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SUMMARY

Thedesignandexperimentalinvestigationof a transonicturbine
arepresentedherein.Theturbinewasdesignedfora rotor-lru%entrance

g
Machnumberofunityanda slightover-all.negativereactionacrossthe
hub. Themaximumdesignrotor-blade-surfaceMachmn?iberwaslimitedto
a valueof1.33.BecauseoftheincreasedflowMachnumberlevel,the
designprocednreusedwasona quasi-three-dimensionalbasis.

.
Theresultsoftheexperimentalinvestigation@dicatedthatthe

designpointwasobtainedat’atotalefficiencyof0.85withonepoint. inefficiencylostinexitwhirl.Designequivalentspecific-workout-
putoccurred3 percentbelowtheturbinelimiting-loadingpoint.This
checkedcloselywiththevalueof5 percentobtainedtheoreticallywith
designconditions.Off-designoperationa~pearedtobe similartothat
obtainedformoreconservativeturbinedesl.gns.Surveysbehindthe
statorandrotoratthedesign.p@nt indicatedthatthelosspatterns
werequitesimilartothosefoundin lowerMachnunibertuzbines.

Fromtheexperimentalresultsitwasconcludedthat,underthepre-
scribedconditionsof surfaceMachnumberandreaction,transonictur-
binescanbe operatedwithefficienciesofat least0.85. Thequasi-
three-dimensionaldesignprocedurewasfoundtobe sufficientlyrigorous
thatthedesignconditions,althoughcriticalfroma limiting-loading
standpoint,couldbe met.

INTROIIJCTION

A resesrchprogramhasbeeninprogressattheNACALewislabora-
toryto studyproblemsassociatedwithobtainingcompactturbinesfor

. useinturbojetengines.Reference1 indicatesthattheturbinecom-
ponentcsmbe considerablyreducedin sizeby increasingtheflow

.
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Machnumbersthroughtheturbineconsiderably
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abovethosecurrentlyused.
ThisincreaseinfiowMachnumberwouldresuitin increasedspecific-work =
outputandweightflowperunitfrontalareawhich,inturn,wouldreduce
theturbinesizefora givenapplication.

.
Considerableworkhasbeendoneinthe transoniccompressorfield,

andresultsoftheseinvestigations(ref.2,e.g.)haveindicatedthat
thesetransonicflowMachnumlerscanbe utilizedincompressorswitha
resultantwiderangeof efficientperformance.In viewofthesere-
sults,itwasfeltthatproperlydesignedturbinesshouldalsobe capable 2
of operatingefficientlyinthetransonicregion. I’$

Therefore,aspartoftheturbineresearchprogram,thedesignand
experimentalinvestigationofa transonicturbinehasbeenconductedto
studytheproblemsassociatedwithobtainingefficientturbinesforthis
rangeof flowMachnu?ibers.A transonicturbineis definedasone
designedtoutilizea rotor-hubentranceMachnumberofapproximately
UnityeBecauseofthelimitationsimposedupontheflowconditionsout
oftherotorasa resultoftheUmiting-load!.ngcharacteristics,the
reactionacrossthehubofthesehighMachnutierturbinescanbecome
verysmall,zero,or evenhighlynegative.Thetransonicturbineinves-
tigatedwasdesignedfora slightamountofnegativereaction. 9

Becausethethree-dimensionalcharacteristicsoftheflowbecome
especiallyimportantastheMachnuuiberlevelthroughtheturbineis .

increased,itwasfeltthatthedesignofthesehighMachnumbertur-
btiesrustincludethethreeUmensionalityoftheflow. Hence,one
suchprocedurewasdevelopedandusedinthedesignofthetransonic —
turbine.A limitingblade-surfaceMachnwiberof 1.33wasalsoselected
forthisturbinedesignasnormalshocklossescorrespondingto this
valuedonotbecomeexcessive(seeref.3).

Thisreportpresentsa completedescriptionofthequasi-tbree-
dimensionalprocedureusedinthedesignofthetransonicturbine.Re-
sultsoftheexperimentalinvestigationofthisturbinewill.alsobe
presentedto indicatethevalidityofthedesignprocedureusedandthe
efficiencyobtainedundertheprescribedde-signreactionandsurfaceMach
nuniberconditions.Theseexperimentalresultsincludetheover-allper-
formanceof theturbineovers widerangeof speedsandpressureratios
togetherwithdetailedsurveysdownstreamof”statorandrotorat approxi-
matelythedesignpoint.

TURBINEDESIGN
.

DesignRequirements

Thetransonicturbineinvestigatedwasa 14-inchcold-airturbine
witha constsnthub-tipradiusratioof0.7(dlctatedbylimitations
imposedbythetestapparatus).Thedesignrequirementswerechosen

.
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suchthatthemidchannelcriticalvelocityratioW/Wu is constantand
. equaltounityattherotorhubfromstation3 to station5. (AU

syuibolsaredefinedinappendixA.) Thisconditionresultedina slight
over-allnegativereactionacrosstherotorhubfromstation3 to sta-..
tion6 aswillbediscussed.inthesectionVelocityDiagrams.

Thedesignrequirementsselecte~tomeettheseconditionsare:

u~ Ah’
aJ /—, Btulb. . . . . . . . . . . . . . . . . . . . . . . . . . . .22.6em

w~
c ~,lb/sec . . . . . . . . . . . . . . . . . . . . . . . . 11.95
73*

r
ft/sec . . . . . . . . . . . . . . . . . . . . . . . . . . . 597

em ‘

ao
$ VelocityDiagrams
d
& Thedesignvelocitydiagramswereconstructedatthefree-stream

stations0, 3,and6 atthehub,mean,andtipsectionstomeetthe
designrequirementsandarebasedonthefollowingassumptions:

v
(1)Freevortexflow

(2)Simpleradialequilibrium

(3)A 3-yercenttotal-pressurelossacrossthestator

(4)Efficiencyof0.88basedontotal-pressureratiousedto obtain
velocitydiagramsat station6

Thesevelocitydiagrsmstogetherwitha sketchofa typicalblade
channelshowingthestationnomenclatureusedareshowninfigure1.
Alsoincludedarevelocitydiagramsat stations2 and5 (Justinsidethe
bladetrailingedge).Thesediagrsmswillbe discussedlaterinthis
section.

