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creases, a pole location can be tracked on a root-locus in the
complex s plane as shown in Fig. 4. When the first critical
flow speed is reached, the root locus shows the pole on the
s-plane imaginary axis.

The plate's parameters have the following values.6 The
aerodynamic center and the location of the elastic axis is
a = -OA-b. The mass center location is xa = 0.2-b. The
plate's radius of gyration is ra = 0.5-b. The mass ratio is
fji = 40 and the semichord b = 1. The pure pitch and plunge
resonances are a>a = 100 rad/s and w,, = 50 rad/s, respectively.

Conclusion
The fractional calculus model overcomes much of the im-

practical nature of Theodorsen's function. The model is an
accurate algebraic description of the transcendental Theo-
dorsen's function and it leads to an excellent, closed form
approximation of Wagner's function. Furthermore, the frac-
tional calculus model has no poles on the principle sheet of
the s plane that obviates the difficulties associated with the
aerodynamic poles associated with traditional algebraic models
of Theodorsen's function. These strengths enable the model
to conveniently describe the effects of unsteady aerodynamic
loads for general small perturbation airfoil motion in both the
Laplace domain and the time domain.
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Introduction

M UCH of the experimental work associated with un-
steady flows has centered around the harmonic oscil-

lations of a single lifting surface, usually rotated about the
quarter chord, and the resulting changes in the flowfield sur-
rounding the model.1'2 Only a few investigations3-4 have con-
sidered the translation and rotation of finite wings such as
those encountered on real, full-size, fighter-type, superma-

neuverable aircraft in deep stall. Probably the best summary
of the state of the art using a theoretical approach is found
in Refs. 5-7. In Ref. 5, a structured approach to the problems
associated with a theoretical analysis of oscillating airfoils is
provided in which the various terms in the force and moment
equations are discussed along with a two-dimensional solution
for simple harmonic motion. For the examples chosen in the
analysis, prediction of phase angles, due to circulation lag, of
about 15 deg for specific configurations seems to be typical.
It was shown in Ref. 8 that the maximum lift coefficient ex-
perienced during sinusoidal oscillation changes drastically with
alterations of the lifting surface rotation point. For the two-
wing case, with the rotation point somewhere between the
two wings, one would expect significant deviations from the
quarter chord rotation point data. In a two-dimensional ex-
periment by Walker,9 a forward airfoil was pitched about its
quarter chord axis at a constant rate. Flow visualization results
indicated that the leading-edge vortex, separated from the
forward airfoil section, could be made to pass either over or
under an aft airfoil. In this tandem wing arrangement, such
as those described in Ref. 9, the downwash loading from
forward lifting surfaces can make significant contributions to
the loading on a downstream wing or tail. Because downwash
loads and moments are difficult to predict theoretically, es-
pecially for unsteady motions, a series of wind-tunnel tests
were completed in a low-speed wind tunnel on a generic con-
figuration as pictured in Fig. 1, in which attempts were made
to measure downwash directly.10

The experimental wind-tunnel tests were conducted in a
low-speed, open return wind tunnel. The test section was 3
x 3 ft (91.44 x 91.44 cm), and the nominal freestream ve-
locity was 89 ft/s, producing a Reynolds number of about 2.05
x 105 based on the wing chord length of 6.0 in. All airfoil
sections were NACA 0015, and the wings were mounted to
individual load and moment balances at the quarter chord of
each wing. The two wing assemblies, as shown schematically
in Fig. 1, were mounted to an oscillating splitter plate con-
nected to a shaft and bearing assembly in the floor of the
wind-tunnel test section. The wings were mounted in the ver-
tical direction for ease of construction and ready access to the
drive assembly underneath the tunnel floor. The round splitter
plate was beveled to a 30-deg angle to reduce boundary layer
and hardware interference in the test data. Each wing was
mounted to a shaft along the quarter chord which was rigidly
attached to individual load and moment balances. This shaft,
running through the quarter chord, also served as a means of
setting each wing incidence angle. The bottom of each shaft
was fixed to a rigid plate bolted directly to the face of each
balance, and the plate was designed so that its upper surface
was flush with the splitter plate surface. A small gap between
the root or bottom end of the wing raised the wing to near
the edge of the boundary layer on the oscillating plate.
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The splitter plate was rigidly connected to a drive shaft
supported by a large bearing assembly attached to the bottom
of the tunnel. The drive shaft protruded through the bearing
assembly and through the tunnel floor. The drive motor as-
sembly consisted of a 1.0-hp variable speed dc motor con-
nected to a gear reducer by means of a flexible coupling. The
output of the gear reduction unit was connected to a flywheel-
type connecting arm assembly which was rigidly attached to
the output shaft protruding through the tunnel floor. The
linkage system was so designed that one full revolution of the
gear reduction output arm produced a 60-deg swing in the
splitter plate. Because of the design dimensions, the plate
rotation was limited to about +25 and -35 deg.

