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STUDIESOFTHEUSEOF FREON-12AS A

WIND-TUNNELTESTINGMEDIUM

By AlbertE. vonDoenhoff,AlbertL.Braslow,
andMiltonA. Schwartzberg

SLJM4ARY

A numberof studiesrelatingto theuseofFreon-12asa
substitutemediumforairinaerodynamictestinghavebeenmade. The
useof l?reon-12insteadof airmakespossiblelargesavingsinwind-
tunneldrivepower.Becauseofthefactthattheratioof specific
heatsisapproximately1.13forFreon-12as comparedwith1.k forair,
somedifferencesexistbetweendataobtainedinFreon-12andinair.
Methodsforpredictingaerodynamiccharacteristicsofbodiesinair
fromdataobtainedinFreon-12,however,havebeendevelopedfromthe
conceptof similarityofthestreamlinepattern.Thesemethods,
derivedfromconsiderationoftwo-dimensionalflows,providesubstantial
agreementinallcasesforwhichcomparativedataareavailable.These
dataconsistofmeasurementsthroughouta rangeof Machnumberfrom
approximately0.4to 1.2ofpressuredistributionsandhingemonmtson
sw&ptandunsweptwingshavingaspectratios.rangingfrom4.0to 9.0,
includingcaseswherea substantialpartofthewingwasstalled.

Thel?reonchargingandrecoverysystemusedfortheLangleylow-
turbulencepressuretunnelisdescribed.

INTRODUCTION

Therelativelylsrgeammntsofpowerrequiredto operatewind
tunnelsatMachnumbersoftheorderof 1.0makesitdesirableto
investigatethepossibilityofusingsomesubstanceotherthanairas
a testingmedium.Sincethepowerrequiredto operatea windtunnel
at a givenBkchnumbervariesdirectlyasthecubeofthevelocity,a
gaswhichhasa lowspeedof soundoffersthepossibilityof important
savingsinpower.Freon-12(CC12F2)hasbeenusedasa testingmedium
in a numberofNACAfacilities.Thespeedof soundinl?reon-12is
approximatelyhalfthatinair;thedensityatthesametemperature
andpressureisapproxi~telyfourtimesasgreat,buttheabsolute
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viscosityisapproximatelythesame. Consequently,fora givensize
modelandstagnationtemperatureandpressure,theReynoldsnumber
correspondingto a givenMachnumberisapproximatelytwiceas large
inFreonas itis inairandthepowerrequiredishalfas great.
ForthecaseoftheLangleylow-turbulencepressuretunnel,replacing
theairinthetunnelwithlEreon-12increasedthemaximumattainable
test-sectionWch numberfromapproximately0.4to 1.2without
necessitatinganyincreaseinthetunnelpoweror changetothepropeller.
Themsximumpressureatwhicha Machnumberof 1.0canbe attainedis
28inchesofmercuryabsolute,andthecorrespondingReynoldsnumber
perfootofmodelchordis9.5x 106.

tiadditionto itsprimaryadvantagefromthepointofviewof
obts3ninghigh-speeddataathighReynoldsnumberswitha relatively
smallamountofpower,Freon-12hasa numberofotheradvantagesfor
certaintypesof investigations.Forexample,thestressesina
pieceofrotatingmachineryaredirectlyrelatedtotheperipheral
speed.Consequently,fortestsinwhicha giventipMachnumberis
required,thestressessndhencethedifficultiesof fabricationare
greatlyreduced.Theuseof Freonalsohascertainadvantagesfor
flutterinvestigationssndinvestigationsof oscillatingforces.The
lowertunnelspeedfora givenMachnumberreducesdirectlyall
pertinentfrequenciesandconsequentlysimplifiestheinstrumentation
probleminvolvedinmeasurementsofsuchquantitiesas aerodynamic
damping.Dynamicstudiesinvolving~avitationalforces(forexample,
thestudyofbombdropping)canbe considerablysimplifiedby theuse
ofFreon.Theprimsryconditionsfordynamicsimilarityinthiscase
areidentityoftherelativedensityofthedroppedobject,theMach
number,andtheFroudenumber.Therelativedensityisusuallyfairly
easilyadjusted.Sincethespeedof soundinFreonis approximately
halfthatinair,identityoftheFroudenumberatthesameMachnumber
meansthatthescaleofthemodelshallbe approximatelyone-quarter
thatoftheprototype.Suchsimilaritywitha reducedmodelscale
cannotbe obtainedwithmodeltestsin air.

Anysubstitutemediumtobeusedforaerodynamictestingmustmeet
a numberofpracticalrequirementssuchas coxmnercialavailabilityat
practicalcost,chemicalinertness,nontoxicity,lowvibrational-heat-
capacitylag,andlowboilingpoint.Thecurrentcostof Freon-12to
theUnitedStatesGovernmentisapproximately33centsperpoundin
two-thousandpoundlots.As judgedfromseveralyears’useinthe
Langleylow-turbulencepressuretunnel,Freon-12isessentially
chemicallyinertinthatno corrosiveeffectsdueto thepresenceof
Freon-12inthetunnelhavebeendetected.Thetoxicityof l&eon-12
is considerablylessthsnthatof csrbondioxide.Detaileddiscussion
oftoxicityinvestigationsisgiveninreferences1 and2. Inorderto
avoidadditionalenerg lossesnotpresentinairat flowMachnumbers
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oftheorderof 1.0,itisnecessarythat’thevibrational-heat-capacity
lagbe low. Testsreportedinreference3 indicatethatextraneous
effectsfromthissourcearenottobe expected.Theboilingpointof
Freon-12atatmosphericpressureisabout-22°F.Consequently,at
ordinsryambienttemperatures,thereis littledangerof condensation
and,asindicatedinreference3, thecharacteristicsof Freon-12depart
onlyslightlyfromthoseofa perfectgasatpressuresof 1 atmosphere
or lessandordinsryambienttemperatures.

TheprincipaldifficultyassociatedwiththeuseofFreon-12is
thefactthatthespecific-heatratio Y is onlyabout1.13as compared
with1.4forairsothatsignificantquantitativedifferencesexist
betweenthecompressibilityrelationsforairandFreon.Forthis
reasonconsiderableuncertaintyhasexistedconcerningtherelation
betweendataobtainedfora modeltestedinFreonanddataforthesame
modeltestedinair.

Thestudiesreportedinthepresentpaperwereundertakeninan
efforttohelpresolvethisuncertainty.Pressuremeasurementswere
madefortwosmallnozzleswithbothairandFreon.h addition,
pressuremeasurementswithFreoninthewindtunnelweremadeforan
unsweptwinganda winghaving45°ofsweepbackforwhichcorresponding
datainairhadpreciouslybeenobtained.Hinge-nmm3ntmeasurements
werealsomadeinFreonforsn elevatoron anunswepttailsurfacefor
whichcorrespondingdatainairwereavailable.

Aswillbe shown,differenceswerefoundto existbetweentheair
andFreondatawhichbecameappreciableattransonicstreamMach
numbers;however,a simpletentativemethod~asedon considerationsof
flowgeometrywasdevelopedwherebybothMachnumberandaerodynamic
coefficientsaresubjectedto slightcorrections.Thesecorrections
broughttheFreonandairdataintosubstantialagreement.This
methodandthevarioustentativecorrectioncurvesandproceduresbased
on itarealsodescribedanddiscussedinthepresentpaper.Subsequent
dataobtainedintheLangleylow-turbulencepressuretunnelwithFreon-12
will,at leastforthepresent,be correctedto correspondingairdata
by thesemethodsalthoughsomemodificationmaybe founddesirableas
additionalcomparisondatainairandFreonaccumulate.

Inadditionto thenecessityforapplyingcorrectionsto aerodynamic
dataobtainedinFreon,theuseofthismediumhasthedisadvantagethat
auxiliaryequipmentmustbe suppliedto removethegasfromthetunnel
or at leasta portionofthetunnelbeforepersonnelcanentertomake
modelchangesor otheradjustments.A descriptionofthemethodsused
to introduceandrennveFreonfromtheLangleylow-turbulencepressure.

