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LOW-SPEEDYAWING

AS Dl?UJERMINED

IANGLEY

John W. Cowan

A wind-tunnelinvestigationwas made in the Langleystabilitytunnel
for determiningthe influenceof the fuselageand tail surfaceson the
rotaryderivativesin yawingflightof a transmit airplaneconfiguration
whichhad the wing and tail surfacessweptback 45°. The resultsof the
determinationof the rate of changeof the yawtig-momntcoefficientwith
W- VelOcitYby ~0 osci~ation teChni~UeSagreedwe~ with the deter-
minationsby the curved-flowyrocedure. The verticaltailwas the main

* contributorto this derivative.The valuefor the completemodel was
essentiallyconstantup to the angleof attackcorrespondingto maximm
lift coefficientand couldbe accuratelycalculatedwhen properaccount

. was takenof the end-plateeffectof the horizontaltail on the vertical
tail. The rate of changeof rolldnn-momentcoefficientwith yawing
velocitywas mainlya contributionof the wing. This derivativeincreases
apyroximatel.y linearly with angleof attackto the angleof attackwhere
the curvesof lift and pitching-momntcoefficientplottedagainstangle
of attackdevelopnonlhesrities.

INTRODUCTION

Resultsme presentedof one of a seriesof testsmade to investi-
gate the factorsaffectingthe rotaryderivativesof variousswept-wing
configurations.This investigationwas begunbecauseconventional
straight-flowtestsof sweptwingshad givenresultsthatwere very dif-
ferent,particularlyat moderateand high 13ft coefficients,from those
generally obtainedfrom testsof unsweptwings and thatwere of a nature

. not readilyadaytableto thoroughmathematicalanalysis.

lSupersedesthe recentlydeclassifiedRML8G13, “Effectof Fuse-
. lage and Tail Surfaceson Low-SpeedYawingCharacteristicsof a Swept-

Wing Model as Determinedin Curved-FlowTestSectionof Langley
StabilityTunnel”by John D. Bird,ByronM. Jaquet,and JohnW. Cowan,
19M.
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The investigationdiscussedhereinwas conductedfor determination
of the influenceofihe tail surfacesand the fuselageon the low-speed *
yawingderivativesof a transonicairplaneconfigurationhavingthe wing
and tail surfacessweptback h~o.

Thesetestswere conductedin the 6- by 6-footcurved-flowtest-
sectionof the Langleystabilitytunnelwhichwas designedfor simula-
tion of steadyyawingor pitchingflightof the rigidlymountedmodel.

—

The principleof.operationof this test sectionwas conceivedby
Mr. M. J. Bamberwhilehe was a memberof the staff’of the Langley
Laboratory.

S-YMBOIS

The resultsof the testsare presentedas standardcoefficients
of forcesantimomentswhich are refened to stabilityaxesfor whichthe
originis assumedto be
the quarter-chotipoint
model.
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The stability-axis
synibolsused hereti

at the projectionon the pl&e of symmet~ of
of the mean gecmetricchordof the wing of the

systemis shownin figure1. The coefficients
are definedas follows:
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pitchingmomentaboutY-axis

yawingmomentaboutZ-axis

rollingmomentaboutX-axis

Reynoldsnunber

(7dynmic pressure *

nkws densityof air

free-streamvelocity

wing area

mean aerodynamicchordof wing

span of wing

an@e of air streamwith respectto uncurvedtunnelcenterline,
yositivewhen air is approachingfrom rightfacingupstream

angleof

angleof

angleof

attackmeasuredh plane of swmetrY9 degrees

sideslip,degrees

yaw, degrees

yawing-velocityparazmter

angularvelocityin yaw, radians/sec

()
rate of changeof angleof sideslipwith time ~

acy

%r=—#J
2V
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APPARATUSAND MmEL

The testsreportedhereinwere run in the 6. by 6-foottest sectlan
of the Langleystabilitytunnel. This test sectionwas designedfor
testingmodelsin an air flowwhich simulatessteadyyawingor pitching
flight. Simulationof a steadycurved-flightconditionin a wind tunnel
where the model is fixedto the balancesystemnecessitatesreproductim
of the relativemotionexistingletweenthe airplaneand air streamin
curvedflight. This resultmaybe accomplishedbyobtainingan air flow
which is curvedin a circularyath in the vicinityof the model@which
has a velocityvariationnormalto the streauiLinesin directpro~ortion
to the localradiusof-curvatureof the flow. Such a flow is possihl.e
in the 6- ly 6-foottest sectionof the Langleystabilitytunnelwhich is
equip~edwith flexiblesidewdl.sfor curvingthe air streamand s~ecially
constructeddrag screensfor prcducingthe desiredvelocitygradientin .

