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SUMMARY

An anal~ishasbeenmadeto determinetheapplicabilityofexisting
propellertheoryandthetheoryofoscillatingairfoilsto theproblem
ofdeterminingthemagnitudeoftheforcesonpropellersinpitchoryaw.
StripcalculationsincludingtheGoldsteincorrectionfactorsandusi.ng
compressibleairfoilcharacterstics.werefirstmadeas thoughsteady-
stateconditiomexistedsuccessivelyat severalbladePOSitionsof the
propeher bladesduringonerevolution.A theoryofoscillatingair-
foilsinpulsatingincompressiblelinearizedpotentialflowwasthencon-
sideredfromwhichitwasPOSSibleto determinefactorswhichwouldmod-
ify theforcesas calculatedundertheasswptionofsteady-statecom-
pressibleflow.

Comparisonsofthesteady-statecalculationswithexperimental
resultsshowthatthemagnitudeoftheforcechangesexperiencedby the
bladescanbe predictedwithsatisfactoryaccuracy.Resultsof calcula-
tionsmadeby theoscillatingtheoryindic’atethattheactualforceson
theblademaybe somewhatlowerthanthevaluescalculatedby thesteady-
statemethod.Itwasnotpossibletoestablishthisconclusiondefi-
nitelybecauseofthelackofsufficientexperimentaldataforcomparison..

Theturningmomentontheshaftofa two-bladepropeher fluctuates
betweenapproximatelyzeroanditsmaximum-valuetwiceperrevolution.
Fortheoperatingconditioninvestigatedtheturningmcmentontheshaft .
ofa three-bladepropellerrema~ nearlyconstantat about75percent
ofthemaximumvalueattainedwiththe&o-bladepropeller.

INTRODUCTION

Lsrge-diameterpropellemincorporatingthinbladesectionsare
becominga necessityforcertainaircraftinstallationsusinglargeunit

l-Sup&sedestherecentlydeclassified”NACAML@26, “Calculatio;of
AerodynamicForcesona PropellerinPitchorYaw”by JohnL. Criglerand
JeanGilman,Jr. , 1949.
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2 NACATN2585
.

powerplantsathighaltitudeandhighspeed.On suchpropellerinstal-
lations,theoscillatingairforcesduetoyaworpitchofthepropeller
axismaycausedangerousvibratorystresseswitha frequencyofonceper
revolution.we airfoilbladesectionexperiencesoscillatingairforces
thatvarywiththepositionofthebladearoundtheperiphery.Theseair
forcesonthepropellerbladesectioninflightmustbe relatedtothe
properkachnumber,advanceratio,blade-sectionliftcoefficient,inclina-
tionofthepropellershaftaxisto itsforwszdmotion,andthewave
lengthof theoscillation.A tiowledgeoftheairforcesontheblade
sectionasa functionofthepropelleroperatingconditionsisneededin
a studyoftheproblem.No existingtheorycompletelydescribesthe
operatingconditionofa pitchedoryawedpropeller.

.
Inthispapertheairforcesonthepropellerbladesarecalculated

fbst undertheassumptionthattheexistingpropellertheorymaybe used
inconjunctionwiththeinstantaneousanglesof attackandresultant
velocitiesalongthebladesofthepitchedpropellerat successiveblade
positionsaroundtheperiphery.Thismethod,hereintermedthe“steady-
state”method,permitstheuseoftheusualsteady-statecompressible
airfoilcharacteristicswiththeGoldsteincorrectionfactorsfora finite
numberofblades.Thenseveralaspectsofthenatureoftheforces
developedby an oscillatingairfoilareconsidered.Expressionsbased
on linearizedtheoryforcalculatingtheairforcesona two-dimensional
thinflat-plateairfoiloscill.atimginangleofattackina steadystream
ina nonviscousincompressiblefluidweredevelopedinreference1. Some
modificationsto thistheorywerepresentedinreference2 topermitcal-
culationswhenthestreamvelocityaswellastheangleofattackvaried
withtime. Theexpressionsofreference2 areusedto estimatethechanges
oftheairfoilcharacteristicsina compressibleoscillatingflowfield.

