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Abstract

Increasedattentionis beinggivento high
temperaturecombustorsfor advancedaircraftengine
applications.Severedurabilityproblemsare like-
ly to be encountered.Usingsubstantiallyshorter
combustorscan help in thisrespectsincethereis
lesssurfaceto cooland betterstructural
strength.It hss beendifficultin the pastto
makeimprovementsin thisdirectionwithouthurting
efficiencyand exittemperatureprofile. The high
temperaturecombustors,however,may providean en-
vironmentin whichthe penaltiesin performanceas-
sociatedwith the shorterdesignsarenot so se-
vere. To examinethispossibilityNASAhas under-
takena programon veryshortannularcombustors
forhightemperatureaircraftengines.Some of the
resultsof thatprogramare describedin thispa-
per.

Introduction

Considerationof supersonicaircraftwith
cruiseMachnumbersof 2.7 to 3.2 presentsthe com-
bustordesignerwith operatingconditionswellout-
sidethe rangeof substantialexperience.Combus-
tor inletair temperaturesof 1150°F andpressures
of 90 psiaare typicalcruisevalues. TUrbinein-
let eiperaturesof 2200°F andhigherare desir-
ablea). The inletair temperatureis,of course,
the linercoolanttemperatureas well. The ex-
tremelyhightemperatureof the coolantcombines
withthe hightemperaturelevelthroughoutthe com-
bustorto createa formidablelinercoolingand du-
rabilityproblem. In engineswherethe pressureis
higherthe problemis made evenmoresevere;both
by highermechanicalloadsimposedon the llngrand
by increasedradiantheatfluxto the linerk2).

Largeamountsof coolingflawtendto be re-
quiredunderthesesevereconditions.As discussed
in Ref.3, thisleadsto a deteriorationof the
exittemperatureprofile. The temperatureprofile,
however,is more criticalthaneverin hightemper-
atureengines.andthe problemis furthercompound-
ed.

Oneapproachto alleviatingtheproblemis to
shortenthe liner. Thisreducesthe areaof sur-
faceto be cooledas wellas theunsupported
length. Otheradvantagesalsoaccrue,suchas de-
creasedengineweightand greaterflexibilityin
enginedesign. Of course,shortercombustorshave
alwaysbeendesirable;andwhilelengthhas seldom
beena determiningfactorin combustorresearch,
the knowledgeacquiredovertheyearshas led to
decreasedlength. At a givenstateof the art,
however,the minimumlengththatmustbe provided
is determinedchieflyby theperformancerequire-
mentsand the operatingconditionsto be met. The
operatingconditionsin hightemperatureengines
promotehighcombustionefficiency.It is hoped
thata potentialis therebycreatedin thesecom-
bustorsfor the use of suchthingsas highertur-
bulencelevel,very leanfrontends,smaller


linerdepths,internalflowdeflectorsand otherde-
vicesto decreasecombustorlength.

In orderto evaluatethispotentiala numberof
shortannularcombustorprojectshavebeen started
by NASA. Figure1 showscombustorlengthfromcom-
pressorexitto turbineinletplottedagainstair-
flowat the sea leveltakeoffcondition.Although
otherfactorsthanairflowrateare importantin de-
terminingcombustorlength,it can be usedto show
a generaltrend. The largeshadedareacoincides
roughlywiththe presentcombustordesignart. The
smallershadedareacoversthe NASAshortcombustor
projects. Someof theseprojectsare beingcarried
outundercontractswith industrialorganizations.
Othersare beingconductedpartiallyor whollyin-
house. The presentpaperdescribestheprogressto
date on severalof theseprojects.

Twin Ram Induction Combustor


The twinram inductionannularcombustor
(fig.2) was designedforMach3 cruiseconditions
at 65 000 feet. The designsea leveltakeoffair-
flow is 260 lb/sec. The externaldiameterof the
combustoris 40 inchesand the overalllength,in-
cludingthe diffuser,is 20 inches. The distance
fromthe fuelnozzlesto the turbineinletstation
is 12 inches. The 20 inchlengthcompareswithan
overalllengthof morethan50 inchesforthe com-
bustorin the J58 enginecurrentlyusedin the
SR-71/I7-12.

