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RESEARCH MEMORANDUM 

LOW-SPEED AERODYNAMIC CHARACTERISTICS OF A SERIES OF 

SWEPT WINGS HAVING NACA 65A006 AIRFOIL SECTIONS* 

(Revised) 

By Jones F. Cahill and Stanley M. Gottlieb 

SUMMARY 

An investigation was made to determine the effect of sweeP7 taper 
ratio, and aspect ratio on the aerodynamic characteristics of nine 
semispan wings of NACA 6SA006 airfoil section with and without split 
flaps. Lift, drag, pitching-moment 7 and wing-root bending-moment 
characteristics were measured through a range of Reynolds numbers 

from 1.5 X 106 to 12.0 X 106 • One of these wings was tested with a 
hinged leading-edge flap of various spans and deflections to determine 
the effect of this type of flap on longitudinal stability near maximum 
lift. 

For wings of aspect ratio 47 increases in sweep angle increased 
the maximum lift coefficient of the plain wings but decreased the 
maximum lift coefficient of the wings with half-epan split flaps. 
Rather abrupt unstable changes in pitching moment occurred at lift 
coefficients well below maximum for nearly all of the swept wings 
tested. Increases in sweep angle or aspect ratio reduced the lift 
coefficient at which these unstable changes occurred. Increases in 
lift-curve slope and stable changes in pitching moment occurring at 
low to moderate lift coefficients for the sweptback wings were increased 
in magnitude by increase in taper ratio and decrease in aspect 'ratio. 
Reynolds number effects were confined to the more highly sweptback 
wings at low to moderate lift coefficients. 

INTRODUCTION 

The use of sweep to delay the effects of compressibility on the 
aerodynamic characteristics of airplane wings has given rise to a need 
for data on swept wings at both low and high speeds to aid designers in 

* Originally issued March 24, 1950 as NACA RM L9J20. 
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their evaluation of wing characteristics. Previous investigatlons, 
references 1 and 2, for instance, have indicated ~ronounced scale effects 
on the characteristics of swe~t wings with other than sharp leading 
edges . It is desirable, therefore, that data for these wings should be 
obtained at Reynolds numbers as near as possible to those at which the 
wings are expected to be used. A number of investigations of the 
characteristics of swept wings at high Reynolds numbers have been made, 
but as yet there does not exist any related data from which the 
individual effects of the plan- form variables can be evaluated . 

An investigation has been started in the Langley two-dimensional low­
turbulence pressure tunnel to study, at relatively high Reynolds numbers, 
the effects of systematic variations in wing geometry on the low-speed 
aerodynamic character istics of wings for high-speed airplanes . The 
present paper presents the results of tests of a series of nine wings 
having NACA 65A006 sections, covering a range of sweep angles from -450 

to 600
, aspect ratios from 2 to 6, and taper ratios from 0 . 3 to 1.0. 

Tests were made of the wings alone and with half- span split flaps at 
Reynolds numbers from 1 . 5 x 106 to 12 x 106. 

One of these wings, of aspect ratio 4 and with 450 sweepback of the 
quarter-chord line, was tested with a hinged leading-edge fla~ of 
various spans to determine the effect of this type of flap on longi­
tudinal stability at the stall . 

SYMBOLS 

C
L 

lift coefficient 
(

Twice mqOSdel lift ) 

maximum lift coefficient 

highest lift coefficient reached before unstable pitching-moment 
break 

(
Twice mOqdSel drag) CD drag coefficient ) 

pitching-moment coefficient (
Twice model Pi~ching moment\ 

qSc / 
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B 

wing-root bend1ng~oment coefficient ~-L) 
<l£ Q 

2 2 

bending moment at wing root, foot-pounds 

free-stream dynamic pressure (~V02) 

p free-etream mass density, slugs per cubic foot 

Vo free-atream velocity, feet per ~econd 

S twice model area, s<luare feet 

b twice model span, feet 

A aspect ratio of complete wing (b:) 

c wing chord at any spanwise station, feet 

A sweep of wing <luarter-chord line 

wing tal"r ratio (~~) 

a angle of attack of wing chord line, degrees 

R Reynolds number (p:c) 

3 

C~ rate of change of 11ft coefficient with angle of attack, degrees 

CT chord of tip parallel to plane of symmetry, feet 

CR chord of root parallel to plane of symmetry, feet 

y spanwise distance from pl?Jle of synnn.etry to c/4 
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X distance along root chord from leading edge to c/4 parallel to 
plane of symmetry 

(x/c)cp nondimensional location of chordwise center of pressure, referred 
to c/4 

y distance along semispan 

flap deflection (in plane of symmetry), degrees 

nondimensional spanwise location (-Z-) 
b/2} 

nondimensional location of spanwise center of pressure 

MODELS 

The semispan models tested all had NACA 65A006 airfoil sections 
parallel to the plane of symmetry and no twist or dihedral. The plan-­
form characteristics of the nine wings tested and some of the principal 
dimensions are shown in figure 1. The wing tips were rounded off both 

in plan form and cross section beginning at 0.97~ . 

For the sake of brevity, a system of designating these wings 
similar to that suggested in reference 3 has been adopted which includes 
the sweep angle, aspect ratiO, and taper ratio. The designation 45-4-0.6, 
for instance, designates a wing whose ~uarter-chord line is swept 
back 450 , with an aspect ratio of 4 and a taper ratio of 0.6. 

The following is a list of the wings tested: 

-45-4-0.6 
Q...-lr-o.6 

3Q...-lr-o .6 
45-4-0.6 
6Q...-lr-o.6 

4~2~.6 
(45-4-0.6) 
4~.6 

45-4-0.3 
(45-4-0.6) 
45--4-1.0 

The central configuration (45-4-0.6) has been placed in parentheses in 
the last two columns, since the designation is merely repeated to show 
the complete series of variables. 
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The models were constructed of aluminum alloy and were polished to 
a smooth finish. Each of the models could be fitted with a 0.20c half­
span inboard trailing-edge split flap deflected 600 in the plane of 
symmetry. The flaps were made of bent sheet metal approximately 
1/16 inch thick. 

