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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 2284

LIFT, PITCHING MOMENT, AND SPAN LOAD CHARACTERISTICS OF

WINGS AT LOW SPEED AS AFFECTED BY VARIATIONS
OF SWEEP AND ASPECT RATIO

By Edward J. Hopkins
SUMMARY

Measurements of .the 1lift, pitching moment, and pressure distribu—
tion of a wing which was swept —40°, —30°, 0°, 35°, and 45° were made at
low' speed in a wind tunnel. The wing span was decreased to give aspect
ratios of 6.8, 5.3, 4.2, 3.4, and 2.8 with corresponding taper ratios of
approximately O.4 to 0.7. The experimental effects of independent varia—
tions of sweep and -aspect ratio on the lift—curve slopes, the span load
. distributions, the aerodynamic—center locations, and the spanwise center—

of-pressure locations are compared with the effects estlmated by use of
the We1ss1nger method.

A sufficient reduction of the aspect ratio of the swept wings elimi-—
nated the static longitudinal instability at the moderate to high 1lift
coefficients, but failed to eliminate the premature local stalling asso—
ciated with swept wings. The Weissinger method gave good agreement with
the experimental lift-curve slopes, but slightly underestimated the 1lift
carried ovér the outer portions of the wings.

INTRODUCTTION

In recent years considerable attention has been given swept wings
because of the benefits to be derived from sweep at high speeds.
Although large amounts of sweep may lead to plan forms capable of effi—
‘cient flight at high speeds, sweep causes numerous stability and control
problems. An investigation was undertaken to explore the primary changes
in the low—speed 1lift, pitching—moment, and span load characteristics of
wings caused by independent variations of sweep and aspect ratio. This
report summarizes the experimental results obtained in one of the Ames
T— by 10—foot wind tunnels for various plan forms.
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Several theoretical methods for estimating the span load and the
1ift characteristics of wings have been studied from the standpoint of
accuracy and time of application (reference 1). As a result of this
study, the Weissinger method appeared best suited and was used for the
theoretical investigation of the numerous plan forms in reference 2.

The results from applying this method to the wings of the present inves—
tigation are presented and compared with the experimental results.

NOTATION
b2 |
A aspect ratio
b wing span measured perpendicular to the air stream, feet
c wing chord measured parallel to the air stream, feet
c! ‘wing chord measured perpendicﬁlar to the sweep réference line,
feet .
. f ‘ .5b 02 dy

c mean aerodynamic chord, o) , feet

fosb a . .

o] cT

Cav ' average chord <%> sTeet
CR root chord, feet
Cp tip chord, feet

Cy, .11ift coefficient EL
gs

: ACL additional-total—lift coefficient, change of total-1lift coeffi—
' cient produced by & unit change of angle of attack within the
linear range of the 1lift curve Co

. C;r maximum 1ift coefficient’
CLa' lift—curve slope (measured through a = 0°), per degree

ACy additionél—local—llft coeff1c1ent, chdnge of ‘local—lift coeffi-
: cient produced by a unit change of angle of attack within the
linear range of the lift curve

C itching-moment coefficient [ —=—
m P ing » <:qSE:>

K, cofrection constant fof ahgle of attack
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l taper ratio (-—-
. °r

correction constant for 1ift coefficient
correction constant for pitching—-momént coefficient

wing 1ift, pounds

wing pitching ﬁoment about the lateral axis through the.

25—percent point of the mean aserodynamic chord, foot—pounds-

- free—stream dynamic pressure, pounds per square foot

Réynolds number <v-v€_>

.~ wing area, squa.re' feet

free—stream velocity, feet per second

. lateral distance measured from reflection pla.ne s Teet

angle of attack, degrees

angle of attack at maximum 1ift coefficlent, degrees

Cp

angle of . sweep of the line joining the qua.rter—chord points of
the NACA 6431-212 sections which were perpendicular to this
11ne ; positive for sweepback, degrees

“kinematic viscosity, feet squared per second

Subscript

uncorrected

CORRECTIONS

‘The experimental data were corrected for the effects of the wind—
tunnel walls by the method of reference 3. The corrections applied to
. the data for the swept wings were the same as for unswept wings of the
same aspect ratio, taper ratio, and area. A few previous checks of cor—
rections for similar plan forms had indicated that a negligible error '
was involved in applying the corrections in this manner. The angles of
attack and the 1lift and pitching—moment coefficients were corrected as
follow3'
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a, + Ky CLu

cm='c + Kq Cp

) where Ki, K2, and K5 are constants to be found in- table I and the
"subscript u denotes the uncorrected values.