As indicatedbyfigure1,thestatoris chokedfromhubto tipwith
a veryhighstator-hubexitvelocity[(V/Vcr)3= 1.295].Thedesign
turningatthestatorhubandtipsre66.8°and58.3°,respectively.
Therotor-hubentrancecriticalvelocityratio (W/Wcr)3isunity

. (whichdefinesthetransonicturbine)andthereis a slightnegativere-
actionacrosstherotorhub [(W/Wcr)S~ 1*000 ~d (W/Wcr)6= 0.922].

. Thedesignreaction(definedhereinasratioofinletto exitstatic
pressure)acrosstherotoratthehubforthisturbineis0.91. The
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turningintherotorvariesfrom96.7°atthe
It canfurtherbe seenthatapproximately10°
includedinthedesignsadoccursasa result
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hubto 71.7°atthetip,
ofnegativeexitwhirlis .
ofthedesignrequirements.

Thedesignratingef~iciency,basedontheaxialcomponentof{otal-
pressureratio,isthenapproximately0.87or1 pointbelowtheeffi- r
ciencybasedonactualtotal-pressureratio.

Velocitydiagramswerealsocoristructedforthethreesectionsat
stations2 and5 foruse inthebladedesignandarebasedonthefollow- _ ~
ingassumptions: d

(1)No changeinthetangentialcomponentof velocitywasassumed
to occurbetweenstations2 and3 forthestatorandstations5 and6
fortherotor.

(2)Continuitywithno total-pressurelosswasassumedbetweensta-
tions2 and3 forthestatorandstations5 and6 fortherotor.

Inthestatorcalculations,a trailing-edgeblockagecorrespondingto —

32bladeswitha trailing-edgethicknessof0.030inchwasused. The
calculationsforstation5 weremadefora trailing-edgeblockagecorre-
spondingto 29rotorbladesanda trailing-edgethicbessof0.050inch. .
In thesubsequentbladedesign,asthenmber ofbladeswasvaried,the
trailing-edgethicknesswasalsochangedsuchthatthetrailing-edge
blockageremainedconstant,andthusthevelocitydiagramremained w

unchanged.

As showninfigure1,therelativecriticalvelocityratioat sta-
tion5 isunityattherotorhub. As discussedpreviouslyinthesec-
tionDesignRequirements,thisisdesignedto occur.Theaxialcom-
ponentofthecriticalvelocityratioatthe_.meansectionatthisstation
isalso
results
loading
turbine

In

seentobe 0.782.As indicatedby reference4,thishighvalue
inthetubinedesignpointbeingextremelyclosetothelimiting-
point,inthiscaseapproximately5 percentbelow.Thusthe
designwillbe extremelycriticalfromthisstandpoint. —.

thestator-blade
radiusof 0.075inchand
bladesectionswerelaid

StatorDesign
:

design,32bladeswereusedwitha leading-edge
a trailing-edgeradiusof0.015inch.The
outatthethreeradialstationsby usingthe

velocitydiagramsat station2 infigure1. Forthetip
throatdimensionwasobtainedfromtherelationo = (s2
asthecriticalvelocityratioat station2 wasslightly

sectionthe
- t2)sin%
subsonic.The .

.
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throatdimensionsforthemeanandhubsectionswereobtainedfromthe
relationo = (s2- t2)(sinq)(lQr/A)2)where (&/A)2 isthecritical
arearatiocorrespondingtothesupersoniccriticalvelocity(V/Vcr)2.
Straight-linesuctionsurfaceswereusedforallthreesectionsfromthe
trailingedgetothethroat.A smoothconvergingchannelwasusedfrom
theinletto thethroatwithzeroleading-edgeincidence-le.

Thethreestator-bladesectionswerestackedsuchthatthecenter
ofthetrailing-edgecircleslayina radiallineandthebladewasthen
fairedbetweenthethreesections.Theresultingsolidifiesatthehub
andtipwereapproximately1.9and1.7,respectively.‘TableI showsthe
coordinatesofthestatorsections,andfigure2 showsthesketchofthe
statorsectionsandflowpassages.

RotorDesign

Inthedesignofturbinerotars,it is importantthatsurfaceMach
numbersbe predictedaccuratelysothatstatic-pressuregradientscanbe
controlled.As theflowMachnunibersthroughtheturbinerotorarein-
creasedintothetransonicregion,surfacevelocitiescanincreasewell
intothesupersonicrange.Becauseofthepotentiallygreaterlosses
associatedwithsupersonicsurfacevelocities,itis evenmoretiportant
thatthesevelocitiesbe accuratelypredicted.Theproblemofpre-
dictingflowMachnumbersinthetransonicandsupersonicregionsis
complicatedlythefactthattheflowbecomesextremelysensitiveto the
smallareachangesresultingfromtheradialshiftsinthestreamlines.
Hence,thethee-dimensionalcharacteristicsoftheflowhavean in-
creasingsignificanceastheflowMachnumberis increased.Recentex-
periencein theinvestigationofturbinesfordrivingsupersoniccom-
pressors(refs.5 and6,e.g.) alsoindicatesthenecessityof including
provisionforthethree-dimensionaleffectsoftheflowinthedesignof
chokedrotorturbines.In viewoftheseconsiderations,it isindicated
thatthedesignprocedureofa turbineto operateinthetransonicregion
shouldthenbe ona three-dimensionalbasis.