5 

One of the models (the 45-4-0.6) was equipped with a hinged leading­
edge flap as shown in figure 2. The chord of the flap was 0.15c and 
could be deflected to various angles in sections along the span. The 
deflections, which were measured perpendicular to the hinge line, were 
set with plates, screwed to the upper surface of the wing and flap, 
having a radius equal to the distance from the hinge line to the wing 
upper surface and faired into both the wing and the flap contours. With 
the leading-edge flap deflected, tests were also made with fences on the 
upper surface of the wing. The fences were made of sheet metal approxi­
mately 1/32 inch thick and 1/2 inch high. The shape and locations of 
the fences are also shown in figure 2. Photographs of the 45-4-0.6 wing 
with and without leading-edge flaps and fences are shown in figure 3. 

For model configurations with leading-edge roughness, O.OO4-inch­
diameter carborundum particles were imbedded in a thin coat Df shellac 
over a length of o.oBc from the leading edge on both surfaces. 

TESTS 

The tests of the semispan models were made in the Langley two­
dimensional low-turbulence pressure tunnel with a four-component 
electrical resistance-type strain-gage balance. The validity of data 
obtained in this semispan arrangement has been established by means of 
tests of a model of a wing which had previously been tested in a full­
span arrangement in the Langley 19-foot pressure tunnel (reference 4). 

Each of the models was tested with and without half-epan split 
trailing-edge flaps both in the smooth condition and with leading-edge 
roughness. Lift, drag, pitching-moment, and wing-root bending-moment 
data were measured from below zero lift to above the stall for most of 
the wings in the smooth condition through a range of Reynolds numbers 

varying from 3.0 X 106 to 12.0 X 106 • Tests of the -45-4-0.6, 60-4-0.6, 
45-4-1.0, and 45-6-0.6 wings were limited to lower Reynolds numbers 
because of strength limitations of the models. The effects of leading­
edge roughness on the aerodynamic characteristics of the wings were 
determined at one Reynolds number for each model. Tests were made of 
the 4~-O.6 wing equipped with a hinged leading-edge flap of various 

spans ani deflections at a Reynolds number of 4.5 X 106 to determine the 
effect of the flap deflection and span on longitudinal stability at the 
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stall. Fences were tested on the wing with one leading-edg&-flap 
configuration in an attempt to delay spanwise flows. 

Drag coefficients and angles of attack were corrected for jet­
boundary effects by means of boundary-induced upwash corrections 
calculated by the method of reference 5. 

The highest Mach number attained during these tests was approxi­
mately 0.20. 

PRESENTATION OF DATA 

The aerodynamic characteristics of the wings tested with and 
without split flap and roughness are presented in figures 4 to 12. 
Figures 13 to 17 present data showing the effect of leading-edge-flap 
deflection and span on the aerodynamic characteristics of the 
45-4-0.6 wing with and without split flaps and fences. These data are 
presented as plots of angle of attack, root bending~oment coefficient, 
pitching~oment coefficient, and drag coefficient against lift 
coefficient. 

The figures in which the data for the various wings are presented 
are listed in the following table: 

-4~.6 figure 4 4~.3 figure 9 
0--4-0.6 figure 5 45--4-1 ~O figure 10 

30--4-0.6 figure 6 45-2-0.6 figure 11 
4~.6 figure 7 45-6-0.6 figure 12 
60--4-0.6 figure 8 

Summary plots of the effect of sweep angle, aspect ratio, and taper 
ratio on certain aerodynamic characteristics of the wings tested are 
presented in figures 18 to 22. The theoretical values of lift-curve 
slope, aerodynamic center, and spanwise center of pressure of the 
additional load, obtained from reference 6, are presented in figures 18, 
21, and 22, respectively. 

--------- ---~-
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RESULTS AND DISCUSSION 

Characteristics of Wings Alone and with Half-Span Split Flaps 

General description of vortex-flow phenomena over swept back wings 
with small leading-edge radii.- Several investigations have been made 
into the nature of the air flow about swept wings having small leading­
edge radii (referenoes 2, 7, and 8). It is believed that a brief 
review of some of the more important results of these studies will aid 
in the interpretation of the results obtained on the wings of the 
present investigation. These investigations have shown that leading­
edge separation occurs at relatively low angles of attack and spreads 
rapidly along the span as the angle of attack is increased. Generally 
the flow closes in again behind the initial separation and forms a 
"bubble" of separated flow. 

7 

The pressure-distribution data in reference 7 show no apparent 
separation at the wing root but a region of separated flow at other 
spanwise stations which increases in chordwise extent toward the wing 
tip. As the angle of attack is increased, the port'ion of the chord 
covered by the separated region increases until, at some angle of attack, 
the sections near the tip are completely separated. Further increases 
in angle of attack cause increases in the extent of the completely 
separated portion of the span. 

Reference 8 shows that a strong vortex is formed within this 
bubble and that, at low angles of attack, the- core of the vortex lies 
along a line passing through the leading edge of the root chord and 
swept back slightly more than the wing leading edge. As the angle of 
attack is increased, the sweep angle of the vortex core increases and 
the portion of the vortex core near the wing tip curves back in the 
stream direction. Comparisons between the pressure distributions for a 
wing with a sharp leading edge and a wing with NACA 65-006.5 airfoil 
sections show that the strength of the vortex is greater for the wing 
with the sharp leading edge. An investigation of the flow about a wing 
of approximately triangular plan form. (reference 2) showed that the 
vortex flow was evident on a wing with 15-percent-thick airfoil sections 
with rounded leading edges at low Reynolds numbers bllt not at high 
Reynolds numbers. These data also show that the vortex flow existed 
at both Reynolds numbers when the wing had sharp leading edges. 