Verylittleexperfiental’datawithwhichto compwetheresultsof
thesecalculationsareavailable.Thesteady-statecompressiblecharac-
teristicsarecomputedforthepropellertested‘inreference3,however,
andarecomparedwiththeexperimentaldatagiventherein.Thecalcu-
lationsaremadefortwo-bladeandthree-bladesingle-rotatingpropellers
andsatisfactoryaweementwiththeavailableexperimentaldatais
obtained.

SYMBOLS

a’

B

c

distanceto centerofrotationfrommidchordofatifoil,
feet(fig.2)

numberofblades

chord,feet
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cd

cl

C(k)=F + iG

D

h

J

Jfoto

profiledragcoefficient

two-dimensionalliftcoefficient

C function(reference1)

()Tthrustcoefficient—
~n2D4

(,)dT/dxelementthrustcoefficient—
~n2D4

instantaneouselementthrustcoefficient(%st/~\,
\,n2D4)

propellerdiameter,feet

verticaldeflection(flapping)of

advanceratio (v/nD)

localadvanceratio,steadypart
.

instantaneouslocaladvanceratio

parameterusedindeterminingthe

?=%) -

L lift,pounds

Lc

m

airfoil,feet

(JCosy-J

. .

(fig.2)

( YtxCOBq )~+sincyinut

functionF + iG

liftcoefficientofoscillatingairfoil

()

L
. pwop

2Yuxpop

turningmoment,foot-poun&
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n
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v

wfJ

x

‘o

a

ai

()mmoment:coefficient—
PV2D3

Machnumber /

propellerrotationalspeed,revolutionspersecond

radiustobladesection,feet

tipradius

time,seconds

thrust,pounds

instantaneousthrust,pounds

forwardvelocityofairplane,feetpersecond

geometricresultantvelocity,steadypart,feet
second(fig.1)

per

instantaneousgeometricresultantvelocity,feetper
second

()fractionalradiustopropellerbladesection r
E

radiusratioat sptierjuncture

angleofattack,degrees

angleof inflow,degrees

amplitudeinoscillationofangleofattack,radiansor
degrees(fig.1)

instantaneousincrementalangleofattackofbladesec-
tion,radiansorde~ees

angleof inclinationofpropellerthrustaxis,degrees
(fig.1)

.

blade-anglesettingat 0.75radius,degrees .

I
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K

P

a

.,

,4

.

fractionalamplitudeofstreampubation
r~” - 9

Goldsteincorrectionfactorforfinitenumberofblades

massdensityofair,slugs

()

*Bcsectionsolidity
G

~er cubicfoot

localgeometrichelixangle,steadypart,degrees

(
~-l J’cos ~

)

instantaneousgeometrichelixangle,degrees

(

Cosq
tin-l

).
;+sinqsinult

aerodynamichelixangle,degrees(equation(4))

angularvelocityofpropeller,radianspersecond
(21m)

A dotovera quantitydenotesthefirstderivativeofthequantity
withrespecttotti-e;two-dots,thesecondderivativewithresp-ctto -
time.

,FORCESONAN INCLINEDPROPELLER

TheVelocityDiagram

Figurel(a)showsa sideviewofa propeIlerdisk,thethrustaxis
ofwhichisinclinedatanangle~ totheforwardvelocityV. This
forwardvelocityV isshownresolvedintoa componentV cos~ per-

. pendicularto theplaneofrotationanda componentV sin~, parallel

totheplaneofrotation.Figurel(b),a viewperpendicular-totheplane
,, ofrotationalong”thethrustsxis,showsthevelocitycomponentV s,in

