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‘RKXNICALNO!I!E2107 ‘

OFFIRSTSTAGEOFTWO-STAGETURKUKE

DESIGNEDFORFREE-VORTEXFIOW

By G.W. EnglertandA. O.ROEIS

smMARY

A preltiineryexperimentaltnveetigationwasmadeofthe.first
stageofa two-stageturbinedesignedforfree-vortexflow. This
stagewasmatchedtoa centrifugalcompressorandwasoperatedincon-
junctionwithcmbustors,engineaccessories,endthreesizesof jet
nozzle.Additionalinformationconcerningthisstagewasobtained
by investigatingtheflowthrougha sectorofthestatorbymeans
ofa stationary-cascadeapparatus.Thedataobtainedwereusedto
checktheturbinedesignandto deteminethecharacteristicsofthis
stageformatchingwiththesecondstageoftheturbine.

Theresultsofthistivestigationshowedthathighestadiabatic
efficiencywasattainedwhentheturbinewpsoperatingnearthe
designtotal-pressureratio.Thisexperiment.ally”attatiedmaximum
efficiencywasapproximately5 percentlower,however,thanthevalue
of0.90assumedinthedesigncalculations.Theoutletflowangles
at themea radialsectionsofthest.atorandtherotorapproximated
thedesignvalueswith~ 2.5°.Radialdistributionsof outletangle
correspondingtoa free-vortexvelocitydistributionwerenotfully
attained,however.Radialdistributionsoftotalpressureat the
statorandrotoroutletswereconstanttithinexperimentalaccumcy
overthetijoryortionofthemdialdistances,as designed.
Boundary-layerbuild-upat thestatoroutletwasnotsolargeas
anticipated;the.displacementthiclmesswasonly0.16inchat
thehuborinnershroudandnegligibleat thetiyoroutershroud
com~redwithvaluesof0.30and0.12inch,respectively,assumed
inthe.design.

INTRODUCTION

Radialdistributionsoffluidvelocity,pressure,andtemperature
intoandoutofthevariousrowsofbladesmustbe selectedinthe
initialphasesofthedesignofa turbine.Theselectionof com-
binationsoftheseflowdistributionsalongwithsuitabledesign
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2 NACA”TN 2107

methodsforobtainingthespecifieddistributionscanhe guidedby
thestudyofpreviousinvestigations.Theseimestigationsshould‘
be onesinwhichtheselectionofcombinationsoftheseflowdistri-
butionswereincorporatedina turbineande~erimentallycheckedto
determhetheextenttowhichtheturbineoyeratedas desired.

An tivestigationwasmadeattheLewislaboratoryofthefirst
stageofanNACAtwo-stagegasturbinedesignedforfree-~ortexflow
@ constructedforuseina turb~-propellerexpertientalengtie.
Theresultsofthistivestigation,whicharereportedherein,were
usedtodeterminethecharacteristicsoftheflowenteringthesec-
ondstageofthisturbine.Investigationofthefirststagebefore
completionofthesecondstagenotonlypermitslessoostlymodi-
fication(ifany)oftheturbine,butinthiscasealsopermitted
moreextensiveinstrumentationatthestageoutletbecauseof less
spaoerestriction.Additionalinformationconcemtithisstage
wasobtainedby investigatingthestatorseparatelywheremoreade-
quateinstrumentationcouldbe providedbecauseoflessspacerestric-
tionat thestatoroutlet.Coxtibiningtheresultsofthesestator-flow
investi&tionswithresultsobtdnedby stud@ngthefirststageof
theturldneasa unitpefiitsthedetermhationofflowcharacter-
isticsattheinlet.totherotorofthisstage,andthusgivesa
morecompletedescriptionofthetiternalflowwithinthisstage.
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SYMEms

Thefollowingsymbolsareusedinthisreport:

area,(Sqft)

spec3ficheatat constantpessure,(Btu/(lb)(%l))-

thrust,(lb)

acceleration.duetogratity,32.17(ft/sec2)”.

absolutepressure,(lb/sqft)

gasconstant,53.35(lb-ft/(lb)(%))

absolutetem&ture, (%)

bladevelocity,(ft/see)
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absolutefluidvelocity,(ft/see)

gas velocity relative to rotatimgblade, (ft/8ec)

weQht-flowrateoffluld,(lb/see)

vu 4flowangleatwhichgasleavesstatorblades;arctan-, (deg)
%,4

(fig.1)

flowangleatwhichgasentersrotorbladesrelativetorotor,
VU4-U4

arctan
VX,4

,(deg)(fig.1) .-

ratioofspecificheats

flowangleat whiohgasleavesrotorbladeswithreepeotto some

stationarypmt of turbbet aro tanv~~ (deg) (fig? 1)V=,5
.

adiabatioeffioienoy

flowaagleatwhiohgasleavesrotorbladesrelativetorotor,
aroJu 5+u 5

v
, (deg)(fig.1)

x,5

density, (UI/OUft)

Subscripts:

o

cr

m

n

T

u

compressor

critical,stateat speedofsound(reference1)

mean

normaltoflowdirection

turbine

tangentialdireotion .

