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INVESTIGATIONOFTURBINESSUITABLEFORUSEINA TURBOJZIL!ENGIlllIWITH

HIGHCOMPRESSORPRESSURERATIOANDMM C01@R3SSOR-TITSPEED

m - EFFECTOFINCREASINGBIJiOESPEED011VELOCITYDJXRU4S

CO?TURBINEFORENGINEOHZRM!1ONM COM%lYW17ROTATI?JESPEED

ByElmerE.DavisonandRobertE.English

SU14MARY
1 d

Therangeofapplic~~’oftwo-stageturbinestodrivhgsingle-’
spoolcompressorswasstudiedby investigatingtheturhtieblade-tip
speedsrequiredinordert%~%%atisfactorytwo-stageturbinescanbe
designedto drivea particuhrcompressorovera rangeofengineopera-
tionatratedrotativespee&-Therelativelylowblade-tipspeed,
highwork,andhighairflowperunitfrontalareaofthiscompres-
sormakecriticaltheprob~~mor.designingsucha two-st~ageturbine.*

A simplifiedmethodforestimatingthet~bineblade-tipspeed
requiredin ordertodesignsatisfactorytwo-stageturbinesforthis
applicationwasdeveloped.

.
Fromthisinvestigation,itwasconcludedthatforthepurposeof

drivinga single-spoolcompressoraspartofa turbojetepginetobe
●

cruisedatratedrota.tivespeedwithnotlessthan0.64maximumthrust,
a two-stageturbinecanbe designedwithinthefollowingconditions:

b
(1)RelativeentranceMachnuaiberto anybladerowS 0.80.

(2)Turningby anybladerows 118°.

(3)Thereis

(4)Theexit

(5)Theexit

no decelerationacress

tangentialvelocityis

Machnumberislow.

anybladerow.

low.

iftheturbinecharacteristicsfortake-offarewithineitherofthe
~ followingranges:

a

●

1. .
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Range1 Range2
Airflowperunitfrontalarea,lb/sec-sqf% . . . . . ~25.8 ~23.O ● —
Blade-tipspeed,ft/sec. . . . . . . . . . . . . . . ~ 98’7 ~ 945
Workinputto compressor,Btu/lb. . . . . . . . . . . ~ El
Turbineinlettemperature,% . . . . . . . . . . ..$s216o :2:;

INTRODUCTION

Thedesignofa turbinefora rangeofturbojet-engineoperation g“
ratherthanforjusta singleoperatingconditionrequiresthatthe

—

turbine-designrequirementsforthevariousoperatingconditionsbe
.—

considered.Inreference1,thedesignreq,u-irementsaredeterminedfor
turbinesto drivea particularsingle-spool,highpressureratio,low
blade-tipspeedcompressorduringengineoperationunderthefollowing
conditions: —

(1)

(2)

(3)

(4)

For

Take-off
,

.%
Maximumthrustataltitude .—.

Altitudecruising

(a)Withmaximum-thrustexhaust-nozzleareaandreduced —
rotative’speed

(b)At ratedrotativespeedandincreasedexhaust-nozzlearea

Engineaccelerationat 80percentequivalentratedspeed

a givenratiooft~btieto co~ressorfrmtalarea,thethree .
compressor~srametersthatdeterminetur~ine-designrequirementssremass
flowperunitfrontalarea,work,andblade-tipspeed.Increasingcom-
pressorwork,increasingmassflowperunitcompressorfrontalarea,or
decreasingcompressorblade-tipspeedmakestheturbine-designrequire-
mentsmorecriticalifanattemptismadeto staywithina givennunber
ofturbinestages,a giventurbinefrontalarea,andpreestablished
turbineaerodynamiclimits.Thecharacteristicsofseveralengines
currentlyunderdevelopmentwereinvestigated;foranygivenratioof
turbineto compressorfrontalarea,therequirementsoftheenginechosen
imposedthemostsevereprobleminthedesignoftwo-stageturbines
becauseoftherelativelyhighmassflowperunitfrontalarea,the
highwork,andthelowblade-tipspeedofthecompressor.Ifa two-
stageturbinecanbe designedtodrivethiscompressorsatisfactorily,
two-stageturbinescanthenbe designedtodriveallcompressors
presentinglesscriticalturbine-designrequirements.

