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Buffet Alleviation on Swept and Unswept Wings at High Incidence

G. A. Flynn,*I. F. Morrison,” and D. G. Mabey*
Imperial College, London, England SW7 2BY, United Kingdom

Buffeting measurements have been made on semirigid swept and unswept wings with a GA(W)-1 section, at
Reynolds numbers Re, up to 10°. Results show that a permeable surface, vented to an otherwise airtight plenum,
reduces the severity of the buffet excitation. Air passing through the plenum reduces the amplitude of the unsteady
separation point. However, the separation is highly three dimensional, producing stall cells and foci of surface-
normal vorticity. Qualitative evidence suggests that the buffet excitation parameter increases rapidly when the
size of the stall cell approximately doubles and the projected area of separated flow adjacent to the wing increases
abruptly. The use of a segmented model ensures that the wing is sufficiently flexible to retain the first bending-
moment mode shape. It also allows the position of the permeable surface to be moved to follow the mean separation
line approximately. Measurements show significant attenuation of the buffet excitation parameter, by as much as
two-thirds, for optimally aligned permeable surfaces. However, in attached flow the permeable surfaces increase
buffet excitation,and, when placed in a region of large favorable pressure gradient near the leading edge, separation
occurs farther upstream causing an even larger increase in buffet excitation.

Nomenclature
aspect ratio, s /c
wing chord
power spectral density of surface pressure fluctuation
frequency, Hz
modal mass
reduced frequency, f(c/Ux)
surface pressure fluctuation
freestream dynamic pressure
wing plan area
span
freestream velocity
mode shape, z/3
wing displacement
rms tip acceleration
angle of incidence
wing tip deflection
total damping as a fraction of critical
fraction of wingspan
= sweep angle

; "
[ | Ve | T I T [ L | 1 1 | | e [ T 1

S VY O Q ru NQQ’ NS S IS4 ©o
1l

Introduction

HE performance of many aircraft componentsis influenced by

flow separation. Important areas are the buffet-onset bound-
aries for wings at cruise conditionsor the onset of buffeting on flaps
when deflected for landing. An inevitable concomitantof such sep-
arationis buffetexcitation;its alleviationby passive meansis highly
desirable. Raghunathanet al.! have shown how the performanceof a
wide-angled diffuser can be improved by a series of buffet-breather
tubes: The pressure fluctuations are reduced and the mean pressure
recovery increased. More recently, Heenan and Morrison®® have
shown how the separated region downstream of a backward-facing
step can be modified by using a permeable surface at reattachment
to stabilize separation and, thus, reduce the excitation. Significantly,
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this passive control reduced the drag as well as the buffet excitation.
Both of these experiments suggest that passive control could be ap-
plied successfully to reduce the severity of wing and flap buffeting
(but not its onset). A companion paper* reports preliminary buffet
measurements made on a semirigid, unsweptintegral wing of aspect
ratio equal to 3 and Re, =5 x 10°, with fixed transition. It reports
the attenuationof the buffetexcitation parameterby up to 20% using
permeable surfaces beneath the separated flow. The chordwise po-
sition of the permeable plates was not optimized. In this paper, the
designofa segmentedmodelis outlined that providesthe correctfirst
bending-momentmode shape. Results of buffet excitation obtained
using this model at Reynolds numbers Re. up to 10° are presented.

Previous buffet research’~7 has considered buffet loads as a sim-
ple linear process in which the buffeting of a semirigid wing is
treated as the response of a single resonant mode in a multi-degree-
of-freedom system subject to broadband random excitation. Thus,
the wing loading is taken to be independent of its motion, and a
linear model is adequate. Therefore, the wing deflection must be
small, and the induced forces influence the response only though
their effect on aerodynamic damping. Jones’ notes that the limits to
these assumptions have not yet been clarified and that nonlinearity
plays an essential role in the transfer of energy from the airflow
to the wing. It is here that buffet differs from nonlinear flutter, in
which nonlinear energy transfer now involves the wing motion in
addition to that of the air and which can sometimes be modeled by
a limit-cycle oscillation. Stall flutter is most likely to occur when
the regular vortex-shedding (Strouhal) frequency excites a natural
frequency of the wing. In the case of buffeting, however, turbulent
pressure fluctuations cause broadband excitation that is significant
across the expected range of structural frequencies, and, therefore,
buffet excitation forces can be studied experimentally using a rigid,
semirigid, or aeroelastic model.

The use of a rigid model requires the measurement of pressure
fluctuations at numerous positions across the wing, and a buffeting
coefficientcan then be obtainedby integratingover the wing surface.
With a semirigid or aeroelastic wing, the buffet excitation may be
obtained from measurements of the wing response using either root
straingaugesor a wing tip accelerometer. This is much more efficient
thanrigid wing tests. Aeroelasticmodels tend to be complicatedand
expensiveto build. Thus, semirigid models are the most common for
use in buffet research; the model is designed so that the lower-order
modes imitate those found in buffeting on aircraft wings or flaps.