the jet. These screensare locatedat theupstreemend of the test section.
Each screenis composedof a woodenframeand verticslwireshavinga
varytigspacingacrossthe jet. Screeu are addedfor each incrementof

●

increasein flow curvature.F@ure 2 is a photogra~hof a modelmounted
in the sectionfor yatig tests. Figure3 is a schematicdiagremof the

.

test sectionshowingits componentysrtsaud the surveystationsused for
calibrationpurposes. The modelgay be mountedfrom
pitchingtestsas well as in the positionshown.

A curvedflow in the tunnelfor simulationof a
tion of a givencurvaturehas specificvariatiam in

the sidewall for

curved-flightcondi-
the free streamof

the dynemic,static,and total~ressuresnornmlto the streamlines.The
variationof thesepressuresin the free streamalonga streamlineahead
of and behindthe testregionis zero. The velocityvariationnormalto
the streamlinesand thus the dynamicpressureis determinedlythe parti.c-
ul.arflightpathbeing simlated. The static-and total-pressurevariations
may be oltainedby equatingthe pressureforcesin the air to the centri-
fugalforces. Thesefactors,specificallythe dynamicand totalpressure
togetherwith the angulsxityof the air streem,were used duringcalibratim
of the test sectionto indicatehow well the test sectionreproduced
idealconditions.

.
.
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Reyresentativasurveysmade at the centersad rear surveystatims
. for variousfluw curvaturesare #ven in figure4. This figurewhich

yresentsthe variatlm of dynamicpressureand air-streamangularitywith
distanceacrossthe tunnelindicatesreasonablygocxiagreementbetween
the idealand actualresultfor the model test regionin the centerof
the tuunel. L@je anglesof yaw wouldplacethe tail surfacesof the
model in a regionwherethe flow representationis not so accurateas in
the centerregion.

Curvedflow is not an exactsimulationof curvedflightbecauseof
the static-pressuregradientwhich existsnormalto the streamlinesin
curvedflow. This gradientproducesa buoyancywhich doesnot exist+n
curvedflightand, in addition,a tendencyfor the low-energyboundary-
layerair of the model to flow towardthe centerof rotation. The normal
curved-flighttendencyis for the boundarylayerto move outward. A
correctionhas been detisedto accountfor the effectof the buoyancy
force. The bouniiaqy-layereffectis as yet consideredto be secondorder.

h additionto the static-pressuregradient,thereexistsbehhd tk
drag screensa ratherhigh degreeof turbulencewhich is gradedaccording
to the spacingof the wires. The influenceof the gradient h the tur-
bulenceon the aerodynamiccharacteristicsof the model is believedto be
smell.becausethe tiing of the turbulentwekes is believedto be stifi-
cienito causea relativelyuniformturbulenced-tream at the test

● section. The high turbulence,however,may well producemeasurable
effectson airfoilsnormallyhavingextensiveregionsof laminarflow.
Theseeffectsshouldbe confinedmainlyto drag and maximum-lift.
characteristicsand shouldnot greatlyaffectthe accuracyof deter-
mhation of rotaryderivativesifall testsused for such determhations
are made under approximatelythe same turlnllencecanddtions.

The modelused for the testswas a transonicconfigurationhaving
the wing (aspectratio2.61)and tail surfacessweptback 45°. These
surfaceshad NACA 0012airfoilsectiunsnormalto the leadingedge and a
taperratioof 10 The fuselagewas a body of revolutionwhichhad a
circtiar-arcprofileand a ftienessratioof 8.34. Constructimwas of
J.emhmtedmahoganytith a waxedlacquerfinish. A view of the model
mountedin the tunnelis shownin figure2, and pertinentgeometricchar-
acteristicsof the model are givenin figure~.