/ tunnelaswellasnecessarychangesto thetunnelitselfisincluded
inthepresentpaper.

z
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SYMBOLS

A

A

).

b

c

H

M

P

P

s~

v

x

Y

a

7

stream-tubeareaoraspectratio

sweepangleof0.25-chordlineoftwowingmdels andof
O.TO-chordlineof tail-surfacemodel

taperratio,ratiooftipchordto rootchord

spanofwing

sectionchordofwing,measuredpsralleltoplaneof
symmetryofmodel

total pressure

Machnumber

static pressure

pressurecoefficient,p - ‘0
%

reS~tantpreSSWeCoefficient,pL - ~

dynsmicpressure,1+2P

pressurecoefficient,~ - p
%

localloadcoefficient,~-SL

velocity

distancefromleadingedgealongsectionchordofwing

distancenormalto freestreamin liftdirection

angleof attack

ratioof specificheatatconstantpressureto specificheat
at constantvolume

correctionfactorinexpressionfor cDi;
alsoflapdeflection,deg

*mass density
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cd

CDi

c%

cD

Ch

ch

cJj

c~

cm

Cn

ACd-

ACDi

ACh

ACL

ACN

A%

Acn

~R

AP~

3000

wing-sectionwakedragcoefficient

winginduced-dragcoefficient

wingdragcoefficientdueto lift

totalwingdragcoefficient,wakedragcoefficientplus
induced-dragcoefficientor zero-liftdragcoefficient
pluswingdragcoefficientdueto lift

sectionhinge-momentcoefficientforflap

elevatorhinge-momentcoefficient

wingliftcoefficient

wingnormal-forcecoefficient

sectionpitching-nmmentcoefficientabout0.25c

Subscripts:

sectionnormal-forcecoefficient

coefficientinl?reon-12minuscorresponding

A air

5

coefficientinair
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F Freon-12

u uppersurface

L lowersurface

o conditionsin

1 conditionsin

2 conditionsat

cr conditionsat

2 localconditions

freestream

wake

orifice2 fornozzletests

a localMachnumberof 1.0

COMPARISONOF

Nozzle

Inorderto obtaincomparative

NOZZLEFLQWS

Tests

dataforsomesimpletwo-dimensional
flows,pressure-distributionmeasurementsoftheflowabouttwobumps
ina l-inchnozzleweremadeinbothl%eon-12andair. Sketchesofthe
nozzlearrangementandbuqs arepresentedinfigures1 and2. Oneof
thebumpswasratherlongandthick.Inthiscasetheoppositewall
ofthenozzlewascurvedtoprovidea reasonablemarginbetweenthe
lowestMachnumberatwhichthespeedof soundoccurredlocallyandthe
nozzle-chokingcondition.Thesecondconfigimationconsistedof a
smallbumpwiththeoppositewallofthenozzlestraight.Ineachcase
thegaswasforcedthroughthenozzlefromlarge-capacityhigh-pressure
storagetsn$s.FortheFreontests,inorderto avoidconditionsclose
to condensation,thegaswasheatedbeforepassingthroughthenozzle
intoa largeevacuatedchamber.

Thenozzleswerecastfrombismuth-tinalloyandthesurfaceswere
polished.Pressuretubeswerecastintothenozzleandwerelocatedas
showninfigures1 snd2. Rubbergaskets,cutto fitthenozzle
contours,servedto sealthenozzleblocksto glasssidewallsofthe
section.Manometerreadingswererecordedbymeansof cameras.

Thetwobumpsinthel-inch-widenozzleweretestedinFreon-12
througha rangeofMachnumberfrom”justbelowthecriticalspeedto
thenozzle-chokingspeedandthenretestedinairthrougha similar
rangeofMachnumber.TheReynoldsnumbersfortheairtestswere
maintainedapproximatelythesameas fortheFreontestsby adjusting
thestagnationpressurestotherequiredvalues.Thevaluesofthe
absolutestagnationpressureduringtheFreonandairtestswere
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approximately29and76
werenotalteredinany

TheMachnumberat

7

inchesofmercury,respectively.Thenozzles
waybetweentheFreonandairtests.

staticorifice2 (fig.2) isusedastherefer-
enceMachnumber.Ifthebumpinthenozzleisconsideredtobe crudely
representativeofan airfoilmmntedina two.dimensionaltuel, the
valuesof localMachnumber~ atorifice2 arenotfree-streamvalues
becauseofthecloseproximity’oforifice2 to thebump(fig.2)but
correspondto free-streamMachnumbersthataresomewhathigher.

Comparisonof Results;Streamline-SimilarityConcept

ThepressurecoefficientS obtainedinairandinFYeon-12at
eachorificelocationisplottedagainst~ in figures3 and4. These
datadonotindicateanylargedifferencesinresultsobtainedin
Freon-12as comparedtothoseobtainedinairexceptnearthemsximum
Machnumberattainable.ThereissomeindicationthattheMachnumber
atwhichchokingoccursinFreon-12is slightlygreaterthaninair.

ThedifferencesbetweentheFreonandairresultsshownin
figures3 and4 ledto moredetailedconsiderationoftherelationship
betweenflowsinFreonandinairandto thepresentproposalthata
correspondencebetweentheflowsmightbebasedmoreaccuratelyonthe
conceptof geometricalsimilarityofthestreamlinepatternthanon
identityoftheMachnumberfields.Ifsuchstreamlinesimilarity
exists,theratioofthestresm-tubeareasatanytwopositionsfor
Freonflowmustbe equaltotheratioofthestream-tubeareasatthe
samepositionsforairflow.Furthermore,ineithergas,thestream-
tubeareaisa minimumwhenthespeedof flowisequalto thelocal
speedof sound.Therangeofphysicallypossiblestreamlinespacings
ineithergasmaythenbe representedby valuesoftheratioAcr/A
rangingfrom.1.OtoO.

ThevariableAcr/A maybe considereda flowparameterinthesame
senseastheMachnumber.TherelationshipbetweenAcr/A andtheMach
numberforairandFreonisgivenin figure~ as determinedfromthe
relation

y+l

A

[+

,+, -lg-m
cr
T’M y+l

2

It isseenfromfigure5 thatthevariatibnof
o isverynearlythesameforairandFreon-12up

about1.4. Thedifferencesin Acr/A increase
increasingMachnumberabovea valueof 1.0..

(1)

Acr/A withMachnumber
to a Machnumberof
progressivelywith

— .-. —. .
__. ——
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Inorderthatthesamerangeof stream~nespacingsbe available
inbothgases,asisnecesssryifstreamlinesimilarityistobe
generallypossible,it isnecessarythattherelativestreamline
spacingbe expressedintermsofthevariableAcr/A,where Acr is
thestreamlinespacingcorrespondingto a localMachnumberof 1.0.
Ifthesreaat someMachnumberotherthanunitywerechosenasthe
referencearea- forexsmple,theareaata MachnumberofO.8,~.8 -
thentherewouldbe a rangeofl&chnumbersnearunityforwhich
valuesof ~08/A forFreonwouldexceedthehighestpossibleValue
of AO.8jAforair.

StreamlineSimilarityandtheTransonicSimilarityRule

An indicationofthepossibilityoftheexistenceof streamline
similarityisaffordedby a studyof therulefortransonicsimilarity
giveninreference4. Accordingtothetransonicsimilaritylaw,
developedforflowsinwhichthelocalMachnumbersthroughoutthe
fieldarenearlyequalto 1.0,ifthefollowingsubstitutionof
variablesismade

7‘u’+w“
_Lf(?,l-1)= *
ac

where

rectangularcoordinatesinthephysicalplane

halfchordof.body

ratioofmaximumthicknessofbodyto chord

velocitypotentialinphysicalplane

velocityofsoundat a localMachnumberof 1.0

nondimensionalcoordinatein streamdirection

nondimensionalcoordinateperpendicularto streamdirection

nondimensionalvelocitypotential
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thedifferentialequationofmtionbecomes

$f—= 2K af wf

9

where

K= (l-h@

and

% free-streamMachnumber

Ifsimilarflowssretobe obtainedinthesenseofreference4, K
mustremainconstantas ~, y, snd t arevaried.In orderto show
thata correspondingrelationmustholdthroughoutthefieldofflow,let,

be a quantityanalogousto thetransonic-similarityparameterK but
formedtiththelocalMachnuder Ml ratherthanthefree-stream
Machnumber~. It isshowninreference5 that

Since,forsimilarsolutionq,affi~ at a givenpoint(~,q)inthe
fieldof flowis independentofvariationsof ~, 7, and t, the
valueof K7.formedforanypoint(~,q)inthefieldmustalso
remainconstant.