For a semirigid cantileveredwing, the buffetexcitation parameter
can be defined as>%3

VnG@m) = (2/ V) mi/q8)¢ (1)
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Table1 Levels of buffeting

as defined by Mabey®
Level J[nG(n)]
Light 0.00075-0.00150
Moderate 0.00150-0.00300
Heavy >0.00300

where n is the reduced resonant frequency. Equation (1) allows cal-
culation of the (non-dimensional) resultant generalized force where
all of the terms on the right-hand side are known. For a wide range
of tapered wings, Mabey® defines levels of buffeting correspond-
ing to the value of /[nG ()] as shown in Table 1. In this work,
the model was designed so that /[nG (n)] was as large as possible.
Overall design constraints determined that values of 4/[nG (n)] at
which significant attenuation was observed lay in the moderate or
heavy regimes. Thus, any reductions in +/[nG (n)] caused by the
permeable surfaces can be measured with an acceptable degree of
accuracy.

In this form, the buffet excitation parameter can be compared di-
rectly with a dimensionless pressure spectrum in the form proposed
by Owen’:

= oo %
L :/ F(n) dn =/ nF(n)d(logn) )
q 0 0

where n is the general reduced frequency, +/[nF (n)] is the (di-
mensionless) rms intensity of the aerodynamic excitation (a mea-
sure of the energy of the excitation at the measurement point), and
/[nG (n)] is the integrated response of the wing.

The next section outlines the novel design of a segmented model
that provides the correct mode shape closely correspondingto that
found on aircraft wings. Subsequently, flow regimes in which there
is significant attenuation (as well as amplification) of buffeting are
identified, and an attempt is made to relate these to the behavior of
the flow adjacent to the wing. This is achieved by measurements of
both /[nG(n)] and /[nF (n)] close to the permeable surfaces as
well as surface oil-flow visualization. Results for both unswept and
swept (A =20 deg) wings are reported.

Apparatus

Figure 1 shows the experimental rig and the segmented model
construction. It comprises a two-dimensional unswept wing with a
GA(W)-1 (17% thick) profile!® and aspectratio of 2.62. This profile
was selected to ensure a benign stall, thus providing a large range
of incidence over which the stall could be examined. An integral
rigid model of the same section and aspect ratio was also used for
chalk/paraffin surface-flow visualizationand surface-staticpressure
measurements. Both wings were optimally tripped using sand grain
roughness, that is, the minimum sand grain density and particle size
were used to ensure that the initial boundary layer was turbulent.
This was checked by using surface-sublimation visualization tech-
niques. The transition was fixed at 5% chord.

These same models were also used for corresponding measure-
ments on a swept wing (A =20 deg) at similar Reynolds numbers
by rotation of the wing in the plane of its chord at zero incidence.
Although the wetted surface area remains the same, the aspect ra-
tio is reduced to 2.3. In fact, the sweep angle varies with incidence
(because both angle changes are made on the same dividing head),
and so these estimates are approximate. Thus, at « = 16 deg and
A =20degand at« =27 deg and A =18.5 deg.

To remove the possibility of coupling between the wing and its
support, the segmented model was mounted via a dividing head
on a seismic mass, the natural frequency of which is significantly
lower than that of the first bending mode of the wing (Fig. 1a). The
rms tip acceleration was measured by root strain gauges that were
calibrated statically in a wind-off test. The calibration constant was
then corrected for the differencein deflection shape caused by static
and dynamic loads. In earlier tests, Z had also been estimated by
use of an accelerometer inserted at the tip of the wing; differences

- Permeable Surfaces

Ue=35m/s > Model
Transducers Natural Frequency = 10Hz
Strain Gz_lgges_*

Tunnel Working Section

Seismic Mass

= =
a) Rig assembly
Perforated Plate
Positions
1
. e, _» 2
Spar
ol s
AN L 4 ;
Instrument B
. ; channel : 4
: ! AN —
Spar 5
Perforated Plate / Plenum
Section through

Spar centres

b) Detail of segment construction

Fig. 1 Schematic of segmented model.

in estimates between the two methods were negligible. The modal
mass m was calculated assuming a mode shape given by

Z=n -4y 3)

which satisfies the mechanical boundary conditions. The actual
mode shape was checked statically by measuring the change in
natural frequency due to the addition of small weights at the wing
tip. It is very closely represented by Eq. (3). The damping ratio was
estimated during the course of the tests using the random decrement
method; thus, the aerodynamic damping is taken to be nonnegligi-
ble, althoughin the presentexperimentsthe total damping was small
(typically 3% of critical). Zan and Maull'' discuss the significance
of aerodynamicdamping: On scaling up to full-size conditions, it is
likely that the aerodynamic damping will increase.