.
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x

1,2,3,. . .7

Superscripts:

1
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axialdirection

measuringstations(fig. 2)

stagnationstate

stagnationstate

BASISa’

Theturbineinvestigatedwas

relativetomovingblades

DESIGN

designedforfree-vortexflow
distribution.tiwhichtotalpressure,totaldensity,andVorticity
(productofratiusmeasuredfromtheturbineaxisIitiesthetangen-
tialcomponentoftheabsolutevelocity@ thegasattheparticular
radius) areconstantina radialdirectionfromthehubtothetip
of theturbineblades.Itwasassume,dthattheshiftinmassrate
of.&s flowh a ndial directionwhenpassingthroughtheturbtie
wouldbe small,makingtheradialcom~onentofvelocityd .@nyone
stationnegligible.Thisassmptioncombinedwiththecondition’
of constanttotalpressure,totaltemperature~ @ ~orticitYproduces
a constantradialdistributionofaxialvelocityfromhubtotip
(reference2). Thestatorwasdesignedfora uniformrectilinear-
entrance-velocitydistribution.

-much as thepresentinvestigationconcernsonlythefirst
st@ ofthistwo-stageturbine,thefirststagewillhereinafterbe
cmideredasa completesingle-stageturbine.Thedesi@ inlettem-
perature,met pressure,emIrotational speedwere19000R)
8200pouadspersquarefoot,and11,000rpm,respectively.Thedesign
poweroutputwas4130horsepowerandtheassumedefficiencywas0.90.
Itwasassumedthat: (1)thelossesacrossthestatorwouldbenegli-
gibleandalllosseswouldoccw acrosstherotor;(2)boundarylayers
havingdisplacementthiclmessesof0.30and0.12inchwouldbeformed
at thestator-outletinnershroudendoutershroud,respectively;and
(3)the’innerboundarylayerwouldbe unstableintherotorpssages
andreducedto zeroat therotoroutlet(referenoe2). A crosseec-
tionoftheturbtieannulush a planepassingthroughtheaxisof
rptationshow@ theassumedboundarylayersby shadedareasisshown
izlfigure3. Theconvergenceandthedivergenceoftheannularflow
areaarealsoshownonthisfigure.Theminimumdistancebetweenthe
innerandoutershroudsisatthestatoroutlei.Theoutershroud
hasa divergenceangleof 9°fromthisstationtotherotorexitand

.
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a divergenceangleof 6°fromthissamestatiautothestatorentrance.
Theentmncetothestatorwasenlmgedby this6°divergencesngle
toaccommodatethesizeofan exiat~ burner-outletassembly.The
9°divergenceanglewasusedto ltiittheaxialvelocitycomponents
ofthegasinpassingthroughtheturbtiesothatthevectorsumof
thevelocitycomponentsatanyparticularstaticmcouldbekeptbeluw
a maximumcritical-velocityratioof0.9,and.yetpermitthetan-
gentialvelocitiestoattativaluessufficientfor.theturbineto
developthedesiredlowerperpoundofgas.

Thebladeprofilesusedtithisturbineweredesignedby useof
a stream-filamentmethodgivenh reference3. Thecoordinatesaccord-
ingtowhichthebladeswerefabriutedandthecharacteristicdimen-
sionsofthebladesareshownintableI. Theaccuracyoffabrication
WELSwithin&O.010inch;theinaccuraciesweremainlyduetothecasting
process.Allbladeshadsmoothprofiles,however.Therewere49blades
inthestatorand54bladesintherotor.

. lEYmATm ANDEROCEDUKE

Turbine~ertients.

