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FROMSTRUCTURALCONSIDERATIONS

By JeromeB.Hanmmck

SUMMARY

Theaerodynamicdesignofpropellersfromconsiderationsofcentrifugal
forceispresented.A solutionisobtainedforthespanwisedistribution
of cross-sectional arearequiredto attainconstantcentrifugalstress
overmostoftheblade.By applyinga constantminimumvalueofthickness
ratiofromroottotipandallowingthedistributionofreguiredareato
appearinthebladeplanform,propellerswithgoodefficiencyarerealized
athighMachnunbersby themethodofthispaper.

Considerations”ofcentrifugalstressshowthatthebladepower-
absorbingabZlityis seriouslyreducedwithincreasingflightMachnuniber.
Increasingthedesignadvanceratioisseento causea decreaseinpro-
pellerefficiencyandpowerabsorptionintheMachnunberrangefrom
1.2to2.4.

Froma comparisonoftwopropellersata Machnumiberof 0.9 andan
advanceratioof2.0,bothhavingthesameallowabledesignstressand
differingonlyinthemannerinwhichtherequiredareavariationwas
applied,thebladehavinga constantminimumthiclmessratioof2 percent
wasfoundtobe 7 percentmoreefficientthana rectangularpropeller
havingthereguiredareavariationappliedtothiclmessratiowiththe
minimumthichessratioof 2 percentappliedat thetip.

INTRODUCTION

Designprocedureforsubsonicpropellers(forexample,ref.1)is
basedonthetheoryofBetz. ThroughtheuseofBetz?stheory,induced
lossesareminimized.At transonicflightspeeds,however,propeller
bladesectionsoperatein,thesupercriticalregionwherelargeincreases
occurinprofile-draglossesandwheretheinducedlossesareverylow.
Therefore,inorderto obtaina supersonicpropellerofhighestefficiency,
lift-dragratiosmustbe maximizedsothattheprofile-draglossesare
minimized.A reductioninmrofile-drmlossesis chiefly accomplishedwith
a supersonicpropellerby decreasingt~ethiclmess
Theprimaryaerodynamicrequirementforsupersonic
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2 NACATN 2a51

isthattheypossessthethinnest‘possiblesections.Sectionsofminimum
thicknesscanbe achievedifeachsectionalongthebladeworksatthe

.

allowablestressofthematerial.

A methodisdevelopedhereinforobtainingthemostefficientspanwise
distributionofcross-sectionalareaby consideringonlytheeffectsof
centrifugaltensileforceona propellerblade.Oncethecross-sectional-
areadistributionisdetermined,thethinnestpossiblesectioncanbe
chosento complybothwiththisdistributionandwiththerequirementof
highlift-dragratio.Althoughotherstressessuchasbendingandtorsion
(bothsteadyandvibratory)maybe equallyimportantinsomecases,they
donotalterthefactthatcentrifugaltensileforcerestrictstheradial
cross-sectional-areadistributionto a minimum.Withtheminimumcross-
sectional-areadistributionestablishedby centrifugal-forcerequirements,
modificationstothebladestructure(ifany)requiredby otherstress
requirementscanbe safelymade.

.
I Theaerodynamiccharacteristicsofseveralpropellersdesignedby

thismethodarestudiedatvaluesof~ch nuniberfrom0.9to 2.4.

Theauthorwould
andConradRennemann,
theirsolutionofthe

liketo expressappreciationtoMessrs.KeithC. Harder
Jr.joftheLangleyAeronauticalLaboratoryfor
equationsforconsta.utcentrifugalstress.

SYM601S

A cross-sectionalareaofblade
station,(forexample,Ao.1
x=

b’ blade

c speed

0.1); Sqft

width(chord),in.

ofsoundinair,ft/sec

F centrifugalforce,lb

D propellerdiameter,ft

.

section;thesubscriptdenotes
iscross-sectionalareaat

h bladesectionmsximumthicbess,in.

h/b bladesectionthicknessratio

J advanceratio,V/nD
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Machnuuberofadvance,v/c

propellerrotationalspeed,rps

16 ~cpowerdisk-loadingcoefficient,~

torque,ft-lb

torquedisk-loadingcoefficient,Q/P@@

propellertipradius,f%

radiustoa bladeelement,ft

thrust,lb

thrustdisk-loadingcoefficient,T/PV2D2

velocityofadvance,ft/sec

fractionofpropellertipradius,“rR/

radialstationto whichconstantcentrifugalstressextends

propellerefficiency,TcJ/2fiQc

densityof air,slugs/ft3

densityofmaterial,slugs/@ -

a120wabledesignstressofmaterial,lb/in.2

propellerrotationalspeed,radians/see

EASICCONCEH5ANDASSUMH!IONS

At transonicandsupersonicforwardspeedsinducedlossestendto
disappear.Comparisonsofpropellersona profile-efficiencybasisalone
arethereforewazranted.Forthisreaso-n,theassumptionthatthegeometric
helixangleisequaltotheaerodynamichelixangleisusedthroughout
thispaper.