In a number of instances, the formation of this separation-vortex­
flow pattern is accompanied by an increase in lift~urve slope. It may 
be assumed that this increase in lift is caused by the fact that the 
stream must flow effectively about a thick, highly cambered airfoil. 
These increases in lift could be expected to exist until the angle of 
attack had been increased to the point where complete separation exists 
over the tip sections. The loss in lift associated with the complete 



8 NAeA RM L50F16 

separation should then cause the lift-curve slope to decrease. The 
results presented in reference 2 show rather strikingly the fact that the 
maximum lift coefficient as well as the lift-curve slope may be increased 
appreciably by the presence of the separation-vortex-flow pattern. 

No visual observations were made of the flow characteristics for 
the wings of the present investigation. In view of the relatively small 
thickness ratio and leading-edge radius of these wings, however, it is 
believed that a similar separation-vortex-flow pattern exists for the 
more highly swept wings tested. No conclusive evidence of this type of 
flow is apparent in the case of the wings with sweep angles less 
than 450

• The data for the sweptforward wing show effects similar to 
those caused by the vortex on the sweptback wings although it would seem 
that the flow phenomena would be different in some respects from that 
observed on sweptback wings. 

Li'ft-curve slopes.- An examination of the data for the variow;! 
wings shows that at low Reynolds numbers large increases in lift-curve 
slopes of the swept wings occurred at moderate .angles of attack. (See, 
for example, figs. 7(a) and 8(a).) The ~tude of these changes in 
lift-curve slopes increased as sweep angle or taper ratio were increased 
and as aspect ratio was decreased. No change was noted for the wing of 
zero sweep. As the Reynolds number was increased, the magnitude of 
these changes in lift-curve slope generally decreased, or at least the 
change in slope was delayed to higher angles of attack. It would seem 
that this delay in the change in lift-curve slope indicates a delay in 
the formation of the separation "bubble" as the Reynolds number was 
increased. This agrees, at least qualitatively, with the scale effect 
previously noted for the wings of triangular plan form and round leading 
edges (reference 2). 

Although the lift-curveslopes at moderate angles of attack showed 
rather large variations with changes in Reynolds number, the variation 
of Reynolds number had very little effect on the lift-curve slope near 
zero angle of attack. Lift-curve slopes (near zero angle of attack) are 
shown plotted against sweep angle, aspect ratio, and taper ratio in 
figure 18. The general trends of the variations with changes in the 
plan-form parameters are shown to agree with those shown by the 
theoreti9al values taken from reference 6, although for moderate sweep 
angles the absolute values are not always in good agreement. The data 
with leading-edge roughness show that generally the effect of roughness 
on lift-curve slope is small and the shape of the lift curves obtained 
with leading-edge ro~ghness agrees fairly closely with that obtained for 
the smooth wing at the same Reynolds number. 

Maximum lift.- Maximum lift coefficients of the wings tested at .U 

Reynolds number of 3.0 x 106 with and without lialf-span split flaps are 
shown in figure 19(a). These data show large increases in maximum lift 
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coefficient of the plain wings as the sweep is increased either 
positively or negatively. The flap effectiveness decrease8~ however~ as 
the sweep is increased and the resulting maximum lift coefficients with 
split flaps decrease with increase ip positive sweep angle. In fact) for 
the 600 sweptback wing the addition of split flaps actually decreased 
the maximum lift coefficient. With a sweepback angle of 450 and taper 
ratio of 0.6 the maximum lift coefficient decreased slightly with 
increasing aspect ratio from 2 to 6~ but with 450 of sweepback and an 
aspect ratio of 4 the change in maximum lift coefficients with a change 
in taper ratio from 0.3 to 1.0 was negligible. The flap effectiveness 
on the maximum lift coefficient was negligible for a sweepback angle 
of 450 regardless of aspect ratio or taper ratio. 

In many cases~ however~ the pitching~oment curves break in an 
unstable direction at lift coefficients well below the maximum. The 
highest lift coefficient reached before these unstable changes in 
pitching moments take place ~LJ are shown plotted against sweep angle, 

aspect ratio) and taper ratio in figure 19(b). No unstable change in 
pitching~oment slope occurred for the wings of 00 and 300 of sweep or 
for the 450 swept back Wing of aspect ratio 2 so the actual maximum lift 
coefficients are plotted for these wings. For sweep angles greater 
than 300

, increases in sweep angle or in aspect ratio decrease the lift 
coefficient at which the unstable break takes place; whereas changes in 
taper ratio have little effect. The addition of the half-span split 
flap increases the lift coefficient at which the pitching moments break 
unstable for all of the wings except the 450 sweptforward. 

The effects of variation in Reynolds number on either maximum lift 
coefficient or on the lift coefficient for the unstable pitching~oment 
break were small in all cases except for the 300 sweptback wing (fig. 6) 
which showed a higher maximum lift coefficient at a Reynolds number 

of 6 X 106 than for Reynolds numbers either above or below this value. 
This phenomena must be associated with some peculiar scale effect on the 
laminar flow around the leading edge since the addition of leading-edge 
roughness decreased the maximum lift to approximately the value obtained 
at other Reynolds numbers. Aside from this isolated instance) leading­
edge roughness has very little effect on the lift characteristics of any 
of the wings tested. 