—

—

0 —
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Thehighworkoutputrequiredofa turbineto drivethis
precludedthepossibilityofachievinga single-stageturbine

3

compressor
design

withinconventionalaerodynamiclimits.As showninreference2, a
two-stageturbineofno greaterdiameterthanthecompressorcanbe
designedwithinconventionalaerodynamicltitsforengineoperation
withconstantexhaust-nozzleareaandvariablerotativespeed.Refer-
ence3 slmwsthatforengineoperationat constantrotskivespeedand
variableexhaust-nozzlearea,a two-stageturbineofno greaterdiameter
thsathecompressorcannotbe designedwithinconventionalaerodynamic
limits. Onewayto obtiina satisfactorytwo-stagedesi.gnwithincon-
ventionalaerodynamiclimitsisto increasetheturbinebladespeedby
eitherincreasingtheturbineM.sm&eror imreasingtheturbinerota-
tivespeed.

Therangeofapplicationoftwo-stageturbinestodrivingsingle-
spoolcompressorswasthereforeinvestigatedat theIIACALewislaboratory
by determiningthechangeIntur%inetipspeednecessaryto obtainsat-
isfactorytwo-stageturbinesdesignedto drivethisparticularcmrpressor
overa rangeofengine.operationforwhichtherotativespeediscon-
stantandtheexhaust-nozzleareaisvaried.Twopossibledesign
clumgeswereconsideredinthisanalysis:(1)turbinetipdiameterthe
sameasthecompressortipdismeterofreference1 butIncreasedrated
rotativespeedand(2)unchangedratedrotativespeedbutturbinetip
dismetergreaterthancompressortipdiameter.An estimatewasmadeby
anapproximatemethodofthenecessaryincreaseinturbinetipdiameter
or increaseinratedrotativespeedrequiredinorderthatsatisfactory
two-stageturbinedesignsforengineoperationatratedrotativespeed
couldbe obtained.Increasingtheratedrotativespeedoftheturbine
fromthatofthecompressorinreference1 wouldnecessitateeither
redesignofthecompressorforthehigherratedrotativespeedwiththe
sameeq,,valentweightflowandpressureratioorgearingbetweenthe
compressorandtheturbine.

Two-stagevelocitydiagramsforturbinestodrivethecompressor
forengineoperationat ratedrotativespeedwereinvestigatedforeach
ofthecasesconsidered.Themethodusedto investigatethepossible
two-stageturbinevelocitydiagramswasdevelopedinreferences2 and
39 IYomthisvelocity-diagrsmstudyonesetof velocitydiagramswas
selectedforpresentationforeachofthecasesconsidered.Thesetwo
turbinedesignsarereferredtohereinafteras “increased-diameter
turbine”and“increased-speedturbine,” respectively.

SYMBOLS

t Thefo~owingsynibolsareusedinthisreport:

A annulararea,sqft
A

●

.
:.
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criticalvelocity,
f?== “~gec

turbinerotortipdiameter,ft

tmbineworkoutput,Btu/lb

standardaccelerationduetogravity,ft/sec2

idealturbinework,Btu/lb

mechanicalequivalentofheat,ft-lb/Btu

rotativespeed,rpm

temperature,‘R

bladespeed,ft/sec

absolutevelocity,ft/sec

relativevelocity,ftjsec

absoluteflowanglemeasured

relativeflowanglemeasured

ratioof specificheats

Subscripts:

u tangentialcomponent

x axialcomponent

1 entranceto

2 entranceto

3 entranceto

4 entranceto

firststator

f&st rotor

secondstator

secondrotor

5 exitof secondrotor

Superscripts:

NACARM E52H13

b

.

