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OF A EIGHLY TAPERED MODERATELY SWEPT-BACK WING
AT REYNOLDS NUMBERS UP TO 8,000,000

By D. William Conner
SUMMARY

Tesgts have boen conducted at Reynolds numbers up to 8,000,000
to determine the effectiveness of a reflex—cambered mean line in
ghifting the low-drag rangs of a highly tapered, moderately swept—
back wing without materially affecting the longitud: al stability.
Two models were tested, one with symmetrical eirfoil sections and
the other with the same basic thickness forms but with a reflex—

cambored meean line,

The vesults of these tests show the following effects of the
reflox—camrbored mean line: (1) the upper limit of the low-drag
range wag shifted from a 1ift coefficient of about 0.35 to eboub 0.65;
(2) alrplane trim wes unaffected at zero lift dbut at low 1ift coef-—
ficients the neutrel point was moved forward about 2 porcont of the
mean aerodynemic chord and at 1ift coefficients beyond the low-drag
range the forward shift in the neutral point was more sovere;
(3) the wing stall was delayed but, once started, progressed more
rapidly; and (4) the maximum 1ift coefficient, 1f the wings were
trimmed, would be slightly increased.

INTRODUCTION

In selecting the airfoil sections to be employed in the design
of a tailless airplane, an important consideration is the wing pitching
moments which, for trim requirements, must remain moderate. DBecause
of their low drag qualities, NACA 6—geries ailrfoils are desirable
for high—-speed and long-range operations and, if symmetrical, have
moderate pitching moments. The 11ift coefficients encompasing the
cruising conditions are, however, generally ebove the low-drag range
of practical symmestrical airfolils, Adding camber and reflexing the
mean line offers a possibility of shifting the low-drag range of the
wing to include higher 1ift coefficients without materially affecting
the pitching moment. Tests were conducted in the Langley 19-foot
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pressure tunnel of two highly tapered, moderately swept-back wings of
identical plan form. One of the wings was of NACA 6-series symmetrical
airfoil séctions and the other wing incorporated the same basic airfoll
gsections but had cambered and reflexed mean lines, The Reynolds number
renge for these tests was from 3,000,000 to 8,000,000,

Mt
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. SYMBOLS

1ift coefficient (L/qS)
drag coefficient (D/qS)
profile-drag coefficient (CD - CDi) from force

cdoc
‘measurements; —ay from wake surveys

wake span .

gection profile-drag coefficient based on section chord
from measurements of flow in wake : :

pitching-moment coefficient (M!/gSE)

angle of attack of root chord corrected for alr-flow mis—
alinement and Jet-boundary interference effects, degrees

Reynolds number (pVE/u)

Mach number (V/V,)

35 Gy
drag

pitching moment aboﬁt quarter~chord point of mean
aerodynanic chord A b ,

induced~drag coefficlent
(0.0436C;2 + 0.0006C; + 0.0003)

dynamic pressure of free stream.(%pv%) : 8.
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S wing area
c section chord
b/2
¢ mean serodynemic chord (M,A.C.) éé JZ c”dy
\
o) mags density of air
v airspeed
coefficient of viscosgity
b wing span
y lateral coordinate
Ve gpeed of sound in air

MODELS

Both wing models were mude of laminated mahogany lacquered and
sanded to a smooth finigh. The symmetrical wing had NACA 65(318)-019
adrfoil sectiong st the center line and NACA 65,3—018 gectiong at the
construction tip; these sections are described in reference 3oy £ The
modified wing incorporated the same basic thickness profiles as the
original wing but used a reflex—cambered mean line. The mean line was
similer to that of the NACA 65,3-618 airfoil with a O,2-chord pitch
control flap deflected upward to effect zero pltching moment at zero
11ft. The mean line for the modified wing was faired so that no break
occurred at the 0.8-—chord station. Ordinates for the root and construc—

tion tip sections are given in table I.

The wings were practically the same in geometry and the exact
dimensions for each wing are given in figure 1. TFigure 2 shows the
symmetrical wing model installed in the test section, The wings
were tested without flaps, control surfaces, landing gear, nacelles,
or other protuberances.

