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SUMMARY-

A methodofvisualizingair-flowpatterns@ obsezwingthemotion
offinelydividedparticlesofbalsawoodintroducedtitotheairhas
beendevelopedbytheNationalAdviso~CommitteeforAeronautics.The
techniqueissimpletouseandreqtiesonlya supplyofbalsawood,a
camera,andphotographiclamps.Photographicresultsobtained~ this
methodforsmall-scalemodelsofseveralhelicopterrotorconfigurations
inthestatic-thrustconditionarepresented.Theresultsindicatethe
feasibili~ofusingthe”N4CAbalsa-dusttechniqueforobtaininguseful
qualitativeinformationonthedr-flowpatternsfortransientcon,titions
aswellasforsteady-stateconditions..

INTRODUCTION

Thetrendtowardincreasingthesizeandloadcapacityofheli-
coptershasresultedinincreaseduseofmultiple-rotorconfigurations.
A generalhrestigationofmultiple-rotorconfigurationsistherefore
beingconductedin’theLangleyfull-scaletunnel.Inordertosupple-
mentthefull-scaledata,informationontheair-flowpatternsthrough
small-scslerotorswasconsidereddesirable.A methodwasconsequently
devisedforvisualizingtheairflowthroughuseofbalsa-dustparticles,
designatedhereinMtertheNACAbalsa-dusttechnique.Thismethodhas
provideda simplemeansofobservingtheflowdistributionthroughmodel
rotorsandissuitedformanyotherapplicationsinwhicha pictorial
representationoftheair-flowpatternina givenplaneisdesired. ‘
Sincethefirstmultiple-rotorarrangementintheful.1-scsle-tunnel
programisacosxklsystem,a coaxialmodelhavinga diameterl/15that
ofthefull-scalerotorwasconstructed.Thisscalewaschosentopermit
antivestigationoftheflowpatterns‘h &ious forward-flightcondi-
tionsinthe~- scalemodelofthe-Langleyf~-scaletunnel.
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2 NAOATN2220

h thispaper,ordytheresfltsobttiedfortherotorin the
static-thrustconditionarepresented.Theinformationwas obtained
fromstillphotographsandmotionpicturesandincludes,forcomparison
purposes,theresultsobtainedwithoneoftherotorsremovedfr?mthe
co~al-modelconfiguration.Theeffectofplacinga groundplaneat
several.distancesfromtherotorandtheair-flowdistributionresulting
froma rapidincreaseinrotorthrustwereinvestigated.Noquantitative
analysisofthedataismade,butcertainflowphenomenashownmake
possiblesomegeneralobservationsregardingtheinfluenceofflowcon-
ditionsonrotorcharacteristics.Limitedstudieswerealsomadewith
a bisxlAhelicoptermodel.

. NAOAWA-DUST TECHNIQUEOFFLOWVISUALIZATION

Several.yearsago,whena ig=p~cq~tative =-d of theflow
patternofa helicopterrotorinvariousflightconditionswasdesired,
a numberofindicatingmaterials,includingsmoke,weretested.Finely
dividedbal.sa-woodpdicles”werefouudtoprovidethebestcombination
ofhighreflectivi~andlowmassofanyofthematerialsinvestigated. w
InasmuchastheMormationonthis tecl+xiquehasnotbeenpreviously
published,a detaileddescriptionofthe~thodisconsideredworbh
while.Thisbalsa-dustmethodofair-flowvisualizationissimpleto
useandrequiresonlya supplyofbalsawood,a camera,andphotographic

,7

lamps.

Thebalsadustwasmadefromselectgradelbalsawoodbysaxxhg
itacrossthegrainona beltsanderusinga finegradeofsandpaper.
Thedustthusproducedwasthenstitedtwicethrough18-meshscreen.
Theresultingproducthadanaveragefree-fallveloci&inairofapproxi- 1
mate-3y1 footpersecond,althoughsomeofthegrainsweresofinethat.
theyhungalmostmotionlessh theair. .

