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USEOFELECTRICANALOGSFORCALCULATIONOFTEMl?ERA5JRE

DISTRIBUTIONOFCOOLEDTURBINE

ByHermanH.Eld.erbrock,Jr.,Eugene
AMred J.Nachtigall

BLADEs

F. Schum,and

Analyticalmethodsareavailableforcalculatingcooled-bladetem-
peratures,butthecalculationssometimesaretedious,complex,andtime-
consuming,especiallyi.fresultsarerequiredformanysetsof conditions
andbladedesigns.As a consequence,an investigationwasconductedto

.8
developstiple,inexpensiveelectricanalogsfordeterminingtemperatures
of cooledturbineblades.Theaccuracyof suchanalogswasdeterminedly
fabricatingthreeforspecificbladeconfigurationsandcompsringvalues

“ofbladetemperaturesobtainedwiththemwithcalculatedvaluesoftem-
peraturewhenair-cooledbladeswereconsidered,andby relaxingthe
analogvaluesforliquid-cooledbladesanddeterminingwhethertheresid-
ualswereacceptable.Analogsweremadefora 13-finshell-supported
air-cooledblade,a strut-su~ortedair-cooledblade,anda Mquid-cooled
blade.

In general,goodagreementwasachievedbetweencalculatedandanalog
valuesofbladetemperatures.Averagebladetemperaturesobtainedfrom
55-and31-elementfin-bladeanalogsshowedexcellentagreementwithcal-
culatedaveragevaluesoftemperature.Localvaluesof calculatedand
analogbladetemperaturesdifferedsomewhat, althoughtheanalogwascon-
sideredmoreaccurateonthebasisofunpublishedexperimentaldata.For
thestrut-supported-bladesnalog,theresultsindicatedthateithera
six-ora two-elementanalog(shell,primaryfin,andstrutdividedinto
sixortwoelements)couldbe usedto giveexcellentresults.Thedif-
ferencebetweenthecalculatedtemperature-differenceratioandthesix-
element-analogvslueswaslessthan3/4percent,wellwithinthe estimated
+3percentconsideredpermissiblewithrespectto stress.Resultsob-
tainedwithananalogthathada gridnetworkrepresentingtheliquid-
cooledbladewereconsideredgenerally,satisfactory.Useof sucha
grid-typeanalogcanreducethetimerequiredto obtaintemperature
distributionsfrom4 weeksormoreto approximately1 day. Alsoincluded
inthisreportsrethe
asgeneralinformation
analogs.

techniquesused
usefultothose

todeveloptheanalogsasweSL
interestedinutilizingsuch

-..—_.. . . . . —.— --.—.— —.—— —
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INTRODUCTION

Thedesignofcooledturbinesrequiresa knowledgeofthebladetem-
peraturedistributionsforgivencoolant-flowrates,especiallyforthe
load-supportingmembersoftheblades.Knowledgeofthebladetempera-
turesunderimposedoperatingconditionsandthecorrespondingstrength
characteristicsoftheproposedbladematerialindicatesthelimitations
thatmustbe placedontheperformanceoftheengine.

MuchworkhasbeendoneattheNACALewislaborato~onthedevelop-
mentoftemperature-distributionequatfonsforbothair-cooledand
liquid-cooledblades.Theequationsfortheair-cooledbladesarefor
thoseinwhichthebladeloaddueto centrifugalforceis supportedby
thebladeshell(refs.1 and2). Theequationssredependentuponthe
gas-to-bladeandblade-to-coolantheat-transfercoefficients.Equations
havebeendevelopedforgas-to-bladecoefficientsforlaminarflowand
constantwalltemperaturethatareapplicableto impermeable-wallturbine
blades(refs.3 to 5). Thisworkispartiallysummarizedinreference6;
aneqyationforturbulentflowandconstsattialltemperature,basedon
theresultsofreference7, isalsogiven.Forthecasewherethewall
temperaturevsziesconsiderably,asistrueforsometrailingandleading
sectionsofturbineblades,expressionshavebeenderivedby theNACAfor
correctingtheconstant-temperaturecoefficientsonthebasisofthere-
sultsgiveninreferences8 and9.

Forced-convectioncoolingattainedbypassingairor ld.quidsthrough
bladecoolantpassagesis similartoforced-convectioncoolingprocesses
inpipesandchannels.Becauseofthisfact,heat-transferequationsfor
flowofgasandheated13.quidsintubessreusedto determinethesurface
blade-to-coolantheat-transfercoefficientsforturbineblades.

Inanothertypeofair-cooledblade,theload-supportingmemberis
a strutsurroundedby theshell.Thestrutisattachedtothebase,and
theshellis attachedtoprimaryfinsinte~altiththestrutatmany
locationsalongthebladespan.Thestrutmayhavesecondaryfins(which
arenotin contactwiththeshell)to augmentthecooling,ifrequired.
ExpressionshavebeenderivedbytheNACAforthetemperaturedistribu-
tionsoftheshell,primaryfins,andstrutnearthemidchordregionof
a particulexbladeofsucha configuration.No attemptsto obtainex-
pressionsforte~eraturesneartheleadingandtrailingsectionsof such
a bladehavebeenmadeasyet.

Useoftheforegoingequationsandcoefficientsforliquid-cooled
andshell-supportedair-cooledbladesto calculatebladetemperatureshas
resultedinreasonableagreementwithexperimentaltrailing-section,
leading-section,andaveragemidchordtemperaturesofa fewbladesfora .-
rangeof conditionsusualinpresent-daygasturbines(seeref.6). Simi.-
l.srresultshavebeenobtainedinEngland(refs.10andn). Verylittle o
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hasbeendoneinthisrespectforstrut-supportedair-cooledblades.
Althoughtheseanalyticalmethodsforcalculatingbladetemperaturesare
available,thecalculationssometimesaretedious,complex,andttie-
consuming,evenforonesetof conditions.It isusuallynecessaryto
makecalculationsformanysetsof conditions,becausealtitudeand
engineconditionsvaryappreciably,andthedesignmustbe checkedfor
therangeof conditionsinvolved.Inaddition,whena designis initi-
ated,manycoolingconfigurationsareexplored.Thecalculationsfor
a liquid-cooledblademaybe especiallytime-consuming,becausea large
amountofmetalmustbe leftbetweenthecoolantholesandtheouter
boundaryofthebladebecauseofhighstressdueto therotatingl-i@-dj
andtheheat-transferproblematanychordwisecrosssectionbecomes
two-dimensionalformostofthecrosssection.TheLaplaceequationfor
thiscasemustbe solvedmmericallybyapplicationoftherelaxation
method.Thiscalculationtakesweeksforonesolution.Inthecaseof
a strut-supportedblade,a seriesof sixequationsinvolving12constants
thatmustbe determinedlysimultaneoussolutionof12equationsisused
to determinethetemperaturesofthevariouspartsoftheblade.This
methodresultsinan especiallylongprocessofcalculation.Methods
thatwouldreducethetediousness,complexity,andtimeforcalculating
somebladetemperatureswouldbe verybeneficial.

Someworkhasbeendoneby otherinvestigatorsto representtheheat
flowthroughcomplex-shapedwall.s,tubesandothermetiersembeddedin
walls,tubularheatexchangers,andaircraftpropellersby useof electric
analogsthatreduceappreciablythecomplexityandtimeforheat-transfer
calculations(refs.12to 17). A briefrdsumdoftheseanalogsandtheir
useisgivenlater.Goodresultswereobtainedintheseinvestigations.
Suchanalogs,whicharebasedonthegenerals~laritybetweenheatflow
andelectricflow,useeithera networkanalyzer(wheretheheat-flow
pathis “representedby a nwber of electricalresistorsarrangedinthe
formofbuilt-upnetworkto simulatethroughtheresistanceconceptthe
thermalresistanceoftheoriginalheat-fluwform”(ref.14))ora model
havingthesamegeometricalconfigurationastheoriginalstructureand
madeofelectricallyconductivematerial.

Becauseofthisworkwithelectricanalogs,a greatpossibility
existedthatsuchdevicescouldbe appliedtobodiesof suchcomp~cated
shapeas cooledturbinebladesto aidinob%ainingthebladetemperatures.
Ofgreatadvantage,however,wouldbemuchsimplersndlessexpensive
analogsthanthosesometimesusedfortheproblemsmentionedpreviously.
Consequently,a numberof analogsofthemoresimpleelectric-resistor-
networktypeweredevelopedforspecij?icbladeconfigurations,andtem-
peratureswereobtainedwiththem.As anoutcomeofthiswork,itis
thepurposeofthisreportto:

(1)Describebladesconsidered

. .. . .— .. . — —— ...__ _.. _-—. . — _ _ ——— ——— —.—-—
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(2)Presentina geneialmanner
calculatebladetemperatures

(3)Eresenttechniquesusedfor

(4)Describeelectricanalogsand

(5)Comparetemperaturesohttied
fromheat-transfertheory

NACATN3060

theheat-transfertheoryusedto

developingtheelectricanalogs

theirdevelopment

withanalogswiththosecalculated

(6)Givegeneraldiscussionofresults,variationsofmethodsand.-
analogs-touseto speeddeterminationoftemperatures,factorsof
valuein constructionofanalogs,andotherinformationofusein
thisfield

Threebladeswereconsidered:a shell-supportedair-cooledblade
withfin-typeinternalcoolingsurface,anair-cooledstrut-supported
blade,anda lAquid-cooledbladeusingwaterasa coolant.Onlyone
chordwisecrosssectionwasconsideredineachcase,becauseapplication
ofmethodsto otherchordwisecrosssectionsalongthespanwouldbe
identicaltothoseshown.Inthecaseoftheshell-supportedair-cooled
andliquid-cooledblades,temperatureswereobtainedforallregionsof
theshelJ_.Forthestrut-supportedblade,temperatureswereobtained
foronlythemidchordregionforthereasongivenpreviously.A general
conclusionastotheefficacyoftheanalogforturbinebladeswill
probablynotbe changedbyneglectof someregionsofthestrut-supported
blade. A widerangeofgas-to-bladeandblade-to-coolantcoefficients
was
the

usedto determinetheeffectof thesecoefficientsontheaccuracyof
analogtemperaturesascomparedwiththecalculatedtemperatures.

DESCKCFIIONOFTORBINEElX0E3ANXMZED

Chordwisecrosssectionsofthetbreebbdes,a 13-finshell-
supportedair-cooledblade,a strut-supportedair-cooledblade,anda
liquid-cooledblade,areshowninfigure1. Theliquid-cooledand13-
finair-cooledbladeswereof constantcrosssectionfromroottotipand
wereuntwisted.Theair-cooledstrutblade(fig.l(b))wasuntwistedand
unchangedinouterprofile,butthefindepthvariedslightlyfromroot
totip. Inasmuchas spanwiseconductionwasneglectedin allcasesand
thechangesinthestrut-bladecrosssectionweresmall,therootsection
ofthisbladewaschosenfor@ysisj a similsxmalysiswonldbeappld.-
cableforanyspanwiselocation.

GeometricfactorsofthebladesaregivenintableI. Referenceto
thesynibol13.st(appendixA) andfigurelwillclarifysomeoftheiLimen-
sionsgiveninthistable.Thecoolantintheliquid-cooledbladeflows -
fromroottotipthroughthetwoholesnearesttheleadingsection, 1
crossesover,thenflowsfromtiptorootintheotherthreeholes.In

_.— . –—— —— _—. .. _ ._. __.
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theair-cooledblades,thecoolingairentersatthebaseoftheblade
andleavesatthetip. Furtherdetailsoftheinternalcoolantpassages
aregiveninthefollowingsections.

Shell-SupportedAir-CooledBlade

The13-finshell-supportedbl-adeismachinedintwopartsdivided
essentiallyatthemeancamberline,andthepartsarebrazedtogether
attheleadingandtrsdlingedges.As a consequence,the13finsare
notcontinuous(seefig.l(a)).Thefinshaveanaveragethicknessof
0.036inch,andtheaveragefinspacingis0.046inch.Theblademetal
ishigh-temperaturealloyS-816.

Strut-SupportedAir-CooledBlade

Thestrut-supportedair-cooledbladeusedhereinis showninfig-
urel(b).Thecoolingairpassesthroughthespacesprovidedbetween
thefins,thestrut,andtheshell.Thebladehasbothprimaryand
secondaryfinsjtheprimaryfinsforthemidchordsectiontobe con-,
stderedare0.040inchthick,andthesecondaryfinsare0.020inch
thick.Thespacinganddepthofthefinsare0.080and0.086inch,re-
spectively.ThestrutismadeofTimken17-22A(S)steel
ofInconel.

Liquid-CooledBlade

Theliqu.id-cooledbladehasfiveholes(fig.
eachbeing2.38inches.Thetotalfree-flowarea

l(c)),
ofthe

passages(tableI)isanaverageofthesumoftheareas

andtheshell

thelengthof
internalcoolant
ofthetwoholes

&are~ttheblade-leadingsectionandthesumoftheareasofthethree
holesnearestthetrailingsection.Thehydraulicdismeterisa simikar
average.Generally,useofaveragevalues,as given,togetanav=age
coolantheat-transfercoefficientisadequate.Thespanoftheblade
aerodynamicsectionis 2.44inches.TheblademetalisAISI-403stain-
lesssteel,becausea rust-resistantmetalmustbe used.

ANALYTICALEQUATIONSFORTURBINEBLADE~S

Air-CooledBladeswithLoadSupportedbyShelJ-

Inthefollowingsection,theheat-trsmfertheorythathasbeen
usedto calculateturbinebladetemperaturesispresentedina general
manner.A moredetaileddiscussionontheheat-trsmfertheoryisgiven
inreferenceI-8.Thistheoryisusedhereinto calculatetemperatures
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forslecificconditionsthatareimposedon
described.Thecalculatedtemperaturesare
sonwiththetemperaturesobtainedwiththe

WA TN 306!3

theelectricanalogstobe
usedasa basisforcompari-
electricanalogs.Theheat-

transfertheoryis @ven first,becauseknowledgeofthefactorsinvolved,
suchasheat-transfercoefficients,isnecessaryfora basicunderstand-
ingofwhatisrequiredofan electricanalogto obtainbladetemperatures.

Midchord-sectiontemperatures.- Bladetemperaturesforthemidchord
reQon oftheshell-supportedair-cooledbladewereobtainedfroman equa-
tionsimilsrto equation(22)ofreference1. (Thebladesectionbetween
AA andEBof fig.l(a)isconsideredthemidchordregion,infrontofAA
istheleadingsection,snddownstreamofBB isthetrailingsectionof
thisblade.)Thisequation,whichisanapproximateone-dimensional
temperature-distribute’onequationforbladeseitherholloworwithin-
ternalheat-transfersurfaceandwhichneglectsradiationandheatcon-
ductionintheshellinsmydirection,wasshown(ref.1)to givealmost
thessmespanwisetemperaturedistributionas onethatincludestheradi-
ationandradial.conductionintheshell(inthecaseof a rotatingtur-
bineblade)exceptneartherootoftheblade.Sincethecriticaltem-
peratureas concernsfailureofthebladeusuallyoccursbetweenone-third
andone-~ ofthespanfromthebase,andsinceradiationeffectsbecome
a~reciableonlyatabout3000°F gastemperature(ref.1),theeqyation
isadequateformostofthebladeshellasregardsthesetwo”assumptions.

Thisequationalsoassumesthatthereisnotemperaturedropthrough
thebladewall,whichwouldcorrespondto infiniteconductivityina
directionnormalto thebladewall. Thisassumptionisadequatefora
wallthicknessnotexceedingabout0.15inch.Mostair-cooledbladesnow
beingmadesatisfythisconditionexceptintheleadingandtrailingsec-
tions● Theneglectof chordwiseconductionintheshelJ.leadsto some
errorin localshelltemperaturesinthemidchordre@on. Becauseofthe
presentlimitedknowledgeoftheeffectof conbinedstresseson cooled-
bladelife,however,onlytheaveragetemperaturesaregenerallyused
forestxbnatingsuchlife,althoughsomelmowledgeoftemperaturegradients
isrequiredsothatexcessivethermalstressescanbe avoided.Good
agreementhasbeenobtainedbetweensuchcalculatedaverageandmeasured
temperatures.As knowledgeoffactorsaffectingbladelifeimproves,it
willprobabl.y%ecomenecessaryto @rove theequationforchordtise
thermslconductionin orderto obtainmoreexactchordwisetemperature
distributions.

Inthenotationofthisreport,theequationforlocaltemperature
is

Tg,e -TBm

‘7g,e -T’a,1

——

1

‘&-x (1)
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where A= ho2~hfZi,=d 20 and Zi arethelocaloutsideandimide
perimeters,respectively,ofthebladesheld.atthepointbeingconsidered
(seefig.l(a); typical~ointdenotedby smallcircle).It isusually
sufficienttouseinequation(1)theratioofthetotallengthofinside
andoutsidesurfacebetweenAA andEB offigurel(a)forallpointsbe-
tweenthesetwolinesalongthesurfacebeingconsider~d(eithersuction
orpressuresurface).TheeffectivegastemperatureTg,e isthetem-
peraturethebladewouldassumeiftherewerenoheattransfertoor from
theblade,anditsrelationtothetotalandstaticgastemperaturesis
giveninequation(2)ofreference6. Thestatictemperatureusedfor—
caltiting Tg,e isobtainedfromthetotaltemperatureandtheaverage
relativevelocityaroundtheblade.~s> Tgje isanaverageandisused

forallpointsalongthebladeshell,becausethevariationof Tg,e
aroundthebladedueto variationsofa localgasvelocityistoosmall
towarrantuseof a localvalueof Tg,e at eachpoint.Thetemperate
‘1?’ istheaveragetotaltemperatureoftheairinthecoolantpassagesa,1
atthelocalspanwisepositionbeingconsidered.

Localgas-to-bladeheat-transfercoefficients~ in equation(1)
forthepressureandsuctionsurfacesbetweenAA andBB (fig.l(a))are
determinedfromequation(.8)inreference3 whentheflowis laminar.
Whentheflowisturbulentinthessmeregion,equation(22)fromrefer-
ence7 isused. A completediscussionoftheaccuracyoftheseformulas
forturbineblades,therangeof con~tionsforwhichtheyappearade-
quate,andthebasicassumptionsinvolvedaregivenin references3 and6.
Theequationusedto calculatethelocalblade-to-coolantcoefficients
hf inequation(1)anditsbasisaregiveninreference18.

Trailing-sectiontemperatures.- As pointedoutpreviously,the
assumptioninequation(1)ofnotemperaturedropthroughthebladewallm
andtheneglectof chordwiseconductioninthebladewallwerefairfor
themidchordregionofthebladewithshellthicknessesnotexceeding
about0.15inch.Forair-cooledbladeshav3ngleading-andtrailing-
sectionlengthsgreaterthan0.15inch,chordwiseconductionisconsidered
inthesesections.Theleadingandtrailingsectionsareusuallyapproxi-
matedby trapezoids(seefig.l(a)),althoughsomeveryfewleadingsec-
tionsmustbe consideredas segmentsof concentric-circleannuli.Equa-
tionsforone-dimensionalchordwisetemperaturedistributionsthroughsuch
sectionsaregivenasequations(20),(22),(23),and(24)ofreference2,
whichneglectradiation,radialconduction,andconductionacrossthe
metalbetweenthepressureandsuctionsurfacesoftheblade.

Forbladeswitha longtrailingsectionthataremadeofmaterialof
relativelylowthermalconductivity(suchas steel),themetaltempera-
tureofthissectionwillvsryrapidlyasthedistancefromthecoolant

—..
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passageincreases.Accordingtoreference8,gas-sideheat-trsmsfer
coefficientsforsucha casecouldhe quitedifferentfromthecoeffi-
cientsbasedona constsntwalltemperatureasinequation(1). This
differenceisaccountedforbyuseofa curvefortheturbulentboundary
layer(fig.2(a))thatisbasedonapproximateanalyticalresultsof
reference8. Theassumptionsusedintheanalysisofthisreference
were: no pressuregradient,cdnstantpropertyvalues,andnofrictional
dissipationof ener~withintheboundarylayer.Sincetrailingsections
ofturbinebladescanbe assumedtohavea negligiblepressuregradient
andtheeffectsoftheothertwoassumptionsarequitesmall,theanaly-
sisshouldbe applicabletotrailingsectionsofbladesthathavean
appreciabletemperaturegradient.Figure2(a)presentstheratioofthe
gas-to-bladecoefficientforvariablewalltemperatureto thatforcon-
stantwalltemperatureasa functionof n,where n is givenby the
relation

(2)

and X ismeasuredalongtheprofilefroma referencepointwherethe
trailingsectionofthebladeis consideredtostart(fig.l(a)).The
generalbasisforthederivationoffigure2(a)isgiveninappendixB,
alongwiththemethodofusingtheheat-transfercoefficientsinthe
trailing-sectiontemperatureeqyation.Themethodofdeterminingthe
blade-to-coolantcoefficienttouseintheequationsofreference2 is
giveninreference18.