The effects of changes in airfoil section on the lift coefficient 
at which the unstable pitching~oment break occurs may be deduced from 
a comparison of these data with other previously published data. Data 
for a wing having plan-form parameters (40-11-0.625) roughly similar 
to the 45-4-0.6 wing tested in this investigation but with circular-arc 
sections are presented in reference 9. These data show that the lift 
coefficient at which the unstable pitching~oment break occurs is 
approximately the same for the circular-erc wing as for the 
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6-percent-thick low-drag wing. Data in references 10 and 11 for two 
wings (40-4-0.625 and 50-2.9-0.625) having airfoil sections 9.6 and 
7.8 percent thick, respectively, (and, therefore, larger leading-edge 
radii than the 6-percent-thick wings) show that the pitching-moment 
oreak occurs at appreciaoly higher lift coefficients than would De 
indicated oy the data of the present investigation for wings of roughly 
similar plan form and 6-percent-thick sections. It seems .likely 
therefore that, for wings swept oack approximately 450

, the changes in 
leading-edge radius corresponding to decreases in thickness ratio 
oelow 6 percent will have little effect on the lift coefficient at which 
the pitching moments break unstable but that this lift coefficient may 
De raised suostantially oy relatively small increases in thickness. 

Pitching moments.- An examination of the pitching-moment data in 
figures 4 to 12 shows that aorupt variations in the slope of the pitching­
moment curve occur at lift coefficients well oelow maximum lift for 
nearly all of the wings tested. In all cases except the 0-4-0.6, 
the 30-4-0.6, and the 45-2-0.6 wings, unstaole variations occurred. 
These changes in pitching-moment characteristics are in agreement with 
the bouniary curve for stability at high lift coefficients presented in 
reference 12. The unstaole changes in the pitching-moment curves occur 
at the same lift coefficient as the shifts in the spanwise center of 
pressure (fig. 20), which would indicate that this instability can be 
attriouted to complete separation over the tip sections of the swept­
oack wings. The inooard movements of spanwise center of pressure shown 
in figure 20 indicate appreciaole tip stalling even for those sweptoack 
wings for which the~e are no unstaole variations in the pitching moment. 

At lift coefficients oelow those at which the unst aole pitching­
moment changes occur, smaller. changes in pitching moment which are 
generally in a staole direction can De noticed in the data for the 
sweptoack Wings. These staole changes oegin at approximately the same 
lift coefficient as the increases in lift-curve slope and are apparently 
a result of the separation-vortex-flow pattern. The previously noted 
staole oreaks in pitching moment at maximum lift for the 0-4-0.6, 
30-4-0.6, and 45-2-0.6 wings seem to De caused oy the final complete 
stall out, for the 450 sweptoack wing of aspect ratio 2 at least, the 
gradual change in the staole direction at lower lift coefficients should 
De attriouted to the action of the vortex. Decreases in aspect ratio 
and increases in taper ratio cause increases in the magnitude of the 
staole change. These effects of change in plan form are identical to 
the previously noted effects of changes in plan form on the lift-curve 
slope increase. The center-of-pressure data presented in figure 20 
show that the staole changes in pitching moment can De attriouted to 
rearward shifts in the chordwise centers of pressure which are accompanied 
oy relatively small or erratic shifts in spanwise center of pressure. 
These rearward shifts in center of pressure are prooaoly caused oy the 
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fact that the leading-edge separation decreases the magnitude of the 
leading-edge pressure peaks while the chordwise extent of the decreased 
pressure increases (reference 7). 

In general, the observations made above for the unflapped wing 
apply to the data for the wings with half-epan split flaps also. In 
the range of lift coefficients where the stable changes in pitching 
moments occur, the changes in pitching~oment characteristics which 
occur as a result of the addition of leading-edge roughness are small. 
The slopes of the pitching-moment curves seem to show fair agreement 
with aerodynamic-center positions given in reference 6 (see fig. 21) 
except for the 600 wing which shows a more forward aerodynamic-center 
position than the 450 wing, whereas the theory would indicate a 
rearward shift. 

A consideration of the loading added by deflection of the half­
span split flaps on the various wings indicates that increasing angle of 
sweepback, aspect ratio, or taper ratio will cause the centroid of the 
added load to move forward with respect to the ~uarter-chord point of 
the mean aerodynamic chord. The data show that increasing any of the 
three plan-form parameters does cause a decrease in the negative 
pitching-moment increment caused by flap deflection and that positive 
increments in pitching moments at zero lift actually result from 
deflecting the flaps on the 600 sweptback wing and the 450 sweptback 
wing of aspect ratio 6. 

Drag characteristics.- The induced drag polar has been plotted on 
figure 10(a) to show a typical variation in the magnitude of the profile 
drag coefficients. The lift coefficient at which appreciable divergence 
between the induced drag polar and experimental values of drag coef­
ficient begins agrees ~uite closely with the lift coefficient at which 
the lift-curve slope begins to increase. The increase in drag at this 
point could be expected because of the large decrease in the value of 
the peak negative pressure accompanying leading-edge separation. 

Wing-root bending moments.- The data for these wings show that the 
Wing-root bending moments are roughly linear up to about the lift coef­
f icient at which the pitching-moment break occurs. The spanwise centers 
of pressure shown in figure 20 help to show the changes which take place 
in the loading on the wings. The spanwise centers of pressure are 
generally constant at moderate lift coefficients and move rather rapidly 
inboard for the sweptback wings and outboard for the swept forward wing 
at high lift coefficients. 

Values of the spanwise center of the additional load distribution, 
indicated by the slope of the bending-moment curve through zero lift, 
are shown plotted against the various plan-form parameters in figure 22. 
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These data show good agreement with calculated values except for the 
wing with aspect ratio 6 and the wing with taper ratio 0.3. In both 
of these cases, the spanwise center of pressure is farther inboard 
than indicated by the computations. 