—

--- .

fromaxialdirection,deg .

fromaxialdirection,deg

1 stagnationortotalstaterelativetoa stator

!1 stagnationortotalstaterelativeto a rotor

b

?
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ANALYSIS

GeneralDesiguConsiderations

InrePerence1}theengineoperatingconditionsfortake-offme
consideredtobe a compressortotal-pressureratioof8.75anda turbine
inlettemp~ratureof2160°R. At ratedspeedandpressureratio,the
compressorhasan equivalenttipspeedof892feetpersecondandan
equivalentweightfl~ of 158poundspersecond.Thecompressorfrontal
areais881squareinches.Theturbine-designrequirementswhichmust
be metby a turbinetodrivethiscompressoratratedrotativespeedfor
bothtake-offandcruiseareshowninreference1 tobe:

Take-offCruise

Workoutput,Btu/lh. . . . . . . . . . . . . . . . . . 131 m
Percentratedrotativespeed . . . . . . . . . . . . . 100 m)

; Turbineinlettanperature,%l . . . . . .=....... 2160 1620I Turbineinletpressure,lb/sqft . . . . . . . . . . . 17,600 6000
Minimumpermissibleexitannulararea,sq in. . . . . 383 460
Airflow,lb/see. . . . . . . . . . . . . . . . . . . U58 62.5
Turbinetotal-pressureratio . . . . . . . . . . . . . 3.42 4.24

Thefollowingaerodynamic~ts andrestrictionwereusedin
selectingthevelocitydiagrams:

(1)Limits

(a)TherelativeMachnmiberattheentrancetoanybladerow
shouldnotexceed0.85.

(b)Theamountofturningrequiredofanybladerowshould
notexceed120°;thisappliestothevelocityrelativeto each
bladerow.

(c)Thevelocityrelativetoanybladerowshouldnotdecrease
acrossthebladerw~

(2)Restriction

(a)Thetangentialcomponentofabsolute
leavingthelastrotor-bladerowshouldbe as

Limits(a)and(b)areconsideredtheupperlimits

velokityofthegas
nearzeroaspossible.

forwhichacceptable
turbine-efficienciescsmbe expectedwithpresentturbinedesign
techniques.Therestrictionthattheexittangentialcomponentof

* absolutevelocitybe nearzeroisparticularlyimportantforturbines
thataretobe operated

4
atratedrotativespeedatbothtake-offand

~ ““”
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oruisesince,ingeneral,theabsolutemagnitudeoftheexittangential
oomponentofvelocitywillincreaseundercruisingconditions(seeref-
erence3). Thiscouldresultina leavingloss,associatedwiththe

b

kineticenergyrepresentedby thisvelocity,whichisappreciableat —
cruiseeventhoughat take-offitisrelativelysmall.

MethodofDeterminingRequiredDesignChanges

Anapproximatemethodofanalysiswasusedtopredictthedesi~
-es req~ed inorderto obtatisatisfactorytwo-stageturbine
designs Which fulfilltheturbine-designrequirements; this~thod is
presentedintheappendix.Thenomenclatureusedinthisanalysisis
showninfigure1. ,

Fortheturbinesinvestigatedinreferences2 and3,anassumption
ofno decelerationinthelastrotoranda workdivisionbetweenstages
of 70/30resultedina goodbalancebetweentheindividualbladerows
withrespecttothespecifiedvelocity-diagramlimitsandrestrictions
duringtake-offoperation.Theseassumptionsresultedinthefollowing:
Thefirstrotor-bladerowwasverynearthelimitson inletMachnuniber
andt~ng, thesecondstator-bladerowhadhighturningwitha moderate
pressuredropacrossthebladerow,andinaccordancewiththeinitial
assmptiontherewasnodecelerationacrossthesecondrotor-bladerow.
Inaddition,theaxialcomponentof velocitywasalmostconstantacross
thelastrotorandtheratioofhubbladespeedsU5/U4wasapp~oxi-
mately0.95.

Thefollowingconditionswerethereforeassumedfortheanalysis
presentedintheappendix:

(1)Theworkdivisionbetweenstagesis70/30.

(2)Therelativevelocityisconstantacrossthehubofthelast
rotor,thatis, W4 = W5.

(3)Theaxialvelocityisconstant
VX,4= VX,5”

(4)Theratioofhubbladespeeds
0.95*

across

u5/u4

Equations(7)and(8)intheappendixare

thelastrotor,thatis,

acrossthelastrotoris.

restatedhere.

