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SUMMARY

A wind-tunnelInvestigationhasbeenJu3deto &etemlinetheeffects-- —
of leading-edgeradiusandmaximumthickness-chordratioonthevariation
withMachnunheroftheaerodynamiccharacteristicsof severalthin
symmetricalNAcA&Ligit-seriesairfoilsections.T@ Machnumberrange
oftheinvestigationwasfrom0.3toa~proximatelyO.9andthecorre-
spondingReynoldsnumberrangefromapproximately1 x lCF to 2 x l&.

ThevariationswithMachnumberofthelift,drag,andTitching
mommt fora &percent-chord-thickairfoilsectionarenotsignificantly
affectedby a changeof leading-edgeradiusfrom0.18to 0.53percentof
thechord.A s3milarconclusioncanYe drawnfora leadi~dge-radius
variationfrom0.10-toO.4Qercent chordona &percent+herd-thick
section.

Wogressive@rovementofthevariationofllft-curveslopewith
Machnunber,theliftanddrag4ivergencecharacteristics,andthemx-
imumsectionliftcharacteristicsat Machnuuibersa%ove0.6resultsfrom
reductionofthbmimum thicknes~hordratiofrom10to 4 percent.
Sectionpitchiexmnt characteristicsarenotgreatlyaffected%y vari–
ationofthemaximumthiclmess+hordratfo.

INI’RODU3TION

To investigatetheinfluenceofairfoilleading-edgeradiusonthe
variationwithMachnumberoftheaerodynamiccharacteristicsofthin

&

‘SupersedesNACARMA50EQ4,“EffectsofLeading+dgeRadiusandMaximP ThicknesHhordRatioontheVsriationWithMachNumberoftheAerc-
● dynamicCharacteristicsofSeveralThfnNACAAirfoilSections”by

RobertE.BerggrenandDonaldJ.Graham,1950.
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airfoilsections,a seriesofairfoil
by 3-1/2-foothigh-speedwindtunnel.

-..
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test8wasconductedintheAmes1-
Theresulteof theinvestigation

fora thicbess-chordratioof10 percenthavebeenreportedinrefer-
ence1. Theresultsforthickness-chordratiosof 6 and4 percentare
reportedinthepresentpaxm. Thebasicthicknessformoftheairfoils
investigatedwastheNACAtiigibseries(seereference2)withmaximum
thfclmessat 40 percentoftheairfoilchord.

InadditiontotheI.eading+dge-radiusstudy,theInvestigationpez+
mfttedfurtheranalyslsoftheeffects,ofthfcknes~hord-ratiovariation
onthecharacteristicsofairfoilsectionsathighsubsonicMachnumt)ers.
Thisanalysisisalsocontainedinthepresentreport.

a. section

c airfoil

cd section

c? section

c2- maximum

c%4
seotion

NUIM!I!ION

lift-curveslope,~r ~~ee

chord,feet

dragcoefficient

liftcoefficient

sectionliftcoefficient

pitching~mentcoefficient

M free-stream

M= Machnumber

aboutthequarter-chordpoint

Machnumber

fordragdivergezme,definedas theMachnuniberat
u

()dcdwhich — = 0.1
m
ao = constant

‘2 Machnumberforliftdivergence,definedas the&oh nuuiberat

(J

d2c~
which — =0

dM2 o = constant

T free-streamvelocity,feetpersecond

.
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v localvelocity,feetpersecond

u
Ava incrementinlocalvelooitycorrespondingtoadditionaltypeof

loaddistribution,feetpersecoti

x distancealongchordfromleadingedge,fractionofchord

Y distancePerpendic- to chord,fractionofchord

a. sectionangleofattack,degrees

DESCRIPTIONOFAIRFOILS

Theairfoilsectionsofthepresentstudyare:

9

Leadiqdge radius
NACAairfoildesignation (percentchoti)

0004-1.10 40/1.~~ 0.18
0004– 3.30 40/1.5~ .53
0006– 1.10 40/1.575 .40
0006- .70 40/1.373 .25
0006– .27 40/1.’575 .10
0008– 1.20 40/1.575 .70
0010– 1.10 40/1.575 1.10