Theturbinewasmatchedtoa centrtiugalcompressor,14com-
bustors,andexistingaccessoriesin- arrangementstiik toa
turbojetengine,as showninfigure2. Thecompressororiginally
had a doubleentry;however,thebladesweremachinedfromtheback
sideandtheflowpassagesfairedin smoothlytoreducetheweight
flowandmatchthecompressorwiththisturbh. Jetnozzleshav5ng
diametersof12.75,13.78,and15.97titheswereusedsuccessively
asa meansofvaryingturbinebackpressureovertherangeexpected
tobe,obta~dlaterduringuseofthesecondstageoftheturbine.“
Theenginewasmountedona testbedsuspendedbyflexiblecables,
andthrustwasmeasuredby used a stra3ngage.Totaltempemture
wasmeasuredat thecompressorinletbymeansof sixtion-constantem
thermocouples,aqdat thecompressoroutletbymeansof iron-
constantanthermocoupleslocatedintwoof 14airadaptersatthe
dkffuseroutlet.Totaltemperaturewasmeasuredinthetailpipe
bymeansoffim shieldedchromel-alumelthermocou~les.Compressor-
inletpressurewasthesameasbarometricpressure;compressor-
outletpressurewasmeasuredintwoairadaytersatthediffuserout-
letbymems ofsixtotal-pressuretubes.Turbine-inletpressurewas
measuredat threeburner-outletchannels,twoM whichwereinline
withthetwoairadaptersh whichcompressor-outletpressurewas
measured.Totalpressureattheturbineoutletandalsotheangleat

\
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whichthegasleavestheturbineweremeasuredwitha

HACAIN 2107
.

I?eclihetiercom-
binationtotal-~essmandyawtule,shownintheenlargedsectionof
figure2. Thisinstrumentwasmountedina remotelycontrolledactu-
atingdeticethatenabledtheoperqtmtomovetheinstrumentina
radialdlrectionwithrespecttotheturbineaxisandalsotorotate
theinstrumentaboutitsown-s sothattheyaw-tubereadingscould
bebalanced(nullmethod).Therad.ial$andargularpositionsofthe
probeweredeterminedbymeansafa self-balancingpotentiometer.
TheI?ectietier~obe measurementsweretakenalongoneradialline
only.Thisradiallinewasapproximatelyhald%aybetweentwo
radialplanes,thatpaseimgthroughthecenterofthetopcombustor
oftheengineandthatpassingthroughthesideofthissameccnu-
buster.Total~ssure inthetailyipewasmeasuredlythreetotal- ‘
pressurettiesandstaticpressure,byan orificeonthetail-pile
wall. Statiopressureat theturbineoutletwasmeasuredbywall
ortiicesonthe3nnerandtheouterturbtishrouds.

Therotationalspeedsatwhichtheturbinewasoperatedranged -
from3980to11,400
1190°i%1950°R.

rpm,andturbine-inlettemperatur~rangedfr;m ‘
.

Stator-CascadeExpertients .

Theapparatusforinvestigatingthestatorflow(fig.4)oon-
eistedofa sectorofanannularareainwhichfiveequallyspaced
alwdmznbladesweremounted.Thenumberofbladeswasltiitedto
fiveby theaircapacityofthesupplysystem.Theendsofthis
cascadeofbladeswerewoodenblockstithcontourssimulatingan
adjacentbkde profilesothattherewere’sixflowchannelsofequal
dimensions.Theapproachtotheannularsectionconsistedofa
woodennozzle11incheslong,mountedona surgetankhavinga vol-
umeof 19cubicfeet.A pitot-statictube,located2~inchesupstream
oftheblades,wassommntedthattheentireareacouldbe traversed
tochecktheinlet-flowdistribution.A ccmibinationyaw,total-,and
static-pessuremeasuringprobe(showninenlargedsectionoffig.4)
waspositioned0.1tichdownstreamatthebladesandmountedona
protractorarrangementthatpermittedtheprobetoYe sorotatedthat
thenullmethodofbalancingtheyawtubescouldbe used.Thispro-
tractoryasinturnmountedona slidingmechanismadjustableby lead
screwssothattheprobecouldbemovedintwodirectionsperpendi-
culartooneanotherina planenormaltotheaxisofcurvatureofthe
annulerpassage.Betweenthe.tz’ailingedgesofthecenterandthe.
next-to-centerblades,178readingsofstaticandtotalpressureand
flowdirectionweretikenforeachtestcondition.Thepressurein
thesurget.ankwassoregulatedthatthedesiredcritical-velocity .

.

.

—



NACATN 2107

ratiowaso%tainedat the
airinthesurgetankwas

7

statoroutlet.Thetemperatureofthe
heldat 580°*2°R.

DataComputation

Turbine-inlettemperature.- ~thalpydropintheturbinewas
foundby equatingitto theenth&lpyincreaseinthecompressor,which
inturnwasobtainedfromobsefitionsmadewiththeinstrumentation
at stations1 and2 (fig.2). Itwasassumedthattheadditional
weightatfluidflowingthroughtheturbinecomp8redwiththatflowing
throughthecompressorwouldbalancethebearingfrictionandacces-
sorylowerabsorption.Itwasalsoassumesthattheheattransfer
throughthetailpilewas.negl.igiblesothat T5 = T6 = T7. Turb@-
tilettemperatureoanthusbefoundby theequation

Cy,c(T12- T’1)T’3=T’6+—
Op,T

(1)

where Cp,c ti CP,T arespecificheatsrepresentativeofthemean
valuesinthecompressionprocessinthecompressorandtheexpnsion
~cess Intheturbine,respectively.