TESTS

.
The test configurationssad the symbolsused in identifyingthe data

in the figuresare givenin the folkwing table:

.
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wing.. ● m ● ● ,, ● ● ● . . ● ● ● . . ● . . ● ● ● . . . . . . . . .W
Fuselage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .li’
Ifingandfuse&e . . . . . . . . . . . . . . . . . . . . . . . .W+F

.

Wing,fuselage,andverticsltail . . . . . . . . . . . . . .W+F+V
Wing,fuselage,verticaltail,and horizontaltail . . . . W -t-F + V + H

Curved++’lowTests

The rollingmoment,yawingmoment,and lateralforcewere measured
throughthe angle+f-ttack rangefor all mrel configuratimsat yawing-
flow curvaturescorrespondingto valuesof L

S

of o, -0.032, +.067,
and -0.088. Thesedatawere used for dete ing the rotaryderivatives
Cnr5 Ctrs and ~r for the”angle-of-ttackrangeby plottingthe coef-

ficientsagainstthe flight-pathcurvatureand determiningthe slopeof
the straightlinemost logicallyfairedthroughthe four testpoints.

Free-OscillationTests

Valuesof’ ~r were determinedfrom free-oscll.lationtestsfor

comperkcm with the curved-flowresults. For thesetests,the modelwas
mountedh the tunneltiti no constraintin yew otherthan the aerodynamic
forcesand a sprtigof sufficientstrengthto make the variationof yawing -
momnt N with an~e of yaw ~ of the model-springconibinationsta%le
with the tunneloperating.The dampingin yaw

%
wa8 dete*d from

the rate of decayof a free oscillationof the model in yaw. Detailsof
thisprocedureare describedin reference1.

Forced-OscillationTests

Testswere run on the completemodelby a forced-oscillationpro-
cedurein which conttiuousrecordswere made of the engleof sideslip,
yawingacceleration,and.appliedyawingmomentnecessaryto maintaina
steadyoscillationof the model in yaw abouta fixedexiswhen underthe
influenceof the air stream. Theserecordswere snalyzed’bydetermining
the forcesactingon the modelat the time that the accelerationwas
zeroand solvingfor the dampingderivative ~. Thedata obtainedby

.

thisprocedureare not expectedto be so accurateas thoseobtahedby
the free-oscillaticmtechniquebecauseof the difficultyof obtaining
recordsfree of randomdisturbances.Each test~oint~resentedherein
was obtainedby averagingthe resultsof a numberof tests,and the data
are believedto be accurateonly to approximately10 percautof its
minimumvalue. However,thistechniqueenableddeterminationof results
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in the high angle-of-attackrange
. obtainingreliableresultsby the

were run at a dynamicpressureof

7

wheredifficultywas experiencedin
free-oscillationtechnique. All tests
25 poundsper squarefoot,which ~

correspondsto a Mach numberof 0.13 and a Reynoldsnum%erof 1.07x 10°.

CORRECTIONS

The followingcorrecticmsfor jet-boundaryeffectswere appliedto
the data:

a=~+().83C%

% = CDT + 0.014 c&

cm= cm- 0.00023~ (completemodel only)
4.

cZr = 0.980 cz
rT

c~r = c%rT- O.Ol@ Czr CM (vertical-tail
T

configurationsonly)

where tie subscript T refersto uncorrectedtunnelmeasurements.

The followingcorzwction,takenfroman analysismde in the Lar@qy
stabilitytunnel,was appliedto accountfor the effeotof the J.ateral
horizontalbuoysnoyon the lateral-forceyawingrotaryderivative:

—



where

v volumeof body

kl additional-masscoefficientof body for translationalongX-axis

‘3 additional-nmsscoefficientof body for translationalongZ-axis

No correctionsweremade for tunnel%lockingor support-struttares
exceptfor the case of the derivative CZr. -Inthis case,the tare at–

zeroangleof attackwas appliedto the data throughoutthe angle-of-
attackrange. This correctionis believedto be sufficientlyaccuratg
because,althoughthereare largetare correctionsto the drag coefficient,
the correctionsto the derivativesof the forcesand momentswith respect
to angulardisplacementor velocityare inmost

RE3WECSANDDISCUSSIOIV

cases negligible.