(7)
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c(28.5)2Vu ~ + ~.05 gJE45)2
. D=; 9

+% (8)
N2

Equation(7)givestheminimumrotativespeedandequation(8),the
minimumturbinediameterrequiredtoavoida decelerationacrossthe
lastrotor.

Equations(7)and(8)havebeenplottedinfigures2 and3 forthe
twodesignchangesconsidered.Thesefigureswereconstructedfora
70/30workdivisionbetweenthetwoturbinestages.Figure2 isa plot
ofturbinerotativespeedagainstexitsmnularareaforconstantvalues
of exittangentialcoqonentof velocityVU,5 andturbinetipdiameter.
Figure3 isa plotofturbinetipdiameteragainstexitannulararea
forconstantvaluesofexittangentialcomponentofvelocityVu,s and
rotativespeed.

It isshowninreference1 thatforcruiseatratedrotativespeed
a minimumperniis sibleexitannularsreaof460squareincheswasrequired.
Thisminhuunpermissibleexitannularareawasassumedinreference1 to
be,fora firstappro~tion, a functionof exitaxialMachnuniberalone,
thatis,independentofenginerotativespeedorturbinetipdiameter.
A verticallineis showninfigures2 and3 attheminimumpermissible
exitannularareaof460squareinches.Exitannularareastotheright
ofthisline(greaterthan460sq in.) willpermitcruiseatratedrota-
tivespeedwhileexitannularareastotheleftofthisline(smaller
tk 460Sq h) will not. Withan exitannularareaof460square
inchesthelastrotor-bladerowwouldbe operatingnearWting blade
loading(seereference4)andthereforenearthemaximumobtainabletur-
bineworkoutputundercruisingconditions.Forthisreason,exitsnnular

● areassomewhatgreaterthan460squareinchesshouldbe consideredin
designinordertopermitsomemarginbetweentherequiredworkoutput
andthemaximumobtainableworkoutputat cruise..

Valuesof exittangentialvelocityVU,5 lessthan-100feetper
secondwerenotconsideredsincethistangentialcomponentofvelocity
decreasesat cruiseandtheleavingloss(equaltotheratioof the
kineticenergycontainedinthetangentialvelocityattheexitfromthe
lastrotor-bladerowtotheidealturbinework)becomesappreciable.
Valuesof exittangentialveloci~ Vu,~ greaterthanzerowerenotcon-
sideredsincetheywouldrequirea greaterincreaseinturbinerotative
speedorturbinetipdismeterthanisnecesseryforsatisfactory
design.

4 Twodesignswerechosenfromfigures2 and3 formoredetailed
study.Thepointsselectedforthispurpose
3 by circleslabeled“Designconditions”and.-
twodesi~ conditions:

areshowninfigures2 and
constitutethefollowing
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(1)Turbinetipdiameter,33.50inches

(a)Exitannulararea,500squareinches

(b)Ratedrota.tivespeed,6750rpm

(2)Ratedrotativespeed,6100rpm

(a)Exitannulararea,500squareinches

(b)Turbinetipdiameter,35.50inches

Velocity-DfagrsmCalculations

For eachofthesetwodesignconditions}lossibletwo-stageveloc-
itydiagramsfortake-offwereinvestigatedby meansoftheone-
&huensi.onalscanningmethodpresentedinreference2. Foreach~ossible
velocitydiagrsmfortake-off,theestimatedcruiseperfo-ce ofthe
turbinewascheckedbyemployingtheone-dimensionalcruiseanalysis
developedinreference3;thiscruiseanalysisdeterminedthemagnitude
oftheleavinglossat cruiseandwhetherm notsufficientturbinework
wouldbe producedforcruis~ operation.

