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Buffet Excitation of Wings at Low Speeds
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Wind-tunnel experiments were undertaken to investigate the unsteady excitation arising from separated flow
at low speeds. A series of untapered wing models with a common section chosen to be insensitive to Reynolds
number effects was used in the investigation. The models had sweep angles of —20, 0, and 30 deg, and aspect
ratios ranging from 6 to 16. The excitation was measured indirectly using wing-root strain gauges and presented
in terms of the buffet excitation parameter. The experimental data obtained in this investigation indicate that
this parameter attains a common limit under poststall conditions irrespective of wing planform; physical reasons
for the limit are discussed. Poststall conditions refer to angles of attack in excess of that at which the lift is
maximized. Buffet excitation can attain larger values at lower incidences, and also at high incidences for lower
reduced frequencies, which correspond more closely to rigid-body modes.

Nomenclature
AR = aspect ratio
b = tip-to-tip wing span
Cr = root bending-moment coefficient
c = wing chord
cL = sectional life coefficient
F(n) = Theodorsen function
f = frequency, Hz
fo = modal frequency
G(n) = dimensionless spectral density of excitation
m = mode generalized mass
n = reduced frequency, fc/V
VnG(n) = buffet excitation parameter
q = dynamic pressure
RBM = time-averaged root bending moment
S = wing area
1% = freestream velocity
y = spanwise coordinate
a = angle of incidence
4 = total modal damping
7 = 2y/b
A = sweep angle
P = air density
o = modal rms wing-tip acceleration
¢ = measured mode shape

Introduction

NSTEADY aerodynamic loads:induced by flow sepa-
rations can cause aircraft dynamic responses. These re-
sponses are structural deformations at reduced frequencies of
order 0.3, and rigid-body motions at reduced frequencies an
order of magnitude lower. This article focuses on such struc-
tural deformations that are referred to as buffeting. The ex-
citation arising from the separated flow that causes the struc-
tural deformations is referred to as buffet.’
Buffet excitation generally becomes significant near the in-
cidence at which there is a deviation from linearity of the lift-
curve slope. Further increase in incidence will generally in-
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crease the buffeting. Based on a limited number of flight-test
and wind-tunnel observations, it has been suggested that as
an aircraft reaches a handling boundary, the buffet excitation
remains bounded and of the same magnitude, irrespective of
wing planform and separation development.? This excitation
is quantitatively described using the buffet excitation param-
eter, VnG(n), in the notation of Ref. 1 where

VnG(n) = CmoV{)VwgS) 8]
The reasons for, and further confirmation of the bounded
excitation (referred to as the heavy buffet limit) have been
suggested as useful topics for further research.?

For an investigation of aircraft dynamic response to sepa-
rated flow, it is common practice to measure the aerodynamic
excitation and/or the aircraft response, although it is also
prudent to consider the structure of the surrounding flowfield.
Structures found in separated flow over aircraft wings at low
speeds include bubbles, foci of separation, tip vortices, and
three-dimensional spanwise cells. Researchers have associ-
ated buffet excitation with each of these structures.

The presence of three-dimensional cells on a wing upper
surface has been reported based on flow visualization of slightly
stalled airfoils.>* For a wing that developed a trailing-edge
separation,® the “‘cells” were seen to grow towards the leading
edge with increasing incidence. A definite increase in buffet-
ing was reported when the separation line reached the leading
edge, although any qualitative or quantitative description of
this buffeting is lacking.

Foci of separation are discussed in detail in Ref. 5, where
it is stated that the buffet phenomenon on swept wings is
thought to be related to the unsteady characteristics of foci.
However, in Ref. 6, flow visualization techniques were used
to establish the presence of foci of separation on a stalled
swept wing in a detailed buffet investigation, yet no relation-
ship between foci of separation and buffet was found in this
work, which appears to contradict the statement in Ref. 5.

