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l?XWRIMENTALIllW?i3TIGATIOHOFANAXIAL-FI.W7COMPRESSORIXL&l?STAGE

OPERATINGAT TRANSONICRELATIVEIIfIElMACHNUMBERS

I- OVER-ALLPERFOIWMCEOFSTAGEWITHTRA.NS”ONICROTORANDSUBSONIC

STATORSUP TOROTORRZJATIVEIKli13TMACHNUMBEROF1.1

By SeymourLieblein,GeorgeW. Lewis,Jr., andDonaldM. Sandercock

An axial-flowcompressorinletstagehavinga maxtiumrotorrela-
tiveinletMachnuniberof1.1wasdesigned,constructed,andinvestiga-
ted. Therotorwasdesignedfora highaxialinletvelocity,no inlet
guidevanes,anda tipspeedof100Qfeetpersecond.Thehub-tipratio
attherotorinletwas0.525.Thestatorsweredesignedforcurrent
limitingvaluesofstatorinletMachnumber.Thegeneralresultsofthe
investigationindicatedthataxial-flowcompressorinletstagescanbe
designedto operateefficientlyatrotorrelativeinletMachnunbers
up to1.1atthetip.

At designcorrectedtipspeedof1000feetpersecond,a peak
stageadiabaticefficiencyof O.90wasobtainedat a correctedweight
flowof44.5poundspersecondanda pressureratioof 1.47. Themaxi-
mumpressureratiowas1.48at an efficiencyof 0.89.A maximumweight
flowof48.0poundspersecondwasattained,whichcorrespondedto a
weightflowperunitfrontalareaof 29.2poundspersecondpersquare
footanda msxtiumrotorrelativeinletMachnumberof 1.1. At tip
speedslowerthandesign,maximumefficiencyat eachspeedremainedvery
closeto 0.90. StageweightflowrangewasgeneralQequivalent-tothe
rangeof currentinletstages.Statoroutletconditionsandgeneral
stageperformanceappearedsatisfactoryforpurposesofmultistaging
withcurrentstagedesigns.

INTRODUCTION

Therequirementsof efficientaircraftpropulsionindicate‘the
desirabilityofoperatinglightweight,compactturbojetenginesthatare
highlyefficientoverwiderangesofoperation.Forcurrentturbojet
enginesincorporatingthemultistageaxial-flowcompressor,reductions
incompressorsizeandweightcanbe effectedby increasingstagepres-
sureratio(reducingthenumibero-fstages)andincre~ingmassflowper
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unitfrontalarea.A reductioninthenumberofstagesfora givenover-
allpressureratio_mayalsobe consideredasa meansof improvingcom-
pressorrangeby reducingthestagematchw difficultiesgenerally
encounteredwithlargenunibersofstages.

Ingeneral,increasesincompressorunitmassflowcanbe obtained
by increasingtheaxialMachnumberattheinlettothefirstrotorrow.
Increasesinstagepressureratiocanbeachievedfrcxnincreasesinwheel
speedandfromincreasesinrotorrelativeinletWch number,whichare
obtainedfrcnnincreasesinbothaxialMachnuuiberandwheelspeed.Ih
currentcmpressordesignpractice,increasesinbothmassflowandpres-
sureratiowithoutsacrificeofefficiencyarerestrictedby themaximum
allowableMachnumberrelativetotherotorbladesofthestage.For
currentinletMachnudberlimitsofapproximately0.75,therelations
amongmassflow,stagepressureratio,andwheelspeedareveryclosely
definedand,ingeneral.,an increaseinanyonefactorcanbe accom-
plishedonlyatthee@enseofanother.McreasedrelativeinletMach
numberscanpermittheselectionofwheelspeedlevelsinaccordance,
primarily,withcompressorandturbinestresslimitationsandallow
greaterfreedominvelocitydiagramdesign.Thesuccessfulextensionof
allowablerelativeinletMachnmibersbeyondpresentlimitingvaluesis
thereforenecessaryifsubstantialhprovementsinengheperformsuce
aretobe realizedwiththemultistageaxial-flowcmnpressor.