For the segmented model, the permeable surfaces (Fig. 1b) are
made up of strips of perforated plate with an open-arearatio (OAR)
of 22% and circular holes of 1.5-mm diameter. The OAR was se-
lected as being that value above which effects of permeability tend,
inareattachingflow, to saturate > The plenum depthis unlikely to be
an optimum; here it is taken to be 0.033c. Two pressure-fluctuation
transducers were also mounted on the surface at differentlocations.
Purpose-built chips that also amplify the output signal were used
to drive these. For a fuller description, see Ref. 2. The natural fre-
quency of the model in the first bending mode is 9.8 Hz (with a
maximum tip deflection of about 12 mm), whereas that of the seis-
mic mass is 2.4 Hz. No special noisereductiontechniques were nec-
essary. However, spikes (of negligible energy) in the wall-pressure
spectra are apparent at multiples of the power supply frequency,
50 Hz (n=0.43), and at multiples of the fundamental organ pipe
resonance at 86 Hz (n = 0.74). The latter also has a prominent sub-
harmonic. Strain gauge and pressure fluctuation data were recorded
at 1000 samples/s for 45 s. A 10-min data sample was alsorecorded,
and this showed that results were negligibly different even at very
low frequencies.
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Finite element analysis was used to design the segmented model.
For the spars, a natural frequency of about 10-20 Hz (an order of
magnitude greater than that of the seismic mass) was required, with
a maximum tip deflection of about 20 mm and a factor of safety of
aboutfive for the root-sparloading. Subsequently the wingspan was
reduced slightly to increase its natural frequency. Some details of
the wing design are important. Its constructioncomprises a root spar
adjoining two wing spars that preventexcessive torsional deflection
so that the torsionalmode of vibrationcan be ignored. The measured
centerof pressureforthe wing liesin therange 0.35 < x /¢ < 0.45 for
the range of incidences over which buffetingis expectedto be large,
18 < o < 25 deg. The positionsof the wing spars are x /¢ = 0.23 and
0.55, giving a shear center at about x /c = 0.4. Thus, over the range
of incidences in question, the torsional mode of vibration is small
and at a minimum.

The wing segments (Fig. 1b) are made from a resin mixture with
lightweightfiller to maximize the natural frequencyin bending. This
material is also easy to machine. In addition to providing the correct
mode shape, this construction also allows a wing to be built so that
the position of the permeable surfaces relative to the curved mean
separationline can be optimized by inspection of surface-flow visu-
alization photographs obtained using the integral model. However,
this segmented design does make it difficult to ensure that the sur-
faceis continuousin the spanwise direction. Great care was taken to
ensure that sudden changes in surface geometry were kept to an ab-
solute minimum, and the use of cover plates to blank off permeable
plates meant that configurations with and without permeable sur-
faces could be tested without reassembling the model. Thus, there
are only minor differencesin the datum, that is, no permeable sur-
faces, estimate of /[nG (n)] from one model build to another. Each
configuration is shown with data to which they refer. The perme-
able surfaces are numbered (1-5), 1 referring to the plate nearest
the leading edge. The segments are numbered (1-6), 1 referring to
that at the root. Both the integral and segmented models were tested
in the same closed-circuit wind tunnel with a working section of
1.37 x 1.22 m and freestream turbulence intensity of 0.2%.

Results

Table 2 summarizes the principal parameters that characterize
each of the configurations used. Individual figures cited in Table 2
includea schematicillustratingthe positions of the permeablestrips.

Unswept Wing (A = 0 Degree)

The integral model was used to investigatethe onsetand upstream
movement of separationwith increasingincidence by means of both
surface oil-flow visualization and surface static-pressure measure-
ments at midspan. Figure 2 shows the lift coefficient over the range
of incidences and Reynolds numbers of the experiment and illus-
trates the dependenceofrate of stall on Reynolds number. Near zero
lift, however, the lift/curve slope for the range of Reynolds numbers
used in this work is constant (at about 5.0/rad), indicating that the
fixed-position trip is effective. McGhee and Beasley'® quote the
lift/curve slope as 6.9/rad for Re. ~ 107 and &R = 1.57. Hysteresis
was apparent in the pressure distributions obtained on the integral
model and is, therefore, also apparent in the lift and drag measure-
ments. Very similar behavior for the unswept model was obtained
either for Re. =7.5 x 10° around o ~20 deg, or for o ~20 deg
around Re, =7.5 x 10°, with a hysteresis envelope extending ap-
proximately for 18 <« < 25 deg. Qualitatively, this appears to be
the result of the attachment line passing around to the pressure sur-
face at large incidences. Because of the large favorable pressure
gradient and the effectiveness of the trip on the suction surface, the

Table2 Principal experimental parameters

Configuration Figures Re, R A, deg
M 4-7 75% 10° 2.62 0
K 8 75% 10° 2.62 0
Q 10-12 8.0 x 10° 2.31 20
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Fig. 2 Lift coefficient vs incidence for a range of Reynolds numbers
Re,.

