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Theresultsof an investigationccxiluctedintheNACACleveland
altitudewindtunneltodeterminetheeffectsof several.methodsof
fuelinjectionontheoperationalperformanceof a 20-inchranjet
arepresentedanddiscussed.Studiesweremadetopressurealti-
tudesof 35,000feetad ram-pressureratiosequivalentto super-
sonicMachnumbers.Fourfuel-injectionarrangementsusingthe
ssmeflameholderwereinvestigated:(1}a fixedamountoffuel
injectedwithintheflameholderina downstreamdirectionanda.
variableamountoffuelinjectedneartheram-jetdiffuserinlet
inan upstreemd.irectj.on;(2)a fixedamountoffuelinjectedwithin
theflemeholderina d.ownstreemdirectionanda variableamountof*
fuelinjectedneertheflemeholderinan upstreemdirection;(3)all
thefuelinjectedneertheram-Jetdiffuserinletinan upstreem
direction;and(4)aU thefuelinjectedwithintheflameholder
ina downstre=direction.Thefuelinjectedupstreemoftheflame
holderwaspreheated.

1,

Theblow-outlimitsandthecombustionstabilityof eachfuel-
injectionarrangementweredetermined.In addition,theeffectsof
fuel-airratio,combustion-chamber-inletvelocity,cabustion-
chamber-inletstaticpressure,ani:embient-airpressureoncanbustion
efficiencyerepresentedandanalyzed.Engineperformance.,results
obtainedforthe.20-inchremjetwitha 17-inch-dismeterexhaust’
nozzleandoneofthefuel-injectionarrangementstivestigated’
erealsopresented.

Changesinthelocationofthepointoffuelinjectionwith
respecttotheflameholderprovedto be veryimportantto the

. performanceofthecombustionchamber.-Pronouncedvariationin
combustionefficiencywitlnchangesineithercombustion-chqber-inlet
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velocityorover-allfuel-airratiowasnoted.Therangeoffuel-
atiratiosoverwhichcombustioncould.bemaintainedwasdecreased
whentheenginewasoperatedclosetotheconditionsoframfor
whichchokingoccursattheexhaustnozzle.Thefullfuel-air
ratiorsnge~foperatio-n
waschoked.

howeverwasrecoveredaftertheengine

INTRODUCTION

Onsofthedifficultphasesofrsm-Jetcombustion-chsmber
developmentistheproblemof obtainingstableccxnbustionofhigh
efficiencyovera widerangeoffuel-airratios,combustion-
chamber-inletvelocities,andaltitudes.Combustionstudies
reportedinreferences1 to 3 haveshowntheimportanceofthe

1

methodoffuelinjectionontheperformanceoftherem-jetcom-
bustionchamber.Fromtheseexperhents,inwhichallthefuel
wasinjectedupstresmoftheflsmeholder,burnersthatoperated
tohighaltitudesandtopressure-ratioscorrespondingto super-
sonicMachnumbersweredevelopedattheNACAClevelandlaboratory
(references1,4, and5). Theflameholdersof someburnersof
thistypewoul~however,supportcombustiononlyatlowccmbustion-
chamber-inletvelocitiesorovernarrowrangesoffuel-airratios.
In addition,combustionwasscmetimesaccompaniedby undesirable
vibrationsatfrequenciesrangingfrom25to 125cyclespersecoml.

M investigationwasconductedintheNACAClevelandaltitude
windtunneltodeterminetheeffectsofseveralmethodsoffuel
inJectionontheoperationalperformanceofa 20-inchramjet.
ThelocationofthepointoffuelinJectionwithrespectto the
flsmeholderwasthoughtto be importantintheperformanceof
flameholders.Inthisstudy,theeffectsonram-Jet combustion-
chsmberperformsmceoffourfuel-injectionarrangements,which
used thesameflsmeholder,wereinvestigated(fig.1).

Foreachconfiguration,thequantitativeeffeczsof fuel-air
ratio,combustion-chsmber-inl.etvelohity,combustion-chsmber-inlet
staticpressure;andsmbient-airstaticpressureon ccznbustion
efficiencyarepresented.Theeffectof exhaust-nozzle-outlet
diameterandexhaust-nozzlechokingonthefuel-air-ratiooperating
rangeisindicatedfortheconfigurationusingthesplit-injection
buzzner.Theperformanceresultsforthe20-inchremJetwitha
17-inchexhaustnozzleandan8-footcombustionchsmberusingthis
burnerwereinvestigatedml srepresented.