Separation bubbles have been the subject of many inves-
tigations. In particular, considerable experimental evidence
has been amassed on the self-similarity of various static and
dynamic properties of separation bubbles.” The influence of
leading-edge, snag, and tip vortices on buffet and buffeting
is discussed in Ref. 8.

The primary focus of this research was to experimentally
investigate the buffet excitation parameter for a series of sharp
leading-edge wing models in a low-speed flow over a range
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of incidence from 0—-40 deg. The analysis was primarily con-
fined to the fundamental bending mode, although a limited
number of resuits were obtained for the second (overtone)
bending mode. In particular, it was of interest to determine
whether the magnitude of the buffet excitation parameter
remained bounded as had been suggested, and if so, to un-
cover physical reasons for this result.

The work reported herein, although based on the doctoral
thesis of the first author,” contains additional experimental
observations and discussion.

Description Of Experiments

The experiments were conducted in the University of Cam-
bridge low-speed wind tunnel that has a test section cross
section of 1.2 X 1.7 m and a maximum speed of 60 m/s. The
Reynolds numbers obtained in the experiment were low, only
0.1 x 10°-0.5 x 10° based on wing chord (76 mm).

The behavior of 17 untapered wing models was investi-
gated,” although not all models are discussed here. The models
were stiff but not rigid, and were cantilevered out from the
wind-tunnel floor in a “half-model” configuration. A simu-
lated fuselage was not incorporated. Fundamental bending
mode accelerations were determined by means of a full-bridge
wing-root strain gauge. The bridge had been calibrated prior
to testing by exciting the model in that mode and relating the
output to a wing-tip-mounted accelerometer. Aspect ratios
ranged from 6 to 16 with three sweep angles —20, 0, and 30
deg. Each model was tested over a range of incidence from
0 to 40 deg in 2 deg increments at three wind speeds, and
therefore, three reduced frequencies.

In Ref. 10 it is argued that G(n) is a function of Mach and
Reynolds numbers, wing geometry, and angle of attack. By
using the wing section shown in Fig. 1 (which has a sharp
leading edge) the effect of Reynolds number was minimized.
Furthermore, there is evidence to suggest that once the flow
has fully separated from an aircraft wing, the unsteady pres-
sures acting on the wing are insensitive to Reynolds number
effects.’ Also, compressibility effects are considered insig-
nificant in this investigation as the Mach number did not
exceed 0.2. Thus, for this investigation, G(n) is a function
only of wing geometry and angle of attack.

Knowledge of the mean flow characteristics and of the mean
aerodynamic loads, was a prerequisite to understanding the
unsteady flows and dynamic loads, which were of primary
interest in this investigation. The mean aerodynamic loads
acting on the wing models were measured using the wing-root
strain gauges and converted to a nondlmenswnal coefficient
Cr defined as

Cx = RBM/gS(b/2) )

As an aid to understanding the mean flow characteristics,
surface oil-flow visualization experiments were undertaken to
determine the skin-friction lines.

Complete details of the experimental procedure may be
found in Ref. 9. Approximately 1600 cycles of wing motion
(fundamental mode) were recorded for each combination of
incidence, wing model, and velocity. The sampling rate was
about 20 times that of the fundamental bending mode fre-
quency in all cases. These sampling conditions ensured con-
vergence of the root-mean-square (rms) value of the signal
and yielded damping estimates with a standard deviation of
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Fig. 1 Wing section.

BUFFET EXCITATION

approximately 15% (95% confidence level) using the Ran-
domdec technique.'? In most cases this damping was predom-
inantly structural in origin, however, in some cases apprecia-
ble aerodynamic damping was present. Later in this article,
some quantitative assessments are made regarding the level
of aerodynamic damping in separated flow for two of the wing
models used in this investigation.