boundary layer does not separate immediately, this not occurring
until @ ~25 deg. When o subsequently decreases, the boundary
layer does not reattach until « ~ 18 deg. McGhee and Beasley'® do
not observe hysteresis, although their Reynolds numbers are much
higher, and this effect is undoubtedly Reynolds number (as well
as trip) dependent. Whereas it is expected that the motion of the
segmented model will modify this behavior, hysteresis is also ob-
served on the buffet excitation/incidence curve and is discussed
hereafter. The data of Fig. 2 and the flow-visualization photographs
of Fig. 3 are obtained by fixing the tunnel velocity for the appropri-
ate Reynolds number and increasing the incidence. Thus, the wing
is not completely stalled until « ~ 25 deg.

McGhee and Beasley' also show that, at the same Reynolds num-
ber, the maximum lift coefficient is about 2.0 at 19 deg, and under
these conditions, separation occurs at about 70% of chord. Figure 3
shows surface oil-flow visualizationsobtained with the unswept in-
tegral model at Re. =7.5 x 10°. A circular end plate is used at the
root, but the tip is rounded, as on the segmented model. The top pho-
tograph shows thatat o &~ 17 deg, separationis also at about 70% of
chord, although at the lower Reynolds number maximum lift sen-
sibly occurs at lower incidence. For o > 19 deg, large variations
in the chordwise position of the mean separation line are appar-
ent leading to the formation of mushroom-shapedstall cells. These
have received relatively little attention in the published literature,
although Gregory et al.,'> Winkelmann and Barlow,'® Bippes,'* and
Boiko et al.'3 (who also refer to hysteresis) are exceptions. Weihs
and Katz'® have proposed a model for the formation of stall cells,
and, more recently, Yon and Katz!'7 have related the stall-cell struc-
ture to the generation of pressure fluctuations. In the present work,
stall-cell formation is more clearly defined (and more symmetrical
about midspan) if an additional tip end plate to the model is used.
The cells and the separation foci of surface-normal vorticity appear
to be importantto the onsetand severity of buffetinglargely because
they determine the area of separated flow adjacentto the wing. The
formation of a single large stall cell (from a number of small cells
when an additional tip end plate is used) at « &~ 19 deg coincides
with the large increase in +/[nG (n)].

The precise geometry of the stall cell depends on several param-
eters, including Reynolds number Re.., &R, the boundary conditions
at tip and root, and the nature of the hysteresis in the lift/incidence
and lift/Reynolds number relations; more distinct stall cells and foci
are apparent for a wing with AR =3 using end plates at the tip as
well as at the root. In the present work, there is also evidence (not
universally observed) that, at small incidences when the stall cells
are small, their span s equal to the chord. Thus, there are three cells
when R =3 and two when AR =2. At larger incidences, the stall
cells merge until one single large cell occupies first half and then
the whole span. In all of these cases, the preferential wavelength
of the disturbanceis a multiple of the chord, except where viscous
effects dominate, as at the wing/end plate junction. By contrast,
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a=19°

a=21°

Fig. 3 Oil/chalk surface-flow visualization,Re, =7.5 X 10° and A =0,
without tip end plate, model mounted vertically.

Winkelmann and Barlow’s'? photographs suggest a wavelength of
3c. These details, although interesting, are not especially relevant
to stall-cell formation on wings with asymmetric boundary condi-
tions undergoing excitation, as in the present work (Fig. 3). Further
inspection reveals that, at incidences between about 19 and 21 deg,
the position of the separation line (or the leading edge of the stall
cell) is unsteady, and its chordwise position varies. This variation
can be considerable,and in one testat 20 deg, it changed by as much
as 0.13c. This flicking between two apparently stable states leads
to, in one state, a complete stall cell with one edge distorted by the
rootend plate and, in the other, only half a stall cell with the rootend
plate located at what would be the center of a full stall cell. Flicking
has been observed by previous authors'? and is likely to contribute
to buffet excitation only at very low frequencies (n < 0.01).

Figure 4 shows the buffet excitation parameter »/[nG (n)] as a
function of incidence. These and all subsequentdata for A =0 deg
refer to conditions at which the resonant frequency n (in first bend-
ing mode) is 0.083 and Re. =7.5 x 10°. For the datum geometry,
/[nG(n)] increases slightly in the range 19 <« < 21 deg as stall
cells merge to form one large one. It is in this range that flicking is
observed, althoughnot exclusively. At o ~ 21 deg, the leading edge
of the stall cell coincides with that of the wing, and, subsequently,
/[nG (n)] increases rapidly as the stall cell grows across the span.
By a ~ 25 deg, the wing is fully stalled (Fig. 3), and this condition
coincides with the upper bound to the hysteresis envelope. Config-
uration M refers to the distributionof permeable plates that roughly
follow the mean separation line at « =20 deg. Results are shown
for both with permeable plates, the distribution of which is shown
in the schematic, and without, which is the datum case. They show
an attenuation of 4/[nG(n)] in the range 19 < o < 20 deg by up to
60%, whereas at smaller incidences, the permeable plates increase
it slightly.