Resultsofrecentinvestigationsof supersonicaxial-flowrotors
(references1, 2,and3) tidicatedacceptableperformancewhenthese
unitswereoperatedintheregionofrelativeinletMachnuniberfrom
approxhnately0.75to1.2(transonicrange).b addition>a general
convictionexistedthatby correctreductionofbladeleading-edgeand
maxhnumthickness,a continuousspectrumofperformancecouldbe obtained
betweenpresentsubsonicandsupersonicunits.= viewofthesecon-
siderations,an exploratoryaxial-flowcanpressorinletstagedesigned
specificallyto operateinthetransonicrangeofrelativeinletMach
numberatmoderatewheelspeedswasdesignedandconstructedatthe
IUK!ALewislaboratoryforuse-inan investigationofthegenerallevel
ofperformanceandproblemsassociatedwithcompressoroperationim
thisrange.

Thetransonicinletstagecontainedno inletguidevanesandwas
designedtoproducea pressureratioof1.35ata correctedtipspeedof
1000feetpersecond,a hub-to-tipratioof 0.525,andrelativerotor
inletMachnumbersrangingfrm 0.75atthehubto 1.13atthetip. The
statorsweredesignedforconventionalvaluesof statorinletMach
number.

Thecompressorstagewasinstalledina variable-componenttest
rig. As a firstphase.oftheinvestigation,theover-allperformance
ofan inletstagewith21transonicrotorbladesand18 subsonic
statorbladeswasdeterminedat severaltipspeedsfrom43to 100per-
centof designspeedandispresentedherein.

.—

—

—

—

—
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APPAR4TUS

CompressorDesign

Thetransoniccompressorrotorusedintheinvestigationis shown
infigure1. Therotorconsistedof 21bladessmdhada tipdiameterof
17.36inches,an inlethub-tipradiusratioof0.525,m outlethub-tip
ratioof0.60,andan axialdepthofabout3.0inches.Rotorchord
lengthwas3.25inchesatthetipand3.0tithesatthehubto give
solidifiesof1.25and2.05,respectively.Statorchordlengthswere
3.2tithesat thetipand2.65inchesatthehub,giv~ solidifiesof
1.05and1.42,respectively,for18blades.Statorhtiradiuswascon-
stantat 5.2inches.Bladeleading-andtrailing-edgeradiiwereabout
0.015to 0.020tichat allsectionsforbothrotorandstator.

Designcorrectedtipspeedof1000feetpersecondwassufficient
toproducemoderatetransonicrelativeinletI@chnumbersup to about
1.13withoutinletguidevanesatan averageinletaxialMachnuuiberof
0.60.Designcorrectedweightflow(withinletwall.boundary-layer
allowanceof 2 percent)was48.6poundspersecond,or 29.6poundsper
secondpersquarefootof-frontalsrea.

Theover-allstagevelocitydiagramwasdeterminedtoproducean
averagepressureratioof1.35,~ adiabaticefficiencyof0.85,and
statorinletMachnrmibersconsistentwithcurrentpractice(approximately
0.75].Therotor-outletannul.usareawasdetermtnedtoproducea slight
increaseinaverageaxislvelocityacrosstherowat designconditions.
b orderto obtaintheseconditims,itwasnecessaryto designfora
radiallyincreasingtotal-pressurevariatim(1.~datthetipand1.29
atthehub). A ccmibtiedwakeandwallkmundary-layersreareductionof
8 percentwasassumedacrosstherotor.Thedesignvelocitydiagrsms
forrotorandstatorareshowninfigure2. (Thesynibolsusedherein
aredefinedintheappendix.)Theradialvariationof inletaxialveloc-
itywasbasedonresultsof stationarymock-uptestsoftheinletannu-
lUS. Statorturninganglesweredesignedto resultinmaximumMach
nuuibersof approximatelyumityrelativeto a succeedingrotorrow.

b theabsenceofa practical.reliablemethodofbladedesignin
transonicflow,rotorbladeprofilesathub,mean,andtipradiiwere
determtiedby meansofthemethodofmomentofmomentum(similarto
methodsinreference4). Altho@hthemethodislamwntobe a~rox-te
andnonrigorous,itwasbelievedtobe applicableas a preliminarydesign
toolbecauseof itssimplicitymd therelativelyhighrotorsolidifies
employed.Themethodwasdevelopedfromtheequalityofthetotaltan-
gentialtorqueexertedbytheaironanelementofa rotorbladeandthe
changeinmomentofmomentumacrosstheelement,or insimplifiedform
forno inletwhirl,