DESCRIPTION OF MODEL

The model wings uced in this investigation were mounted in one of
_the Ames T7— by 10-foot wind tunnels on a turntable flush with the tunnel
floor which served as a'reflection plane corresponding to the plane of
symmetry (fig. 1). The variations of the sweep angle were accomplished -
by rotating the semispan model wings about a point at 38 percent of the
root chord of the unswept wing. The aspect ratio was varied by a pro—
gressive reduction in wing span. The geometry of each of the wing plan
. forms, including an illustration of the geometric construction of a
typical tip plan form, is shown in figure 2. The unswept wings had the
NACA 64 1212 section perpendicular to the quarter—chord line. For the
swept wings, the angle between the NACA 641—212 section and the plane of
. symmetry was equal to the angle of sweep. The spanwise locations. of the
rows of pressure orifices in the model are shown in figure 3. :

-

TESTS

The data presented herein were obtained at a dynamic pressure of
40 pounds per square foot. The corresponding Reynolds number for each
plan form is given in table II. It should be noted that, because of the
manner in which the plan forms of the wings were obtained, the wing -
chords parallel to the plane of symmetry (for wings of constant aspect
‘ratio) became slightly larger with increase in sweep angle which resulted:
in an increase of streamw1se Reynolds number.

In order to ascertain whether these changes of Reynolds number with
sweep angle (table II) affected the lift and pitching—moment coefficients,
‘several of the swept wings were tested throughout a range of Reynolds
numbers from 1.2 million to 2.2 million. This range brackets the range
-of Reynolds numbers that resulted from testing all the wings at a con—

- stant dynamic pressure. Only insignificant effects of scale on the aero—
dynamic characteristics were found ‘in this range. :
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PRESENTATION OF RESULTS

. The -1ift and pitching-moment characteristics of the various model
wings are presented in figures 4(a) to 4(e). Summarized in figure 5 are
the effects of variations of sweep and of aspect ratio on the lift—curve
slopes, on the angles of attack for maximum 1ift coefficient, on the
maximum 1ift coefficients, and on the -longitudinal—stability character— -
istics. The predicted lift-curve slopes from reference 2 (the- We1551nger
method) are also presented in figure 5. Effects of the sweep and aspect—
" ratio variations on the aerodynamic—center locations from the present ..
experiments and from calculations by the method of reference 2 are pre—
sented in figure 6. The experlmental aerodynamic—center locations were
determined from the slopes of the pitching-moment curves for the various
'plan forms measured through zero lift coefficient (figs. h(a) to 4(e)).

. The spanwise variations of Acl/AC and of Aclc/ACLc obtained
from the experiments and from reference 2 are presented in fXgures T and
8. The effects of sweep and aspect-ratio variations on the spamwise

' center—of—pressure locations determined by use of the experimental load—-
1ng curves and from reference 2 are presented in figure 9.

DISCUSSION OF RESULTS

It should be mentioned that, because of the manner in which the
various plan forms were developed, each change of sweep or aspect ratio
was accompanied by a change of taper ratio. The taper ratios ranged
from 0.412 to 0.725. The effect on the air flow of the raked wing tips
on the swept wings is unknown but is believed to have been localized -
near the wing tips. Some discretion should be used, therefore, in com—
paring some of the effects of variations of sweep and aspect ratio with
the effects indicated by other investlgations.

Lift and PitchingMoment Characteristics

For all aspect ratios, either sweepforward or sweepback decreased
the lift—curve slope, increased the angle of attack for maximum 1ift
coefficient, and, in general, increased the maximum 1ift coefficlent of
the wings (fig. 5)« Other swept wings at Reynolds numbers less than

2.0 million have also been observed to have greater maximum 1ift coef-—
ficients than unswept wings of the same aspect ratios. Insufficient

- evidence is available to determine the reason for this effect of sweep
which may occur only at low Reynolds numbers.

It should be noted that sweep produced longitudinal instability at
moderate to high 11t coefficients for wlngs of aspect ratios 6.8 and -
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5.3 (figs. 4(a) and ¥(b)). The 1lift coefficient at which this longitu—
dinal instability first occurred decreased as the wing was swept either
forward or back. However, reducing the aspect ratio of the swept wings
had the effect of eliminating the longitudinal instability at the moder-
ate to high 1lift coefficients, as shown in figures L(a) to U(e).