Figure 5 shows wall-pressurespectra /[n F (n)] for the same con-
figuration in which measurements were taken at @ = 17 and 20 deg,
that is, at incidences at which +/[nG (n)] is increased and reduced,
respectively. At o = 17 deg, the permeable plates amplify the pres-
sure fluctuations across the whole range of frequencies: Figure 5a is
typical, and, in general, the amplification for the higher frequencies
is greater downstream of the plate than upstream of it. (Note that
the ordinate values change from one transducer positionto another.)
Figure 5b shows spectra at « =20 deg, one each from a transducer
upstream and downstream of segment 3 (numbering from the root).
Note that at this incidence, there is a large increase in energy at very
low frequencies, n ~0.01. There is clear attenuation by the per-
meable plates up to n =~ (.3 both upstream and downstream of the
permeable plate, but at higher frequencies, there is significant am-
plification downstream of the plate. Figure 5b also shows equivalent
spectra for segment 4. Here, the upstream spectra are qualitatively
the same as those on segment 3, but, downstream of the permeable
plate, /[nF(n)] is amplified over the whole frequency range de-
spite the reduction in /[nG(n)]. Overall, it is clear that, even in
cases in which +/[nG(n)] is increased, there can be an attenuation
of 4/[nF (n)] locally and that this is more likely to occur at low fre-
quencies than at high ones. Similarly, for configurations in which
J/[nG (n)]is reduced, there are regions on the wing surface in which
J/[nF (n)] has been increased. In fact, the permeable plates tend to
amplify /[nF(n)] at higher frequencies, and this effect is larger
downstream.

Figure 6 shows measurements of /[nG(n)] obtained during an
additional test using a different build (but the same configuration)
from that used to obtain the data of Figs. 4 and 5. Comparison of
these data with those of Fig. 4 illustrates the difficulty in obtaining
repeatability of the data, largely due to unsteadinessof the flowfield
at very low frequencies. Even so, the incidence range and degree of
attenuationis very similar to thatof Fig. 4. It also shows the effect of
hysteresis on 4/[nG (n)] (the incidence is changed without starting
or stopping the tunnel). The lower pair of curves show /[nG (n)]
as « increases (and are very similar to those in Fig. 4), whereas the
upper pair show /[nG (n)] as a decreases. It is clear that the proper-
ties of the flow at, for example, o =20 deg, are strongly dependent
on whether the incidence in increasing or decreasing. Moreover,
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Fig. 7 Configuration M ,/[nG(n)], effect of successive modifications to distribution of permeable plates: - - - -, permeable, and —, datum.

only when « is increasing do the permeable plates provide attenua-
tion. Hysteresis effects are also observed with changes in Reynolds
number. Results in this work refer to the properties of the lower
hysteresis curve in Fig. 6, which, being the more stable flow, is that
obtained when the incidenceis increased at fixed Reynolds number.

Figure 7 illustrates the effect of modifications to the arrangement
of permeable plates introduced by successively masking some of
them, as shown. For o < 15 deg, the initial increase in /[nG (n)]
relative to the datum case occurs for two of the modifications and
at a > 16 deg for the other one as well. Thus, the plates nearer
the trailing edge become more effective at lower incidences than
those near the leading edge. It is clear that the permeable plates
on segments 2 and 3 are mainly responsible for the changes in
buffet excitation, despite that, due to the mode shape, separated

flow over the wing tip contributes proportionately more to the rms
tip acceleration and, therefore, to /[nG(n)] also. The observed
changesin /[nG (n)] are simply because of the larger wing area at
the root exposed to separated flow (Fig. 3).

Figure 8 relates the nature of the flow over the wing to changes
in /[nG(n)]. Here configuration K is used, which has minor dif-
ferences compared to configuration M (Fig. 4): Permeable plates in
segments 1 and 4 are moved aft to location 5. Flow visualization
tests were carried out using minitufts'® for a range of incidences.
Then all of the permeable plates were masked with tape to create
the datum case, and the flow visualizationwas repeated. The suction
surface is divided into the following regions: 1) separated, where
the tufts clearly indicate a surface flow direction that is opposite
to that of the freestream; 2) intermittent, where the tufts’ direction
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Fig. 8 Configuration K \/ [nG(n)] with surface flow visualization.

alternates between upstream and downstream directions;and 3) un-
steady, where the tufts indicate a direction that is predominantly the
same as that of the freestream but is nevertheless highly unsteady.

