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RESEARCH MEMOR/NTDUM

TWO -DIMERSION/L WIND-TULFEL INVESTIGATION AT EIGE
REYROL.DE NUMEFRS OF TWO SYMMFTRICAL CIRCULAR-ARC

AIRFOIL SECTIONS WITH HIGH-LIFT DEVICES

By Williem J. Undcrwood and Robert J. Nuber
SUMMARY

An invcstigation wes mede of two symmetrical circular-arc
airfoils of 6 and 10 percsnt thickness end equipred with leeding
edge and trelling-edge hich-lift dovicos. The nign-1lift devices
censistud ot a 0.20-chord pluin trailing-eéze flep, a 0.15-chord
drooped -noge Ilap and & 0.10-chord lcading-edgo extensible flap.
Tho soction 1lift, pitching-morent, end some dresy cherecteristics
of the two supcrscnic airfoile testcd et high Feynolds numbers
and low Mach numbers (M = 0.14) with tho vurious high-1ift devicoa
are prescnted.

Maximum sectlon 1if't coefficivnts of 1.55 and 2.03 wero
obtained at a Reynolds nunter of 6 x 10° for tho optimum
combination of drcoped-nese and pluin fleps for the 6- and
10-percent-tiick airfoils, respectively. The optimum combinations
of flep dcflections for the 6- cnd 10 -percent-thick airfoils

wore found to bo & = 30°, By = 600, and & = 36°, By = €0°,
rcspectivoly, where 5n reproaonts the drooped nose and 5¢

the plain trailing-vdge flep doflections. The roaults for tho
10~porcent-thick sirfoil with thc plain trailing-cipzc flap
deflected 60° indicate no importent changzes in tho maximum
soction 1ift coufficient with small doparturcs from the optimm
droopcd-noss flap deflection. With the flaps neutrel tho meximm
scction 11ft coofficicnts for the G- and 10 -nercent-thick airfoils
wero 0.73 and 0.67, respectively. The rcsults also indicated that
the scale effects on tho maximum sccticn 1lift coeffilcilent were, in

genersal. ncgligi‘blo over tho renge of Roynolds nuwber from 3 x 10
to 18 x 10°.

Tho scction pitching-moment characteristics indicatod that the
aerodynemic center wos shoad of tho quarter-chord point and moved
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toward the lseding edge when any of the high-lift devices wes
deflected or extendod.

Deflecting the drocped-nese flep was mors effcctive in
oxtending the low-dreg runze to higher secticn 1ift coefficisnts
then deflecting the plein flep.

INTRCDUCTION

The proscnt repid rate of devolomaent of airplanos that are
expoctod to fly ruccesefully in the tranconic and supersonic specod
renges has focuscd great cttention on the cherccteristics of
eirfoils heving sharp lecding odgcs- The principul requirchent
of these airfoils ig a low drag in tho appropriato spoed range.

If the airplune is £lso expuctod to lend sefely or to fly
gatisfectorily in the low-speced rengo, however, it is also
nocessary thut ucuns be provided for Increecing the naturally low
meximua 1ift of lhe shorp-c¢dzed alrfoils. Jn invostization hes
Peon mds accordingly in tho Lensloy two-dimensionsl low-turbulence
pressure tunnel of tho improvements in mraximvia scction 1lift
coofficient that cun bo obtiined by the usv of simpleo high-lift
devices. Thie wind tunnel encblos both the Reynolde nurber and

tho Mrch number sppropricto to the landing condition for a typical
eirplene to be opproximated simultenoously. The airfeils used were
of syrmotrical circular-erc shepec end wers 6 and 10 percent thick.
Each airfolil wes equippud with a 20-percent-chord plain treiling-
edgo flap, = 15-percent-chord drooped-nose flap, and slternctely

& 10-percent-chord loading-cdge cxteneible flep.

The section 1ift end pitching-moment chorccteristics were
deteruined for both sirfoils with tho high-1ift devices deflected
individually ond in ccubinoilon with cnu another. The section drag
charnctoristice were obteined for the 6-porcont-thick airfell with
the flepe pertly deflected cs low-drng-control flops wnd fer both
airfolls with the fleps neutrecl.