A three-dimensionaldesignprocedurewasdevelopedandusedinthe
designofthetransonicturbinerotor.Inthisdesignprocedure,con-
tinuityacrosstherotorwassatisfiedandequilibriumintheradial-
axialplaneandacrossthechannelfromsuctionto pressuresurfacewas
alsosatisfied.Sincethesequantitieswerevsriedindependentlyuntil
allconditionsweresatisfied,thedesignprocedureisnecessm+.lyan
iterationprocess.

Designconditionsandassumptions.- Thefollowingconditionsand
assumptionsweremadeinthedesignofthetransonicturbinerotor:
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(1)Simpleradialequilibriumwasassumedto existintheradial-
axlalplanefromhubto tipat a seriesof stationsfromtherotoren.
tranceto therotorexit.

~
Becausea fairlylongrotor-bladechordwas

used,itwasfeltthattheterminvolvingme curvatureofthestream-
—

linesintheaxial-radialplanecouldbeignoredintheradialequilib- .
rim calculations,thuspermittinguseofthesimpleradialequilibrium
assumption.Theaxiallysymmetricormidchannelvelocitydistribution
wascalculatedonthisbasis.

(2)Therotor-hubmidchannelcriticalvelocityratiowasspecified co

tobe constantandequaltounityfromstation3 to station5. sm

(3)Therotortotal-pressurelosswasassumedto varylinearlyfrom
station3 to station5.

(4)Themaximumsuction-surfacecriticalvelocityratiowaslimited
to a valueoP1.25(correspondingto a Machnumberof1.33).

(5)A zerobladeincidenceanglewasassumedwitha sharpleading
edge.Afterthebladedesignwascompleted,the,leatingedgewasrounded
offto a radiusof0.015inch(resultingin anangleof incidenceof
approximately40). .

Generaldesignprocedure.- Thegeneralprocedureusedin.obtaining
therotor-bladeshapeis describedinthefollowingsteps.A subsequent ●

sectionpresentsthedesignofthetransonicturbinerotor.

(1)At themeanandtipsectionsa midchannelvelocitydistribution
betweenstations3 and5 wastentativelyassumedwiththehubmidchannel
criticalvelocityratiospecifiedinaccordancewithcondition(2)of
theprecedingsection.

(2)A rotorsoliditywastentativelyassumed.

(3)A bladeshapewasthenobtainedasfollows(referto fig.3):

(a)A straightsuctionsurfaceup tothechannelinletwasset
attheflowinletangle j33.

“ (b)A straightsuctionsurfacefromthetrailingedgetothe
channelexitwassetattheflowexitangle ~5.

(c)Thechannelwasthendrawnsuchthatfortheassumedmid-
channelvelocitydistributionthesurfacevelocitydistributionwas
deemedtobe satisfactory.Theproced~eusedinobtainingtheSW- .
facevelocitiesispresentedinappendixB. If themexh.umsurface
velocityisthenabovethespeoifiedlimit,thesoliditywillhave
tobe changedandtheprocessrepeated.Thusatthethreeradiithe .._ .
bladesections-weredeterminedanda bladeshapeevolved.

. .
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(4)Thebladeshapewasthenanalyzedto obtainthemidchannel
. velocitydistributionthatmustexistto satisfysimpleradialequilib-

riumconditions.Theprocedureusedto obtainthisvsriationofthe
midchannelvelocityforthegivenhubvelocitydistributionis also. discussedinappendixB.

(5)Themidchannelvelocitydistributioncalculatedin step(4)was
thenusedto recomputethesurfacevelocitydistribution.Ifthesur-
facevelocitiesthuscalculatedareabovetheprescribedlimits,the

: designstepsbeginningwithstep(2)arethenrepeatedwiththeuseof
s thecalculatedmidchannelvelocitydistribution(step(4))untila satis-

factoryshapeis evolvedfroma velocity-distributionstandpoint.

(6)Theweightflowisthencalculatedfrominletto exitby using
thebladeshapeobtainedinstep(5),as alsodescribedin a~endi,xB.
If theweightflowdiffersappreciably(over1 percentforthisdesign)
fromthedesignvalue,theflowareais alteredproportionatelyandthe
precedingoutlinedstepsrepeateduntilthebladeshapeis satisfactory
fromboththesurface-velocityandtheweight-flawstandpoints.

Transonicrotor-bladedesign.- A totalofthreetrialswiththe.
procedurejustoutlinedwasmadebeforea satisfactoryrotorbladewas
evolved.A discussionofthesetrialsisnowpresented.

●

Trial1: A sinusoidalvariationinthemidchannelvelocitydis-
tributionwasfirstassumedfrominletto outletat themeanandtip
sections(step(1)).Thehuhmidchannelcriticalvelocityratiowas
specifiedconstantat a valueofunity.Thesoliditywassel.ectedby
assuming29%ladeswithanaxialchordof 3.2inches(step(2)).A
rotor-bladesha~ewasthenobtained(step(3)).Withtheassumedmid-
channelvelocitydistributionandsolidity,themaximumsurfacevelocity
waswithintheprescribedlimitsandoccurredattherotorhub. The
bladewasthenanalyzed(step(4)),anditwasfoundthattheassumed
andthecalculatedmidchannelvelocitydistributionswereb considerable
disagreementandtheresult- maximumsurfacevelocityfromthecalcu-
latedmidchannelvelocitydistributionwasconsiderablyabovethelimit
(step(5)).