Thefirstdigitof theairfofldesignationindicatesthecaniberinper-
centofthechord;thesecond,thepositionof thecamberintenthsof
thechordfromtheleadingedge;andthethirdandfourth,themaximum
thiclmessinpercentofthechord.Thedecimalnumberfollowi~thedash
istheleading+dge-radiusindex;theleading+dgeradiusas a fraction
oftheairfoilchordisgivenby theproductoftheradiusindexatithe
sq,usreof thethiclmes~hordratio.A radiusindexof 1.10isstandard
fortheNACA44igit-seriesairfoilsections.Thetwodigitsinmdiately
precetingtheslantrepresentthepositionofmaximumthicknessinper-
centofthechordfromtheleadingedge. Thelastdecimalnuniberisthe
tralli~dge+ngle index,theanglebeingtwicethearctangentofthe
proiuctof theangleindexandthethichess+hordratio.

ThecoordinatesoftheairfoilsinvestigatedaregivenintablesI
to VII. Theprofilesareillustratedinfigure1 andthetheoretical

* low-speedpressuredistributions,determinedby themethodofreference3,
infigure2.

*
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Thetestsweremade
tunnel,a low-turbulence

Theairfoilmodels,

.
APPARATUSANDTESTS .—

w
intheAUBS1-by 3-1/2-foothfgh-speedwind
twtiimensional-flowwindtunnel.

constructedofaluminumalloy,wereof &inch
chordandcompletely@ned thel-footdimensionofthewind-tunneltest
section.Endleakgewaspreventadby mans ofcontouredsponge-rubber
gaslmtscompressedbetweenthemodelendsandthetunnelwalls.

Measurementsoflift,drag,andpitchingmomentweremadeat Mach
numbersfrom0.3toas highas 0.9foreachoftheairfoilsatanglesof
attackincreasingby 1°or 20 incremmtsfrom42°toa maximumof 12°.
Thisrangeofanglesofattackwassufficien.tto encompasstheliftstall
up toMachnumbersoftheorderof 0.8. TheReynoldsnumberofthetests
rangedfromapproximtel.y1 X 106at theminimumMachnumbertoapprox—
imately2 x 106at thehighestMachnumbers.

Liftandpitchingmommtswereevaluatedby a mthod similartothat
describedInreference4 fromintegrationsofthepressurereactionson
the tunnelwalls
ude bymeansof

producedby theairfoilmodels.Drag?masurementswere
walmsurveysusinga rakeoftotal-headtubes.

~—

?

8“
HHJIITSANDDISCUSSION

Ssctionlift,drag,andquarte~hordpitching+no~ntcoefficients
fortheairfoilsectionsinvestigatedarep~sentedas functionsofMach
numberat constantanglesofattackinfigures3, 4,ad 5, respectively.
ThecharacteristicsfortheM+ercenbthfclmess+hord ratioaretaken
fromreference2. Theanglesofattackindicatedinthefiguresrepre-
sentbutnominalvalues,beingsubjecttoa maximumexperimmtalerror
in settingofO.l~O.Thecharacterlsticshavebeencorrectedfortunnel-
wallinterferenceby themthodsofreference5. wshed lineshavebeen
usedinthefiguresto ~ndicatetheregion@ possibleinfluenceofwi.nd-
tunnelchokingeffectsontheresults.

Leadtng4dgeRadius

Withinthelimitsof thepresentinvestigation,theleading+dge
radiusdoesnotsignificantlyinfluencethevariationwithMachnumber
of theaerodynamiccharacteristIcsof ~ and&percentihord-thickair-
foilsections.A smallsuperiorityimthemximumsectionliftcoeffi-

●

clentat Machnumbersfrom0.4to0.75isindicatedinfigures6 and7
forthe&percent-thickairfoilwiththeverylargenoseradiw. Forthe *
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&percent-thicksectionsho importantdifferencesexist.No important
effectofnoseradiuschangeonthelift+mrve-lopevariationwithMach
nuniberisindicatedinfigure8 foreitherthichess-chordratio.The
minimumdragcoefficientisnotedfroma studyoffigure9 (illustrating
thevariationof sectiondragcoefficientwithsectionliftcoefficient
at constantMachnuniber)tobe lowerat allMachnmibersforthe~ercent-
thicksectionwiththestandardleading-edgeradius;but,atnmderateto
largeliftcoefficientsforMachnumbersupto 0.7, thedragcoefficients
areloverfortheprofilewiththelargernoseradius.Thelattertrend
canalsobe notedfromthisfigureforthe6-percent-thicknesHhordratio.
No realdifferencesareobservedinthevariationsof sectionpitching-
momentcoefficientwithsectionliftcoefficientat constantMachnmiber
(fig.10)forthesectionswiththevariousleading+dgeradii.