Characteristics of 45-4-0.6 Wing with Hinged Leading-Edge Flap 

Data are shown in figures 13 to 17 on the characteristics of the 
45-4-0.6 wing equipped with a hinged leading-edge flap at a Reynolds 

number of 4.5 X 106 both with and without half-epan split flap. 
Deflections of 100 , 200 , 300 , and 400 were tested for leading-edge-

b flap spans ranging from 0.372 to full span. These data show that the 

full-epan leading-edge flap deflected 300 provided a desirable varia­
tion of pitching moments up to the highest lift coefficients of any of 
the combinations of leading-edge-flap span and deflection tested 
(about 1.1 with half-epan split flap deflected). None of the configu­
rations tested however provided stable pitching-moment variations 
throughout the entire range of lift coefficients. It may be noted that 
the half-epan leading-edge flap deflected 300 provided a stable varia­
tion in pitching moments at high lift coefficients although the over-all 
pitching-moment variation could not be considered desirable. Use of 
the leading-edge flap also provided appreciable reductions in drag at 
high lift coefficients. 

In an attempt to delay spanwise flows and, therefore, improve 
the pitching-mnment variation at high lift coefficients, chordwise 

b fences were installed on the wing with the 0.752 leading-edge flap 

deflected 300 • Use of the fences at the positions tested increased 
the maximum lift coefficient and the lift coefficient for the pitching­
moment break slightly but caused no improvement in the direction of 
the pitching-moment break at stall. 

Data for a number of sweptback wings equipped with leading-edge 
high-lift devices are contained in references 9 to 11 and 13 and 14. 
The data for a wing of aspect ratio 3.5, sweepback of 450

, and circular­
arc section (reference 14) show that none of the configurations of 
leading-edge-flap span and deflections investigated provided completely 
satisfactory longitudinal stability characteristics throughout the entire 
lift-coefficient range. A hinged leading-edge flap covering 50 percent 
of the span produced stable moments at the stall for a 350 sweptback 
wing of aspect ratio 6 with NACA 641-112 airfoil section, but only when 

used in conjunction with a fence at 50 percent of the semispall (refer­
ence 13). Data in references 9, 10, and 13 show that extensible 

l 
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leading-edge flaps, on the other hand, are capable of producing stable 
pitching-moment variations at the stall for wings having sweepback 
angles of 350 and 400 and NACA low-drag airfoil sections and for a wing 
having a sweepback angle of 400 and circular-arc section, whereas a 
500 sweptback wing with low-drag airfoil (reference 11) re~uires a fence 
to obtain stable pitching-moment variations at stall. It seems likely 
therefore that a properly designed extensible leading-edge flap should 
provide stable pitching-moment variations for the wing tested in this 
investigation (45-4-0.6). 

CONCLUSIONS 

The results of an investigation to determine the effect of sweep, 
taper ratio, and aspect ratio on the aerodynamic characteristics of 
wings with an NACA 65A006 airfoil section led to the following conclusions: 

(1) The trends of variations in lift-curve slopes, aerodynamic­
center positions, and spanwise centers of pressure for low lift coef­
ficients agree fairly well with those predicted by means of existing 
methods of calculation. 

(2) For the wings with larger sweep angles, increases in lift-curve 
slopes and stable changes in pitching-moment slopes occur at moderate 
lift coefficients, apparently as a result of a vortex-flow pattern over 
the wing following leading-edge separation. These changes are increased 
in magnitude by increases in taper ratio or decreases in aspect ratio. 

(3) Rather abrupt unstable changes in pitching moments take place 
at lift coefficients well below maximum for nearly all of the highly 
swept wings. Increases in sweep angle or aspect ratio decrease the lift 
coefficients at which this unstable break occurs; whereas changes in 
taper ratio cause relatively small changes. Deflection of a half-epan 
split flap increases the lift coefficient for the unstable break for all 
of the wings tested except the 45 0 swept forward wing. 

(4) Increases in sweep angle cause increases in maximum lift coef­
ficient of the unflapped wings for either positive or negative sweep. 
Flap effectiveness on maximum lift decreases as the sweep angle 1s 
increased and is actually negative for positive sweep angles greater 
than 450 • Increasing aspect ratio of a 450 sweptback wing decreases 
maximum lift, but changes in taper ratio have little effect. 

(5) Deflection of a full-epan hinged leading-edge flap 300 

provides the largest increase in the lift coefficient for the unstable 
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pitching~ment break of any of the combinations of leading-ecige-flap 
span and deflection tested but did not produce a stable pitching-moment 
variation at the stall. 

(6) Scale effects on aerodynamic characteristics were confined to 
the more highly svept wings and consisted principally of a delay in the 
lift coefficient at which the increase in lift-curve slope occurs. 

Langley Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Air Force Base ~ "Va. 

J 
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(b) Wing with O.7~ leading-edge flap deflected 30° and with fences. 
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Figure 3.- Concluded. 

\ .. 
; • 

• 

!:2: 

~ 
:x> 

~ 
t-' 
\Jl 
0 
f,;j 
I-' 
0\ 

I\) 
w 



• 



...:I 
u 

.,~ 

s: 
Ql .... 
<> .... .... .... 
Ql 
0 
<> ., 

.... .... ... 

• • • 

Pitching-moment coefficient, eM Drag coefficient, CD 

-.Og -.04 o .04 .M o .04 .og .12 .16 .20 .24 .2g ·32 .36 .40 .44 .4S ·52 ·56 
1.2 

I I I I I 

1.0 

.s 

.6 

.4 

.2 

0 

-4 ...". ~~ .. _____ .• ') ~ I~~ . ~~~~ ~~~ ~~ I~ · 
K'r ~~I"""" ~ R a~""''''' ~ ~fP ~ . 0 1." 106 >--~ ",," ~~ ~~ 8 t~ >--

L
r 

~~ I~~ 8 6.0 
d.~ ~_ 
Ii .J~ dv ~~ 
, ~ /~y '00. 

