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By Sherman A. Clevenson, Sumner A. Leadbetter
and Weimer J. Tuovila’

SUMMARY

The results of an exploratory investigation are presented, including
a limited amount of data on oscillating air forces and moments through
the subsonic and transonic speed ranges. Comparisons of the coefficients
tabulated by lLawrence and Gerber for the forces, moments, and their
respective phase angles with the experimental data on a rectangular and
a delta wing of aspect ratio 2 showed good agreement. The magnitudes of
the forces and moments were found to be generally nearly invariant with
reduced frequency k for small values of k. The phase angles, however,
were found to vary considerably with reduced frequency.

INTRODUCTION

Experimental determination of the oscillating air forces in the
high subsonic speed range for wings of finite aspect ratio is desirable
because of a lack of available data, both theoretical and experimental.
The purpose of this paper is to present some current results of experi-
ments in the Langley 2- by 4-foot flutter research tunnel and the Langley
16-foot transonic tunnel on wings of finite aspect ratio with &nd without
tip tanks at subsonic and transonic speeds. Inasmuch as the oscillatory
aerodynamic coefficients for delta and rectangular wings of small aspect
ratio in incompressible flow have recently been tabulated by Lawrence
and Gerber (ref. 1), the results of the experimental investigation dis-
cussed in this paper are compared with those of reference 1.

SYMBOLS
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7ol = ial
qslalc/e
91 phase angle by which the lift leads the angle of attack
Om phase angle by which the moment leads the angle of
attack; negative values indicate that the moment lags
the angle of attack
|L|, lMl, |a' maximum values of 1lift, moment, and angle of attack
respectively during a cycle of oscillation
c root chord
S area of the wing
dynamic pressure
reduced frequency
A ’ aspect ratio

DISCUSSION

Wind-Tunnel Interference

The experimental determination of oscillating air forces is more
difficult than that of steady forces; in addition, there is the problem
of interpretation of the results as affected by such an item as wind-
tunnel-wall interference, particularly at high subsonic and transonic
speeds. For the two-dimensional case, these effects are discussed in
reference 2. Before proceeding to the discussion of the current results,
a brief illustration of wind-tunnel-wall effects for three-dimensional
flow may be in order. Figure 1 shows the amplitude of the lift coeffi-
cient and damping-moment coefficient, referred to the midchord line, as
a function of Mach number. These data were obtained on a rectangular
wing of aspect ratio 2 mounted perpendicular to the tunnel wall on a
plate that oscillated in the same wall as shown in the figure. The wing
was oscillated about its midchord line at a given frequency at various
Mach numbers. The predicted critical tunnel resonance region for a two-
dimensional wing is shown by the cross-hatched area. The circles repre-
sent the experimental results and the solid curves are the results of
calculations by the method of Lawrence and Gerber. (The reason for the
apparent variation of theoretical incompressible-flow results with Mach
number is that, inasmuch as the frequency was held constant in the tests
and the airspeed varied, the reduced frequency k, which is equal to the
circular frequency multiplied by the semichord and divided by the airspeed,
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varied with Mach number. This variation of k is responsible for the
variation of the theoretical results with Mach number).

As can be seen, fairly good agreement exists between experiment and
theory in the region well away from the critical resonance region, but
large variations take place near this range, particularly in the damping
moment. However, since in the region well away from critical resonance
the data follow a consistent trend, it will be assumed that the effects
of tunnel-wall interference in this region are small. Subsequent results
in this paper were obtained well away from the critical resonant region,
except where stated otherwise, by using either air or Freon-12 as required
in any given case.

Rectangular Wing of Aspect Ratio 2

The first configuration to be discussed is the wing shown in fig-
ure 1. For this wing, figure 2 shows the amplitudes of the 1ift and
moment coefficients and the angle by which these coefficients either
lead or lag the position of the wing. A moment phase angle shown below
the zero line indicates a damped moment. Shown here for comparison are
the results of the incompressible-flow analysis of Lawrence and Gerber
indicated by the solid curves and the results for two-dimensional
incompressible flow (ref. 3) indicated by the dashed curves. The experi-
mental data are shown by the circles. In this figure, these coefficients
and phase angles are shown as a function of the reduced-frequency param-
eter k, but, as in figure 1, the test results pertain to a constant
frequency and varying airspeeds and, hence, varying Mach numbers. The
range of Mach number was from 0.30 corresponding to the point at the
highest value of k to 0.78 for the point at the lowest value of k.