SinceKz isa functionofthreevariables,
Wpoint (~,q)inthefield,it ispermissibleto
definiterelationshipbetweentwoofthevariables
thirdsothatsimilarityismaintained.Withthis

Ml, 7, and t “at
assumeanarbitrary
endto adjustthe
ideainmind,let

‘=* ‘here‘1‘Smabitraycomtmt”‘en’
1

-2/3
(1 - Mz)~I(7+ 1)3’4

[
43(7 + 1) 1

-1/2or (1-Mz) Cl mustbe a

constant;thatis,(1-Mz) mustvarydirectlyas (7+ 1)1/2.

ConsidertherelationshipbetweenMl and 7 requiredfor
streamlinesimilarity.Theequationrelatingthearearatio,Mach
number,and y is ssfollows:

..— — --- -— —.— .——.——— —
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[ 1
7+1

1+.*(1 - @)2 m y+l
A pm—=
Acr 1- M* ()y+l

*isl-MZ.where M Ifthis
andtermscontainingpowersof

A—=
Acr

expressionisexpandedinpowersof M*
~ greaterthan2 areneglected,then

2
7+1 M*2+ 1

As indicatedpreviously,ifstreamlinesimilarityistohe obtained,
thevalueof A/Acr at correspondingpointsinthefieldmustremain
unchangedas 7 isvaried.Inaccordancewiththiscondition,
Ma . C2(Y + 1), wherethevalueof C2 dependsonthevalueof

‘lAcr
?

att e particularpointinquestionor 1 - Ml variesdirectly
as (7+ 1)12. It isthusseenthatstreamlinesimilarityisconsistent
witha specialcaseofthegeneraltransonicsimilarityrule. Strictly
spesktig,then,streamlinesimilarityto theaccuracyofthetransonic
similarityrulewouldbe obtainedintwo-dimensionalflowsinairand

Freon-12ifthebodytestedinFreonwere
(::::8)1” ‘r ‘“030

timesasthickasthebodytestedinairandthefree-streamMach

numberinFreonwere 1 -
( ,+,. J (-%)oro.943%A+o.057.
I+ 1.I.281/21

Becauseofthesmallmagni~udeofthecorrectiontothethicknessratio,
it isthoug~thatno appreciableerrorwillresultifthemodeltested
inIYeonhasthesamethicknessratioasthatforwhichdataare
desiredinair.

A furtherindicationoftheexistenceof streamlinesimilarityis
affordedby a studyof thecomparativepressure-distributiondata
presentedin figures3 sndk. At anyparticulustreamspeedas
indicatedby thevalueof ~ infreon,thedistributionofvalues
of Acr/A inl%eoncanbe computedfromthebasicpressure-distribution
databy applicationoftherelationsforisentropicgasflow. Ifstream-
linesimilarityis assuined,thevaluesof Acr/A forairflowwillbe
thessmeat correspondingpoints.Reversingtheprecedingprocessbut
usingthevalueof 7 appropriateto airpermitsthecorresponding
valuesof localpressurecoefficienttobe computedforair. Ifthese
computedvaluesofthepressurecoefficientsforairagreewiththose
measuredinair,theagreementwillbe anindicationthatstreamline

.

.
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similarityexists.Theaforementionedprocedurehasbeencsrriedout
inthepreparationoffigures6 and7;thatis,theFreondatahave
beenconvertedto equivalentairdata. It istobe notedthat,inthe
processof convertingfzmmFreonto airthroughthearea-ratioconcept,
slightchangesin localMachnumbersas indicatedin figure~ are
necessa~.Hence,forexample,a localMachuumberof 0.80inFreonis
equivalentto a localMachnumberof0.T86inair. TheconvertedFreon
datainfigures6 and7 areinmch closeragreementwiththeactual
airdatathanthecorrespondingdataof figures3 and4. In factthe
convertedFreondataandtheairdataagreealmostwithinthelimits
of experimentalaccuracy.

AnothercomparisonbetweentheflowsinFran andinairis given
in figures8 and9 in whichthedistributionof localMachnumberover
thesurfaceofthebumpsisgivenforseveralreferenceMachnumbers
M2. InthesefigurestheFreondatahavebeenconvertedto equivalent
airdataby meansoftheassumptionof streamlinesimilarity;thatis,
theassumptionthatlocalvaluesof
twogases.

Acr/A wouldbe thesameinthe
M figures8 and9 agreementof localvaluesof M as

betweenairandI&eon,therefore,meansthatlocalvaluesof Acr/A
areinagreement.CorrespondingrunsinairandinFreoncomparedon
thebasisof yerynearlythesamevaluesof converted@, thatis,
Acr/A atstation2, exhibitedthes- distributionof convertedM,
thatis,&r/A, overtherestofthesurface.Thefactthat,almost
withinthelimitsof experimentalaccuracy,thedistributionof ~r/A
aheadof andbehindtheshockisthesamewhenthevalueof Acr/A at
orifice2 isthesameindicatesthat,forcorrespondingvaluesof
Acr/A,thepositionoftheshockisthesameandthatthereisno
measurabledifferenceintheeffectof thesh,ockontheflow.

COMPARISONOFWIND-TUNNELPRESSURE-DISTRINTIONDATA

Thestudydescribed.intheprecedingsection“Comparisonof
NozzleFlows”indicatedthattheassumptionof streamlinesimilarity
forcorrespondingflowsin airandl&eon-12wasa goodworking
hypothesis.Itwasrealized,however,thatsimilarityof flowsover
a bumpina nozzleisnotnecessarilya generalindicationthatsuch
flowsimil&ityinairandl?reon-12wouldexistoverbodiessuchas
airfoilssndtings,becauseoftheabsenceof conditionsrequiredto
determinethecirculationandthevirtualabsenceof flowseparation
inthepresenceof shocks.Inorderto obtainrepresentativedatato
investigatemorecompletelythecorrespondenceof flowsin airand
Freon-12,measurementsweremadeinFYeon-12intheLangleylow-
turbulencepressuretunnelofthedistributionofpressureovera
high-aspect-ratiounsweptwinganda sweptback-wing-fus,elagemodel,

-..-
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bothofwhichhadbeenoriginallytestedintheLangley8-foothigh-
speedtunnel.Datafortheunsweptwinghavebeenpublishedin
reference6.

Theunsweptwingmodelwasa full-spanwingofaspectratio9 and
taperratio0.4,withNACA65-210airfoilsections.Static-pressure
orificeswerelocatedontheupperandlowersurfacesat eightspsnwise
stations:11-,20-,30-,and43-percentsemispanonthelefthalfof
thewingand56-, 64-, 80-,and95-percentsemispanontherightha~
ofthewing. Themodelwasequippedwitha 20-percent-chordplain
aileronwhichwasunreflectedforthesetests.A morecomplete
descriptionofthenmdelispresentedinreference6.

Thesweptback-win~fuselagemodelwasa full-spanmidwing
configuration.Thewinghadthe0.25-chordlinesweptback45°, an
aspectratioof4, a taperratioof0.6,andNACA65A(X)6airfoibin
thestreamdirection.Thefuselagewasmadeby cuttingofftherear
partofa bodyofrevolutionoffinenessratio12to formonewitha
finenessratioof 10. Static-pressureorificeswerelocatedonboth
wingsurfacesat fivespanwisestations:20-,60-,dnd95-percent
semispanonthelefthalfofthetingandko-and80-percentsemispan
ontherighthalfofthewing.

Eachmodelwastestedinthelow-turbulencepressuretunnelasa
semispannmdelrountedoffonetunnelwall;whereaseachhadpreviously
beentestedin a full-spanarrangementintheLangley8-foothigh-speed
tunne1. Inthe8-foothigh-speedtunneltheunsweptwingwssmounted
on a verticalplateinthecenterofthetunnelandthes~pt-wing
modelwasmountedon a sting-supportedfuselage.Thesemispanswept-
wingnmdelastestedinthelow-turbulencepressuretunnelincludeda
halffuselage.Theareaofthe8-foot-tunneltestsectionisabout
twicethatofthelow-turbulencepressuretunnelsothatthetunnel
blockingeffectsforthetestsinthetwotunnelswereapproximately
thesame.

Themodelsweretestedinlkeon-12at approximatelythesame
Reynoldsnumber(about2 x 106)andthroughthessmerangeofMach
numberandangleofattackusedintheoriginaltestsin air. The
ailerondeflectionontheunswept-wingnmdel,whichwasinadvertently
setforthetestsof reference6 at -0.30ratherthantheintended0°,
wasmaintainedat -0.3°forthetestsinFreon-12.Thetestsconsisted
ofmeasurementsofthepressuredistributionatalleightspanwise
stationsontheunswept“wingandthepressuredistributionatthreeof
thefivespanwisestationsonthesweptwing(20-,60-,and95-percent
semispan).