I %

. . . . . . . - -. - .-—— -—- ---- --- ——- ..——— — —— ——. — ——--- ——— -- — —-



6 NACATN 2585

ata sectionofa propellerbladewhichis locatedata positionwt on
thepropellerdisk.Inthispaperthetimevariablemt,whichdefines
thepositionoftheblade,isconsideredtobe zerowhenthebladeis
initiallyverticalupwardwiththepropelleraxisinpositivepitchand
ismeasuredinthedirectionofrotation(theseaxesmaybe rotatedto
complywithpropellerattitudesotherthanpitch).Withthisconvention
thevectorV sin~ maybe resolvedintoa componentV sin~sin mt

inthedirectionofthetangentialvelocityw anda component
v sin~cos cutina radialdirectionalongtheblade.Inthetreatment

thatfollows,theradialcomponentoftheflow V sin( ~cos ~) isassumed
tohavea negligibleeffectontheairfoilcharacteristics.Withthis
assmption,theeffedtoftheperiodicchangeintherotationalvelocity
(-X + V sti ~sin mt) andthecomponentvelocityV cos~ onthe

propellercharacteristicsremaintobe determined.

Thevectordiagramfora sectionofan inclinedpropellerisshowd
infigurel(c).Inthisfiguretheinducedeffectsarenotincluded.
Itshouldbe realized,however,thattheaerodynamichelixangleswill
be somewhatdifferentfromthegeometrichelixanglesshown.Fromfig-
urel(c)thegeometrichelixangleforanypositionofthepropeller
bladeisgivenby

$& . tan-l

or

v C08 %
YmDx+vsincf#ncDt

. $& . t~-1~ Cosa-f

—+sti %-p-J

(1)

1,

I

n:

.

%

.

Theresultantvelocityisgivenby

w~ = ficoa~ + (nnDx + v sin afin Ult)a (2) .

‘-
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therelationshipinequation(l),thelocaladvanceratioisgiven

m Cos
Jti=fi % (3)

y + sinaTsinm

equation(3),thelocaladvanceratioisseentovarydependingon
thepositionoftheblade.

MethodofAnalysis

Incalculatingtheforcesonan ticlinedpropelleritmustbe real-
izedthatnotonlydothebladesectionsoperateina.variableflowfield
butthattheflowisa compressibleonewiththepossibilityofhi$h
sectionMachnumbersalongthepropellerblades.Themethodofrefer-
ence2 fordealingw}ththeoscillatingeffectsappliesto incompressible
flowwheretheslopeoftheliftcurveisapproximately21r,whilein
thecompressiblecase,the-slopemaybe considerablyhigher.Sincethe
wavelengthinoscillatingflow,isusuallyseveralbladechords(10or
more),itappearslogicalasa firstapproximationto considertheoscil-
latingeffectstob& negligibleas comparedwiththechangeofslopeof
theliftcurvewithchangeinMachnumber.Also,theGoldsteincorrection
factorsfora finitenumberofbladeshavebeenfoundtoapplyreason-,,
ablywellwhenappliedtothecalculationof forcesonnonopttiumpro-
pellers(reference4). Therefore,’itappearsreasonabletoextendtheir
useto thepresentcase. \

.

Steadystate.-Insteady-statecalculationsoftheforcesand
. momentsonthebladeofa pitchedpropeller,a ch~ge fithe (b~de

position)istreated’simplyasa changeintheoperatingV/nD ofthe -
propellerinaccordancewithequation(3).ThecompletePropeller~
assumedto operatesuccessivelyat differentbladepositionsunderthe
instantaneousconditionat eachparticularposition.Thethrust~r -
bladeateachpositionisdeterminedfrom

(4)

. . . . .. . .-, -- --- —.- ————-—--,-—— ------- -— ———,—-- ,--.,~.- —--- --~’.--—— ------ . . ..——————— .. . . . .
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c)CT
.Kfi3x@ai-c@-t - ~+Jzz~ 57.3