Sensors for the experiment consisted of two five-component
load balances, a bridge circuit assembly for the angle mea-
surements, the wind-tunnel speed transducer, and an optical
encoder. Only three components on each balance were used
consisting of 1) normal force, 2) pitching moment, and 3)
rolling moment (root chord bending moment). A bridge cir-
cuit was used to measure the angular position of the plate
and the optical encoder was used to "start" the measuring
cycle at a precise location of the splitter plate.

A high-speed computer digitized each channel of data at a
rate of 1.0 MHz and stored the data in memory for later
processing. Clock pulses were generated internally to the com-
puter to start each "burst" of data at predetermined time
steps during each cycle. At each clock pulse, each channel
was sampled four times at the 1.0-MHz rate. Each data cycle
was repeated four times to produce aggregate data which was
averaged in order to eliminate "some" of the scatter in the
data and to eliminate some of the electronic noise. The data
were also electronically filtered using a low pass filter to fur-
ther eliminate electronic noise. Clock pulse frequencies were
adjusted to correspond to approximately 30 data sets (angular
positions of the splitter plate), depending on the preset ro-
tation rate of the drive motor. It was assumed that the clock
pulses occurred at the same angular positions of the splitter
plate during each of the four cycles so that data from each
cycle could be averaged. After all data from each cycle was
stored in memory, postprocessing of the data produced final
coefficients, numerically differentiated angular velocities, and
corrected angular positions. For all cases, data were taken
only for the upswing of the splitter plate. Because of the
particular setup in the wind tunnel, it was not possible to take
data on both the upswing and downswing cycle of the splitter
plate.

The mechanism was rotated at differing rates with tunnel
air off, and the resulting data was stored in a three-dimen-
sional array which served as the "zero data" file. In order to
extract a single channel zero reading, a double linear inter-
polation was required in the three-dimensional array, de-
pending on measured angular position and measured angular
rotation rate. In this manner, the inertial and electronic offset
loads and moments were subtracted from the wind on data
resulting in a measurement of the aerodynamic loads alone.
For each new configuration in which the inertial loads would
change, a new zero data file was generated. The data as pre-
sented in the following figures were obtained from individual
balances attached to each wing. In some cases these data were
extracted from two runs in order to obtain the actual down-
wash loading.

Results
As pointed out in Ref. 5, unsteady oscillations cause a delay

or lag in the loading on two-dimensional airfoils. This is also
true of finite wings and is even more pronounced for rotation
about a point not on the airfoil section. Figures 2 and 3 are
plots of experimental normal force and pitching moment coef-
ficient data for a two-wing configuration of equal span. The
normal force coefficient was defined in the standard manner
with the reference area being the wing planform area of the
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Fig. 3 Forward wing normal force and pitching moment coefficients
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largest wing tested (18-in. semispan and a 6-in. chord). The
distance from the rotation point in the middle of the splitter
plate to the leading edge of the forward and aft wings was 8
in. (1.33 chord lengths). Data were taken during the oscil-
lation as the plate traverses a negative to positive rotation
angle. Because of the electronic setup and computer averaging
of the data, it was not possible to take data in the positive to
negative direction rotation of the splitter plate. The steady-
state data, 0.0-Hz case, indicated that the wing stalled at about
14 deg for both the forward and aft wings as shown in Figs.
2 and 3. As the plate rotation rate was increased to 0.2 and
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Fig. 4 Aft wing normal force and pitching moment coefficients vs
splitter plate angle, unequal semispans.