Trial2: Themidchannelvelocitydistributionobtainedintrail1
(step(4))wasusedin step(1)oftrial2. Thesoliditywasincreased
by increasingthenumberofbladesto 35 (step(2)).A secondblade
shapewasthenevolved(step(3))janditwasfoundthatwiththis
soliditythemaximumsurfacevelocitywaswithtitheprescribedlimit,
butthemaximumoccrmredatthetipsection.Thebladewasthenanalyzed
(step(4)),anditwas foundthatthecalculatedmidchannelvelocitydis-
tributiondifferedonlyslightlyfromthatcalculatedinthefirsttrial.
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Thesurfacevelocityfromthecalculatedmidchannelvelocitieswasstill.
foundtobe withintheprescribedlimits(step(5)).However,whenthe .
weightflowwascalculatedatthesxialstations(step(6)),itwasfound
thatat someaxialstationsthecalculatedweightflowdifferedby as
mzchas 6 percentfromthedesignvalue. -“

Trial3: Theflowareaateachaxialstationwasalteredbythe
ratiooftheweightflowcalculatedintrial2 tothedesignweightflow
by meansofadjustingthebladethickness.Theareaadjustmentwasmade co
suchthatthemeancanberangleremainedthesameandhencethemid- ~
channelvelocitydistributionwouldremainunchanged.Thestepswere
repeated,andthesurfacevelocitieswerefoundtobe withinthepre-
scribedlimitsandtheweightflowcheckedwithin1 percentacro”ssthe
rotor.Therotor-bladedesignwasthen$onsideredtobe complete.

Therotorbladewasformedbystackingthetrailingedgeof each
—.

sectionatthesameaxialstation,andthecentroidsofeachsection
layina commonradial-axialplane.As discussedinthedesignassump-
tions,thesharpleadingedgeusedinthedesignwasroundedoffto a
0.015-inchradius.TableIIpresentstherotor-bladecoordinates.

Discussionoftransonicturbine-rotordesign.- Therotor-bladesec- .
tionsformingtheflowpassagesatthehub,mean,ad tipareshownin
figure2. At thehub,the,channelis seento divergefromtheinletto
theexit,whereaBatthemeansectionapproximatelyconstantchannel .

widthexists.At thetipsectionthechannelisseento convergerapidly
fromtheinlettothemidchordandremainsfairlyconstantto theexit.
Thesechapnelvariationsoccurasa resultofconsideringthethree-
dimensionalaspectsoftheflowinthedesignprocedurein conjunction
withtheprescribedhubconditions.As statedpreviouslyinthesection
Transonicrotor-bladedesign,35bladeswererequiredin orderto satisfy
thesurfacevelocitylimitationsimposed.Thisresultedinthehuband
tipsolidifiesof 3.5and”2.5,respectively.Thesehighsolidifiescan
be notedinfigure2.

Thedesignmidchannelandsurfacevelocitydistributionsofthehub,
mean,andtipsectionsareshowninfigure4. Constantmidclmnnelcriti-
calvelocityratioatthehubisindicated.At themeanandtipsec-
tions,themidchannelvelocityisseento accelerateveryrapidlyfrom
theinlettothemidchordandremainsapproximatelyconstantthereafter.
Thisconditionstemsfromthespecifiedhubconditionsandfromsatis-
fyingequilibriumrequirementsinthedesignprocedure.Becauseofthe
rapidaccelerationatthetipsection,themaximumsurfacevelocitywas
foundtobe atthissection.It shouldbenotedthatthedifference
betweenthemaximumsurfacecriticalvelocityratioandtheoutletcriti- .
calvelocityratio
ratio,hereinafter
valueof0.15from

dividedbythemsximumsu&acecriticalvelocity
referredto as diffusion,
hubtotip.

-GCWDENTIAE:+

isapproximatelya constant
..
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.
In figure5 is shownthemidchannelstream33neandvelocityvaria-

ticm acrosstherotorobtainedinthefinaldesign.It canbe seen
thata linecorrespondingto a criticalvelocityratioofunitycrosses
therotorfromhubto tipatapproximatelymidchordposition,indicating
thattherotorobtainedinthethree-dimensionaldesignchokedapproxi-
matelymidwaybetweentheinletandtheexit.Thisconditionwasnot
felttobe criticalas verylittleincreasein velocitydownstreamfrom
thispointisdesignedto occur.

Comparisonofthree-andtwo-dimensionaldesignprocedures.- In
orderto emphasizethecriticalnatureof designingturbinesto operate
inthetransonicrange,an analysiswithanassumptioncotionintwo-
Ctimensionaldesignprocedureswasmadeonthefinalhub-sectionhlade
profile.
variation
therotor
figure6,
tribution
It canbe
inweight
thefirst
remaining

Thisassumptionas suggestedinreference7 isthata linear
oftheweightflowperunitheightfromentranceto exitof
passageexists.Theresultsofthisanalysisareshownin
andforcomparisonthemidchan.nelcriticalvelocityratiodis-
as specifiedinthethree-dimensionaldesignis alsoshown.
seenfromthefigurethattheassumptionof linearvariation
flowperunitheightresultedin insufficientflowareaover
halfofthebladechord,thusyieldingno solution.Inthe
halfofthepassage,a solutionwasobtainedJhowever,there

isno similaritybetweenthecriticalvelocityratio&tributionob-
tainedfromthetwo-andthree-dimensionalsolutions.It is evident
thatentirelydifferentbladesectionswouldhavebeenobtainedhadthe
two-dimensionaldesignprocedurebeenused. Theresultsofthisanalysis
furtheremphasizethatturb~esdes~ed to operateinthetransonic
regionshouldbedesignedona three-dimensionalbasisin orderthatthe
velocitydistributionsbe moreaccuratelypredicted.

APPARATUS

Theapparatususedinthisinvestigationconsistedprimarilyofthe
turbineconfiguration,suitablehousingto giveuniformturbine-inlet
flowconditions,anda dynamometerwhichwascoupledto therotorthrough
a speed-reducinggearboxanda torquemetershaft.A diagrammaticsketch
oftheturbinetestsectionis showninfigure7.