Leading-sectiontemperatures.- Theleading-sectiontemperaturessre
calculatedina mannersimilarto thatforthetrailingsection,the
equationsofreference2 beingusedto calculatetheleading-section
temperaturealso.Theinsideheat-transfercoefficientis determined
inexactlythesamemannerasforthetrailingsection,exceptthata
&U?ferenthydraulictiameterisused,asexplainedinreference18.

As inthecaseofthetrailingsection,theeffectof chordwise
variablewalltemperatureintheleadingsectionistakenintoconsidera-
tioninobtainingthegas-to-bladecoefficientforthissection.Here
laminarflowprevails,andtheanalysisofreference9 forwedgeflows,
flat-platefluw,andstagnationflow,withtheassumptionof constant
propertyvalues,wasusedto accountfortheeffectofvariablewall
temperature.Figure2(b)givestherelationbetweentheoutsideheat-
transfercoefficientsforvariableandconstantwall.temperaturesasa
functionoftheexponentn (seeeq.(2),whereinX isreplacedby x
forthiscase).Thevaluesusedin constructingfigufe2(b)wereob-
tainedfromtableI (Ner.nuniberof zero)andtable11 (Ner nuniber
of1.0)ofreference9 fora Prandtlnumberof0.7by dividingtheout-
sidecoefficientsforvariousvaluesof n (variablewalltemperature)

{,.

.
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by thevaluefor n equalto zero(constantwalltemperature).Since
theleadingsectionsofturbinebladesareinthelaninarregionand
haveNer nunibersrangingfrom1.0(stagnationpoint)to zero(transi-
tionfromlaminarh turbulentflow),figure2(b)isusuallyapplicable
tobladeleadingsections.Forpositionsotherthanattheassumed
station pointj~,x infigure2(b)is determinedin exactlythesame
manneras forthemidchordregion.At theassumedstagnationpoint,
equation(4)ofreference6 isrecommended.

As ispointedoutforthetrailingsectioninappendixB,n is
unknownbecausetheleading-sectiontemperaturesareunknown.There-
fore,after%,x valuessxeobtained,n mustbe assumed,%*,X values
obtainedfromfigure2(b),andtheproceduresdescribedinappendixB
forthetrailingsectionrepeateduntilthe n assumedandthe n cal-
culatedfromanequationsimilarto equation(2)check.Fortheleading
section)T~,L replacesT~,t}~d x replacesX inequation(2).

Air-CooledBladeswithLoadSupportedbyInternalStrut

Theimportanttemperaturesofa bladesuchasthatillustratedin
figurel(b)arethoseofthesupportingstressmember(i.e.,thestrut),
oftheshellwithrespectto itsexpansionrelativetothestrut,andof
theplaceofattachmentofshelJ-toprimaryfin. Theheat-flowpaths ~
througha typicalsectionof sucha bladefromthegasto theblade,
throughtheblade,andtothecoolmtaxeindicatedinfigure3(a).In
thefollowingsection,themethodsaregivenfordeterminingtheperti-
nenttemperaturesofa typicalsectionsuchasthatbetweenthelAnesAA,
BB,andCCoffigure3(a)orl(b)(sucha sectionisrepeatedthroughout
mostoftheblade).

Midchord-sectiontemperatures.- Thetypicalmidchordsectionofthe
strutbladewithitsnurioeringsystemfortheshell.,weld,primsryfin,-
andsoforth(fig.3(a))isrepeatedinfigure3(b)withtheelements
correspondinglynunibered.Theproblemismadeone-dimensionalby re-
arrangingtheelementsshowninfigure3(a)intheformshowninfigure
3(b)withheatbeingaddsdorwithdrawnfromthesidesoftheelements.
ThelinesAA,BB,andCC infigure3(a)arelinesaboutwhichthetem-
peraturedistributionis symmetrical,andthereisnoheatflowacross
them. It isthereforepermissibleto analyzethetemperaturesof one
sectionenclosedby these13nesandassumeitisrepresentativeofthe
bladebetweenthelinesDD andEEoffigurel(b).In figure3(a),the
elementbetweenstations2 and3 representsthespanwiseaverageofthe
areasofintimatethermalcontactinthenuggetsofthespotweldsor
brazepointsbdXTeentheshellanda primaryfin. Thatis,thesumof
theareasofallthecontactpointsdividedbythebladespanisused.

—-— -— .-—— ——.. — -———— -———— —.. ~——. . . .
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Thesecondaryfinhasno contactwiththeshellandonlyconductsheat
fromthestrut.Theelementbetweenstations1 and2 infigure3(b)
representsthesegmentoftheshellbetweenAAendBB. Alltheheat
flowingintotherepresentativesectionentersthmnghthiselement.
Someoftheheatis conducteddirectlythronghtheshellandtransferred
tothecoolingair; therestis conductedparallelto theshelltoward
theprimaryfin,whereit isconductedthroughthecontactpointsand
:ntotheprimaryfin. As theheatis conductedslongthepre fin
fromstations3 to4 andintotheelementsoftheinternalsupporting

8structure(fromstation4 to 7),someof itistransferredfromthesur-
facesformingthecoolantpassagetothecoolingair. Inmakingthe E
analysis,radiationandrafialconductionareneglectedforthesame
reasonsasthosegivenintheanalysisoftheshell-supportedblades,
anda l-inchspanisconsidered.Detailsoftheheat-transferequations
follow.

Theequationsforelements1-2,3-4,4-5,5-6,and6-7canbe de-
rivedfrombasicequationsfivolvingtheheat-transfercoefficientsand
conduction.(Theequationforelement2-3isclifferent.) Thus,forany
smallincrementof lengthdL ofanyelement(e.g.,seefig.3(b),ele-
ment1-2),theheatcomingintotheincrementisthatfromthegasand
fromthemetalabove,andthatgoingoutisthattothecoolingairand
tothemetalbelow.l?roma heatbalance

qg+%c,i=q-+qk,o

where

()%=‘O &a(%,e- ‘&m)

(3)

(4)

(5)

(6)

(7)
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Theseequationsreferto a l-inch
(5),(6),and(7)in equation(3)
differentialequationleadto

IL

s-pin● Substitutionof equations(4),
andsimplificationofthearesulti~

‘%B,m - 2a TB,m = -~2dL2

where

(8)

‘=P
Thesolutionofequation(8)is

(9)

(lo)

(n)

ThisequationgivesthemetaltemperatureatanyMstance L fromthe
initialpointoftheelementinquestion.Theconductivityofthemetal
kB inequations(9)and(10),of course,should%ethatofthematerial
usedfortheelementbeingconsidered.Forelements3-4,4-5,5-6,and
6-7,alltermsinequations(9)and(10)involving~ aredeleted,
becausetheseelementsarenotindirectcontactwiththeho~gases.
Forelement5-6,~i inthesetwoequationsisreplacedbyhf,the
effectivecoefficient,ifa secondaryfinisused. Thecoefficients~
and ~ andthetemperaturesTg,e and ~’aj1 have
andaredeterminedinthesamemannerasinthecase
supportedblades.Themethodofdetermining~ is
ence18. P

Forelement2-3,equation(8)isnotapplicable.

~B,m
a ‘%

thesamesignificance
oftheshell-
giveninrefer-

Forthiselement,

(12)

. .-———— .—._. —-.— . ..— —— ..-.—_ .——.— ..——. . —
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or,

‘B,m= CUL+ Cv (13)

Withe~tions (8)and(13)a setof stiequationscanbe setup,one
foreachelementbeingconsidered.Intheseequationsare12unlmown
constantsthatmustbe determinedbeforethetemperaturecanbe calcu-
lated.Themethodof solutionoftheequationssothattemperatures
ofeachelementofthebladecanbe determinedisgivenin appendixC.

Trai.linn-andleading-sectiontemperatures.- No heat-transfer
analysishasbeendevelopedasyetforthepositionsofthebladeup-
stresmof sectionEE anddownstreamof sectionDD offigurel(b).In
thisregionchordwisetemperaturegradientsintheshellwilll.probably
be kgej and,asa consequence,thetheorywillbe quitedifficult.
Therefore,inorderto illustrateandverifytheuseofelectricanalogs
to‘determinethetemperatures,onlythemidchordsectionbetweenDD and
EEwillbeconsideredherein.Theheat-transferequationsforthissec-
tionweregivenintheprecedingsectionofthereport.

‘(

Liquid-CooledBlades

Calculationofliquid-cooled-bladetemperaturedistributionswith
forced-convectionblade-to-coolantheattransferhasshown(ref.2)that
temperatureschangelittlealongthebladespan,ata givenchordtise
position,whenthebladegeometryandgaste~eratureareuniformspan-
wiseandwhenrimcoolingisinsignificant.Conductionto therimhas
beenfoundtohavea neg~gibleeffectonbladetemperaturesexceptvery
neartherim. As a consequence,conductionspanwiseisusuallyneglected
(ref.2). Temperaturesarethenobtainedfora crosssectionsuchas
showninfigurel(c).

Forsucha bladecrosssection,wherelargemassesofmetalarein-
terposedbetweenthegasandthecoolant,theproblemof solvingforthe
temperaturebecomesoneoftwo-dimensionalheatconduction.Thetem-
peratureat anypointinthecrosssec~ioncanbefoundbysolvingthe
Laplacedifferentialequationgivenintermsofthetemperaturedifference
e,whichis equalto ~g,e minusthebladetemperatureatthepointin
question(ref.2),or,

—

a% a%
SF’+G=o (14)
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whereX and Y aretheCartesiancoordinatesinthebladecrosssec-
tion(seefig.4,whichisa repetitionofthebladesectioninfig.
l(c)).Theboundaryconditions,expressedintermsofthepartialde-
rivativeof e inthedirectionnormaltotheboundary,are

attheouterboundaryand

(15)

(i6)

atthecoolant-passageboundary.Exceptf?rthesimplestgeometric
shapesandboundaryconditions,theanalyticalsolutionof equation(14)
isa mostcunibersome,ifnotimpossible,task. Consequently,a two-
dimenEionalrelaxationsolutionisused(ref.19). A sketchof a 50-
times-sizebladecrosssectionismadeandis coveredbya networkof
points.(Aredncedillustrationof sucha sketchis showninfig.4.
A squarenetworkis chosen.)Largenetspacings5 arerecommendedat
first,andtheinsertionofadditionalnetpointsmaybe madeatany
timeduringthesolution,thatthuspermitstheuseofa finalnetwork
ofanydesiredsize.It isadvantageousto havesomeestimateofthe
temperaturesbeforestartingtherelaxationsoasto reducethetimeof
solution.Theheatflowintheleadingandtrailingsectionsisessen-
tiallyone-dimensional,andtheequationsusedforthesesectionswith
the13-finbladeareapplicable(withtheuseofthetemperatureand
heat-transfercoefficientoftheliquidintheeqyations)forobtaining
approximatetemperaturesfortheseregions.Fortheregionsaroundthe
coolsntholes,an equationsimilarto equation(1),butwith TUq and

liq andanaverageoutsidecoefficient~, will.givean approximate
averagetemperaturearoundtheholesthatisadequateforuseatthe
startofrelaxation.Thereasonsuchanequationgivesa temperature
closeto thatprevailingnearthecoolingholesisthatthegas-side
thermalresistanceishigh,themetalthermalresistanceiscomparatively
verylow,andtheliquidthermalresistancecompsredwiththegasre-
sistanceislow,sothatthetemperaturedropfromgastobladeisthe
greater”partofthedropfromgasto liquid.Thenetworksc~be solved
byworkingawayfromthecoolantpassagesandcenterline~ofthetrail-
ingandleafingsectionsandtowardtheouterboundary.

Residualscanbe calculatedateachnetpointby methodsgivenin
textssuchasreference20. Fornetpointstheimmediateneighborsof
whichremainwithintheboundary,theresidualsarecalculatedwiththe
equation

~=e1+e2+e3+e4-4eo (17)

-.—————.-——.——+ .——. .. . ..— — ———
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wherethesubscriptsapplytothepotitsshowninfigure4. Equation
(17)wouldbe appliedtothenetworkshownwithnumeralsnearestthe
leadingedgeinfigure4. Aspoint3 forthisnetworkisneara coolant
passage,someideaofthetemperaturewouldbeobtainedbythemethod
explainedinthepreviousparagraph.Forpoints1, 2,and4, someguess
wouldbe madeofthetemperatures.Fornetpoints0,forwhichsomeof ‘
thehmediatelyneighboringpointslieoutsidetheboundary,equation
(17)mustbemodified.Forexample,ifpoint1 liesoutsidethebound-
sry,as shownforthenetworkatthelowersurfaceofthebladein
figure4, andpoint5 istheboundarypointbetweenO and1,thefol-
lowingequationapplies:

\

~=e2+e3+e4+

wherethedistance50-5 isthatbetweenpoint
netspacing.Casessxeworkedoutinreference
arieswhenmorethanoneoftheneighboringnet

(18)

O and5 and 5 isthe
20forirregularbound-
pointsis lessthan 5

distancefrom O,andcoefficientsaregivenfromwhichequationslike
(18)canbesolvedforsuchcases.Temperaturesatpointsnearthe
boundaries(bothinnerandouter)ofthebladeshowninfigure4 could
be determinedwithlittleerrorinresidualsiftheratiosofthedis-
tancesoftheboundarypointfromthenetpointO tothenetspacing
(50-~5 ineq. (18))arelarge.Iftheratio 5.-5/5is small,how-
ever,useof equationslike(18)leab to errorsjthecoefficientsof
92>832andsoforth,areno longerunity,becausetheheat-flowpaths
arereducedinwidth.Becauseof sucherrors,andbecauseofthegreat
numberof suchpointsencounterednesrtheboundariesoftheliquid-
cooledbladeconsidered,themethodreportedinreference21wasem-
ployedhereinforsolvingtheLaplaceequationneartheboundaries.
Tablesof coefficientsforallthepossiblearrangementsofthepoints
sroundpointO aregiveninreference21. Forequallyspacednetpoints,
thesecoefficientscorrespondtothoseinequation(17)jthat is,a
changeintemperatureof1°atthepointO resultsin a changeof1 in
theresidualsatpoints1, 2,3,and4 surroundingpointO, anda change
of -4intheresidualatpointO. Forunequallyspacedpoints,the
coefficientstakenfromreference21resultin differentchangesinthe
residualsatallpointsO, 1, 2,34and4 fora unitchangeintempera-
IXWejinmanyinstancesa unitchangeintemperatureatpointO results
h a residualchangeofasmch as 87atpointO. Actualresiduals,
togetherwithchangesinresidualsresultingfroma unitchangeintem-
perature,willbe presentedwhenresultsofthepresentbladearegiven.

“,
N

— —- —.._ _
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.!

As theouterboundaryis
estimatetemperaturesinthis
ofequation(17)orequations
peraturesatpoints6,7,and

approached}equation(15)canbeusedto
region.Forinstance,supyosetbroughuse
fromreference21,firstestimatesoftem-
8 offigure4 havebeenobtained.Nowan

estimateofthetemperat&eatpoint9 ontheboundaryandona nomal
fromtheboundarytopoint6 canbe obtainedby puttingequation(15)in
theform

(19)

Theaccuracyofthismethodwillbe verifiedlater.Thedistanceq is
thatnormaltotheboundaryatpoint9 andconnectedtopoint6. When
eg isknown,moreaccurateestimatesofthetemperaturesat7 and8 can
be made. A similarprocedurecanbeusednearthecoolantpassageswith
equation(19)fornetpointslike10,11,12,and13 infigure4. In
thiscase,

J

%0 - e14 hQ -
v ‘~(Tg,e-TLLq-e~4) “ (20)

Wowledgeof 1914givesbetterestimatesof eU and 1913foranother

relaxationtrial.Continuedrelaxationeventuallyreticesalltheresid-
uals
from

asdesired,andthebladetemperaturescanfinallybe obtained
thedefinitionof e:

e =Tg,e - TB

Thelocaloutsideheat-transfercoefficientsamedeterminedin
exactlythesamemanneras describedpreviouslyfortheair-cooledblad~s.
Forforced-convectioncooling,correlationsofheat-transfercoefficients
forliquidin stationarytubescanbeusedto obtaininsidecoefficients
forL@uid-cooledturbinesonthebasisofdatadeterminedwithonetur-
bine(ref.6). Forlsminarflow,a curveinfigure7 ofreference6 can
be usedjitisa correlationcurvefordataobtainedwithlaminarflow
ofheatedliquidsthroughstationarytubes.Thelengthoftubeisre-
quiredto obtainthecoefficientfromthecurve.Fortheliqpid-cooled
blade,thiswasthelen@hofthecoolantholes,2.38inches.Fortur-
bulentflow,equation(4c)ofreference22canbeusedtoobtainthe
blade-to-liquidcoefficient.Theliquidpropertiesusedarebasedon
theaveragecoolanttemperature.Useofan averagegeometryforthe
holesintheblade,asexplainedpreviouslyin connectionwithtableI,
givesa coefficientaccurateenoughforpresent-daytemperaturepredic-
tions.

— . —__ .— —..—.— —.— ——. —
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Theforegoingdiscussionrefersto onespanwisesectionofa blade. ‘
Fora completepictieofthetemperatures,whenthebladegeometry
vsriesinthespsmwisedirection,appropriatelyselectedspanwiseblade
sectiowandcompatiblerelationsoffluidtemperatureandheat-transfer
coefficientscanbe employed.

~ CALCULATIONSFROMHIQYl!-TRANSl?13RTHEORY

Theforegoingheat-transfertheorywasusedto calculatetempera-
turesofthebladesshowninfiguresl(a)and(b). Forthebladeshown
infime l(c),thetheorywasusedto determineonlytheheat-transfer
coefficientsusedto calculatetheanalogresistancesrepresentingthe
thermalresistancesfromgastobladeandbladeto coolant.Thecondi-
tionsforwhichthecalculationsweremade,thespecificbladetempera-
turescalculated,themethodsofusingtheconditionsandbladegeometry
toobtainvariousfactorsrequiredintheequationsgiveninprevious
sections,andthethermalconductititiesoftheblade?andtheheat-
transfercoefficientsfinallyobtainedaregivenindetailinthefollow-
ingsectionsandinappendixD. Theconductivitiesandcoefficientsme
requiredinlayingouttheanalogsinadditionto calculating.thetem-
peratures.

.

ConditionsforCalculations

Thecon~tionsusedinmakingthecalculationsforthethreeblades
are@ven intableII. The13-finair-cooledbladewastobe usedina
staticcascade,sotheturbinespeedis zeroforthisblade.Thecondi-
tionsonthegassidewerekeptnearlyconstantforthisbladewhilethe
coolant-flowratewasvaried.Formostofthecalculationsforthestrut
blade,thegasconditionswereheldconstantandthecoolant-flowrate
wasvaried.SeriesIVandV forthestrutbladeareforthecaseofno
secondsryfinsintheblade,andseriesVI toVIIZareforthecasewith
secondaryfins. Series3X andX conditionsarebasedonpureassumptions
andhaveno connectionwitha specificturbine.Forthesetwoseries,
thegas-to-bladecoefficientsusedwerearbitrarilyassumedtobe i.5
and0.5,respectively,timestheaveragecoefficientusedforseriesIV
toVIIIwitha cooling-air-flowratefixedatthevalueusedforseries
VII. Theinsideandoutsidecoefficientswerevariedinorderto explore
theeffectoftheirmagnitudeontheagreementbetweenanalogandcal-
culatedtemperatures.

ThecoolanttemperaturesgivenintableIIarethoserequiredin
equation(l),(C12)to (C17),or (20),”andareforthebladespanposi-
tionbeinganalyzed.Inthecaseofthestrutblade(forseriesIVto
VIII),it isthetemperatureattherootofthebladethatistakenas

— —— —



NACATN 3060 17

thecompressor-outlettemperature,becausetheairisbledfromthecom-
pressor.ForseriesIX andX,thelmgperatureswereassumedtobe the
sameasfortheotherseries.Theequationsforcalculatingthecoolant
temperatureatanyspanwisepositionaregiveninappendixD.

MethodsforDeterminingVariousFactorsRequired

Effectivegastemperature.- In determiigtheeffectivegastem-
perature,thestaticandtotaltemperaturesarerequtied.Fora turbine
rotorblade,thetotaltemperaturetouseisthatrelativetothemoving
blade.Substitutionofthestatictemperatureatthestatorexitfor
theaveragestatictemperaturearoundthebladeinthecalculationof
effectivegastemperaturewillresultin a verycloseapproAmationto
thecorrectaveragevalue.Themethodsofdeterminingtheapproximate
staticandtotaltemperaturesforrotorbladesaregiveninappendixD.