The lift,drag,and..pitching-momentcharacteristicsof the various
model testconfigurationsthroughoutthe ar@e-of-attackrangeare
presentedin figure6. Thesedatenrereobtainedfrom testsmade in the
6-footcirctiartestsectionof tie Lm@ey- stabilitytunnelat a
Reynoldsnumberof l.ftOx 106 end are incluaedfor the sake of logical
com@eteness. Checktestsat the Reynoldsnmiberof the presenttests
indicatethat the differenceIn Reynoldsnumbr betweenthe two testshas
littleeffecton the aerodynamiccoefficientsof themodel. The values
of the derivative Cnr obtained.by the curved-flowand free-oscillation

techniquefor the variousmodel configuratim.sare yresentedin figure7.
Data are alsopresentadfor the coqlete modelas detemdned by the
forced-oscillationtechniquepreviouslydescribedand for,the complete
model.withand without horizontaltailas calculatedfor the effectof {he
verticaltailby
resultsindicate
oscillation,and
of approximately
cienttith angle
ment betweenthe
derivative C

%?

the use of the end-platedQ_tigivenin reference2. Tk
reasmably goodagreementbetweenthe c~ed-flow, free-
calculatedvertical-tallrestitsup to anglesa!?attack
14° beyondwhichthe varlatlonof yawing-nmentcoeffi-
of sideslipof-themodellscomesnonlinear, The agree-
cal.culatedand experimental“resultindicatesthat the
of em airplanemay be esti&ted yery accuratelyfor the

angle-ofattack rsmgewherencmlinearitiesin the lift and pitching-
momentcharacteristicsdo not existimerelyhy consideringthe effectof
the verticaltailand the appropriateend-plateeffectof the horizontal
tail.

.

●

. ...

.!

-.

.

-.

.

●
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The nonlinearvariationof yawing-mom&tcoefficientwith angleof
sideslipmentionedmakes the mathematicalsolutionused in analyzingthe

●

resultsof thefree-osciuationteckj.quenot strictlyap@icabl~,
althoughthe resultsmay still‘beused as an indicationof trends.
Resultsfor the completemodelby the forced-oscillationtechniqyedescribed
lrevious~ showhigherdaqing at anglesof attackbeyond14° than do those
of the curved-flowp?ocedure. A few ex@oratory free-oscillationtests
made h theLangleystabilitytunnelhave indicateda similarresultfor
thewing alonewith positivedampingat an angleof attackof approxi-
mately16°.

It must be realizedthat en exactcheckbetweenoscillaticmtestsand
curved-flowresultsshouldnot be expected,becausethe factordetermined

by the oscillationtest is the sum of the effectof the deri=tives C
%?

alla cm, the latterof which arisesfrom additional-massconsiderations.

A cons&nt valueof r at zerosideslipimpllesa circularflightpath
to which the airplaneis alwaystangent. A constantvalueof ~, however,
impliesa constantlyincreasingsideslip. The oscillationtest described
hereinrepresentsa conditionwhere ~ is alwaysthe negativeof r.

Reference3 considers . tobe smallcapared with C
% %?”

calcu-

lationsindicatethat the effectof C
%

of the verticaltail of the

. model (presumablythe main contributorratlow anglesof attack)is of
the sam signand approximately10 percentof the value of ~r of the

complete model. A largeincreasein the value of C% of the wing at
.

high anglesof attackcouldeasilyaccountfor the di~crepancybetween
the curved-flowand oscillationtests. Thesedifferences
be associatedwith aerodynamiclag effectsand the cyclic
motion.

A comparisonof the valuesof
%? J Cz , and Cyr

r
model configurationsthroughoutthe emgle-of-attackrmge

may, however,
natureof the

of the various

as determined
by the curved-flowproceduremay le made from the datapresentedin
figure8. The valueof C

%?
of the completemodel is almostconstant

for anglesof attackup to maximumlift and is primarilya functionof
the vetiicaltail. The effectof the verticaltail m this derivative
may be accuratelycalculatedas has been shownpreviously. Additionof
the horizontaltail to the model increases C negativelyin proportion

‘r~ou~out the agle ofto the end-plateeffecton the verticaltail. --
attackrangethe wing alonehas smallvaluesof

%
whichue positive

.
in the neigh~orhoodof an angleof attackof 16° aud for anglesof attack
above22°. The values of C% for the fuselagealoneare zeroup to an

. angleof attackof 12° but becomepositivefor higherenglesof attack.
.
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comparisonof’the valuesof CZr
indicatesthatthis derivativeis
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.