Inthesticrit~calspeedrangeofpropelleroperationthechoiceof
‘optimumadvanceratiofromthestandpointof~ sectionprofile
efficiencyisnotcritical@asmch as itvariesonlyslightlyovera

— ... . . .———. .__. - .—.. ..———.—.—— — .——. ..c —— .-.— ..... ...—.— —-—— -.



4 tiCATN 2851

widerangeofadvanceratios.At transonicandsupersonicspeeds,however,
theregionsofoptipmmadvanceratiosaremorerestricted.Operationat
advanceratiosofaround2.0hasbeenshowntobe optimum(forexample,
seeref.2).

Becausehighrotationalspeedsme necessarytomaintainlowadvance
ratiosathighforwardspeeds,highlevelsofstresswillbe experienced
in supersonicpropellers.Steadystressesh a propellerbladearecaused
by centrifugalforce,bendingdueto * loads)@ torsionoCentrifugal
stressassumesmajorhportanceforpropelleroperationatlowadvance
ratiosandhighforwardspeeds.Thoughproperdistributionofmaterial
alongtheblade,eachsectionfromroottotipcan-bemadeto operateat
thedesigncentrifugalstress.By sodoing,everysectionofthepro-
pellerwillbe workingatthesamevalueofcentrifugalstress,andsuch
a propelleristermed.hereina “constantstress”propeller.Basedon
theseconsiderations,a solutionforthecross-sectio~l-~eadistribution
requiredforsucha propellerisdeveloped.tipractice,ofcourse,the
centrifugalstresscannotbe maintainedconstmtalongtheentireblade
becausethestressmust’bezeroatthetip.

Inthispapera valueo?allowablestressequalto50 percentofthe
ultimatestrengthhasbeenassumed.Thisstresscorrespondstomaterial
fatiguestrength.Inaddition,thisfatiguestresshasbeenreducedby
20percentto accountforstressesotherthancentrifugal.Therefore,in
thispapertheterm“allowabledesign”stressisequalto40percentof
theultimatestrengthofthematerial.Otherstresslimitscotid@ve
beenassumedequallyaswell,buttheseassumptionsappeartobe reason-
ableonthebasisofpastexperience.Theeffectofthetemperaturerise
dueto aerodynamicheat- onthestren$rthofbladematerialhasbeen .
neglected.?ts
designstress.

DEVELOPMENT

influence-would

ANDSOIUTIONOF

Fora propellertooperate

be felt-asa loweringoftheallowable

CONSII!ANT-CENTRIFUGAL-STRE=EQUATION

at constantcentrifugalstress,the—
centrifugalstressmustbe thesameat everystation.Thevalueofthis
constantcentrifugalstressshald.be theallowabledesignstressofthe
material.

———.—— .— . ___ .— . ..— --
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Considera rotatingbeamanda sectiofither.qin:

5

--4t+’+

“p=j
r

R

3 ‘t-”

“A*
Forequilibriumacrossthesectionthefollowingequationmustapply:

GdA=-@rAdr

or

~dA -
,dr

-w?cA

Inasmchas

r =Rx

theequationforequilibriumbecomes

Thesolutionofthiseguationis

+M02R~
AC=e 2U

!

wh~reC isa constantof integration.Inorderto evaluatetheconstant

C,let A=AO when x=O. men C.A
‘o

and A becomes

,,
<1

I
. ..-
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-W2R2X2
20

A=~e

.

Nowtheforceatanypoint x is

F= 2aaAe
o

andatthetip,thatis,at x = 1,theforce

-P02R2

F= aAoe 2(s

is

Thisequationgivesa finite,nonzerovaluefortheforceatthetipfor
everypropelleroffinitelength.In other words,forthissolutionto
apply,thepropellerwouldhavetobe ofinfinitelength.Hence,u
csnnotbe constantthroughouta propelleroffinitelength.