Turbineefficiency.- Turbineefficiencyisreportedasanadia-
baticefficiencybasedonmeasuredmlues ofturbine-inletand-outlet
totalpressureandmeasuredoutlettotaltmnperatumbutcalculated
inlettemperatureasfollows:

T’3- T’6 actual. Tt3-T’6
VT ‘T, (2)

3 - “6 ideal

[01

y-1

P’sT
Tt31-_

P’3

wherethemeanspecificheatsthroughtheidealand.actualprocesses
areassumedequal.

Weight rateoffluidflowthroughturbine.- The
gasflowthroughtheturbinewascomputedby meansof

.,

weightrateof
theto-l-and
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. .

8 NACATN 2107

statio-pressure,total-tamp-erature,andareameasurementstakenin
thetailpipe(station6). Thesevaluesd weightflowwereohecked
againsttheweightflowcomputedhymeansofthethrustandstatlo--
pressuremeasurementstakenatthejetnozzlecombinedwiththe
totalpressureandtotaltemperaturemeasuredinthetailpipe. The
valuesofweightflowobtainedby thesetwomethodsdiffered.frcm
0.4to 12.4percent;thescatterinthedatawasgensrallyatran-
aom. Thekrgestpercentageoferrorwasatthelowvaluesof
weightflowwheretheacouracyofthethrustgagereadingprobably
wasnotlessthan&10percentat thelowvaluesofthrust.The
firstmethodd computation(basedentirelyonmeasurementstaken
at station6)wasthereforeconsideredmorerelialle-andwasused
intheengineweight-flowcalculationsforthedatapresented.The

, equationsusedinthesecomputationsar&derivedasfolluws:

Weightfloubasedon station6 measurement:

Continuityequation:

w= PVA

Isentropicrelation:

.
+=[$;=[&)+

Ih?omthegeneralenergyequation,

T1 = +T+@—
7 2@

Solvingfor V,
.

t

(3).

Combinationwiththecontinuityandisentropiorelationyields

—— —
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When

Weightflowbasedonthrustmeasurementsx

themomentumequation ‘

F=XV
g7

iscmb~d withequation(3)andsolvesforw,

(4)

w

,-

,,

Theuseofthisequationassumesthatthereisno ohangeh total
Pssure ortotaltemperaturebetweenstations6 and7.

Weight rateoffltiaflowthrom Statm casoaae. -‘Theweight
rateoffluwpassingthroughthestator-oasoeuieapparatuswascm-
putedby useofeqmtion(4);totalands-ticpressuresweremeasured
atthestatoroutlet“@ totaltemperaturewasmeasureclinthesurge
tank.A correspondingincrementofareanasusedforeachpressure
measurementandthetotalweightflowthoughtheoascaaewasobtained
by summationoftheincrementsofweightflow.

Averagecritioal-velocitymtio. - Theaveragecritical-velocity
ratioat variousstationsintheturbinecanbefoundfroma lmow-

, (5)

“(6)

ledged theweightflowthroughtheturbineandthevaluesoftotal
pressure,totaltemperature,andflowdirectionat thestationcon-
6ia0r0a. . ,

By
between

useofthecentinuityeqyation
totalandstaticdensitiesand

andtheisentropic
tempemturesitis

w

relation
founathat

-....—— —...__ .._—____.- —_. ..____ —— .-. —— ———. .—_. _— .. ___ ..-
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1,

r,

hasmuchas thesestagnationtemperaturesand~essureswere
measuredwithreferenceto somestationarypartoftheturbineonly,
additionalrelationsareneededtoobtatitheariticalvelocity
relatimtotherotor.

Ihmmfigure1 it canbe seenthat

V-LVX2+V2u

T?’=(VU-U)2+

wherethect?rectionof u is considered
~ointonthestator.

v~

yositivewhenviewedfroma

——– ——— — —.
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@en

where

v =Vpnau,4

vu,5 = V5 stir5

(7)

Thevaluesofangles, velocities,andbladespeedswereselected
atthearithmeticmeanradiitorepresentanaverage.Themeanradii
were

flow

10.3and10.5inchesat stations4 and5,respectively.
(

thefollowingrelations(fig.1):
Relativerotorflow~ lea.- Therelativerotor-inletandoutlet
anglescanbefoundbymeansof

tan~ =tena
II
‘4.—
VX,4

where

vx,4 = V4 cosa

where

vx,5=V5COS8 ‘

#,.