A narrowtrough8 feetlongjhavinga screenedbottom,wasmounted
approximatelyh feetabovetherotorandfilledwiththisbalsadust.
A mechanicalshakerprovidedthemotionnecessaryfor.introduchgthe
dustintotheairabovetherotor.Thedustwasvisualizedbgprojecting
a narrowbeamofhigh-intensitylightperpendiculartothetietigaxis.
Thelightsourceconsistedoftwo2000-wattSolarspotlightsandten
25&wattfixed-focusspotlightlamps. IIIsomesequences,onlythefixed-
focusspotlightswereused.Metalcoverswithnarrow,paralldslits
servedtodefinethelightbeamappro~tely2 incheswideattherotor
diskina verticalplane.Thislightwasfoundtobeadequatefortaking
motionpicturesatspeedsupto64framespersecond.A standard8-
lWlo-inchplatecameraanda 16—milMmetermoviecamera,whichwas
operatedat64framespersecond,wereusedtotakestill.photographs
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NACATN2220

andmotionpicturesoftheflow.D&hg someofthetests,a motor-
driven35-III+11+metermotion-picturecsmera,operatingath8frames
persecond,wasalsousedtofacilitatethemakingofenlargementsof
thephotographsofthemoreinterestingsequences.AU.”threecameras
weremountedtophotographthedustpartic~esintheverticallight
planeandwerearrsngedtobeoperatedstiultaneouslybytheobserver.

Theshadows,seeninmostofthephotographs,aretheresultof
structuralinterferencewiththecriss-crossedli@tbesmsandcould

3

notbecompletelyeliminated.
.

*

Thecoaxialrotormodel

ROTORMODELS

usedinthesestudiesisshowninfigure1.
A smallwater-cooledthree-phaseelectricmotorsuppliedpowertothe
counterrotatingshsftsthro-@a conventionalrigh-%ngle-gearbox.The
rotationalspeedwasobtainedfroma tachometermountedonthedrive-
motorshaft.Forthisconfigurationsndforthe,arrangementwithone
rotorremoved,therotorthrustwasmeasuredwithanaccuracyofapproxi-
mately10percentbyblectricstraingagesattachedtothefourthrust
beamsshowninfigure1.

Therotormodelwasofthe.two-bladesee-sawtype.Thebladeshad
anNACA0012airfoilsection,notwist,a rectangularplanform,a
solidity(perrotor)ofO.Oh,andwereprecisionmachinedfromsolid
duralumin.Therotordiameterwas20inches.Therotorspacingin
thecodal configurationwas35percentoftheradius.Mostofthe
testsweremadeata rotationalspeedof3842rpm,whichcorresponded
toa tipspeedof335feetpersecond.TheReynoldsnumberatthetip
“wasapproximately1.1x 10~.

Thebiaxialmodelhadtwo-bladesee-sawtyperotorsofrectangul~
planform,zerotwist,anda solidityof0.057.A RhodeSt.Genese-3S
airfoilsectionwasused.This.airfoilhasa flatundersurfaceanda
thicknessratiooflspercentofthechord..Therotordiameterwas
1+~inchesandthetestsweremadeata tipspeedof138feetpersecond;
thisspeedcorrespondedtoa Reynoldsnumberof1.5x ld. Wovision
wasmadeforshorteningthemotor-driveshafts,whichpermittedrotor
overlapsupto85percentoftheradiustobeobtained.

TESTS
1-

Photographswereobtainedforthecoaxial-rotormodelandforthe
single-rotorconfigurationformedbyremomingthelowerrotorovera

.
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rangeofbladepitchsettings.Observationsweremadewiththesetwo ~ ●

configurationswithouta groundplanead inthepresenceofa ground.
planesetat25percentand50percentoftherotordiameterbelowthe
rotor.Withthecoaxialrotorthelowerrotorwasusedasthereference
fortheground-planese~thg. -

8 Thegroundplaneusedinthestudiesofthecosxial-rotorandthe
s5ngle-rotorcotiigurationswas5 feetindiameter.Evenwiththe
groundplaneremoved,however,somegroundeffectduetotherotor
supportingstructure,whichwaslocatedappro-tely65percentofthe
rotordiameterbelowthelowerrotorhubforthecoaxialconfiguration,
waspresent.