.
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Nmw!mJs ANDPRCCEDURE
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Theinvestigationwasmadewitha remJethavinga subsonic
conicaldiffuser,a constant-areacabustionchamber,anda con-
vergingexhaustnozzle (fig.2). Thediffuserhadem 8° included
angle,a 14-inch-diemeterinlet,anda 20-inch-dismeteroutlet.
A convergingnozzle2 feetlongwitheithera 15-inch-or a 17-inch-
diameteroutletwasattachedtothe8-footcombustionchamber.The
constructionofthewater-cooledcombustionohamberandexhaust
nozzlewassimilartotheexperimentalcombustionchamberdescribed
inreference5. Thesesectionsweremadeby seem-weldinga corru-
gatedoutershellto a mnoothinnershellto forma helicalcooling-
waterpath.

Thefourfuel-injectionarrangementswere: (1)a fixedamount
of fuel injectedwithintheflameholderina downstreamdtiection
anda variableamountoffuelinJectedupstreamoftheflame.holder
neartherem-jetdiffuserinletinanupstresmdirection(split-
injectionburner,fig.l(a));(2)a fixedamountoffuelinJected
withintheflemeholderina downstreamdirectionti a variable
amountoffuelinjectedattheflameholderinanupstreemtiection
(flame-holdersplit-injectionburner,fig.l(b));(3)allfuel
injectedupstresznoftheflameholderneartherem-jetdiffuser
inletin= upstreemd~ection(upstresm-inJectionburner,fig.l(c));
and(4)allfuelinJectedwithintheflameholdehina downstream
direction(flame-holderinjectionburner,fig.l(d)).

l?woindependentfuelsystanswereused: onefortheupstresm
fuelinjectorsandoneforthefuelinJectorwithintheflameholder.
Thefuelinjectedinanupstreamdirectionwaspreheated.Thepre-
heatingsystemconsistedof a heatexchangerusingsaturatedsteam
ata pressureof100poundspersquareinchgageastheheating
medium(reference4). Thepreheatedfueltemperaturewasmaintained
at200°* 10°F. Withthesplit-inJectionez’rangements,thefuel
flowwithintheflameholderwasmaintainedconstantat lCQOpounds
perhourforalloperatingconditionsandthefueltemperaturewas
approxbately80°F. Unleaded62-octamefuel(AN-F-22)wasusedin
thisstudy.

Forallsrrsmgementsofthefuel-injectionsystems,thefleme
holderused(fig.3)wasa modificationoftheannularV typeB burner
describedinreference 1. It consistedoftwoperforatedannuliof
9-and16-inchcenter-linediameters,anda perforatedcentercone.
Bothsmnuli@ thecenterconehada 30°V cross-sectionwitha
3-inchchord.Fortheinjectionoffueldownstreamwithinthefleme
holder,32equallyspaced6-gallon-per-hourccamercialspraynozzles
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wereprovidedintheouterannuhs,16 equaU.yspaced6-gallon-per-
hourcommercialspr~ nozzlesintheinnerannulus,andone21.5-gallon-
per-hourspreynozzleintheoentercone.Thesenozzleswerethe60°
hollow-conetypeandwerefedfroma singlefuelsource.Additional.
radialgutterswereweldedbetweentheannuliandtheconeto improve
itsflsme-holdingcharacteristics.Thetotal-pressuredropofthis
flameholderwas1.5timesthecombustion-chsmber-inletdynsmicpressure.

Forfuelinjectioninenupstreamdirectionattheflemeholder,
18 commercialspr~ nozzleswereprovidedinfrontoftheouter
annulus,12 commercialspraynozzleswereprovidedin front of the
inner ennulus, and one ccmnercialspraynozzlewasprovidedinfront
ofthecentercone.Thesenozzleswereratedtodeliver21.5gallons
offuelperhourinthefomnofa 60°hollowconeata pressureof
100poundspersquareinchgage.KU.nozzleswerefedfroma single
fuelsource.ThisfuelinJector,whichismountedjustupstreamof
theflsmeholderinthecombustion-o%mmber-inletsection,isshown
infigure4.

ThefuelinJeotorusedinthestudiesrequiringfuelinjection
upstreamoftheflameholderhearthediffuserinletis shownin

