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An investigationwascarriedoutintheLangleystabilitytunnel
todeterminetheHft, drag,andpitching-momentcharacteristicsofa
fsmilyofannularairfoils.Thefiveannulsrairfoilshadequalpro-
jectedareasbuthadvaryingchordsandMameterswhichcoveredaspect
ratiosof 1/3, 2/3, 1.0,1.5,and3.0.

Theresultsshowedthattheeffectsofaspectratioonthe
aerodynamic-centerlocationweresimilsrforannularandunsweptair-
foilsandthatannularairfoilshadlargermsximumlift-dragratios
belowanaspectratioof2.4thandidplanerectangularairfoilswith
fairedtips. Thelift-curveslopewastwicethelift-curveslopefor

4 a planeunsweptairfoilofthesameaspectratio,andtheinduceddrag
coefficientwasone-halftheinduceddragcoefficientofsm ell.imtic
airfoil.

. airfoils
thewake

Thecharacteristicsofthefl~ in thewakeoftheann-tisr
havingloweraspectratios(1/3, 2/3, ad 1.0)weresimilarto
characteristicsof low-aspect-ratioorhighlysweptairfoils.

~ODUC!TION

Considerableinteresthasbeenshownrecentlyin theaerodynamic
characteristicsofannulsrairfoilsandtheapplicationoftheannular
airfoilas theprimsz’yliftingsurfaceto suchconfigurationsasvertical-
take-offaircraft(refs.1 and2)andone-msnverticallyrisingaircrsft
(ref.3).

Reference4 presentslow-speedstatic-longitudinal-stabilitydata
forsnnularairfoilsofaspectratios1.% and2.5(theaspectratiois
equalto thediameterdividedby thechord).lii.ft-coefficientdatame
alsopresentedfora wing-bodycombinationtithannulsrairfoilsof
aspectratios1.% and2.5at supersonicspeeds.Additionallow-speed

a datasreavailableinreference3 onanannulsrshroud(annulsrwing
withflat-platesection)ofaspectratio1.47. However,aerodynamic
dataonsmnulsrairfoilsofverylowaapectratios(1/3,2/3,and1.0),

D aswellasdataforan aspectratioof3.0,appeartobe lacking.
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Therefore,thepurposeofthisinvestigationwastoprovidedataon “
thelw-speedstaticlongitudinalstabilitycharacteristicsofa family
ofannularairfoilsthatcovereda widerrangeofaspectratiosthanthose
foundinreferences3 and4. Thefamilyofannulsrairfoilstestedin

.

thisinvestigationhadequalprojectedmess,butvaryingchordsand
dismeters.‘Thevariationofchordsanddiameterscoveredaspectratios
Of 1/3, 2f3, 1.0, 1.5, and3.0. .-

W’lfBOLSANDCOWICD?NTS

Thedata
infigure1.
quarter-chord
follows:

presentedhereinarereferredto the
Theforcesandmomentsweremeasured

systemof axesshown
atandaboutthe

(fig.2). Thesymbolsandcoefficientsaredefinedas

A aspectratio,d/c

s

d

c

P

v

a

CL

(!D

CD,O

cm

c%

a

‘Cp

projectedareaofannularairfoil,dc,sqft

innerdismeter,ft -.

chordparalleltocenterlineofannularairfoil,ft

dynamicpressure,~, lb/sqft

massdensityofair,slugs/cuft

airspeed,ft/sec

sngleofattackof

liftcoefficient,

dragcoefficient,

centerlineofannularairfoil,deg

Lift/qs

Drag/qS

dragcoefficientat a = 0°

pitching-momentcoefficient,Pitchingmoment/qSc

lift-curveslopeperdegree

sectionlift-curve

locationofcenter
edge

slope,perradian

ofpressureinpercentchordfromleading

.
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.
‘ac locationofaerodynamiccenterinpercentchordfromleading

edge

7 L/D lift-drag

x tuft-grid

ratio

positiondownstreamofwingtrailingedge,in.

I@DELS.ANDAPPARATUS

Themodelsusedinthisinvestigationwereconstructedoflaminated
mahoganyandconsistedoffiveannularairfoilshavingequalprojected
areas(S. DiameterX Chord),butvaryingchordsanddiameters(fig.2).
Thevariationof chordsanddiameterscoveredaspectratiosofl/3,2/3,
1.0,1.5,snd3.0. TheannularairfoilshadClarkY airfoilsections
witha maximumthicknessratioof0.117.

Thetestsofthisinvestigationweremadein the6-by 6-foottest
sectionoftheLangleystabilitytunnel.Fortheforcetests,themcdels
weremountedon a singlesupportstrutwhichwasrigidlyattachedto a
six-componentelectromechanicalbalancesystem.Theheightofthesupport
strutwasvariedin ordertomountthecenterlinesof thevariousmodels
onthecenterofthebalancesystem.l!llthemdels weremountedat their
respectivequarter-chordpoints.Forthetuft-gridtests,themcdelswere
mountedon a horizontalwireandheldat thedesiredangleofattackby
additionalwiresattachedto theleadingandtrailingedgesoftheairfoil.