COEFFICIENTS AND SYMBOLS

Apc

section dreg coofficicnt (qd; ;

o€

section 1ift coofficicnt (-—7'—->
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freeg-sirear dynamic pressure \ -
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free-stretl velocity

gection angle of attack, deprees

drooped -ncse flap deflecticn deurees, posltive downward

plain lsp deflecticn, desrees, poeitive dovnwerd
keynolids nunker

jncrewent or section engle cf attack at meximar 1ift
dus to flcp deflection

increrent of maxizum section 1ift coefficient due to
flap deflection

DESIGNATION OF SUTERSONIC AIRFOILG

With the edvent of supersonic airplanes, alrfoils with sharp
leading edzes and varying shapes have been desig.ed- Two
superscnic airfoile cf circular-arc ghape with thicknesses
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For these tests, the high-lift devices, both individuelly or in
combinetion with one enother. were deflscted through & renge of

flap deflecticns frem 0° to 100. Evaluation of the zection drag
characteristics of the NACA 25(50)(02)~(50)(03) airfoil with

the high-1ift devices deflected more then 10° by the wake-
survey method (the only method availatle) proved imoracticel
Yeceuse of larze spanwise veriaticna in drag that occurred wvhen
the flow was partly separated.

The airfoil 1ift, drez, and pitching mcment vere measured
and corrected to free-air conditions by the methods described
in reflerence 1.

1.ift mcesuremente of the models with the flaps neutral, with
end without model end pletes, (figs. 2 end 3) inliceted that tho
model cnd pletes had no sigrificant effect on the mensured
cheracteristice.

RESULTS AKRD DISCUSSION

Plein eirfolls.-The saorcdynamic suctioncharecieristics of
the 6~ and 10-percent ~thick symmetricel circulur-erc airfoils
with the flaps neutral are presented in figure L.

The maximum section 1ift coefficients arc 0.73 end 0.67 for
the 5- and 10 -nercent-thick airfoils, resvectively. This decreane
in maximm section lif't coefficient with increasing eirfoll
thicknoss i3 opposite to tle trends that may bo shown from the
data of NACA 6-series mirfoils {reference 1) through the same
thickness range ond m2y be explained as follows: £n the thickn=ss
of the NACA 6-scries eirfoils is increased from 6 to 10 percent,
the corresponding incresse in tho airfoil leading-edge radius results
in lmproved air-rlow conditions sround the leeding edge at the
high enzlea of attack. Tho increase in trailing-cdge argle that
results with increasing thickness tends to decrewese the meximum
scction 1ifL coeificient due to an incrcase in boundzry-layer
thicknecs on the upper surtece. The favoredle effect of & lurge
leading-edge i1adius appears to predominate in this thickness renge
for the NAC/ S-series airfoilc and higher values of maximum 1ift
arc produced. For the circuler-arc airfoils, however, the lcading
edges of both the 6~ and l0-perccnt thick eirfoils erc sharp and the
air-flow cond!tions around the leading odgos &t hizh angles of attack
ars abtout the samo. The effect of an increase in trailing-cdge
anglc with increasing thickness results in a docrease of maximum
1lift.
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The 1ift-curve sloves are 0.097 and 0.060 for the 6- and
10-percent -thick eirfoils, respectively. DBecarse the alr-flow
conditione ercund the leading edge of both circuler-erc airfolls
ere prcbebly very nearly mlike thrcuch the complete range of ungles
of ettack, the thicker voundary leyer of the 10-percent-thick
airfoil ceused the decreeee in the lift-curve slope.

The slope of the 1ift curve for the 10-percent-thick airfoil
was measurel at simll positive or negetive valuee of tae lift
coefficient to avoid incluling the slight joig in the 1lift curve
that occurs near zero lift. This discontinuity is rrobably due
to an extensive thickcning cf the boundary layer on the low
pressure surface resulting {raa an increcase in the walling-edge
angle. A eimilar phenomencn may heve existed on the 6-percent thick
eirfoil tut was not of sufficiernt magnitude to cuvse a eignificant
Jog in the l1ift curve. Tha data (fin. 4) show no aypreciable scule
cffect on the 1ift cheracteristics of either circular-arc eirfoil
with the flaps reutral throuch the rrnge of Reynolds numbters
investigated.

The variation of the guarter-clhorl pitching-moment coefficient
of both the 6- and l0-porcent-thick circular-arc wirfoile indicatee
e forward position of the aerodynemic center with respect to the
quarter-chord pcint of the eirfoil. This varietion of the pitching
woment prebetly resulte from the relative thickening of the boundary
layer near the trailing: edse on the upper surface with increasing
angle of atilacik. Tho acrodynamic center of the 10-percent-thick
eirfoil is mor: forwaerd than that of the 6-percent-thick airfoil.
This shif't in aerodynemic-ccnter positicn is attributed to the
incresse in trailing-edse angle or thickening of 0.90c. (See
roference 2.) As ie ususlly true when en airfoil otells, the
center of preasure of the circulear-nrc airfoils moves toward the
recr ond the quarter-choerd moment coefficient increaces negatively
in the¢ normel menner. The small negative pitching moment of toth
models at zero lift i atiridbuted to asymmotrical load!ng resulting
from very small model irremilarities.