5 inchtubesarr~edfigure5. ThisfuelinjectmGonsistedof six—
inan 80°V patterninwhichtheopenetioft~6V is5 inchesdown-
streamofthediffuserinlet.Thefuelwassprayedinanupstreem
direction.Itreviousinvestigationsinwhichpreheatedfuelwasused
(references4 and5) indicatedthenecessityofmaintaininga fuel-
manifoldpressuregreaterthanthefuelvaporpressureandthe
desirabilityofa fuelinjectorthatwouldpermita widerangeof
fuelflowswithsmallveriationinfuelpressure.Sucha system
isimpossiblewitha fixed-orifice-sreainJector,butcanbe accan-
plishedwitha variable-orifice-ereainJector.Thefuelinjector
wasdesignedaccordinglyandconsistedoftwoconcentrictubes
emremgedtopermitrelativedisplacementofonewithrespectto
theother.Theoutertubehada seriesof0.028-inchholesdrilled
alongitslengthandtheinnertubehada seriesof slotsalong.its
lengthoppositetheorificesintheoutertube.A smelldisplace-
ment of theinnertubemadepossiblea vemiationinthetotal
numberofopenorificesfrom18to144ineightequalsteps.The
orificesandslotswerelocatedtogivea uniformfueldistribution
ateaohsetting.Theaerodynamictotal-pressuredropofthefuel
inJectorwas0.54timesthedynsmiopressureatthecombustion-
chamberinlet.

Ignitionforthecasesinwhichfuelwasinjectedwithinthe
flameholderwasaccomplishedbymeansofamdified aircraftspark

.

.

.



.

“

I-1
%’

plug. WhenallthefuelwasinJectedupstreamoftheflameholder,
a gaspilot,whichwasbuiltintotheflameholder,wasrequiredto
stertcombustion.Ignitionofthegasyilotwasalsoaccomplished
bymeansofthemodifiedaircraftsparkplug.

Dryrefrigeratedatiatapproximatelysea-levelpressurewas
madeavailableto theremJetthrougha mke-upairductand.was
throttledto providethedesired.staticpressureatthecombustion-
chamberinlet.Theengineexhausteddirectlyintothewind-tunnel
testsectionwherethepressurealt$tudewasvariedtothedesired
condition.A 7-footchordwingsupportedbythewind-tunnelbalance
frsmeservedas
systemwasused
wasobtainedby
andthemake-up
obtaimedwitha
presented,were
tunnelbalance.

Theengine

--
a momtingfortheremJet. Thewind-tunnelbalance
tomeasurethethrust.Freemovementofthemodel
a sealedslipJointinsertedbetweentheramJet
airduct. Thrustvaluescalculatedfromdata
water-cooledexhaustrake(fig.2),whioharenot
consistentwithvaluesobtainedwiththewind-

operationalperformancewasinvestigatedatverious
ambient-airpressuresfrom1450to 500poundspersquerefootabso-
lute.Theinlet-airtemperaturewasmaintainedat10°*10° F. At
eachambient-airpressure,readingsweretakenovera rangeof
combustion-chamber-inletstaticpressuresat intervalsof
100poundspersquarefoot.Datawerethusobtainedat various
pressurealtitudesandram-pressureratios.At eachcombustion-
chamber-inletstatic&essureemdaltitude,thefuel-airratiowas
variedovertherangeatwhichcombustioncouldbemaintained.

Totelpressvres,staticpressures,andindicatedtemperatures
measuredatthediffuserinletwereusedto cauputetheairflow.
Fromthesemeasurementsandemadditionalmeasurementof static
pressureatthecombustion-chamberinlet,cabustion-chamher-inlet
velocitieswerecomputed.Rotemeterswereusedtomeasurethe
fuelflow. Combustionefficiencyandgastemperaturerisewere
ccmputedfrommeasuredvaluesof jetthrustEUXIgasflowbythe
methods“presentedinreferences1 and5. Theheatlosttothe
combustion-chambercoolingwaterwasaccountedforinthecalcu-
lationof combustionefficiency.Thisheatlosswascomputed
fromcooling-waterflowandtemperature-risemeasurements.

Theengineperformanceperimeterswerecomputedbymethcds
discussedinreferences
numbervalueslessthan
takenastheequivalent
Machnumber;forvalues

lemd5* Forequivalentfree-streanMach
1,thediffuser-inlettotalpressurewas
free-streamtotelpressurein computing
greaterthan1, supersonicdiffuserlosses

~ “-
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wereaddedtothemeqsuredsubsonicdiffuser-inlettotalpessure
to obtaintheequivalentfree-streamtotalpressure.Thelosses
wereassumedtobe thosethatwouldoccuraorossa normalshockat
thethroatofa convergent-divergentsupersonicdiffuserofoptimum
contraction(reference5).
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Thefollowingsymbolsareusedinthisreport:

oross-sectional.area,squarefeet

2 Fn
net-thrustcoefficient,

Y.P.A3M02

jetthrust,pounis

netthrust,pounds

fuel-airratio

M&chnumber

staticpressure,poundspersquarefootabsolute

totaltemperature,%

velocity,feetpersecond

airflow,poundspersecond ‘

fuelflow,poundsperhour

ratioof specificheatat constantpressureto specificheat
at oonstantvolume

ratioof absolutetunnelembient-airpressuretoabsolutestatic
pressureatNACAstandardatmosphericconditionsat sealevel,
p~2116

over-allefficiency,percent

combustionefficiency,percent

.