Eulernmibersandgasvelocities.- In determiningthegas-to-blade
heat-transfercoefficients,thelocalNer ntiersandvelocitiesaround
thebladearerequired.Thesefactorsareobtainedfroma calculationof
thevelocityandpressuredistributionsaroundtheblade.In orderto
determinethesedistributions(ref.23),thegas-flowrateandthetotal
pressureandtemperaturerelativeto thebladearerequired.Thetem-
peratureusedisthatgivenbyequation(D9),andthepressme fitg,R,i
isdeterminedfrom

( ‘)y-g-l~&R,i = ~&,Ri

%,s,o Tg,s,o
(21)

thestaticpressureinthisequationbeingobtainedfromeqmtion(D5)
andthestatictemperaturefromequation(D6).Thepresswrefi&,R,iand

thetemperature~’g,R,i areassumedconstantaroundtheblade.With

thesevalues,Wg fromtableII,andthebladegeometry,thevelocity

distributionis calculated.

Theblade-to-coolantheat-transfercoefficientisa functionofthe
bladegeometryandthecoolant-flowrate.TablesI andII givethein-
formationrequiredforsuchcalculations.

Effectiveheat-transfercoefficient.- Themethodof determiningthe
effectivecoefficienthf forthe13-finbladeisrelativelysimpleand
isdescribedinreference18. Forothertypesofinternalsurfacesin
shell-supportedblades,itisusuallythepracticeto changethesurface
geometryintoequivalentfinsforpurposesof calculation.

.—.— — -_ ___ _ ._ ._. _ --
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Forthecaseoftheair-cooledstrut-supportedblade,theeffective
coefficientactingoversurface1-2(fig.3)wasevaluatedbydividing
theproductoftheinsidecoefficientandthelengthoverwhichitacts
(Ll_2- 1/2 primary-finthickness- secondary-finthickness)by the
lengthfromlto2 (%-2). Thisapproximationwasemployed,sincethe
blade-to-coolantcoefficientisnotactingovertheentireblade-shell
lengthbecauseofthenearnessoftheprimaryandsecondaryfinstothe
shell.

BladeTemperaturesCalculated

Temperaturesforthe13-finbladewerecalculatedfortheleadlng
andtrailingsectionsaswellasfornumerousblade-shelllocationson
thepressureandsuctionsurfaces.Thesepositionswild.be apparentwhen
plotsoftheresultsaregiven.Becauseoftheneglectof chordwisecon-
ductioninthebladeshell,thetemperaturesinthisregionme approxi-
mate.

Thetemperaturesoftheshell,thepointofattachment,theprimary
fin,andthestrutweredeterminedonlyatthemidchordregionforthe
strutbladeforreasonsgivenpreviously.Thepositions,whichwerethe
sameasthosewhereanalogvalueswereobtained,willbe definedpre- .-

ciselyinthedescriptionoftheanalog.

Forthewater-cooledblade,no analyticalvaluesoftemperaturewere
calculated.Theanalogvalueswerecheckedforaccuracyby relaxation
ofthesevaluesby themethodsgivenpreviously.Theamountofresidual.
at eachpositionwhereananalogvaluewasobtainedindicatedthede~ee
ofaccuracy,inasmuchastheresidualsshouldbe approtiatel.yzeroif
thesnalogvaluesarecorrect.

ValuesofHeat-TransferCoefficientandBladeThermalConductivity

Theheat-transfercoefficientsandthermalconductivitiesofthe
bladesthatwerefinallyusedaregivenintablesIIIandIVandinfig-
ure.5.Thecoefficientsshowninfigure5 werebasedonaveragegas-flow
conditions.Inthecaseof the13-finblade,localgas-to-bladecoeffi-
cients,includingeffectsof variablewalltemperatureatleadingand
trailingsections,andlocaleffectiveblade-to-coolantcoefficientsas
determinedlytheanalysisgivenpreviouslywereusedfortheheat-transfer
calculationsandfortheanalog.Thegas-velocitydistributioncurve .
fromwhichthegas-to-bladecoefficientsweredeterminedisshownin
figure6.

Aspointedout,onlythemidchordregionofthestrutbladeiscon- ‘,

sidered.Consequently,anaverage~. andanaverage~ wereused
(tableIn) forboth& heat-tr~nsfercalculationsandanalogapplica-
tion. Variationsof ~ and hi wereexploredforbothcases.For
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seriesVI toX, effectivecoefficients~hf aregivenforsection
(fig.3)9%ecausesecondarvfinswereusedinthebladeforthese

19

5-6,
calcu-

iat:ons:“ Thecoefficient“(hi)l-2h thetableisforsection1-2
oftheshell(fig.3)andtakesintoaccountthefactthatpartofthis
sectionisinactivebecauseofthefins.

AveragecoefficientswereusedinthecaseoftheL@id-cooled
bladeforallapplications,eventhoughtemperaturesoftheentireblade
areconsidered.Thesewereusedforconvenience,sincea demonstration
of variable-coefficienteffectsontemperaturesobtainedwithananalog
couldbe obtsinedfromthe13-finbladere~tsj and,further,a demon-
strationoftheadequacyoftheanalogresultsas comparedwiththere-
laxationresultswouldbesatisfactoryifbothwerebasedonthesame
coefficientsregardlessofwhethertheywerelocaloraverage.

DEVELOPMENTANDDESCRIPI’IONOFELECTRICANALOGSUSEDTO

DETERMINEBLADE~s

SimpleTheoryof

Flowanalogy.- The
canbe observedfromthe
electrical-flowequation

halo= BetweenHeatandElectricFlow

analo&ybetweentheflowsofheatandelectricity
briefstudyofthebasicequationsforeach.The
forelementsinseriescanberepresentedby

(22)

where kE representsthereciprocaloftheelectricalterm“resistivity.”
Theequationcanbe simpldfiedto

(23)

Intheterminologyofheattransfer,theheatflowthrougha bodymaybe
expressedas

whereAT isthetemperature&Lfferencealongthelengthconsidered.
Equation(24)mayalsobe reducedto

(24)

(25)

..— — —.—
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where

flow

and

lRromequations
andheatflow,
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RL=—
kA (26)

(23)and(25)itis evidentthatfora givencurrent

+ & In

—=-Ae (27) {

A!l?zL—=
AT m (28)

7.
where~R isthesummationofresist=cestothelocalpointconsidered.
Thus,iftheelectricresistancesarechosensothatatanylocalpoint
Z intheheat-flowpaththeratiooftheheat-flow-pathresistanceto
point Z to theover-allheat-flow-pathresistanceisequaltotheratio
ofelectricresistancetothecorrespondingpointtotheover-alIlelec-
tricresistanceofa simulatedelectrical-flowpath(ortherightsides
of eqs.(27)and(28)areequal),then

.

ATz ‘g - Tz Aez
—=
AT N ‘AT (29) ‘

Consequently,ifanover-allelectromotiveforceAe isimposedonthe
electricalsystemandvaluesof AeZ axemeasuredatvariousstations,
thetemperatureTz ateachstationoftheheat-flowsystemcanbe ob-
tainedfromequation(29)whentheover-alltemperaturedifferenceofthe
systemAT andthehot-sidetemperature‘g areknown.

Equation(24)isfortheflowofheatthroughabody. Ifthetrans-
ferofheat3.sbetweena bodyanda gas,thefollowingequationis
applicable:

q=hSAT {30)

where h istheheat-transfercoefficient,S isthesurfaceareacon-
sidered,and AT isthetemperaturedifferencebetweenthegasandthe
body. Theresistanceconceptcanbeusedagainby letting

1—=hsR (31) J

— -— —.—.— — —-
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sothatequation(30)becomes

q=%=?
(32)

Simpleexsmpleofuseofanalogy.- Beforeproceedingtotheanalogs
forthemorecomplicatedturbinebladeshapes,theapplicationofthe
foregoinganalogytothesimplecaseofa finattachedtoa wallwillbe
demonstrated.Themorecomplicatedcaseswild.probablybemoreeasily
understoodthroughsuchanapplication.

Considera finattachedtoa wall,as showninfigure7(a),withno
heattransferfromthefreeendofthefin. Thefinis4 incheslongand
1 inchsquare.Itreceivesheatfromhotgasarounditandtransmitsit
tothewall. Theheat-transfercoefficient~ fromthegastothefin
isassumedtobe 0.030Btu/(sec)(sqft)(OF\,theconductivityofthefin
materialis0.075Btu/(sec)(ft)(OF),andthegasandwalltemperatures
are1~0° and100°F, respectively.Theresistancerepresentingthegas-
to-surfaceheattransferforthefoursidesofthefin(ifthefinis
dividedintofourequalsegmentsas showninfig.

Ro= 1 =

‘“’f’ *=

7(a))’is

1200

where

Zf perimeter
4 in.)

Lf lengthof

offinsegmentreceivingheat(4sidesof l-in.length=

segnentreceivingheat(1in.)

Thethermalresistancethrougheachsegmentofthefinis

k 1/12

()[)

Rf=~= (o.075)+ + = 160

Thus,

—— .—.— — ——-———.
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Consequently,inan electricnetwork,if ~ isarbitrarilysetat15
ohms,then Rf is 2 ohms.Thewiringdiagramtousewitha resistor-
networkanalogis showninfigure7(b).Thefinisindicatedwith
dashedlinesto showhowthethermalandelectricresistancesmatch.
Boththeheatflowandtheelectricflowinthefininthisexampleare
treatedone-dimensiona~y.Inanysegment,themeasuringpositionisat
themiddleofthesegment,suchaspointsb, c,d,ande in figure7(b).
Measurementsarealsomadeat a,thewallposition.If an electro-
motiveforceAe (measuredfrom-pointsf t: a) is
by a voltagesource,and Ael ismeasuredfrom f
tionsmentioned,then Tz atthatpositioncanbe
tion(29),becauseAT (lOOOO.-100°F),and Tg
tobe known.Detailsofaccuracyinvolvedbecause

imposedonthesystem In
to anyoftheposi- Co0’)mlcalculatedwithequa-
(1000°F) areassumed
ofthenuniberof seg-

mentsassumedwillbe d3scussed&longwiththeturbinebladeanalogs.-
Thepurposeofthissectionhasbeento givethosegenerallyunfamiliar
withtheuseofelectricsnalogsinheat-transferstudiesa brief,simple
ideaoftheprinciplesinvolvedbeforeproceedingtothemre complicated
turbinebladeanslogs.

DescriptionofAnalogsUsedbyOthers

In orderto aidinthechoiceofthetypeofanalogtousefor
determiningturbinebladetemperatures,a surveyofavailablereferences
onthismibjectwasmade. Themoresignificantresultsarecitedherein
alongwithsomeofthepossibleoperationalproblems.

Reference24describedtheuseofan electricbathin a shallowtank
formodelstudyofdifferentheat-flowshapes,as,forexample,a thick
corner.Here,theoutsideandinsidesurfacesofthecornerintwo-
dimensionalheatflowwererepresentedinthemodelby metalcorners
formingtheverticalwallsofthetank. Inreference13isgivena dis-
cussionofone-,two-,andthree-dimensionalsteadyandunsteadyheat
flowsrepresentedby electric-networkanalogs.A simpleanalog,com-
prisedofa seriesofresistorsandcondensers,wasusedtorepresent
unsteady-stateheattransferthroughaninsulatedpipe. Theresistors
andcondensersrepresentedthethermalresistanceandtheheatcapacity
oftheinsulation.Favorableagreementwasachievedbetweentheanalog
andexperimentalvaluesofinsulationtemperature.

Theutilizationof low-resistancemetallicfoilto approximatether-
malresistanceofa wallof compositematerialbetweenisopotential
boundariesis describedinreference25. Thesheetwascutto include
straightthinstripsoffoilanalogoustotheresistanceofthelayerof
insulatingmaterial.Inreference26electricallyconductiveflatsheet
wasemployedintheanalogyofheatflowthrougha “thick”cornercom-
prisedoftwodifferentmaterials.Thedifferenceinthematerialthermal .

—-.. .



NACATN 3060 23

conductititieswasaccountedforby cuttingslotsor squaresinthefoil
soasto reducetheelectricconductivityinthecornersectionhaving
thelowerthermalconductivity.Surfaceheat-transfer-coefficientre-
sistancesactingonthesidesofthecornerwereincludedby introducing
an “equivalentlengthoffoil.”A resistor-typenetworkwasalsoused
forcomparisonwiththisconductive-sheetanalogandwithvaluesob-
tainedbyrelaxation.Allthreeshowedgoodagreement.Commercialcon-
ductivepapersareavailableandhavebeenusedforfield-ma~i~jre-
sistancevaluesofthistypeofpaperarerelativelyhigh. Conductive-
coatedglassplateisalsobeingdevelopeditsresistancesarelike-wise
high.

Thesereferencesindicatecertainrequirementsofan analogfor
applicationto cooled-turbine-bladetemperatures.Themoreimportant
include(1)goodaccuracyin settingoradjustingresistances,(2)ver-
satility,sothata widerangeofoperatingconditionsandgeometrycan
be readilyinvestigated,(3)electricalsblicityandlowcost,and
(4)easeof fabrication.

Thebathtypedescribedinreference24wasnotused,becauseopera-
tionaldifficultieswereexpected,suchas spillage,vibrationaleffects,
andpickupof straya-cvoltage.Alternatingcurrentisrequiredto
preventpolarization.Useofa low-resistance,metallicmaterialsimilar
tothatusedinreference25wotidrequireverysmallvaluesofcontact
resistances%etweenthesurfaceconductanceresistancesandthefoil
representingtheturbineblade.Experimentally,thisrequirementis
difficultto satisfy.Inordertominimizethenumberofbatteriesre-
quiredorthegenerationofheatintheanalogresistances,orboth,it
isdesirableto havea moderatelyhighanalogover-allresistancethat
willresultinlowcurrent.Theapplicationofa slottedfoil(ref.26)
to a bladeanalogwouldleadto seriouserrorsinsettingvaluesof sur-
faceconductanceresistances,becausethefoilrepresentingthethermal
resistancewouldbe verynarrowandlong.Becauseofthenarrownessof
thefoil,a slighterrorinmeasuringor cuttingthefoiltothedesired
widthcouldeasilyresultina 10-percenterrorinresistancevalues
(ref.14). Conductivepaper,whichhasa highelectricresistance,might
havea 10-percentvariationinresistanceperunitlengthand,conse-
quently,wasnotusedherein.Glassplateswitha conductivecoatingare
stillintheexperimentalstage(ref.27)andrequiretheuseof complex
electronicequipmentto checkresistancevariation.To date,thevaria-
tionina goodplateisoftheorderof1 percentor less.Theresistance
oftheplates,however,isveryhighandwouldconsequentlyrequirevery
largevaluesof surfaceconductanceresistorsthatmayormaynotbe com-
merciallyavailable.Theresistornetwork~ref.26)withmodifications
thereofasreportedhereinappearedtobe themostpromisingmethodto
usefortheturbinebladeproblem.
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As a result,itwasfeltthatgoodaccuracycouldbe obtainedwith
theuseofwire-woundvariableresistors(hereaftercalledvariablere-
sistors)in conjunctionwithcalibratedresistancewireto representthe
variousthermalresistances.Theirusewouldfacilitatelargevariations
inoperatingconditionsandbladegeometry.Thevariableresistorsand
resistancewirearerelativelyinexpensive,andtheircircuitsareeasy

tounderstandanduse. Batteries(l$volt,numiber6 drycells)in con-

@nctionwitha voltagedivider(resistancetap)furnishedthevoltage
fortheanaloginthesimplestmanneryossible.Voltagesweremeasured
by a commercialpotentiometer,becausethecurrentdrainontheanalog
circuitduetothis“voltmeter”wouldbe zero.A moredetailedde-
scriptionoftheanslogsdevelopedfor
inthefollowingsect~ons.

13-Fin-Blade

thethreebladesusedisreported

Analog

Generaldescriptionofresistancenetwork.- A schematicillustra-
tionofthewiringdiagramoftheanalogusedforthe13-finbladeis
showninfigure8(a).Thenetworkshowsthatthesheld.ofboththesuc-
tionandthepressuresurfacesisrepresentedbya seriesofelectric
resistancesanalogoustotherqalresistancestotheflowofheatby
chordwiseconduction.Connectedtothisseriesof resistancesattheir
junctionsarevariableresistorsthatareanalogoustothethermalre-
sistancesto theflowofheatfromthehotgastothebladeshelland
fromtheshelltothecoolingair. Theendsofthevariableresistors
representingtheoutsidesurfaceresistancestoheatflowareallcon-
nectedto a conmonbusbarwhoserelativeelectricpotentialrepresents
a constantchordwiseeffectivegastemperaturearoundthebladeprofile.
Theendsofthevariableresistorsrepresentingtheinsidesurfacere-
sistancesto heatfloware&Elconnectedto anothercommonbusbarwhose
~elativeelectricpotentialrepresentsa constantcooling-airtemperature
T’ Thustheelectricpotentialor voltageappliedacrossthesetwoa,2”
busb~s rep~esentsthetemperaturedifferencebetweengasandcooling
air Tg,e- T!a,Z” TheJunctionsoftheresistancesrepresentinginside
andoutsidethermalresistancesandchordwiseconductivethermalre-
sistancesareatthecenterof segmentsofthebladeshell,aswasthe
caseforthesimplefinillustrationoffigure7(b).Theleadingand
trailingsectionsofthebladearerepresentedbywhatarecalledequiva-
lentresistancesinfigure8(a).Detailsoftheseresistanceswil.lbe
givenlater.

Determinationofresistances.- Themethodof calculatingtheresist-
ancesusedinthefin-bladeanalogwassimilartothatusedforthesim-
plefinproblemdescribedpreviousl.y.Conductivethermalresistanceswere
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calculatedwithequation(26),andconvectivethermalresistanceswith
equation(31).AU thereq@redphysictitiensionsofthebladewere
measuredonanenlargedcross-sectionalsketch.

Thebladecrosssectionwasdividedintothreemajorsubdivisions,
leadingsection,trailingsection,andmidchordsection.Theleading
andtrai~ngsectionswereconsideredtobe theareasofthebladebeyond
thelastcoolantpassagesnearesttheleadingandtrailingsections.
Thus,themidchordregionconsistedofa 1.466-inchlengthof shellon
thesuctionsurfaceapproximately0.0988inchthickanda 1.198-inch
lengthof shell.onthepressuresurfaceapproximately0.0872inchthick.
Forpurposesoftheanalog,themidchordsuction-surfaceshelllengthwas
dividedinto28segments,whilethepressure-surfaceshelllengthwas
dividedinto27segments.Thed3.visionwasmadesothatthelengthofa
segmentcoincidedwitheitherthewidthofthebaseofa finorthewidth
ofa coolantpassage(fig.8(a)).ThechordwiseconductionlengthL
foreachsegmentwasmeasuredona lineatihemidthicknessoftheshell..
Theconductivecross-sectionalarea A wastakenastheproductofthe
shell.thickness‘r andunitspanwiselengthin inches.Theconvective
surfacearea S wastheproductofunitspanwiselengthininchesand
thesegmentchordwiselengthmeasuredon eithertheinsideoroutside
suxfaceoftheshell.,dependingonwhethertheinsideor outsideresist-
ancewasbeingcalculated.Theoutsidecoefficient~ usedwiththe
outerchordtiselengthofthesegmentwasa localvalueobtainedfrom
figure5. Theinsidecoefficients(eitherhf or hi,dependingon
whethera segmentatthebaseofa finorata coolantpassagewascon-
sidered)usedwiththeinnerchordwiselengthofa se~entwerealso
10CS2valuesandwerecalculatedlytheoreticalmethods.Thesecoeffi-
cientsarepresentedintableIV. Fortheleadingandtrailingsections,
fictitiousconvectivecoefficientswerecalculatedsimilartotheeffec-
tivecoefficientactingoverthebaseofa rectangularfin. Theseregions
weretreatedastrapezoids,andtheeffectivecoefficientsatthebaseof
thetrapezoidsindicatedtheheatbeingconductedtowardthemidchord
regionoftheblade.Thederivationoftheequationforthesecoeffi-
cientsisgiventiappendixE. Thethermalresistancesassociatedwith
theseeffectivecoefficientsactingoverthebaseoftheleading-or
trailing-sectiontrapezoidswerethencalculatedinthesamemanneras
theconvectivethermalresistances.