TESTS

Theforcetestsweremadeat a dynamicpressureof24.9poundsper
squarefoot,whichcorrespondsto a Machnumberof0.13. TheReynolds
numbersbasedontherespectivechordsofeachannularairfoilvaried

from0.704X 106to 2.llx 106. Themodelsweretestedthroughoutan
angle-of-attackrangefromabout-4°to90°. Additionaltestsweremade
witha tuftgridlocatedin twopositions.Theinitialpositionwasas
closeaswaspractical(1.5to 6.oinches)behindthetrailingedge,and
thesecondpositionwas24inchesdownstreamfromtheinitialposition.
Forthetuft-gridteststhemodelswereplacedat an angleof attack
approximately4°belowthestallforeachairfoil,andthetestswere
madeat a dynamicpressureof8 poundspersquarefoot.
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CORRECTIONS

Approximatejet-boundarycorrections(ref.5)wereappliedto the
angleofattackandto thedragcoefficient.Blockagecorrectionswere
consideredtobe negligibleandhencewerenotapplied.Tarecorrections
forthesupport-strutinterferenceweredeterminedforeachmcdeland
appliedto thedata.

RESULTSANODISCUSSION

Thebasicdataofthisinvestigationarepresentedasthevariation
of CL, CD,and Cm with u infigures4 to 6. Eachfigurecoversthe
rangeofaspectratios.The~ft-coefficientdataforthesmallest
aspectratiosdidnotshowthecharacteristicnonlinearityoflow-aspect-
ratiorectangularwingsbelowthestall.Foraspectratiosof1.5and3.0
theabruptnessof theforcebreakagreedwell.withthedataofrefer-
ence6 forthewingswiththefairedtips.Foraspectratiosbelow1.5,
however,theforcebreakwasfairlysmoothwithnoneof thesharplosses
of liftabove45°and50°showninreference6 foraspectratiosofO.gO
and0.65,respectively.

Thepitching-mcnnentdatawereusedtodeterminethecenter-of-
pressurelocationsforeachangleofattack,andthisinformationis
presentedinfigure7. Forallairfoilsexcepttheonehavingthelowest “
aspectratio(1/3), thecenterofpressurewasfairlyconstantthroughout
mostoftheunstalledangle-of-attackrange.At thestall,thecenterof ●

pressuremovedto a morerearwardpositionthatalsoremainednearly~on-
stantthroughouttheremainderoftheangle-of-attackrange.Forthe
airfoilhavinganaspectratioof1/3, however,thecenterofpressure
shiftedrearwardwithincreasingangleofattack(similartothecenter-
of-pressuxemovementona slenderbodyofrevolution)throughoutthe
angle-of-attackrange.Theflowabouttheannularairfoilshavingvery
lowaspectratiosappearstohavesomeofthecharacteristicsoftheflow
aboutinclinedsolddbodiesofrevolution.(Seeref.7.)

Figure8 showsthelocationoftheaerodynamiccenteroftheannular
airfoilmeasuredatanglesofattackbetween0°and10°asa functionof
aspectratio.Theaerodynamiccentermovesrearwardwithfncreasein
aspectratio.Inthisrespect,theeffectsofaspectratioontheaero-
dynamiccenteraresimilarto theeffectsofaspectratioontheaero-
dynamiccenterfora pleaewing(ref.8). Theaerodynamiccenterofthe
annularairfoilhavinganaspectratioof1/3islocatedaheadofthe
wingleadingedge.Thisannularairfoilismorelikea slenderbdy of
revolution(similarto a fuselage)thananyofthe&nnularairfoilshaving
higheraspectratiosandwouldthusbe expectedtoexhibittheunstable F

pitching-momentcharacteristicsaswellas thelowliftof slenderbodies
ofrevolution. .
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. I?@ure9 showslift-dragratioplottedagainstangleofattack.The
curvesarenearlyalikeforallwingsat anglesofattackabove35°. At
anglesofattackbetweenO0 and35°,however,thecurvesbecomeflatter

v withdecreasein aspectratio,butthepeaksofthecurvesarenotso
roundedd smoothasthecurvesof L/D ofreference6 forthewings
withthefairedtips. Thesesharppeaksmsyindicatea moreunstable
aerodynamicconditionnearthestallfortheannularairfoilsthanfor
low-aspect-ratiowings.Figure10 isa comparisonof themaximumvalues
of L/D obtainedfortheannularairfoilsandthemaximumvaluesof L/D
obtainedforthefaired-tipairfoilsofreference6. Theamnularairfoils
haveluger valuesofmaximumL/D andhencesmallerminimumgMde angles
belowan aspectratioof2.4thantheplanefaired-tipairfoilsof
reference6.