-. -—— —.-—-..—.. .-— —. _ ——— —.. —.
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RESULTSANDDZ3CUSSION

PowerandEfficiency

Thetur&lne-yowerparameter(T’3-T’5)/T’3
total-pssureratioacrosstheturbiney’3/p15

a8a functionofthe
isplottedinfig-

uxe5. Idnesof constant adiabaticefficiencywerecomputedwitha
piation aftheratioof specificheats 7 to correspondtothe
averageencounteredintheturbh tivestigationsat eachcondition.
Theturb3neefficiencyrangedfrom0.73attheluwpressureratios
toamaximm ofappro~tely 0.85at thed.esign~essureratioand ,
decreased.to 0.80athighpressureratios.

WeightRated Gas3’lowthroughTurbine

Thevariationaltheweightmte & gasflowthroughthetur-.
binewiththeratiod totalinletpressureto staticbackpressure
isshuwntifigure6. Thecorrected.weightflow w~/p’3 was
multipliedby thecorrectedblades~,ed~,5/fi to correlate
thedataononeline.Thedatafo2allthreejet-nozzlesizesfell
withine~rhental accuracyofthisline.Thee~erimentalvalue

‘m uuftheparameter— ~ was,however,approximately10yer-
P’~ ~

cent~eaterthanthedesign%lUS at corresponding~tios o#total
to staticpressure.Asidefromticcumciesofweight-flowmeasure-
ment,thisdisaepancymaybe duetoa largereffectimfluwarea
(kSS boumdarylayer)inthebladechannelsthanwasassumedinthe
designandalsoto someeqansioncdtheblade-channelconfiguration
duetohightemperatures. .

.

Weight-l?lowDistributionatStator-CascadeOutlet

CuryeSofweightflowperunitarea(asmeasuredin cascade
testsatthestatoroutlet)asa functionafstator-channelarea
measured.perpendiculartothe-s ofrotationoftheturbine~e
showninfigure7. Theinnerradiusoftlieairpassagesbetween
bladeswasusedastheori@ d thegmph,wherechannelareais
zero,andtheareaincreasedintheoutwardradialdirectionuntil
thetbtalareaofthechannelwasreachedat theoutershroudor
bladetip. ~tegration& thecurvecorrespondingtothedesign

.

.—. .— ——
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critical-velocityratiocd?0.80yieldsa valueofweightflowequal
to 94.8percentofthevaluethatwouldbe obta~d ifthechannel
wereflowingfullwithnoboundarylayers.Thereisno appreciable
l)oumdarylayerat theoutershroud;huwever,a displacementthick-
nessof0.16inchwascalculatedattheinnershroudat thedesign
critical-velocityratio..Thesevaluesindicatethat.thedesign
assumptionofbounderylayersof0.12inchattheoutershroudand
0.30inchat theinnershroudwasquitepessimistic.

StatorandRotorFlowAnglesatMeanRadii

Thestator-outletamgle a at themeanradius,as determined
fromcascadedata,wasfoundtodecreasefrm 66.0°to 62.5°between
thelimitsof critical-velocityratioatthestatw-cascadeoutlet
rangingfrom0.41to 0.96(fig.8). Theairwasunderturned2.3°
relativetothedesignvalue@ 65.6°.Theaccuracyofmeasurement
b thecascadehstrumentationwasestimatedtobe&0.5°.

Thevariationsofrotor-inletand-outletanglesrelativeto “
therotorbladesas computedfranenginedatainconjunctionwith
cascadedataarepresentedinfigure9. Therelativerotor-inlet
angle ~ variedalmostlinearlywiththecritical-velocityratio
at therotoroutletrelativetotheblades,theinletangledecreas-
ingwithincreasingoutletcritical-velocityratio.Therelative
rotor-outletangle (3,computedbyuseofdatatakenat stition5,
showshardlyanyvariationwithrelativeoutletcritical-velocity
ratiowithintheexperimentalaccuracyofthemeasurements,which
wasestimtedtobevithini2°.Theexperimentalresultsagreedwith
thedesi~valueofrelativerotor-outletangle(63.3°)at thedesign
relativecritical-velocityratio(0.85)withinexperimentalaccuracy.
Thusboththestatorendrelativerotor-outletangleswerevithin
2.5°ofthedesignvaluesat themeanradii.

Neithertherotor-inletnor-outletanglewasnoticeably
effe@edby variationin jeti-nozzlesize.Moresignificant,how-
ever,isthefactthattherelativeoutletangleremainedconstant
within3°regardlessM therapidlydecreasingrelativeinletangle
withcritical-velocityratio.Furthprinspectionofthedatareveals
that,astheturbine-inlettemperatureis hcreasetl(andthusblade
speedandweightflowareincreased),theblade-syeedcomponent
(fig.1)ticreasesfasterthantheaxial-speedccrmponentsothatthe
relativerotor–inletangleisconsiderablyreduced,whereasthe
stator-outletangle(fig.8)is constantwithina~oximately4°.