(

ai 2

)
( = )

sina@in @ 2- (5)
cotfi+—

57.3

(Equation(5),exceptforthefactor1 + -& sin
)

a&n U-t‘2,is
fromrefererice4. Thequantities@ and ai aredetermtiedby the
samemethod& inreference4 by usingthequantityJti (equation(3))

Lx )~sinctsincut2 inequa-inplaceof J. Theadditionalfactor1 +
T

dCT
tion(5)isneededtoputtheelementthrustgradient— h termsof

dx
~n2D4 ratherthaninternsoftheapparentlyvaryingn in JW
(equation(3)).

Theturningmoment(yawingmomentofa pitchedpropelleronthe
propellershaft)isthediffe~nceinbendingmomentsfromthehighly
loadedsidetothelightlyloadedsideoftheinclinedpropeller.For
thesteady-forcecalculationsthisbendingmqmentreachesa maximumon
thetwo-bladepropellerwhenthebladesareinthehorizontalplane.The
~um turningmomentfromthesteady-flowcalculationsisfoundbv.
graphicallyintegrating

from

thin

thespinnersurfacetothepropellertip.

oscillatingflow.- Theexpressionforthetotal
airfoilof infiniteaspectratiooscillatingin

.

i

t

.

(6)

liftofan infinitely
an incompressible

I

I
,,

——-—_ .—.



pulsatingstream(seefig.2) isgivenby equation(I-2)ofreference2
(withsuitablechangesinnotation)as.I

,.

where

+

,.

W& - W. = WoEe-w

(7)‘

r

/ C(k)=F + iG (seereference1)
.,

Intheprecedingexpressions,e denotesthefractionalamplitudeof
theperturbationpartofthestreampulsations,~ theamplitudeof
theverticaldisplacement(flappirig),and ape’theamplitudeoftheincre-

. mentalangleof.attackdueto therotationoftheairfoilaboutthe
point a.

( )
Theequationsdefiningthequantities.W@ - W. , h, and ap

,- describethesequantitiesas‘puresinusoidalvariations;itthusbecomes
necessary’toascertaintheapplicabilityofthesedefinitionsto the
inclinedpropellercase. . ..

,,
,1

---- -. .. . . -— .-— -----—— - . ..——.. —.- ——— ----- .— .. ——-— —--- ..—.



10 NACATN2585.
,,

Figure1 showstha~themaximumincrementinthegeometricangle
ofattackoccursatthequantitysind = 1 (at= 90°) andat
Sinut= -1 (cut= 2700).TheamplitudeCLpoofthegeometricangle

ofattackat W . 90° is

.

andtheamplitudeat W = 270° is

~270 - @o = tan-l * Cos - - tan-l -& Cos ~
—-sin
-J %

Thesevalueshavebeencalculatedforseveralvaluesof ~ withthe ~

‘angle~ asparameter,andtheresultsareshownplottedinfigure3.

Infigure4 areshbwnresultsofstiilarcalculationsmadeto determine 3
thevalueof E at W = ~o ad m = 2700.Figures3 and4 showthat
inthepropellercasethedeviationfromsinusoidalvariationsinthe
resultantvelocityandangleofattackissmallatthrust-axisangles

less thanaboutd andvaluesof -$ lessthanapproximately2.

Theflappingmotionh isa functionofthebladestiffnessand
willnotbe consideredhere. Calculationsshowthattheeffectofthis
motiononthemaxtiumforceis.ingeneralsmallbutthatthelaginthe
positionofthemaximumforcemaybecomelargedependingonthefrequency
oftheoscillations.

Whenthe h termsaredropped,equation(7)reducesto

(+‘m-‘“)ti(?)+
%)] (8)

.

.— —.. —--—— .— —.. ..-
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.

)

.

