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NATIONAL ADVISORY COMMITTEE FOB AERONAUTICS 

RESEARCH MEMORANDUM 

TWO-DIMENSIONAL WIND-TUI;EEL INVESTIGATION AT HIGH 

REYNOLDS NVMBFRS OF TWO SYMMFTRICAL CIRCULAR-ARC 

AIRFOIL SECTIONS WITH HIGH-LIFT DEVICES 

By William J. Underwood and Robert J. Nubcr 

rjM.V.RY 

An investigation was made of two symmetrical circular-arc 
airfoils of 6 and 10 percent thickness and equipped with leadi.n/»- 
edge and trailing-ed;;e hi^h-lift dovices. The high-lift devices 
consisted of a 0.20-chord plain traUlng*edge flap, a 0.15-chord 
drooped -nose f3ap and a 0.10-chord load3n<j-ed.jo extensible flap. 
The section lift, pitching-accent, rnd some dra-? chors-cteristlca 
of the two supersonic airfoile tested at high Reynolds number« 
and lew Mach numbers (M * Q.ik)    with the various hi^h-llft devices 
are presented- 

Maximum section lift coefficients of l.?5 and 2.03 wore 
obtained at a Reynolds number of 6 x 10° for the optimum 
combination of drcopei-iiose and pluin flaps for the 6- find 
10-percent-thick airfoile. respectively. The optimum combinations 
of flap deflections for the 6- end 10-percent-thick: airfoils 

o 
8n • 30 , 8f • oO , and &n = 3e> , 6f Co" wore found to be 

respectively, where 8n represents the drooped nose and 5f 
the plain trailing-edfjc fla-p deflections. The results for the 
10-percent-thick airfoil with the plain trailing-ed/_,e flap 
deflected 6b indicate no important charges in the maximum 
section lift coefficient with small departures from the optimum 
drooped-nose flap deflection- With the flep6 neutral the maximum 
section lift coefficients for the 6- and 10-percent-thick airfoils 
were 0.73 and 0-67, respectively. The results also indicated that 
the scale effects on the maximum section lift coefficient were, in 

general, negligible over the range of Reynolds number from 3 x 10 

to 18 x 106. 

The section pitching-moment characteristics Indicated that the 
aerodynamic center was ahead of the quarter-chord point and moved 
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MÄCA BM No. I.6X2S 

toward the leeding edge when any of the high-lift devices was 
deflected or extended. 

Deflecting the drooped-nose flep was more effective in 
extending thi- low-drag ran^e to higher section lift coefficients 
than deflecting the plain flap. 

ZMBOODCTIOH 

The present rapid rate of devolopmcnt of airplanes that are 
expected to fly successfully in the trnnconlc and supersonic speed 
ranges has focused greet f-ttention on the characteristics of 
airfoils having sharp lending edgoo . The princ !pul requirement 
of thece airfoils is a low drag In tha appropriate speed range. 
If the airpl;jie is also expected to lr-nd safely or to fly 
satisfactorily in the low-speed range, however, it is also 
necessary that means be provided for increasing the naturally low 
maximum lift of the sharp-edgod airfoilo. An investigation has 
•bain mnde accordingly in the Langley two-dimensional low-turbulence 
pressure tunnel of the improvements in maximum section lift 
coefficient that can bo obtained by the use of simple high-lift 
devices. This wind tunnel enables both the Reynolds number and 
the M".ch number appropriate to the landing condition for a typical 
airplane to be approximated eimultonoously. Tho airfoils used were 
of syametricr'.l circular-tire shnpc*: and were 6 and 10 percent thick. 
Each airfoil was equipped with a CO-percent-chord plain trailing- 
edge flap, a 15-percent-chord drooped-nose flap, and alternately 
a 10-percent-chord leading-edge extensible flap. 

The section lift and pitchlng-moment characteristics were 
determined for both airfoils with the high-lift devices deflected 
individually and in ccabin&Llon with one another. The section drag 
characteristics were obtained for the 6-pe-rcent-thicfc airfoil with 
the flapr pp.rtly deflected as low-drag-control flaps and for both 
airfoils with the flaps neutral. 