Testsof the ram inductionconceptwere made in
a 90 degreesectorof a full-scalecombustor.The
programwas conductedunderNASAcontractand is re-
portedin Ref.4.

Design

The originalcombustordesignis shownin

crosssectionin Fig.2. To minimizeparasitic
pressurelossesandtherebyincreasethe pressure
dropavailablefor mixing,the diffuserinletMach
numberof 0.28is diffUsedonlymoderatelyto 0.20.
Thisrelativelyhighvelocityair is thenturnedby
meansof scoopswith internalvanesintothe com-
bustorlinerwhereit is dischargedat the sameMach
number. The highvelocityand steepangleof the
enteringjetpromoterapidmixingof air and fuelin
the primaryzoneand of diluentair and burnedgases
in the mixingzone. Thisleadsto rapidburningof
the fueland increaseduniformityof the exittem-
peratureprofilek5).The centershroudscoopsdi-
videthe annulusintotwo concentricannulihaving
highervaluesof length/heightratiothana single
annuluswouldhavehad. Thiswas also expectedto
helpproducea uniformtemperatureprofilein the
shortlengthallowed.

The combustorwas designedto havean isother-
mal pressurelossof 6% of inlettotalpressureat
the cruisecondition.At thisconditioninlettotal
pressureis 90 psis,inlettotaltemperatureis
11500F and referencevelocityis 150 ft/sec. The
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massflowat cruiseis 96 lb/secforthe full as required,on theliner. However,overheatingand
annulus. warpingof the linerwerecontinuingproblemsin the

program.
The designairflowin thetwo concentricef-

fectiveannuliwas thesame. Withineachannulus
the airwas dividedequallybetweeninnerand outer
scoops,whichwere opposed.Theprimaryscoops
(firstrow)admitted24%of the totalairflow.
Eachscoophad a squareexit0.432incheson a
side. Forty-threepercentof theairflowentered
throughthe secondaryscoops(secondand third
rows). Eachof thesescoopshad a squareexit
0.579incheson a side. For a fullannuluscombus-
tor of thisdesigna totalof 512 scoopsis needed.
The remainingairflowwas dividedbetweenswlrlers
(12%)and filmcooling(21%).

The diffuserinletannulusheightwas 1.6

inchesand the combustorcasingheightwas 5.7

inches. In orderto maintainacceptablediffUsion

ratesin the 8 inchdiffuserlength,foursplitter

plateswereusedto dividethe diffuserintofive

sections.The diffuserentryMachnumberof 0.28

WES decreasedto 0.2at the diffuser exit in the

passagesleadingto the innerand outershrouds.

In the centerthreepassagestheMachnumberwas

reducedto about0.1 to decreasethe lossinvolved
in dumpingair forthe swirlers.The remainingair
was reacceleratedintothe inner,outerand center
shrouds.

Therewere32 fuelnozzlesrequiredfor each
annulusin the fullannulardesign. Simplexnoz-
zleswereused forthe testprogram.A radialin-
flowswirlersurroundedeachnozzle. The fuelused
was ASTMA-1.

Testing

Testswere conductedin a 90 degreesectorof

a full-scalecombustorat a simulatedtake-offcon-
dition(inlettemperature600°F) anda simulated
MiLch3.0 cruisecondition(inlettemperature
1150°F). In eachcasethe outlettemperaturewas
2200°F. The pressurewas 60 psia insteadof the
intended90 psiabecausethe sectorhousingturned
outto be overstressedat thehigherpressure.
Exittemperaturesand pressuresweremeasuredwith
a five-pointtotalpressure-totaltemperaturetra-
versingrake. The thermocoupleswere shieldedand
aspirated,with junctionsof platinumand 90/10
platinumrhodiumalloy. Readingsweremadeat
3 degreeintervalsacrossthe sector. Efficienciee
werecalculatedfrommass-weightedexittempera-
tures.

Development

A numberof problemswereencounteredand ma-

jorandminorchangesmadein the courseof devel-
opmenttests.