Unswept Wing Models

Figure 2 presents the values of Cy as a function of incidence
for the unswept wing models. Surface oil-flow visualization
experiments performed on these models established that the
leading-edge separation bubble, which formed over the upper
surface for a small positive incidence, would fail to reattach
for incidences greater than about 4.5 deg. The slope of the
mean root bending-moment coefficient is seen to decrease at
about 4.5 deg incidence, although, up to an incidence of 10
deg or so, the actual coefficient continues to rise. For the
unswept wing models, this latter incidence will be referred to
as the stall angle. Now in Ref. 13, measurements of lift on a
two-dimensional double-wedge plate spanning a wind tunnel
are reported where it is stated that a leading-edge separation
bubble may enhance the magnitude of lift (provided that the
bubble reattaches to the upper surface). Thus, in this exper-
iment the increase in Cy over the range 5 deg < a < 10 deg
cannot be attributed to the bubble that is present on the upper
surface and now closes in the wake. The continued increase
in normal force and, therefore, root bending moment beyond
4.5 deg incidence, must be due to the attached flow resulting
from the wing tip vortex (indicated in Fig. 3 at 10 deg inci-
dence).

Oil flow visualization experiments performed at a Reynolds
number of 200,000 revealed similar skin-friction lines on the
suction surfaces for the various unswept wing models. Models
with aspect ratios of 6, 8, and 16 were used for the flow
visualization investigation. The surface streamlines are shown
schematically in Fig. 3 for four incidences, and are presented
for a spanwise distance of three chords, inboard from the tip.
For a model with an aspect ratio greater than six, the flow
pattern inboard of what is presented, can be inferred from
the skin-friction line characteristics near the right edge of each
figure. However, in all cases, the skin-friction lines within one
chord of the wing root showed evidence of the vortex which
forms at the wing root/wind tunnel wall junction. Wing-root
flows were not of interest here because they contribute little
to the static or dynamic root bending moments.

-0.1 o {deg)

Fig. 2 Variation in mean root bending moment coefficient with in-
cidence A = 0 deg.
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Fig. 3 Skin-friction lines—unswept wing models.
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The flow above the wing, and away from the tip or root,
can be characterized by a large unswept separation bubble
with several recirculation bubbles contained therein. For a
low-speed flow like that present in this investigation, the dy-
namic loading is produced by large-scale instabilities and
movements in the separated shear-layer feeding through the
bubble onto the wing surface, rather than from local small-
scale fluctuations.

There is a region of attached flow near the wing tip at 10
deg incidence that is not evident at the higher incidences in
Fig. 3, suggesting that the core of the wing tip vortex is lifting
off the wing surface at an incidence in excess of 10 deg. At
these higher incidences, and within about one chord of the
wing tip, is a focus of separation. Smoke flow visualization
established that the fluid entrained by the focus would lift
from the surface, roll up into a vortex and be convected down-
stream, combining with the wake. It also suggested that the
orientation of this vortex relative to the wing model was not
fixed, but rather tended to wobble. Although the relative sizes
of these regions shown are intended to be accurate, the precise
bounds of a focus are difficult to establish.

Figure 4 presents the variation in buffet excitation param-
eter with incidence for the aspect-ratio-eight unswept steel
wing model. The buffet excitation parameter takes on nonzero
values for all positive incidences because separated flow is
present on the upper (and lower) surface for these incidences.
The buffet excitation parameter increases with incidence up
to an incidence of about 10 deg, at which Cy is also at a local
maximum (Fig. 2). VrG(n) attains a value of about 0.006 at
this incidence, that is twice that of the heavy buffet limit.
According to Ref. 14, this severe level of buffeting in a low-
speed flow should arise from either a bistable separation or
some kind of aerodynamic resonance. However, as discussed
in Ref. 9, smoke flow visualization indicated the tip vortex
was not stationary, but tended to move about above the wing
model. It was concluded (but not confirmed) that the most
probable source of the severe buffet excitation is movement
of the tip vortex, since this would lead to substantial pressure
changes at the wing tip which increase the excitation and,
therefore, the magnitude of VnG(n). Buffet excitation re-
sulting from wing-tip vortices was reported in Ref. 8; although
no direct connection can be made between the two investi-
gations as the relevant reduced frequencies for that investi-
gation were an order of magnitude greater than the values
with which this article is concerned.