Tz
rAphdcz=mr~e (1)
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whereAp isthestaticpressuredifferenceac~ossthebladeuppersad
lowersurfaces(linearvariationassumed)and Ve isaverageabsolute .—
tangentialvelocityat z. Becauseoftherotorhubtaper,theblade
sectionsweredesignedalongconicalsurfaceswithanasswedlinear
variationofstreamtubeheighth acrossthebladerow. Wet and
outletvaluesof h weredeterminedfromconditionsofthedesi~veloc-
itydiqpmn(simpleradialequilibriumatrotoroutlet).

N
sw

Thevariationofaverageairangl~alongthechord(airmeanltie)
ofa bladeelementwasdeterminedby equation(1)fromtheprescriptim
ofan ellipticalchordwisepressureloadinganda selectedvariationof
averagevelocityalongthebladechordfrominletto outletvalues.An
ellipticalpressureloadingwasfoundsatisfactoryfortheavoidauceof
sharppeaksinsuction-surfaceMachnumberandforeaseof calculation.
ForthesubsonicinletMachnunibers,theaveragerelativevelocityvaria-
tionwasprescribedtoavoidtheattaimnentofthesonicvaluealongthe
flowpathandwasobtainedbyadjustmentoftheapproximatebladethick-
nessandsolidityoftheelementconsistentwithrequirementof strength
andpressurerise. Atthetip,allwaveswereassmedtofalloutside
of orneartheleadingedgeanda continuousdecreaseinvelocityacross
thebladewasprescribed.Considerationsofassumedbladeboundary-layer
growth(about0.08in.attrailingedge)andoutletairdeviationangle
(about4°)werethenused%0 establishtheblademeancsmberlineand
theexactbladethicknessvariation.Therotorbladesweresetfor ●

averageangle
anglebetween
MfLXtiumratio
tipand0.085
a symmetrical

of incidenceofabout3°. (Ihcidenceangleisdefinedas ‘
inletairandtangenttoblademeanlineat leadingedge.)
ofbladethicknesstobladechordwasabout0.06atthe

—
b

at thehub. Thebladeshape-atthetipwasverysimilsrto
circular-arcprofile. —

BecauseofthepossibilityofobtainingstatorinletMachnrmibers
greaterthanthedesignvalues,symmetricalcircular-arccsmiberlinepro-
fileswereusedatallradiiforthestator.Resultsofreference5
indicateverylowlossesforthistypeofbladeat inletMachnumbersof
0.8inthegoodincidencerange.Maximumstatorthicknessratiowas
0.06atthehuband0.08atthetip. Statorincidenceandcaniberangles
weredeterminedfroman anslysisofthedataofreference5. Bladeset-
tinganglesweredeterminedfrcminitialrunsoftherotoralone.Rotor
andstatorbladeprofilesatthehubandthetipareshownh figure3.

Ckmrpressorbstallation

Thetransoniccompressorinstallationwasobtained
ofthe16-inchvariable-componentsupersoniccompressor
describedinreference2. Principalmodificationswere
theoutercasingdiameterto17.36inches(toprovidea

frommodification ●

testrig
theenlarging of “_
smallerinlet .
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hub-tipratio)smdtheadditionofpipingtoprovidean opensystemwith
atmosphericairinletandsuctione-ust. Theinletsyst~ consistedof
a 36-inch-dheterorificetankwitha 26-inch-dismeterthin-plateopen-
endorifice,a filtertank,andan inletdepressiontank(4ft h dism-
eterby 6 f% in length) . Met total pressureandairflowwerecon-
trolledby motor-drivenbutterflyvalvesintheinletandoutletducting,
respectively.Thecompressorrotorwasdrivenby a 3000-horsepower
variable-frequencymotorthrougha speedincreaser.A sketchofthe
transoniccompressortestrigisshowninfigure4.