COEJTICIEKTS AND SYMBOLS 

section lift coefficient 

section drag coefficient 
(<f°V 
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C,Bc/U 

c»a.c 

where 

T. 

d 

section pitching-moment coefficient about the quarter 

chord M Vw 
MOtlOD pitchin3-moment coefficient about the 

aerodynamic center I   2 W j 

lift per unit 8?an 

iraü per unit span 

pitching moment per unit spar. 

chord of airfoil with all flaps neutral 

c 

and 

Bf 

B 

Aac; 

fr»6-stream dynamic pressure 

free-^treari density 

free-stream velocity 

2\ 

max 

Ac7 max 

section angle of attack, decrees 

drooped-ncse flap deflection detsrees, positive downward 

plain flap deflccticn, deijree3, positive downwerd 

Reynolds number 

increment of section aiujle of attack at maximum lift 
due to flap deflection 

increment of maxiiajm section lift coefficient due to 
flap deflection 

EESIGKATION OF SUPERSONIC AIBFOILR 

With the advont of supersonic airplanes, airfoils with sharp 
leading edjes and varying shapes have been desigi-ed. Two 
supersonic airfoils of circular-arc shape with thicknesses 

' 
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For those tests, the high-lift devices, both individually or in 
combination with one another, vere defected through a renge of 

flap deflections from 0° to 10°. Evaluation of the section drag 
characteristics of the HACA 2s(50)(03)-(50)(03) airfoil with 

the high-lift devices deflected nor* then 1C by the vake- 
survey method (the only method available) proved imyrectical 
because of larje spanwiae variations in drag that occurred when 
the flow was partly separated. 

The airfoil lift, dre:i, and pitching moment were measured 
and corrected to free-air conditions by the methods described 
in reference 1. 

Lift meesureinentp of the models with the flaps neutral, with 
and without model end plates, (figs- 2 and 3) indicated that the 
model end plates had no significant effect on the- measured 
characteristics. 

HE5UITS AKD DISCUSSION 

Plain rlrfci:>3.-The aorcdyrcimic auction characteristics of 
the 6- and 10-percent-thick symmetrical circulur-arc airfoils 
with the flaps neutral are presented in figure U. 

The maximum section lift coefficients are 0-73 end O.67 for 
the 5- and lC-nerc.ent-thick airfoils, respectively. This decrease 
in maximum section lift coefficient with increasing airfoil 
thickneBS i^ opposite to the trends that may be shown from the 
data of KACA 6-series airfoils (reference 1) through the same 
thickness ranjje and may be explained as follows: As the tJilckn?aa 
of the NACA 6-seriea airfoils is increased from 6 to 10 percent, 
the corresponding incre&ee in the airfoil leading-edge radius results 
in improved air-flow conditions around the loading edge at the 
high angles of attack. The increase in traillng-odge angle that 
results with Increasing thickness tends to ducroase the maximum 
aoction lift coefficient due to an increase in "ooundtry -layer 
thickne&s on ttie upper surface. The favorable effect of a lurgp 
leading-edge radius appears to predominate in this thickness range 
for the MACA 6-aerles airfoile and higher values of maximum lift 
arc produced. For the circulur-arc airfoils, however, the leading 
edges of both the 6- and ID-percent thick airfoils are sharp and the 
air-flow conditions around the leading odges at high angles of attack 
are about tho same. The offect of an increase in trailin^-edge 
angle with increasing thickness results in a decrease of maximum 
lift. 

**iBt«^r- 
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The lift-curve slopes are 0.097 oni 0.090 for the 6- and 
10-percent-thiok airfoils, respectively. Because the air-flow 
conditions around the leading edge of both circular-erc airfoils 
are probably very nearly alike through the complete range of .ingles 
of attack, the thicker boundar;- layer of the 10-percent-thick 
airfoil cr.used the decrease in the lift-curve slope. 