Forthetypeofmotionbeingconsidereditwillbe convenientto
assignthefollowingvaluestotheParamete=a~earing in eqm-
tion(8):

ap = -iapoem

h=O

Wti ( )=W. 1 - icew

Wgo
6 =—- 1

W.

C(k)=F+iG

Intheprecedtigexpressionsthe~parameter~. istakenasthe

amplitudeoftheaerodynamicangleofattackas estimatedby steady-
statecalculationsinpotentialflow.ThefunctionC(k) isa complex
functionoftheparameterk (reference1)andisgivenby

,

C(k)= F(k)+ iG(k)

where F and G areobtainedfromstandardBesselfunctionsofthe
firstandsecondkindswithargumentk. Thevariationofthefunctions
F and G withtheparameterl/k isgiveninfigure4 andtableII
ofreference1. InthepresentcasethefunctionsF and G areeval-
uatedas inreference2 for k~s definedas follows:

i . . _ –— - . ,. .. . . .. ... .-.. .-— —.— --- . ---- . —. —--—.... .-. ..—------- -. ..——. —-—- .-- . .. . . .—--— -----
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0

kwm+%p=

.

Forthecasebeingconsidereditis

%p

2W0

assumedthat ~ =0
%

= u; there-
&

;.

I

Ifore,kwti= ~p=k ad ~ +~ =kl=2k. Accordingly,the

(M) ‘a c(%):
functionsc ~ areequalandaredenot”ed~y C(k)= F + iG , ,

(mt+~whilethefunctionC ~ isdenotedby F1 + iG1.

Itshouldbe notedthatEomeoftherealtermsinequatiop(8)are
notmultipliedby the C(k) functions.Theserealtermscanbe inter-
pretedas gitigthetotalforceontheairfoilandtheimaginaryterms,
theforcedue-toperturbationvelocitiesonly.

Whentherealpartofequation(8)istaken,theresultingtotal
forcecoefficientisgivenby

Lc = L

pwoa ‘~+
2-0 —

2C

●

✎

.

1

(9) -

( — -.. ..
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Thelift-forcecoefficientLc for-propeller-bladecomputations
appliesto onlyoneblade‘element.Ifthecurvesfromallbhdes are
plottedandintegratedandtheordinatessummed,thecurvesthusobtained
maybe usedto determinetheturningmomentonthepropellershaftasa
functionoftime.Theturningmomentontheshaft(yawingmomentfor
pitchedpropeller)foranypositionis
ateachbladeelementtimesitsmoment

CAICUIA!I’IONOFFORCESAND

foundby plottingtheliftforce
armandintegratinggraphically.

DISCUSSIONOFKESULTS

Steadystate.-Thecalculationsweremadefora h-foot-diameter
propellerhavinganNACA4-(349)(07)-0345-Bbl.@dedesi~ofNACA16-series
sections.A descriptionofthepropellerandblade-formcurvesisgiven
inreference3. Thecalculationsmade,assumingsteadyflow,werefora
two-bladepropellerforbladeanglesof 26° and53°measuredatthe0.75
radius,fora free-streamMachnumberof0.30,andforthepropeller
thrustaxisinclinedat anangleof 4°. Foreachoperatingconditionof
thepropellerthereisa variationofMachnumberalongthebladewhich
mustbe takenintoaccount.Theairfoildatausedweretakenfrom.refer-
ence5 but,sincethehighestMachnumbercoveredinthereportwas0.7,
extrapolationoftheairfoildatatoMachnumbersashighas0.9was
necessary.Theliftcharacteristicsfora Machnumberof 0.6wereused
to extrapolatetohigherMachnumbers.Theextrapolationwasmadeby
holdingtheangleof zeroliftobtainedat M = 0.6 constantand
changingtheslopeoftheliftcurveby thePrandtl-Glauertrelationship

. .