V (0 \\~ 0B 
Ii C, '" ~ CK -~ \,4r- « 'j\ ~_ 
~ ~ L '0 • 

/ [\ .. S I I 
¥ 1 1 .1-1 1 -.~~ 4 16 -.4 -.6 24 28 12 o .1 g -·3 -.2 - .1 o 20 32 -·5 

Angle of attack, n, deg Root bending-moment coefficient, OB 

(a) Plain wing, smooth. 

Figure 4.- Low-speed aerodynamic data for the -45-4-0.6 wing at various Reynolds numbers. 

-

~ 

~ 
~ 

~ 
~ 
\Jl o 
~ 
I-' 
0'\ 

I\) 
\Jl 



...:l 
<.> 

.,' 
" Ql .... 
0 .... ... ... 
Q) 

0 
0 ., ... .... 

...:l 

Pitching-moment coefficient. CM Drag coefficient, CD 

-.2~ -.20 -.16 -..12 -.Ol! -.O~ o .oli- o .Ol! .16 .2~ ·32 .40 .lj.g ·56 .64 .72 .gO .gg 
1.2 

1.0 

.g 

.6 

.4 

.2 

0 

- . 2 

~_ .~ I I I I ~. ~ .A.. """. -. . ~ "k>- _ 'il~ 
1 A'rPi .,.- - R> !lOt ~ I 
14> I'!' ~ .~ 0l. 

I r, '/ ../ "" "" ~ " 
I "'" ) '" l.<'" !7'J -- --«> ~ ~ ~~-

1/ _/' '" R A I'/~ ./ ~ g t~' 106 
'1 l/ ,./ ,, 0 6.0 

. ./ ~ ~ 'M-~ J ~ " If '\ l 0 ~ ;1 ~ , -

I~ ~ CD '* '-" '--l--C

B 

)f " ~ ~ I ~., ~ -

-, 0 ' ~ • '1216"" ~b .g 

• 

32 -.7 3 5 .1 
2g' I ( I I 

Angle of attack, a, deg Root bending-moment coefficient, CB 

• 

(b) Wing with o.5oE split flap, smooth. 
2 

Figure 4.- Continued. 

• 

.1 

• 

f\) 
0\ 

~ 

f) 
:x> 

~ 
t-' 
\Jl 
o 
f-zj 
I-' 
0\ 



...:l 

'" 
.; 
r:l 
Q) .... 
<.> .... .., .., 
'" 0 
<.> 

..., .., 

.... 

...:l 

--.-.~.-~ 

~ 
(') 

~ 

Pitch1n~-moment coefficient, CK Drag coeff1cient, CD ~ 
t'" 

-.2~ -.20 -.16 -.l2 -.Og -.O~ o .O~ .M 0 .Og .16 .2~ .32 .4<> .~g ·56 .6~ ·72 .so \.Jl o 
f.%j 
I-' 
0'\ 

1.2 

1.0 

.g 

.6 

.~ 

.2 

0 

-.2 

1 __ ---b_ I ~""""" ""t I ... d· ..... ..- h 
I a:::""~ r ---bot> kr'f-"" ['B ~ ~~. L d 

V I J ~ ~ P- \)" J J.~ 
L Jr" ~ _tr.. .n ~ V-- . 

l/ ./~ .... JO .. ...-f-if ......-<.V~10 RiQ l~~~vp- "<t) 

.V 11Y" /~,9V /~ -----~ 
/ L / f'l" / """ k;)' """, "" 0 Without flap 

I'" Lr" I 'r V/ ' ..:. f\. [] Wi th flap 1--1 
1/ .1 U LIL ~ I '\. 

\ / P _\ p'j ~ 1\ 
'\. /~(1-o~ \ V r ib'" 
~p I / / ~ '\ b 
~ ~ ~ ~ ~ '\ 

/;! i\ lL 11 1 "''7-\ ~ ~ _ 
V /1\ \ " ,\ 1 

if ./ " [". c~ ~ ~CD r\~t--CB 
/.,,~ 1\ b ~ ['u 

c; I:.i I:.i \! 

L. ~ _ 

5 -.lI- -.3 

Angle of attack, a, deg Root bending-moment coefficient, CB 

(c) Wing with leading-edge roughness. R = 3.0 X 106 . 

Figure 4.- Concluded. 

I\) 
-..J 



>-l 
t) 

. ., 
" Q) .... 
0 .... .... .... 
Q) 
0 
0 ., 

.... .... 
..:l 

~ 

Pitching-moment coefficient, OM Drag coefficient, CD 

-.12 -.08 -.04- o .~ o .04 .08 .12 .16 .20 .24 .28 
.8 

'" b ~ ~ ~ I'. , J> 

1f ~ ~ ~ 
l!' ~ ~ ~ ~ ~ ~ ~ 

:'\. ~ ~ 
~ ~~ 

.6 , 1/ ./ ~ R 

[jP ~ 
~ 

"" 
o 3.2 x 106 
o b.~ 

~ ,~ <i> 9. 
) 8 12.3 

V ~ ~ 

.4 

.2 

0: 
-/ 

I--!-eM I*-f--- °D '\ I-- CB [/' 

) ~ 
0 

, } ~ 
~17 ~ a 1'0 , ~-

-.2 

I I I I 
-.~ 4 -.4 -4 8 16 -.1 .1 .2 o -.3 -.2 12 20 o 

Angle of attack, 0:, deg Root bending-moment coefficient, 0B 

(a) Plain wing, smooth. 