.



NACA

e

T

~ NO.E7L02 7

ratioof absolutetotaltemperatureatdik’fuserinletto abso-
lutestatictemperatureatNACAstandardatmosphericcondi-
tionsat sealevel (To=T1), T~519

ratioofabsolutetotaltemperatureatefiaust-nozzleoutlet
to absolutetotaltemperatureatdiffuserinlet,T~T1

Subscripts:

o equivalentfree-stresmcondition

1 subsonio-diffuserinlet

2 diffuseroutletandcombustion-chamberinlet

3 combustion-chamberoutlet

4 e~ust-nozzleoutlet

RESULTSANDDISCUSSION

Themriatlonof combustionefficiency~b witheithercombustion-
chamber-inletvelocityV2 or over-enfuel-airratio f/a wasgreatly
affectedbythefollowingthreefactors:(1)fuelatomization,
(2)degreeoffuelstratification,.sn5(3)timeallowedforcombustion.
Changesinthefuel-inJectionarrangementsc$hangedtheeffectsofthese
vsriablesonthecombustionefficiency.Beoauseofthenatureofthe
investigation,independentcontrolofalltheexperimentalvsriables
wasnotfeasible.Alltheexperimentalcotiitionsatwhichthedata
wereobtainedarethereforegivenforeachofthedifferentconfig-
urations.Certainofthesevariableshavelittleeffectonthe
combustion-chsmberperformance,aswillbe shown.

“Theeffectson ~b ofthefuel-injectionarrangementsere
presentedovera rangeof operatingvsriablesinfigures6 and7.
Figure6 presents~b plottedagainstV2 forthesplit-injection
burner,theupstresm-injectionburner,andtheflame-holderinJection
burner.Thesedatawereobtainedwitha 17-i.nch-diameterexhaust
nozzle.Thegastotal-temperaturerWbiOSacrosstheengineT that
were attained,thecombustion-chsmber-inletstaticpressures~,
andthesmbient-airpressuresPO atwhichthedataweretakenere
alsogiven.Dataarepresentedatapproximatelyconstantf/a for
eachburner.Thefuel-airratiosselectedarethevaluesat-which
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themaximumrangeof~peratingvsriables was obtained.An evaluation
oftheeffectof V2 upon ~b at a constaatf/a fortheflsme-
holdersplit-injectionburnerisnotpresentedbecausesufficient
datawerenotobtainedforsuchan analysis.

Withthesplit-lnJectionburneroperatingat a f/a valueof
0.040&O.002an in~rease~ ~b fram45to 81percentwasobtained
as T2 wasincreasedfrom96to about138feetperseoond.
(Seefig.6(a).) Thismsrkedincre-ein ~b wasl.agelydueto
themorecompleteatomizationandmixingwithairofthefuelinjected
fromtheupstreamfuelinjector(fig.5)thatoccursas V2 is
increased.Theimprovementinfueldispersionandatomizationwith
ihcreasedV2 occursbecausethefuelisejectedinfinestreams
throughstipleorificesagainstthedirectionofairflow. The
greatertherelativevelocityofthealroverthefuelstresmsthe
greateristhetearingactionoftheationthefuel(reference6).

A sharpreversalintrendoccursat a V2 value of about
140feetpersecond,thevalueatwhichpeakcombustionefficiency
(Vb,81percent)wasobtained,andfurtherincreasesin V2 result
ina gradualdeoreasein Tb. Presumablytheimprovementinfuel
atomizationandfuel-airmixingwithfurtherincreasesin V2 did
nothcrea.8e~b sufficientlyto overcomethelossin ~b that
resultsfromthedecreasedttieavailableforccrabustionathigher
V2 values.Thecombinedeffectprcducesa gradualdecreasein ~b
withincreasesin V2 abovevalues of140feetpersecond
(fig.6(a)).Themaximumvelocityshownonthisfigurewas
limitedby chokingat theexhaustnozzleoftheengineandnotby
combustionblow-out.

.

.

.

At en approxhnatelyconstantvslueof V , variationsin p2
7overtherangeinvestigated(1200to2000lbssqft absolute)had

littleeffectCZI Tb. Variationsin po overtherangeinvesti-
gatedatfixedvaluesof V2 alsoshowlittleeffecton qb.

Thevariationof T with V2 followsthepatternofthe
variationof llbwith V2. An approximatepeakvsLueof -r of
5.5waaattainedata value of V2 of140feetpersecond,the
samevalueof V2 atwhichthepeak ~b occurred.