Asincidence is increased beyond that at which Cy,,., Occurs,
the value of VVnG(n) decreases and then becomes essentially
constant at about 0.003 (which corresponds to the heavy buffet
limit). At high incidences, VrG(n) decreases slightly with
increasing values of reduced frequency. The tip vortex does
not influence the aerodynamic loading at these high inci-
dences, so it can be said that for this case the excitation arises
from the unswept bubble on the upper surface. Based on
experimental evidence, it was suggested in Ref. 9 that exci-
tation arising from the focus of separation is significant at
much lower values of reduced frequency, and thus not con-
tributing to the excitation here.
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Fig. 4 Variation in \/nG(n) with incidence AR = 8§, A = 0 deg.

For a wind-tunnel investigation in which there is a degree
of flexibility in the model, there arises the possibility that the
motion of the model will affect the unsteady flowfield sur-
rounding the wing. Additionally, concerns about static aero-
elastic distortion arise when the model is flexible. However,
in Ref. 9, it was shown that static aeroelastic distortion was
not a significant factor in this investigation. To assess the
sensitivity of the buffet excitation parameter to model motion
amplitude, unswept wing models with aspect ratios of 8§ and
16 were constructed of aluminum, but were otherwise iden-
tical to their steel counterparts. Analysis of the wind-tunnel
test results showed that the wing-tip deflections for the alu-
minum models were about three times those of the steel wing
models.

The effect of the increased flexibility on the buffet exci-
tation parameter was negligible for the aspect-ratio-eight wing
models as indicated in Fig. 4. It can be concluded that under
these conditions the model motion does not interfere or in-
teract with the loads arising from the separated flow and these
loads can be considered motion-independent. At most, the
model motion may result in an aerodynamic damping term,
the magnitude of which (when expressed as a percent of the
critical value) would be larger for the aluminum model.

In Figs. Sa and 5b, values of \VnG(n) obtained from each
of the unswept wing models, are plotted against reduced fre-
quency for two angles of incidence, one corresponding to stall
(@ = 10 deg) and one well beyond stall (¢ = 30 deg). Results
from a specific wing model are connected by a solid line and
the particular aspect ratio is indicated. Values of the buffet
excitation parameter as a function of incidence for each of
the unswept wing models have been reported elsewhere.!®
Computation of G(n) at 10 deg incidence revealed self-similar
“flat” spectra for all wing models.® Thus, as the aspect ratio
increases, VaG(n) will decrease as indicated in the figure.

The heavy buffet limit of 0.003 is again evident at the higher
incidence and at reduced frequencies characteristic of low-
speed flight. Severe levels of excitation are present for re-
duced frequencies corresponding to rigid-body modes at these
large angles of incidence, and these levels are associated with
the presence of a focus of separation. From the point of view
of buffet, this excitation is of little interest; however, this
magnitude of excitation may be of some concern with respect
to the rigid-body dynamics of an aircraft, expecially in the
roll mode.

Digital spectral analysis of the wing-root strain-gauge time
histories revealed that in a limited number of cases a distinct
response peak occurred at the second (overtone) bending
mode frequency. This response was analyzed for the unswept
aspect-ratio-sixteen wing models at 10, 20, 30, and 40 deg of
incidence. Computation of VnG(n) from the response in this
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Fig. 5 Influence of reduced frequency on \VnG(n), A = 0 deg.
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mode was not as straightforward as for the fundamental bend-
ing mode. The evaluation of the generalized mass in the sec-
ond mode proved to be experimentally difficult, and so the
value determined analytically from beam vibration theory was
used. Similarly, it proved difficult to calibrate the strain-gauge
bridge as a function of wing-tip acceleration in the second
mode. Recourse was made to determine a value using an
analytical method based on the theoretical mode shape, mea-
sured natural frequency, and known strain-gauge gauge
factor. (For the first bending mode, a comparison of the ex-
perimental calibration with the result obtained using this an-
alytical method for that mode, revealed good agreement.)
The total damping in the second mode was determined using
the half-power point method, and as such there is greater
uncertainty in the damping estimates for this mode than for
the fundamental mode damping estimates obtained by way
of the Randomdec method.