The motion of the tufts is dominated by their behavior at very
low frequencies (1-2 Hz, n~0.01), which manifests itself as
an unsteadiness in the separation line and which, in the range
19 <o < 21 deg, includes flicking between different stall-cell pat-
terns. This low-frequency behavior is, therefore, the key discrimi-
nator of the three regions. Figure 8 links these observations with the
measured buffet excitation parameters. At « = 17 deg, it appears
that the permeable plates pull the mean separation line upstream
to the position of the permeable plate, causing an increase in the
area of separated flow and, therefore, in /[nG ()] also. Otherwise,
as « increases, the effect of the permeable plates is to inhibit the
growth of the separated region, particularly near the root. Over all
incidences,the area of wing surface on which the flow is eitherinter-
mittent or unsteady is reduced by the permeable plates, producing
a steadier separation pattern. It is also evident that the separated
region in the datum case is closer to the root. At « =21.5 deg, the
separated region for the datum case starts to move outward toward
the tip, and differencesin the two flows become small, as indeed do
the differences in buffet excitation.

For configurations in which the permeable plate in segment 2 or
3 is close to the leading edge, there are increases in /[nG (n)] over
the wholerange of incidencesexamined. In particular, ./[nG (n)] in-
creasesrapidly as the mean separationline reaches the leading edge,
where the effect of one (or more) permeable plates is to remove the
large favorable pressure gradient present in the datum case. There-
fore, the plan area of the wing immediately adjacent to separated
flow increases suddenly and, thus, +/[2G (n)] also.*!® This results
in increased levels of buffet excitation for all incidences, but espe-
cially over the range of incidence for which attenuationis otherwise
expected.

Swept wing (A = 20 Degree)

Figure 9 shows results of oil-flow visualization tests performed
on the swept-wing model, but for a higher aspect ratio and slightly
higher Reynolds numbers. Even so, a qualitative comparison with
the photographs of Fig. 3 is in order.

The characteristics of the separation are very different from the
unswept case. It is evident that no stall cells are formed, and a

a=18°

a=24°

a=24°

b)

Fig. 9 Oil/chalk surface-flow visualization: a) Re, = 9.5 X 10°; AR = 3;
A =20 deg; o = 18, 20, and 24 deg and b) Re, =8.0 X 105, AR =3, A =
20 deg, and o = 24 deg, without tip end plate, model mounted vertically.
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focus of separation does not become apparent until @ =26 deg at
Re.=9.5 x 10° or a =24 deg at Re, =8 x 10°. Instead, a separa-
tion line forms that is almost perpendicularto the freestream direc-
tion. Thus, separation occurs earlier near the tip. It is only when
the separation line at the tip reaches the wing leading edge, and the
area of fully separated flow starts to spread toward the root, that a
focus of separation begins to form. Because of the fundamentally
different nature of the stall on the swept wing, it is anticipated that
permeable plates placed near the wing tip are more likely to ac-
complish any attenuation of buffet excitation than in the unswept
case.

Based on these observations,configurationQ was used to estimate
changes in +/[nG (n)] over a range of incidences. Figure 10 shows
that there is little change in /[nG(n)] at small incidences: There
is no increase as in the unswept configurations. However, between
a=21.5 and 24 deg there is considerable attenuation (of about
40%), whereas at higher incidences there is an increase in the buffet
excitation. Also shown are results obtained when the permeable
plate on segment 6 (at the tip) is masked. Then there appears to
be little initial effect on /[nG(n)] at lower incidences, yet it is

JYnG(n)

clear that the tip permeable plate is responsible for nearly all of the
attenuation between o = 21.5 and 24 deg.

The wall-pressure spectra corresponding to the measurements of
J/[nG(n)] are shown in Fig. 11. At « =23 deg, where there is con-
siderable attenuation, there is also a very large reduction in the level
of pressure fluctuations, at all frequencies, upstream of the perme-
able plate on the fourth segment. On the fifth segment, however, the
high-frequency pressure fluctuations are amplified both upstream
and downstream of the permeable plate. When the sixth-segment
plateis masked, the buffetalleviationis reduced: The low-frequency
fluctuations are reduced at all transducer locations whereas the
higher frequencies are relatively unchanged. This effect appears
to be the result of the attenuation, by the tip permeable plate, of the
separatingor separated>> large eddies thathave pressure-convection
velocities toward the root. At « =26 deg (figure not shown) when
J/[nG(n)] is increased by the permeable plates, there is a large in-
creasein /[nF (n)] across most of the frequency range downstream
of the fifth-segmentplate, and no attenuation at the other locations.
The effect of masking the sixth-segmentplate is only to remove the
amplification of /[n F (n)] downstream of the fifth-segment plate.
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Fig. 10 Configuration Q (swept wing) ,/[rG(n)]: n = 0.072, Re, = 8.0 X 105, AR = 2.31,and A = 20 deg with - - - -, permeable; - - — - - , tip plate
covered; and —, datum.
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Fig. 11 Surface pressure spectra for configuration Q (swept wing), o = 23 deg: - - - -, datum; - — -, tip plate covered; and ——, permeable.
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Statement of Measurement Uncertainties