Thevariationof qb with V2 ata f/a valueof 0.055+ 0.001
fortheupstream-inJectlonburnerisshowninfigure6(b).As with
thesplit-inJectionburner,~b rapidlyincreasedwithincreasesin
72Y reachinga peakof78percentatabout140feetpersecond.I
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Furtherincreasesin V2 resultedina gradualdecreasein qb.
Thesametrendmightbe expectedwiththisburneraswiththesplit-
injectionburnerbecausetheseineupstreemfuelinJectorwasused
inbothstudies.

WhenaU thefuelwasinjectedwithintheflemeholder,a decrease
in qb occurredwithincreasesin V2. Thisvariationat a f/a
valueof 0.020+0.001isshowninfigure6(c).Foran increase
In V2 froml17to 177feetpersecoai,qb decreasedfrom68to
47percent.Thisdropin Tb wasprobablyoausedbythereduced
timeavailableforcombustionwithincreasedV2. Therecouldbe
littleeffectuponthefuelatomizationQ??fuel-airmixingwith
changesin V2 aswhenfuelwasinjectedfromtheupstreeminjector,
becausethefuelspr~ nozzlesareshieldedwithintheflemeholder.
Forthedataobtained,thefuelpressurewaamaintainedat a high
valuetomidnizeitseffectonfuelattization.

CombustioneffiCiOZIOynb plottedagainstover-allfuel-air
ratio f/a 1spresentedinfigure7 forthesplit-injectionburner,
theupstresm-injectionburner,thefleme-holdersplit-injection
burner,andtheflame-holderinJectionburner.As withthedata
presentedinfigure6,thesedatawereobtainedfortheburners
operatedwitha 17-inch-dkmeterexW.ustnozzle.Thegastotal-
temperatureratiosacrosstheengineT that were attainedand
thecombustion-chember-inletvelocitiesV2 andstaticpressures
P
3

atwhichthedat=weretakenarealsoshown.Dataerepresented
a a valueof PO of1450poundspersquerefootabsolute.

Therangeof f/a forstablecombustionwiththesplit-inJection
burnerwasfrcxaapproximately0.033to 0.050.(Seefig.7(a).) At
a givenvalueof P2, the ~b grad- increasedwith f/a until
a mexhnumwasreachedat a f/a valueofapproximately0.044.
Furtherincreasesin f/a ticreasa ~b. Theficreasein qb with
f/a ispartlydueto theincreasedconcentrationoffuel,thereby
improvingconditionsthatleadtomorerapidchemicalreaction.
Primarilybecausea zoneofrichfuel-airmixtureswasmaintained
atthefleme-holdergutters,theMOXilll~~b occurredat less than
stoichiometricover-allf/a (0.067).As theover-allvalueof
f/a wasincreasedbeyoni0.045,localoverewichmentat thefleme
holderoccurredandtheexcessfuelinthiszonewouldnotburnto
completionregardlessofhowfavorableweretheconditionsfor
combustion.

TheV=ktk)n h qb with f/a, as showninfigure7(a),is
alsoaffectedby the V

t
atwhichthedataweretaken.basmuch

asthedatainfigure6 a)haveshownthat P2 hadlittleeffect
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on q , theapparentchamgein rIbwith P2 showninfigure7(a)
aotJ ly arisesfromtheveriationin V2 causedby changesin P2.
Forthesplit-injectionburner,~b decreasesas f/a isincreased
tovaluesgreaterthan0.045.At theseinettie,thevalueof T
continuesto increaseoverthe f/a rangeof stableburningshown
infigure7(a).

When onlyupstreaminjectionwasused,a displacement@ the
f/a rangeoverwhichccaubustioncouldbemaintainedoocurred,as
showninfigure7(b).peak ~b oco~redat a f~a v~ue of
approxhately0.062andflameblow-outoccurredatvaluesof f/a
below0.055andabove0.068.Theshiftinpeak qb toricher
f/a valuesby changingfromsplitinJectionto fullupstream
inJectionisprimarilydue to reducedfuelstratification.As a
resultofa moreuniformfuel-airmixtureoverthecombustion-
chambercrosssection,maximumfiboccurredat a fuel-airratio
ne=er stoichiometric.