The diffuserhousingandthe extremeinnerand
outerdiffusersplitterplateswarpedand it was
finallynecessaryto eliminatethesetwo splitters
entirely.The performanceof the diffuserwas not
measuredbut it is quitepossiblethatthe flowwas
separated.A coarsescreenaddednearthe diffuser
exitlatein the testprogramresultedin an im-
provementin exittemperatureprofile.

Linerand firewalloverheatingoccurred.This
was correctedto someextentby addinga cooling
gap behindthe secondrow of scoops,holesand de-
flectorsaroundthe nozzles,and thumbnailscoops,

The thirdrow of scoopswas deletedfromthe
centershroudearlyin theprogramto decreasethe
airflowto thisregion. Laterit was foundthatde-
letingall thirdrow scoops was requiredfora good
exittemperatureprofile,resultingin the configu-
rationshownin Fig.3.

Sparkignitionfailedto ignitethe'burnerre-
liably. Ratherthanspendtimeon thisproblemin
the preliminarystagesof the programit was decided
to use pyrophoricignition.Tbroughouttheremain-
der of the program,with onlya fewexception,ig-
nitionwas obtainedby injectionof triethylborane.

Results
Performancedatawereobtainedavera wide

rangeof operatingconditionsforcombustormodel
number14. Subsequentchangesto the combustorto
improveexittemperatureprofileresultedin model
number18 (Fig.3) whichhad a superiorexittem-
peratureprofile. Model14 differedin a majorway
fromthe initialconfiguration(Fig.2) by having
onlytwo rowsof centershroudscoops. Model18
differedfurther(Fig.3) by havingallthirdrow
scoopsremovedandthe remainingscoopsresized.
The programendedwithouttakinga widerangeof
dataon model18. Thepointsat whichdatawere
takenare presentedalongwiththe dataon model14
and showno differencein performanceat theseiso-
latedpoints.

Efficiencywas highovera rangeof fuel/air
ratiosand forreferencevelocitiesup to 189 ft/sec
as shownin Fig.4. Efficiencyas a functionof re-
ferencevelocityis shownin Fig.5. At low pres-
surethe hydraulicdiameteris knownto havean im-
portanteffecton combustionefficiency(6).There-
foretheseresultsare encouragingfora highlytur-
bulentburnerwithsucha smallhydraulicdiameter.

Pressurelosscharacteristicsare shownin
Fig.6. ln spiteof thehighannulusvelocitiesand
poorlydesigneddiffuserthepressurelossesare not
excessive.The diffuserpressurelossat an inlet
Machnumberof 0.28was estimatedto be about3%.
It seemslikelythatmorecarein futurediffuser
designcan reduceoverallpressurelossor alter-
natelypermittheuse of higherlinerand jetvelo-
cities.

The averageradialtemperatureprofileobtained
withmodel18 is shownin Fig. 7 forthe cruisecon-
dition. Themeasuredprofileexceedsthe desired
profileby lessthan100 degrees. The circumfer-
entialprofile(Fig.8) is alsoflat. The parameter
ATM (theratioof maximumtemperatureincreaseat
any pointto averagetemperatureincrease)has the
value1.28whichcomparesreasonablywellwith
existingcombustors.

Somelimitedignitiontestingwas doneat pres-
suresof 20 psiaandslightlybelow. The burner
wouldnot igniteat fuel/airratiosbelow0.0185at
20 psia. It wouldnot igniteat allbelow16.6
psia. Thispoorignitionhad somecontributingfac-
tors,however. The ignitorswerebadlylocatedon a
sidewall of the combustorsector. FUrthermore,the
simplexnozzleshadpressuredropsas low as 10 psid
at the low flowsrequiredforthe ignitiontests.



Sincethesefactorscouldhavecontributedsub-
stantiallyto the ignitiondifficulty,the severity
of the problemcannotbe determinedfromthe
limitedtestingdone.

FtrtherWork

A fullscale360 degreeversionof this com-

bustoris now beingbuiltforfurthertesting. In
thesetestsdevelopmentchangeswillbe madeas re-
quiredto provideacceptableperformanceand tem-
peratureprofilecharacteristicsovera widerange
of operatingconditions.Low pressureblowoutand
relightproblemswillbe studied.Somecyclicen-
durancetestswill alsobe conductedif the per-
formanceof the unitdevelopedis sufficiently
good.