~ (2);(3.=0.6=

Figure5 givesa comparison.ofthevariationofthecalculatedand
thewake-surveythrustcoefficientswithrespecttothebladeposition
d at J = 1.2 fora blade-anglesettingof 260anda thrust-axis

angle~ of4°.Fi@re 6 gives
P=53°,

%
= 40.

ficients

and ~ = 4°,andfigure

Themaximumandminimum

differslightlyfromthe

a similarcomparisonat J=2.8,

7at J=3.1 ‘forP =53° and

calculatedinstantaneousthrustcoef-

measuredvaluesinallcases.There

—....- —. —..---- .—. — .- ..-. ——-. .————-— -... —.-. -— . ..——______ -.+. .— . . __. .._-



14 NACATN2585

isalsoa ratherlargephasedifferenceinthepositionofthemaximum
calculatedandmeasuredthrustcoefficientatthevalue J= 1.2. The
positionofthesurveyrakefortheexpertientaldataofreference3
waachangedto geteachindividualpointratherthanm-g simultane-
ousmeasurementsofa numberofpointsforeachparticularoperating
condition.

At thesametimethattheexperhentalrakesurveydataweretaken
force-testthrustcoefficientsweremeasured.A studyofthesedata
revealedthattheforce-testthrustcoefficientsCT attheoperating
V/nD of 1.2forthe26°blade-anglesettingvsriedfrom ~ = 0.0125
to CT = 0.0170dependingOrithepositionofthesurveyrake. The
force-testthrustcoefficientfortheconditionof V/nD of2.8 and
theblade-anglesettingof53°variedfrom0.0725to 0.0800.Thischange
b thrustcoefficientwithrakepositionsuggeststhatthereisa
blockingeffectwhichchangeswithrakeposition.Thisblockingeffec-
tivelychangesthevelocityh theplaneofthepropellerandthusthe ‘
operatingV/nD ofthepropeller.Thereforecomparisonsmadeatthe
same V/nD withtheoreticalcalculationsbasedon free-airconditions
wouldnotbe ekpectedto%e inexactagreement.Withthisconsideration
inmtidtheagreementbetweenexperimentandtheoryisgood.

Theshiftinthepositionoftheinax&Lumforcebetweentheexperi-
mentalandcalculateddatanotedparticularlyinfigure5 isdueto
severalfactors-.First,thesurveyrakefortheexperimentaldatawas
18inches(0.375propellerdiameter)behindthecenterlineofthepro-
peher. Calculationsshowedthat,inthisdistance,thetwistofthe

propellerslipstreamaccountedforapproximately12°shiftofthemaximum
v

forcefortheoperatingconditionof — = 1.2 and f3= 260 butwas
m

v
negligiblefortheoperatingconditionof — = 3.1 and P = 53°.

RI)
Second,theunsteadyflowontheb~de sectio~ca~es a l-agfithe
forces(about5°)whichmeansthatthemaximumforcedoesnotoccuron
thehorizontalaswouldbe indicatedfromsteady-flowcalculations.This
laginthepositionofthemaximumforceisa functionof thefrequency
oftheoscillationanddecreaseswiththepropellerrotationalspeed,
whichmeansthatitwoulddecreaseasthe V/nD is increasedforcon-
stantforwardspeed;Third,theinclusionoftheflappingoftheblade
sectionh thecalculationscausesan additionallaginthe,~sitionof

themaximumforce(about160).

Figure8 showscalculated differential thrust-coefficient curves of -
a two-blade propellerforthreebkde-positio~forthe26°blade-~gle

“

L _– —. . . ..—---
-. . ..—.— — —.—— - .- — — — —. -
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.
settingoperatingata
4°to theairstream.
30°laginphaseangle

V/nD of 1.2andwiththethrustaxisinclined
Theexperimentalcurvesfortwopositionsfora
areshownforcomparison.Thecalculateddistri-

butionof thrustcoefficientwithradiusis ingooda~eementwiththe
experimentaldistribtiion. \

Forcescomputedby oscillating-airfoiltheo~.- Figures9 to 12
showtheresultsof someofthecalculationsmadeforanoscillatingair-
foilina pulsatingflowfieldinincompressibleflow.Theresultsfor
allthecurvesinthesefiguresapplytoanyparticularbladesection.
Thetotalforceonthepropellerbladeforanybladepositionisfound
by summingup theforcesalongtheblade.