The rangeof f/a overwhichcombustioncouldbemaintained
withtheflame-holdersplit-injectionburnerispresentedin
figure7(c).ThecombustionefficiencyOb increasedrapidly
with f/a untilthemeximumwasreachedata valueof0.040.
Becauseallthefuelisconcentratedattheflame-holdergutters,
thepeak ~b wouldbe expectedto occurat a leanerover-allfuel-
airratiothanforthesplit-injectionburnerorfortheupstreem-
Injectionburner.When f/a wasincreasedbeyond0.040,a rapid
decreasein ~b occurred,thehop beingsufficientto causea
slightdecreaseinthevalueof T that was obtained.Blow-out
occurredat f/a valuesbelow0.031andabove0.047.

Dataobtainedwiththeflame-holderinjectionburnerwere
limitedbythefuelflowobtainablethroughthefixed-sreaorifices
ofthespraynozzlesused..As a result,neithertheentirerange
offuel-airratiosoverwhiohcombustioncouldbemaintainednor
thepeak ~b withfuel-airratiowasdetemlned.Thedatawinch
wereobtainedforthisburnerareshowninfigure7(d).

AS thefuel-airratiowas increasedfrcm 0.012,whichwasthe
leanestf/a atwhichcombustionwasmaintainedwiththefleme-
holderinJeotionburner,T

k
increased(fig.7(d)).Theincreased

~b wasoausedinpertbyt e increasedconcentrationof fuel in
thefuel-airmixtureandInpartbythedecreasein V2 that
occurredas the exhaust-nozzle-outlettemperature
fja. Thisdecreasein V2 allowedmoretimefor

incr=asedwith
combustion.

.

●
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Thefuel-airratioatwhiohthepeakccsnbustionefficiencyocxmrred
wasnotdetemnined,buta f/a valueaahighas 0.046wasobtained,
atwhichpointthehighestmeasuredqb (89percent)occurred.,
Thispointiswellpastthe f/a valueof0.040anda littlepast
the f/a valueof0.045establishedasthevsluesatwhichmaximum
l-l
&

wasattainedwiththefleme-holdersplit-injectionburnersad
e split-injectionburner,respectively.

ThelocationofthepointoffuelinJectionwithrespectto
theflameholderprovedto be veryimportantto theoperational
performanceofthecombustionuhsmber.Whenallthefuelwas
injectedupstresmoftheflsmeholdernesrthediffuserinlet,
unsatisfactoryperfomanoe ofthecombustionchemberresulted.
Althoughflsmefilledtheccsnbustionchamber,burningwasaccom-
paniedby severeandtiegularvibrationsovertheentirerange
ofoperation.~ ceasedwhentheram-pressureratioacross
theenginewasincreasedto 2.12,correspondingto anequivalent
free-stresmliachnwnber~ of1.10.Thisvalueofrem-pressure
ratiowasJustunderthatrequiredto ohoketheengineat the
exhaustnozzle.

Whenthesplit-injectionsystemwasused,thesevere,irregu-
lsrvibrationwasel~inatedexoeptnearthefuel-airratioblow-
outlimits.Inadditionto stabilizingcombustion,thebmner
operatedata rem-pressureratioof4.M, correspondingto an
equivalentfree-streamMachnumberof1.60. (Thislimitwasset
bythepmnpingcapacityofthewind-tunnelefiausters.)Flsme
ccmpletel.yfilledthecombustionchemberovertheremgeoffuel-
airratiosatwhichcombustioncouldbemaintained.At 10W
combustion-chsmber-inletvelocities,spsrkignitionwaspossible
atpressurealtitudesof25,000feet.As withotherburners
(reference5)whentheenginewaschokedattheexhaustnozzle,
operationoftheenginewasindependentofvariationsintunnel
ambient-airpressure.

Stablecombustionwasalsoobtainedwhenallthefuelwas
injectedwithintheflemeholder;becauseofthefixed-area
orificesofthesprsynozzles,however,operationoftheburner
waslimitedtothemaximmfuelflowthatcouldhe obtained.
Thisburnerdidnotsupportcombustionatram-pressureratios
greaterthan1.28,whichisconsiderablybelowthatrequiredto
choketheengine.Thisvslueofram-pressureratiocorresponds
to a ~ vslueof0.595.
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Combustionwasunsteadywiththeflame-holdersplit-injeotion
burner. Theburnerwasoperatedto a rem-pressureratioof2.51
beforetheinstabilityof mmbustionrenderedtheburnerinopera-
tIve. Thisvalueofrem-pressureratiocorrespondsto a ~ of
1.23.

Therange of f/a overwhichcombustionoouldbemaintained
wasaffectedwhena changeIntheoutletdiameteroftheexhaustnoz-
zlewasmade. Thiseffectisshowninfigure8,whichpresentsdata
obtainedwiththespilt-inJeotionburneroperatingwitha 17-inch-
anda 15-inch-dismeterexhaustnozzlefora fixedvalueof PO and
nsxrowrangeof ~. Thevaluesof T attainedandthevaluesof

‘2 atwhichthedatawereobtainederealsopresented.