In an effort to determine the causes for the changes in the longi-—.
tudinal stability, studies were made of the air flow in the boundary
layer by means of short tufts of thread placed on the upper surface of
the models. These studies indicated that a complete breakdown of flow
(stall) occurred initially near the wing tips of all the swept-back
models and near the wing roots of all the swept—forward models and
approximately at the midsemispan of the unswept models. Reduction of
the aspect ratio of the swept wings failed to eliminate these stalled
areas. The improvement in the longitudinal—stability characteristics of
- the swept wings caused by a sufficient reduction in aspect ratio is
probably mainly attributable, therefore, to the proximity of the local
normal forces acting over the stalled areas to the lateral ax1s rather
than an improvement in the air flow over the wings.

As shown by the close agreement between~the experimental and theo—
retical lift—curve slopes (fig. 5), the Weissinger method predicted with
good accuracy the lift—-curve slopes of all the wings. The increase with
‘sweep of the angle of attack for maximum lift coefficient was less for
the wings having the smaller aspect ratios. The increase of the maximm.
1ift coefficlent with sweep was relatively unaffected by changes in the
aspect ratio of the wings. The fact that the stability at the higher
1ift coefficients was primarily a function of the combination of aspect
ratio and sweep, mentioned hereinbefore, was also indicated in refer—
ence 4. The combinations of aspect ratio and sweep for marginal sta—
bility at the higher 1ift coefficients, as. determined in reference L,
are indicated by the broad curve in the plot of aspect ratio versus
sweepback. of figure 5. Combinations above this curve were unstable at
the higher 1ift coefficients while those below the curve were stable.
The data of the present report as indicated by the experimental points
are shown to be in close agreement with the results of reference 4. It
+ 1s noteworthy that the combinations of aspect ratio and sweep for mar—

ginal stability for swept-back wings from reference 4 are also valid
for the swept—forward wings. The data for the swept—forward wings are
indicated by the flagged symbols in figure 5.

For all aspect ratios, the. experimental aerodynamlc—center location
relative to the mean aerodynamic chord was shifted rearward by either
sweepforward or sweepback (flg. 6). In the theoretical method of refer—
ence 2, it was suggested that the aerodynamic—enter location could be
calculated theoretically by assuming the load to act at 25 percent of a
chord (parallel to the air stream) with a spanwise location ‘corresponding
to the center of the span load as given by the Weissinger method. The
results of following that procedure (shown in fig. 6) do not give good ,
agreement with the experimental effects of sweep on the aerodynamic—center
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location. An improvement in the prediction of the effects of sweep on
the aserodynamic—center locatlon was accomplished by assuming the chord—
wise location of the center of load to be 25 percent of a chord normal .
- to the sweep reference line rather than of a chord in the streamwise
direction. (See fig. 6.) Tt seems reasonsble to believe that better
correlation with the experimental aerodynamic—center location would
result by following the latter procedure because chordwise pressure—
distribution measurements indicated that the chordwise center of addi-—
tional local 1lift was close to.the 25-percent point of the chord normal
to the sweep reference line over the center portion of the wing span for
several of the swept wings. The assumed position of the load for tbe

improved prediction is shown below )
/////

 Assumed position
of load in reference 2 Asumed position
’ : of load for
improved method

}

Spanwise center
of load from
Weissinger theory

Co
\/ TSN

It should be observed that the measured location of the aerodjnamlc center

for all the unswept wings was somewhat forward of the 25—percent point of
~ the mean aerodynamic chord.

Span Load Characteristics

_ For all aspect ratios, a greater portion of the 1lift was carried near .
the tips of the swept-back wings and near the roots of the swept—forward
wings than on the corresponding unswept wings (figs. 8(a) to 8(e)).
Increasing the aspect ratio of the wings resulted in an increase. of the
1ift near the wing tips with a corresponding reduction in 1lift near the
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wing root (figs. 7(a) to 7(e)). A comparison between the experimental
and theoretical span-—load characteristics (figs. 8(a) to 8(e)) indicates
that, in general, the Weissinger method (reference 2) slightly underesti—
mated the amount of 1lift carried on the outer portions of the wings.

Increasing the aspect ratio from 3.4 to 6.8 had a small effect on
the variation of the location of the spanwise center of pressure with
sweep (fig. 9). Although the experimental values of the spanwise center—
of—pressure location were 1 to 2 percent of the wing semispan farther out
along the semispan than the theoretical locations, the Weissinger method
gave a good estimate of the variation of spamwise location of the center
of pressure with sweep.