Theworkingchartsforthisanalysisof cruisingoperationare
presentedinfigures4 to 7. Infigures4 and5, thesolidlinesshow
forthemeanradiustherelationbetweentwofactors:(1)therelative
tangentialvelocityparameter(W~a&)5 attheexitfromthelast
rotor-bladerowwhichmustbe obtainedundercruisingconditionsifthe
turbineistoproduceenoughworktodrivethecompressorundercruising
conditionsand(2)theabsolutetangentialvelocityparameter(V~acr)5
attheexitfromthelastrotor-bladerowwhichmayprevailundertake-
offconditions.Thedashedlinerepresentsthemaximumvalueofrela-
tivetangentialvelocityparameterobtainablewithintheloadinglimit
inreference4. Pointstotherightoftheintersectionofthesetwo
linesrepresentpossibledesignconditionsandthoseto theleftare
consideredtobe outsidetherangeofdesign.Thedistmceofthe
dashedIlneabovethesolidlineisindicativeofthemarginbetween
designoperationforcruiseandoperationat limitingloading.Fig-
ure4 waspreparedfortheincreased-speedturbineandfigure5,for
theincreased-diameterturbine.Inthesamemanner,figures6 and7
presentforthetwotypesofturbinedesigntheleavinglossat cruise
as a functionoftake-offvaluesoftheexittangentialvelocity
parameter(V~acr)5atthemeanradius.Thesefigures4 to 7 are
thetoolsusedto compareflowconditionswithintheturbinefortake-
offandcruise.

m
N
Cn
N
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●

Fromsucha comparisonofflowconditions,a designconditionwas
selectedforeachtypeofturbinedesign(increased-rotative-speedand. increased-diameter)whichisa goodcomprmiseoffactorsaffectingthe
velocitydiagrams.Foreachoftheseselecteddesignconditions,a set
ofvelocitydiagramswascomputedwhichincludesradialvariationsin
flowresultingfromassumptionsofsimplifiedradialequilibriumand
free-vortexflow.

RESULTSANDDISCUSSION

Theresultsoftheanalysisarepresentedas a setof velocity
diagramsanda sketchoftheturbine-annulusgeometryforeachofthe
increased-speedandincreased-dismeterdesigns.Theadvantageordis-
advantageofdeviatingfromthesevelocitydiagramsisdiscussedin
references2 and3 andisthereforenotpresentedherein.

IncreasedRatedRotativeSpeed

Designchange.- Possibledesignconditionsconsideringan increased
ratedrotativespeedareshownby thesolidlinesinfigure2. Any
combinationofturbineexitannularareaandratedrotativespeedthat
fallsalongtheselinesrepresentsa designconditionforwhichsat-
isfactorytwo-stageturbinevelocitydiagramsforturbinesno largerin
tipdismeterthanthecompressorofreference1 maybe obtainedfor
engineoperationattheratedrotativespeedselected.However,for
designshavingexitannularareasmuchinexcessoftheminimumper-
missibleexitannulararea(460sq in.),thebladestressbecomescrit-
Lcal.Reference5 showsthatthehubbladestressinthelastrotor-
bladerowdueto centrifugalloadsvariesdirectlyas theproductofthe. exitannularareaandthesquareoftherotativespeed.Forthedesign
conditioninvestigatedhereintheuntaperedbladestressisinthe

●
neighborhoodof32,000poundspersquareinchforthebladematerial
considered.Designshavingexitannularareasmuchgreaterthan
500squareinchesareprobablynotpracticalsincetheratedrotative
speedis shownh figure2 to increasequiterapidlywithincreasing
exitannulararea. .

Take-offvelocitydiagrams.- Onesetof ve~citydiagramsforthe
designconditionidicatedinfigure2 is showninfigure8. Theveloc-
itydiagramsinfigure8 representa goodcompromiseofthefactors
affectingvelocitydiagrmns.Theturbineconfigurationforwhichthese
diagramswerecalculatedis showninfigure9.

4 Theflowparametersoffigure8 forthemorecriticalh~ conditions
arewithinthelimitsspecifiedon inletMachnumber(0.85),turning
(120°),deceleration(no

.
decelerationacrossa bladerow),andexit
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tangentialvelocity(exittangentialvelocityshouldbe nearzero).The
exittangentialhubvelocityVU,5 of -36feetpersecondis (wi.tQin
theaccuracyofthecharts)thesameasforthedesigncondition
selectedfromfigure2. Fromfigure8 it canbenotedthattheassump-
tionmadefortheanalysisthata 70/30workdivisionbalancesthe
unfavorableflowconditionsbetweentheblatirowsresultedinhubcon-
ditionsforthe ~

.