Figures 5a and 5b show that the value of the buffet exci-
tation parameter for the overtone bending mode is in rea-
sonable agreement with the values obtained in the first mode
at similar values of reduced frequency but at a lower aspect
ratio. The result should not be surprising, as one would only
expect modal effects to exist if there are significant motion-
dependent aecrodynamic loads in-phase with the displacement
of the wing. Such effects are not likely to be found in a low-
speed flow at these reduced frequencies.

The effect of a small fence on buffet excitation was studied
by mounting a small fence at = 0.8 on the aspect-ratio-
sixteen wing model as shown in Fig. 6. While the fence altered
the mean skin-friction lines considerably at 10 deg incidence
(no appreciable change in skin-friction pattern was observed
at 20, 30, or 40 deg incidence), the values of the buffet ex-
citation parameter remained unchanged over the entire in-
cidence range. Thus, the excitation must arise from the shear-
layer instabilities near the top of the bubble, rather than from
local unsteady pressures and velocities near the suction sur-
face. It should be noted, that the reduced frequency range
over which the experiments with this fence were conducted,
was 0.017 = n = 0.030, far below values expected for buffeting
in low-speed flight.

Aft-Swept Wing Models

Figure 7 is a plot of the mean root bending-moment coef-
ficients as a function of incidence for the aft-swept wing models.
For incidences greater than those at which the separation
bubble failed to reattach on the unswept wing models (about
4.5 deg), these coefficients are reduced compared to those of
the unswept wing models. Surface oil-flow visualization es-
tablished that attached flow arising from a tip vortex did not
exist for the swept wing models for any incidence greater than
2.5 deg, presumably because of the local tip geometry. Thus,
when the leading-edge separation bubble reached the trailing
edge on the aft-swept wing models, there was no further con-
tribution to lift, and so the mean root bending-moment coef-
ficients do not increase appreciably with a further increase in
incidence up to 15 deg. As will be shown, there is a significant
change in the buffet excitation over this incidence range. Be-
yond about 15 deg of incidence, Cy increased again.

The results of the oil flow experiments performed on the
aft-swept wing models indicated that the upper surface is dom-
inated by a swept separation bubble at all incidences (Figs. 8
and 9). In Fig. 8 evidence of a small focus of separation near
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Fig. 7 Variation in mean root bending moment coefficient with in-
cidence A = 30 deg.
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Fig. 8 Skin-friction lines—AR = 8, A = 30 deg.
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Fig. 9 Skin-friction lines—AR = 16, A = 30 deg.

the outboard edge, similar to that found on the unswept wing
models, can be seen clearly at 10 and 20 deg of incidence,
but is not found at higher incidences. At the two highest
incidences in Fig. 8, dashed skin-friction lines are indicative
of low shear stress.

The surface streamlines for the aft-swept aspect-ratio-twelve
and -sixteen wing models were in general agreement with
those of the aspect-ratio-eight wing model at incidences of 10
and 20 deg, the midspan flow simply occurring over a larger
area. However, at 30 deg incidence and beyond (Fig. 9) the
pattern was unlike those for the aspect-ratio-eight aft-swept
wing model. In these cases, the flow pattern was similar to
those at lower incidences with a focus of separation near the
wing tip. This change in the mean flow pattern possibly arises
because the higher aspect-ratio wing models have greater cir-
culation outboard, consequentially reversing the direction of
the spanwise pressure gradient.