Drypressurizedairfromthelaboratorycombustionairsupplywas
broughttothecollector(fig.7)by meansof inletductingwhichisnot
shown. Inthisductingwereplacedanadjustableorificeformetering
theflow,butterflythrottlevalvesto controltheinletpressure,anda
filtertankfor’minimizinginstrumentfailureandblade-surfaceerosion
fromforeignparticlesbeingcarriedalongby theflow. Theairleaving
theturbineis exhaustedthroughbutterflythrottleswhichareusedto
controltheexhaustpresstietothelaboratoryaltitudeexhaustsystem.
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The32statorbladesandthe35rotorbladesweremachinedfroman
aluminumalloyandwerehandfinished.Therotor-tipdiameterwas13.94 *
inches,thusgivinga rotor-tipclearanceof0.030inch. A photograph
oftheturbine-rotorassemblyispresentedinfigure8, inwhichthe
highsolidityofthebladescanbe noted.

INSTRUMENTATION

Instrumentationwasprovidedontheturbineapparatusto obtaina
completeturbineperformancemapandblade-elementperformanceover
approximatelyonestatorpitchforboththestatorandtherotor.

Turbineperformanceinstrumentation.- Airweight-flowmeasurements
weremadewitha standardadjustablesubmergedorificeinstalledwith
longstraightsectionsof ductingoneithersideandcalibratedafter
installation.Thetorqueoutputoftherotorwasmeasuredlytheuseof
a strain-gagetorquemeter(fig.7),whichis similarto thatdescribed
inreference8. Turbinespeedwasmeasuredby useofan electronic
tachometerin conjunctionwitha magneticpickupanda ten-toothsprocket
gearmountedontherotorshaft.

.
Turbine-inletmeasurementsweretakeninthesanulusupstreamofthe

nozzleinlet(stationO,fig.7). Fourstatic-pressuretapswerein-
stalledon eachoftheouterandinnerwallsandplacedonfourradial .

lines90°apart.A thermocouplerakewithfivebare-wirethermocouples
placedat centersof equal-annularareaswasmountedinthesameplaneas
thestatictaps.

Stator-outletstaticpressuresweremeasuredfromfourstatic-
pressuretapsspacedapproximately90°apartoneachoftheinnerand
outerwallsimmediatelydownstreamofthenozzleblades(station3,
fig.7). Eachpressuretapwascentrallylocatedintheprojected
nozzle-flowpassage.

Allturbine-outletmeasurementsweretakenintheannulusdownstream
oftherotoroutlet(station6,fig.7)withtheexceptionofturbine-
dischargetemperature,whichwastskenfurtherdownst~eam.Absolute
rotor-dischargeflowanglesweremeasuredwitha total-pressureclaw
probemountedina self-aliningactuator.Fourstatic-pressuretapswere
installedoneachinnerandouterwallandwerespaced90°apart.The
turbine-dischargetotaltemperaturewasmeasuredinthedischargeducting
approximately4 feetdownstreamfromtherotor(stationnot.shownin
fig.7)witha thermocouplerskewhichconsistedoffivedoublyshielded
thermocouplesplacedat centersof equal-annularareas.Theturbine .
casingbetweentherotorandthemeasuringstationwasinsulatedwith2
inchesof glasswoolinordertominimizeheattransfer.Boththeinlet
andthedischargetotal-temperaturerakeswerecalibratedforrecovery -
factorovertherangeofMachnunibersencountered.
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Blade-elementperformanceinstrumentation.- Radialandcircum-
. ferentialsurveysoftotalpressureweremadeatthestatorandrotor

.

exit(stations3 and6,fig.7)witha miniatureclawmountedina self-
aliningactuatorthatcouldnmvetheprobenotonlyradiallybutalso
circumferentially.Total-pressurevariationsweretransmittedto an
X-Yrecorderthrougha pressuretransducerandrecordedagainstcir-
cumferentialtraveloftheprobe.Radialandcircumferentialsurveys
oftotaltemperatureweretakenattherotorexitina mannersimilar
tothat~ustdescribed.

ExmRJMENT.ALPROCEDURE

Theexperimentalinvestigationwasconductedbyoperatingthetur-
bineat constantnominalinletconditionsof 32inchesmercuryabsolute
and145°F smdat constantspeedvaluesovera rangefrom30to 130per-
centof designspeedin evenincrementsof 10percent.Foreachspeed
investigated,a rangeoftotal-pressureratiosfromapproximately1.4
tothatcorrespondingto limittigloadingwasobtained.

Detailedcircumferentialandradialsurveysoftotaltemperature
andtotalpressureweremadedownstreamoftherotor(station6)at
designspeedanda workoutputofapproximatelydesign.Detailedcir-
cumferentialandradialsurveysoftotalpressuredownstreamofthe
stator(station3)werealsoEEdeforthesanecondition.

CALCULATIONS

Theturbinewasratedonthebasisoftheratioof theinlettotal
pressuretotherotordischargetotalpressure,whichis definedasthe
sumofthestaticpressureandtheaxialcomponentoftheturbine
dischargevelocityatthatstation.Theinlettotalpressurewascal-
culatedfromtheweightflow,inletstaticpressure,andinlettotal
temperatureby thefollowingequation,whichisa rearrangedformof
equation

The
pressure

2 ofreference5:

outlettotalpressurewhichwasdefinedasthesumofthestatic
andtheaxialcomponentofthedischargevelocityheadwas
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calculated
equation3

fromthefollowingequation,whichisa rearrangedform
ofreference5:

of
.