for all model configurations

mainlya functionof the chsr-
*

acteristicsof the wing,as mightlogicallybe-expected(fig.8). The
derivative Czr increasesapproximatelylinearlyup to the angleof

attackat whichnonlinearitiesappearin the curvesof lift and pitching-
moment--coefficients.Beyondthispoint CZr tendsto remainconstant

untila returnto zerooccursat the angleof attackcorrespondingto
maximumlift coefficient.HigherReynoldsnumbezwthan thatused for *
yresenttestsmay tendto changethe extentof the linearrangeof this
curve. Tests made in ~ Langley19-footpressuretunml at Reynolds

numbersup to 8.o x 10 have indicatedsuchan effectfor the
derivative Czp, At higheranglesof attack Clr is, ingenerd.,

negative. The vertical–tail,althoughits effect-issmall,is second
in importanceto the wing as a contributorto Czr. This incrementmay

be noted in figure8 and is positivefor the low anglesof attackwhere
the centerof yressureof the verticaltail is abovethe X-axisand
negativefor the high angleso~attack wherethe converseis true.

The valuesof the derivative Cyr are small.and usuallynegative

throughoutthe angle-of-attackrangefor the wing aloneand for the model
withoutthe tail surfaces(fig.8). The verticaltail ccmtiibutesa
positiveincrementto the valueof ~r which,even though its magnitude

is smallwith regardto its effecton %8 @amic eq=tlons, is the
largestcmtributedby any componentof the model. A slightnegative
increaseof the derivativewith angleof attacknmy be notedfor all
model configurations.The fuselagecontributesa smallnegativeamount
to the valueof Cyr exceptat very high anglesof attack.

The resultsof the testsand calibrationsin the curved-flowtest-
sectionofitheLangleystabilitytunnelindicatethat thisfacility-
satisfactorilymeasums the rotaryderivativescausedby yawingvelocity.
The technique-maybeeq~ we~-applieiito detea the
derivativescausedby pitchingvelocity.
curved-flowtechniqueextremelyvaluable

CONCLUSIONS

Thesefactsshould
as a researchtool.

rotary
make the

An investigationof the effectof fuselegeand tail surfaceson low-

.

.

speedyawingch~acteristicsof a svept-wfni”modelas deter~ned in the “
curved-flowtest sectionof the Langleystabilitytunnelindicatedthe
followingconclusions: .
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.
1. Good agreementwas oltainedfor measurementof the rate of chemge

of yawing-momentcoefficientwith yawingvelocityby the curved-flowand
# oscillationtechniquesemployedin this investigationfor anglesof attack

UT to 140. The abilityof the curved-flowtechniqueto measureall _perti-
nent derivativeswith resyectto the flight-pathcurvaturecausedby
yawingor ~itchingvelocitiesshouldmake thisfacilityextremelyvalu-
able as a researchtool.

2. The verticaltailwas by far the main contributorto the value
of the rate of changeof ya-g-moment coefficientwith yawingvelocity
of the mcdel. In general,sufficientlyaccurateestimatesof thisderi-
vativecouldbe made ty accountingfor the effectof the verticaltail
includingany end-plateeffectcontributedbythe horizontaltail. The
value of this derivativefor the compkte modelwas essentiallyconstant
for anglesof attackup to maximumlift.

3. The rate of changeof rolling-momentcoefficientwith yawing
velocitywas mainlya contributionof the wing and increasedlinearly
with angleof attackto the pointwherenonlinearitiesin the curves
of pitchingmomentand lift coefficientplottedagainstangleof attack
becamenoticeable.Beyondthispoint the derivativehad a tendencyto
remainconstantuntila returnto zero occurredat the mgle of attack
correspondingto maximumlift coefficient.

4. The valuesof the rate of changeof lateral-forcecoefficientwith
. Yawingvelocityare smallfor all model test configumticnsfor angles of

attackup to maximumlift coefficient.The verticaltail is the largest
contributorto thisderivative.

.

langleyAeronauticalLaboratory
NationalAdtisoryCcmmitteefor Aeronautics

~ey Field,Vs., April 13, lg48
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Figure 2.- Model mounted in curved-flowtestsectionoftheLangley stabili~tunnel.
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SECTION A-A

Figure 3.- Schematic diagram ofcurved-flowtestsectionoftheLangley stabilitytunnel.
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