Measurements of ,/[nG(n)] for some configurations were re-
peated to estimate the uncertainty of the buffet excitation, which
is typically 20% (95% confidence). Repetitive measurements were
quite difficult due to the large low-frequency oscillationsof the wing
both in and out of the chord line plane and their sensitivity to small
surface changes from one build to another. Modifications to the seg-
mented model helped by increasingits natural frequency. However,
the uncertainty of measurements of +/[nG(n)] for the same build
were typically 10% (95% confidence). This is obviously also the
case for the surface pressure fluctuation data, which were found to
be repeatable to within 5% (95% confidence) for the same build.

Discussion

The use of surface-sublimation flow visualization indicates that
the sand grain trip (fixed at 5% chord) is fully effective at all, except
possibly the largest, incidences. In these cases, there is evidence
that transition proceeds via a separation bubble before the trip is
reached. In addition, the motion of the wing would suggest that
transition proceeds quickly and that it occurs before full separation.

Besidesthose spikesalreadydiscussedand attributedto the acous-
tic properties of the tunnel, the wall-pressure spectra in Fig. 5 have
peaks at n~0.01, whereas the buffet frequency corresponds to
n =0.084, and the natural frequency of the seismic mass corre-
sponds to n = 0.02. There is no identifiable peak for the buffet fre-
quency, which implies that the excitation is indeed broadband, as
has been assumed in the analysis leading to Eq. (1). Thus, the mo-
tion of the wing does not dominate the pressure-fluctuation field, as
would be the case in a limit-cycle oscillation. However, it is likely
that the motion of the seismic mass contributes to the low-frequency
behaviorof these spectra. Unlike the surface-pressurespectraof Yon
and Katz,!” no bluff-body shedding frequency is observed. Here, for
o =20 deg, this would occuratn ~ 0.6 assuming a Strouhal number
of 0.2 and using a length equal to the projected chord of the wing?°
(see Fig. 5b). It is likely that the flow is too disturbed by the wing
motion for a discrete vortex-shedding frequency to be distinguish-
able, although surface-pressure measurements are not necessarily
the best indicator of such a process.

Given that /[nF(n)] (as well as the area under the spectra of
Figs. 5 and 11) is a spectral measure of the energy of the excita-
tion at a point on the wing, it is clear that, although the excitation
is broadband in nature, it predominates at very low frequencies.
Gregory et al.,'> Yon and Katz,'7 and Zaman et al.>! have all exam-
ined the frequencies prevalent in the flow over an aerofoil in deep
stall (but before full stall) and suggest that there is a dominant low-

frequency oscillation, resulting in a flapping of the separated shear
layer. This can originate from flicking also. Zaman et al. suggest that
the illusive nature of the phenomenonis due to its dependenceon the
nature of the boundary layer, which should be in a transitionalstate,
and that the phenomenonis not present when the separating layer is
either turbulent or even laminar. In the present work, this would re-
quire the trip at 5% chord to be not wholly effective, and this seems
unlikely. The visual evidence appears compelling: A low-frequency
oscillationincluding periodic switching between different stages of
stall (identifiable in terms of the size and number of stall cells) can
occur with turbulent separation. During flow visualization studies
on a fixed support(i.e., one that has a natural frequency much higher
than that of the seismic mass), very low periodic oscillations of the
stall pattern were still observed. In the present work, this occurs
for n~0.01, which unfortunately coincides with the fundamental
frequency of the seismic mass. Thus, we are unable to distinguish
unambiguously the cause of this motion and isolate it from that of
the seismic mass.

However, the spectra of Fig. 5 show that the low-frequency en-
ergy associated with the unsteadinessis largest for 18 <o <23 deg
and that this range coincides with a rapid rise in /[nG(n)] for the
datum cases. Furthermore, for @ > 23 deg, the airfoil is fully stalled,
/[nG (n)] reaches a plateau, and the forces on the seismic mass are
at a maximum. For comparison with Fig. 5, Fig. 12 shows pressure
spectraat @ = 24 deg, when the low-frequencypeak in i/[n F (n)] at
most transducer locations actually decreases, presumably because
the separationpointis relativelysteady and closeto the leadingedge.
Yet, «/[nG(n)] does not decrease due to a pronounced increase in
J/[nF(n)] at high frequencies. This low-frequency motion has also
been documented by Yon and Katz.!” Consistent with this view,
Zan and Maull'' suggest that foci are responsible for excitation at
frequencies that are typically an order of magnitude smaller than
those associated with buffeting, that is, at frequencies associated
with flapping. However, the present results suggest that the major
part of the excitation energy exists at these low frequencies.