Although the calculations are for the incompressible case, they
show fairly good agreement for this aspect ratio. The effect of aspect
ratio can be observed by comparing experimental data with the results
of two-dimensional theory and the theory for aspect ratio 2. The theo-
retical results for aspect ratio 2 fall close to the experimental data
and follow the same trends for the four quantities shown, namely magni-
tudes of the lift and moment coefficients and phase angles of the 1lift
and moment. Three-dimensional theory underestimates the magnitudes of
the aerodynamic forces in this case, so that the use of these coefficients
in a flutter analysis would tend to result in too high a calculated flut-
ter speed and would thus be nonconservative. On the other hand, the two-
dimensional theory overestimates the forces by a considerable amount and
would tend to result in too low a calculated flutter speed, hence, over-
design of the aircraft.

There is little variation in the magnitudes of the forces and moments
at low values of X, although the phase angles, especially the lift phase
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angles, do show considerable variation with k. Other experimental data,
not shown, indicate that, even if the Mach number had not been varied as
in these tests, these magnitudes would probably still show little vari-
ation. It thus appears that steady-state tests may be useful in predicting
the magnitude of the oscillatory lift; however, the steady-state tests
offer no information as to the phase angles, which may be equally impor-
tant in a flutter analysis.

Delta Wing of Aspect Ratio 2

Figure 3 serves to show some effect of plan form at a given aspect
ratio inasmuch as it contains the results of measurements of the lift
and moment on & delta wing of aspect ratio 2, that is, a 63.4° delta wing
oscillating about a line through the midpoint of the root chord and per-
pendicular to the plane of symmetry. The moments are again referred to
the axis of rotation. As in the preceding figure, the results are plotted
against k, and again each point represents a different Mach number.

The experimental parameters, lift, moment, and 1ift and moment phase
angles, for this delta wing approximately follow the same trends .as pre-
viously seen for the rectangular wing of aspect ratio 2. The phase angle
again indicates a damped moment. It will be noted that the results of
calculations by the method of Lawrence and Gerber for this plan form are
in good agreement with the experimental results.

Wing With Tip Tanks

The use of large tanks at the tips of wings raises the question of
how they affect oscillating air forces on the wing. The lift forces and
phase angles have been obtained on a tank placed over the end of the
rectangular wing of aspect ratio 2 as shown in figure 4. The wing extended
into the tank approximately to its center line and there was a gap between
the wing surface and the tank. The tank was attached to the wing tip
through a strain-gage dynamometer, so that the tank forces could be sepa-
rated from the total forces on the combination. The wing-tank combination
was oscillated as & unit about the wing midchord axis.

In figure 4, lift magnitudes and phase angles are shown as functions
of the reduced frequency. For comparison, the results of calculations by
the method of Lawrence and Gerber for a rectangular wing of aspect ratio 2
without tip tanks are shown by the so0lid curves. The coefficients are all
based on the same reference area, namely the area of the original wing
alone. For reference, the dashed line represents a faired curve through
the experimental data presented in figure 2 for the wing alone. From a
comparison of this dashed curve with the square test points which repre-
sent the wing force in the presence of the tank, it may be seen that the
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addition of a tank to the wing tip does not increase the 1lift coefficient
on the wing proper by & significant amount. If the comparison of these
coefficients were made by taking into account only the exposed area, thel
1ift coefficient on the wing in the presence of the tank would be increased
by approximately 25 percent.

The 1ift on the tank was found to be about one-fourth the total
1ift on the wing-tank configuration for this low aspect ratio. The
phase angles for the wing-tank combination and for the tank in the
presence of the wing are about zero at reduced frequencies below 0.2,
as are the phase angles for the wing in the presence of the tank. At
somewhat higher reduced frequencies, the phase angles of the total 1lift
on the wing-tank combination are consistently smaller than the phase
angles on the wing alone and the phase angles on the tank in the presence
of a wing are smaller still, being about one-half as large as those for
the 1ift phase angle on the wing alone. From the given 1lift magnitudes
and phase angles, the phase angle of the 1ift on the wing in the pres-
ence of the tank can be deduced and - -is found to be slightly less than
that of the lift phase angle on the wing alone.