APPARATUS AND TESTS

The tests were conducted in the Langley 19-foot pressure tunnel
with the air compressed to a density of approximately 0,0052 slug per
cublc foot. Values of dynamic pressure ranged from 20 to 145 pounds
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per square foot with ths resulting Mach numbers varying from 0,08

to 0.21, Toets wore made over en angle~of-ettack range from below zero
11ft to beyord the stall, Measurements of 1ift, drag, and pltching
moment were cbteined by means of a simultaneous-recording balence
system. The profile drag was obtained both from force teste and from
surveys which determined the loss in momentum of the wing weke. The
stalling characteristics were determined by observing the action of
strends of cotton thread attached to the upper surface of the wings

on the rear 60 percent of the wing chord., TForce tests and stall studies
wore also made with roughnese applied to the leading edge of each wing.
The roughness wae obtained by application of No. 60 (0.0ll-inch meeh)
carborundum grains to e thin layer of shellac over a surface length of
8 percent chord measured from the leading edge on both upper and lower
surfaces., The graims coverod 5 to 10 percent of the affected area.

RESULTS AND DISCUSSICN

All dats heve been corrected for tho tare end interference
effects of model supports, for alr-flow misalinement, and for Jet—
boundary interference effects, In order to obtain values of profile-—
drag coefficient from force measuremsnts, the induced-drag coefficient
was computed by the method described in reference 2, as follows:

' p . '
cDi ..o.oh36cL + 0.00060L + 0,0003

' Thé values of the constants 4n the formula for cDi were computed

because the charts given in refersnce 2 do not apply‘forrthe twist
distribution end tip shape of this wing. The 1ift distribution was
determined by the method of references 3 and k4. ‘

Effect of Camber

Lift and stelling characteristics.— A comparison of the
serodynemic and gtelling characteristics of the two wings can be
obtained from figures 3 and 4, The lift—curve slopes for the two
wings were approximately equal at 1lift coefficlents below 0.2 and
above 1.0, At values between these 1lift coefficients the rate of
change of the slope for the symmetrical wing was essentially uniform
whereas the slope for the cambered wing remalned constant up to a
11ft coefficient of about 0.7, then decreased abruptly and remained
constant almost to the stall. In reference 1 the data for the
NACA 65,3-618 airfoll with the 0,20-chord flap deflected -10° are
congldered to epproximate the characterigtica of the cambered wing
section whereas the data for the NACA 65,3-018 airfoil apply
directly as the symmetrical-wing section characteristics, A
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comparison of the data (reference 1) of each section with the data
of the corresponding complete wing {fig. 3) indicates that the shape
of the 1ift curves are similar, The maximum 1ift coefficients of the
wings in the untrimmed condition were approzimately the same.

The stall patterns (fig. 4) of the two wings were similar.
Ag the angle of attack was lacreased, a crogs flow started near the
trailing ocdge of the center section of each wing., This flow Increased
in severlty and spread outboard until it was directly perpendicular
to the model center line. Any reglon where the direction of spanwlse
flow was forward of this perpendiculer was then interpreted as being
a gtalled area, Addition of camber slightly delayed the cross flow
and the beginning of gtelled regions, but once started the stall pro-
gressged more rapidly. For both wings the inltial stall occurred at
the upper end of ths low-drag range. Differcnces in stell progression
cen be directly corrolatsd with the differences in section character—
istics previously discussed, There was little tendency for the stall
to be intermittent untii afier the attitude of meximum 1ift coefficient
had been reached, at which time a swirling type of stall developed on
both wings.,

Drag characteristics.— Figure 5 presents the profile~drag coef-
ficient of the two wings as measured by force tests and by momentum
loss of thz wing wake. The results from the two experimental methods
were in clege agiesment, Adding camber to the wing airfoils shifted
the vpper limit of the low-drag range from Cp = 0.35 to 0.65. Also,

the valuve of mirimum drag coefficient was slightly lower, probably
because of smell differences in the gurface condition of the wings,
since the section drag data of raoference 1 do not show this benefit.
The drag valuas were higher for the cambered wing than for the
symmstrical wing from Cr = 0.80 to the stall. This difference

in drag is chavacteristic of the alrfoil sections and 1s associated
with the rates of stall progression.

A comparison of the section profile—drag coefficients at several
values of 1ift coefficient igs gilven in figure 6. Because of the cross—
flow on the wing which developsd to a noticeable degree at values of
1ift coefficient above 0.5 (fig. 4), the drag measursd at a given
spanwise statlon is not necesgarily the drag corresponding to the
section at that station but may correspend to & section farther inboard.

The peeks facicated at 0.5§~for the cambered wing were found (after the

survey) to have resulted from narrow flat areas on the lesding edge of
the wing.