Thenextstepwasto choosea basicvalueofresistancetorepresent
chordwiseconductionintheshell.Foreaseoffabrication,a lengthof
bare“bright-drawn”chromelresistancewirewasused,24gagebeingthe
sizethatwasreadilyworkableandavailable.Rright-drawnwirewasused
to avoiderrorsthatanod.decoatingmighthaveintroducedat spot-
weldedjunctionsaswelJasbetweenJunctions.Theresistanceofthis
wireat70°F wasmeasuredas 1.061ohmsperfoot.Thelengthof 24-gage
wireusedwasinfluencedbytheratioofconvectivethermalresistanceto
conductivethermalresistanceaswellasby theover-all.resistanceof

. ~—.— — .— —..- —
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theanalogasmeasuredbetweenthebusbarsrepresentingthegasand
cooling-airtemperatures.Themagnitudeofthisover-allresistanceof
theanalogwasimportantforreasonscitedearlier.Fromtheseconsidera-
tions,a 50-footlengthof 24-gagechromelwirewasselectedtorepresent
thechordwisethermalresistanceofthemidchordregionofthesuction
surfaceoftheshell.Thelengthofthissectionofthesuctionsurface
was1.466inches,withanaveragethicknessof0.0988inch.Therequired
lengthof chromelwtreto representthethermalresistanceofthemidchord
regionofthepressuresurfacewas46.29feetasdeterminedlymeansof
ratiosofthermalandelectricresistancesasfollows:

L~kBTs 50 (REw/ft)

m=~

Thevariationofthermalconductivityofthebladetidchordregionwith
temperaturewasneglected.Theportionofthetotallengthoneither
suctionorpressuresurfaceusedto representeachse~entwasreadily
calculatedfroma ratioof len@hsforthesuctionsurfaceasfollows:

% %eg
—’CR50

andforthepressuresurfaceasfo~ows:

% %eg
Z5nn= 1.198

Thelengths& thuscalculatedwereusedto determinethedistances
betweenjunctionsofthevariableresistorsattachedtothe50-and
46.29-footlengthsof chromelwire. Sincea junctionrepresentsthe
centerofa she~ segment,theMstancebetweenjunctionsonthewireis
thereforehalfthesumofthe ~ foranytwoadjacentsegments.These
distancesbetweenjunctionswereusedinthefabricationoftheanalog. ~
Oncetheproperlengthofwireto representthethermalconductivelength
inthebladeshe~ wasselected,theratioofelectricto thermalre-
sistanceatanypointinthebladewasestablishedasa constant.This
ratiowasthenusedto calculatetheelectricresistancesto represent
theconvectivethermalresistancesonbothexternalandinternalshell
surfaces.Thisratiowasalsoemployedto determinetheelectricre-
sistancesrepresentingtheleading-andthetrailing-sectionequivalent
thermalresistances.A roughcheckcalculationusingtheaveragevalue
oftheseresistancesindicatedthattheover-allanalogresistancewould
be oftheorderof 2 to 3 ohms.Thisover-~ resistancewaslargeenough
to avoidexcessivecurrentsintheanalog.
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Descriptionofelectricanalogevolved.- Allthecomponentsofthe
analogforthe13-finbladeweremountedona sheetofl/2-inch-thick
plywood,4by 5 feet,asshowninthediagrammaticsketchinfigure8(b)
andInthephotographinfigure8(c).Thetwolongpiecesof 24-gage
chromelwirerepresentingtheshellmidchordhadl/4-inchlengthsof
chromelwirespot-weldedtothemnormaltotheirlength,andthusfo”rmed
junctionsrepresentingthecentersofthebladese~nts. Theshort
lengthsservedasmeansofattachmenttoterminalstrips.Tothe
terminal-stripjunctionswereconnectedoneendofthevariableresistors
representinginside,outside,andleading-andtrailing-sectioncoeffi-
cients.Thelengthsofcbromelwirebetweenadjacentjunctionswere
stretchedtautandfastenedtotheboardwithnails.Thelongerlengths
representingthelongersegmentsneartheleadingandtrailingsections
werewrappedaroundwoodenspoolsmountedontheboard.Thevariable
resistorsusedforsettingresistancesrepresentingmidchordconvective
thermalresistancesweremountedon sheet-metalstripsonbothsidesof
theterminalstripsrepresentingtheblade”shell..Thevariableresistors
intowhichweresettheresistancesrepresentingtheleading-and
trailing-sectionequivalentthermalresistanceswereeachmountedsep-
aratelyontheanalogneartheirrespectiveendsofthelengthofchromel
wire. Theotherendsofthevariableresistorswerealsoconnectedto
terminalstrips.Themaximumresistancevalueofa variableresistor
waschosensothattheresistancevaluecouldbesettowithin1 percent
ofthecalculatedresistancevalue.Forgoodaccuracyitis desirable
touseresistorshavingmanyturns,sincethesettingssreusually
accuratetowithin1 turn.Resistorshavingapproximately150turnswere
usedintheanalogsreportedherein;n-gagecopperwirewasusedforthe
busbarsinordertomimlmizevoltagegradients.Thebusbarswere
solderedalongfanningstripsthatwerealsofastenedto theterminal
stripstowhichthevariableresistorswereattached.Usingfanning
stripsservedasa convenientmeansforattachingandremovingthebus
-bars. Thevoltagesupplyconsistedofa pairofnuriber6 drycellscon-
nectedinparallelacrossa voltagedivider.Thevoltagethatcouldbe
appliedtotheanalogwaslimitedto 100millivolts,becausethiswasthe
maximumrangeoftheprecisionpotentiometerusedtomeasurethelocal
appliedvoltage.Consequently,a voltagedividerwasnecessaryto select

thevolt~ere~tiedfortheanalogfromthel;voltssuppliedbythe
batteries.Thesamevoltagesupplywasemployedwiththestrut-bladeand
theliquid-cooled-bladeanalogs.

Methodofoperatinganalog.- Thefin-bladeanalogwasoperatedin
a roomwitha temperaturekeptnearlyconstantat70°F. Thisprecaution
ofoperatingata lmownfixedtemperaturewastakenbecausefixedlengths
ofchromelwirewereusedfortheelectricresistancerepresentingthe
resistanceto chordwisethermalconduction.Theselengthswerecalculated
withthevalueofresistanceperunitlengthdeterminedatthechosen
operatingtemperatureof70°F. A changeintemperatureofthewire,how-
ever,from700 to 90°F, theurn.@rangeinroomtemperature,introduces

-. -—=
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onlya%out0.50-percentchangeinresistanceofthewire. A Similar
effectwasexpectedforthevariableresistors.Thisdeviationisless
thanthel-percenttoleranceallowedinadjustingthevariableresistors.

Thefirststeptitheoperationoftheanalogwasto settheresist-
ancein eachofthevariableresistorstotherequiredcalculatedvalue,
whichnecessitatedthedisconnectionofthebusbarswhosepotential
representsthegasandcooling-airtemperatures.Thentheprobesfroma
precisionbridge-typeohmmderwereconnectedacrosseachvariablere-
sistorwhiletheproperresistancewasset. Thebusbarswerethencon-
nectedto theanalog,andtheappliedvoltagewasconnectedacrossthe
twobusbarsandadjustedtoa valueasnear100millivoltsaspossible.
Thevoltagedropsfromthebusbarto eachofthejunctionsontheter-
minalstriprepresentingthecenterofa shellsegmentwerethenmeasured.
Thesemeasurementswereanalogoustothedifferencebetweentheeffective
gastemperatureandthebladetemperatureatthecenterof eachsegment
~g,e- TB. Thus,theratioofthisvoltagedropto theappliedvoltage
isequivalenttothe_temperature-differenceratio@ or
(~g,e ‘!B)/(Fgje‘T&,Z)* Thus,whentheeffectivegastemperatureand
thecooling-airtemperatureareknown,thebladetemperaturecanbe cal-
culatedforeachsegmentandforthebaseofthetrapezoidsrepresenting
theleadingandtrailingsections.

Thetemperature-differenceratio@c atthebaseoftheleading-
ortrailing-sectiontrapezoiddeterminedfromtheanalogwasalsoused
to calculatetemperaturesatanypointwithintheleading-ortrailing-
sectiontrapezoidsby meansofthe

@y
@

=
c,analog

whereanalyticalvaluesof @
theory.It can%e shownthat
equationisa functionofthe
transfercoefficient,andthe
trapezoid,andis independent
ofthetrapezoid.Theanalog

followingequation:

@y,snalytical.
@c,analytical

wereevaluatedwiththeheat-transfer
theratioof @~s ontherightsideofthe
trapezoidgeometry,thegas-to-bladeheat-
thermalconductivityofthemetalinthe
ofthemannerofheatremovalfromthebase
temperature-differenceratioOc,amlog at

thebaseoftheleading-ortrailing-sectiontrapezoidis influencedby
theconditionsofheattransferintheremaind~oftheblade.Thus,it
waspossibleto calculatethetemperatureatanypointwithintheleading-
ortrailing-sectiontrapezoidfroma solutionfor @y fromthepreceding

equation.
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Calculationofresistancesforreducednunberof segmentsin
analog. - Itisconvenienttoreducethenumberofresistancesinany
analoginorderto simplifyitsfabricationandoperation.Of course,
someaccuracyissacrificedeachtimethenumberisdecreased.In order
to determinetrendsinthisdirection,thenumberofblade-shellseg-
mentsinthefin-bladeanalogwasreticedfrom55to 31,andtemperatures
wereobtainedwiththisreduced-elementanalog.

Thesuction-andpressure-surfacemidchordshelllengthsweredivided
intofewersegments,thelengthofa newsegnentbeingmadeup ofa former
finsegmentplushalf.aformerpassagesegmenton eachsideofthefin
segment.Theexceptionstothisdivisionwerethesegmentsnexttothe
leading-sndtraikhg-sectioncoolantpassages.Herethenewsegment
lengthwasthatofthefinsegmentplusa lengthon eachsideofit
equalto& thelengthofthepassagesegmentbetweenitandtheadja-
centfinsegment.Thus,thelongershellsegmentsformingtwoofthe
wallsforthecoolantpassagesnexttotheleadingandtrailingsections
werediminishedbyonlyhalfthepassagesegmentadjacentto theother
sideofthelastfinsegment.Thisredivisionreducedthenunberof
segmentsfrom55to 31andallowedtheuseoftheoriginallengthof
cbromelwirerepresentingtheresistanceto chordtiseconductioninthe
midchordregion.Thevariableresistorspreviouslyconnectedtothe
passagesegmentsbetweenfinsweredisconnectedfromtheanalog,andthe
newlycalculatedresistancesrepresentingtheresistancesto convective
heattransferactingoverthewidersegmentwidthsweresetintothe
variableresistorsconnectedto thecentersofthenewsegments.The
resistanceswerecalculatedina mannersimilsrtothatdescribedfor
the55-segmentanalog.Theoutsidelocalcoefficientsusedwerethose
atthecentersofthenewsegments.Sincethenewse~entsincludeda
finprojectedontheinternalshellsurfaceplushalfa passagewidth
oneithersideofthefin,a newinsideeffectiveheat-transfercoeffi-
cientforeachsegmentwasdeterminedandusedto calculatetheresist-
ancesrepresentingblade-to-coolantthermalresistances.Themethodof
calculatingtheselocaleffectivecoefficientswasgiveninthe
analyticalsection.

Strut-BladeAnalog

Generaldescri@ionofresistancenetwork.- Theanalogyofthermal
andelectricresistancesusedinthestrut-bladeanalogis similwto
thatdescribedforthefin-bladeanalog.Inlikemanner,thethermal
resistanceoftheheat-flowpath(conductionandconvection)shownin
figure3 wasreplacedbyelectricresistorsas showninfigure9(a).The
electricnetworkwasdividedintofourmainsections:(1)bladeshell,
(2)weldattachment,(3)primaryfin,and(4)strutbody. Forthepur-
poseoftheanalog,sections(l),(3),and(4)wereeachsubdividedinto

—.— — —
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sixsegmentsorelements.Theweld-attachmentsection(2)wasnotsub-
dividednora%lade-to<oolantcoefficientresistorattacheddirectlyto
itbecauseofitsrelativelyshortlength.Since,atpoints1 and7 of
-figure3,thetemperaturegradientwasassumedequalto zero,provision
mustbe madeinthecircuitto representthiscondition.Termination
oftheshellandstrutelectricresistancesatthesepointssatisfies
thiscontition,sincetheanalogousvoltagegradientislikewisezero.

Determinationofresistances.- Resistancesforthisanalogwerecal- \4
culatedina mannersimilsrtothatforthesimplefinproblemdiscussed 4
ear~er. Theconductivethermalresistanceof=achbla-tielementwas b
calculatedby equation(26),andthesurfacethermalresistanceby equa- Q

tion<31). A l-inchspanwasassumed.Thesethermal.resistanceswere
thenconvertedto electricresistancesby a ratioarbitrarilychosenas
follows: Thethermalresistanceof eachoftheequal-lengthelementsof
theshellwasbasedonone-sixththetotallengthoftheshell(L1-2=
0.1608in.)andona 0.018-inchshellthickness.Theweld-attachment
resistancewasbasedona length~_3 of0.0048inchandassumedcon-
ductivityandwidth.Theconductivityoftheweldwasevaluatedasan
averageofthatfortheshellandtheprimaryfin. Thewidthofthe
equivalentweldmaterialmustbe dividedby two,becausetheplanesof
symmetrydividetheweldas showninfigure3(a). One-halftheheatflow
throughtheweldisassumedtoflowinthefinmaterialto therightof
lineAA,andtheremaidnghalf,toflowtotheleftofthisline. This .
factorshouldbe consideredinthecalculationofthicknessT forthe
primaryfinandstrut(seelineCC infig.3(a))aswell,bothforuse
hereandineqmtions(C12)to (C17)ofappendixC. Theequivalentweld
thickness,whichwassubstituteddirectlyintotheanelogandtheana-
lyticalequations,wasasswedtobe 0.0093inchorapproxhatelyone-
helftheshellthickness.Thethermalresistanceof eachoftheequal-
lengthprimary-finelementswascalculatedina mannersimilartothat
fortheshell.Fortheseriesinwhichsecondaryfinswerenotconsid-
ered,theforegoingmethodwaselsoappliedtothestrutportion.In
theseriesconsideringthesecondexyfins,however,thestrutdistance
L4-5 wasdividedintofourequalsegments,and L5_6 and L6-7,into
oneeach. h orderto obtaina ratioofthermalto electricresistances,
a vslueofblade-to-coolantsurfaceelectricresistanceforeachsegment
oftheprimaryfinwasassumedtobe1500ohms.Thus,byuseof equation
(31),theratioof electrictothermalresistanceforan elementof,the
primaryfinis

%—=
R

1500
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()hi)3-4AL3-4&
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Theareaterm S in equation(31)wasreplacedby theproduct~3.4
anda l-inchspan.Theterm AL3-4 representsone-sixththetotal
lengthL3-4 oftheprimaryfin,sincethelatterwasdividedintosix
elementsinfigure9(a).Thesurfacethermalresistancesfortheshell,
theprimsryfin,andthestrutbodywerethencalculatedandconverted
to equivalentelectricresistancesby theforegoingrelation.Forpur-
poseoftheanalog,thesecondaryfinwasreplacedby an effectiveblade-
to-coolantcoefficienthf andthereuponconvertedto electricresist-
anceby theprecedingratio.Valuesof coefficientsusedarelistedin
tableIIJ..

Theselectionoftheratedresistancevaluesofthevariablere-
sistors,usedforalloftheanalogwiththeexceptionoftheprecision
resistorsof1500ohmsrepresentingtheblade-to-coolantthermalre-
sistancesoftheprimaryfin,wasdeterminedby assuminga typicalstrut
configwationandestimatingtherangeofvariablestobe considered.
Theseresistancevalueswerealsoselectedsothattheover-alllanalog
resistancewouldbehigh. Theratedresistancevaluesusedtiereas
follows: shellconductiveresistance,50o-j weldattachment,10o-j
primaryfin,10Ohj strut body,5 ohms;blade-to-coolantsurfacere-
sistance,otherthantheprimaryfin,3000Owj andgas-to-bladere-
sistance,1000ohms.Inthecourseof calculatingtheresistancestobe
setinthesechosenresistors,itwasnotedthatthecalculatedvalues
werelowcomparedwiththeratedvaluesofthechosenresistorsin some
cases,withtheresultthattheaccuracyof settingtheresistanceswould
notcomewithinthel-percentvaluecitedpreviously.Whenthisin-
accuracywasapparent,theprecisionresistorsof 1500ohmEwerereplaced
whenpossibleby s3milarresistorsofgreaterresistance;allindividually
calculatedresistancevalueswerethusincreasedby a fixedratiozand
increasedaccuracywasattainedin settingresistances.Evenwiththis
improvement,somedifficultywasencounteredinadjustingtheresistor
representingthethermalresistancecontainingthesecondary-fineffective
coefficienthf fortherunwiththelargestcoolant-flowrate.This
difficultyresultedwhenthedesiredresistancevaluewaslowrelativeto
theratedresistancevalueoftheresistor.Shuntinga secondvariable
resistorof lowerrated.resistanceacrossthisresistorby meansofa
switcheliminatedthis~ficulty. Thisswitchprovideda meansof
cuttingouttheeffectofthesecondresistorwhenthisverniercontrol
wasnotneeded.

Descriptionof electricanalogevolved.- A wiringdiagramofthe
analogforthestrutbladeisshowninfigure9(b),anda photographof
theanslogisshowninfigure9(c).Thepartsarelinedup thesame
inbothfigures.The2-wattwire-woundresistorsrepresentingthethermal
resistancesweremountedona 17-by 13-by 3-inchboxwithallsoldered
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connectionsbelowthe
caseofthefin-blade
copperbusbarswhose
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surface.Theseresistorswereattached,as inthe
analog,by meansofterminalstripsto 14-gage
potentialsrepresentedthegasandcoolanttempera-

tuxs. Theterminalstripsservedtwopurposes:(1)suppliedconvenient
points(a,b, c,etc.joffigs.9(b)and(c))atwhichthevoltagescould
be measuredlymeansoftheprobe,and[2)providedaneasymeansof
reducingthenumberof elementsby merelyshort-circuitingtheunnecessary
resistorswithcopperwire. Thebusbarsweresolderedto spadelugs,
whichwereheldby screwstotheterminalstrip.Spadelugswereusedin
orderthatthebusbarscouldbe easilyremovedby looseningthescrews
andslippingtheassenblyout. Removalofthebusbarswasessentialso
thattheresistorscouldbeadjustedtothedesiredvalues.Theshaft
ofeachresistorwasslottedsothata screwdrivercouldbe usedfor
thisadjustment.king analogoperation,’theboxwasmountedon soft
rubberpadsto reducethepossibilityof changesintheadjusted
resistancevaluesby vibrations.

Methodofoperatinganalog.- Thegeneraloperatingprocedurefor
thestrut-bladeanalogwassimilaxtothatforthefin-bladeanalog.
Thevoltagesbetweenthebusbarwhosepotentialrepresentsthegastem-
peratureandpointsa to t (fig.9(c))weremeasured.Theyare
analogousto Tg,e- ~. Thevoltagebetweenthegas-andcoolant-
temperaturebusbarswasmeasuredbeforeandafterthelocalreadings
of a to t weretaken.Theaveragevaluewasusedin evaluatingthe
localtemperatures.Thisproceduremitized theeffectofthevery
smaU dropinthesupplyvoltageresultingfromthesmallbutfinite
drainonthebatteries.

Calculationofresistancesforreducednumberof elements.- As
discussedinthedescriptionofthefin-bladeanalog,it isconvenient
toreducethenmiberof elementsandconse~entlythenumberofresistors
inananalog.Inorderto investigatethecorrespondingeffectonaccu-
racy,thenuuiberof elementspersectioninthestrut-bladeanalogwas
decreasedfromsixtotwo. Thegeneralresistancecalculationprocednre
forthetwo-elementanalogwassimilartothatforthesix-elementanalog.
Theweldmaterialwasrepresentedby oneelementasbefore.Thenuniber
ofresistorswasreducedonlyfortheseriesinwhichtherewereno
secondaryfins.

Estimationofaccuracyof calculatedover-allresistanceforprimary
finandstrutbodyusedinanalog.- As a checkontheprincipleofthe
analogusedforthestrutblade,a comparisonwasmadeoftheover-all.
resistancefortheprimaryfinandthestrutbodycalculatedfromthe

.

valuesoftheresistancesusedintheanalogwiththeresistancecal-
culatedfromheat-transfertheory.Theoretically,somedifferencewould
be expected,becausetheanalogassumesthatheatis givenofftothe
coolantat onepointinanelement,whereastheheat-transfertheory.
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integratestheheatgivenorfalongthewhole
Thus,thegreaterthenumberof element&,the
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surfaceoftheelement.
moretheanalogover-all—

resistancevalueshouldagreewiththeheat-transfer-theoryvalue.The
accuracyexpectedoftheanalogresultscanbe judgedinpartby such
comparisons.