Someflowdatawerealsoobtainedfort$esingle-andcosxisl-rotor
modelduringrapidthrustincreases,whichwereproducedbyrapidly
acceleratingtherotorfromrestuptoa tipspeedof335feetpersecond.

Limitedobservationswiththebiaxial-rotorsystemforconfigu-
rationswith.zerobladeoverlapandwiththebladesmeshed85percent
oftheradiuswereslsomadefortheconditionswithnogroundplane
andwiththegroundplsnesetat0.25dismeterbelowtherotorhubs.

Stigleandcodsl

PRESENTATIONOFRESULTS

rotors.-TYPicalphotographsoftheflowpatt&ns ‘—. —

forthes~le-rotorarrangementwithoutthegro~dplaneandwiththe
groundplsqesetat0.S0and0.25rotordismetersbelowtherotorare
showninfigures2(a),.2(b),and2(c).Theaveragerotobthrustcoef-
ficientforthesethreeconditionswasapproximate~0.0036. These
photographsweremadewiththeviewcamerawithanexposureof
1/Ssecond.Photographsobtainedforsimilarconditionswiththecoaxial
configurationsrepresentedinfigures3(a),3(b),~d 3(c).Therotor-
thrustcoefficientforthesecoaxi-altestswasapproximately0.0060.
Ingeneral,thegeometryoftheair-flowpatternwasnotaffected~the
magnitudeoftherotorthrustcoefficient.Thelargevolumeofair
abovetherotoraffectedbytherotor,whichisindicativeofverysmall
inducedvelocitiesinthisregion,isshowninthephotographs.Forthe
cosxislconfiguration,itisofinteresttonotethatthevortexfila-
mentsemanatingfroqthebladetipsoftheupperandlowerrotorsdonot
mergeor cancel oneanotherbutretsintheirseparateidentitiesinthe
wske.Somedifficultywasexperiencedinobtsininga uniformdistri-
butionofbalsadust‘tithinthefieldof
distributionwasespeciallyinconsistent
wasgreatlyimproved~manusllyshaking

view ofthecamera.This
during”thefirstfewrunsand
thetrough.

.
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Measurementsoftheflowgeometry,asdefined~ thebalsa-dust
patterninthephotographs,were madebyusingeachsideofthephoto- “
graphswheneverpossibleinordertogivethebestaverageinterpreta-
tionoftheresults.Thewakeofthesingleisolatedrotor(fig.2(a)),
asindicatedbythedarkcoreofthetipvortex,isshowntocontract
to75percentoftherotordiameterata distance0.35diameterbelow
therotorplane.Inasmuchaspreviouslyobtainedphotographsofan
alternatesingle-rotormodelsupportedona long,slendershaft
(fig.4(a))indicatethatthewakecontractstoa minimumdiameterof
0.70diameterata distanceofapproximatelyoneradiusbelowtherotor
plane,someinterferenceonthewakebecauseoftherotor-supporting
structurefortheconditionwithnogroundplanemustbepresent.With
thegroundplaneinplace,however,thissourceoferrorisremoved,and
a comparisonoftheflowpatternsobtainedonthesetwosingle-rotor
modelsata ground-planesettingof0.25diameterareinfairlygood
agreement.(Seefigs.2(c)andh(b).).