The influence of aft sweep on the buffet excitation param-
eter for an aspect-ratio-eight wing model is shown in Fig. 10
wherein the results for the aspect-ratio-eight unswept steel
wing model at n = 0.08 are also included. Over the incidence
range 8 deg < @ < 16 deg, the value of VVrG(n) is considerably
reduced for the wing model with sweep. Considering the fact
that flow visualization did not establish the presence of a tip
vortex on the upper surface of the aft-swept wing models for
any incidence greater than 2.5 deg, it now seems quite prob-
able that the tip vortex is responsible for the increased buffet
excitation of the unswept wing models over this incidence
range. However, this conjecture cannot be confirmed in the
absence of detailed unsteady pressure measurements near the
wing tip. At higher incidences, the effect of 30 deg sweep on
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Fig. 10 Variation in \/nG(#n) with incidence for three sweep angles,
AR = 8.

the buffet excitation parameter is minimal. This is an impor-
tant point because this combination of aspect ratio and re-
duced frequencies is representative of those commonly oc-
curring for subsonic aircraft in flight. It is also noteworthy
that the value of VnG(n) corresponds well with the heavy
buffet limit of 0.003. For all incidences, the swept wing model
flow is dominated by a swept bubble and it can be concluded
that the unsteady pressures associated with this bubble are
responsible for the buffet excitation. At high incidences, flow
over the unswept wings is also dominated by a separation
bubble (in this case unswept), and in both cases the integrated
effect of the excitation is to produce the same value of
VnG(n). Experimental evidence suggests that the focus of
separation which exists at large angles of incidence, for the
aft-swept wing models with larger aspect ratios, is again as-
sociated with excitation at reduced frequencies corresponding
to rigid-body modes, as discussed in Ref. 9.

Forward-Swept Wing Models

For a forward-swept wing, stall occurs initially at the root,
and progresses in a spanwise manner towards the tip, the
outcome of which is a more gradual variation in Cg with
incidence as is shown in Fig. 11. The shape of the curve for
the aspect-ratio-twelve wing model suggests that attached flow
and therefore, high suction, exists at the wing tip up to ap-
proximately 30 deg incidence.

Flow visualization experiments established that the sepa-
rated flow is again dominated by a swept bubble. Addition-
ally, for the forward-swept wing models, a vortex originated
at the apex of the wing, as shown in Fig. 12 for the aspect-
ratio-eight wing model. As incidence increases, the region of
attached flow resulting from the presence of the vortex near
the wing tip decreases in size, and at an incidence of 30 deg
the tip vortex no longer produced attached flow on the sur-
face. In contrast, the top vortex continued to strongly influ-
ence the tip flow for the forward-swept aspect-ratio-twelve
wing model at 30 deg (Fig. 13), but not at 32 deg, possibly
because the vortex had lifted off. Smoke flow visualization at
30 deg incidence established that the tip vortex moved about
in an irregular fashion at this incidence. The tip vortex is
evidently responsible for the high suctions and increased value
of Cy, for the aspect-ratio-twelve wing model at 30 deg.

Considering the manner by which flow separation pro-
gresses with increasing incidence on forward swept wings, it
would be expected that for appropriate incidences (low a) the
magnitude of the buffet excitation parameter would be less
for a forward-swept wing than for an unswept wing, simply
because the separated flow region is nearer to the wing root.
This is shown to be the case in Fig. 10 for the aspect-ratio-
eight forward-swept wing model. At 10 deg incidence the level
of VnG(n) is less by a factor of three for the forward-swept
wing model, than for the unswept wing model, despite the
fact that a tip vortex is present in both cases. It is thought
that away from the incidence at which Cpry,, Occurs, the tip
vortex must remain relatively stationary, and therefore not
contribute to buffet excitation for the forward-swept wing
model.