CONCLUSIONS

From the results of a wind—tunnel investigation of the effects of
independent variations of sweep and of aspect ratio on the 1ift, pitching-
moment, and span—load characteristics of wings at low speed it can be.
concluded that:

1. A sufficient reduction of the aspect ratio of the swept wings
eliminated the longitudinal instability that occurred at moderate to
high 1ift coefficients, but failed to eliminate the stalled areas which
occurred initially near the tips of the swept—back wings and near the
roots of the swept—forward wings.

2. The increase with sweep of the angle of attack for maximm 1ift
coefficient was less for the wings with the smaller aspect ratios.

3. For all aspect ratios, an increase in 5weepback or sweepforwafd
resulted in'a rearward movement of the aerodynemic center relative to
the mean aerodynamic chord. -

4, For all aspect ratios, a greater portion of the 1lift was carried
near the tips of the swept-back wings and near the roots of the swept—-
forward wings than on the corresponding unswept wings.

5. Weissinger's theory gave good agreement with the experimental
lift—curve slopes and the rate of change of spanwise center—of-pressure
location with sweep, although the method slightly underestimated the 1ift
carried over the outer portions of the wings. Improved correlation with-
the experimentally determined effects of sweep on the aerodynamic—center
location was obtained by assuming the chordwise location of the center of
span load given by the Weissinger theory to be at 25 percent of the chord
normal to the sweep reference line rather than at 25 percent of the chord.
parallel to the air stream. . -

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif., Nov. 17, 1950.
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CONSTANTS FOR WIND-TURNEL—WALL CORRECTIONS

(a) Constant K; for Correction to Angle of Attack

[@ = ay + Ky CLu]

Aspect Angle of Sweep

ratio 145° 350 0° —30° 400
2.8 ;00338 _———— -———— — o — 00396
3.4 103 0.346 0.275 0.383 458
.2 467 Lol .357 A2 . .519
5.3 527 469 L1415 507 581
6.8 | —~—~- .529 481 ST ==

(b) -Constant Ko for Correction to Lift Coefficient
[CL = CLu + Ko CLu] l

Aspect Angle of Sweep
-ratio 450 350 0° —30° 400
2.8 -0.0017 -——= | === | === [-0.0020
3.h —-.0019 | -0.0016 |-0.0012 {-0.0018 —.0022
h,2 -.0021 | —.0019 —.0017 | —.0022 —.0026
5.3 —.0026 | —.002k —.0020 | —.0026 —.0030
6.8 - == | =,0027 —.0025 | —.0030 -
(c) Constant K, for Correction to Pitching-Moment Coefficient
A (Cm = Cm, + Ka Cr,,]
Aspect Angle of Sweep
_ ratio - 450 359 0° —30° —40°
2.8 0.000872| — — — - - 0.0010%
3.4 .00098 o.ooog’( 0.00054% | 0.00086 .00114
L. o .00106 | ..00085 .00070 .00095 .00121
5.3 .00113 | .00093 .00075 .0010k .00128
6.8 - ——| .00098 .00081 .00108 -
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REYNOIDS NUMBERS' FOR TESTS OF THE VARIOUS WINGS
Angle .
- of Aspect Ratio
sweep
(deg) 6.8 5.3 1&.2 3.1-(- 2.8
) — 1.89 x 10| 1.99 x 108| 2.07 x 108 | 2.15 x 108
-30 1.6k x 108} 1.72 1.80 1.90 -
0 1.43 1.49 1.56 1.49 -
35 1.59 1.67 1.75 1.82 - —
L5 - - 1.81 ©1.90 1.99 2.07

1The Reynolds numbers are for the test dynamic pressure of 40 pounds per
square foot and are based on the mean aerodynamic chords of the vari-
ous wings. :

.
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(a) 35° of sweepback.

(b) 30° of sweepforward.

Figure 1l.— Swept wings of aspect ratio 6.8 mounted in one of the Ames
T—= by 10—foot wind tunnels.
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H— y
Model A only
| H X
; Model B only
‘ All dimensions.in inches
? ¢ F
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S Py R, N
. C T g
' N
Line where - B——|-=-qrmrmm e %
model D was. : ] F R
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-Figure 3.~ Spanwise position of pressure tubes.
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Sweep,4, deg
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——Weissinger theory, reference 2
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Figure 9— Effect of sweep on fthe spanWise |

center-of-pressure /|ocation for wings of -

several- aspect ratios.
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