A rangeof f/a from0.025to0.068wasobtainedwiththe
15dnoh-dl@neterexhaustnozzle.Theremgewitha 17-inchnozzle
wasfrom0.033to 0.048.Althoughtherangeof f/a wasnarrower
whenthe17-inchnozzlewasused,highervaluesof Vb were
attainedwiththisnozzle..Atanygiven f~a, ahfghervalueof
~b wasobtainedwiththe17-inchnozzle;largerv&luesof V2
wereobtainedwithincreasednozzle-outlet=ea, andfortherange
of V’2atwhichthesedataweretaken,~b increasedwith V2.
Concomitantincreasesin T werealsoobtainedwiththe17-inch
nozzlebecauseofthetiproved~b.

TheeffectofchokingattheeXhaUStnozzleon ~b, v2, ‘r,
and theramgeof f/a atwhichcombustioncouldbemaintainedis
showninfigure9. Dataarepresentedforthesplit-inJectfon
burneroperatinginthecombustionchamberwitha 17-inch-dismeter
exhaustnozzle.Forthisconfiguration,exhaust-nozzlechoking
ocourredat ~ of1.13,Belowchokingatanygiven f/a
(figs.9(a)emd9(b)),Vb increasedwithincreasesin”ram-
pressureratioacrosstheengine.As previouslydiscussed,the
pr-y causefortheh@her VdJ2eSof ~b at any given f/a is
theIncrease in V2 thataccompmiestheincreaseinram-pressure
ratio.h ~IICre&U39 k T KJS~ti3 fr~ the iIWN3EMIE) h ~b.

As therem-pressureratioacrossthe engineis furtherincreased.
to valuesintheneighborhoodofchokingattheexhaustnozzle
(fig.9(b)),a noticeabledecreaseinthe f/a rangeof operation
Isindicated.Therangeof f/a waarecover~however,afterthe
enginewasfullyohoked(figs.9(c)@ 9(d)).Aftertheengine
hadbeenchoked,changesin p didnotaffecttherangeof
emdata given f/a didnota!!fectqb, V2, nor To Thepe~?’
~b ocmrredat approxtitelythe same f/a and was independent
of the otheroperatingvariables..

,

f-i
%
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Becausethesplit-inJectlonburnerhaddesirablecombustion
characteristics,theperformanceoftheremjetwiththisburner

m“ wasInvestigated.Theresultsofthisinvestigationexepresented
~ infigures10to16. Therelationswiththefree-stresmMaoh

numberoftherem-Jet performanceparameters,reducedJetthrust
FJ/~> reducednetthrustF#, net-thrustcoefficient~,
reducedairflowWa@/8, over-allefficiencyV, andspecific
fuelconsumptionWf/Fn areshowninf@res 11 to16,respec-
tively,fortheenginewitha 17-inch-diemeterexhaustnozzleand
thesplit-~ectionburner.Theseparameterswerecomputedby
methcd.sdiscussedinreferences1 end5.

At a givenflightcondition,the f’jaat whichtheremJet
isoperatedwilldetezmimethe @ and ? oftheengine.Fig-
ure10 showsVb) T) rw, and T plottedagainstf/a forthe
ramjetwitha 15-inch-diameterexhaustnozzleandthesplit-
injectionburneratan ~ of1.08.Theover-allefficiencyq
improveswithincreasesin f/a to a mexhmunvalueof5.9percent
ata f/a ofapproximately0.042.Thisrisein q with f/a
IS primarilycausedhY the iIICI?f3W3 h nb with f/a. Increases
in f/a greaterthanthatatwhichthepeak q occurredresulted
ina sharplossin ~. Thislossisduepartlyto thedecreasein
~b sadpertlyto thecontinuedincreasein T. Thefollowing
equationshowsthat v iS a dtiectfunotionof Vb andan inverse
functionof ‘r,whichcauses~ to dropwithdecreasesin qb
andincreasesin T:

(1)

Equation(1)wasderivedinreference5 asequation(10).

Because T oontinuesto Increasewi,tbf/a, ~ increases
with f~a..Increasingf/a fran0.030to 0.065resultedinan
increasein T from 3.3to 6.2andan Increasein ~ from
0.33to 0.49.

Jetthrust,netthrust,net-thrustcoefficient,andah flow
increasedwith ~ (figs.11to 14,respectively).Themextium
jetthrustdeveloped,reducedto sea-levelconditions,FJ/8 was

. .a.-
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10,750youndsata ~ of1.60.ThecorrespondingF#8 was
5940poundsandthe CF was0.72.At theseconditions,theair
flowthroughtheenginewas106poundsperseoondreduoedto se’a-
levelrenditions.