0
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RadialDistributionofFlowAngleat Stator-CascadeOutlet
.

Variationd thestator-outletanglewithradialyositionfor
fourvalum ofaveragestator-odtletcritical-veldcityratio(0.41,
0.59,0.80,and0.96)isshowninfig&e 10. Thedashedlineindi-
catesthedesignvariationof.outletangleforanave~e outlet
critical-wlocityratioof0.8. Thedashedlineisdrawnonly
withinthelhitsaPtheassumedboundarylayers.Theairwas
slightlyunderturnedoverthemajorportionoftheradialdistance
incomparismwiththedesi~ curve;thedegreeofunderturning
increased.tithntil distance.Thestator-outletangledecreased
toonpidl.ywithradial&stancefrm thehubto correspondtoa
free-wmtexflcwdistribution.Theoutletangle,however,was
slwqd yincreasedintheironerboundarylayer. .

RadialDistributionofRotor-OutletFlowAngle

Theradialdistributionofabsoluterotor-outletangleb is
~esentedtifigure11fora jetnozzle15.97inchesin diameter.
Forthisnozzlesize,theturbineoperatedovera mnge ofblade

U5
speedditideabyrelativecriticalvelocity~ of0.37to.--c

0.55andovera

velocitymtios

%
w = 0.54
cr,m,5

GA-, u,d

correspondingmnge ofrelativerotor-outletcri~ical-
Wm5

w of0.58to0.95.Thedesigncurve
cr,m,5

isshownon thefigurebya dashedline.Interpolated

‘m,5experimentalresultsneara valueof .. = 0.85 followed-the—
‘cr,m,5

designcurvewithin3°forthefirstthree-fourthsaftheradial
distanceframthehuborinnershroud.Nearthebladetiporouter
shroud,however,theoutletangledecreasedconsiderably,“whichpro-
bablywascausedby thelargeblade-ti.~clearanceof0.10inch.

RadialDistributionofTotalEressuresatStator-CascadeOutlet

Thestatorwasdesigns-dfora uniformdistributiond total
yessurebetweenan -r boundarylayeraP0.30inchandan outer
boundarylayerof0.12inch.IYgure12 showsthatthiscondition
wasobtainedtithecascadetestsofthestatorbhdeswithonly

——. —.—
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5-percentvariationoccurringneartheUmitad thedesignradial
distance,ae shownby thedashedline.Totalpressuredropyed
rapidlyneartheinnershroud,however.

RadialDistributionofRotor-OutletRressure

TheradiaIdistributionofrotor-outlettotalpressure(relative
toa stationarypartoftheturbine)isgiveninfigure13fora
jetnozzle15.97inchesindiameter.Thetotalpressurewqsquite
constantbetweenthendii of 9.25and11.25inches.Thetotal
pressmedecreasedquitera@ilyat theinnerradii.Notenough
datawereavailableto oalculatetheboundary-layerdisplacement
thicbss. Thetotalpressureat theouterzadiidecreasedbecause
oftherotor-blade-tipclearance.

SUMMARYOFRESULTS

~ A preliminaryinvestigationmadeofthefirststageofa two-
stagetmbinedesignedforfree-vortexflow,uatchedto a centr~ugal
compressor,andoperatedinconjunctionwithcombustors,engine
accessories,andthreesizesof jetnozzlegavethefollowingresults:

1.ThevariablesstudiedInthisinvestigationapproximatedthe
turb~,designconditionsasfollows:

(a) Adiabaticefficiencywasabout0.05lowerthanthe
designvalueof0.90,peakefficiencyoccurringwhentheturbtie
wasoperatingnearthedesigntotal-~essureratio.

(b)Theexperimentalvalueoftheweight-flowparameterwas
approtiately10percentgreaterthanthedesignvalueat cor-
respondingvaluesoftheratiooftotalinletto staticback
pressure.

(c)Boundary-layerdisplacementthicknessat thestator
outletwas0.16inohat thehub@ negligibleat thetipcam-
paredwitha designvalueof0.30inchat thehuband0.12inch
at thetip.

(d)Thestator-androtor-outletflowanglesat themmn
radiiwerewithin2.5°ofthedesignvalues.

——— -—— ..._—.-—_ _ __ .——— . .
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2.Theturbine%Iading
variablesinvestigated:

.

,.
performedas.followsovertherangeof

(a)Relativerotor-outletemglesremainedconstantwithin
2.5°,althou@ the relativerotor-inletanglevaried16°.