Measurementsofthelocationandmagnitudeofthemimimumwake
diameterforthethreerotorsshowninfigures2 tokhavebeenobtained
fromthephotographsandsreshownplottedasafunctionofground-plane
locationinfigure5. Forconvenience,theresultsobtainedwithoutthe
groundplanehavebeenplottedata ground-planedistanceofonerotor,

“ diameter.Thisassumptionisbelievedtobejustifiedinasmuchasthe
groundeffectisnegligiblefordistancesofonerotordiameterormore.
Thepresenceofthegroundplanebroadenstheminimumwakeareaand
locatesthisareaapproxhnatelyone-thirdofthedistancedownfromthe
planeoftherotortothegroundplane.Theblade-tipvortexpatterns
fortheupperandlowerrotorsofthecoaxialconfigurationbracketthe “
patternobtainedforthesingle-rotorarrangementduetomutualinter-
ferenceeffects.Thephotographsofthecoaxial.rotorindicatethatthe
slipstreamoftheupperrotormsyha% tobeconsideredintheoretical.
calculationsinvolvingthelowerrotor,particularlyh stressanalysis
worksincethenonuniformityofthedownwashfieldmayresultinlarge
bending-momentdifferencesbetweenthetworotors.

Aninterestingflowinstabilitywasobservedinstudiesofthe
singlerotormadewiththegroundplanesetat”0.25dismeter.Asinter-
ceptedbythelightplane,a smallareaofrotationcenteredatone
bladerootgraduallyenlarged,movedradiallyanddownfromtherotor,
andfinallywassweptout.fromundertherotordisk.Thesametypeof
flow,thoughoutofphase,occurredontheoppositesideoftherotor.
Thisunstableflowoccurredsimultaneouslywitha slightrockingmotion
oftherotorabouttheflappinghinge.Thesemotionsaremuchtoo
periodictobecausedbystrayaircurrentsandappeartobepeculiar
tothismodel,inasmuchastheyhadnotbeennoticedonothersingle-
rotormodelsstudiedpreviously.Thisflowhstabilityma,ybeseenh
figure2(c)(seeinsert)andiscenteredontheleftsideoftherotor
diskatapproximately40percentofthebladespan.Severalplausible

0
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explanationsofthisphenomenonhavebeeninvestigatedbuthavenot
provideda satisfactoryanewer.Thistypeofflow.isnotpresentat
ground-planesettingsgreaterthan0.25diameter.

.
Bisxislrotor.-AlthoughthebiadalmodelwasConsideredtoolsrge

forthetestingfacilities,aninvestigationoftheflowpatternforany
unusualtrendswasconsidereddesirablebeforeplansweremadetocon-
structa suitablemodelformoreextensiveflowvisualizationpurposes.
Becauseoftherelativelylsrgesizeofthebiaxialmodel,thedust
troughandgroundplanewerelocatedtoshowa completeflowpatternfor ‘
onerotor.Figures6(a)snd6(b)presentphotographsofthebiaxial
modelwithzerooverlapinthepresenceofa groundplanesetat
0.25diameterandwiththegroundplaneremoved.Figures7(a)and7(b)
showtherotorbladesmeshed85percentoftheradiusforsimilarground-
planeconditions.

Nounususltrendsarepresentwiththegroundplane
mostinterest-flowpatternsobservedwiththismodel,
occurredh thepresenceofthegroundplane.h figure
tendencyfortheflowwhichpassedthroughthecenterof
torecirculatethrougheachrotorinthevicinityofthe
noticed.. Meshingtherotors85percent-oftheradiusat

removed.The
however,
6(b),a strong
thesweptarea
hubcanbe
thesamegrcmnd-

“

planeandblads-pi$chsettingsappreciablyreducedtherecirculation
becauseoftheinfluenceofthetip-vortexfilamentsofthemeshing
blades(fig.7(b)).A sketchoftheair-flowpatternsvisualizedfor n
thebiaxislrotorinthepresenceofthegroundplaneisticludedas
figure8.

Rapidthrustincrease.-Photographswerealsotakenoftheflow
patternsduringa rapidthrustincrease.Inasmuchasthecollective.
pitchcouldnotbechangeddur~ a run,therapidthrustincreasewas
obtainedbyrapidlyacceleratingtherotorfromrest.Theresulting
flowpatternsforthesinglerotor(fig.9)arestrikinglysimilarto
thoseobtainedina similarinvestigationontheLangleyhelicoptertest
towerinwhichsmokestreamerswereusedforvisualizationpurposes,and
inwhichthesuddenthrustincreasewasobtained~a rapidchangeof
pitchinsteadof~ a rapidincreaseinangularvelocity.