MaximumThicknestihordRatio

A progressiveimprovementinairfoil+ectionliftcharacteristics
resultsfromreductionoftheairfoilmaximumthickness-chordratiofrom
10to 4 percent.FromfigureU, thelift+livergenceMachnuriberis
observedto increasenearlyMnearlywiththicbessreduction.2 Tigure
U illustratesthegaininmaximumsectionliftcoefficientwithdecrease
inHimum thicknessatMachnunibersabove0.6. ThevaluesatMachnum+
hersbelowabout0.6arestijectto questionbecauseofthelowscale.
However.,theresults01theinvestigationofreference6 indicatethatat
thehigherMachnunibersthevaluesarenotmuchinfluencedby therela-
tivelylowtestReynoldsnmibers(approximately2X106).Theeffectsof
maximumthi.ckness-chord+atiovariationonthesectionli=urve slope}
illustratedinfigure13,arewhatshouldbe expectedinthateachsucces-
sivereductionofthicknessincreasestheMachnuniberatwhichthelift-
curveslopebreaks.

Theeffectofreductionofthickness-chordratioontheMachnuniber
fordragdivergence(fig.14)isto increasemarkedlythevalueofthis
parameterat zerolift. Withincreasingliftcoefficientthisfavorable
effectdiminishesbecomingverysmallat a liftcoefficientof0.5.

At Machnunibersbelow0.7,thevariationof sectiondragcoefficient
withsecti?nliftcoefficient(fig.9) isadverselyaffectedby reduction
ofthemaximumthickness;forMachnumbersgreaterthanOn, theconverse
istrue. Theminimumdragcoefficientisprogressivelydecreasedwith
maximuuthicknessreductionat allMachnunibers.

Maximumthickness-chordratio,withinthelimitsofthepresent
investigation,hasno importantinfluenceonairfoil-sectionpitching-
momentcharacteristics.
%l?heportionsofthecurvesshownforthelift-coefficientrangefrom
approximately-0.2to0.2representestimatedvaluesofthelift-
divergenceMachnuniber,therebeinginsufficientdatato permitpo~itive
determinationofthisparameternearzerolift. Thelift+iiivergence
Machnuniber,of course,hasno significanceat zerolift.
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CONCLUSIONS
“

“

Fromtheresultsofa h@h-syeedwind-tunnelinvestigationof the
effectsof leadin&edgeradiusandmximumthickness+hordratioonthe
variationwithMachnumberoftheaerodynamiccharacteristicsof several
thinsymmetricalNACA~igit-seriesairfoileections,itisconcluded:

1. ThevariationswithWch numberofthelfft,drag,andpitching
mo~nt fora &percent-chord-thickairfoilsectionarenotsignificantly
affectedby a changeoftheleading~dgeradiysfrom0.18to 0.53percent
ofthechord.Theu is trw fora leading+dge-radiusvariationfrom
O.l& to O.-percentchordona 6-percent+chord-thicksection.

2. Reductionofthemaxfmumthickness-dordratiofrom10to 4
percentprogressivelyimprovesthevariationoflift-curveslopewith
M%chnumber,theliftanddrag-divergencecharacteristics,andthemax-
im sectionliftcharacteristicsatMachnunibersabove0.6.

39 Sectionpitchi~nmmntcharacteristicsarenotgreatlyaffected
by variationofthemaximumthlckness+hofiratio.

&s AeronauticalLaboratory,
N3tionalAdvisoryCotitteeforAeronautics,

MoffettTield,Calif.,May4, lg50
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TAKCEI. – COCIRDINAZESANDTHEORETICALIRESSUREDISI!RIBUTIOMSFCE?
TEENACA000L1.1040/1.775AIRFOIL

(per~entc) (per~entc) (v/v)= V/v Ava/V

o 0 0 0 5.365
1.23 .603 l.lq 1.061 1.427
2;5 .8U3 1.130 z.063 1.010
y.o l.o~ 1.123 1.060 ●705
7*5 1.270 1.115 1.056 .566
10 1.413 1.108 1.053 .483
15 1.620 1.099 1.048 .382

1.765 1.097 1.048 .320
; 1.940 1.093 1.046 .243

2.000 1.088 1.043 .lg5
50 1.940 1.085 1.042 .156
60 1.773 1.082 1.040 .125
70 1.493 I..061 1.030 .096
80 1.106 1.032 I.016 .069

.622 ;;3 .997 .037~~.. .342 ●970 .013

.040 0 0 0

L.E. radius:0.18percentc.