,,
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Representativecomparisonsof thechordwisedistributionof
pressureovertheunsweptwinginairandinIYeon-12arepresented
forsubsonicMachnumbersin figure10. Thesedatawereobtainedat
ansngleof attackof4° ata station30percentofthesemispanfrom
theroot.Althoughthedataoffigure10areonlya smallpartofthe
largeamountof comparativedataobtainedfor,thisnmdel,theysre
representativeofthelargechangesinshapeofpressuredistribution
thatoccurbetweensubcriticalandsupercriticalMachnumbersand
correspondtothehighestangleof attackforwhichpubllshedpressure-
distributiondataareavailableatMachnumbersgreaterthan0.9
{ref.6). Theconclusionsindicatedby an examinationof figure10
arethesameaswouldbe obtainedfromtheexaminationoftheremaining
massof comparativedata. InthisfigurethepressurecoefficientP
isplottedagainstchordwisepositionforMachnumbersof0.400,0.850,
0.900,andO.x4. Thepressurecoefficientsandfree-streamMach
numbersin Freonhavebeenconvertedto correspondingairdatabymeans
oftheassumptionof streamlinesimilarity.

A typicalexampleshowingthemagnitudeoftheconversionfrom
Freonto airconditionsisgiveninfigurellYwhichcorrespondstothe
datagivenforanair~ch nuniberof0.850infigure10. Infigure11,
as inthecaseofthenozzletests,theconvertedFreondataarein
substantiallycloseragreementwiththecorrespondingairdatathanthe
Freondatareducedinthenormalfashionwithoutconversion.

Itseemsapparentfromfigure10thatno significantdifferences
in flowphenomenaexistbetweentheairandFYeonflow. Therather
lsrgechangesintheshapeofthepressuredistributionwithrelatively
smallchangesinMachnumberinairflowsreduplicatedintheFreon
flow.Theshocksseemto occuratthesamechordwisepositionsand
thepressuredistributionsfortheuppersndlowersurfacesat a Mach
numberof0.9crossatthesameposition.Thesmalldiscrepancies
betweentheFreonandairdatanoticeableforsomeofthetest
conditionsc&neasilybe accountedforonthebasisoftheprobable
errorsindeterminingfree-streamMachnumber)~as~ementoftheloc~
pressures,sngleof’attack,andsoforth.

Representativecomparisonsofthechordwisedistributionof
pressureoverthe45°sweptbackwinginairandinl?reon-12are
presentedinfigure12. Thedatapresentedin figure12(a)arefor
stations0.20and0.95semispanfromthenmdelplsneofsymmetryand
wereobtainedat anangleof attackof 14°atMachnumbersof0.60
and0.80.Thedatapresentedin figure12(b)areforstations0.20,
0.60,and0.95semispanandwereobtainedat anglesof attackof 2°
and6°ata Machnumberof 1.2. TheI&eonpressurecoefficientsand
free-streamMachnumbershavebeenconvertedto correspondingairdata
by applicationofthestreamlinesimilarityconceptto theflowinthe
free-streamdirection.Onthesweptbackwing,asonthe~~ePt ~g~

—.— —. — —.. — .—— — — ——_ —— ————.
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no noticeabledifferencesin flowphenomenaexistbetweentheairand
Freonfloweitherat subsonicor lowsupersonicspeeds.Application
ofthestreamlinesimilarityconcepttotheflowinthefree-stream
directionappearstobe adequateforpracticalpurposes,at leastfor
aspectratiosofthisorder.Obviously,foraninfinitelylongswept
wing,consistencyshouldrequirethatthecomponentnormaltothe
leadingedgeshouldbeused.A moredetaileddiscussionofthissubject
ispresentedina subsequentsection.

Thewidevarietyof flowconditionsforwhichapplicationofthe
streamlinesimilarityconceptledto substantialagreementofairand
Freondataistobe noted.Theconditionsinvestigatedincludenot
onlytransonicflowsatmoderateanglesof attackbutalsocasesof
transonicflowswithstrongshocksinwhicha lsrgepsrtofthewing
areais.stalled.Thepossibilityofprovidingadequatecorrectionsto
Freondataobtainedat free-streamMachnumberssubstantiallyin
excessof 1.2isuncertain,becauseundersuchconditions(asindicated
in figure5)thedifferencein stresm-tubesrearatioforthesameMach
numberbecomeslarge.

CONVERSIONFACTORSFORFORCESANDMOMENTS

Thepreviousanalysisindicatedthattheflowphenomepaabouta
bodyinaircouldbe predictedfrommeasurementsmadeaboutthesame
bodyinl&eon-12.Moreparticularly,theanalysisindicatedthatthe
pressuredistributionovera bodyinonemediumcouldbe’predicted
fromthemeasuredpressuredistributionintheothermediun.Since,
however,wind-tunnelmeasurementsfrequentlyconsistofthemeasurement
oftheover-allforcesandmmentsactingon a bodyratherthanof
detailedpressuredistributions,somemeansof interpretingforceand
momentmeasurementsinFreon-12intermsof correspondingairdatais
reqtired.

Inorderto determinetheprincipalfactorssffectingthe
correlationof forceandnmmentmeasurements,a largequantityof
wind-tunnelpressure-distributiondatameasuredinairwasconverted
to equivalentFreondataby meansofthestretine similarityconcept
andthedifferencesbetweentheairandFreondatawerestudied.Iti$
necesssrythata methodof forcecorrelationproduceresultswithinthe
accuracyof experimentaldatathrougha lsrgerangeofMachnumber,
angleof attack,sndbodyshapeinordertobe usefulforprojected
testprograms.Forthisreasonandbecausetheprincipalaerodynamic
forcesforsnairplaneoccuron a wing,pressure-distributiondata
obtainedintheLangley8-foothigh-speedtunnelontheNACA65-210
andtheNACA6~AO06airfoilsandintheLangleyrectangularhigh-speed
tunnelontheNACA65,3-019airfoilwereusedforthissnalysis.The
testsontheNACA65-210airfoil,asreportedinreference6,covered
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a rangeofFkchnumberfrom0.4through0.925
65,3-o19airfoil,as repofiedinreference7,

15

andthetestsontheNACA
covereda ran~eofMach

numberfrom0.h3-through0.74.Thedataonthe”NACA65AC)06-airfoilwere
obtainedattransonicMachnumbersthrough1.0. Bothairfoihtivesti-
gatedat subsonicspeedsweretestedthrougha rangeof angleof attack
fromOoto 10°,whereastheangleof attackforthetransonictests
rangedto 20°. Additionaldataontheeffectof flapdeflectiononthe
pressuredistributionwereavailableontheNACA65,3-o19airfoil.

NormalForce,PitchingMoments,andHingelbments

Thepressuredistributionstakenfromtheselectedtestdatawere
convertedfromairto correspondingpressuredistributionsinl%eon-12
byuseoftheassumptionthatthearearatioAcr/A ateachpoint”in
thefieldof flowisthesameinbothmediums.Theprocedureused
involvestheapplicationofthearea-ratiocurvesof figure5 andthe
followingrelation:

r 7
y-1

‘1

-1 (2)

Forexample,to convertknownpressurecoefficientsata givenfree-
stream&ch numberinFreon-12to airpressurecoefficients,thelocal
Machnumberscorrespondingtotheknownpressurecoefficientsin
FYeon-12sredeterminedby meansofequation(2). Thefree-streamand
localMachnunbersinFreon-12arethenconvertedto airWch num&rs
forthesamemea ratioas determinedby figure5. Equation(2)is
againemplo~dwiththeconvertedairMachnu.nibersandthevalueof 7
forairto calculatetheairpressurecoefficients.Thesameprocedure
csnbe followedto convertairpressurecoefficientsto equivalent
Freonpressurecoefficients.Foreachtestcondition,theincremental
changeinthepressurecoefficientbetweenairandFreon-12was
calculatedata seriesofpointsalongthechordforboththeupper
andlowersurfacesoftheairfoils.Theupper-andlower-surface
incrementsatthesamepositionsalongthechordwerethensubtracted
to obtaintheload-coefficientincrement.