Instrumentation

Airflowthroughthecompressorwasdeterminedfromthepressure
dropacrossthethin-plateorificesndtheorificeambienttemperature,
whichwasmeasuredby twoiron-constarrbanthermocouples.Additional
checksofairflowweremadeby drawtigthecompressorairthroughthe
refrigerated-airinletsystemwhichcontaineda calibratedadjustable
orifice,andby titegratingmeasuredvelocitiesad densitiesinthe
straightsectionoftheinletannulusupstreamoftherotorat station2.

Dataforintegratedweightflowswereobtainedby twomethods:
(1)radialsurveysof staticandtotalpressurewitha conibtnation-type
probe(similarto oneshowninreference6),and(2)a low-cs3ibration-

t errorstatic-pressurerakecontainingfivetubesequalllyspacedacross
thepassage(fig.5(a)). Eachtiibeofthestatic-pressurerakehadfour
msmifoldedholesat 900.

●
Thedeviationof indicatedvelocityheadfrom

correctcalibrationwasabout1 percentfor@es ofpitchandyawup
*O~50. Weightflowwasobtainedfromtherakereadings,theinlet-tank
totalpressure,anda Imu@ary-layerblockagefactordeterminedfrcmthe
total-pressuresurveys.Measurementsofweightflowobtainedfromall
methodsagreedwithin1*percent.

Depression_ temperaturemeasurementsweremadetithsixiron-
constantanthermocouplesequallyspacedaroundthecircumferenceofthe
tsnkatvaryingradii.Stagnationp?essurewasobtainedfromfour
equallyspacedpressuretaps;tsJ4cvelocitiesweresufficientlysmallto
neglectvelocityhead.

Rotorinletconditionsweredeterminedfromtheinl.et-tsmktotal
pressureand8 static-pressurewalltapsathubandtiplocatedan aver-
ageof3/4inchupstresmoftherotorbladeleadingedge(station3,
fig.4). Theradialvariationof staticpressurewasfairedaccording
to thestatic-pressurevariationmeasuredlytherakeat station2. Pre-
liminarysurveysof inletflowanglesasmeasuredby thecombination
probeat station2 werewithinapproxhately1° oftheaxialdirection.
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Compressoroutletconditionsweredeterminedat station6 (3in.
behindthestator-rowtrailingedge)from24individualshieldedtotal- ,
pressureprobesand24 iron-constantanthermocouples(fig.5(b)and(c)).
Theoutletinstrmnentationwasintendedtoprovidedatafortheevalua-
tionof stageefficienciescloselyrepresentativeofthetruemass-

—

averagedadidbaticefficiencyofthestage.-Thetotal-pressureprobes
werelocatedradiallyatthecentersofsixequalareasandwerespaced
aroundthecircumferenceto duplicatefourequallyspacedpositions
acrossthestatorbladepassage.Thethermocoupleswerelocatedat cor-
respondingradialandcircumferentialpositionsby meansoffourrakes. 2.
Thetotal-temperatureandtotal-pressureprobeswereinsensitiveto angle s
overtherangeof statorexitangleencountered.

~ addition,radialsurveysofdischargeangleandtotalpressure
weremadeatmid-passagebetweenbladesabout1/2inchbehindthestator

—

(station5)witha claw-typeprobe(fig.5(d)).Static-pressurewall
tapswerelocatedat eachmeasuringstation.

.-
—

Alli~trumentswerecalibratedforMachnuuibersndangleinan
open-jetcalibrationtunnel,andallpressureswereindicatedininches
oftetrabromoethane.Compressorspeedwascontrolledelectronicald.y
within~ 10 rpmandwasfrequentlycheckedwitha chronometrictachometer.

PRCCEDUKE -. !

Complete-stagerunswereconductedforfivecorrectedtipspeeds
rangingfrom430to1000fee%persecond.3hlettsmkpressurewasmain-

8

tainedconstantat approximately20inchesofmercuryabsolute,while
inlettsmktemperaturesvariedfromabout75°to 87°F. At 800,900,and
1000feetpersecond,theflowwasvariedfrommaximumto thatresulting

—

inbladestallas indicatedby fluctuationsoftheoutletmeasurements.
Forthelowertipspeeds,stallandchokedflowwerenotobservable,and
weightflowwasvarieduntflefficiencydecreasedmarkedlyatbothends
ofthecurve.StatorexitsurveysofangleandtotsLpressureweretaken
at selectedpointsateachtipspeed.

