvolatil-
ityandwithan increaseinsparkenergy.SMlarly, ignitionwiththe
morevolatile-fuelswasobtainedmoreconsistently,andina shorter
timeintervalthanwiththelowervolatilityfuels.

SUMMARYOFRESULTS

Thefollowingresults,wereobtainedfroqan investigationof the
spark+nergyrequirementsforignitionina singlettiularturbojet-.
engineconibustoroperatedwiththreefuelsofdifferentvolatility..

1.Forignitionat simulatedsea-levelenginecrankingconditions,
a decreaseinambienttemperaturefrom70°to -60°F requiredan
increasein sparkener~from0.022toabout1.5joulesforthelowest

.

l-l
g
N
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—
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A
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volatilityfu~linvest~gated~comparabletrends
morevolatilefuels.

~

wereobtainedwith **

.
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2.Thealtitudeiggitionlimitswereextendedhy increasingthe
sparkenergyabovethatoftheconventionalignitionsystem.A spark
energyofapproximately10 joulespersparkata sparkingrateof”8 per
secondgavesatisfactoryignitionat combustor-inletconditions
approachingthesteady-stateburninglimitsoftheccxibustorat low
andintermediateair-flowrates.

3.Formostoftheconditionsinvestigatedthehighervolatility
fuelrequiredlessignitionenergythanthelowervolati~tyfuels.

LewisFlightPropulsionLaboratory,~

1.

2..

.
3.

4.

5.

6.

7.

8.

NationalAd~isoryCommitteef& Aeronautics,
Cleveland,Ohio.
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TABLEI - FUELANALYSIS

ASTMdistillation,%?
Initialboilingpoint
Percentevaporated

5
10
20
30 ‘
40
50
60
70
80.
90

Finalboilingpoint
Residue,percent
Loss,‘&rcent

Freezingpoint,OF
Aromatics,percentby volume
SilicaGela

Viscosity,centistokesat
-40°F

Brominenumber
Reidvaporpressure,lb/sqin.
Hydrogen-carbon..ratio
Heatofccmibustion,Btu/lb
Specificgravity
Acceleratedgum,mg/100ml
Airjetresidue,mg/100ml
Sulfur,percentby weight

JT-1
MIL-F-5616
(I&C~el

340

350
355
360
364
367‘“
375
380
384
391
402
440;.
1.0.
1.0

<-76

15

9.2
0..

0-0.2
0.154
18,530
0.830

0
1

<0.02

aDetermine&bymodifiedmethodofreference8.

n-3
MIL-F-5624
(%7~el

114

128
138
149
160
174
188
204
231
330
439
533
1.0
1.0
-72

5.7

1.65
0.9
6.5

0.172
18,800
0.725
------
------
------

NACARME51A24

Modified

(N#&l

210

224
243
276
302
328
355
384
413
441
478
560
1.0
1.0

<-76

23.5

4.28
7

1.0
0.157
18,560
0.803
------
------
---.--

a

.

:

~

i

.-

,

---
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—-
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