With alvfcile having sharp leading cdges, the dreg coefficlent
increeses feirly rapldly as the angle of attack deperis from zero.
In generul. the druy coufficlents decroase with Znerewsing Reynolds
nuber in epproxizatoly the mnwunner expected fer fully developed
turbulent flow cn both surfaces. In the case of tho 6-percent-
thick airfoll, however, laminer flew apparently wes obtained over
a fairly extensive portion of the upper swrface at zero and pegative

angles of attack at Roynolds mumbers of 3 x 10° and 6 » 10 ,as
indicated by the lower dray for these conditicns as comparcd with

the draz obtained at & Reynolds nucber of 9 % 10°.
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Adxfoils with pi-h-1ift deviges.=~ The lift and pitching-mcment
cheracteristics of the two syrmetrical circular-arc alrfolls f=r
verious deflecticns of the leadir;-edpe and *railing-edge high-lift
devices deflected individually ere presented Iin figvres 5 tc 7.

The meximum section 1ift coefficients of the 6- and 10-percent-
thick airfoils increased as the 0.20-chord plair flap was deflected.
The values of the meximum 1:ft coefficients (fix. 5) for toth
airfolils were subsientially equiveleat at corresponding flap
deflections, dbut the eangles of atteck for mexiraumn 1lift decreased
as the flaps were deflected.

Deflecting the 0.15c droomed-nose flans (f1g. 6) increased the
maximum section 1lift coefficients end increased the angles of
atteck for meximum 1ift primerily ty eslleviating the negetive
preosure peaks thet cause leeding-cdge separetion ne:r raximum
1ift. These pressure psaks ere alleviated tocauso the flow
apprcaching the leeding edge is more rearly alined ai high an;les of
attack when the drcoped-rose flap ig deflected. The raximum section
lirt ccefficients for the G- and 10-percent-thick airfoils &t the
optimur. drocped-nose flap deflection of 30° ere 1.17 end 1.15,
respectively. At ccrresperding deflecticns of the 0.15c¢c drooped-
nose flap the muximum secticn 1ift coefficiente of beth alrfolls are
essentially the same. At anglee of attack well btclow those for
maximum 1ift the drcoped-nosge flups act s epoilers on the lower
surfaco of the airfoils and canse ecme reducticn in 1ift. These
losses in 1ift incresse as the tlsp deflectlon is increased.

Extending thc €.10c leeding-edge fleps (Iig. 7) increcsed the
maximum section 1lift coefflcients end 1ift-curve slopes of hoth
airfoils frcm the basic configurations. The higher slopes of the 1lift
curves for the two airfoils with the 0.20c leading-edge flaps
extended sre primarily due to the fact that the section 1lift
coefficients are bused on the chord of the plain airfoil.

The variation of the incremcnt in maximum section lift
coefficient Acy and increment in angle of attack at maximum
nax

1i1ft A"cz for bvoth modcls with dsflection of the drooped-nose
max
flap and plein flap is cummariz.al in figure 8. This figure clearly
shows thet the optimum drocped-nose flap deflection for maximum lift
occurs at approximately 30° for both the G- and the 10 -psrcent -thick
airfoils. No optimum deflecticn was cbtained for the plain flep
inasmuch as the highest test deflection was still the moot effective.
The maximum secticn 1lift coefficlents of both airfoils are
substentially equivalent et corresponding flap deflections, but the
increments in meximum section lift coefficient with flap deflcction
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The section 1ift characteristics of tha two eirfoils with
the droopednose and plain flaps deflected 3o° end 600, respec-
tively, obtained at Reynolds numbers of 3 x 106, 6 107, and
9 x 10 are presantgd in figure 11l. At Reynolds nuwbers between

3x10 and 9 ¥ 10°  the date (fig. 11(a)) shov no aprreciable
scele effect on the maximm 1ift coerficlient of the S-percent-
thick airfoll. In the case of the 10-percent thick airfoil

(fig. 11(b)), however, scme adverce scale effect is indicated in6
the maximum 1ift coefficient at Reynold: numbers betwoen 3 x 10

and 6 x 108. Similarly, some edverse scale effect (fig. 9(c))
is indicated in the meximum éift coefficient at Reynolds numbers

between 3 % 10 and 9 x 10  with the drooped-nose and plain

flaps deflected 36° ana 60°, respectively. At Rejnolds numbers

above 9 x 10, however, the mexirum section 1lift coefficient of
thie combination remained apprcximately constent.