Adiabatictemperature-riseefficiencywascalculatedfromarithmetic
averagesoftheoutlettotal-temperatureandtotal-pressurereadingsas

,,=4(3’”283-11

T6 -T1
(2)

—

.

.
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Theefficiencyvaluesgivenby eq.uation(2)endtheoutletinstrumenta-
tionare,strictlyspeaking,area-averagedefficiencies.However,in.
viewofthecircumferential(fourpositionsacrosspassage)andradial
(twopositionsnearendwalls)locationsoftheprobesandtheprobable
sizabledissipationofthestatorwakesat themeasuringstation,the
calculatedefficienciesarebelievedtobe reliablemeasuresofthe
mass-averagedefficienciesofthestage.

N
1+ TheradialvariationofMachnuniberleavingthestatorswasdeter-
% minedfromprobetotal-pressuresurveysanda radialvariationof static

pressurecalculatedlya methodbasedonwallpressure-tapreadingsand
themeasuredanglevariatim(assumingsimpleradialequU.ibrium).

RESULTSANDDISCUSSION

Over-sllperformance.- Theover-allperformanceofthetransonic
inletstageasmeasured3 inchesdownstreamofthestatortrailingedge
isshowninfigue 6 asplotsofadiabaticefficiencyandtotal-pressure
ratio.At designspeed,a peakefficiencyof0.90wasobtainedata
pressureratioof1.47anda correctedweightflowof44.5poundsper
second.Peakefficiencyremainedat approximately0.90foralltip
speedsinvestigated.At 80percentspeedandabove,efficiencyaswell
aspressureratiocurvesarefairlyflat,withefficienciesabove0.80

R obtainedoverpracticallytheentireweightflowrange.

Maximumaveragepressureratioat designspeedwas1.48at an
* efficiencyof 0.89. Thegreaterpressureratioobtainedinthetests

comparedwiththedesignvalueisattributedprimarilyto observedeffi-
cienciesandrotoranglesof incidencegreaterthanthedesignvalues.
Itmayalsobe thatactualrotorbladeoutletdeviationsinglesandarea
blockagearescn.uewhatlessthanthedesignvalues,whichwouldtendto
producegreaterturninganddiffusion.Theradialvariationoftotal-
pressureratioaameasuredbyboththedischsrgeshieldedprobesandthe
statoroutletsurveyprobeatpeakefficiencyat designspeedisshown
infigure7. A substantiallygreaterradialvariationofpressureratio
wasobtainedcomparedwithdesignvalues.

.

.

Designweightflowof48.6poundspersecondwasnotattained
becauseactualoptimumincidenceanglesandradialvariationsof inci-
denceangleweregreaterthanthevaluesassumedforthedesign.Maxhmm
weightflowat designspeedwas48.0poundspersecondandrepresentsa
weightflowperunitfrontal.ereaof29.2poundspersecond.Operating
rsmgeathightipspeedsisslightlysmallerthentherangesobtained
withsubsonicinletstages(references7 and8,forexample).This
trendistobe expectedinviewofthehigherinletMachnuniberlevels.
Operatingrangeat thelowertipspeeds,however,isgenerallyequivalent
to currentinletstagevariations.Theapplicationoftransonicinlet
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stagestomultistagecompressorsmaythereforenotbe expectedto intro-
ducematchingdifficultiesbecauseoftherangeoftheinletstage.

Rotorinletconditions.- RelativeinletI@& rumiberandrelative
airinletangleattheMet totherotor(station3)atdesignspeedare
showninfigure8. MaximumrotorrelativeinletMachnuuibersweresame-
whatlowerthandesignvaluesandattainedvaluesofabout1.1and1.C6
atthetipatmaximumweightflowandpeakefficiency,respectively. 2Onlya verysmallpartofthepassageinthetipregionwasoperatingat m
Machnumbersgreaterthm unity.me ~@.e Of incidenceat peak effi- ““ ‘- + ~.
cimcy (differencebetweenobservedairangleandblademean-lineangle,
fig.8(b))wasconsiderablygreaterthsmthedesignvalue(difference
betweendesignairangleandblademeanline),whichindicatedobserved
optfmumanglesof incidenceoffromabout40to 90forthisdesign.The
slightlylargerinletanglevariationfromhubtotipwasduetomeas-
uredradialvariationsofabsoluteinletvelocitygreaterthanthe”values
usedforthedesign. -.