R&ure 11presentsa comparisonoftheexperimentalandcalculated
lift-curveslopes.Iift-curveslopes(curveA) estimatedbythehigh-
aspect-ratiotheoryofreference9 inwhichtheexperimentalsection-
lift-curveslope(ref.10)wasusedinsteadof 2Ycarein goodagreement
withtheexperimentallift-curveslopesforaspectratiosabove2.4. This
resultwasobtainedby theapplicationoflifting-linetheoryto the
ennulwairfoilproblem.Thelift-curveslopes(curveB) calculatedby
thelow-aspect-ratiosnnukr-airfoiltheoryofreference9 arein good
agreementwiththeexperimentallift-curveslopesforaspectratiosless
them1.

.
Reference9 alsoindicatedasa generalconclusionthattheliftof

an annularairfoilistwicetheliftofane12ipticflatplatethatspans
. thediameterandhasone-quartertheareaoftheannularairfoil.The

resultobtainedby applyingthisconclusionandusingaccuratetheoretical
valuesfortheMft ofan ellipticwingobtainedfromreference8 rather
thanusinglifting-linetheoryasa basisis shm W CurveC offigure11.
Thisproceduregivesgmd agreementwiththeexperimentalresultsthrough-
outtheaspect-ratiorangeofthesetests.

CurveD offigure11representsthelift-curveslopesobtainedby
simplydoubHngthelift-curveslopeofa rectangularpl+meting(ref.8)
thatspansthedismeteroftheannularairfoil.Theagreementbetween
thisresultandexperimentisalsogood.

Referencek indicatesthattheinduceddragcoefficientofan annular
airfoilcanbe ccmputedfrom C!L2/23CA,whichis one-halftheinduceddrag

ofanellipticting. Theuseofthisresultas a basisforcalculating
theinduceddragcoefficientfromtheliftcoefficientsgavevaluesthat
werein gocdagreementwiththeexperimentalvalues(fig.12).

. Thetuft-gridphotographsofthewakecharacteristicsattwoposi-
tionsbehindtheannularairfoilsarepresentedin figure13. In general,
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thephotographsshowthattheflowcharacteristicsbehindtheannular
airfoilshavingloweraspectratios(1/3, 2/3, and1.0)weresimilarin
natureto theflowcharacteristicsbehindlow-aspect-ratioorhighly
sweptplaneairfoils(ref.n). Twovorticescanbe seento emamate -
fromthetrailingedgeoftheannularairfoilandmovedownstreamina
mannersimilartothevorticesshedfroma plsneairfoil.Thereis some
lateralinwardmovementaswellasa distinctdownwardmovementofthe
vorticesastheymoveondownstreamina mannersimilartothevortices
shedby highlysweptwings.At thehigheraspectratios(1.5and3.0),
thevorticesappeartomoveverylittleif anylaterallyordownwardas
theypassondownstreamIna mannerverysimilarto thevorticesshed
by unsweptwings(ref.11). Thepresenceofa distributedvortexsheet
maybe notedfortheclosepositionofthetuftgrid. Thissheetrolls
up intotwodiscretevorticesby thetimethatthewakereachesthe
rearmostpositions.

.

-v

CONCLUSIONS

TheresultsofaninvestigationmadeintheLangleystabilitytunnel
to determinetheaerodynamiccharacteristicsofa familyofannularair-
foilsindicatedthefollowingconclusions:

1.Theeffectsofaspectratioontheaerodynamic-centerlocationof
theannularairfoilweresimilartotheeffectsofaspectratioonthe

.

aero@amic-centerlocationfora planeunsweptairfoil.
.-

2.Theannularairfoilshadlargermaximumlift-dragratiosbelow
anaspectratioof2.4thandidplaueunsweptairfoilswithfairedtips.

-,

3.Thelift-curveslopesofthesmnu~ airfoilswereapproximately
twicethelift-curveslopesfora planerec@ngularairfoilhavingthe
sameaspectratio.

4.Theinduceddragcoefficientoftheanmulsrairfoilwasone-half
theinduceddragcoefficientofanelliptic-airfoil. —
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5.Fortheannularairfoilshavingloweraspectratios(1/3,2/3,
and1.0)theflowcharacteristicsinthewakeweresimilarinnatureto
theflowcharacteristicsinthewakeoflaw-aspect-ratioorhighlyswept.
planewings.

LangleyAeronauticalLaboratory,
NationalAdtisoryComnitteefodAeronautics,

LmgleyField,Vs.,July11,19’57.
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(a) A = 1/3; a = 19.5°. L-57-2708

Figure 13. - Tuf’t-gridphotographs of flow behind variow wings.
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(b) A = 2/3; a = 20.1°. L-57-2709

Figure 13. - Continued.
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Figure 13.- Continued.
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(d) A= 1.5; u= 16.0°. Ir57-27Kl

W3ure 13. - Continued.
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Figure 13. - Concluded.

x= 28.x25