.

.
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. TABLE11.– COORDINATESANDTEEOIUZTICALI?KEESUREDISITUWTIONSFOR
THENA.CA0004-3.3040/1.575AIRFOIL

(perc~ntc) (perc~ntc) (v/v)z VP Ava/V

o 0 0 0 3.515
1.25 .g31 1.328 1.153 1.199
2.5 1.196 1.317 1.148 .994
5.0 1.468 1.214 1.102 .685
7=5 1.611 1.182 1.087 .349
10 1.717 1.153 1.074 .466
15 1.799 1.112 1.054 .366
20 L 862 1.091 1.045 .306
30 1.955 1.078 1.038 .234
40 2.000 1.082 1.040 .189
50 1.940 1.(X3 1.041 .154‘
60 1*773 1.079 1.039 .v6

1.493 1.059 1.b29 .099
U I.106 1.033 1.016 .075
90 .6222 .994 .%7 .049
93 .342 .935 ●967 .033
100 .040 0 0 0

L.E. radius:0.53P9rcentc.

.

.
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!lXBLllIII.– coommATEsAm THEORETICALmxsm DISTRIBUTIONSFm
THENACAOOO&l.10 40/1.575AIRFOIL

(per~entc) (perc~ntc) (v/V)’ Vp Ava/V

o 0 0 0 3.781
1.25 ●!307 1.149 2.072 1.361
2.5 1.228 1.174 1.054 ●974
5.0 1.633 1.174 1.084 .684
7*5 1.908 I.164 1.080 .551
10 2.120 1.158 1.076 .470
15 2.433 1.145 1.070 .372
20 2.643 1.141 1.068 .312
30 2.915 1.143 1.069 .239
40 3.000 1.141 1.06a .189
.50 2.915 1.u8 I.062 .154
60 2.660 1.115 1.056 .125
70 2.240 1.038 1.043 .0$)8
80 1.660 1.053 1.026 .072
90 .934 1.002 1.001 .045
95 .514 .915 =957 .027
100 .060 0 0 0

L.E. radiua:0.40~rcentc.

.

.
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TABLEIv. - COORDINATESANDTHEORl?TICALPRESSUREDISTRIBUI’101’TSFOR
THENACAOboti.70ho/1.575AIRFOIL

(perc~ntc) (perc&tc) (v/’v)2 v/T Av3/v

o 0 0 0 4.520
1.25 .766 I.083 1.041 1.365
2=5 1.067 1.123 1.060 .977
5.0 1.473 1.138 1.067 .687
7*5 1.767 1.142 I.069 -555
10 1.989 1.144 1.069 .474
15 2.354 1.148 1.072 ●377
20 2.607 1.152 1.073 .317
{: 2.908 1.148 1.072 .241

3.000 1.145 1.070 .193
;; 2●915 1.136 1.066 .156

2.660 1.117 1.057 .126
2.240 1.095 1.046 .0S9

X 1.660 1.056 1.028 .074
90 .934 ●997 *999 .047
95 .514 .924 .961 .030
100 .060 0 0 0

L.E. radius:0.25percentc.
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TABLEV.– COORDINATESANDTHEORETICALPRESSUREDISTRIBUTIONSFC!R
THENACAOO06A3.2740/1.575AIRFOIL

(perc~ntc) (perc&tc) (v/v)2 T/v Ava/V

o 0 0 0 6.893
1.25 .566 .962 *g81 1.349
2.3 .8ko 1.029 1.015 .974
5.0 1.247 1.077 1.038 .689
7*5 1.567 1.0$?7 1.047 ●5%

10 1.826 1.119 1.058 .480
15 2.246 1.140 1.068 .383
20 2.546 1.154 1.074 .322
30 2*WQ 1.160
40

1.077 .245
3.000 1.148 1.071 .194

50 2●914 1.134 1.065 .157
60 2.660 1.120 1.O% .127
P 2.240 1.097 1.047 .099
80 1.660 1.058 1.029 ●073
w .934 ●999 ●999 .046
93 .514 .g20 ●959 .028
100 .060 0 0 0

L.E..radius:0.10percentc.