Rectangular Wing on Free-~Fall Body

A region of great importance today is the transonic speed range.
Some exploratory tests have been made in the Langley 16-foot transonic
tunnel with a rectangular wing mounted on the forward portion of a free-
fall body as shown in figure 5. The two wing panels oscillated as a
unit, whereas the body remained stationary. Tests involving oscillations
about the L4-percent-chord station were conducted up to a Mach number of

1.07h.

The oscillating forces, moments, and moment phase angles obtained
are compared with theory in figure 5, the moments being referred to the
axis of rotation. These coefficients are shown as a function of Mach
number and reduced-frequency parameter. The experimental data for the
oscillating case (28 cps) are shown by the square test points and for the
static case, by the circles. The experimental data for the 1lift were
obtained from strain gages which measured the bending moment at the root
of one wing and are uncorrected for possible shifts in the spanwise center
of pressure, so that they show trends rather than exact magnitudes.

These data were obtained through the critical tunnel resonance range
'mentioned previously in this paper but no particular resonant effects
were noted, probably because of the fact that the Langley 16-foot tran-
sonic tunnel has a slotted throat, whereas the resonance data of refer-
ence 2 are based on the assumption of a two-dimensional closed throat.
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Another factor that may be of importance is the ratio of tunnel height
to wing chord. This model is a three-dimensional model with a ratio of
tunnel height to wing chord of 16 as compared to the ratio of 4 for the
wing shown in figure 1. '

For comparison with the transonic experimental data, the results of
two-dimensional compressible-flow theories (refs. 4 to 6) are shown in
this figure by the dashed curves and the results of supersonic theory
(ref. 7) for a rectangular wing of aspect ratio 3 are shown by the solid
curves. The three crosses represent the calculations based on coeffi-
cients tabulated by Statler and Easterbrook (ref. 8) for a rectangular
wing of aspect ratio 3 at a Mach number of 0.8. All theoretical curves
pertain to 28 cps.

The experimental 1lift and moment coefficients may be seen to be much
smaller than the theoretical two-dimensional compressible-flow coeffi-
cients and also slightly smaller than the results of supersonic theory.
It is also interesting to note that the experimental oscillating coeffi-
cients are consistently smaller, although only by a small amount, than
the experimental static coefficients. The phase angle of the moment
remains negative through Mach number 1; this indicates a damped moment.
The trend of moment phase angle predicted by two-dimensional theory toward
an undamped region as the Mach number increases beyond 1 is thus not
realized on wings of low aspect ratio in the Mach number region covered
in these tests. Unfortunately no data were obtained at sufficiently high
Mach numbers to indicate whether the abrupt change in phase angle pre-
dicted by-three—diménsional supersonic theory is valid.

CONCLUDING REMARKS

This paper has dealt with a preliminary, exploratory investigation
and has presented a limited amount of data through the subsonic and tran-
sonic speed ranges on oscillating air forces. Comparisons of the coeffi-
cients tabulated by lawrence and Gerber for the forces, moments, and
their respective phase angles with the experimental data on a rectangular
and a delta wing of aspect ratio 2 showed good agreement. The magnitudes
of the forces and moments were found to be generally nearly invariant
with reduced frequency k for small values of k. The phase angles,
however, were found to vary considerably with reduced frequency.

Langley Aeronautical lLaboratory,
National Advisory Committee for Aeronautics,
langley Field, Va.
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AERODYNAMIC FORCES INDICATING TUNNEL-WALL
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Figure 1.
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Figure 2.
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AERODYNAMIC COEFFICIENTS FOR A=2, 63.4° DELTA WING
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Figure 3.

AERODYNAMIC COEFFICIENTS FOR A WING-TANK COMBINATION
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AERODYNAMIC COEFFICIENTS IN TRANSONIC RANGE
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