Inorderto overcomethisdifficul@,theassumptionismadethat
thestressisconstantup to somepoint ‘t andfromthat@.nt is
allowedto falloffto zeroatthetipby holdingthecross-sectional
areacon9tantfromthepoint ~ ,tothetip. Thisassumptionrepresents
a practicalconfiguration.As thepointxt isa~roachedfromthe
inboarddirection,theforceis

F=Au

Theforceat ~ duetothemassbeyond+ is

F.& A(l-q2)
2

To determinethepointXt suchthatboththeforceandarea- andhence
thestress- arecontinuous,

.
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or

2=1
‘t -—

~;2

Hence,intheintervalOsxsxt,

G = constant

.&2x2
2a

A = Aoe

andin theinterval~SxSl,

()~=1.LU)2R21-X2
2

-&R2xt2’

A = Constant= AOe 2(Y

where

A moreconvenientformis

()
- & Y(V‘2X2
20 Y

Axe—=
43

up tothepointwhere

‘=%
where

.
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tothepropellertip. “

Thisanalysisoffersnouniquesolution
ratiodistributionbutrathera solutionfor
bution.Combinationsofthickness’andchord
will.

forblade-chordorthickness-
cross-sectional-areadistri-
maythereforebe pickedat

APPLICATIONOFMETHOD

Inorderto evaluatetheinfluenceofthismethodontheaerodynamic
characteristicsofpropellersoperatinginthetranBonicandsuperso~c
speedranges,”severalpropellersweredesignedandtheircharacteristics
arediscussed.

Thiclmessratioandpitchdistribution.-As previouslydiscussed,if
propellersectionssreto operateatthehighestvaluesoflift-dragratio
possible,theymustpossessminimumvaluesofthicknessratio.Sections
of2-percentthicknessratiorepresentabouttheminimumtithregardto
fabricationatthepresenttime,andinthefollowingdiscussionsolid
bladeswitha thicknessratioof2 percentfromroottotipareassumed,
umlessotherwisenoted.Witha constantthicknessratio,theareadis-
tributionrequiredby theconditionofconst@ntcentr~al stressappears
as a variationinthebladeplanform.Thisassumptionbynomeansindi-
catesthatotherconditionssuchasvariationinthicknessratioorhollow
bladescouldnotbe assumed.However,increasesinthicknessratiolower
thelift-dragratios,aidhollowbladesposemanufacturingdifficulties
iftheabsolutethicbessis small.

Thepitchdistributionincorporatedintothepropellersdesigned
by theconstant-stressmethodhereinissuchthateachsectionalongthe
bladeworksat a valueofliftcoefficientformaximumlift-dragratio.
Thesevaluesofliftcoefficientandlift-dragratiowerecalculated
fromAckeret’stwo-dimensionalsupersonic-flowtheorymodifiedtoaccount
forround-noseairfoilsoffinitethicknessina mannerprescribedby
W. F.Hiltonina Britishpaperthatisnotgenerallyavailableandto
includeskinfriction.Althougha pitchdistributionincorporatinglift
coefficientsformaximumlift-dragratiomaynotbe necessarilyoptimum,
theuseof suchpitchdistributionsissatisfactoryforaerodynamiccom-
parisonsofpropellersdesignedby themethodofthispaper.

I
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Thepropellerdesignshereinhaveegu@ diametersandroot chords.
(Theterm“root chord”hereinpertainsto the bladechordat the spinner
juncture.) Thechoiceofequalrootchordsresultsinpropellersof
identicalhubandspinnerconfigurations.ThebladesELM_producethe
sanecentrifugalforce- animportantfactortithedesignofhubsfor
supersonicpropellers. - ,

Effectofallowabledesignstressonbladeplanfork.-Figure1
presentsa seriesofarea-distributioncurvesforseveralvaluesof

.

‘Qowabledesignstress. Thesecurvesarebasedonoperationala for-
wardMachnumberof 0.9 atan altitude of ,@,~O feet andanadvance-ratio

f of 2.0. In orderto obtaina bladeplanformfrom-anyoneofthesecurves,
allthatisrequiredisto establishthespinnerjunctureorroot-chord
andthethlcbess-ratiodistributionandapplythearea-distribution
showntotherestoftheblade.Thepointatwhichthearearatiobecomes
constantoneachcurve,labeledx+,isthepointtowhichconstant
cenlaxifugalstressextends.Outboardofthispointthestressdecreases
sothatit iszeroatthetip. \

Figure2 illustratestheeffectofa~owsbledesignstressontip-
rootchordratiosforsteelpropellersof constantthiclmessratioata
Machnumberof O.gj forhighallowabledesignstressestie_bip-rOOt

chordratiosareseentobe reasonable.Withmaterialsofhigherstrength-‘
weightratio,suchastitanium,thesevaluesoftip-rootchordratio
wouldbe furtherincreased.

EffectofMachnumber.-ForthehighervaluesofforwardMachnumber
accompmiedby highervaluesofrotational.speednecessarytomaintainlow
advanceratios,a correspondingdecrease@ tip-rootchordratiosresults.
Areadistributions,thrustandtorquedistributions,andcorresponding
efficienciesareshowninfigues3 to 9 for propellersat fourMachnum-
bers andhavinganallowabledesignstress of W,000 poundsper square
inchandadvanceratios of 2.0and3.0.