The section pltching-moment characteristice of the two airfolils
at combined flep deflocticns of &, = 30°, 5, = 60° (f1g. 11) show
that the aerodynamic center remalns eshead of ¥he quertcr-chord point.
In addition, the combinod acticn of the droonrod-ncee flap and plain
flap caused the moment cceffliclente to increace nesetively with
increasing 1i1ft coefficicnt until the angle of attack was high
enouith that tne spollor action of the drooped -nose flap was
alleviated. As the lift cceffliclent was Increaced beyond this polnt,

the moment decrecsed nematively to approximatoly 2.50 beycnd the
angle of attack for maximum 1:ft wherevpcn the moment cwrve breaks.

Low-dres-control flsne.- Tho 1ift end drry characteristics of

tho NACA 28-(0)(03)-(50)(03) airfoil with the drooped-nose &nd
plain flaps d«flccted cre presented in filsure 12. Deflecting the

drooped-noee flap to 10° decreased ihe scction dray cceflicient of
the 6-percent-thick circular-src airfoil at a Lift coefficient

of 0.3 ehout 40 perceat by delayinz the formatlon of e negative
prosoure peck at tho lcadinyg edge which ceuscs separation. In
meneral, deflecting the drooped-nose flap was wore cffective in
extending the low-draz range to hijher section Litt coefliclents
than wes deflecting the plein flep.

CONCLUS1ONS

A tvwo-dimenelonal wind-tunnel investigation was rade of
symmetrical circular-arc eirfolle, 6 and 10 percent thick, with
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1eadina-edge end trniling—edge high-lift devices et Reynolds numbers

grom 2.1 % 10° to 18 ¥ 10 - The reswits obteined jpdicated the
follovwing conclusiona:

1. Maxipum 1L coefficients of 1.9% and 2.03 were ohtained
for the optimua combinetion drcoped-nose and plein ¢£ieps for
6- and 10-perccnt--thick eirfoils, pespectively: The
corresponding waxinwe 11ft :oefﬂcients for the plain airfoils
were 0.73 end 0.67, respectively:

2. ‘he optimutt ccmbination of flsp aeflections for tne 6-

and 10-percent—t.hick eirfolls wers found to be 3, = 30 = 60
o o

end B = 3%, %= &6 , respectivelys vhere On

drooped nose and OS¢ the plain-flap deflections:

for : -thick airfoil with the plain £1=0 aeflected €0
ipdicete rtent chanes in the paxioam section 11ft coef”
f£icient with gmall dcpertures fyom the optimat drcovgedmoae-flap
dellection.

3. The scele effects on the maxirmun 1ifb caefi‘icient were,
in general, nenli sible.

h. pltchinh-mcmcnt characteristicn mdice.ted that
the aerody < g enced of the q chord puint an

towerd the 1eading €CU any of the hi.-;.h-lift devices ves
deflacted oF extended -

S peflecting the é.rooved-m.:se flap wes rore effective in
extending the ow-arcg »ange 1O nlsher section 1ift ccefficients
than deflecting the piain flap.

Langley Memorial Aernnmxtlcr-.l 1ebcratory
Nationel Advisory Ccomnittee for Aercneu’cics
1 angley Field, Va.
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Section 11t coeffictent,
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Noment coefficient,

TR

Sectlon angls of mttsek, a,, deg

(s) NACA 25-(50)(03}-(50}(03).

Figure 5.~ Section 1ift snd pitohing-moment charsctsristics of two symmetrical circular-arc
sirfolls fer various dsflsctlons of ths 0,20-chord plsin flsp; R, 6 x 100,




(b} NACA 28-(50)(05)-(50)(05).
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Seotion angle of ettaock, [P
(o) MAGA 28-(50){03)=(50)(03).

Pilgure 6.~ Sectlon lift and pitohing-moment characteristice of two
eymetriosl olrculer-sro sirfolle for variows deflections of the
0.15-ohord drooped-nose flep; R, 6 x 109,
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Figure 8. Variation of the increment 1p maximun seotion 11rt
Ocoefficient and angle of stall with deflection of the
drooped-nose and plain flaps; R, 6 x 106,
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(b) WACA 28-(50){05)-(50)(05).

Filgure 9.- Continued.
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igure 1ll.= Section lift and pitohing-moment cheregteristice of two eymastricel ojrcular-arc
eirfoile with the drooped-ncse flep deflected }Dg and the plein flep deflected 60°,
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Figure ll.= Concluded.
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(b) HACA 28-(50)(05)=(50)(05).
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for variouws deflaotions of tle drooped-nose snd plain flaps;
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