Forthiscomparison,an equivalentresistancetoreplacethere-
sistancesoftheprimaryfin,thestrutbody,andtheblade-to-coolant
coefficientwascalculated(points3 to 7 offig.3,or h to t of
fig.9(c)).Becauseofthecomplexityofobtainingan equivalentre-
sistancefortheshell,onlytheresistancebetweenthesepointswas
considered.Theequivalentresistanceobtainedfromtheheat-transfer
theorywasdetermined

u1‘B,3-4T3-4~

Theleftsideofthis

by thefollowingrelation:

()~B,m
‘3-4 L3-4=0 ()‘%, e?3-4& (TB,2‘~L,z)

relationrepresentstheconductiveheatflow
acrosspoint3 offigure3 or h offigure9(c).A l-inchspanwas
assumed.Thevalueof (~,m/dL34)L34=0 wasevaluatedby useof

equation(C14).Therightsiderepresentsthereplacementofthisheat
flow(frompoint3 to thecoolant)by theproductofaneffectiveblade-
to-coolantcoefficient;hi,e)a temperaturedifference~,z - ~.,z,and

()
~ areaterm T3~ ~ ; ‘B,Z representstheprimsry-fintemperatureat

point3.
()

Theterm hi,eT3-4~ wassolvedforandconvertedto elec-

tricresistanceby the,ratiodescribed-earlier.Tbisvaluerepresents
theequivalentover-alJelectricresistanceas determinedfromtheheat-
transfertheory;

Theequivalentresistanceforthevaluesofelectricresistanceset
intothesix-elementstrut-bladeanalogwasdeterminedwiththeseanalog
resistancevaluesintheformulasforseriesandparallelconnections
ofresistors.Thatis,theelectricresistancerepresentingthethermal
resistancefrom s to t offigure9(c)wasnumericallyaddedtothe
blade-to-coolantsurfaceresistanceconnectedtopoint t (seriescon-
nection).Thissumwasthen“paralleled”withthesurfaceresistance
connectedtopoint s. Thisprocedurewasrepeated,movingfrompoint
topoint h,untiltheanalogresistancevalueswerereplacedbyone
equivalentresistancebetweenpoint3 (fig.3)andthecoolanttempera-
ture. Thisvaluewascomparedwiththatobtainedfromtheheat-transfer
theory.Forsimplicity,theequivalentresistancecomprisonwasmade
fora runwithoutsecondaryfins,althoughthecaseof secondaryfins

. — .—.—-— — –——— ——



34 NACATN3060 ..

couldalsohavebeenconsi-ed. Thecalculationswererepeatedfora
two-elementanda one-elementanalog;thatis,theprimaryfinandthe
strutbodywereeachfirstdividedintotwoelementsandthenconsidered
as oneelement.

I@@3-Cooled-BladeAnalog

Typeofanalogchosen.- Thetypeofanalogusedfortheliquid-
cooledbladewasa resistancenetworkrepresentingthethermalresistance ~

ofthebladematerial,sincetheheat-flowpathinthebladewascon- ol

sideredtobe two-dimensional(spanwiseconductionbeingneglected).An
inexpensivenetwork,consistingof 24-gagebright-drawnchromelwirewas
developed.A photographofa typicalnetworkof&es thatwerespot-
weldedtogetherby meansofa 6-by 32-by l/4-inchcoppertemplateis
showninfi~e 10. Thistemplate,fabricatedfromcopperplate,con-
tainedslotsto holdthewireinpositionduringthespot-weldingopera-
tion. Thevert~calslotshada depthone-halfthewirediameter,while
thehorizontalslotshada depthoneandone-haHthediameter.The
cutterwasapproximatelythewidthofthewirediameter.Thistemplate
servedasoneofthetwoelectrodesusedinthespot-weldingcycle.A
small,round-tippedcopperrodinsulatedby a woodenhandleservedasthe
otherelectrode.Counterboresinthetemplatewereprovidedsothatthe
electrodetipcouldmakeelectricalcontactwiththechromelwirestobe .
spot-weldedwithoutmakingcontactwiththetemplateandtherebyshorting
thecurrentflow.

Beforethistypeofwiregridwasused,twocalibrationsweremade
to determinetheeffectof spot-weldingandtheuseofthetemplateon
theaccuracyoftheresultinggrid. Inthefirstcalibration,a spot
weldwasmadebetweentwolengthsof 24-gagechromelwireoverlappedand
normalto eachother.Theover-allresistanceofwireandspotweldwere
thenmeasured.Theresistancemeasuredacrossthetwowiresofthesample
wasthesameasthatofa wireofthesamelen&hwithouta spotweld.
Thesecondcalibrationwasperformedonthewiregridshowninfigure10
to checkwhetheruseofthetemplatecouldcauseunevengridspacingsand
consequentlyanunsymmetricalvoltagedistributionthroughoutthegrid.
Ifa voltageis suppliedtooppositegridcorners(say,pointsa andb),
voltagesata setofpoints(e.g.,c andd)chosensothateachisequi-
distantfrom a,andlikewisefrom b, shouldbeidentical.Thisshould
alsobe trueforanyothersuchsetofpoints,becauseofthesymmetryof
thegrid. Consequently,thevoltagedifferencesbetweenthetwopoints
ineachset(shilarto c andd)weremeasured.Theresultinglargest
errorwas0.16percent,basedonthevoltagedifferencedividedby the
absolutevoltageateitherpoint.Mostofthepointshadnomeasurable
differenceinvoltage.Therefore,itwasconcludedthatspot-welding
anduseofthetemplatehadnegligibleeffectsontheaccuracyofthe
grid.
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Preliminaryinvestigations.- Beforea wire-gridanalogcould%e
successfullyapplied,cert~ problemshadtobe consideredandsolved.
Ofthetwomoreimpo&tantproblems,thefirstconcernedtheapplication
oftheheat-transferboundaryconditionstotheanalog;thatis,the
correctmethodofdeterdningandattachingthesurfaceresistancesto a
grid-typeanaloghadtobe established.Thesecondproblemconcerned
themathematicalrelaxationprocedure,thesolutionofwhichrelatedto
thefirstproblem.Thisproblemwasto determinehowcloselytheapproxi-
mateboundaryequation(19) compareswiththeexactboundsryequation(I-5).

Theeasiestwayto solvetheseproblems,itappeared,wasto study
theheatflowthrougha simpleshape,oneforwhichanexactanalytical
solutionoftheLaplaceequationwasavailable.Inasnuchasa turbine
bladehascurvedsurfaces,itwasdesirablethatthesimpleshapealEo
havecurved~facesj andforthisreasona pipewaschosen,whichwas
subjectedto gas-to-outer-surfaceandinner-surface-to-coolantheat-
transferconditions.As a resultofthis$tudy,a wire-gridanalogwas
fabricatedinwhichtheheatflowthrougha portionofa pipecouldbe
represented.A photographofthis“pipeanalog”is showninfigureI-1(a).
Inasnmchas thepipeissymmetricala’boutanyradialline,onlya 45°
segmentwasinvestigated.Thermalresistanceforthissegmentwasrepre-
sentedby a l-inchgridof 24-gage,bright-drawnchromelwirecutinto
theshapeofthepipesegmentas showninfigureU.(a).Thissizewire
wasreadilyavailableandhadsufficientstrengthtobe handled.The
gridwasconnectedto a seriesofinsulated24-gagelengthsofbright-
drawnchromelwiresmalogoustothesurfaceresistances.Theseinsulated
wireswerespot-weldedtothesmalleroftwobusbarsatboththeinner
andoutersurfacesofthepipe.Attachedtothesmallbusbarswere
largebusbars. Thesmallbusbarsweremadeof8-gage,barechromel
wire,whilethelargeonesconsistedof 1/8-by l/2-inchstripsof copper.
Itwasnecessarytousethesmallchromelbusbars,becauseitwasnot
possi%leto spot-weldthe24-gagechromelwireusedforthesurfacere-
sistancestothecopperbusbars. Thechromelbusbars(relativelyhigm
resistance)wereconnectedtothecopperbusbars(relativelylowre-
sistance)by meansof smalllengthsofn-gagecopperwiresolderedto
bothbars. Theheavycopperbarsservedtoreducethevoltagegradient
inthecbromelandcopperbusbars. Sucha voltagegradientisanalogous
to a gas-orcoolant-temperaturegradientalongthesurfacebeinginves-
tigated.Forthesamereasons,thesurfaceresistancewireswerealso
spot-weldedas closelyaspossibletothesolderedcopperw&es (11gage)
connectingthechromeltothecopperbusbsr.

Themethodsof attachment,andof calculatingsurfaceresistancesto
assistin solvingthefirstproblemmentionedpreviouslyweredetermined
asfollows:A full-sizedrawingofthewire~id forthepipesegment
describedwasmadeas shownunderthewiregridinfiguren(a). Ltnes
normalto thesurface(radial.inthiscase)weredrawnfromthesurface

—.—
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throughthegridjunctionsnearestthesurface.Theperipheralsurface
Mstancesbetweenconsecutivenormalsweremeasuredandeachdivided
intotwopartsinorderto obtaina valueof S forsulwtitutioninto
equation(31).Foreachnormal,S wasbasedonthesumofhalfthe
distancesfromitto adjacentnormals.A spanof1 inchwasassumed.
Thethemnalresistancesobtainedby usingsuchvaluesof S andthe
surfacecoefficientswerethenconvertedto electricresistancesby a
fixedratio.Thisratioofelectricto thermalresistancewasevaluated
by dividingtheelectricresistanceof1 inchofgridwireby thethermal
resistanceofa cubeofthepipematerislofthesizerepresentedby the
l-inchlengthofthegridwire. Thesurfaceelectricresistanceswere
thenconvertedto equivalentlengthsof24-gagechromelwire. The
thermalresistance‘t&thepipematerialbetweena gridjunctionnearthe
surfaceandthesurface(pointatwhichthesurfaceresistanceis
attached)wasdeterminedbyuseofequation(26).The L terminthe
equationwasequalto thenormqldistancebetweenthegridjunctionand
thesufacepointmentioned,andthe A termwasassumedequaltothe
S termusedtogetthesurfaceresistancefromequation(31).Itwas
assumedthattheheatflowthroughthesurfacemustbe conductedintoor
outofthepipebya heat-flowpathofthesamewidth.Thethermalre-
sistancefromeachjunctiontothesurfacewasthenconvertedto electric
resistanceandto equivalentlengthof 24-gagechromelwireina manner
shilartothatforthesurfaceresistances.Theequivalentlengthsof
surfaceresistsmceandpipe-materialresistancewerethenaddedtogether
to deterdnethelengthofwiretoplacebetweena gridjunctionandthe
smallbusbar.

Theelect~icresistanceof a l-inchlengthofwireinthegridrepre-
sentstheconductivethermalresistanceofa path1 inchwide(1/2inch
on eithersideofthewire).Thewidthoftheradial.pathatthetopof
thegridshowninfiguren(a) is,however,only1/2inchwide,since
theotherhaE ofthepathwouldbelocatedintheadjacent45°pipeseg-
ment.Forthisreason,thethermalresistanceofthisl/2-inch-widepath
istwiceaslsrgeasthatofa l-inchpathandis,therefore,represented
by theresistanceofa 2-inchlengthof24-gagechromelwireas shown.

Theaccuracyofthemethoddescribed(ofdeterminingthesurfaceand
pipe-materialresistancesandattachingthelengthwiressodetermined
fortheseresistancesto thegridjunctions)-wascheckedbycomparingthe
temperaturesobtainedwiththisanalogwiththosecalculatedfroma for-
mulafortemperaturesinthepipe. Thetemperaturesobtainedwiththe
analogareshowninfiguren(b) atthegridjunctionsforwhichthey
apply.Theconditionsusedfordeterminingthemwere: gastemperature,
1000ol?jcoolanttemperatures,0°I?jgas-to-surfaceandsuxface-to-
coolantcoefficients,0.00694and0.01388Btu/(sec)(sqft)(OF),respec-
tively thermslconductivity,0.00347Btu/(sec)(ft)(oF);outerpipe
radius,12 inches;innerpiperadius,6 inches.Theseconditionswere
chmen sothattheratiosofgas-to-surfaceandsurface-to-coolant

-—. —_. — ———— ——_



NACATN3060

coefficients
dllctivityof
temperatures,

approximatedthose
thepipematerisl,

37

fortheblade.Inaddition,thecon-
aswellasthevaluesof gasandcoolant

wasselectedsothata largetemperaturegradientwould
occurbetweenthepipeouterandinnersurfaces.Itwasfeltthata
largegradientwasnecessaryinorderto detectanyerrorsintheuseof
theapproximateboundaryequation,expressedby equation(19).Forcom-
parisonpurposes,thetemperaturesforthessmeradiallocationsasthe
junctionswerecalculatedwithanal.yticalequations(22),(24),and(25)
ofreference2. Thedifferencesbetweenanalogandcalculatedvalues
arepresentedinnondimensionalforminfigureI.l(c).Thelargesterror,
whichoccurredneartheinnersurface}was-1.88percent,whichisequiv-
alentto an errorof12QF fora calculatedtemperatureof362°F at
thejunctionin question.Thelargererrorswereexpectedto occurnear
theinnersurface,becausetheentireheatflowacrossthissurfacewas
representedby fivesurfaceresistors,whiletherewereninesurfacere-
sistorsattachedtotheoutersurface.Nevertheless,thegood~eement
achieved,generally1 percentorless,ixdicatedthatthemethodsof
attachingthesurfaceresistancewiresandof calculatingtheirvalues
werefairlyaccurate.

Thesolutionofthesecondproblem,whichwasto determinewhether
theboundaryequation(19)isa closeappro-tion totheexactequa-
tion(15)foruseinrelaxationworkfortheliqu.id-cooledlilade,was
dependentupontheanalyticaltemperaturesforthispipesegment.Equa-
tion(19)wasusedto calculatethepipeouter-surfacetemperatureswhen
theanalyticaltemperaturesofthejunctionsnearthesurfaceandthe -
normaldistancefromthejunctionto thesurfacewereknown.Theerror
inthiscalculationfortheentireoutersurfaceofthe45°segmentis
showninfiguren(d). Thecurveshowsthedifferencebetweenthecorrect
analyticaltemperatureattheoutersurface(704.68°F) andthevalue
calculatedwithequation(19) T-C foreachpositionontheouteru-
faceatwhicha normalfroma gridjunctionintersectedtheoutersurface.
Theresultsindicatethattheerrorincreasesasnormaldistancein-
creases,whichistobe expected.Evenforthepointof largestnormal
distance,however,theerrorislessthan2°F fora surfacetemperature
of705°F. Thegoodagreementachievedindicatesthatthefinite-
differenceboundaryequation(19)isa goodapprobationoftheexact
boundaryequation(15)andcanbeusedwithlittleerrorto evaluatethe
temperaturesontheboundariesofa I-iqui.d-cooledbladeforuseinthe
relaxationprocedure,ifthenormaldistancesarenottoogreat(i.e.,if
thewiresofthegridarereasonablyclose).

Generaldescriptionofresistancenetwork.- A schematicsketchof
theliquid-cooled-bladeanalogispresentedinfigure12(a).Thebladeis
representedelectricallyby a networkof 24-gage,bright-drawnchromel-
wiregridcutintotheshapeofthebladeprofile.Thecircularareas

.—..— .— —— -—.— . .
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wherethegridhasbeenremovedrepresenttheliquid-coolantpassages.
8ucha gridnetworkisusefulforthestudyoftwo-dimensionalheatcon-
ductioninthebladematerial.As inthecaseofthepipeanalog,the
gas-to-bladeandblade-to-coolantsurfaceresistanceswererepresented
by lengthsofchromelwireattachedtothegridatthe@nctionpoints
nesrtheboundarysurfaces.Theotherendsofthesewireswerespot-
weldedtobusbarswhosepotentialswereanalogousto thegasandcoolant
temperaturesactingonthecooledlilade.Onlya fewsuchouter-surface
wiresareillustratedinfigure12(a).These,ofcourse,areplaced
aroundtheentireoutersurface.

Determinationofresistances.- Themethodofattachinganddeter-
miningthesurfaceresistancesandtheelectricresistancesrepresenting
thethermalresistancesbetweenthe~id junctionsandthesurfacefor
theliquid-cooledbladewassimilarto thatdescribedforthepipeanalog.
Itwasadvantageouswithrespectto accuracyandmeasurement,as inthe
caseofthe13-fin-bladeanalog,tomakea large-scaleanalog.Conse-
quently,in determiningtheresistances,considerationhadtobe given
tothescalefactor,whichis definedastheratioofthesizeofthe
electrictie gridto theactualsizeoftheblade.Inorderto determine
thevaluesoftheelectricresistancesmentioned,itwasnecessaryto draw
an enlargedprofile(enlargedby thescalefactor)oftheblade.A
squaregridwasprojectedontothesurfacerepresentingthebladema-
terial,as showninfigure12(a).Thispenciledgridwaslaterreplaced “
by a wiregridhavingthesamespacing.Theelectricresistanceswere
calculatedwiththissketchanda ratioofelectrictothermalresist-
eace. Thus,iftheindividualthermalresistancesareknown,theycan
be convertedtoequivalentelectricresistancesfromthisratio.The
valueofthisratiowasdeterminedby equatingtheelectricresistance
ofthewireconnectingtwoadjacentgridpointsonthelarge-scalesketch
(pointsatwhichthegridwirescross)totheequivalentbladethermal
resistancebetweenthetwocorrespondingpointsontheactualblade.
(Thedistancebetweentheselattertwopoints,of course,mustbe multi-
pliedbythescalefactorto equalthedistancebetweenthegridpoints
onthelarge-scalesketch.)Thus,theratiocanbe expressedas

Electricresistanceofwire
% betweenadjacentgridpointsonanalog—=
R (L/k#)acti~blade

Thedenominatorexpressesthethermalresistancebetweenthetwopoints
measuredontheactual-sizeblade.The L termrepresentsthedistance
andthe A termtheareathroughwhichtheheatflowsasmeasuredonthe
actualblade.A l-inchspanwasassumed.If a squarenetworkisemployed,
it isapparentthat A dividedbyL is equaltotheheat-flowareaper
l-inchspan. Thus,theprecedingratioreducesto

~ = (kB)
( )
1-in~2span(electricresistancebetweenanaloggridpoints)
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Thisequationshowsthattheonlywayof.varyingtheratioisto alter
theelectric-resistancetermeitherby changingtheanaloggridspacing
or vsryingthewiresize.Fortheliq@d-cooled-bladeanalog,thegrid
spacingwaschosenas 1 inch,witha correspondingelectricresistance
of1.061/12Ohm.

Theinner-andouter-surfacethermalresistanceswereevaluatedwith
equation(31),inwhichthe S termwastheproductofperipheraldis-
tanceaffectingheatflowatthepointconsidered(thisdistancewas
descri.bedunderpipe-analogdiscussion)ontheactualbladeanda l-inch
span.Thisperipherald3.stancecouldbeaccuratelymeasuredonthe
large-scalesketchanddividedby thescalefactorto getthevaluere-
quiredintheequation.Thevaluesofthermalresistancesodetermined
werethenconvertedto electricresistancesby theforegoingratioand
thenintoequivalentlengthsofwire.

Thethermalresistancesofthenormal-heat-flowpathsbetweenthe
gridjunctionsandthesurfacewerecal.culatedwithequation(26).The
L termusedintheequationwasthatofthelengthofthenormalonthe
actualblade.It,too,wasmoreconvenientlyandaccuratelydetermined
by measuringthedistanceonthelarge-scalesketchandthendivi&tng
thisdistanceby thescalefactor.Thevalueof A usedwasthesame
as S usedintheequationfordeterminingthesurfaceresistanceatthe
ssmeperipheralposition.Thesevaluesofthermalresistancewerealso
convertedto electricresistanceswiththeratiodescribedpreviouslyand
thenconvertedintoequivalentlengthsofwire.

Descriptionof electricanalogevolved.- A photographoftheelec-
tricanalogevolvedisshowninfigure12(b).Thel-inchwiregrid,
whichwas25timeslargerthantheactualblade,wasmountedonplywood
board.Thewireusedforthegridwasthesameasthatusedforthegrid
describedpreviouslyinconnectionwiththepipe-segmentanalog.The ‘
gas-to-surfaceandsurface-to-coolantresistancesweremadefrominsulated
28-and24-gagechromelwire,respectively.Theblade-materialresist-
ancesforthenormalsweremadefrombare24-gagecbromelwire. Thein-
sulatedwirewasselectedforthesurfaceresistancesbecauseit couldbe .
formedintocoilswithoutdangerof shortcircuits.Also,a &Lfferent
gagewirewasusedforthegas-to-surfaceresistance,becauseithadan

electricresistanceperunitlengthapproximately2*timesthatofthe

@dj and,consequently,a shorterlengthofwirecouldhe used.