Figure 5 .- Low-speed aerodynamic data for the 0-4-0.6 wing at various Reynolds numbers. 

r\) 
OJ 

~ 
:t> 

~ 
t-' 
\Jl o 
"rj 
f-' 
0'\ 



L_ 

Pitch1ng-moment ooeff101ent, CK Drag coeffic1ent, CD 

~ -.24 -.20 -.16 -.12 -.08 -.'4 0 0.04 .08 .12 .16 .20 .24 .~ 
1.4rl--.-~--~~--;---r--r--.--r--.-~--'---r--r--.-~--.--.--'---r--r--r--.--~~--'---r--.--r--.--.--.--~_.--_r~ 

1.2~ I I I I I~ I I I I I I I I ~ ~ 

,.01 ~ I I I Nt I 1M I I f I I I I I I I I I F&~ 
~ 
~ 

~ .81 I !! I I ii I Ial I«"'W ~~ R 
I I l'if I )F l/ I"" 0 3.0 x 106 -

UJ 5.9 

~ 6 1 1 I 1 1 I i $ }' ~ 19:6 -
• I I I I I I ~! ~ ~ -., 0:: 

CD ..... 
() 

..... ... ... 
CD 
o 
() 

., ... ..... 
~ 

4L I I I [l - - - - \.. I I I I I I 
• 1 1 1 1 .)'F 'oz; ~ 

CK ~ W 11 , CD ~ ~ CB J I I 
.2 1 I I ~ ~ ~i. 

1/ " I I I °1 I) >'i~ \ I~ 

-.21 (I 1 1 1 ~+\ 1 1 1 I I 1 I I 1 1 I 1 I ~01 I I I I I I I I I I I lSi (:) 

-.~L I jill 1 I 11 l I 11 J. I I I I IJ IJ I J -I J I_I I I ~ jj 
Angle of attaok, 11, deg 

.2 -.1 0 1 • .2 
Root bending-moment coefficient, as 

(b) Wing with o.5oE Bpli t flap, smooth. 
2 

Figure 5 .- Continued. 

~ 

~ 
:x> 

~ 
t-' 
\J1 o 
~ 
t--' 
0'\ 

f\) 
\0 



Pitching-moment coefficient, CM Drag coefficient, CD 

-. 2It -.20 -.16 -.12 -.M -.oIt o .04 o .04 .08 .12 .16 .20 .24 ..e8 
1.4 

1.2 =- "'- "'-p =-
~ ~ ~ tA ~ 

v · 
"'-

1.0 

J '\ G G 

"" 
V/ 

1\ / 
'Q I P\ /I7f" 

...:l .8 
0 

/ " / 
V 

I\. 
eo--0 ~ ro-o ~ ~ 

iI'I 

~ r-o-. N:v.< 10-0 ~ -Cr-o-. r--o 
.; 
.:: 
'" .6 .... 
0 .... ... 

C}\-1;>- . ~ - (1 
1,..(' 
~ CM CD """"-f ~ ~ f-- CB "/'" 

;f P .fi V , ~ !~ ... 
'" 0 
0 .4 .., ... .... 

/ / J.. 1,/ \" ~ 
.:.J 

/ I -, ",'" / \. 
...:l 

.2 

{ p ~ p- ~ 0, 
'\. 't" / / 

V ~ G \ \.a 

0 / .v \ "\ 
~ / b 

"" 
G 

~ ~ ) ::::> 

-.2 
-12 16 -4 4 8 -8 12 o 20 -.s -.4 -.3 _.2 -.1 o .1 

Angle of attack, (1, deg Root bending-moment coefficient, CB 

(c) Wing wi th leading-edge roughness. R 5.9 X 106 . 

Figure 5 .- Concluded. 

-----

.32 .36 .40 

~ 

---- '0 

o Without flap 
o With flap 

~-
I I I I 

w 
o 

~ 
:x> 

~ 
t-i 
V1 o 
~ 
f--' 
0'\ 



.... 
0 

~-
<= 
Q) .... 
0 .... .. .. 
m 
0 
0 

~ .. .... 
o-l 

-.OS 
1 .0 

. S 

.6 

.4 

.2 

0 

-.2 

-.4 
-S 

EI 

Pitching-moment coeffic1ent, CM Drag coefficient, 0D 

-.04 o .04 o .04 .0S .12 .16 .20 .24 .2S .32 .36 .40 .1W 

...e' ra .,'" Ii. 
.~ ~ 10--: -w I--t P' b:rl ~ -

~ ~ I.r.. .r.P 

r~ ~ 
I<"'!'" ~ r"" -jO ~ 11 ~. ~ §? ~ b 

~ e l7' ~ ~ ~/ ~ 
~ ~~ /' ~~ 

)A f/~ ~ ~ I 

R -i 
CD 

~ ~ 

6 CM- f---- J5 (1 , [~ B o 3.0 x 10 _ 

L " 
o 6.2 V 

~ <> 9·2 " to. 12.0 -
V , 

V- i' J 

~ "-
tI i'a. 

17 
\\ l~ ~-/ .. 

'" '" 
___ L-u l I I I 

-4 o 4 II 12 16 20 24 2S -.4 -·3 -.2 -.1 o .1 .2 

Angle of attack, (1, deg Root bending-moment coeff1c1ent, 0B 

(a) Plain wing, smooth. 

Figure 6 .- Low-o?eed aerodynamic data for the 30-4-0.6 wing at various Reynolds numbers. 

~ 
~ 
t"'" 
\Jl o 
~ 
0\ 

w 
f--J 



I 

l 
l 

L 

~ 
o 

..., 
.:: 
CI> .... 
o 

..... ... 
-­CI> 
o 
o 
..., ... 
..... 
~ 

P1tch1ng-moment coefficient, CM Drag coefficient, CD 

-.12 -.Og -.04-
1 

. 04- ·32 ·36 .4-4 .lj.g .24- .4-0 .M 0 .16 .04 .Og o .28 .12 .20 

1 

2.~=E~~=+=+~=4=4~~t=t:~~~i:~J-~~-r~-rl[-r~~~~~~~~~~~~~ ~ ~~ ~~ ~ t-- ;b.. __ ~ t-O--f---ot- b.. 