Figure3 showsto whatextentthe planformis changedwithincreasing
Machnumberfor an advanceratio of 2.0. At the highervaluesof llach
number,most,of the blademea hasmovedinboard. Althoughthe scale of,,
figure 3 is suchas to indicatezerobladecross-sectionalareawhenx
is greaterthanabout0.75 for Machnumbersof 2.0 and2.4, thereis
actuallya smallfinite area. Figure6 is a similarplot exceptat an
advance-ratioof3.0. Here’thesameinboardshiftofareaisapparent,
butto a J.esserextent.

lm examinationoftheelementalthrustandpowercoefficients, fig-
ures 4 and5,respectively,for anadvanceratio of 2.0 *O showsthe.
loadto be concentratedinboard. This inboqd shift is muchless severe
for anadvanceratio of 3.0 (figs. 7 and8). In fact, for the lowest)
Machnumberanalyzed,no shift is apparent. Propellerefficiency for

. advanceratios of 2.0and3.0 is plotted in figure 9. Goodefficiencies

.
.- ____ .. ..- . —-— -.-— — —.—— . . ----- --------. .. — -—-——-——--- - - - --— -- —
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arerealizedforbothadvanceratiosattheMachnumbersconsidered.At
.“

a Machnuniberof1.2,theefficiencyisabouttheshe inbothcases;
whereasathigherMachnu?.tibersoperationatan advanceratioof2.0is
up to3.5 percentmoreefficient. Thecalculationsof propellerefficiency
reportedhereinmadeuse of theoreticalaerodynamicdata. Inducedlosses

‘ andshocklosses dueto bIadeinterferencewerenot considered.A com-
parisonof powerabsorptionbetweenthe twocases (fig. 10) showsthat
the powerabsorptionfor anadvanceratio of 2.0 is fro-m2 to 15 percent
greaterthanthat for an advanceratio of 3.0. Thus,operationat an
advanceratio of 2.0 not only is moreefficient but also enablesgreater
powerabsorption.Figure10alsoindicatesa markeddecreaseinpower
absorptionwithincreasingWch numberforbothvaluesofadvanceratio
considered.

Effectofvaryingthethictiessratioatanadvanceratioof2.0.-
A comparisonbetweentwoextremecasesofconstant-centrifugal-stress
prope”~erscanbemade- onewiththerequiredareavariationapplied
tobladechord,theothertobladethich~ssratio.me bl~es wereof
equalrootchordata radialstationof0.29andofequal.diameter>and
inbothcasesthematerialchosenwassteelhavinganaU.owabledesign
strengthofk8,000poundspersquareinch;theoperatingconditiontaken
wasa forwardlkchnumberof0.9andtheadvanceratiowas2.0. Inthe
firstcasetheresultingplanformisshowninfigureU.,andinthe
lattercasetheplanformwasrectangular,witha variationinthickness
ratiofrom6 percentattherootto2 percentata radialstationof0.72,
thence2 percenttothetip.

Propellerefficiencyforthefirstpropeller,wascalculatedtobe
85percent,andforthesecondpropellertheefficiencywascalculatedto
be 78percent,a decreaseinefficiencyof7 Percent.How’ever~thePower
absorptionoft-herectangularpropellerwas47percentgeaterthanthat
ofthetaperedpropeller.

CONCLUDINGREMARES

A solutionforthevariationinpropeller-bladecross-sectionalarea
requiredto operateata constantallowablevalueofcentrifugalstress
overmostofthebladehasbeenobtained.Analysesinwhichaconstant
valueofthicknessratioof2 percentisassumedindicatethatpropellers
withgoodefficiencycanbeobtainedup to flightlhchnunbersofatleast
2.4by usingthemethodof thispaper.

Thedesignofpropellerbladesfrom”considerationsofcentrifugal
stressshowsthatbladepower-absorbingabiLLtyisseriouslyreducedwith
increasingflightlkchnumber.Increas@”thedesignadvanceratiofrom
2.0to3.0isshowntocausea decreaseinprope~erefficiencyandpower
absorptionintheMachrtuniberrangefrom1.2to2.4.

,

.
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Theimportanceof strivingforlowthicknessratios-overtheentire
,, bladeisillustratedby a comparisonbetweentwo“constantcentrifugal.

stress”propellershavingthesamedesignconditionsanddifferingonly
,, inthemannerinwhichtherequiredareadistributionisapplied.This

comparisonshowsthat,ata Machnumberof0.9 andanadvanceratio 2.0,
a propellerwitha constantthiclmessratio of 2 percenthavingthe
requiredareavariationappear’inplanformis 7 percentmoreefficient
thana rect~ propellerhavingthe reqtied areavariationappearin
thicknessratio withthe minimmthiclmessratio of 2 percentappliedat
the tip.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,September5, 1952.
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Figure u.. - B1.adeplan form for constmt-centr--stresB steel propeller
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