0.6 Hz, the stall angle for both wings shifted to higher and
higher angles of attack. It is clear, from Figs. 2 and 3, that
this lag in the loading was a nonlinear function, dependent
on the airfoil rotation rate, the angle of attack history, and
the relative rotation axis location. These results and those of
Refs. 3, 11, and 12 clearly point out that the pivot radius is
a critical factor in unsteady measurements and must be in-
cluded in comparing data for oscillating airfoils and wings.

Changing the semispan of the forward wing did not appear
to alter the results as shown in Fig. 4. Therefore, it appears
that this lag in the loading was primarily a two-dimensional
phenomenon dependent on the shed vorticity in the chordwise
direction, and essentially independent of the vortex trailing
legs from the forward wing. It may also be concluded that
the loading lag on an aft wing is only weakly influenced by
the presence of an additional lifting surface. This is not to
say, however, that the loading lag and downwash are not in
some way coupled, as will be shown later. It is clear from
these results that the stall angle increases significantly with
increases in rotation rate. However, the delineation between
the "lift" stall and the "moment" stall, hypothesized in Ref.
13, was not clearly depicted in the data. There is some hint
of a difference in comparing Figs. 2 and 3.

Though somewhat complicated, the downwash can be
measured directly in the steady or unsteady case. First, coef-
ficients for the wing of interest, say the aft wing, must be
obtained with and without the "inducing" front wing present.
Of course, this approach does not yield localized flowfield
results, but does provide global changes in the aerodynamic
coefficients. For the present experiments, only the normal
force, pitching moment, and root chord bending moment
(rolling moment) were measured. Figure 5 is a typical output
for the case of two 18-in. wings as pictured schematically in
Fig. 1. A positive downwash is defined to be downward di-
rected, resulting in a negative value for Delta CNA, where
Delta CNA is defined to be the change in normal force coef-
ficient on the aft wing due to downwash from the forward
wing. When the whole system is oscillated at some positive
splitter plate rotation frequency, the maximum value of the
magnitude of the downwash changes very little due to a non-
zero reduced frequency. This can perhaps be explained by
noting that the downwash is probably masked by changes in
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loading due to "circulation lag"; the term circulation lag refers
to that part of the wing loading due to circulation. Secondly,
even though the magnitude of the downwash changes very
little, the downwash curve is shifted in angle of attack to the
right. That is, maximum up wash does not occur at a negative
stall angle, but for this particular case occurs at near zero
angle of attack. The shift in the downwash curve is essentially
the same as the shift in alpha due to the lag in circulation on
the aft wing section. That is, the shift in the downwash curve
is due to circulation lag of the aft wing coupled with the
loading on the forward wing.

From the present test results the following conclusions are
made:

1) The loading due to circulation lag associated with oscil-
lating wings is an important fundamental property of the flow-
field. It is essentially independent of external induced down-
wash flowfields, but is dependent on the location of the pivot
point for the wing or airfoil section, the relative rotation rate,
and the angle-of-attack history of the lifting surface.

2) Downwash from a forward wing on an aft lifting surface
can enhance or degrade the potential of an aft wing to produce
lift.

3) In an oscillating two-wing configuration, both the for-
ward and aft wing lift are affected by the circulation lag. The
downwash induced on the aft wing is not synchronized with
the circulation lag of the downwash producing front wing, but
rather with the circulation lag of the aft wing. Consequently,
a forward wing producing positive lift can produce upwash
on the aft wing increasing its potential to produce lift.
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