DistributedBurner


Insteadof usinga singlelargeflamezone,as
providedby the domeand linerin a traditionalan-
nularcombustor,a largenumberof smallflame
holderscanbe distributedacrossthe combustoran-
nulus. Sucha configurationofferssomeadvantages
for shortcombustorsas describedbelow.

A distributedburnerwas designedwitha 40
inchouterdiameterand 20 inchesin overall
length. The combustorwas designedforMach3.0
cruiseoperationat 65,000feetand has a design
sealeveltakeoffairflowof 275 lb/sec. The dif-
fuserinletannulusheightis 2 inchesand the duct
heightis 10 inches. Testsof a full-scalefull-
annulusversionof the combustorwillbe conducted
at LewisResearchCenteras a partof the inhouse
researchprogram.

Design

The distributedburnerdepartsfromthe con-

ceptof divertingdiluentairarounda largeshel-
teredzoneand thenmixingthediluentairwith
burnedgasesin the formof highvelocityjets.
Instead,all of the airflowis broughtthroughthe
burning:zoneof the combustorwhichis composedof
a largenumberof simpleflameholdersas in the
rectangularsectorshownin Fig.9. The mixing
processis similarto thatoccurringdownstreamof
anybluffbody exceptthatthereare interaction
effectswithneighboringwakes.

The pressurelossassociatedwiththistypeof
mixingis smallcomparedto thatrequiredforpene-
trationjets. The possibilityalsoexistsfortai-
loringradialprofileby adjustingfuelflowat
variousradii. The liner,servingno diluentair
function,canbe madesimpleandratherfar removed
fromthe hottestgases. Thisleadsto lowerliner
coolingflowsand betterendurance.Finally,this
combustorlendsitselfwellto verylargetempera-
tureriseswithoutfuelstaging.

The combustorwas designedfora cruiseiso-
thermalpressuredropof about5% at a diffuserin-
let Machnumberof 0.3. The inlettemperatureat
cruiseis 1150°F, the exittemperature2200°F and
thepressure90 psia. Referencevelocityis 150
ft/sec. One hundredand twentycans2 inchesin
diameterat the exitare usedin the fullannulus.
Theprojectedareablockageof the Cans is approxi-
mately34%. The diffuserhas an includedangleof
morethan35 degreesand two splitterplateswill
be used in the firstmodelto preventseparation.

The fuelis ASTMA-1 and the flowto eachcan
is externally metered by a high pressure drop ori-
fice. The fuelenterseachcan and is mixedwitha
smallamountof air enteringthe upstreamfaceof
the canthroughan orifice.The flameseatsinside
the can and partof the air flowingaroundthe can
recirculatesand entersthe hot waketo completethe
burning.

Testing

Testingto datehasbeendoneat LewisResearch

Centerin a 12-by 30-inchrectangularsector. The
flameholderarrayshownin Fig.9 was mountedat the
downstreamend of a 30 degreediffuser(Fig.10). A
sectionof straighthousingand a simpleexhaust
rampcompletedthe combustor.The totalcombustor
lengthwas 39 inches. A film-cooledlinerwas used
on all foursidesof the duct.

The rectangularsectorsimulatesa sectionof a
muchlargercombustorthanthe designdescribed
above. Therefore,the informationobtainedin these
testsdoesnot assurethe sameresultsin the
smallermodel. Nevertheless,the modularnatureof
the distributedburnerlendsitselfto a changein
size. Furthermore,theratioof combustorlengthto
diffuserinletheightis comparablein the two de-
signs.

Temperaturesandpressuresat the exitto the
combustorweremeasuredwitha 7 pointtotal
pressure-totaltemperaturetraversingrake. The
thermocoupleswere shieldedand aspirated,with
junctionsof platinumand 90/10platinumrhodium
alloy.

Testswere conductedat inlettemperaturesof
540°and 1140°F, exittemperaturesup to 2200°F,
pressuresof 17,45, and 90 psia,and referenceve-
locitiesup to 190 ft/sec. Onlyverylimitedtest-
ingat 90 psiawas donesincebowingof the rectan-
gularhousingoccurredat thatcondition.