Statorexitconditions.- Theradialvariationsofairangleand
Mach.nuniberleavingthestators(station5)areillustratedinfigure9.
.Uthoughthestatoroutletradialsurveywasconductedat onecircum-
ferentialpositionapproxhnatelymidwaybetweenblades,thesurvey
readingsarebelievedtobe representativeofaveragevaluesacrossthe
bladespacing.StatoroutletMachnuniberslessthan0.65wereobtained

——

overtheentireusefulrangeof operationofthestage.Theradialvar- 1-
iationof statoroutletsingleata givenspeedshowslittlechangein
angleacrossthebladeheight,exceptforthewallbouudary-1.ayer
regionswherea sharpriseb angleisobserved.Thevariationinout--- .
let@e overthespeedrangewasabout3°. For themeasuredoutlet
anglesandMachnumbers,allMachnumbersrelativeto a succeedingrotor

-.

row wouldfellwithincurrentlimits.
seentobe favorableforthematching
design.

SUMMARYOF’

Statoroutlet conditionsarethus
of succeedingstagesof current

RESULTS

Thefollowingresultswereobtainedfroman experimentaltuvesti-
gationofan axial-flowcompressorimletstagehavinga maxtmumrelative
inletMachntier of 1.1at1000feetpersecondcorrectedtipspeed

—

anda 0.525blet hub-tipratio:

(1)Peakefficiencyatdesignspeedwas0.90at a correctedweight
flowof44.5poundspersecondanda pressureratioof1.47. Peakeffi-
ciencyremainedatapproximately0.90foralltipspeeds. .

—

(2)Maximmnpressureratioat designspeedwas1.48at an efficiency
of0.89andmaximumweightflowwas48.0poundspersecondcorresponding ‘
to a weightflowperunitfrontalareaof 29.2poundspersecond..14axi-

-.

mumrelativeinletllfachnumberwas1.1.

.~
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(3)Theweightflowrangewa-sgenerallyequivalenttotherangeof
6 currentinletEtages.

(4)%ator outletconditionsandgeneralstageperformanceappeared
satisfactoryforpurposesofmultistagingwithcurrentstagedesias.

CONCLUSION

Fromtheresultsofthistivestigationjitisconcludedthataxisl-
flowccmrpressorinletstagescanbe designedto operateefficientlyat
rotorrelativeinletMachnudbersup to 1.1atthetip.

LewisFlightPropulsionLaboratory
IiationslAdvisoryCommitteeforAeronautics

Cleveland,Ohio

,
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APPENDIX- SYMBOLS
Thefollowingsymbolsareusedinthisreport:

bladechord,ft

incrementalstreamtubeheight,ft

absoluteMachnuniber

relativeMachnumber

massflow,slugs/see

totalpressure,lb/sqft *

staticpressure,lb/sqft

radius,ft

totaltemperature,%

wheelspeed,ft/sec

absolutevelocity,ft/sec

weightflow,l.b/sec

airangle(withaxial),deg

ratioof inlettotalpressureto standardsea-levelpressure

adiabatictemperature-riseefficiency

ratioof inlettotal%mperatureto standardsea-leveltemperature

Subscripts:

1 com&essorinlet(depressiontamk)

2 wei@t flowmeasuringstation

3 rotorinlet

4 rotoroutlet

5 statoroutlet

.

.
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6 compressoroutlet(dischargemeasuringstation)

t compressortip

z axialdtiection

e tsmgentialdirection
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(a) !Tipratius.

9

.
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(b) Meanradius.

V3‘
.

Figure2.-

(c)Eubradius. -

DesignvelocityUagramfortransonicinletstage.
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(a)Statio-pressuremke. (b)ShieldedProbes.(o)Temperatum(d)Clawtotal-pressure
rakes. probe.

Figure5.- hstrunientstionusedforInvestigationoftmnsonioinletstage.
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