~ isthearithmeticaverageoftotaltemperaturesobtainedfromwhere T’

thethermocouplerakeatstation7. Theoutlettotalpressurewascal-
culatedat station6 by assumingthatthereisno changeintotaltem-
peraturebetweenstations6 and7. Thisassumptionwasmadeinthe
beliefthata morereliableindicationoftotaltemperaturecouldbe
obtainedat station7 because

[
1)thefluctuationsofthegasflowwould

havemoretimeto daqpenout, 2)thegasvelocitywouldbe considerably
lower,and(3)thereislittleheattransferbetweenthetwostations.

Theturbineefficiencywascalculatedasa ratiooftheactualen-
thalpydropasobtainedfromtorque,weight-flow,androtor-speedmeas-

-—

urementstotheidealenthalpydropas obtainedfromtheinlettotal .

temperatureandthecalculatedtotal-pressureratio. --
Theprecisionofthemeasuredandcakulatedparsmeters is esti.

*

matedtobewithinthefollowingJJmits:

Temperature,%.. . . . . . . . . . . . . . .
Pressure,in.Eg . . . . . . . . . . . . . . .
Turbinespeed,percent. . . . . . . . . . . .
Torque,percentofdesign. . . . . . . . . . .

RESULTSANDDISCUSSION

. . . . . . . . . . &O.5.

. . . . . .0.. &O.05

.,.0,0 ,... a;5

. . . . . . . . . .ti.5

StatorWeight-FlowCheck

Beforetheperformanceofthetransonicturbinewasobtained,a
statorweight-flowcheckwasmadewithouttherotorinplace.ItWas
foundthatat designstatortotal-to-staticpressureratioa weightflow
1*percentlessthandesignwaspassed.Thestatorthroatareawas
accordinglyincreasedsothatdesignweightflowcouldbe passedinthe
performanceinvestigation.As discussedintheprevioussection,a 3-
percenttotal-pressurelosswasassumedto occur(effectivelythisisa
0.97flowcoefficient).

.
Thedecreaseinweightflowfromdesignobtained

intheweight-flowcheckcouldinpm% be causedby
orboundary-layergrowthgreaterthanthoseassumed
ever,itwasalsofoundina subsequentunpublished

a total-pressure10ss
inthedesign.How-
analysisthatthe
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statorthroatareaobtainedby thedesignprocedureoutlinedpreviously
b inthesectionStatorDesignwasapproximately1 percentlessthanthe

throatsreareqyiredtopassthesameweightflowbysatisfyingthe
requirementof simpleradialequilibriumacrossthestatorthroatfrom
hubto tip. Thusjitisindicatedthatforchoked-flowstatorsan im-
provedstatordesignprocedurewouldbeoneinwhichtherequirementof
simpleradialequilibriumacrossthethroatasweldas inthefree
streamis included,

Thisresultrepresentsanextensionoftheresultspresentedin
reference9,inwhichtheeffectof curvedinnerwallson thethree-
dimensionalflowcharacteristicsofthestatorwasconsidered.

Theover-all.
figure9(a).The
a functionofthe

Over-AllPerformanceInvestigation

performanceofthetrsmonicturbineis presentedin
equivalentspecific-workoutputAhf/6cris shownas
weightflow- speedparsmetercwN/5 withrating

total-pressureratio,p~P&,x, percentdesignspeed,”andadiabaticeffi-
. ciencyshownas contours.Designequivalentspecific-workoutputwas

obtainedat designequivalentspeedwithan adiabaticefficiencyof
0.84,anda weightflow- speedparametercorrespondingto thedesign
valueindicatedthatdesignspecificweightflowwaspassed.Effi-
cl.enciesofover80percentwerealsofoundto occurovera considerable
rangeofperformancewiththedecreasein efficiencyat lowerspeeds
beingcomparablewiththatofmoreconservativeturbinedesigns.It can
alsobe notedthatat designequivalentspeedthespecific-workoutput
attheturbinelimiting-loadingpoint(23.3Btu/lb)is only3 percent
abovedesignspecific-workoutput(22.6E%u/lb).Thisproximityofthe
designpointto theturbinelimiting-loadingpointnotonlyindicates
thecriticalnatureofhighMachnurriberturbinesbutcheckscloselywith
thepredictionofthedesignpointbeing5 percentbelowthelimiting-
loadingpoint.1!% theseresultsitc=be concludedthatthequasi-
three-dimensionaldesignproceduredevelopedinthisreportandusedin
thistransonicturbine-rotordesignwassufficientlyrigorousthatthe
turbinedesignrequirements,althoughverycriticalinnature,couldbe
met.

As indicatedbyfigure9(a),themaximumvalueof adiabaticeffi-
ciencyobtainedwas0.85andoccurredathighpressureratiosandat
speedsgreaterthandesign.As discussedpreviouslyfithissection,
thisefficiencyisbasedontheaxialcomponentoftotal-pressureratio.
Abetterevaluationoftheturbineaerodynamicperformancecanbe made.
by usingtheactualtotal-pressureratioas a basis.Theperformance
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mapobtainedonthisbasisis showninfigure9(b).Theregionof0.85
efficiencyis againnotedat speedsgreaterthandesign,thusindicating
thatzeroexitwhirloccursattheincreasedspeeds.Theefficiencyon

t

thisbasisisalsoseentobe approximately0.85atthedesignpoint.
Thusonepointintheratingefficiencyis lostasan exit-whirlloss. “
As pointedoutinthesectionTURBINEDESIGN,theturbinewasdesigned
forthiscondition.