An improvementin ~ ‘&dnetspeoificfuel consumptionWf/Fn
(figs.15 and16,respectively)wereobtainedwithinoreased~.
At ~ =1.60, T =4.5, and qb = 80.5percent,themaximumv
was12.9percent(fig.15). Thecorrespondingnetspecificfuel
consmuption(fig.16)was2.7poundsoffuelperhourperpoundof
netthrust.No ourveshavebeendrawnthroughthedatabecause
v~iationsin Tb and T causedthedatato scatter.Single
curvesof V @ Wf/Fn canbe obtainedM Vb and ‘Tare
inoludedina parameter,as suggestedinreference5.

SUMMARYOFRESI%LTS

Franan investigationtodeterminetheeffectofvarious
fuel-inJectionlocationswithrespectto theflameholderonthe
performanceofa 20-inchramJet,thefollowingresultswere
obtained:

1.ThelocationofthepointoffuelinJectionwithrespect
totheflameholderwasveryimportanttotheperformanceofthe
flameholderd thecombustionchamber.Withtheflameholder
usedinthisInvestigation}unstablecabustionwasencountered
wheneithertheupstream-injectionorflame-holdersplit-iqjection
systemswereused;whereasstablemmbustionwasobtainedwith
eitherthesplit-inJectionorflame-holderinJectionarrangements.

2.Withthearrangementsandmethodsoffuelinjectionemployed
inthisinvestigation,pronouncedvariationincombustionefficiency
withohangesinoaabustion-chamher-inletvelocitywasnoted.For
boththesplit-iqjectionandtheupstream-injectionburners,the
ccabustionefficiencyinoreasedwithinoreaspsincombustion-chember-
inl.etvelocitytoa valueofabout140feetperseooti.Further

, inoreasesincombustion-chamber-inletvelocityresultedina
gradualdeoreaseincanbustionefficiency.Whenallthefuel
wasinjectedwithintheflame-holdergutters,thecombustion
efficiencydecreasedwithan inoreaseincanbustion-chsmber-inlet
velooity.

.

r

*
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3.At an approximatelyconstantcombustion-chsmber-inletvelocity,
dataobtainedwiththesplit-injectionburnerirdicatethatvariations “
incombustion-chamber-inletstaticpressureovertherangeinvesti-

P
gated(1200to 2000lb/sqft solute)hadlittleeffectonthe
combustionefficiency.Verationsinambient-airstaticpressure
overtherangeinvestigatedat fixedvaluesofcombustion-ohamber-
inletvelocityalsoshowlittleeffectuponcombustionefficiency.

4.Therangeoffuel-alrratiosoverwhichcombustionoanbe
maintainedwasdecreasedwhentheenginewasoperatedcloseto the
conditionsofrematwhichchokingocoursattheexhaustnozzle.
Thefullfuel-air-ratiorangeof operationwasrecover~however,
aftertheenginewasfullychoked..

FlightPropulsionResexchLaboratory,
NationalAdvisoryCammitteeforAeronautics,

Cleveland,Ohio.
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Figure i. - Schematic dlagr
r

..jl~-gstratingfuel -injection arrangements

used In operational perf rmanceinvestigation of 20-inch ram jet.
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Figure 2. - Installation of 20-inch rain jet in altitude wind tunnel.
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Figure 3. - Downstream view of flame holder showing spray nozzles with-
in flame-holder gutters.
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Figure 4. - Fuel injector used in investigations requiring injection of
fuel at flame holder in upstreqm direction.
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Figure 5. - Upstresm VIW of six-tube injector used in studies requiring injection of fuel near ram-
jet diffuser Inlet. N
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(a)Spilt-injeotlonburner. (b)Upstream-injeotionburner.

Figure 7. - Effect of fuel-air ratio on combustion efficiency and gas
total-temperature ratio at various conditions of combustion-chamber-
inlet velocity and static pressure. 20-inch ram Jet with 8-foot com-
bustion chamber and 17-inch-cJlsmeter exhaust nozzle ; ambient-air
pressure, 1450 pounds per square foot abso!~te,equivalent pressure
altitude, 10,100 feet.
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re 7. - Conciuded. Effect of fuel-air ratio on combustion efficien
d gas totai-temperature ratio at various conditions of combustion-
lmnber-iniet velocity and static pressure. 20-inch ram jet with
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r pressure, 1450 pounds per square foot absolute; equivalent pres-
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Effect of exhaust-nozzle choking on combustion-
20-inch ram jet with O-foot combustion chamber

exhaust nozzle; split-injection burner.
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