.

.
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TABLEVT. - cOORDINXLESANDTHEORETICALIRESSUREDISTRIBUTIONSFQR
TEElWICA0008-1.10kO/1.5~ AIIU?OIL

,

(perc~ntc) (perc;ntc) (v/v)2 v/7 Ava/V

o 0 o“ o 2.%3
1.25 1.210 1.138 1.067 1.329
2.5 1.636 1.228 1.108 .974
5.0 2.179 1.236 1.3X2 .686
7.5 2.540 1.223 1.106 .552
10 2.825 1.217 1.103 .471
15 3.240 1.206 1.098 .374
20 39530 1.199 1.095 .314
30 3.889 1.194 1.093 .239
40 4.CQO 1.191 1.0$.?2 .191
50 3.889 L 182 1.087 .155
60 3.545 1.160 1.077 .125
70 2=985 1.123 1.06Q .O*
80 2.212 l.o~ 1.037 .072
9 1.243 .994 ●997 .045
95 .684 .919 .958 .029
lW .080 0 0 0

&

L.E. radius:0.70percentc.

.
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TABLEVII.- COOIU2WITESANDTHEORETICALTRESSUREDISTRIBUTIONSFOR
TEENACA0010-1.1040/1.575AIRTOIL

(perc~ntc)

o
1.25
2.5
~.o
7~5

10
15
20
30
40
w
60
70
80
90
95
100

(perc~ntc)

o
1.511
2.044
2.722
3.178
3.533
4.@6
4.411
4.8P6
5.000
4.856
4.433
3-733
2.767
2.556
.856
.100

(v/v)2

o
1.108
1.245
I.286
1.277
1.269
1.261
1.248
1.244
1.242
1.231
1.211
1.155
1.089
.980
.912

0

L.E, radius:1.10percentc.

o
1.053
1,116
1.134
1.130
1.127
1.123
1.117
1.116
1.115
1.110
1.101
1.074
1.043

● 990
● 955

0

2.324
1.286
.966
.690
.556
.475
.377
.316
.241
.193
.155
.126
.og8
.072
.045
.030
0
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NAGA 0004-UU 40/L575

c
NACA 0004-330 40/’.575

NAGA 0006 -LIO 40/L575

u

NACA 0006-0.70 40/L575

NACA 0006-0.27 40//.575

NACA 0008 –LIO 40//!575

.

NAGA 0010- UU 40/4575

=S=’
FigureL- NACA airfoil profiles invesfiguted.
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.

(o) NACA 0004- 1./0 40/1.575 Airfoi~

Fi~n9 3.- Vuriutionof sectionlift coefficimt with Mach number
of constontffnglesof ottuck.

-— — —-
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Figure3.-

M7ch number,M
v

(b) NACA 0004-330 40/1.575 Airfoile

Continued.

,

Y
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Moth number,M

(C} NACA 0006- LIO 40/L575 Airfoila

Figure3.- Continued.
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Mach number, M

(d) NACA 0006-0.70 40/1.575 AirfoiL

F@#i93- cwim?a!

-=25=
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.
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.

me

1

.W.2 .3 ,4 .5 .6 .7 .8 .9 40
Moth number,M

(e) NACA 0006-0.27 40/1.575 Airfoil

Figure3,- Confizked.
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(f) NACAOm8-LIO 40/[575 Airfoil,

Figure 3.- Cmfkwed.
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Figure 3.- &cl.uu’ed.
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A I I I A I I I

,02

?2 .3 !4 .5 .6 .7
Mach?lUmbef, M

(d NACA 0004 -1./0 40/1.575
F’igure 4.- Variationof sectiondmgcoeffickntwith

constuntanglesof attack.

.8 .9 m
T

Airfoih
Muchnumberat
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.

Mach number,ttf
(~) NACA 0004-3.30 40A!575 Airfoil.

Figure4.- Continued
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