.

(a)RelativerotorinletMachntier of0.80

(b)Rotorturningof 118°

(2)Secondstage —

(a)No decelerationacrosstherotor

(b)Statorturningof99°witha moderatepressuredropacross
thebladeraw

Theseconditionsareabouttheoptimumthatcm be obtainedunlessone
stageispenalizedimorderto improveconditionsintheother.

—

Thechangeinaxialcomponentofvelocityacrossthelastrotor
from855to 845feetpersecond@ ingoodagreementwiththeasswnption
thattheaxialcomponentofvelocitydoesnotchangeacrossthelast
rotor-bladerow. Inaddition,thehubblade-speedratioacrossthelast
rotor-bladerow U5/U4 of0.925is oftheorderofmagnitudeassmned,
0.95.

Cruise.- Forthetake-offvelocitydiagramspresentedinfigure8,
.

thevalueatthemeanradiusoftheexittangentialvelocityparameter
(V~aa)5 iS -0.016.Forthistake-offvalueofexittangentialveloc- &
ityparsmeter,figure4 showsthattheflowc.onditi.onsattheexitof
thelastrotor-bladerowarewellwithintheconditionoflimitingload–
ingandthattheturbinewilltherefweproducetherequtiedworkfor
cruiseatratedrotativespeed.Figure6 showsthatforthistake-off
valueofexittangentialvelocityparameter,theleavinglossis0.006,
an insignificantvalue.An analysisofthechangeintheturbineveloc-
itydiagramfromtake-offto cruisefora fixed-geometryturbinedesign
madeinreference3 indicatesthat,asa whole,theflowconditions
withintheturbineat cruiseareat leastas favorableas fortake-off.
Forthisreason,cruisevelocitydiagramswerenotinvestigatedexcept
todeterminethatthelastrotor-bladerowwaswithinlimitingloading
andthattheleavinglosswasnotsignificant. #

.
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IncreasedTurbineTip

U

Designchange.- Possibledesignconditionsconsideringan increased
turbinetipdiameterareshownby thesolidlinesinfigure3. Any
conibinationofturbineexitannularareaandturbinetipdiameter
thatfallsalongtheselinesrepresentsa designcondttionforwh~ch
sa.tisfactorytwo-stageturbinevelocitydiagramsforturbineswithrated
rotativespeedsthesameasthatofthecompressorofreference1

N (6100rpm)maybe obtainedforengineoperationatratedrotativespeed.
OYN ~ contrastwiththedesignsconsideredforincreasedratedrotative
to speeds,bladestressisnota seriousprobleminasmuchasrotativespeed

andwss flowareunchanged;thecentrifugalbladestressforthe
increased-diameterdesignis22percentlowerthanthatforthe
increased-speeddesign.

Take-offvelocitydiagrms.- Onesetof velocitydiagramsforthe
designconditionindicatedinfigure3 isshowninfigure10. The
velocitydiagramsinfigure10representa goodcompromiseofthefac-
torsaffectingthevelocitydiagrams.Theturbineconfigurationfor
whichthesediagramswerecalculatedis showninfigure11. Theflow
parametersoffigure10forthemorecriticalhticonditionsarewithin
thelimitsspecifiedoninletMachnu?iber(0.85),turning(1200),decel-
eration(nodecelerationacrossa bladerow),andexittangentialveloc-
ity(exittangentialvelocityshouldbenearzero].

TheexittangentialhubvelocityVU,5 of -33feetpersecondiS
(withintheaccuracyofthecharts)thesame“asforthedesigncondi-
tion. Thechangeinaxialvelocityfrom868to 845feetpersecond
acrossthelastrotor,althoughindisagreementwiththeassumptionof
no change,hasa negligibleeffectontheresultsofthesimplified

. analysis.Theratioofbladespeedsacrossthehubofthelastrotor
U5/U4 is0.94andis incloseagreementwiththeassmedvalueof0.95.