Thegas-to-surfaceresistancesthatwereconnectedtotheresistances
representingthenormalswerespot-weldedto 8-gagechromelwiresurround-
ingthegrid.Thiswireinturnwassolderedto a 1/2-hy l/8-inchcopper
busbarthatalsoextendedaroundthegrid.Therelativepotentialof
thisbarrepresentedthegastemperature.Thecoolanttemperaturewas

— .—-
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similarlyrepresentedby therelativepotentialofa copperbusbarand
chromelwireformedas showninfigure12(b).Becusethe~omelw~e~
analogoustotheinner-surfacethermalresistances,wastooshortto
extendtothecoolantcopperbarforonerunconsidered,ann-gage
copperwirewasformedapproximately2 inchesoverthegridforthisrun.
Thiswireextendedacrossthef3vecoolantpassagesas showninfigure
12(b). Theinner-surfaceresistancewireswerethenspot-weldedto an
8-gagecbromelwireattachedtothisn-gagecopperwireoverthegrid.
Connectionswerethenmadefromthiscomerwiredirectto thecopper
busbarwhosepotentialrepresentedthecoolanttemperature.

Thevoltageinputtotheanalogwasconnectedtotheupperrightand
lowerleftcornersofthe“gas-temperature”busbarinorderto reduce
thevoltagegradient.Pre~ investigationofthisanalogwith11-
gagecopperwareasthemainbusbarinsteadoftheheavyl/2-byl/8-
inchbarresultedinappreciablevoltagegradientsinthetire. The
gradientsinthebarusedwerenegligible.

Methodofoperattianalog.- Operationofthisanalogwassimilar
to thatoftheotheranalogs.Voltagesweremeasuredat eachjunction
by meansofa probeanda precisionpotentiometer.However,thevalue
ofthesupplyvoltagedecreasedslowlyduringanalogoperationbecause
oftherelativelyhighercurrentdrainonthevoltagesource.Conse-
quently,beforeandafterthejunctionvoltagesweremeasuredin each .
verticalgridrow,thevoltagebetweenbusbarswasmeasured.Thisper-
mittedanaccuratedeterminationof junctiontemperaturesthatwereto
be usedtoobtainresidualsby therelaxationmethod.Asbroughtout ,.

preciously,themethodof checkingtheaccuracyofthisanalogwasto
relaxthetemperaturesdeterminedfromtheanalogandto notetheresid-
ualsobtained.

COMPARISONOF~ OBTAINEDFRCMHEAT-TRANSFER

EQUATIONSANDELE-C A.NAIOGS

Themeritoftheanalogsandtheaccuracyoftheresultsinthecase
ofthetwo.dr-cooledbladesweredeterminedinpartby comparisonwith
temperaturescalculatedfromheat-transfertheory.Forthe13-finblade,
an exactcheckwiththeoreticallocalmidchordtemperatureswasnotex-
pectedeveniftheanalogwereperfect,becausethetheoryneglected
chordwiseconduction}asmentionedbefore.Thegeneraltrendsandaverage
valueswereexpectedtobe verifiediftheanalogweredesignedand
operatedcorrectly.Forthestrutblade,goodagreementwasexpectedif
thisanalogwerealsodesignedandoperatedcorrectly,because,ingen-
eral,theheat-transfertheoryandtheprincipleoftheanalogweresimi-
lar. Ihthecaseoftheliquid-cooledblade,thevaluesoftheresiduals
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obtainedfroma relaxationoftheanalogtemperatureswerethecriteria
usedto determinetheaccuracyoftheresultsoftheanalog.Thefollow-
ingsectionsdiscusstheresultsobtained.

13-Fin-BladeA?lBlog

ComparisonofanalogandcalculatedQ. - Thedataobtainedfromthe
analog,asmentionedbefore,areintheformofthetemperature-difference
ratio @ foreachpositiononthebladeatwhicha measurementistide.
Therefore,inorderto determinetheaccuracyoftheresultsoftheanalog,
comparisonsoftheoreticalandanalogvaluesof @ aremade,ratherthan
thetemperatureofthemetalatthepositionchosen,becausea fixeddif-
ferencebetweenanalogandcalculated@ valueswillresultinvarying
differencebetweenanalogandcalculatedmetaltemperatures,dependingon
thevaluesofthegasandcoolanttemperatureschosen.

Thevaluesof @ forthe13-fin-blade,55-elementanalogarecom-
p=ed withthecalculatedvaluesfora cooling-air-flowrateof0.0204
poundpersecondinfigure13. Theanalogvaluesareshownbythesolid
curvewiththecirclepoints;thedashedcuxvewiththecirclepoints
showsextensionsoftheanalogdatadeterminedby themethoddescribed
previously.Thecalculatedtemperatureratiosobtainedfromheat-transfer
theoryareshownbythesolidcurvewiththesquarepoints.Thecircle
andscparepointsdenotethepositionsonthebladewheremeasurements
weremadewiththeanalogorwherecalculationsweremade. Thecalcu-
latedvaluesof @ areappreciablyhigherthantheanalogvalues(which
meansthemetaltemperaturesarelower)inthemidchordregionandlower
neartheleadingandtrai.~ngsections.Thisdifferenceistobe ex-
pected,becausethemidchord-temperaturetheoryneglectschordwisecon-
duction,whichwouldbringheatintothisregion-andraisethetempera-
turesabovethevaluesobtained.Thethreepointson eachsideofthe
ordinatelinerepresentingtheleadingedgeandthefourpointsonthe
pressuresurfaceandthefourpointsonthesuctionsurfacenearestthe
trailing-edgeordinateMne werecalculatedlyanalyticalmethodsdis-
cussedesrlierthatconsideredchordwiseconductiontowardthebaseof
thetrapezoidortowardthecoolantpassage.Theanalyticalmethods,
however,assumethatalltheheatisremovedfromthebaseofthetrape-
zoidby convectiveheattransfertothecoolantandneglecttheconduc-
tionfromthebaseofthetrapezoidtowardthemidchordregionthroughthe
bladeshell.Itwouldbeexpectedthen,as showninfigure13,thatthe
calculated@ valueswouldbehigher(andthetemfkraturelower)than
theanalogvaluesinthemidchordregl.on.Thesestatementsarebasedon
thefactthattheanalogconsiderschordwiseconduction.Thetrendsof
thecurvesoftheanalogvaluesandthecalculatedvalues,however,are
similar.Unpublishedexperimentaldatashowthattheanalogvaluesare
moreaccuratethantheanalyticalvaluesinthemidchordregion.The
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the13-finbladewasgreaterthanthatpres-
blades,withtheresultthatchordwiseconduc-
effectonmidchordtemperaturesforthefin
betteragreementwouldbeexpectedbetween

snalogandanalyti&lvaluesof 0– forpresentblades-thanis shownin
figure13. No effectof cools@flowontheaccuracyofresultswas
appsrent,asthedifferencesbetweentheoreticalandanalogvaluesfor
coolant-flowratesof0.0049and0.0122poundpersecondremainedabout
thesameasthoseshowninfigure13.

Comparisonofbladetemperaturesfromcalculatedandanalogvalues
of Q. - Althougha comparisonof @ values-fromtheanalogandfrom
heat-transfertheorygivesa measureoftheaccuracyoftheanalog,a
bettkrphysicalpictureoftheresultscanbe obtainedbycomparingblade
temperaturescalculatedfromthe @ values,eventhoughthedifferences
arealsodependentonthelevelofgasandcoolanttemperatureschosen.
Suchbladetemperaturecomparisonsaregiveninfigure14,wherethe
valueswerecalculatedfromthedataoffigure13 (0.0204-pound-per-
secondcoolant-flowrate)foran effectivegastemperatureof1000°F
anda coolanttotaltemperatureof 128°F,whicharevaluesnormally
usedinthestaticcascadeforwhichthebladesweremade. Theresults
havethetrendsmentionedpreviously,thecalculatedmidchordtempera-
turesbeinglowerandthecalculatedtrailing-andleading-sectiontem-
peraturesbeinghigherthantheanalogvalues.Exceptforthemiddle
ofthesuction-surfacemidchordregionandtheleadingsection,thedif-
ferencesbetweenthetheoryandtheanalogvaluesarethoughttobe in
closeenoughagreementthatuseofeitherto esttiteoperatinglifeof
a bladewouldbe satisfactorywiththepresentknowledgeoffactors
affectingbladelife.Inanyevent,a morerigoroustheorywouldbe
developed.

Comparisonof @ valuesfrom55-and31-elementanalogs.- The
effectofreducingthenumberofelementsinthefin-bladeanalogfrom
55to 31 (smdthusthenumberofresistors)onthetemperature-difference
ratios@ ofthe%ladeshellas determinedby theanalogsis shownin
figure15. Theresultsaregiveninpercentagedifferencein @ ofthe
twoanalogsat eachpositiononthebladeshell,withthe @ valuesof
the55-elementanalogasthebasisfcrcomparison,becausetheyhadbeen
consideredaccurate’enough,onthebasisof comparisonbroughtoutin
theprevioussection,forthepurposesrequiredoftheanalogtempera-
tures.Thedifferenceiswellbelow= percentoneitherpressureor
suctionsurface.Thepermissiblelimitoferrorisconsideredtobe &3
percent,asnotedonthefigure.[Thislattererrorwasevaluatedon
thebasisofa +10-percenterrorina stress-ratiofactorof 2.0app~ed
to a calculatedcentrifugalstressof 31,400lb/sqin.at a three-eighths-
spanpositionontheblade,theusualcriticalpoint.Thebladematerial

.
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consideredwasTimken17-22A(S)steelbecauseofitshighstrengthand
lowcritical-materialcontent.Thestress-ratiofactoristheratioof
theallowablestressforthebladematerial(basedonstress-to-rupture
datafora normallifeandthebladetemperature)to thecentrifugal
stress.Thefactorof 2.0is consideredappropriateforpresentblades~
Foraneffectivegastemperatureof 1750°F (turbine-inlettemperature
about2000°F) anda coolanttemperatureof540°F atthethree-eighths-
spanposition,the3-percentpermissibleanalogerroranmuntstoabout
20°F aldowableerrorinbladetemperature.fromtheresultsoffi~e
15 itisapparentthatthenumberofresistorscanbereducedappreciably
fromthatusedintheoriginal55-elementfin-bladeanalog,andthe
resultswillbe consistentwiththoseobtainedontheoriginalanalog.

Comparisonof calculatedandanalogaveragevaluesof @. - Aswas
pointedoutearlier,theaveragebladetemperaturesaregenerallyade-
quatefordeterminingwhethera bladeissa$isfacto’ryinregardto stress.
Consequently,eventhoughlocaltemperaturesareusefuliridetermining
theexistenceofanyextremetemperaturegradientsthatmaycausethermal
stressfailures,a comparisonofaveragevaluesoftemperature-difference
ratioobtainedby inte~atingthecalculatedandanaloglocalvaluesof
@ ofpreviouscurvesisofgreaterinterest.Sucha comparisonis shown
infigure16,whereaveragecalculatedvaluesof @ areplottedagainst
averageanalogvaluesof 0. A 45°lineisdrawnonthefigureto indi-
cateperfectagreement.Thecirclepointsforthe55-elementanalogwere
obtainedfromtheresultsoffigure13andthedatafor0.0049-and
0.0122-pound-per-secondcoolant-flowrates.Inasmuchas conductionhas
anaveragingeffectonthechordwisetemperaturedistribution,itwould
be expectedthatiftheanalogweredesignedandoperatedcorrectly,the
resultsshowninfigure16wouldagreefairlywell.

Theagreementbetweenthecalculat-edandanalogaveragevaluesfor
eitheranalog(55-or 31-element)isexcellentandindicatesthateither
theoryoranalogcanbeusedequallywellto.determinetheadequacyof
a bladewithrespectto stress.Thestressisdeterminedthroughuseof
a stress-rupturecurveandcompsredwithanallowablestressonthebasis
ofcriteriausedatpresent.Themuchbetteragreementbetweenaverage
calculatedandaverageanalogtemperaturesthanwasobtainedforlocal
temperaturesistobe expected,sinceconductionwasnottakeninto
accountinthecalculatedtemperatures.Whenthermalstressesareim-
portant,itseemstobebetter(onthebasisofcomparisonwithexperi-
mentaldatamentionedpreviously)tousetheanalogtoobtaintempera-
turesunlessthepresenttheoryof calculatingbladetemperatureforthe
midchordregionismodifiedto includechordwiseconduction,especially
iftheshellisthick.

Onerunonthe55-elementanalog,whichwasrepeatedto checkthe
accuracyofrepetition,showsgoodagreementwiththeoriginalrun(fig.
16). Theagreementbetweenthe55-and31-elementanalogaveragevalues
wasalsogood.
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Strut-BladeAnalog

Comparisonof calculatedandanalogtemperaturesand @ forsix-

:-”
- Thecomparisonofanalogtemperature-differenceratios

obtainedfromthean@og invhichthenuniberofresistorswassuch
asto divideeachpartofthestrutbladeintosixelements)withthe
calculatedvaluesof @ is showninfigure17(a)forthreerepresenta-
tiveblade-to-coolantcoefficients.Thedifferencesbetween@amlog
and @c~c valuesareshowninpercentageof @c~c forthevarious
positionsalongtheshell,theprimaryfin,andthestrutbody. The
lettersdenotingthepositionsinfigure9(c)arerepeatedinfig-
ure17(a)alongtheabscissa.Theerrorsordifferencesarelessthan
3/4percentforthe20positionsatwhichmeasurementsweretakenfor
allthreeblati-to-coolantcoefficientsused. Thiserroriswellwithin
thepermissibleerrorofS percentnotedonthefigure,whichwasdeter-
minedforthisbladeina mannercomparable.withthatforthefinblade.

No trendofthedatawithvarying,~ couldbenoted.Thegeneral
trendofthecurvesis s5milar.Thelsrgestchangeh thecurvesisin
thebladeshellneartheweldbetweenpointsf and g infigure9(c).
Thesepointsrepresentlocationsontheshellandadjacenttotheweld
attachment.Itisbetweenthesepointsthatthetemperaturegradients
arelargestforthoseseriesinwhichsecondaryfinsareconsidered.For
thisreason,onewouldexpectanincreaseinerror,becausebasicallythe
analogisreplacingthehyperbolictemperaturedistributionasobtained
by equation(C>2)by a linearequation.

Curvessimi_Wtothoseinfigure17(a)areshowninfigure17(b)
fora constanthi valuebutforthreevaluesofgas-to-bladecoeffi-
cient~. No trendwith ho isobserved.Thethreecurveshavethe
samegeneralshapeasthoseinfigure17(a),thelargesterroragain
beingabout3/4percentandthegreatestchangeinthepercentagedif-
ferencevaluesof @ beingobservedbetweenbladelocationsf and g.

In orderto illustratethemagnitudeoftheerrorsshownh fig-
ures17(a)and(b),theactualbladetemperaturesobtainedwithanalog
dataandby calculationfromtheoryaresho~minfigure18 forselected
locations.A higheffectivegastemperatureof 1750°F anda blade-root
coolanttemperatureof450°F (compressorbleedtemperature)werechosen
asrepresentativecooled-turbineconditionsforthecalculation.The
comparisonsareshownfortwocoolant-flowratioswithandwithout
secondaryfins.Thedifferenceincalculatedandanalogtemperaturesis
onlya fewdegreesforall.points,andconditionsshown,thelargestdif-
ferencebeingabouW5°F in700°F. Useof secondaryfinshadanappreci-
ableeffecton struttemperatures.Forthe0.005coolant-flowratio,the

c
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struttemperaturedecreasedfrom1450°to 1281°F, a rednctionofabout
170°F. Formostmaterials,a reductionofthisamountat elevatedmetal
temperaturescanincreasebladelifeconsiderably.Forthe0.05coolant-
flowratio,thisreductionisapproximately150°F.

Reproducibilityofresults.- In orderto determinewhetherthe
errorsshowninfigures17and18wereexperimentalinaccuraciesin
adjustinganalogresistorstothedesiredvalues,rerunsontheamlog
forseriesVIZ,IX,andX conditionsweremade. Comparisonofthere-
sultsfromthererunswiththeoriginalrunsindicatedthatthegreater
partoftheerrorbetweenthecalculatedandanalogvaluesof @ canbe
attributedto inaccuraciesintheanalogcircuit,becausethedifference
inresultsbetweentheinitialrunandthererunwasverysmall.The
inaccuraciesintheanalogmaybe due,asnotedbefore,to thesubsti-
tutionof~nearequationswhentheanalogisusedforhyperbolicequa-
tionsofthetheoryfortemperature.

Effectofreducedmxiberof elementsinanalog.- As mentioned
earlier.a commrisonwasmadeoftheover-allresistancefortheprimary
finand-strut~odycalculatedfromthevaluesof theelectricresistances
usedintheanalogwiththeelectricresistancescalculatedfromheat-
transfertheory.Thiscomparisonwasmadeinorderto determineinpart
theeffectofthemuriberofelementson analogaccuracy,sinceit cantie
expectedthatbetteraccuracycanbe achievedwithanincreaseinthe
nuniberof elements.Forthiscomparison,equivalentresistanceswere
calculatedto representthestrutby sixelements,thentwo,andone. -

Theresultsofthecalculationsareshowninthefollowingtable:

Nuniberof
elements

Equivalent
resistance,

*

Difference,
percent

6

2

1

118.05 118.11
/

354.16 355.59

708.32 719.71

0.04

.40

1.61

Thecomparisonbetieenthetwoequivalentresistsmcesforthesix-and
two-elementcasesshowsthatgoodaccuracyshouldbeexpectedfromthese
analogs,basedonthepartrepresentingprimaryfin,strutbody,and

.—



46 NACATN3060

blade-to-coolantcoefficient.Theaccuracyshouldnotbe sogoodfora
one-elementanalog,asthedifferencebetweentheequivalentresistances
forthiscaseisapproaching2 percent.

Theeffectof a reductioninthenumberof elements(andthusthe
nuuiberofelectricresistors).intheanalogonthetemperature-difference
ratiosatthevariousyositionsonthebladeis showninfigure19. coul-
parisonismadeforseriesIV conditions

[
no secondargfin)forblade

sectionsditidedfirstintosixelementsas showninfig.9(a))andthen
intotwoelements.Theaverageerrorforthetwo-elementanalogwas2
percent,whilethatforthesix-elementanalogwas1 percent.Bothana-
logsgiveresults@thin thecalculatedpermissibleerrorof 3 percent
showninthefigure.A reductionfromsixtotwoelementsreducedthe
nuuiberofresistorsfrom43 to 15. It shouldbe notedthatthetempera-
turegradientbetweenf and g is smallerwithno secondaryfinsthan
withsecondaryfins,and,asa consequence}thereisno largerchangein
errorbetweenthesepointsinfigure19forthesix-elementanalogthan
betweenotherpointsonthecurve.A comparisonofa rerunofthetwo-
elementanalogwiththeinitialrunindicatesthattheerrorsarein-
herentintheanalogandarenotintheoperationof it. Thecomparison
betweenthesix-andthetwo-elementresultsverifiestheaccuracyof
theseanalogspretki.ctedwhentheanalogover-allelectricresistances
fortheprimaryfinandstrutwerecomparedwiththeover-allresistances
calculatedfromheat-transferequations.Theresultsof figures17(a)
and19indicatethateitheranalogcanbe usedto
whenstrut-bladetemperaturesarerequired.

Liquid-Cooled-BladeAnalog

giveexcellentre~lts

Relaxationresidualsobtainedfromanalogdata.- Theaccuracyof
resultsoftheliquid-cooled-bladeanalogwasindicatedby relaxingthe
valuesofbladetemperatureobtainedwiththeanalog;thedatagenerally
wereconsideredsatisfactorywhentheresidualswerelessthan+6. The
finalevaluationofthedata,however,alsodependsonthecoefficients
oftherelaxationtheo~ at eachlocalpoint.Thecoefficientsmaybe
definedasthechangesinthemagnitudeoftheresidualresultingfroma
1°temperaturechangeinanyofthefourpointssurroundingthecenter
pointforwhichtheresidualisbeingcalculated.Pointsverynear
boundariescanhavehighcoefficients,andthenresidualsas highas 20
donotmeanthattheanalogdataareinaccurate.Itshouldbenotedthat
analogtemperaturesratherthantemperature-differencevaluese (eq.
(17))wereusedto calculatetheresidualvalues.Consequently,a posi-
tiveresidnalvalueas calculatedwouldbecomenegativeif determinedly
meansof equation(17).

..