Results

Many configurationsweretestedwitha variety

of can sizesand airflowsplits. Simplescoopswere
sometimesused justdownstreamof the can exitto
deflectair intotheburningzone. The datapre-
sentedhereweretakenwiththe configurationshown
in Fig.9. The camshavean exitdiameterof 2.9
inches.

The efficiencyis shownin Fig.11 for refer-
encevelocitiesup to 190 ft/sec. The pressurewas
45 psiaand the inlettemperature540°F. At an in-
let temperatureof 1140°F the efficiencyis nearly
100% overthe samerange. The pressurelosscharac-
teristicsare givenin Fig.12. It canbe eeenby
comparingwithFig.6 thatthis is a lowerpressure
losscombustorthanthetwinram. Abouthalfof the
pressurelosswas attributedto the diffuser.

The averageradialtemperatureprofileis shown
in Fig.13. The measuredprofileagreesverywell
with the desiredprofile. The valueof LTV? of
1.28comparesfavorablywith othercombustors.

FurtherWork

Testingis continuingin the rectangularduct

to furtherdevelopthe concept. Testswillbe con-
ductedto determinelowpressureperformanceand re-
lightcharacteristics.It is clearthatthiswill
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be a difficultareaof operationfortheseburners.
Meanwhilethe fullannuluscombustoris beingbuilt
fortestsat severeconditionsof pressureandtem-
peratureand furtherdevelopmentin the morereal-
isticconfiguration.

DiluentStatorCombustor


One of the unusualdevicesbeingstudiedboth
undercontractand inhouseat NASAis the combined
stator-combustorconceptshownschematicallyin
Fig.14. Thisis a somewhatsmallercombustorthan
the two describedabove,havingan outerdiameter
of 30 inches. The overalllengthis 14 inchesfrom
compressorexitto firststageturbinestatorexit.
The distancefromthe dometo the first,stagetur-
binestatorexitis 9.5 inches. Theburnerwas de-
signedfor operationat a sealevelstaticcondi-
tionof 5740F inlettemperatureand 22000F outlet
temperaturewitha referencevelocityof 136
ft/secat a pressureof 9 atmospheres.A 60 degree
testsectorwas designedandbuiltundercontract
andthe testingwillbe doneby NASAinhouse.

Design

Thepurposeof thiscombustoris to mitigate

the exittemperatureprofileproblemsaggrevatedby
shortcombustorlength. Thetechniqueusedis to
bringall of the diluentair,approximatelyhalfof
thetotalairflow,throughthefirststageturbine
stator. A part of thisair,from12 to 19% of the
totalairflow,is usedto coolthe stator. The
remainderis dischargedthrougha row of holes
distributedradiallynearthestatorleadingedge.
No diluentair is admittedthroughthe lineras in
traditionalcombustors.About9% of the totalair-
flowis uaedfor filmcooling.The remainder,ap-
proximately41%,entersthroughthe dome.

It is hopedthatthe morepositivecontrolof
the diluentair distributionwillprovidebetter
controlof the radialtemperatureprofile.The
problemof circumferentialprofiledistortionat
the combustorexitis alsoalleviatedwiththis
conceptbecausethe firstturbinememberto encoun-
ter the combustionexitgasesis a rotor. The
rotor,sinceit averagesout circumferentialdif-
ferences,is affectedchieflyby radialprofile.
Althoughcircumferentialtemperaturedistortions
maybe carriedthroughto laterstatorrows,the
temperaturelevelis significantlylowerafter
the firststagerotor. Of course,the problemof
coolingthe diluentstatoritselfis a verysevere
one.

The diluentstators,as shownschematicallyin
Fig.14, are muchlargerthantraditionalstators
in orderto accommodatethehighmassflow. Two
bladecoolingdesignsweremade,oneutilizingfilm
coolingof the suctionand pressuresurfaces
(Fig.15),the other(Fig.16)usinga transpira-
tionskin,NichromeV. Thetranspirationcooled
bladesweredesignedfora maximueskintemperature
of 1200°F using12% of theairflowfor cooling.
The filmcooledbladeswereallowedto go to
1500°F and 19% of the airflowwas required.De-
tailedheattransferanalysesof thesebladeswere
madein whichluminousflameradiationwss assumed
and conductionwithinthebladeskinwas included.
Preliminarytestsat NASAof'asingleuncambered
bladesectionof the film-cooleddesign,placedin
thewakeof a simpleflame-holdercoMbustor,indi-
catethatthe coolingflowis adequate.