Representativepressuredistributionsinairandthecorresponding
distributionsof load-coefficientincrementsbetweenairandl?reon-12
forlargevariationsoffree-streamMachnumber,angleofattack,and
flapdeflectionareshowninfigures~, 14,snd15. Thearea&nd
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momentintegralsoftheload-coefficient-incrementdistributionswere

I
usedto obtainvaluesof Acn~Fy

I
Ac Cm mp) /

and AChchF whichWere

foundto be appreciablymoredependentuponthefree-streamMachnumber
thanuponthemagnitudesofthepressuresortheshapeofthepressure
distribution,whichvsriedquiteradicallywithairfoilshape,angle
of attack,flapdeflection,Machnumber,andpositionof shock.In
theangle-of-attackrangewherethenormal-forcecoefficientisofthe
sameorderofmagnitudeastheliftcoefficient,therelativemagnitude
ofthecorrectionto thelM?tcoefficientcanbe takentobe thesame
asthecorrectionto thenormal-forcecoefficient.Theresultsof
thisstudyof a diversityof airfoilpressuredistributionsinairsre
showninfigure16wheretheforceandnmmentincrementpercentages
areplottedagainstthefree-streamMachnuniberin l?reon-12.

Thesqmeprocedurethatwasusedontheairfoilpressure
distributionswaaalsousedonthepressuredistributionoverthe
flapoftheNACA65,3-o19airfoilto determinethel&eon-to-air
correlationforhingemoments.As canbe seeninfigure16,the
Percentageincrementsof ch area functionmainlyof free-stream
Machnumberandcorrelatedcloselywiththeairfoilpitchingmoments.
Thecalculatedpointsfarthestfromthefairedcurvesin figure16
usuallyoccurredforsuchsmallvaluesof Cn, Cm,and ch thatthe
errorinvolvedinusingthepercentageincrementfromthefairedcurve
ratherthantheactualcalculatedvalueisnegligible,

Inviewofthefactthatthechangesinpressurecoefficient
dependh a rathercomplicatedwayon localflowconditions,it,at
firstsight,seemssurprisingthatthemagnitudeoftheconversion
factorfornormalforce, pitchingmoment,andhingemomentisnearly
thesameandalsothatitdependsalmostentirelyon free-stream
conditionsandisrelativelyindependentof liftcoefficientandthe
shapeoftheparticularbody. An explanationofthiseffectisfound
froma detailedconsiderationofthevariationofthecorrectionto
thelocalloadcoefficientwiththemagnitudeofthelocalload
coefficient.Figue 17is a plotofthevariationinthedifference
betweenthelocalloadcoefficientsinI&eonandairagainstthe
magnitudeofthelocalloadcoefficientinFreon,fora Freonfree-
streamMachnumberof0.80. Itmustbe realizedthatthelocalload.
coefficientitselfisthedifferencebetweenthepressurecoefficients
ontheupperendlowersurfaceata givenposition.Theload
coefficientcanbe variedintwoways. Theupper-surfacepressure
coefficientmaybe heldconstantandthelocalloadcoefficient
increasedby decreasingthelower-surfacepressurecoefficient.Curves
correspondingto thismethodofvaryingthelocalloadcoefficientsre
shownby thesolidlinesinfigure17. Conversely,thelocalload
coeY’ficientcanbe increasedbyholdingthelower-surfacepressure
coefficientconstantandincreasingthevalueoftheupper-surface
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pressurecoefficient.Curvescorresponding
thelocalloadcoefficientareshownbythe
figure17.

Thefactthatboththepitchingmoment

17

to thismethodofvarying
short-dashedlinesin

andnormalforcehave
substantiallythesameconversionfactor(fig.16)suggestsvery
stronglythateachofthelocalloadcoefficientsalongthechordof
theairfoilis changedby substantiallythesamefactor.Ifthiswere
so,theslopeofthecurveof changein localloadcoefficientagainst
loadcoefficientwouldbe constantat a valueequalto theconversion
factorgiveninfigure16. Thislineis shownasthelong-dashed
line(fig.17).

Itis seeninfigure17thatforlowvaluesoftheupper-surface
pressure(highvalueofthecorrespondingpressurecoefficient)thb
generaltrendofthecurveof changein loadcoefficientagainstload
coefficientis fairlywellapproximatedby thelong-dashedline
representingtheconversionfactoroffigure160 Furthermore,
regardlessofthevalueofthepressurecoefficient,.nocorrectionis
indicatedwhentheloadcoefficientis zero.Thecombinationsof
pressurecoefficientandloadcoefficientcorrespondingto corrections
at largestvariancewiththatindicatedby thelong-dashedlineare
combinationsofa relativelylowupper-surfacepressurecoefficient
anda lsrgeloadcoefficient.As a matterofgeneralobservation,the
likelihoodoftheoccurrenceof largevel.uesoftheloadcoefficient
forsmallvaluesoftheupper-surfacepressurecoefficientisvery
small.Forexample,iftheupper-surfacepressurecoefficientis
smallthecorrespondingvalue’oftheactualpressureisrelatively
high. Consequently,inorderto havea highloadcoefficientthe
lower-surfacepressuremustbe verycloseto thestagnationpressure.
Exceptforconditionsintheimmediatevicinityof theleadingedge,if
thelower-surfacepressureisnearstagnationthecorrespondingupper-
surfacepressureisgenerallyquitelow,or,inotherwords,theupper-
surfacepressurecoefficientisquitehigh. Inspiteof thefact,
therefore,thatsubstantialdeparturestromthegeneraltrendare
theoreticallypossible,forthecombinationsof localpressurecoefficient
andloadcoefficientlikelyto occurin.practicethevariationofthe
differenceinlocalloadcoefficientwithloadcoefficientisnearly
linear.

Drag(Subsonic)

.

Inorderto derivean overallconversionfactorto obtainairdata
fromcorrespondingI&eondrag-forcetestdata,itis desirableto
considerthesubsonicdragasbeingmadeup oftwoparts: (a)that
partofthedragassociatedwiththegeneralfieldof flow- thatis,
therearwardtiltingoftheliftvectoratthewingdueto theeffect

— .———.
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1,

ofthetrailing
associatedwith
thewing. Wake
allofthedrag

vortices(induceddrag)- and(b)thatpartof thedrag
lossesoftotalpressureintheimmediatevicinityof
surveysmadeh thevicinityofthewtigwouldinclude
oftype(b)butpracticallynoneoftype(a).

~tiduceddrag.- Theinduceddragfora wingin subsoniccompressible
flowisgivenby therelation(ref.8):

Thecorrectionfactorb inthisexpressionisa functionofthewing

geometrysnd ~~ where ~ isthefree-streamMachnumber,

A theaspectratioofthewing,and a. thelift-curveslopeofthe
airfoilsectionsat zeroWch number.SincethedifferencesinMach
numberbetweencorrespondingflowsinfreonandin airarerelatively

small,thevalueof ~ canbe takentobe thesamein airand

Freonat correspondingconditions.Theratiooftheinduceddragin
airto thatin Freon,therefore,maybewittenas

To thefirstorder,then,thepercentageincrementininduceddragh
convertingfromFreonto airisequalto twicethepercentageincrement
in liftcoefficientor

‘D - [1(%ijF=2&
/T@ quantityACL(~)F car-beobtained,as statedpreviously,from

thenormal-forceincrementsgivenin figure16.

Wakedrag.- Thewakedragofa bodymaybe associatedwithflow
conditionsata pointsufficientlyfardownstreamsothatthestatic
pressurehasreturnedto thefree-streamvalue.Themethodof converting
Freon-to-airwake-dragmeasurementsresultedfromtheassumptionthat
thestreamlinesimilarityindicatedby thenozzlepressuredistributions
extendedtotheregionofthewake. Theexpressionforthedrag
coefficientintermsofquantitiesthatcanbe measuredinthewakeis

_.—
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Jwake

ifthestaticpressure

1/2

[

1 1L/2
inthewakeistakenas free-streamstatic

pressure(ref.9). Theintegrandinthisexpressionis,of course,
d(c~2)/d(y/c).