The slope of Lhe lift curve fcr the 10-percent-thick Airfoil 
vac measure I at SÄtll positive or negetive values of the lift 
coefficient to avoid including the slight Jog in the lift curve 
that occurs near zero lift. Ofcie discontinuity is probably due 
to an extensive thickening cf the boundary la;-er on the low 
pressure surface resulting froii an increase in the trailing-edge 
angle. A similar pheno-aenon may he.ve existed en the 6-percent thick 
airfoil cut was not of sufficient Kagnitv.de to cavse a significant 
Jog in the lift curva. Tho data (fig. V) show no appreciable scale 
effect on the lift characteristic«! of either circular-arc airfoil 
with the flap3 neutral through the renge of Reynold3 numbers 
investigated. 

The variation of the quarter c'.iori pitching -moment coefficient 
of both the 6- and 10-percent-thick circular-arc airfoils indicates 
a forward position of the aerodyr.smic center with respect to the 
quarter-chord point of the airfoil. This variation of the pitching 
moment prcbatly results from the relative thickening of the boundary 
layer near the trailing edge on the upper surface with increasing 
angle of attack. The a. rodynamis center of the 10-percent-thick 
airfoil is more forward thin that of the 6-percent-thick airfoil. 
This shift in aerodyne.mic-cenwr positicn la attributed to the 
increase in trailing-edge angle or thickening of O-JOc.  (See 
roference 2.) As is usually true when an airfoil stalls, the 
canter of pressure of the circular-arc airfoils moves toward the 
reex pnd the quarter-chord moment coefficient increases negatively 
in the normal manner. The small negative pitching moment of both 
models at zero lift ie attributed to asymmetrical loading re3ultinj 
from very small model irregularities- 

With airfoils having sharp leading edge3, the drag coefficient 
increases fairly rapidly a.e.  the angle of attack departs from zaro. 
In general, the drag coefficients di.crjf.su with increasing Reynolds 
number in approximately the manner expected fcr fully developed 
turbulent flow en both surfaces. In the case of the 6-perce»t- 
thick airfoil, however, laminar flow apparently was obtained over 
a fairly extensive portion of the upper surface at aero and negative 

angles of attack at Reynolds numbera of 3 x 10 and 6 x 10 , ae 
indicated by the lower drag for these conditions as compared with 

the drag obtained at a Reynolds number of 9 x 10°. 

. 
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Airfoils with hl-h-llft device3.- The lift and pitching-moment 
characteristics of the two Sjinnetrical circular-arc airfcils f-^r 
various deflections of the leading-edge and trailing-edge high-lift 
devices deflected individual!} are presented in figures 5 to 7- 

The meximum section lift coefficients of the 6- and 10-percent- 
thick airfoils increased as the 0.20-chord plain flap was deflected. 
The values of the maximum lift coefficients (fig. 5) f3r *0*h 
airfoils were substantially equiva3.eat at correepondii.g flap 
deflections, but the angles of attack for maximum lift decreased 
as the flaps were deflected. 

Deflecting the 0-15c drooped-nose flaps (fI3. 6) increased the 
maximum section lift coefficients and increased the angles of 
attack for mrxlmum lift primarily ty ellevieting the negative 
pressure peaks that cause leading-edge separation neur maximum 
lift. These pressure peaks ere alleviated tscausr the flow 
approaching the leading edge is more nearly alined at high angles of 
attack when the drooped-nose flap is deflected. The maximum section 
lift coefficients for the 6- and 10-percent-thick airfoils tt the 
optimum drooped-nose flap deflection of 30° are 1.17 and 1.15. 
respectively. At corresponding deflections of the 0.15c drooped- 
nose flap the maximum section lift coefficients' of both airfoils are 
essentially the come. At angles of attack well below those for 
maximum lift the drcoped-nose flups act as spoilers on the lower 
surface of the airfoils and cause ecme reduction in lift. These 
losses in lift increase as the flop deflection is increased. 

Extending the 0.10c leading-edge flops (fig. 7) increcsed the 
maximum section lift coefficients and lift-curve slopes of both 
airfoils from the basic configurations. The higher slopes of the lift 
curves for the two airfoils with the 0.10c leading-edge flaps 
extended fire primarily due to the fact that the jection lift 
coefficients art based on the chord of the plain airfoil. 