(b)Thestatar-outletangledecreasedtoorapidlywith
radialdi&hancefromthehubto correspondtoa free-vortex
flowdistribution.

(c)Themdial distributionof
followedthedesigncurvewithin3°
oftheradialdistancefromthe-hub

—

abdbluterotor-outletangle
forthefirstthree-fourths
afterwhichtheangledecreased

rapidlybecauseofan excessive-rotor-blade-tipclearance.

(d)Ra&al distributionsd totalpressureat thestator“
androtoroutletswereun5formwithinexpertientalaocuracyover
themajoryortionoftheradialdistances.

LewisFlightmopulsionLaboratoq,
NationalAdviswyComitteefm Aeronautics,

Cleveland,Ohio,November21,1949.

1.Liepmann,Hans
Aerotiynemlios
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TK6E%I-DIMIZNSIONSTODm3@mU3BUlEPRoFlZlls

[ 1AlliMmenaioneininches

(a)Stator-bM&profilecoordinates.

x

o
.100
.200
.300
.400
.500
.600
.700
.800
.900
1.000
1.100
1.200
1.300
1.40Q
1.500
1.600

Root-section
raaiuflj9.3

0.060
.11.5
.MO
.170
.178
.172
.152
.119
.065
-.OU
-.115
-.247
-.412
-.615
-.871
-1.175

-0.053
-.069
-.088
-.110
-..138
-.172
-.212
-.258
-.317
-.387
-.471
-.570
-.690
-.836
-1.025
-1.247

Mean-sec%ion
raaiue.10.3

‘1 I ‘2

0.060
.115
.149
.167
.173
.165
.143
.108
.053
-.020
-.lI.5
-.230
-.373
-.544
-.756
-1.000

-0.053
-.069
-.085
-.105
-.I.30
-.162
-.199
-.244
-.299
-.365
-.443
-.533
-.641
-.771
-.935
-1.119

Tip-section
raaius.11.5

0.060-0.053
.115 -.069
.148 -.083
.165 -.100
.168 -.123
.158 -.lsz
.135 -.U17
.097 -.230
.042 -.282
-.02!3-.344
-.114 -.41.5
-.213 -.497
-.335 -.592
-.473 -.706
-.641 -.845
-.845-1.005
-1.105-1.182

t - x
o’
I

Lee&ng-edgeradius,0.050
Trail@g-edgerad.iue,0.0075
Originsofthreetwo-tienslonal
sectionsareali.nedonconnnon
radiallinepassingthrough
axisofrotationofturbine

B axSaldistancebetweencenters
ofleadingandt~ilingedges

D normaldistancebetweencenters
ofleadingendtrailinge&ges

I

(b)CharacteristicUmensionsofst.ator. v
Root-sectionMean-sectionTip-section
raaiue,9.3 raake,10.3 Z%Milus,1.1o5

Chordlength 2.038 2.070 2.094
solidity 1.709 1.563 1.420
Eal distie,B 1.524 1.575 1.630
tiormaldistanoe,D 1.266 1.254 1.222

-— . . .. —..—.—.-.. — .—. ———. .— _. _ _ ..__ _ ——. ..—
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TABLEI -DIMEX?SIONSTO~ mm PROFILES- conoluded

[ 1Alldimensionsininches

(c)Rotor-bladeprofilecoordinates.

Root-sectionMean-sectionTip-sectior
x radiu

‘1
9.3
‘2

radiw
‘1

10.5
‘2

radius
‘1

o
.100
.200
.300
.400

..500
.600
.700
.800

0.509
.523
.522
.507
.477
.430
.364
.Z79
.170

0.120
.130
.132
.126
.13.2
.080
.059
.020
-.023

0.517
.532
.533
.523.
.495
.453”
●393
.310

).172
.188
.198
.198
.192.
.180
.I.58
.125

.142

0.524
.540
.544
.535
.513
.476
.422

.489

).22:
.247
.26Z
.270
.272
.269
.257

.184L-.100-.200
-.300
-.400
-.500
-.600
-.700
-.800

Y

.481.