Fromtheassumptionofthesamestream-tubesrearatio AcrfA in
airandJ?reonbothforfree-streamconditionsandforlocalconditions
inthewake,valuesoftheelementalwake-dragconversionfactor

[&]:[&]A
[1

dCd

m~

()~-Hlwerecomputedas a functionof forvariousfree-stream
%-PoA

airMachnumbers(fig.18). Itistobe notedthatforanygivenfree-
streamMachnumber,theconversionfactorsforthevariouspointsin
thewakehavingdifferenttotal-pressurelosseswillbe alonga linein
figure18forthatparticularvalueof thefree-streamMachnumber.
Becausethevalueoftheconversionfactorvariesmuchmorewiththe
valueofthefree-streamMachnumberthanwiththelossof total
pressureinthewake,it isreasonableto expectthattheconversion
factorfordragmeasuredinIYeonwillbe primarilya functionofthe
free-streamFreonMachnumberandvirtuallyindependentof themagnitude
ofthewake-dragcoefficient.By applicationofthedetailedwake-drag
conversionfactorsgiveninfigure18to a ~ge varietyof airwske-
surveydata,thisconditionwasactuallyfoundto exist.The
overallwake-dragconversionfactorisplottedagainstfree-stream
FreonMachnumberin figure19fora representativevalueof

()

~-Hl
Ho -POA = 0.12.

—..———..———— . ..
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sme
when
wake

Althoughtheassumptionthatthestream-tubearearatiosarethe
forl%eonandairmaynotbe asvalidwhenappliedto thewakeas
appliedtotheflowovertheairfoilprofile,theincrementin
dragwasshownto reacha valueof only5.2percentata free-

streamMachnumberof0.9. Inasmuchasthisincrementisrelatively
small,itappearsthatanyinadequaciesinthebasicassumptionwould
resultininsignificantdifferencesintheconversionfromFreonto
air.

Totalwingdrag.-TheFreon-airconversionto thetotalwingdrag
coefficientrequiresthatan estimatebe madeoftherelativemagnitudes
ofthewakedragsndinduceddrag.For,thepurposesof determiningthe
conversionforthetotaldrag,theinduceddragcsnbe calculated
theoretically.Theremainderofthedragasmeasuredon a balanceis
assumedtobewakedrag.Thisseparationofthedragintotwocomponents
enablesthedeternrlnationofthemagnitudeoftheoverallconversion
factor.Anyerrorintheestimateoftherelativemagnitudesofwake
andinduceddragwouldresultonlyina correspondingerrorinthe
magnitudeoftheconversionfactor,whichin itselfis small.

Thepercentageincrementswhichhavebeenderivedforthewake
dragandinduceddragindividuallycanbe combinedto converta total
wing-dragcoefficientasmeasuredon a balancewiththefollowing
equation:

.cJj= KCD + (K’- K)CD
A F iF

where

K=l- 3
CdF

ACL-. K’=l-2—
c%

Drag(Supersonic)

Thefactthattheconceptof induceddragatsubsonicspeeds,
whichis associatedwiththerearwardtiltingoftheliftvectordue
to thetrailingvortices,losesitsmeaningatsupersonicspeeds
raisessomequestionasto themethodtobe employedinconverting
Freon-12dragdatato airdataatMachntiersabove1.0.



Ikcause oftheuncertainy regsrdingthemeaningof induceddrag
‘intheaforementionedsenseat supersonicspeeds,it ismoreconvenient
to resolvethetotaldragat supersonicspeedsina differentmanner.
Thetotaldragmaybe consideredtobe composedof a pressuredragand
a skin-frictiondrag. Beca~ethewingsconsideredforuseat supersonic
speedsarethinandbecausetheleading-edgesuctionisgenerallysmall
attransonicandsupersonicspeeds,it isre&onableto assumethatthe
resultantpressureforceonthistypeofwingisperpendiculsxtothe
chordplaneandthat,forthepurposeof determiningtheFreon-to-air
pressure-dragconversionfactor,c% “ w“ Withtheassumptionthat
theresultantpressureforceisperp=ndiculsrto thechordplsne,all
thedragat CN = O canbe consideredtobe skin-frictiondrag.This
skin-frictiondragisfurtherassumedto remainconstantwithchanges
inangleof attack.Thislattercomponentofthetotaldragwould
alwaysbe completelyincludedin a wakesurveyat CN=0. Themethod
of conversionofF&eontotaldragsto airdragsat supersonicspeeds
is-thento applythewake-dragconversionfactors(fig.19)tothe
zero-liftdrag,andthenormal-forceconversionfactors(fig.16)to
theremainderofthedrag.Any.inaccuracieswhichmayexistinthe
precedingmethodof analyzingthetotaldragina supersonicflowcan
resultinonlynegligibleerrorsintheconversionofFreontotaldrags
to airtotal’drags,inasmuchasthenormal-forceconversionfactors
andthewake-dragconversionfactorsdifferby a maximumofonlya few
percentovertheMachnumberrangeconsidered.

Theprecedingass”iunptions,onwhichthesupersonicdragconversion
factorsdepend,areequallyapplicableatsubsonicspeedsforthinwings
whentheleading-edgesuctionis small.Itisdesirable,therefore,to
comparetheresultsofbothconversionmethodsatsubsonicspeeds.A
quantityofavailableFreontotal-dragdata,obtainedathighsubsonic
speeds,wasconvertedto correspondingdatain airbybothmethodsof
analysis.Theconvertedtotal-dragdataobtainedby bothmethods
differedby a msx@umof lessthantwopercent.Inasmuchasthecon-
versionmethodinvolving-anestimateoftheinduceddragismore
generallyapplicableatsubsonicspeeds,itisbelievedthatthis
methodshouldbe generallyusedundersuchconditions.

RollingMoment,YawingMoment,andSideForce

Thenmnmt of a wingabouta longitudinalaxisis a functiononly
ofthenormalforceactingonthewingfora constantcenterof
pressure.Thespanwisesectionnormal-forcecoefficientsoverthe
wingforanygivenfree-streamMch numberareallconvertedbythe
samepercentageincrement(fig.16)sothatthecenter-of-~ressure
locationisthesameforbothairandFreon-12.Theconversionfactor
forthenormal-forcecoefficient,therefore,canbeusedto convefi

— _— ———-
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rolling-momentcoefficientsmeasuredinFreon-12to corresponding
-coefficientsinair.

Theyawing-momentandside-forceconversionfactorswilldepend
uponthenatureoftheforcesinvolvedandconsequentlymayvaryfor
differentconfigurations.Forexample,theyawingmomsntcontributed
by a deflectedrudderis causedby a pressureforceactingonthe
verticaltailsurfaceandthe.conversionoftheyawing-moment
coefficientfromFreon-12to airshouldbe made,therefore,by
applicationofthenormal-forceconversionfactor.Ontheotherhand,
a yawingmment maybe causedby asymmetricalskin-frictionforces,
inwhichcasethemomentshouldbe convertedfromFreon-12to airby
applicationofthewake-dragconversionfactor.Theconversionof
yawingnment andsideforce,therefore,shouldbe determinedforeach
individualconfigurationafterconsiderationofthesourceofthe
forcesinvolved.

Applicationto SweptWings

Theapplicationofthestreamline-similaritycriteriontothe
flowoversweptwingsisnotquiteasapparentastheapplicationto
theflowoverunsweptwings.It isnotobviouswhetherthearea-ratio
criterionshouldbe appliedto thesimplesweeptheory,thatis,to
theflownormaltothewingleadingedge,orwhether’itshouldbe
appliedtotheflowinthestreamdirection.An inconsistencyin
resultsetistsbetweenthesimplesweeptheoryanda rigidapplication
ofthearea-ratioconcept.Inasmuchastheactualflowovera swept
wingofreasonablylowaspectratioisa combinationofthetwotypes
of flow,forsimpHcityinapplyingtheconversionfromFreonto air,
applicationofthesrea-ratioconceptto theflowinthefree-stream
directionwillbeused.As indicatedina previoussectionfroma
comparisonofexperimentaldataobtainedinFreonandin airona
sweptwing,theappl.icat~onofthearea-ratioconceptto theflowin
thefree-streamdirectionappearedtobe adequateforpracticalpurposes.

Inorderto obtainan indicationofthemagnitudeofthedifferences
involvedintheapplicationofthestreamline-similarityconcepttothe
streamflowratherthantheflownormalto thewingleadingedge,
considertheflowakouta wingsweptback45°at a l?reonfree-stream
MachnuniberofO.9. Applicationofthestreamline-similarityconcept
to thestreamdirectionandtothenormalflowindicatesthatthe
valuesoffree-streamMachnumberinairare0.894and0.884,
respectively.Althoughthisdifferenceinl.kchnumberincreaseswith
sweepangle,theimportanceof anerrorintheactualfree-streamMach
numberdecreaseswithsweepinasmuchastheeffectof changesinMach
numberontheaerodynamiccharacteristicsinthetrsnsonicrangeis
appreciablyreducedasthesweepisincreased.Theconversionfactor

.
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forthenormal-forcecoefficientforthe45°swept
free-streamMachnuniberof0.9is7.3percentwhen

23

wingat a Freon
basedonthestream

flowand5.0percentwhenbasedonthe-normalflow. Inasmuchasthe
flowovera sweptwingofrelativelylowaspectratiois a combination
ofthetwotypesofflow,asmentionedpreviously,thecorrectvalue
oftheconversionfactorforsucha wingisprobablybetweenthetwo
extremesindicated.