Thephotographsincludedinfigure9 showthatthelsrgevortex
associatedwiththethrustincreaseisquicklygeneratedbytheindi-
vidualblade-tipvortexfilsmentsandisrapidlycarrieddownstreamas
therotorinducedvelocitybuilds-uptoitsnormalvslue.Withthe
coaxialrotors(fig.10),thefilsmentsfrom-theuppersndlowerrotors
jointoformastartingvortexsimilsrtothatseeninthesingle-rotor
Stsrts.
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CONCLUSIONS
.

TheNACAbslsa-dusttechniqueof&flow
usedtoobtainair-flowpatternsthroughmodel

visualizationhas been-
helicopterrotorsoper-

atinginstaticthrustinbothsteady-stateandtransient-flowcon-&-
tions.Thisbalsa-dusttechniqueissimpletoapp~andrequiresno
specializedequipment.Thefollowingconclusionsmaybedrawnasa
resultofthisinvestigation:

1.Ina cosxialconfigurationtheblade-tipvortexpatterns
obtainedfortheupperandlowerrotors.re-separateinthewake
andapprodmatelybracket.thevortexpatternobtainedfora single
rotor.

2.Thes~pstreamoftheupperrotorinthecoaxisl
my bea factorinproducingrotor-bladebefidingmoments
rotor.

3. Therecirculationofthewakeinthevichi~ of
noticedforthebiaxialrotorwithoutoverlapandinthe

configuration
in thelower

thdrotorhub,
rmesenceofa

groundplsnesetat0.25diameter,wasgreat-~reduced~-meshingthe
blades0.85radius.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyAirForceBase,Vs.,September,1950.
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(a)No groundplane. . L-62796
Figure!?.- Single-rotorarrangementIn the static-thrustcondition.

Approxhaterotor-thrustcoefflctentof0.0036.
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(b)Groundplaneat O.m diemstem. X

Figure2.-Continued.
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(c) (hound planeat 0.25 diameter.
.

Figure2.-Concluded. L-65028.1
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(a)No groundplane.

Figure3.- Coaxialrotorin tk static-thrustcondition.Appraxhate
rotcm-thrustcoefficientof 0.0060.
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(c) Groundplaneat 0.25d&uueter. X

Figure3.- Concluded.
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(a)No groundplane. L-4681g
Figure 4.- Alternate~inglerotorin thewtatic-thm.uhcondition.

Approximaterotor-thrustcoefficientof 0.0044.
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. (b)Groundplaneat 0.25 &hrneter.
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Figure4.-Concluded.
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& Single-rotorarrangement
— ‘—b-- Cosxialconfiguration:upperrotor
—’-+ COtial configuration:lowerrotor

1.0

.8

.6

.4

.2

0
0

A Checkpointsforalternatesinglerotor

.

.

.

25

A

\\.

/

.2

Rotor-wake

.k .6 .8 1.0

Ground-planedistance
Rotordiameter

characteristicsobtaine’dfromfigures2 to4.
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(a)No grofmdplane.

~gure 6.- Biaxialrotorwithzerocfverlap.Bladepitchapproxhd.a.ly1P.
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(b)Groundplaneat 0.25Mameter.
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(a)No groundplane.

Figure 7.- Blaxialrotorwith0.85-radiuaoverlap.Bladepitch
approximately17°.
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(b)Groundplaneat 0.25titer. ~

Figure7.- Concluded.
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(a)Zerooverlap.

. .
,

. .

Figure8.- Schematic

(b)0.8Sradiusoverlap. =5=

diagramofair-flowpatternthrough
Groundplaneat0.25diameter.

biaxialrotor.
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Figure 9.- Single-rotorsudtin-startsequence.Steady-state
thrustcoefficientapproximately0.0046.
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Figure9.- Continued. w
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Figure10.-Coaxial-rotorsudden-startsequence.Steady-staterotor- =
thrustcoefficienta~oximately 0.0088.
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