A pairof adjacentbladesis shownin Fig.17.
The bladesare locatedat 12 degreeintervalscir-
cumferentiallywiththebladeleadingedgesmidway
betweenfueltubes. Thiswas doneto keeplocally
hot regions,associatedwith individualfueltubes,
fromimpingingdirectlyon thebladeleadingedges.
The highsolidity-passagesprovideshortpenetration
distancesforthe diluentjets.

The primaryzoneselectedforthisprojectwas
a vaporizerdesign. In thisdesignall of thepri-
maryair entersthroughthevaporizerheadplate.
Partof thisair entersthroughfueltubesin which
it is mixedwiththe externallymeteredfuelbefore
enteringthe combustor.Deflectorcapeon the fuel
tubesdirectthe fuel-airmixtureupstream.The re-
mainderof the air entersthroughslottedair cups
locatedcircumferentiallymidwaybetweenthe fuel
tubes. Thereare30 fueltubesand60 air cupsin
the fullannulusdesign. Althoughthistypeof pri-
mary zonehas beenreferredto traditionallyas "va-
porizing",it is likelythatpreheatingthe fueland
premixingit withairarethe truefunctionsper-
formed.

The combustorwas designedforASTMA-1 fuel.
Ignitionwillbe accomplishedby a sparkigniterand
primerfuelinjector.

Testing,
Initialtestswillbe startedsoonat NASA.

The earlytestingwillbe donein an atmosphericrig
for goodvisualaccess. Whenit has beenestablish-
ed thatthe bladecoolingis adequateroughmeasure-
mentsof efficiencyandpressurelosswillbe made
at atmosphericpressure.If the combustorcanbe
developedto a promisinglevelof performance,con-
nectedducttestswillbe conductedovera wider
rangeof conditionsand detailedperformancemeas-
urementswillbe made.

ConcludingRemarks


From the testsdescribedaboveand fromother
recentworkby NASAwithcombustorsoperatingat
hightemperaturessomepreliminaryobservationscan
be made. For operationat temperaturelevelsof
600°to 11500in and22000F outandpressuresof
15 to 90 psia,thereis hopeforachievinghighper-
formancecombustorswithsubstantiallydecreased
length. The mostdifficultperformanceproblemto
overcomewillprobablybe the low pressurerelight
problem.

Problemsassociatedwithdiffuserseparation
and flowdistortionare alsosevere. A muchbetter
understandingof practicalannulardiffuseropera-
tion is needed. The effectsof radialstrutsand
snoutblockageon diffuserfloware largelymatters
of conjectureat thepresenttime. Totalpressure
lossproblems,presentforall combustors,are ag-
grevatedin shortcombustorsbecausedecreasing
lengthgenerallymeansthathigherpressuredrops
are requiredformixing. The cursoryunderstanding
of the relationof pressuredropto jetpenetration
and mixingthathas servedin the pastmay no longer
be adequate.

Finally,the problemof linercoolingand dura-
abilityhas provento be severein all of the test-
ing doneby NASAat 1150°F inlettemperature.
Testsat pressuresfrom90 to 400psiawhichhave
recentlystartedat NASA,willno doubtrevealeven
more seriousproblems.Improvementsaverpresent
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coolingschemesmay be requiredto providelong
combustorlifeat theseformidabletemperature
levels.

TOTAL

COMBUSTOR

LENGTH,
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Figure 11. - Distributed burner combustion efficiency; inlet tempera-

ture, 540° F; inlet pressure, 45 psia.
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Figure 13. - Distributed burner radial mass-weightedtemperature profile.
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Figure 16. - Transpiration cooleddiluent stator blade.

Figure 17. - Adjacent diluent stator blades.

—8—