CriticalCheckof ConversionMethods

Inasmzchas anypossibledifferencesbetweenflowconditionsin
Freonandinairmightbe expectedtobe ofthelargestmagnitudenear
thetrailingedgeof a body,itwasconsideredthata criticalcheck
ofFreondatacouldbe obtainedby a comparisonofthehingemomentsof
a trailing-edgecontrolsurfacemeasuredinFreonandin air. Further-
more,sucha comparisonwouldalsoserveasa checkonthemethodof
convertingmomentsdescribedintheprecedingsection.Thetail-
surfacemodelusedforthiscomparisonwasa full-spanunswepttailof
aspectratio4.01andtaperratio0.5withNACA65-108airfoilsections
andwasequippedwitha 0.30-chordsealed,unbalancedelevator.More
detailedinformationonthisnmdelispresentedinreference10.

A comparisonwithairdataofthehinge-momentmeasurementsmade
onthetail-surfacemodelinFreonarepresentedinfigure20 fora
rangeofMachnumbersfrom0.775to0.907forvsriousanglesof
attackandcontrol-surfacedeflections.An indicationof thedegree
of accuracyofthedatais,presentedinfigure21wherethehinge-
momentdataobtainedinairinboththeLangley8-foothigh-speed
tunnelandintheLangleylow-turbulencepressuretunnelata Mach
numberofO.kOOarecompared.Itisapparentin figure20 thatthe
agreementofthel?reonandairhinge-nmmentdataissubstantiallyas
closeasthecorrespondingcomparativemeasurementsmadeonlyin
air(fig.21). Thus,in everycaseinwhichcomparativedatain
Freon-12andinairareavailableexcellentagreementhasbee~
obtained.

MODIFICATIONSTOTHELANGLEYLOW—TURBWXNCEPRESSURE

TUNNELFORTHEUSEOFFREON-12

Severalmodificationshavebeen,madeto theIangleylow-
turbulencepressuretunnelsincea descriptionof itwaspublished
inreference11. Itmaybe of interestheretomentionsomeofthese
changesandto describethecharacteristicsofthemodifiedtunnel.

___._ _———— .— —.
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Theprharyphysicalchangetothetunnelairpassagehasbeen
theinstallationofa newtestsectiontopermittestinginl?reon-12
athighsubsonicMachnumbers.Theoriginalsectionhadconstrictions
upstreamsnddownstreamofthetestregionwhichhadtobe renmvedfor
testsathighMachnumbers.Thesizeofthenewtestsectionis
essentiallythesameastheoriginalbutthesidewallsareexpanded
to allowforthegrowthofthewallboundarylayer.TheIongitudtial
distributionofMachnumberalongthetunnelcenterlineispresented
infigure22. Eachcurve,of course,is fora differentpropeller
rotationalspeed.Thedataindicatethatthesidewallsareexpanded
sufficientlyto obtaina uniformdistributionof &ch numberthrough
thetestsectionup to a Machnumberof.about0.97. Theorigfialdrive
motorendpropellerarebeingusedandwiththeseit ispossibleto
chokethetunnel,as evidencedinfigure22by theregionof supersonic
flowatthehighesttestMachnumber.

WhenFreon-12isusedas a testingmedium,theMachnuder and
Reynoldsnumbercanbe variedindependentlysimplyby changingthe
stagnationpressureoftheFreon.The&ch numbercanbe increased
to thetunnelchokingcondition”fora rangeof absolutestagnation
pressurefromapproximately6 to 28 inchesofmere-uyandtherange
of Reynoldsnumberthatcanbe coveredateachMachnumberis
correspondinglylarge.Forexample,ata Machnumberex ceding0.9,

8theReynoldsnuniberrangeis fromapproximately2.5x 10 to
9.5X 106perfootof chord.

A @-meshscreenandtwooftheoriginaleleventqrbulence-
reducing30-meshscreens(ref;Ill)havebeenremoved.Inaddition,

“boundary-layersuctionslotsinthetest-sectionsidewallshavebeen
removed.Thesealterationshaveincreasedtheenergyratioofthe
tunnelsomewhatbuthavenotcausedanynoticeableincreaseinthelow
turbulencelevel,as evidencedbymeasurementsofthecriticalboundary-
IayerReynoldsnumberonthesameairfoilmodelinbothtestsections;
at”thesamechordwiseposition,thesamecriticalboundary-layer
Reynoldsnuuiberwasmeasuredinbothtestsections.

Inorderto provideforcomparisonstithdatapreviouslyobtained
in airata Machnumberof 1.2,a temporarymodificationtothetest
sectionoftheIangleylow-turbulencepressuretunnelto permittesting
in FYeon-ll?at a lkchnumberof 1.185,correspondingto a Machnumber
of 1.2inair,wasdevelopedby themethodof characteristics.The
modificationconsistedofa plasternozzlelinerbuiltup ontheside
wallEofthetunneltest-sectionentrsncecone,smoothedaudfairedwith
a plasticcoatingto conformtothedesignspecifications.

TheMachnumberdistributionthroughthetestsection,presented
as airvaluesconvertedfromthel?reondata,isshownin figure23.

.
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Theactualfree-streamMachnumber,as convertedfroml&eonto air,in
theregionofthemodelusedforthesupersonictestsis seento
correspondw.mrecloselyto anaveragevalueof 1.205thsnto thedesign
valueof 1.2. Forthecomparisonpurposesemployed,anysuchslight
differenceintheairfree-streamMachnumberisnegligible.

FREONCHARGINGANDRECOVERYSYSTEMUSEDFORTHE

LANGLEYIDW-TURBULENCEPRESSURETUNNEL

Forobviousreasons,provisionsmustbe madeforstorageofthe
FreonremovedfromthetunnelandforseparatingthisFreonfromsn
air-neonmixturewitha minimumloss.Thedegreeof separation
attainable-sndthecapacityof theequipmentrepresenta compromise
betweenconvenienceof operationandcost.ThevolumeoftheLangley
low-turbulencepressuretunnelis83,000cubicfeet.Becausemost
entriesintothetunnelduringthecourseof a typicalinvestigation
areforthepurposeofmakingfior adjustmentsor changestothe
model,thetestchamberis separatedfromthereturnpassageofthe
tunnelby meansof gas-tightgates.Thevolumewhichhastobe
evacuated,then,formakingshortentrieshasbeentherebyreducedto
12,000cubicfeet.

Eqtipmenthavingan intakecapacityof 1700cubicfeetperminute
waschosen.Thiscapacityissufficienttohandlethevolum?ofthe
testchamberinM?minutes,andtohandlethevolumeof”thecomplete
tunnelin84 tiutes. Of course,to removecompletelyFreonfroma
givenvolumerequiresthatthegasinthevolumebe passedthrough
theequipmentmorethanoncebecauseofmixing.Furthermore,thefull
capacityoftheequipmentis availableonlywhentheabsolutepressure
inthetunnelisapproxi@ely10inchesofmercuryor less. Consequently,
ttiaveragetimerequiredforremovingor introducingFreon-12tothe
testchamberonlyis about30to 45minutes,=d thecorrespondingtime
forthisprocessforthecompletetunnelisabout4 hours.