Pitching-moment characterigtics.— From figure 3 it is seen that
adding reflex camper to the wing did not change the trim at zero lift
gince the values of pitching-moment coefficient were identical for the
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two wings, In the low-drag range of 1lift coefficient, adding camber
moved the neutral point ahead about 2 percent of the mean aerodynamic
chord. At the upper extremes of the low-drag range of each wing there
was a forward shift in the neutral point which often occurs with wings
of swept-back plan form operating at moderate 1ift coefficients, This
shift was much more noticeable for the cambered wing than for the
symmetrical wing and was associated with the previously discussed
behavior of the 1ift and drag curves and the stall progression, Near
maximum 11ft the pltching-moment coefficient was more positive for the
cambered wing than for the symmetrical wing by an amount that varied
both with 1ift coefficlent and Reynolds number. In order to trim each
wing at its maximum 1ift coefficient by deflecting a trailing-edge
control surface, a greater increment in 1lift coefficient would be
added for the cambered wing than for the symmetrical wing, The result—

ing maximum 1ift coefficient would, therefore, be slightly higher for
the cambered wing.

Effect of Roughness

The aerodynamic characteristics of both wings with and without
leading-odge roughness and at four Reynolds numbers are presented in
figurc 7. Stalling characteristice of the wings with roughness are
presented in figure 8,

Lift and stalling characteristics.— The application of leading-
edge roughness decreased the value of dCp/da(Cy, = 0) for both the

symnetrical and the cembered wing from 0,085 to 0.078 and 0,082 to
0.077, respectively, The average decrement in maximum 1ift was 0,30
for the symmetrical wing and 0.26 for the cambered wing. The addition
of leading-edge roughness to each wing did not change its stall pattern
although the rate of stall progression accelerated, with a resultant
decrease of 4° or 5° in the angle of attack for maximum 1ift, The
stalled regions again developed more rapidly on the cambered wing.

Drag characteristics.— Any drag benefits shown by adding camber
to the airfoil disappeared when roughness was applied, At values of
1ift coefficient below 0.3 the valuos of drag coefficient for the two
wings were identical, The comparative values of drag coefficient for
Cr, > 0.3 were less for the symmetrical wing than for the cambered wing.
This effect of roughness illustrates the need for maintaining a smooth
surface condition in order that the benefit of a cambered mean line
may be utilized,

Pitching-moment characteristics.— At low values of 1lift coef—
ficient, the application of leading—edge rougkness caused a forward
shift in the neutral point of 1 to 2 percent of the mean aerodynamic
chord, At high values of lift coefficient the neutral-point locations
were approximately the same with the wings rough as with the wings
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gmooth, but the loss in maximum 1ift coefficient resulting from rough—
nese increased the rate of change of neuwtral point with 1ift coefficient.

* Variation of Aerodynamic Cheracteristics
with Reynolds Number

Lift cheracteristics.—~ The variation of maximun 1ift coefficient
with Reynolds number ie given in figure 9. With the wing amooth the
maximm 1ift coefficicnt increased with increasing Reynolds muber,
This Increase was more prcnounced for the symmetrical wing than for \
the cambered wing in the Reynolds number range of 3,000,000 to 5, 000,000.
The recults chotm in figwe 7 indlcate thet et low Values of 11ft ;
coefficlent the lift-curve slope ie independent of Reynolds number,

At the high values of 1ift coefficient an increase in slope with '
incrensing Reynolds number is evidenced. With the wings rough, the
maximum 13ift coefficlent of both wings was eesentlally independent of
Reynolds number. (See figz. 9. )

Drag charactoriSujca.—-Figure 10 presents the variation of
profile~dreg coefficiont with Reynolds mmber for the approximate
design conditions of high-speed (C, = 0.2) ond cruising (Cp = O. 7)

flight. With the winge smooth, the profile~arag coefficient ab
Cy, = 0.2 increased with increasing Reynolds nurber. An increase

in tunnel air-stream turbulenco with Reynolds number 4s belleved

to te part]y responsible for thls effect. Roughnsss eppiled to the
loading edge of the wings inltiasted turbulent flow over the wing 3
surfaces snd then the drag coefficient showed little changs with -
increasing Reynolds number., From previous discussion and the curves
shovn, the addition of camber to the symmetrical wing appeared to

have 1little offoct on the wing drag in the high.speed condition, ~In -
the crulsing condition with the wings smooth the cembered winz still
pertly retalned the low-drag qualities and thus maintained much lower
values of drag coefficient then did the symmetrical wing. Applying
wing roughness to both wings reversed the sltuation decidedly as pointed
out previously and elso resulted in appreciable decreases in drag with
increase in ¥ oynolds number.