.438

.380

.303

.203

.075
-.088
-.285

.101

.070

.029
-.027
-.097
-.184
-.292
-.416

.485

.436

.370

.282

.165

.023
-.154
-.368

.100

.047
-.021
-.106
-.212
-.338
-.485

.434

.359

.260

.226
-.029
-.220
-.452

.130

.064
-.015
-.116
-.239
-.384
-.554

Tr~lAng-sdgeradius,0.012
r originsofthreetwo-dimensional

I 1‘2 I radiallinepassingthroughSXIS
1= ofrotationofturbine

1
B Wal distancebetweencenters
ofleadingandtrailingedges

D normldistancebetweencenters
B ofleadingendtrailingedges

I

1

t-

(d)Characteristicdimensionsofrotor. T
Root-sectionMean-sectionTip-section
radius,9.3 radius,10.5 radius,I-I-.5

Chordlength
Solidity
Hal distance.B

1.866 1.856 , 1.868
1.724 1.524 1.396
1.734 1.640” 1.546 .

n

~01’md dlstanci,D I .499 I .726 I .933
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.
Figure1.- C+eneralvelocltydistributionInsingle-stageturbine.
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II -

Rotor

/////f///////////l//A//////fl/////l/l/(1

%terimg
Ua- i .“~ayi

t= /1 Ih t-ml I --- 1

I Station4 9“radius

~ Designdisplacement
bo~ndary-layer

Figure3.-

.

Sideviewof turbineflowpassage.
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:EY*, ‘

“Y ~’~ “’”
i“1/1‘/’

.12 /~~
/’&~;~

/“////

.08 ! .

‘& Jet-nozzle
/!# dfameter

.04 (in.)
\ 13.78

:& 15.97
.

-
0
1.0 1.4 1.8 202 2.6

P3‘Total-pressureratioacrossturbine,-
P5 \

Figure5. - Variationof turbine-powerparameter
withtotal-pressureratioacrossturbine.

-.._. . . .7.— .—. —-.-———-.— __ __.— ..._ .....-...____ _ ____ _. _



,

24 NACATN 2107

m

q

to
-E

k

6.0
,/

5.6
❑

5.2 /

Design

4.8-
J point

/ I

4.4 1-

1 I
I In Y I I I I I

I I II I
A

I I I I I

le

II I 1

/7
I

Jet-nozzl
b.o “ diameter

3.6

X7 I

.

)*L
1.2 1.6 2.0. 2.4 - 2.8 3.2

P3‘Ratiooftotalto staticpressure,—
P5

F@ure 6. - Variationofwefght-flowparameterwithratio
of totalto staticpressureacrossturbine.
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50 1--1Averagecrltical-
velocityratio
at statoroutlet

*
#

40— — — — = ‘0.97

* >.80.
Design

30 value ,
1

H JA>
A

-———.

\v

c ●43
* a - ‘ d

‘10

r
.005‘i .010 .015 .020 .025

I
Hub Stator-channelarea,sqf% Tip

Figure7. - Variationof weightflowperunitchannelareafor
variousvaluesof averageoritioal-velocityratioat stator-
cascadeoutlet.urnx? 70* ❑ Cascadeinvestigation

f; Q Designangle(>
g; F, I

4$rl
a

=&=

*
3’

60m .4 .6 .8 1.0

V4
Critical-veloaity’ratio,~

or~4
Figure8. -Variationof ;tator-utletanglewith

ityratioatmeanradiusof statoficascade
critical-veloc-
outlet.
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50

ho

30

20

Jet-nozzle
diameter
(in.) ~

13.78
: .

~
2

u r
Design
point

(a)Rotor-inletangle.

-rDesignPI -.*-L

70

.
n .

❑3 - In I 8A
60 A I I II I I I 1 1 I

I

50 I
.5 .6 ●7 .8 ●9 1.0
Crlticdl-velocityratioatmeansecationofrotor

W5outletrelativetorotor,—wcr,5 L
(b)Rotor-outletangle.

Figure9. - Variationofrotor-inletand-outletangles
relatlvetorotoratmeanradiusof’rotorasfunction
ofrelativecritical-velocltyratfo.
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Stator-outletcrltlcal-velocity
V4ratioat meanradius,—
vcr,4

80 0 0.41 ,
M o ● 59
2 ; .80

*O A .96
& —. .80 (Design-angle
“ T()On distribution)
3

A
Ag 4

:. 82 -~ & .

*
a — . A

$ 60 D Qw
&

5

2
$

v

In
50- I9.0
I

9*5 10.0 10.5 11.0 11.5
I ‘“

Hub Radialdistanoefromturbke axis,in. Tip

Figure10. - Radialdistributionof flowangleat stator-cascade
outlet.
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I
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Figure11. - Radialdistributionof absoluterotor-outletflowangle. Jet-nozzled~am-
eter,15.97lnohes.
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Stator-outletcritical-velocity

V4ratioat meanradius,—vcr,4

o ,0.41.
●59

: .80
A .96

.80 (Design-angle.—— distribution)

9:0 9*5 10.0 10.5 11.0 11.5
I

12.0
I

Hub Radialdistancefromturbineaxis,in.

Figure12.- Radialdistributionof totalpressureat
statorcascade.
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Figure13. - Radialdistributionof total.pressureat outletof rotor. Jet-
nozzlediameter,15.97Inobes.
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