• \; "'" V""" A ~ ~. ,v "" k~~ . ,... -
(.~ l/:V" ~ ~/ ~ R 'K- ~ , ,./. ,OI" '\ 0 ,., '10' --.j Ii, CD b.. " [] 6.0 ~ I£' "B <> ,.0 --.j 

d W ~ '~ 
,Y f ~'" 

V ~ ~ 
1I~ '\ 

1/ ' ' 
Ii ~ " 

:2 ... -, 0 , I\~ g 12 16 20 24 -.5 _ I~T I' -
.4 -.3 - 2 1 • -. 0.1 -... 

.52 

Angle of attack, cr, deg Root bend1ng-moment coefficient, CB 

(b) Wing with O.5~ split flap, mnooth. 

Figure 6.- Continued. 

~ 

lAJ 
r\) 

2! 

~ 
~ 
t-' 
\J1 o 
f-.:j 
f-' 
0\ 



..:l 
<> 

~ .., 
c ., 
.... 
<J .... ... ... ., 
o 
<J .., ... .... 
..:l 

Pitching-moment coefficient, CM Drag coefficient, CD 

-.12 -.Og -.O~ o .O~ o .o~ .M .12 .16 .20 .2~ .2g ·32 ·36 .~ .44 
1. 2 

1. I~ l&h .,. . .J:'. •• A . .,. In . 

G "\ V ""[ \ ~ V t<-' r-iG 
,/ 

\ !..oo::b V . LA . -'" /' p<:: Iii}. -A -<"- . 

~ ~ / l/ ~ .~ l.?~ ro-It '" too 
L ~ 

,/ V ~ \ ~ t--CB 
o Wi thout flap 

' \-Crr; t-- el- .le::: r-CD El With fl ap r\ 

\ Jf L ./ 
V r/ 1\ b.. 

II d 
\) L ) '\' 

r' / . p / / '\ Q""\ 
;IV / j ;J '\ ~\ ..d 

"\ / / ~ 

l~ ~-
Y V ~ ~ '\ " d ~. l~ ~n 

2 r! ( ~ f\n 
-4 g 12 16 20 24- 28 - - - - - -·12 -g 0 -. -. 3 

Angle Of attack, el, deg Root bending-moment coefficient, CB 

(c) Wing with leading-edge roughness. R = 5.9 X 106. 

Figure 6.- Concluded. 

t11--~-

~ 
:t> 

~ 
t-< 
\J1 o 
»:j 
f-' 
()\ 

w 
w 



-.04-
1.2 

1 .0 

...:I .g 
0 

.,-
c:: ., 
.... .6 0 .... ... ... ., 
0 
0 ., .4-... .... 

...:I 

.2 

0 

i 
-':4-

Pitching-moment coefficient, CM Drag coefficient, CD 

o .04- .08 .12 0 .04- .08 .12 .16 .20 .24- .28 .32 ·36 .4-0 

I~ ~ bA <: 
T ' !HJ( ;::.... 

~ ~ 'I'! J~ ~. ~ 
~ ~ 

'/ ~ ~ ~ -~ ~ f-'" • 

~~ ~ ~ ~ .... ~ ~ f'V t 
fr.. / ~ ~ ~ ~ V .~ 

!fs(\ IA ~ c.tJ pr V 'E 
~. 

<: j tp' W'/ l.0 ~ 
~ 

~ CM 
l@'" 

(1 
d OL 

CD ~ ~ Cll 10 m: 

lI' rJ "\ 
V r\ 

V f\. 
~ ~ 
~. tJ ~ 

o 4- 8 12 16 20 24- 2g 32 -.4- -·3 -.2 -.1 o .1 

Angle of a~tack. (1. deg 
Root bending-moment coefficient, OB 

.4-4- .4-g .52 

~. "'I>l 

fb1 p 

R 
I---

o ~.o X 106 
(;J .0 

I--(> g.g 
8 11.5 

~-
~J_ I I 

LA! 
+-

( a) Plain wing, smooth. S; 
(") 

:x> 
Figure 7 .- Low-speed aerodynamic data for the 45-4-0.6 wing at various Reynolds numbers. ~ 

----

~ 
\Jl o 
f"%j 
t--' 
0'\ 



...:I 
<> 

.: 
'" Q) 

..... 
() 

..... 
'H 
'H 
Q) 
0 
0 

..., 
'H ..... 
...:l 

Pitching-moment coefficient, Ox Drag coefficient, OD 

- .04 o .04 .os o .04 .OS .12 .16 .20 .24 .2S ·32 ·36 .4<l .4-4 .lj.g .52 ·56 
1.2 -

1.0 

,S 

.6 

.4 

.2 

0 

~~ ~ 

I- ~~V " j ~:., ....... -. "';; " lA. 
c !::8' ~ )?' ...Jill""'"" " "-

I V ~ ~ If:- .( I /7. ~ ~ 
'\ " ~'{'// [,..At/V , I~ ?V ~ IJ!I7 it. '" B " 1l{I-:i " 0 2. 0 

l( 10
6 

-

>-f-- C , rT '" 0 '.0 • //<". , 0 900 • 

"~ p ~ ~ ". .J & .... >-- C, 

I> iF IP I~ 
,btL' I'll. ~~" ~ I 

-.2 

~ ~ ~ 
'" 

<-' 0" r..~ 12 Ib 20 """ -2lt 2~ 32 _~1 _. I I I I 3 .1 3 .1 o 
Angle of attack, a, deg 

Root bending-moment coeff1cient, Os 

b (b) Wing with O,5~ split flap, smooth. 
2 

Figure 7.- Continued. 
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Figure 15.- Low-speed aerodynamic data for the 45-4-0.6 wing with leading-edge flaps of various spans 

deflected 300 • R = 4.5 x 106 . 
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Figure 15.- Concluded. 
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