10 20 30 20
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Fig. 11 Variation in mean root bending moment coefficient with
incidence A = —20 deg.
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Fig. 12 Skin-friction lines—AR = 8, A = —20 deg.
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Fig. 13 Skin-friction lines—AR = 12, A = —20 deg.
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Fig. 14 Variation in \V2G(n) with incidence A = —20 deg.

In light of the discussion of the effects of a tip vortex on
buffet excitation near Cp,, for the unswept wing models, it
would be expected that a similar effect would occur at an
incidence corresponding to Cg.., for the aspect-ratio-eight
and -ten forward-swept wing models, but no such effect is
evident. Figure 11 indicates that no clearly defined Cg,,,, ex-
ists for either the aspect-ratio-eight or -ten forward-swept
wing models. These two features are probably related, but
the mechanism is not understood.

For the aspect-ratio-twelve forward-swept wing model near
30 deg incidence, the value of VnG(n) is much higher than
for the lower aspect-ratio forward-swept wing models at sim-
ilar values of reduced frequency (Fig. 14). With reference to
Fig. 13, it would seem that for this combination of sweep
angle, incidence, and aspect ratio, the tip vortex is again
significantly increasing the buffet excitation. For a slight in-
crease in incidence (2 deg) the buffet excitation parameter is
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sharply reduced, suggesting that the tip vortex has lifted from
the wing upper surface. For incidences beyong 32 deg, the
presence of a swept bubble was again evident and the value
of VnG(n) is about 0.003, although the data suggest that the
value may increase with a further increase in incidence.

Aerodynamic Damping

There are few published measurements of aerodynamic
damping in separated flow for structural modes as determined
by means of a buffeting investigation. For the aspect-ratio-
sixteen wing models used in this investigation, it was possible
to establish the presence of, and make some quantitative
statements with respect to the magnitude of, the aerodynamic
damping for fully separated flows and for the case when the
leading-edge separation reattaches to the suction surface at
approximately 50% chord (a = 2 deg).

In accordance with the method outlined in Ref. 16, it was
established that at 2 deg incidence, the structural damping
was insensitive to normal force and wing-root strain for these
experiments. Thus, a systematic increase in total damping
with velocity will indicate the presence of aerodynamic damp-
ing. This is shown to be the case in Fig. 15 for both the steel
and aluminum aspect-ratio-sixteen wing models. Also pre-
sented in the figure are two solid lines which represent the
acrodynamic damping computed from

£, = (pvereysmmty | $0)-dejdat) &y @)

The computed results from linear aerodynamic theory are in
reasonable agreement with the experimental data points. Lin-
ear aerodynamic theory is applied here to indicate that the
experimental data trends are reasonable and its use is justi-
fied, based on the fact that at 2 deg incidence, the separation
reattaches to the upper surface at about 50% chord. It should
not be inferred that the computed values represent the “‘ex-
act” values of aerodynamic damping. The difference between
the measured total damping and the computed aerodynamic
damping is indicative of wind-on structural damping. The re-
sults suggest levels of wind-on structural damping of roughly
1% for the aluminum wing model and about 0.5% for the
steel wing model. Equation (3) is based on the expression for
aerodynamic damping found in Ref. 17, and modified to in-
corporate the variation in lift-curve slope across the span using
lifting-line theory. The lift-curve slope had been determined
in a separate experiment for a two-dimensional airfoil with
the same section.® The effect of frequency on the lift-curve
slope was accounted for using the Theodorsen function, F(n).'®

Further evidence of the presence of acrodynamic damping
can be obtained from close examination of Fig. 16, wherein
the variation in total damping is plotted against angle of in-
cidence for the aspect-ratio-sixteen aluminum wing model.
Two data points are shown at each incidence, reflecting the
fact that this particular wind-tunnel run was repeated (several
months after the initial test). As discussed in Ref. 9, exper-
imental conditions are again such that the wind-on structural
damping was constant over the incidence range 8§ deg < o <

8- o
a

[ o Steel (expt)

£ 6r a o Aluminum (expt.)

e —— Aerodynamic

= a H

=t $ Damping from

£ 4 £ Theory (Eq. 3)
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Fig. 15 Variation in total damping with velocity, AR = 16, A = 0
deg, a = 2 deg.
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Fig. 16 Variation in total damping with incidence, AR = 16, A =
0 deg, V = 50 m/s.