Pitching-moment characteristi’s. With the wings both smooth
end rough, incroasing The Reynolds nuniber did not noticeably affect
the pitching moment of the wingg at low velues of 1if't coefficient.
At any given 1ift coefficient near the stall, the positive values
of the pitching-moment coefficient decreased with increasing Roynolds
number,
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CONCLUSTIONS

From tests of two highly tapered moderately swept-back wing
models to determine the effect of changing the airfoil section from
symaetrical profiles to reflex—cambered profiles, the following
conclusions were indicated:

1., The upper limit of the low—drag reglon of the asrodynamically
smooth wings was shifted from a 1ift coefficient of about 0.35 to 0.65,
which allowed for a reduction in the drag in the cruising condition.
With leading-edge roughnoss on the wings, the drag in the range of
1ift coefficient above 0.3 was decildedly more for the cambered wing.

2. The value of pltching-moment coefficient at zero 1lift did
not change but the neutral point moved ahead 2 percent of the mean
aerodynamlc chord. The forward shift in neutral point which was
obgeorved abt values of 1lift coefficient above the low—drag range of
the wings was more severe for the cambered wing. Application of
roughness had a destabilizing influence on both wings.

3. The lift-curve slope for both wings decreased at the upper
end of the low-dreg rangs. This decrease was more definite and
pronounced for the cambered wing.

L, Stelled arcas developed on both wings at the upper end of
the low-draeg range. The vaelue of the maximum 1lift coefficient, if
the wings were trimmed, would be slightly higher for the cambered
wing even though the stall progression was more rapid.

Langley Memorial Aeronautical Laboratory
National Advisory Comittee for Aeronautics
Langley Field, Va,, October 1, 1946
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TABLE I.— ORDINATES FOR REFLEX-CAMBERED AIRFOIL
rStations and ordinates in percent choré]

Root Section Tip Section
Station Ordinate Station Ordinate
Upper Lower Upper Lower

surface surface surface surface
0:3 1.65 -0.69 03 1.562 -0.657
.6 2.05 -1,05 .6 1.937 -.991
1.0 2,45 -1.41 1.9 2.324 -1.339
2.0 3.26 -~1.99 2 3.085 -1.887
3 3.92 -2.42 3 3. 731 -2.288
4 4,49 -2.79 L 4,259 -2.645
5 5.02 ~3+13 5 4,752 -2.962
6 5.49 ~3.43 6 5.194 -3.250
8 6.33 ~3.97 8 5.995 -3.758
10 7.06 ~4,.43 10 6.683 -4,198
15 8.51 -5.39 15 8.056 -5.107
20 9.60 -6.15 20 9,092 -5.827
25 10.43 -6.79 25 9.873 ~6.429
30 10.97 ~T7.27 30 10.392 -6.882
35 11,58 =T7.57 35 10,676 -7.169
39.5 11.32 ~T.70 39.5 10. 747 ~7.289
45 11,09 -7.66 45 10.498 ~7.258
50 10.61 ~T.45 50 10.047 -~7.058
55 9.88 -7.06 5% 9,358 -6,681
60 8.94 -6,52 60 8.463 ~6.173
65 7.80 -5.83 65 7.389 ~5.522
70 6.56 -5,04 70 6.212 -4, 775
i DeD ~4,16 12 4,972 -3.938
80 3.91 -3.26 80 3.700 -3.089
85 2,58 ~2435 85 2.h4Y -2.229
90 1.36 ~1.48 90 1.285 -51.403
93 T3 —-.97 93 &.690 o932
95 .39 -.67 95 =267 -.633
96 .26 L 51 96 2.2&& :-.u82
97 A4 - 37 97 135 a—.3h6
98 .08 9 98 & o713 —. 222
99 .0l ~13 99 8,036 | 2-.122

100 .0k -, Ol 100 a0 0

%In order to facilitate
1C-percent chord of the

model construction, the ordinates for the rear
tip section were increased above these basic

values to provide a 0,1346-percent—chord trailing-edge radius

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
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(b) Cambered wing ; aerodynamic washout about O.25 chord = 4%

aspect ratio = 7.36.
Figure /.- Concluded.
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Figure 2.- Symmetrical wing mounted for testing in the Langley
' 19-foot pressure tunnel.
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- Figure 4.- Stalling characteristics of wings; R~=4,680,000;
M=0.13.
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Figure 5.- Effect of airfoll modificationson the profile-drag
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Figure 9.- Effect of Reynolds number on maximum 1lift coefficient with
and without leading-edge roughness.
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Fig. 10 NACA TN No. 1212
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(a)Cruise condition; Cr=0.7.
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(b) High speed condition; C_ = 0.2.
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Filgure 10.- Effect of Reynolds number on G at high speed and crulse
o

condition with and without leading-edge roughness.