Because the geometry of apparently stable arrays of stall cells
is important to buffet excitation, it is perhaps useful to comment
on some of their details, even for the slightly less relevant case in
which a tip end plate is used so that the cells are more clearly de-
fined. Of the previous workers who have studied the phenomenon,
only Boiko et al.’® explicitly refer to the reduction in number of
cells as the wing proceeds to complete stall, which, for rectangular
planforms with end plates, comprises one large cell thatis symmet-
rical about midspan. In the present work and presumably that of
Boiko et al.'® also, this effect has been observable because the stall
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Fig. 12 Surface pressure spectra, ,/[nF(n)], for configuration M, o = 24 deg: - - - -, permeable, and —, datum.
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occurs slowly. Moreover, in the present work, flow visualization
shows that the effect of reducing R (but with otherwise identi-
cal conditions) leaves the sizes of the stall cells at any incidence
unchanged. However, this requires the use of adequate end plates
that can act as image generators rather than a source of significant
viscous effects. Vullierme®? has recently performed simulations at
low Reynolds numbers (Re, =~ 10°), also with the GA(W)-1 aerofoil,
using boundary conditions that are spanwise periodic on a wing for
which R = 4. These also show the formation of stall cells with foci
of surface-normal vorticity. Using the vortex-eduction scheme of
Jeong and Hussain, > he illustrates the developmentof the primary
spanwise vortices connected by the secondary braids of stream-
wise vorticity. With the use of linear calculations, Lin and Corcos**
(see also Neu?®) show that when these braids are subject to mutual
and self-induction in shear, they collapse into mushroom-shaped
vortices. The appearance of stall cells on the wing surface in ex-
periments would suggest that this is also a realistic explanation at
high Reynolds numbers, the only prerequisite for such a process
being that the strength of the vortex sheet is greater than the square
root of the product of the viscosity and strain rate. Simulation data
are required to analyze such flows in terms of both their topology
(saddle points, foci, and nodes) and their stability.>*” Such work
would help in the understanding of stall-cell formation and, there-
fore, offer reasons for the large and sudden increase in /[nG (n)]
with incidence.

The static, integral wing exhibits aerodynamic hysteresisin terms
of changes in lift coefficient (and pressure distributions) with both
incidence and Reynolds number. Figure 6 shows that hysteresis ef-
fects appearin buffetexcitationalso as measured with the segmented
model. However, in the latter case, it is likely that structural hystere-
sis also occurs and that this exacerbates the aerodynamic hysteresis
apparentin Fig. 6. As the incidence increases, the increase in static
twistis likely to lead to hysteresis behaviorin the segmented model.
Hysteresis in stall has also been observed by Meyer et al.,”® who
use flexible, permeable flaps for control. It appears that these de-
vices also modify hysteresis effects. Future work should include a
detailed study of unsteady separation (and its modification by per-
meable surfaces) on a rigid wing with minimal extraneous effects
so that the stall-cell pattern is well defined. This should involve a
study of its effect on both surface-pressurefluctuations and velocity
fluctuations in the wake.

Conclusions

A simple techniquefor the passiveattenuationof the buffetexcita-
tion parameter has been demonstrated using a semirigid model with
a mode shape that approximatesthat of the first mode in bending on
a full-size wing. Earlier work showed that the mean root-bending
moment is also reduced. Permeable plates, vented to an airtight
plenum, are able to attenuate the low-frequency oscillations of the
separating shear layer, so stabilizing the separation point and re-
ducing its amplitude about the mean. A detrimental effect of these
devices is that the favorable pressure gradientnear the leading edge
is removed when plates are sufficiently near the leading edge, thus
causing an earlier separationand a much increased buffet excitation
parameter. More generally, a plenum tends to increase the static
pressure, thereby reducing the lift. In attached flow, a permeable
plate increases turbulent mixing and, therefore, drag also. However,
it is conceivable that, with an optimized configuration, drag could
be reduced along with buffet excitation, as has been achieved for
reattaching flow.>3

For 18 <« <23 deg, theattenuationofthe surfacepressurefluctu-
ations occurs mostly forn < 0.5, althoughimmediately downstream
of a permeable plate, the high-frequency components of the pres-
sure field are amplified. Low-frequency attenuation of the pressure
field is the primary mechanism for the attenuation of J[nG )],
although the precise way in which this related to the velocity field
is not yet clear. Evidence here suggests that permeable plates, cor-
rectly positioned, inhibit the low-frequency unsteadiness about the
mean separation line and the flapping of the separated shear layer.

The success of these devices suggests that they may find further
application in noise-related problems. There are strong hysteresis

effects apparent in the buffet excitation parameter. Further work is
required to clarify the nature of the lowest-frequency oscillations
that are related to flicking between stalled and part-stalled states.
Further experiments with both forward and backward swept wings,
on which the mechanisms are different from those occurring on
unswept wings, would be very useful.
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