Thevariationof Lc with d isshownin figure9 at E . 0.10
forseveralvaluesof k withthesteadypartoftheangleofattacka
equal’tozero.- In anyparticularcase,thequantityk isfixedby the
operatingconditionsofthepropellerandby thebladechord.Inter-
pretedphysically,thequantityl/k isa measureofthewavelength
betweensuccessivewavesinthevortexwakeintermsofthehalf-chord;
inthesteady-statecalculationsthiswavelengthisarbitrarilyassumed
tobe verylargewithrespectto thechord.Thus,infigure9 thecurveof
Lc againstut at k = O showstheresultsobtainedforassumedsteady-
stateconditionsinpotentialflow.Thecurvesinfigure9 forother
valuesof k showthattheeffectoftheoscillationsistomodifythe
forcesas obtainedfromtheassumptionofsteady-stateconditions.Pre-
sumably,a similareffectwouldoccurina compressibleflow.

Theasymmetryofthecurves‘forLc infQure 9 iscausedprima-

rilyby thevariationinthedynamicpressure$W~2 duringthecycle.

Thisasymmetrymaybe alsoseeninfigur~10,whichshowsthevariation
at k= 0.10 of Lc with cutwith c asparameterforseveralvalues

/
of sap. Thecurvesfor ~ = O ~e themostneuly symmetrical;this

o
conditioncorrespondsto‘l?heodorsentscaseofan airfoiloscillatingin
a steadyflow(reference1). It canbe seenfromfigure10thatthe
amplitudeoftheliftvariationtendsto increaseas c increasesand
alsothatthisamplitudeincreaseisfurtheraccentuatedby increastig

(/
theinitialloadat @ = O ct~o increasing. Figure11showsthe

)
variationoftheforcecoefficientsfor m-b. 90° andfor u-t. 2700

forseveralvaluesof e for — = ‘M thes~e figurearevalues
;0 0“

(
of L

C90 J
- ‘C27 whicharea measureofthemaximumbendingmomenton

. . ..— ---- .--—.- ---- —.-———-- — - ..——— -— -.—--- -—- -———--—---— ——. ...—.—.—.. . —
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theshaftaxisof a two-bladepropeller(dividedby 2 forconvenienceof
plotting). Theabsolutemagnitudeofthemaxhumforcecoefficients
variesgreatlyasthevalueof ~ is increased,butthevariationof
thedifference.intheforcesfromtheheavilyloadedsidetothelightly
loadedsidewhichgivesthebendingmomentissmall.

Figure12showsthevariationof Lc at 90°and270°with k at
severalvaluesof a

/%!?O
with c = O. Inthisspecialcaseit isseen

thatthemagnitudeoftheloadingincreasesas a ~
I

is increasedbut
o

L -L
CSQ c270thatthebendingloadfactor isindependentof initialo

loadingontheblade
pulsatingflowfield

ationofthebending

avaluesof e —.
W’.