SurveyInvestigation

In orderto obtainan insightastothelosscharacteristicsof
highMachnumberturbines,detailedradialandcircumferentialsurveys
weremadedownstreamofthetransonicturbinestatorandrotorat
approximatelythedesignpoint.Theresultsofthesesurveysareshown
infigure10. Theresultsofthestator-exitsurveysarepresentedin
figure10(a)intermsofmeasuredtotal-pressureratioacrossthestator,
whereastheresultsoftherotorsurveys(fig.10(b))areshowninterms
oftheblade-elementadiabaticefficiencyacrosstheturbinefromstator
inletto rotorexit.It shouldbenotedthattheresultspresentedin
figure10serveonlyto indicategeneraltrendsintotalpressuresand
blade-elementefficienciesoverapproximatelyonestatorpitch,andthe .
numbersshownarenotnecessarilyrepresentativeoftheactuallevel.
Thisisso becauseproberecoverywasnotconsidereddownstreamofthe
stator.Alsogasfluctuationsdownstreamoftherotorandinstrument

.

recordingerrorsaresourcesof deviationfromtheactualcase.

In figure10(a)largecoresareseentobe eminatlngfromthe
turbine-statorhub. As indi.catedbyreference10,thesecoresarecaused
by secondaryflowswithinthestatorandtheybecomeverylargeasthe
stator-exitMachnumbersareincreasedto valuescorrespondingwiththose
usedinthetransonicturbine.Theeffectofthesehighlosscoreson
turbineefficiencyis in@icatedby theresultsoftherotor-exitsurveys
presentedinfigwre10(b).Nearthehuba sm.aSLregionofrelatively
lowefficiencyisseen.Thisregionwasobservedto oocurat inter-
valscorrespondingto onestatorpitch,indicatingthatthelowef-
ficiencyinthisregionwasa resultofthestatorcorespassingthrough
therotor.Sincethereisnobandoflowefficiencynearthehub,it
canbe concludedthatthehighdesignrotor-entranceMachnumbersdidnot
appreciablyaffectlosseswithintherotor.Largeregimeoflowef-
ficienciesnearthetipcanalsobe noted.Secondary-fluwphenanena
suchas passage,tipclearance,andscrapingvortices(seeref.11)as
wellasthediffusionacrossthebladecancontributetothelosses
nearthetip. Fr~ theseresultsitisevidentthatthelosspatterns
forthetransonict~binearequitesimilarto thelosspatternsfor
lowerMaohnumberturbines,withthehigherMachnumberlevelprobably

.

givingriseto increasedseoond~y-flowlosses.
.
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SUMMARYOFRESULTS
●

✎

Thedesignandexpertientaltivestigationof a transonicturbine
arepresentedherein.Theturbinewasdesignedfora slightemountof
negativereactionanda limitingrotor-blade-surfaceMachnunioerof1.33.
Thedesignprocedureusedwason a quasi-three-dimensionalbasis.The
pertinentresultsoftheinvestigationcanbe summarizedasfollows:

1.At designspeed,designequivalentweightflowwaspassedand
designequivalentspecific-workoutputwasobtainedat an adiabatic
efficiency(basedontotal-pressureratiowiththeaxialcomponentof
velocityattheturbineexit)of0.84. Theadiabaticefficiencyfor
theprecedingconditionbutbasedonactual.total-pressureratiowas
0.85,whichwasthehighestefficiencyobtainedovertherangeofthe
performanceinvestigated.Designspecific-workoutputwasonly3 per-
centbelowthetuxbinelimiting-loadingpoint.Thischeckedclosely
withthepredictionofthedesignpointbeing5 percentbelowthe
lidting-loadingpoint.

2.Efficienciesof over0.80werefoundto occurovera considerable
rangeofperformancewiththedecreaseinefficiencyat lowerspeeds

. beingcomparablewiththatassociatedwithmoreconservativeturbine
designs,

3.Thelosspatternsobtainedfromsurveysbehindboththestator
androtorat approximatelythedesignpointwerefoundtobe quitesiml- “
larto thelosspatternsforlowerMachnumberturbines,withthehigher
Machnumberlevelofthetransonicturbineprobablygivingriseto in-
creasedsecondary-flowlosseswithinthestatorandrotor.Lmge losses
attherotor-tiy~it werefoundto occurandareprobablycausedby ad-
versesecondary-floweffectstithintherotor.

CONCLUSIONS

Fromtheresultsoftheexperimentalinvestigationofthetransonic.
turbine,it canbe concludedthathighMachnuuiberturbinesutilizing
rotor-lnibentranceMachnumbersofunitycanbe obtainedwitheffi-
cienciesofat least85percentundertheprescribedconditionsof sur-
faceMachnuniberandreaction.It canalsobe concludedthatthequasi-
three-dimensionaldesignprocedureusedwassufficientlyrigorousthat,
althoughtheturbinewasdesignedto operateetiremelycloseto the
limiting-loadingpoint,thisdesignconditionwasmetsatisfactorily.

.
LewisFlightPropulsionLaboratory

NationalAdvisoryCommitteeforAeronautics
. Cleveland,Ohio,December11,1953
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APPENDIXA

SYMBOLS

symbolsareusedinthisreport:

NACARME53L29a

*

.

ratioofarearequiredatMachnumberofunitytorequiredarea
at specifiedMachnumber

blade-surfacecurvature,l/ft

accelerationdueto gravity,32.17ft/sec2

specificenthalpydrop,Btu/lb

rotativespeed,rpm

orthogonallength,ft

blade-throatdimension,ft

absolutepressure,lb/sqft

gasconstant

radius,ft

blade

total

blade

blade

spacing,ft

temperature,% abs
-.

thicknessintangentialdirection,f%

velocity,ft/sec

absolutegasvelocity,ft~sec

relativegasvelocity,ft/sec

weightflow,lb/see

—

.

distance

absolute

relative

.alongorthogonalinradial-axialplane,ft

gasflowanglemeasuredfromtangentialdirection
.

gasflowangleintoandoutofrotormeasuredfromaxial
direction
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●

✎

.

ratioof specificheats

ratioofinlet-airtotalpressuretoNACAstandardsea-level
pressure,

functionof

adiabaticefficiencydefinedasratioofturbineworkbasedon
torque,weightf16w,andspeedmeasurementsto idealworkbased
on inlettotaltemperature,andinletand.outlettotalpressure,
bothdefinedas sumof staticpressurepluspressurecorrespond-
ingto gasveloclty