The variation of the incremunt in maximum section lift 
coefficient Äc and increment in angle of attack at raaxinum 

max 
lift Aoj,    for both models with deflection of the drooped-nose 

'max 
flap and plain flap is summariz.4l in figure 8. This figure clearly 
shows that the optimum drooped-nose flap deflection for maximum lift 
occurs at approximately 30° for both the 6- and the 10-percent-thick 
airfoils. No optimum deflection was obtained for the plain flbp 
inasmuch as the highest test deflection was still the most effective. 
The maximum section lift coefficients of fcoth airfoils are 
substantially equivalent at corresponding flap deflections, tut the 
increments in maximum section lift coefficient with flap deflection 

• 
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i 

The section lift characteristics of the two airfoils with 
O      r   O 

the drooped-noee and plain flaps deflected 30 and oO , respec- 

tively, obtained at Beynoldn numbers of 3 X 10 , 6 > 10 , and 

9 x 10  are preBanted in figure 11. At Besolde numbers 'between 

3 y  10  and 9 y 10° the deta (fig. 11(a)) show no^appreciable 
scale effect on the maximum lift coefficient of the o-percent- 
thick airfoil. la the caBe of the 10-percent thlok airfoil 
(fig. 11(b)), however, seme adverse scale effect is indicated in, 
the maximum lift coefficient at Reynold:; numbers between 3 x 10° 

and 6 y 10 . Similarly, some pdverse anale effect (i'l?. 9(c)) 
ia indicated in the mexlmum lift coefficient at Reynolds numbers 

between 3 x 10 and 9 x 10 with the droop^d-nose and plain 

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

above 9 x 10 , however, the maximum section lift coefficient of 
thiE combination reiiained approximately constant. 

The section pitching-moment characteristics or the two airfoils 
at combined flap deflectlone of on = 30°, 5*. = 60° (fig. 11) show 
that the aerodynamic center remains ahead of the quarter-chord point. 
In addition, the combined action of the drcopod-nose flap and plain 
flap caused the moment coefficients to increase ne.-jatively with 
Inci'easing lift coefficient until the angle of attack was high 
enough that the spoiler action of the drooped-noae flap was 
alleviated- As the lift coefficient was Increased beyond this point, 

the moment decreased negatively to approximately 2.J beyond the 
angle of attack for maximum lift wherevpen the Moment curve breaks. 

I ow -dra a -control f la-ps • - Tho lift ejid dra»; characteristics of 
the HACA 2f:-(e:<j)(o?)- (?0)(03) airfoil with the drooped-noae and 
plain flap^ dc-flocted are presented in figure 12. Deflecting the 

drooped-nose flap to 10 decreased the section dray coefficient of 
the 6-percent-thick circular-arc airfoil at a lift coefficient 
of 0.3 about UO percent by delaying the formation of e negative 
pressure peak at the leading edcie which causes separation. In 
general, deflectin; the drooped-ncoe flap was more effective in 
extending the low-drej ron^e to hl:jher section lift coefficients 
than was deflecting the plain flap. 

CONCIUU0NS 

A two-dimensional wind-tunnel investigation was made of 
symmetrical circular-arc airfoils, 6 and 10 percent thick, with 
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corresponding »*  respectively- 
were 0-73 e^0-07, 

 »,-nAlnatJ.on 

pending Respectively- 6. 
„ere 0-73 end 0.67. deflector« for ti        ^o 

»• - as sss^s -«^.- - 

«r-.ient vith en»iJ- ...»«-. 

and 
drooped-nose o.._ 
for the 10 -ptrcent-thicfc airfoil vith the pi.<ixii 
Indicate no important ohan^ee in the maximum section lift coei- 
ficlent vlth small departures from the optimum drcoped-nose-flap 

deflection. 3. The scale effects on the maxirauu lift coefficient vere, 

In general, ne<;li :ihlc. 
H. The section pitching"moment characteriotlCR indicated that 

the aerodynamic contcr vas ahoed cf the q.up.rtor -chord point and moved 
toward the leading edj.e vhen ar.j of the hir;h-lift devices was 

defldctad or extended- 
•7. Deflecting the droopad-ncse flap wc.s more effective in 

extending the low-dreg range to higher section lift coefficients 

than deflectin.5 the plain flap. T.„ deflectin.5 «'» *- than -i iBhcratorj 
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