A simplifiedblockdiagramshowingtheessentialcomponentsofthe
sys~emisgivenin figure24. Inorderto introduceFreonintothe
tunnel,thetunnelisfirstevacuatedfromthehighestpointthrougha
75-horsepowervacuumpumpto snabsolutepressureof 2 or3 inchesof
mercury.PureFreongasisthenintroducedinthebottomofthetunnel
fromthel?reonstoragetankat a rateequalto thecapacityofthe
vacuumpump. ThelatentheatrequiredtovaporizetheliquidFreonis
suppliedby 580-kilowattheaters.Theoperationiscontinued,withthe
outputofthevacuumpumpdischargingto atnmsphereuntiltracesof
Freonarefoundinthevacuum-pumpexhaust.Theexhaustisthenvalved
to theintakeof a four-stagesingle-unit300-horsepowerpiston

—. -.
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compressorandcompressedto anultimatepressureof 1800poundsper
squsreinch.Thedischsrgeof eachstageispassedthrougha water-
cooledcondenser.Thetemperatureofthegasesafterthefirstand
secondstagesofthepistoncompressoriscontrolledsothatno Freon
willcondense.MostoftheI&eonis condensedafterthethirdstage
wherethepressureissufficientlyhighto forcetheliquidFreoninto
thestoragetanktithoutdifficulty.Inordertoavoidunbalancingof
themachine,gaseousremnantsfromthefourthstagearereintroduced
to theoutputofthethirdstage,thuscompensatingforthevolumeof
theJ&eoncondensed.Theoutputofthesystemispassedthrougha
coolerinwhichthetemperatureismaintainedat -50°F at a pressure
of 18OOpoundspersquareinch. SincethepartialpressureofFreon-12
atthistemperatureis 7 poundspersquareinch,themixturedischarged
to atmosphereshouldcontainFreononlyto theefientof 7/1800parts
by volume.Thelowtemperatureinthefinalcoolerismaintainedby a
separaterefrigerationsysteminwhichl%eon-12isusedas therefrigerant.
Theprocessis stoppedwhenthedesiredpurityof’ltreoninthewindtunnel
isattained.A correspondingprocedureis followedinremovingFreon
fromthetunnel.

Thepurposeoftheheaterintheliqtidlinefromthe-50°F cooler
indicatedin“figure24 isto preventfreezingof anywatercondensedin
theprecedingstages.Intheesrlyperiodsof operationofthesystem,
difficultieswereexperiencedbecauseofthepresence,ofwatervapor
andcondensedwater.It isreadilyunderstoodthatsubstantiallyall
watervapormustbe eliminatedbeforethegasesenterthe-50°F cooler.
In addition,however, althoughno corrosiveeffectsof l%eon-12have
beennotedinthewindtunnelyexcessiveratesof corrosionwerefound

“to occurinthewarmerportionsofthe18~-pounds-per-square-inch
pipingifwaterwerenoteliminated.Apparently,theliquidFreonhas
a tendencyto removethenormallypresentprotectiveoilcoatingandthe
highoxygenconcentrationat 18OOpoundspersquareinchinthepresence
ofwaterthenrapidlycorrodedthepipes.To avoidthisdifficulty,an
additionalactivatedaluminadrierwasplacedinthe546-pounds-per-
squsre-inchline.

Although,asmentionedpreviously,thefinalcoldair-l?reon.mixture
shouldcontainonly0.39percentl?reon-12by volume,theactualcomposition
oftheair-Freonmixturedischargedto atnmsphereis approximately2-
percentllreonby volume.Apparently,athighpressures,freon-~~
althoughcondensed,hasa tendencyto remainsuspendedintheairas a
mistsndthusmorethanthetheoreticalamowt $Sdischarged~th the
air. Itisbelievedthat,ifthesystemwereredesigned,itwouldbe
moreeffectiveto decreasethefinal-pressurebutalsodecreasethe
finaltemperature.Itwouldprobablybe possibleto realizemorenearly
thessmetheoreticalrecoverywitha finalpressureof about600pounds
persqusreinchanda finaltemperatureof about-90°F whichcouldbe
obtainedwitha Freon-22refrigerationsystem.No difficultieshave

.
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beenexperiencedinobtainingthetheoreticalrecoverywiththepresent
systemata pressureof600poundspersquareinch.

Thetimerequiredto changefromairto Freonorviceversaand
thelossofFreonaredependentontheamountofmixingbetweenthe
twogasesduringthetunnelchargingorpurgingcycles.Themixingof
airandFreonwasminimizedby takingfulla&antageofthefactthat
Freon-12ismuchdenserthanair. ‘J!hel%eonisalwaysintroducedor
withdrawnatthelowestpossiblepointinthetunnel,andairis
introducedorwithdrawnatthehighestpossiblepoint:Furthermore,
precautionsaretakento insurethatthevelocityoftheenteringgas
isalwaysverylow. Thisisaccomplishedby meansofbaffleboxes
havingareasofapproximately12squarefeet,whichreducethe
velocitiesto a msximumof lessthan3 feetpersecond.Precautions
aretakento insurethatno largeunventedvolumesareleftinthe
tunnelthatwouldtrapairorFreon.Occasionally,Freonenteringthe
tunnelhasbeenincompletelyvaporizedandappearedas a fog. As seen
throughwindowsinthetunnel,themixingzonebetweenairandFreon
didnotappeartobe over6 inchesthick.Of course,allblowersand
fanslocatedinsidethetunnel“arenotoperatedduringchargingor
purgingcycles.

Thepurityofthel?reonintheLsngleylow-turbulencepressure
tunnelisfoundby rwasuringthevelocityof soundwhichvaries
linearlywiththecompositionofthemixturebyweight.A schematic
diagsmofthemethodemployedisgivenin figure25. Lightswing
throughan apertureina constant-speedrotatingdiskontoa photoelectric
cellgeneratesa squarewaveimpulse.Aftergoingthrougha differen-
tiatingcircuitso asto increasethesharpnessofthewavefront,the
impulseis suppliedto a speakerlocatedinthetunnel..Theimpulse
fromthespeakerpassesby twomicrophonesa knowndistsnceapart.The
impulsesfromthend,crophonesactuateindividuallytwoneonlights
locatedatdifferentfixedpositionsattheperimeterof therotating
disk.Theeffectisstro@scopicandthetimeofpassageof thewave
frontfromthefirstto-thesecondmicrophoneis directlyrelatedto
thedifferenceinreadingof graduationsontherotatingdiskmade
visibleundereachkQht. Thespeakerandthemicrophonesarelocated
ina sound-proofboxwhichissuppliedwithsamplesof themixturefrom
variouspartsofthetunnel.Withthissystem,thespeedof soundin
l?reon-12ismeasuredwithan accuracyof about1/2percent.As a
matterofgeneraloperatingprocedure,thepurityof theFreoninthe
windtunnelismaintainedat orabove90percentbyweight.

———..——__ -–——.
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CONCLUDINGREMARKS

A numberof studiesrelatingto theuseofFreon-12asa
substitutemediumforairin aerodynamictestinghavebeenmade. The
useofFreon-12insteadof airmakespossiblelargesavingsinwind-
tunneldrivepower.Becauseofthefactthattheratioof specific
heatsis approximately1.13forFreon-12as comparedwith1.4forair,
somedifferencesexistbetweendataobtainedinFreog-12andin’air.
Methodsforpredictingaerodynamiccharacteristicsofbodiesin air
fromdataobtainedinl&eon-12,however,havebeendevelopedfromthe
conceptof similarityofthestreamlinepatterm.Thesemethods,
derivedfromconsiderationoftwo-dimensionalflows, providesubstantial
agreementin allcasesforwhichcomparativedataareavailable.These
dataconsistofmeasurementsthroughouta rangeofMachnumberfrom
approximately0.4to 1.2ofpressuredistributionsandhingemomentson
sweptandunsweptwingshavingaspectratiosrangingfrom4.0to 9.0
includingcaseswherea substantialpartofthewingwasstalled.

LangleyAeronairticalLaboratory,
NationalAdvisoryConmitteeforAeronautics,

LsngleyField,Vs.,Amt 6, ~953
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(a) WA = 0.729; a = 4°; 6 = OO. (b) &A = 0.729; a = 4°; 8 = M“.

Figure 14. - Chordwise Variation Of W17- and lower-mmface presmre

‘coefficients in air
required to convert

and the calculated load-coefficientincrements
from ah to Freon 12 for the NACA 65,3-019 airfoil.
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Figure15.- Chordwisevariationofupper-andlower-surfacepressure
coefficientsinairandthecalculatedresultant-pressure-coefficient
incrementsrequiredto convertfrcnnairtoFreon-12fortheNACA
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(a) MA = 0.775.

Figme 20.- Variation of elevator hinge-moment coefficientwith elevator
deflection for the NACA 65-108 tail surface. A = OO; A . 4.01; A = 0.5;
Freon-12 data converted to equivalent air values.
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Figure 21.- Variation of elevator hinge-moment coefficient with elevator
deflection as obtained only in air. Configuration of figme 20.
A=OO;A = 4.01; A = 0.5,
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