In
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Theresidualsdeterminedfromtheanalogtemperaturesforthemedium
blade-to-coolantcoefficientrunareshowninfigure20. Alsoshownin
thefigurebelowsomeoftheresidualsarethecoefficientsatthelocal.
pointsconsidered;whereno coefficientvaluesareshown,thevaluewas
always4. (Thevalueshouldbe 4 whena centralpointis surroundedby
fourpointsinthebladeproperallequidistantfromthecentralpoint.
Itisobtainedfromeq.(17).)Theresidualsof figure20werecon-
sideredverysatisfactoryformostoftheblade.Theresiduslsforthe
highandlowbl..ade-to-coolantcoefficientrunsthatweredeterminedbut
arenotshownhereinweree~allyas goodformostoftheblade.The
largestresidualsoccurrednearthesurface,as expected,becausethe
coefficientsarelargehereandonlya smallinaccuracyintemperature
isrequiredtoobtaina largeresidual.Nevertheless,theresidualsin
thisregionsreeffectivelysmallenoughthatthistypeanalogappesrs
satisfactoryfordeterminingtemperaturesforthegreaterpartofthe
blade.

Theresidualsinthetrailingsectionofthebladene~ thelast
coolantholeweresomewhatlarge,andanattemptwasmadeto finda means
ofobtainingmoreaccuratetemperaturesforthisregion.In orderto do
so,a 100-times-sizeanalogofthistrailingsectionwas”built,andthus
whatsmountedto a finergridofwireswasobtainedthanthatforthe
wholeblademalog,althougha l-inchgridwasused. A photographof
thisanalogis showninfigure21. Theresidualsobtainedfromdataof
thisanalogarecomparedinfigure22withtheresidualsfromthe25-
-times-sizeanalog.Exceptforonelocation,allresidualsbeyondthe “
lastcoolantpassagewerereducedto valuescloseto zero.However,
severalresidualsaroundthecoolantpassagedidincrease,theincrease
beingmagnifiedbytherelativelylargecoefficientsatthepointscon-
sidered.Thefactthat,formostpoints,theresidualsforthe100-
times-sizeanalogwereconsideredsatisfactoryindicatesthatthetem-
peratureswerealsosatisfactory.Becausethesetemperatureswerenot
verydifferentfromthetrai~ng-sectiontemperaturesofthe25-times-
sizeanalog,thelattertemperaturesappeartobe of sufficientaccuracy
forstressdesignpurposes.

Bladetemperaturedistributions.- Temperaturedistributionsinthe
liquid-cooledbladeobtainedfromtheanalogsareshownin figure23for
thethreeblade-to-coolantcoefficientsused. Theeffectofthiscoeffi-
cientcanbe foundbycomparingfigures23(a)to (c).An analysisof
thisnaturewouldtakemonthsoftediousworkinvolvingrelaxationsolu-
tionsifthetemperatureswerecalculatedfromheat-transfertheory.The
isothermallineshavethessmegeneralshapeinthethreefigures.These
isothermsindicatethatforthecentralsectionofthebladean increase
inblade-to-coolantcoefficientreducesthebladetemperaturesby a large
amount.Nearthetrailingedge,a tenfoldincreaseinthecoefficient
reducedthetrai~ng-edgetemperature320°F. Forthebladeleadingedge,
theresultantchaugewasappro-tely 360°F. Forthelowcoefficient,
thetemperaturedropfromthetrailingedgetothenearestcoolantpassage

.— . ..————-.—————.—. .. . . — — .—- .——-
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isapproximately120°F,whileforthehighcoefficientit isapproxi-
mately250°F. A gradientofthisamountcouldinduceunfavorablethermal
stresses.It isapparentthattheuseofthewire-midanalogisa rela-
tivelyrapidmethodof obtaini~detailtemperaturedistributionsof
liquid-cooledbladesforstressanalysisof variousdesignsandconditions.

GENERALINFORMATIONOBTAINEDFROMFABRICATIONANDOPERATIONOFANALUG8

In thefabricationandoperationoftheanalogs,variousitemsof %
usefulinformationconcernedwithimprovementoftheanalogsbecameavail- E
able. Inusingthevariableresistors,indicationswerethatthereshould
be considerablepressurebetweentheslidingcontactandwiresoasto
obtaina goodcontact.Thispressurewouldeliminatethepossibilityof
affectingtheresistancevaluesalreadysetintotheresistorasa result
ofaccidentalrubbing,unnecessaryvibration,or someotherdisturbance.
Thispressurecanbe “felt”fromtheeffortrequiredtoturntheshaft.
Inthecaseofthefin-bladeanalog,reductionoftheelementsfrom55
to 31requireddisconnectingmanyvariableresistors.Thisoperationcan
be eliminated%yusingcommercialresistorsthathavean attached“on-
off”switchoran off-position.Useofthistypeofresistorwouldmake
theanalogmoreversatile.Inthestrut-bladeanalog,variableresistors
ratherthanfixedprecisionresistors(thetypeusedherein)wouldmake
theanalogmoreversatile,inasmuchasthevariableresistorswouldnot
havetobe replacedifthethermalresistanceswerechanged.

In thefin-bladeanalog,lengthsof 24-gagechromelwireofapproxi-
mately50feetwereusedto representthethermalresistanceoftheshell
material.Suchlengthsrequirewoodenspoolscrsimilarapparatusto
holdthewireandresultin a ratherlargeanalog.If28-gagechromel
wirewereusedinstead,thislengthwouldbereducedto approxhately20
feet,witha correspondings13.ghtincreaseininaccuraciesinmeasuring
desiredlengthsbetweenelements.Inlikemanner,theliquid-cooled-
bladeanalogwasratherlarge,becauseofthedesiredaccuracy,withuse
ofa l-inchgridof 24-gagechromelwire. A reductioninanalogsizecan
againbeachievedwith28-gagechromelwirespacedina l/2-inchg-rid.
Wireof 28gage,orpossibly26gage,however,wouldrequiremorecsreful
handlinginthespot-weldingoperationandduringinstallationintheana-
logbecauseofthesma~ wiresize.

A simpleandinexpensivebutlessaccuratetypeof voltage-measuring
devicecouldbeusedinplaceoftheprecisiontype. Basically,itwould
consistof a Kllde-wiresystem,usedto comparethevoltageat a particu-
larjunctionbeingconsideredwiththeenttievoltagedropbetweenthe
“gas-andcoolant-tempera@re”busbars. Theslldewireofarbitrary
length,whichwouldbeconnectedtothegas-andcoolant-temperaturebus
bars,wouldhavesufficientresistancesoasnotto causeexcessivecur-
rentdrainonthevoltagesource.A galvanometerswouldbeconnectedto .
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theprobeused

49

tomeasurelocaljunctionvoltagesandalsotoa device
of SOme SOI% that slides along the sldiiewire.– In orderto operatet~s
unit,thesliderwouldbemovedalongthewireuntilthereisno gal-
vanometersdeflection.Thusthelocalvoltageisbalancedagainstthe
voltagedropintheresistancewirebetweenthegas-andcoolant-
temperaturebusbars. Theratioofthelengthofwirebetweenthis
pointandtheg= temperaturebusbartotheover-alllengthofthere-
sistancewireismerelythevalueof @. Local.bladetemperaturescan
thenbe calculatedfromthisvalue.Thismethodisalsoapplicableto
thestrut-andliquid-cooled-bladeanalogs.Sincethisdeviceconsiders
simultaneouslythelocalvoltageata pointontheanalogandtheover-
alJappliedvoltage,theproblemof compensatingforthefailing-offof
appliedvoltagewithttieis elhinated.

Ingeneral,theanalogsdevelopedcouldbe madeina relatively
shorttimeandwereinexpensivecomparedwi$hsomecommercialapparatus
usedby others.It isestimatedthatanyoftheanalogscanbe madein
about4 daysata maximmcostofaround$200. Thethe forcompi13.ng
andanalyzingtemperaturedatawasalsoreticedappreciablyas compsred
withthetimeforcalculatingthetemperaturesanalytically.Thissaving
willbe appreciablewhena largetier ofdesignsandconditions~e
neededfortheair-cooledblades.Fortheliquid-cooledblade,evenfor
onedesignandonesetofconditions,thetimecouldbe reducedfrom
about4 weeksof calculationto about1 day. About3 moredayswouldbe
requiredtorelaxtheanalogvaluesifa checkontheresidnalswere
required.

SUMMARYOFRESUZTS

Theinvestigationwasconductedto developsimple,inexpensiveelec-
tricanalogsfordeterminingtemperaturesof cooledturbineblades.The
accuracyof suchanalogswasdeterminedby fabricatingthree’forspecific
bladeconfigurations(a13-finshell-supportedair-cooledblade,a strut-
supportedair-cooledblade,anda liquid-cooledblade)andcomparing
valuesofbladetemperaturesobt~ned withthemwithcalculatedvaluesof
temperaturesfortheair-cooledbladesandby relaxingtheanalogvalues
fortheliquid-cooledblade.Theresultsofthisinvestigationwereas
follows:

1.A reviewofthevarioustypesof analogsledtotheconclusion
thatthenetworktype,withcalibratedresistancewireusedinconjunc-
tionwithvariableresistorsthatfacilitatedlargevariationsinoper-
atingconditionsandbladegeometry,wasthecheapestands3mplestand
wassufficientlyaccurateforthepurposerequired.

—
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2.Comparisonof calculatedaveragebladetemperaturesforthe13-
finbladewiththoseobtainedfromtheanalogthatdividedtheblade
shellinto55 elementsshowedexcellentagreement.Becauseofthe
present13mitedknowledgeoftheeffectof conibinedstresseson cooled-
bladelife,onlyaveragetemperaturesaregenerallyusedforestimating
suchMfe; andas gooda&reementhasbeenobtainedbetweenaveragecal-
culatedandaverageexperimentallymeasuredtemperatures,itwascon-
cludedthattheanalog-valueswouldbe satisfactoryforthispurpose.

3.Comparisonofcalculatedlocalbladetemperaturesandlocaltem-
peraturesmeasuredby the13-fin-bladeanalogshowedtheformertohe
lowerinthemidchordre@onandhigherintheleadingandtrailingsec-
tions. Althoughttiedifferenceswerethoughttobe inenoughagreement
thateitherthecalculatedortheanalogtemperaturescouldbe usedto
esthateoperatinglifeofa blade,theanalogvaluesweremoreaccurate
inthemidchordregiononthebasisof comparisonwithunpublishedexperi-
mentaldata.

4.Themnriberofelementsinthe13-fin-bladeanalogcouldbe reduced
a~reciablyandtheerrorsremainwithinacceptablevalues.Forinstance,
reductionfrom55to 31elementsledto differencesinthetemperatie-
differenceratiosofthetwoanalogsofwellbelow&lpercent.

5.Theresultsfromthestrut-supported-bladeanalogsindicatedthat
eitherthesix-ortwo-elementanalog(shell,primaryfin,andstrutbody
dividedintosixortwoelements)couldbe usedto giveexcellentresults.
Thedifference?betweenthecalculatedtemperature-differenceratiosand
thosemeasuredonthesix-elementanalog,forinstance,werelessthan
3/4percent,wellwitlrlntheestimated+3-percenterrorconsideredper-
missiblewithregardto stress.Comparisonsoftemperaturesobtainedwith
thesix-andthetwo-elementanalogsshoweda msximumdifferenceof5°F
in700°F.

6.Resultsobtsdnedwithan analoghavinga gridnetworkrepresent-
ingtheliquid-cooledblade,whichwas25-times-sizeoftheblade,were
consideredgenerallysatisfactoryforbladedesignpwposes.

7. Itisest~ted thatanyoftheanalogscanbe madeinabout4
days. me maxhnumcostoflaborandmaterialsforanyofthemisesti-
matedataround$200.Muchtimecanbe savedif-UY conditionsand
bladedesignssxetobe exploredforanyofthebladetypesevaluated.
Fora liquid-cooledblade,evenforonesetofconditionsandonedesign,
theestimatedthe to obtaintemperaturesata givenspanpositioncanbe
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reducedfromalmut4 weeksof calcuhtioqwiththerelaxationmethodto
about1 daywiththeanalog.Ifthetemperaturesobtainedontheanalog
arerelaxedforcheckingtheresiduals,anotherestimated3 daysare
required.

LewisFlightPropulsionLaboratory
NationalAdvisoryCcmmitteeforAeronautics

Cleveland,Ohio,Septeniber28,1953

.— .— ..—— _. —. . .
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APPEIiDIXA

NACA‘IN3060

SYMBOLS

Thefollowingsynibols=e usedtithisreport:

A

An

a

b

Cu

Cv

cy~Cz

C2~C3>
. . c“212

‘%?

dh

Eu

e

g

h

%

%

i

cross-sectional

coefficientsof

area,sqft unlessotherwisenoted

powers~ies

constmtineq.(ii?)

constantineq.(13)

constitsh eq.(I-1)

constantsin6qs. (C2) to

specificheatat constant

(Cll),appendixC

pressure,Btu/(lb)(%)

hydraulicdiameter,4 timesflowarea/wettedperimeter,ft

Eulernwiber,(x/W)(dW/ti)

electromotiveforce(eti),volts

accelerationdueto ~vity, ft/sec2

localheat-transfercoeffici.ent(constant-wall-temperature
basi’s),Btu/(see)(sqf%)(%’)unlessotherwisenoted

effectiveblade-to-cooling-airheat-tiansfercoefficient,
Btu/(see)(sqf%)(%)

averageblade-to-cooling-airheat-transfercoefficient
(basedontemperateandareaof~~1 coo- s~face)~
Btu/(see)(sqlt)(%)

-.

current,amp(indicates~1 whenusedwithBesselfunctions) .

I
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Jo,iJl

J

K

Kl)%

k

%

L

z

N

n

P

P’

Q

RE

‘g

r

s

T

Besselfunctions

mechanicalequivalentofheat,ft-lb/Btu

Besselfunctions

chordwisedistance
coolantpassage,

j 1-(Te/2), ft

frombladetrailingor leadingedgeto
ft unlessotherwisenoted

constantsusedineq.(ES)inappefi E

thermlconductivity,Btu/(see)(ft)(OF)

electricconductivity,l/(ft)(ohm)

length,ft

perimeter,ft

turbinespeed,rpm

exponentdefinedby eq.(2)

staticpressure,lb/sqft

totalpressure,lb/sqft

residualtemperaturedifference,‘F

rateofheatflaw,Btu/sec

thermalresistance,L/kA or l/hS,(see)(%’)/Btu

electricresistance,ohms

*S constant,ft-lb/(lb)(%)

radius, ft

surfacearea,Sqft
P

temperatureorstatictemperature,%’ or%

.—— z.. .—_.— _ .._ —.— _
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T’

u

v

w

w

x

x

Y

Yn

Y

Y’

.

z~Yz@
. .

“YZJJ

‘&,~b,
. . “’Z;J
z

a

r

-f

6

%5

totaltemperature,%’or%

Wa(l+ ~)/~Zo,(~)(ft)(%)/Btu

velocityrelativeto statorblade,i%/sec

localvelocityinfreestreamrelativetorotorblade,ft/sec

weightflow,lb/see

distancealongbladesurfaceas showninfig.l(a),ft (also
Cartesiancoordinatesofbladecrosssectionineq.(14)
andfig.4)

distamcealongbladesurfacefromassumedstagnationpoint
as showninfig.l(a),ft

Cartesiancoordinatesofbladecrosssectionineq.(14)and
fig.4

functiondefinedby eq.(IE)

distancefrombhde trailingor leadingedgetobladeelement,
ft (seefig.l(a))

y + Te/2,ft

coefficientsof strut-bladeheat-transferequations,(see
tableV)

coefficientsintableVI

distancefrombladeroot
ft

basedonZ-coefficients

to spanpositionbeingconsidered,

statorbladeexitangleatmidspanofblades(relativeto
planenormalto engtieaxis),deg

denotesusualg.~~ function

ratioof specificheats

relaxationnetworkspacing,ft (seefig.4)

distancebetweenpointonouterorinner(coolant-passage) .
boundaryofbladeandoneonbladenearboundary(seefig.4)
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T

T Tec>

#

al

Subscripts:

a

B

c

talc

E

e

f

[

@ - k ~)l/2
2Ky’ +

2tan~ 1
[

2Kj’ +
Q(l - tan~) @

2tan$ 1
norml distancetobladesurface,ft (seefig.4)

Tg,e- TB2%’

ho@fzi

thickness,ft

thicknessofleading-ortrailing-sectiontrapezoidat
coolantpassageandat leadingortrailingedge,respec-
tively,ft unlessotherwisenoted(seefig.l(a))

-r velocityofturbinewheel, radians/see

air

blade

at coohntpassage

calculated

electric

effective,ortrailingandleadingedgewhenusedwith T
or TB

fin,exceptwhenusedwith h

g gas

— —.— ..—..-_ —___ _ — ..-_ ..— —
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i

k

L

z

liq

m

o

1?

R

r

s

s

seg

t

w

x

x

Y

w

1-2
2-3
3-4
4-5
5-6
6-71

NACATN 3060 .

inside(oncoolantside)or “innwhenusedwith A, p, ~
T, and V

Cotictiveheat

leadingsection

localp@nt orsection

liquid

midchordsection

outside(ones side)or “out”whenusedwith A, p, ~ T,
and v

pressuresurface

rotor

bladeroot

stator

suctionsurface

segnent

trailingsection

tie

evaluatedat di.s-ce X alongbladesurface(seefig.

evaluatedat distancex alongbladesurface(seefig.

anychordwise

treestream

sectionwithtilem ortrailingedge

referstoelementsofstrutblade(see
with L givesdistanceto anypoint

fig.3(b));when
withinelement

l(a))

l(a))

used

.
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IN

E

0,1,2,3 whenusedwith L givetotallengthsof strut-blade
. . . 14 elements;otherwisedenotestationsinrelsxation-

networksystemofliquid-coolalblade

superscripts:

* variablewalltemywature

I denoteslineardimensionincreasedbyTe/2 exceptwhenused
with p or T,wheredenotestotalvalum;denoteseffec-
tivecoefficientatbaseof leading-sectionortiai~- .
sectiontrapezoidswhenusedwith hf

averagevalue

. ———. . __ .— ——_—___
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APPENDIXB
.

METHODSOF~G GAS-TO-BLADEBEAT-TRANSFERCQEFFIClJ3NTS

FORTURBULENTFLQWONVAIUABIE—WAi2L—~ BA81S

Thecurveinfigure2(a),fromwhichcanbe obtainedthegas-to-
bladeheat-transfercoefficientsfora turbulent-flowboundsrylayer
basedona variable-wall.temperature,wasderivedby theNACAfromequa-

Lna
tion(67)ofreference8. Theassumptionsuse’d
givenpreviously.ws equationis

h~,x *n(x/3)n
%,X= ~An(X/j)n

n

where ~(X/,)n iSa

(TB,x/Tg,m)- 1,and Y=
definedas

/

power-seriesexpansion

inthisanalysiswere E

(Bl)

ofthetemperatureratio

isa rektionamongcertainr functions

(B2)

Inthecalculationsnecessaryfortheconstructionoffigure2(a),only
onetermintheseriesexpansionwasconsidered,sothatequation(Bl)
s@d-ifiesto

h*
O,x= y
ho,x n

(B3)

Valuesof n wereinsertedinequation(B2)to obtaina setofratios
ofthevariable-wa31-temperatureto constsnt-wall-temperatureheat-
transfercoefficients.

Figure2(a)cannotbe directlyappliedtothecalculationof
traiMng-sectiontemperatures,becausen,whichdependsonthetempera-
turessought(seeeq.(2)),isunknown.Valuesof ~,x (basedon con-
stantwalltemp=ature),however,sreobtainedby themethodemployedin
calculatingsimilE&coefficients,forthemidchordregion,forthevari-
ouspositionsX distancefromanarbitrarilyselectedstationCCnear
thetmi13ngsection.Withthesevaluesof %,x andanassumedvalue .
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of n, &,X valuesareobtainedfromfigure2(a).Thetemperature
distributionisthencalculatedwiththeequationfdrtempa’atuedis-
tributionina trapezoidalsectionandanav=ageofthese~,x
values.A lo@rithmicplotof ~g,e - T;,t againstx isI.&kto
determinen. Ifthisvalueequalstheassmnedn, thetauperattie
distributionistherequiredone;ifnot,theprocedureisrepeated
untilthetwovaluesof n agree.