18 deg. The presence of aerodynamic damping remains to be
established.

With reference to Fig. 2, there is no appreciable slope to
the curve of mean root bending-moment coefficient for in-
cidences of 10 and 14 deg and it is reasonable to assume that
the lift-curve slope would also be close to zero at these in-
cidences. This implies that aerodynamic damping is not
present, and therefore the total damping must be equivalent
to the wind-on structural damping (indicated in Fig. 16). This
level of structural damping is in reasonable agreement with
the value of 1% suggested above. Indications of relative mag-
nitudes of aerodynamic damping can be gleaned from the
slope of the curve in Fig. 2 for the aspect-ratio-sixteen wing
model. A steeper gradient indicates a larger magnitude of
aerodynamic damping. Clearly, the aerodynamic damping
should be positive at 8, 16, and 18 deg incidence. Further-
more, the magnitude of aerodynamic damping should be greater
at 8 deg than at 18 deg and that at 18 deg should be greater
than that at 16 deg. By similar argument, the aerodynamic
damping should be negative at 12 deg. With reference to Fig.
16, at 12 deg incidence the total damping has decreased, and
it can be concluded that the aerodynamic damping is negative.
For incidences of 16, 18, and 8 deg, the total (and thus aero-
dynamic) damping is positive and increasing. Therefore, over
the range 8 deg = o = 18 deg, it can be concluded that
aerodynamic damping is present and that the aerodynamic
and structural damping are of the same magnitude.

The structural damping of the aspect-ratio-sixteen alumi-
num wing model is roughly the same at an incidence of 2 deg
and over the incidence range 8—18 deg. If it is assumed that
this level of structural damping is present for the entire in-
cidence range, then it can be said that for this wing model
the aerodynamic damping represents a substantial contribu-
tion to the overall damping from 0 to 40 deg incidence (Fig.
16). Despite the fact that at some incidences there is a sig-
nificant variation in the total damping, good agreement was
obtained for the values of VnG(n) for the two wind-tunnel
runs.

Conclusions

This paper has discussed buffet excitation for wings in a
low-speed flow. Measurements of the buffet excitation pa-
rameter were presented and discussed for a range of wing
planforms, with an identical section chosen to be insensitive
to Reynolds number effects. The following conclusions can
be drawn from the results of the investigation.

1) The buffet excitation parameter VnG(n) attains a value
of 0.003 under poststall conditions and for reduced frequen-
cies characteristic of aircraft in low-speed flight. Results from
the unswept and aft-swept wing models indicated that
V' nG(n) is insensitive to incidence under post-stall conditions;
however, those from the forward swept models indicate that

nG(n) may be sensitive to incidence. This level of excitation
is attributed to that arising from a swept or unswept separation
bubble, whichever is appropriate. The experimental evidence
suggested that this limit is also valid for the second (overtone)
bending mode.
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2) Experimental evidence suggested that under certain con-
ditions wing-tip vortices could influence the magnitude of
VnG(n) near stall. Levels in excess of the heavy buffet limit
could be attained under these circumstances. Unsteady pres-
sure measurements made under the tip vortex would confirm
this source of buffet excitation.

3) Foci of separation are thought to cause excitation at
reduced frequencies about an order of magnitude lower than
those characteristic of wing buffeting in low-speed flight. It
would therefore seem that foci are more of a concern for
aircraft handling than for buffeting.

4) The insensitivity of the results to Reynolds number ef-
fects and the fixed separation point of the chosen section may
provide a useful test case to determine VrG(n) at high in-
cidences using a CFD approach.
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