Figure14shows

section.This‘dependencedoesnotholdina
as maybe seeninfigure13, which

loadfactor‘cm - “270 with k
2

showsthevarl-

at several

thevariationintheturning-momentcoefficient
onthebclinedpropellershaft(yawingmomentforpitchedpropeller)of
theNACA4-(3.9)(07)-0345-Bpropeller.Thesecoefficientswerecalculated
by theoscillating-flowtheoryandareconsiderablylowerthanthemoments
calculatedby assumtigsteady-stateconditionsat eachphaseangleand
usingcompressibleairfoilcharacteristics.Thecurvesareonlyuseful
inshowingthevariationofthemomentswiththethe variablemt and
nottheabsolutemagnitude.Thevariationoftheturning-momentcoef-
ficientwiththe fora two-bladepropelleroperatingata V/d) of 1.2,
~=k”, and P = 260 isshownby thesolidcurveandfora three-blade
propellerby thedashedcurve.It isseenthatthemomentcoefficient
fora two-bladepropellervariesfromapproximatelyzerowhentheblades
areintheverticalpositionto a maximumof 0.0021whenthebladesare
approximatelyonthehorizontal(twiceperrevolution).Forthessme
operatingconditionforthethree-bladepropellerthemomentcoefficient
remainsverynearlyconstantata~proximately0.0016(varyingbetween
0.0015and0.0017). .

Combinedsteadyandoscillatingforces.-Fromthestandpotitof
theo~.acombinationofthesteady-stateandtheoscillating-airfoil
theoriesapproachestheactualop&atingconditionsofthe~itchedor
yawedpropeller.Theforcesormomentsarecqmputedbythesteady-state
methodsincludingcompressibilityanddownw&sh.Theoscillating-airfoil
theoryisthenusedtomodifytheseforces.Fora two-bladepropeller,

.

L —— .— —. -:—–- -– —.———.——- - ——.——
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.

the maxtiumforcedifference(L90- L270)ateachsectionas computed
fromsteady-statecalculationswithcompressibleairfoilcharacteristics’

(wouldbe reducedby a factorwhichistheratioof L
C90 )- ‘C270 at

theoperatingvaluesof k to itsvalueat k= O (fromfig.13). From
figure13itwillbenoticedthat,properly,theoperatingvalueof

shouldalsobe taken
‘g

figure,however,theratio

with ~ &
%PO

into account; withtithelimitsgiveninthe

F-‘W-“270k
)

changesonlyslightly
L - Lc
Cw 270~=o

Figure15showsthecalculateddistributionofthemomentcoefficient
alongtheradiusforthetwo-bladeNACA4-(3.9)(07)-0345-Bpropellerwith
thebladesinthehorizontalposition,withthethrust&is inclinedat
4°,withthepropellerbladeanglesetat 26°atthe0.75 radius, and
operating at a V/nD of 1.2. The momentcoefficients are computedfor
steady-state conditions in compressible flow and for an oscillating air-
foil by the oscillating-airfoil theory. An integration of these curves

“. gives the total turning moment,on the propeller shafi. The correction
for each radius as obtained from figure 13 has been applied to the steady-
state calculations. This correction does not bring the curves into agree-

, mentbecause of the differences in the airfoil characteristics used.

CONCLUSIONS

Methodshavebeendevelopedto determinetheairforcesactingon
yawedorpitchedpropellers.At thepresenttimethelackof extensive
experimentaldataprecludesconclusiveverificationofthetheoretical
considerationspresentedinthispaper,particularlyinregardto the
applicabilityofthecombinedsteady-statecompressibleandoscillating
incompressibletheory.Thecomparisonsandcalculationsmade,however,
Mdicatedthefollowingconclusions:

1.Thesteady-statemethodforcalculatingthepropellerforces
givessatisfactorilyaccurateresults.

2.Theresultsfromtheoscillating-flowtheoryindicatethatthe
actual
l)ythe

forcesonthebladearesomewhat-lowerthanthevaluescalculated
steady-statemethod,particularlyat lowadvanceratios.
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3. Theturning moment
ates ‘betweenapproximately
t ion.

ontheshaft
zeroandits

ofa two-bladepropellerfluctu-
ma.xtiumvaluetwiceperrevolu- .

k. For the operating condition investigated the turning momenton
the shaft of the three-blade propeller remainsnearly constant at about
n percent of the maximumvalue attained with the two-blade propeller.

LangleyAeronautical Laboratory
National Advisory Committeefor Aerouutics

LangleyField, Vs., ?kcember20, 1948
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