● Cruise.- Forthetake-offvelocitydiagramspresentedin figure10
thevalueat themeanradiusoftheexittsagentialvelocityparameter
(V~acr)5 is -0.015.Forthistake-offvalueof exittangentialveloc-
ityparsmeter,figure5 showsthattheflowconditionsat thelast
rotor-bladetit arewellwithintheconditionof limitingloadingsad
thattheturbinewillthereforeprcducetherequiredworkforcruise
atratedrotativespeed.Figure7 showsthatforthistake-offvalue
ofexittangentialvelocityparametertheleavinglossis0.006,an
insignificantvalue.As statedpreciouslyintheresultsforthe
Incr=ased-speeddesign,an investigation
diagramswasnotconsiderednecessary.

●

ofthecompletecruisevelocity

.

adMd!MMHm.



12 I?ACARME52H13

GeneralSignificance

Theresultsoftheanalysis,as sofarpresented,arespecific
ratherthangeneralbecausetheyarerelatedtoa particub compressor
consideredaspartofa turbojetengine.Thevalueoftheseresultscan
be increasedif,fromthem,generalconclusionscanbe drawnconcerning
theentireclassofsingle-spoolcompressors.~ orderforthegeneral
significanceoftheseresultstobe apparent,theturbine-designrequire-
mentsforbitingthiscompressorovera rangeofengineoperationfor % .–
whichtheenginerotativespeedisconstantmustbe comparedwiththe 3
turbine-designrequirementsof othersingle-spoolcompressors.Ifa
two-stageturbinecabe designedto drivethiscompressorsatisfactorily,
two-stageturbinescanthenbedesignedtodriveallcompressorspre-
sentinglesscriticalturbinedesignproblems.Inthefollowingdis-
cussion,theturbineinlettemperaturefortake-offispresumedtobe
near2160°R becausea largechangeintemperaturewillalterthe
turbine-designrequirements.

Forthepurposeofdrivinga single-spoolcompressoraspartofa
turbojetengtietobe cruisedatratedrotatives~eedwithnotless
than0.64maximumthrust,a two-stageturbinecanbedesigned,tithfn
thefollowingconditions:

(1)RelativeentranceMachnumbertoanybladerow50.80.

(2)Turningby anybladerow~ 118°.

(3)Thereis

(4)Theexit

(5)Theexit

no decelerationacrossanybladerow.

tangentialvelocityis low.

Machnumberis low.

iftheturbinecharacteristicsfortake-offarewithineitherofthe
followingranges: .

Range1 Range2
(fromincreased-(fromincreased-
rotative-speeddiameterdesign)
design)

Airflowperunitfrontalarea,
lb/sec-sqft. . . . . . . . . . . . 525.8 ~23.O

Blade-tipspeed,.ft/sec. . . . . . . ~ 987 ~ 945
Workinputto compressor,Btu/lb. . . ~ 131 ~ Ml

.



IJACARM E52EI.3 ‘ ~.- 13
.

SUMMARYOFRESULTS
.

In orderto studytherangeofapplicationofturbinesto.driwimg
single-spoolcompressors,an investi@ionwasconductedto determine
theincreaseinturbineblade-tipspeednecessaryto obtainsatisfactory
two-stageturbinevelocitydiagramsfora turbinetodrivea particular
compressorovera rangeofengineoperationatratedrotativespeed.A
simplifiedmethodofanalysis,whichaccuratelypredictedtherequired
designchangesnecessaryto obtainsatisfactorytwo-stageturbinesfor
thisapplication,wasevolved.forthisstudy.

Forthisparticularcompressor,whichhasa tipdiemeterof
33.50inches,a ratedrotativespeedof 6100rpm,anairflowof
1.58poundspersecond,anda pressureratioof8.75,thefolluwing
resultsconcerningtheturbinewereobtaimed:

1.Ifthesizeoftheturbinetipdiameterwaslimitedto thatof
thec~ressor,a changeinratedrotativespeedfrau6100rpmto
6750rpmwassufficienttopermitdesignofa satisfactorytwo-stage
turbineforthisapplication.