%lade-elementadiabaticefficiencybasedontotal-stagemeasure-
mentsupstreamof statoranddownstreamofrotor

adiabaticefficiencydefinedasratioofturbineworkbasedon
torque,weightflow,andspeedmeasurementsto idealworkbased
on inlettotaltemperature,andinletandoutlettotalpressure}
bothdefinedas sumof staticpressurepluspressurecorrespond-
ingto axialcongymentof velocity

squaredratioof criticalvelocityatturbineinletto critical
velocityatNACAstandardsea-leveltemperature,(V#&)2

gasdensity,lb/cuft

blademeancsmbersngle,measuredfromaxialdirection

angularspeed,radians/see

Subscripts:

a annulusarea

cr conditionsatMachrmuiberofunity

h hub
.

m midchannel

P pressuresurface
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s

t

te

x

o

1

2

3

4

5

6

7

suctionsurface

tip

trailingedge

axialdirection

stationupstreamof stator(seefig.7)

stationat

stationat

stationat

stationat

stationat

throatofstatorpassage

outletof statorjustupstream

NACARME53L29a

fromtrailingedge

free-streamconditionbetweenstatorandrotor

throatofrotor~assage

outletofrotorjustupstreamfromtrailingedge

stationdownstreamfromturbine

station4 feetdownstreamfromrotor

Superscripts:

* NACAstandsrd

I totalstate

conditions

.

.“

—

.

.
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CALCULJMIIONMETHODS

Thefollowingdiscussionpresentsequationsandmethodsusedin
obtainingthesmfacevelocitydistribution,themidchannelvelocity
distribution,endtheweightflowthroughthetrsnsonicturbigerotor.

SurfaceVelocityDistribution

Fora givenmidchsnnelvelocitydistribution,thesuction-and
pressure-surfacevelocitieswereobtainedby usingfiguresU(a) and
(b),whicharereprintsoffigures17and18,respectively,inrefer-
ence7. Themainassumptionmadeinobtainingthesefigureswasthat
thecurvatureonthechannelorthogonalvariedMesrly fromsuction
to pressuxesurface.Withreferenceto figure3 theassumptionwas
madethatthecenterofthechannelorthogonaldeterminedtheaxial
positionoftheorthogonalforusein conjunctionwiththeaxial
symmqtricanalysis.Fora trialbladeshape,a seriesof channelortho-
gonslsaredrawn(typicalonesshowninfig.3). ThecurvaturesCs
and G ereobtainedby useofa radcmeter(seeapyendixC ofref.12
forde~cription),andtheorthogonallengthn ismeesured.The
parametersinfigure11 arecalculatedfromthesequantities,andthe
ratioofthesuction-surfaceandpressure-surfacevelocitiestothe
midchannelvelocitiescanbe obtained.Thenfora knowQor assumed
midchannelvelocitydistribution,thesurfacevelocitiescanbe computed.

MidChannelVelocityDistribution

Themidchannelvelocitydistributionwasobtainedbyusinga sim-
plificationofthemethodpresentedinreference12. Theassumptions
madeinobtainingthenridchannelvelocitydistribution forthetransotic.
turbimeare:

(1)An axialsymmetricconditionexists.

(2)Thestreamlineshiftintheradialdirectionis smallenough
thattheaxialsymmetricorthogonalcanbe assumedtobe a radialline
(seefig.3).

(3)Theflowis assumedto followtheblademeancamberanglep
(fig.3).

(4)Simpleradialequilibriumexists.
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Equation(3)ofreference12wasusedto obtainthemidchannel
velocitydistributionfortheprescribedhubvelocity.Theequation
rewrittenhereis

J’Y adyb J’Y ady
o Y ‘o

W.e Wh - be
)

@
o

wherein viewoftheaboveassumptions

a sin2~=-
r

Thuswiththegeometryofthethreesectionsknownandtherelative
velocityatthehubassumedorprescribed,therelativevelocityatany
pointwithinthebladepassagecanbe calculated.

WeightFlow

Oncethemidchannelvelocitydistributionisknown,theaxial
symmetricweightflowthatpassestheradial-axialorthogonalcan‘be
obtainedfromtheequation

f

rt
w= 2X rh ()

JJ?cosp 1- &rdr

Becausethevelocityacrossthechannelvariesfromthemidchannelveloc-
itydistribution,theweightflowwasthenadjustedin thefollowing
manner:Figure12showstheratioof specific-flowareaat a given
‘/Wcr tothatcorrespondingto w/ww = 1 asa functionof W/Wcr.For
a given‘Iwcr atmidchannel(showninfig.12),area AECD would
representtheareathatwculdbeusedinthecalculationoftheaxial
symmetricweightflow.Thearea AEFD isthearearequiredtopass
thatweightflowincludingthevariationin velocityacrossthechannel
whenlinearvariationin velocityisassumed.Theratiooftheareas
AEFD/ABCDwasobtainedatthethreesectionsfora givenaxialsymmetric -
orthogonalandwasaveraged.Theaxial.symmetricweightflowwasthen
increasedby theaverageratioandthisweightflowcomparedwiththe
designvalue.Itisrecognizedthatotherassumptions,suchasa linear
variationin streamlinecurvatureas suggestedin reference7 ora

.

linearvsriationin staticpressure,maybe closerto theactualcase.
However,differencesinthebladeshapesresultingfromthevarious .
assumptionsareslJghtand,asborneoutby theexperimentalinvestiga-
tion,theassumptionof linearvariationin velocitywassufficiently
accurate.
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(b)Mean.

Figure2.- Continued.Stator-androtor-bladepassageBandprofiles.
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