——.- ————— ..— . .—.—
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APPENDIXc

METHODOFSIMUUMKEOUSSOLUTIONFORCONSTANTSINSTRUT-BLADE

~-DISTRIBUTION EQUATIONS

Thenumericalexpressionofthetempemturedistributionineach
segmentofthestrutblaierequiresthesolutionforthenumericalvalue,
foreachsegment,ofthetwoconstantsinthegeneraltemperature-
distributionrelationsgivenby equations(Il.)and(13).Themethodof 3

2stiultaneoussolutionofthe12constantsfarthesix’elementsofthe
strutbladeconsideredhereinisasfollows:

At point1 offigure3(b),~B,~~ and L1-2 equal0“ Conse-
quently,whenequation(11) isclifferentiatedforelement1-2andset
equalto O,and Ll_2= O ismibstitutedinit,thetwoconstantsCl
and C2 intheequationareequal.At thejunctionofelements1-2
and2-3,TB,m ofthefirstelementat‘%-2 = ~, and TB,m Ofthe”
secondelementat ~_3 = O,areequal.Withthisknowledgeandequa-
tions(11)and(3.3),anotherequationcanbe obtainedwithtwoconstants
in it,C2 and C*. Also,atthejunctionsofthesesaneelements,the
heatflowingoutof element1-2equalstheheatflowingintoelement
2-3,orfora.1-inchspan:

Differentiatingequation(11)forelement1-2andequation(I-3)forele-
ment2-3andmibstitutingtheboundaryvalues%-2 = ~ and ~-3 = O
intheresultingequationsgiveequationsfor ‘(TB,m)l-2/fil-2‘d
‘(TB,m)2_3/~-3forme ~ eq~tion(Cl).SLibstittiingforthese
termsinequations(Cl)resultsinanotherequationinvolvingtwocon-
stantsC2 and C3. Apply3ngthesameprocedurestothejunctionsof
elements2-3and3L4,3-4and4-5,4-5and5-6,and5-6and6-7yields
tenequations,twoforeachjunction,thathaveIJ-unknownconstantsin
them.Therefore,theconstantsmustbe reducedby 1 ifonlytheten
equationsaretobe ~ed. At point7 offigure3(a),dTB,~dL6-7= O
and %-7 = L6. Differentiatingequation(11)forthiselementand
includingtheforegoingconditionsresultinan equationwherebyone
constantintheequationforthiselementcanbe determinedfromthe
other.Thus,oneconstantcanbe eliminatedfromthetenequations
mentioned.

.
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Nwm
CJl

Thetenequationsmustbe solvedsimultaneouslytodeterminethe
constants. Thiscanbe doneby applyfngtheruleofreference28,which
isan improvedmethodofsolvingmanyequationssimultaneously.The
equationsinsimpleformaregivenintableV. ThecoefficientsZ in
theequationsaredefinedatthebottomofthetable.Thesecoefficients
canbe formedintoa matrix,andthenanothermatrixof coeffici~”tsZt
canbe formedbasedonthe Z coefficientsas shownh tableVI,which
istheapplicationofthisruleto theseriesofequations~esented.
Theconstantscanbe
followingequations:

determinedfromthe Z1 coefficientswiththe

.

C8=

CT =

C9=

Clo=

c12=

(C3)

‘b - c3z&h (C5) -

- c3z& (C6)

- C5Z;j - c6z;i (C7)

- ~z& (c8)“

- c8zke- C.+vd

- C9%C

- C9Z:C- clOzib

(C9)

(Clo)

(Cll)

Theseconstantsarethensubstittiedinthefollowingequations,which
havebeenobtainedby methcdsgivenpreviouslyandwhichwereusedto
gettheequationsgivenintableV, fromwhichthetemperaturesatany
positionL ineachelementoffigure3(b)canbe determhed:

Element1-2:

%,m =

Element2-3:

(
2

%-2%-2 + e-aI-zLI-2
C2 e

)

b1-2
+ a2

1-2

‘B,m= C3L2-3+ C4

(c12)

(c13)

_—
-—-— .— _ —.. ._ ____ _________ _____ _.
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Element3-4:

Element4-5:

Element5-6:

Element6-7:

m

%-4%-4
b: ~-~3-4L3-4 -

TB,m= C5e + C6e ‘~
3-4

2
a4&J4-5+ ~ e-a4-5L45+ b;-5

%,ln= c7e 8
a4-5

a5-6%-6 -~-6L5-6+b2-6
‘B,m= C9e + Cloe

~

2

(

a6-#’6-7‘2a6-7L6+ ~46-+6-7
)

b6-7
%,m = CI-2e

e +~
6-7

MACA‘IN3060 ,

(C14)

(CM)
.

(C16)

(C17) -

—
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APPENDIXD

METHODSFOR~G LOCALCOOLANT~, STATICGAS

Inthecalculationofheat-transferparametersforuseinohta~
blademetaltemperatures,eitherby calculationorby electricanalog,
valuesof localcoolanttemperature,statices temperature,andtotal
gastemperaturerelativetotheqotorbladearerequired.Thepro-
ceduresforobtainingthesevaluesareasfollows:

Localspanwisecoolanttemperature.- Forair-cooledshell.-
supportedbladeswithcons~ntcross-sectionalarea,thecooling-ah
temperatureatanyspanpositionotherthantherootis obtainedfrmn
thefollowingformuh obtainedfromequationsinreference1:

(Dl)

where

T’a,2,r cooling-airtemperatureatbladeroot,OF (compressor-outlet
temperature)

‘r radiusfromcenterlineofturbinewheeltobladeroot,ft

andtheothertermsaredefinedinappendixA. Inthecaseofa static
blade,thetermswith u aredeleted.ThetemperaturesintableIIfor
the13-ftibladewerecalculatedinthis reamer. me gas-to-b~de CO&-
ficientinequation(Dl)istheaverageforthewholeblade,andthe
perimeter20 isthetotalfortheoutsidesurface.

Althoughthetemperatureoftheairattherootoftheblade,
assumedequalto thecompressor-outlettemperature,wasusedintableII
forthestrutblade,casesarisewhenthistemperaturemustbe lmownat
otherspanwisesections.Forthesecases,equation(Dl)doesnotappear.
tobe directlyapplicable.It isbasedona constantvalueof A over
thebladespan,whichmaynotbe trueforthestrut-supportedblade
becauseofthespanwisechsmgeintheeffectiveblade-to-coolantcoeffi-
cientasa resultof struttaper.Therefore,a finite-differenceequa-
tionforthetemperatureriseofthecoolantcanbe used. It canbe

- ——. ..—. — ——-- —. —
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shownfroma
thespanand
that

balanceofheat
theadditionof

enteringa differentialelementAz along
rotationaleffectoncooht temperature

m–; Eozo ,=

Thetemperature~B,~ inthisequationistheintegratedav=ageofthe
shelltemperaturebetweenlinesAA andBB offigure3(a)forthespanwise
sectionbeingconsidered.Thus,takingsmallincrementsAZ andsumming
theresultingCOOlaht-tempeI’atUrechanges~–~ withthecookt inlet
temperatureresulth thespanwisecoolant-temperaturedistribution.
Thisprocedureisan iterationprocess,sincethelocalbladetempera-
tureis dependentonthelocalcoolanttemperature.It shouldalsobe
notedthata spanwisevariationin ‘~20.in equation(D2)mayalsobe
consideredinthisprocess.

Thecoolanttemperaturegenerallyusedforliquid-cooledbladesis
theaverageoftheMet andoutlettempemtmes. Ingeneral,thetem-
peratureriseforwateris small,amdestimatesofcoolanttemperature
at eachspanpositionconsideredarenotwarranted.Consequently,
aver~evaluesof coolanttemperatureand Cp,~q wereassumedforthe
caseherein.Theinletcoolanttemperaturebeinglnmwn,an estimateof
theoutlettemperaturecanbe obtainedfrom

%iq (“ Cp,liq‘liq‘li~o -T
)liqJi

where %iq iscalculatedfrom

(D3)

(D4)

Inthisformula,~ is~ estimateofthebladeouter-surfaceaverage
temperature.Aftertheblad~temperaturesarecalculated,theaccuracy
oftheassumedtemperate ~ canbe obtained.Ifthereisa large
clifference,iterationmaybe necessary.

Static@s temperatureandrelativetotalgastemperature.- In
orderto determinean effectivegastemp=aturearounda rotorblade,it
isnecessaryto calculatethestatictemperatureat thestatorexitand
therelativetotaltemperatureontherotorblade.Inmakingthesecal-
culations,thetotaltemperatureandtotalpressureofthegasatthe
statoroutletareassumedequalto thoseatthestatorinlet.Then

@@-e;::F= &,o;,,ip%g’&js,. (D5) -

—
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Valuesof ~’ ,W, ana T’g,s,i g =-egivenintableII. Theareaatg,s,i
thestatoroutletAs,o is calculatedfromthegeometryofthestator
blades,thatis

&,. = (pitchatmidspan)(nuniberofblades)(sinea)(span)-
(nmiberofblades)(thicknessofstatorbladesat
trailingedge)(span)

Valuesof &, o usedhereinaregivenintable1. Thus,thestatic
pressureat thestatoroutletcanbe obtainedfromequation(D5). The
statictemperatureatthestatoroutlet,oneofthetermsrequiredto
get!Fg,e fora rotorblade,isdeterminedfrom

rg-l

Alltermson therightsidearetire’.Thevelocityat
isnextobtainedfrom

(D6)

thestatoroutlet

(D7)

relativeinletvelocitytotheturbinerotoristhencalculatedfrom
fOrmqla

(D8)

Thisformulaassumesno expansionof
blades.‘en ‘g,R,i islmown,the
tivetotherotorcanbe obtained:

iiit iii

thegasbetweenthestatorandrotor
totaltemperatureofthegasrela-

..2
‘g,R,i

‘g,R,i = ‘g,s,o+ 2Jgc
P)g

(D9)

Thistotaltemperatureisusedto get ~g,e fora rotorblade.

Inthecaseofa cascadebladesuchasthe13-fin,theareaAs o
to useinequation(D5)canbe obtainedfroma relationinvolvingtk
geometryofthecascadeofblades:

.. —. —.c. —_— _______ . . . .-. .—— .—— —-—
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As,. ‘ (2&t @*WJI)(nmberOf blades+ 1)(sineflow-inletangle)

Theareaobtainedby thisrelationis strictlynota stator-outletarea,
since,in stiticcascadeinvestigations~ bladesanalogoustothestator
bladesofa tmbinearegenerallynotused.Thisareaforstistituting
intoequation(D5)iseffec%tvelytheareano-l tothegas-flow
channelprecedingthetestblades.Thestatictemperatureto usein
calculatingeffectivegastemperatureis obtainedasbeforefromequa-
tion(D6)afterSg,S,o is calculatedfromequation(D!5)withthe
modifiedarea.Thevaluesof ~g,s,i intable”IIforthisbladeare
useddirectlyin calculatingtheeffectivegastemperature,as thisis
thetotaltemperaturerelativetothisstaticblade.
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APPENDIXE

DERIVATIONOFEQUATIONFOREFFECTIVECOEFFICIENTAT BASEOF

LEADING-ORTRAEU!G-SECTIONTRAPEZOIO

Let h+ be a fictitiouscoefficientwhoseprductwiththeareaof
thebaseofthetrapezoid(representingtheleadingortrailingsection)
andwiththedifferencebetweentheeffectivegasandbladetemperatmes
at thebaseofthetrapezoidisequivalenttotheheatbeingconducted
throughan elementof~initesimalthicknessatthebaseofthetrape-
zoidtowardthemidchord.regionoftheblade.Theareaatthebaseof
thetrapezoid,oratthecoolantpassage,is Tc lihnesunitspanwise
length.Theformulaforthisheatflowisthen

[ )h;Tc~ -TBe=-
~B

g,e J %’L )T
c

Solvefor ~:

h’
f

Since e equals Tg,e - TB,

G%b-.(g%)c

(El)

(E2)

(E3)

Then

h,=% de ‘
f Hqayc (E4)

Fromequation(D7)ofappentiD ofreference2,thetemperatediffer-
ence ec at thebaseofthetrapezoidbecomes‘(inthenotationofthis
report)

e =~Jo(iCc)+K#Ho(icc)c (E5)

andfromequation(D17)ofthesamereference,thetemperature-gradient
parameteratthebaseofthetrapezoidorcoolantpassagecanbewritten
as

—--— -— — —.—
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(%).=$($%).
or

Accordingto equation(D18)ofreference2,

(E6)

(E7)

Whenequations(E7),(E6),and(E5)=e substitutedb equation(E4),

~ q=

Dividingnumeratorand

Equation(D19)
trapezoidtip,

[

2#kB -KliJl(i~c) + K2Hl(itc)

!C KIJo(iCc)+ K#o(i!=J
denominatorby K, yields

L --A

ofreference2,resultingfrom
canbe written

K2 iJ~(i~e)
K=-

(E8)

4

boundaryconditionsatthe

(E1O)

(E9)

Substitutingeqmtion(E1O)inequation(E9)gives

(En)

..— ._— ——
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TABLEI.-GEOM!M!RYOFBLLDES

I Item
I

Air-cooled Liquid-
blades cooled

13-Fin~tti blade
1 I

Pitchatmidspan,in. 1.4 1.28 1.158
I?mberofblades 7 54 31
s-pm,in. 3,00 4.00 2.44

I 1 1

Flowinletangle,deg 52°12‘ 58°0‘ 57°20‘
Flowexitangle,deg 46°12‘ 50’30‘ 34°10t
Chord(sMal),in. 1.97 1.86 1.74
Suetion-surfacelength,in. 2.47 2.31 2.250
Pressure-surfacelength,in. 2.05 1.94 1.775
l%idmessofstatorbladesattrailing ---- 0.040 0.068
edge,in.

ChordWisedistsncefromtrailingedgeto 0.543 ----- 0.221
coolantpassage,~,in.(seefig.,1)

Chordtisedistancefrcmleadingedgeto
coolantpassage,j,in.(seefig.1)

Trapezoidalthicknessattrailingedge
Te,in.(seefig.1)

Trapezoidalthicknessatleadingedge
Te, in. (see fig.1)

Trapezoidalthicknessattrailing4ige
cookt passage,Tc~h. (seefig.1)

Trapezoidalthicknessatleading-edge
coolantpassage,‘rC,in.(seefig.1)

Totalfree-flowsreaofinternalcoolant

+

0.250 -----

I
0.0962 0.241

passages,sqin.(perblade)

Hydraulicdiam.ofinternslcoolant 0.06700.0986
passages,dh,in. II

0.100

10.234
10.023
10.112

Len@hofcoolantholesinliquid- -----.------
cooledbhie,in.

Stator-outletgas-flowarea,As,o, 0.183 0.833
sa ft

2.38
I

10.242
Thicknessofshe~,in. %.09@f?O.ols ----

b.0872 I

aSuctionsurface.
%ressuresurface.

.——.—



#

./--

CR-1o 2985

I

{

TAB~ II. - COKOITIcNSFOR~ CALCULATIONS

Blade calcu-Tur~ine‘l?urb~-~t Tur~ine-lmlet!rotalg.a8-Coolant-flowCwlmlt
I.ationspeed, totaltemper-tat_~pressure,flowraterateper temperature,
series rpm ature, Pg,g,i) forall blade, ~1 OrT1iq~

3!’ blades, Wa orW~i~j ajlOR
g,s,iJ in.Hg *S
%

V,~ lb/see
l.b/sec (a)

13-Finb I o 1465 42.01 5.98 0.0CU9 720
II o 1469 42.33 6.00 .0122 60S
III o 1469 42.32 6.07 .0204 5ss

Strutc)d Iv

1

.[ ]

o.ci)70
v .0700
VI 11,500 2460 113.7 75.5 .0070
VII .0419 910
VIII .0700
Ix

}
See textforexplanationof

{
.0419

x lackofconditions .0419

Liquid- XI

1

eo.oo~5
cooled XH 14,000 1693 3s.71 . 7 e.000M4 593

XIII ‘.03860
\ 2

%oolanttemperatureatbladecrosssectionsconsideredinanalysis.
b!lheseblades~orstaticcascadeexperiment,g.
c~oseCo~~ fineused in series ~ - ‘“

‘SecondaryfinsuBed In series VI to X, inclusive.

%aterusedastheliquid,



TABLEIII.- EEAT-!CRAN8FERCOEFFICIElW8ANDMETALCONDUCTMTIE6WED RR BYTEHEAT-!W.NSFER

AKDAXAKG RBS16TAWBCAWOTATIOH

[wm otimrwisemtad, .iutiat-trmefer ccefficientm we average vaIues]

Blade ce.lcu- Gae-to-blade Blade-to-cooknt Effectim Blellemetal
W3de-to-coolant

I.atIon Ccm?ficiant, amface cc&fi- blade -to-ccmlant conductivity, d
fective surface

aeriea %, Ciant, q, coefficient , hf, ‘B)
coefficient,

(hi)l-z,
Btu Btu Btu Btu

.eec)(W)(Sq f-t)(sec)(W)( Sq ftj (Eec)(%)( Sq ft) (Bec)(w)( fit
(aec)(@)(eq ft)

\
.3-Fin I

\ f 0.C066 o.0CE59

Local (see
(tidchord)

11 Locala 0.0.128 } table IV
0.00403

} (eee fig. 5) { (leaain&-and
and teti)

trailhg
III 0.0196 sectione)

J
\ <

Ha-u-t Iv 0.0C456 ------ 0.00398

v 0.0266 ------ 0.0251

VI O.06~ 0.00562 0.0478 o.m40 0.0042

VII 0.0235 0.1900 ? ( ehall) <
0.00666 0.0176

WI ) \ 0.0355 0.2760 (stNt) 0.0261

Ix O.owm 0.0235 O.1.scm 0.0176

x O.oml 0.0235 0.1900 0.0176
\ /

Jiquia-XI o.135
:Oolacl

XII O.cm.l 0.045 0.00KL

m 0.405
) , J

%ariable-wall-temperature coefficient uead over leading and trailing sectione.

S862 .
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TABLEIv. - LOCALEFFECTINXBLADE-TO-COOLANTHEAT-TRANSFER

COEFFICIENTSFOR13-FINBLADE

(a)Suctionsurface (b)Pressuresurface

3egment

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

coolantflow,Wa,lb/see

0.0204 0.o122 0.0049
Heat-transfercoefficient,

hior~,
Btu/(sec)(sqft)(OF)

0.0184
.0313
.0196
.0625
.0196
.0726
.0196
.0904
.0196
.0992
.0196
.0961
.0196
.0961
.0196
.0961
.0196
.0809
.0196
.0831
.0196
.0640
.0196
.0501
.0196
.0363
.0184
.0184

0.o125
.0206
.0128
.0415
.0128
.0484
.0128
.0609
.0128
.0668
.0128
.0647
.0128
.0647
.0128
.0647
.0128
.0545
.0128
.0559
.0128
.0428
.0128
.0333
.0128
.0240
.0125
.0125

0.0065
.0107
.0066
.0218
.0066
.0255
.0066
.0323
.0066
.0354
.0066
.0343
.0066
.0343
●0066
.0343
.0066
.0289
.0066
.0297
.0066
.0226
.0066
.0175
.0066
.0125
.0065
.0065

Segment

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

coolantflow,Wa,lb/see

0.0204I0.01-22I0.0049
Heat-transfercoefficient

hior~,
Btu/(sec)(sqft)(OF)

0.0184
.0520
.0196
.0729
.0196
.0806
.0196
.0961
.0196
.0992
.0196
.0961
.0196
.0946
.0196
.0946
.0196
.0891
.0196
.0904
.0196
.0765
.0196
.0707
.0196
.0616
.0184

0.0125
.0343
.01.213
.0484
.0128
.0537
.0128
.0647
.0128
.0668
.0128
.0647
.0128
.0637
.0128
.0637
.0128
.0600
.0128
.0609
.0128
.0511
.0128
.0470
.0128
.0408
.0125

0.0065
.0178
.0066
.0254
●0066
.0282
.0066
.0343
.0066
.0354
.0066
.0343
.0Q66
.0338
.0066
.0338
.0066
.0319
.0066
.0323
.0066
.0270
.0066
.0247
.0066
.0213
.0065

.— —.—. ——— . .
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EqwtiOnO

-Z=clz
+% C10+ZRCC9+’J+0 ‘0+0+0+0 ‘0”0

“%% ‘%bc10 +%09+ 0 + 0 + 0 ‘0+ 0 + 0 + 0 - 0
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(a)Insideheat-transfercoefficient,0.045Btu/(sec)(sqft)(OF).

Figure23, - Temperaturedistributionin I.lquid-cooledblade. Effectivegas temperate, lJ.59°F;
cwlant temperature,133°F; outsideheat-transfercoefficient,0.0211Btu/(Eec)(sqf%)(%).



(b) Ind.deheat-tranafer coefficient, o.135Bt~(s ec)(8qft)( OF).

Figure23. - continued.Temperaturedistributionin liquid-cooledblade, Effective s temperature,
1.159°F; coolanttemperature, J133°F; outsideheat-transfercoefficient,0.0211Bt (sec)(aqft)(%) ,
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(c) Insidehwt-tmsfer coefficient,0.405 Btu/(see)(.W N)(OF) .
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~ Figure23, - Concluded.Temperaturedistributionin liquid-cooledbl.ade.
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