2. Iftheratedrotativespeedwasfixedat 6100rpm,a turbine
tipdismeter2.(X3@ches inexcessofthe33.50-inchco~ressortip
diameterwassufficienttop-it designofa satisfactorytwo-stage
turbineforthisapplication.

3.Bothdesi~ changesproducedsatisfactoryandverystmilar
velocitytiagrszns;however,thelevelofcentrifugalturbine-bladestress
fortheincreased-ti~terdesignwasapproximately22percentlower
thanthatfortheincreased-speeddesign.

CONCLUSION

Forthepurposeofdrivinga single-spoolcompressoraspartofa
turbojetenginetobe cruisedatratedrotativespeedwithnotless
than0.64maximumthrustja two-stageturbinecanbedesignedwithin
thefollowingconditions:

(1)

(2)

(3)

(4)

(5)

RelativeentranceMachnuniberto anybladerow~0.80.

Turningby anybladerowS118°.

Thereisno decelerationacrossanybladerow.

Theexittangentialvelocityis low.

TheexitMachnuniberis low.
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iftheturbinecharacteristicsfortake-offarewithineitherofthe
followingranges: .

Range1 Range2

Airflowperunitfrontalarea,lb/sec-sqft . . . . . . s25.8 S23.O
Blade-tipspeed,ft/sec...000=*o”o”o”” s=987~945
Workinputto compressor.,Btu/lb. . . . . . . . . . . . ~ X51s 131

Nm
Turbineinlett=g?eratwe~% ● ● ● “ ● . ● ● ● “ c ● ● S 2160~2160

Nm

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio

—
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APmn - METHODFORESTIMATINGREQUIHZDBIAIESF’EED

.

Fortheturbines
ofno decelerationin
of 70/30WaS foundto
equallycriticaltith

Assumptions

investigatedinreferences2 and3,an assumption
thelastrotoranda workdivisionbetweenstages
makebothstagesofthetwo-stageturbinesabout
respecttothespecifiedvelocity-diagramltmits

andrestrictionsduringtake-offoperation.Inaddition,theaxial
componentofvelocitywasalmostconstantacrossthelastrotorandthe
ratioofhubbladespeedsU5/U4 wasapproximately0.95.

Thefollowingconditionswerethereforeassumed:

(1)Theworkditisionbetweenstagesis70/30.

(2)Therelativevelocityis constantacrossthehtiofthelast
rotor}thatis, W~ = W5.

(3)Theaxialvelocityisconstant
VX,4= VX,5”

(4)Theratioofhubbladespeeds
0.95.

acress

u5/u4

Derivation

WiththeexceptionsoftipdiameterD and

thelastrotor,

acrossthelast

thatis,

rotoris

exit annulararea A5,
thesynibolsusedinthisderivationreferto conditionsat thehtiof

● thelastrotor.

Forno decelerationacrossthelastrotor,*

W42= W52

Thevectoradditionsinfigure1 areusedtowriteequation

VX,42+ (VU,4- U4)2= VX,52+ (VU,5 - U5)2

With

VX,4= VX,5

.
thisexpressionreducesto

(1)

(1)as

.
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(2)
.

VU,4- U4= U5 --VU,5
. —TheEulerworkequation

U4VU,4- ~5 VU,5* E4,5= gJ

isconbinedwithequation(2)jgiving
.—
—

U4 (U4+ U5 - R,5) - U5 Ll,5
E4,5= gJ (3)

Introducingtheassumptionthat

U5= 0.95U4

permitsequation(3)tobe reducedto .—

(us= 0.475VU,5+ ,52+ 2.05gz4,5
)

(4)

ForamountsofexittangentialvelocityVU,5 resultingincomparatively
smallvaluesof leavingloss,equation(4)canbe appro~ted by

(u, hp-zz)us= 0.475v 5 + (5)

TherotativespeedN andthebladespeedU5 arerelatedinthe
followingway: ,

●60U5

‘==

(6)

Combinationofequations(5)and(6)yields

( .,5+ ~,
28.5 V

N.

G

(7)

and
.

.

2.05@E4>5 2
D.: + 4afA5N2 (8)
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