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This study experimentally investigates the effects of the sweep angle and finite wing on transonic buffet, studying
two-dimensional (2-D) and three-dimensional wing configurations. Background-oriented schlieren and stereographic
particle image velocimetry (PIV) have been used as measurement techniques, performing experiments on an OAT15A
airfoil (clamped to both the side windows of the wind tunnel), an unswept wing, and two swept wings with sweep angles of
15 and 30 deg, respectively. The three wings are also based on the OAT15A airfoil and are clamped at the wind tunnel
only at their root (free wingtip). All wings have been tested at a constant normal Mach number (Ma,, = 0.7) with
respect to the leading edge. The results show that the buffet oscillations are much stronger for the airfoil than for the
three finite-span wings. A large difference in the buffet behavior can be noticed between the airfoil and the unswept wing,
as is also seen in oil flow visualizations. This difference is particularly evident in correspondence of the more outboard
spanwise locations, suggesting that for the unswept wing, an important role could be played by finite-wing effects:
notably, the tip vortex. A spectral analysis has shown that for the swept wings, the classical 2-D buffet peak (occurring at
f =160 Hz for the present conditions) is substantially attenuated, whereas additional contributions in the range of
450-850 Hz appear. The PIV results showed, for the 30 deg sweep angle wing, a periodical occurrence of a secondary
supersonic area downstream of the main shock wave structure, which is absent for the other wing models. The
stereographic PIV configuration allowed the reconstruction of the spanwise-oriented velocity component, obtaining,
in proximity of the trailing-edge, values of the spanwise velocity component (80-100 m /s) which are in agreement with
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the spanwise convection of buffet cells observed in the literature in this region.

I. Introduction

HE flight envelope of civil aircraft is limited by the onset of

transonic buffet. This phenomenon consists of the oscillation of
a shock wave on the suction side of the wing, which occurs for a
specific range of angle of attack @, Mach number Ma, and Reynolds
number Re. These oscillations could eventually result in failure of the
wing due to fatigue as well as to unsteadiness in the aerodynamic
characteristics.

The occurrence of transonic wing buffet has been extensively
studied in the last 30 years, notwithstanding that the first studies
had already been undertaken as early as 1947 in Ref. [1]. This
phenomenon was explained in 1990 in Ref. [2] as the result of a
feedback mechanism, with the shock wave (SW) oscillation being
sustained by the presence of downstream-propagating vortical struc-
tures, which travel from the shock foot toward the trailing-edge area,
and by upstream-traveling pressure waves [i.e., upstream-traveling
pressure waves (UTWs) (induced by the presence of the vortical
structures) that], moving in the direction of the shock wave (accord-
ing to the buffet phase), allow the SW to move either downstream or
upstream.

This physical model has been subsequently updated by different
researchers, such as the authors of Refs. [3,4], who considered the
UTWs capable of reaching the SW along both the suction and the
pressure sides of the airfoil. Recently, a dedicated study undertaken in
Ref. [3] clarified that the UTWs are acoustic waves that propagate
with a velocity of 80 m/s relative to the flow. A further investigation
of Ref. [6] has given hints that the UTWs are produced during the
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entire buffet cycle, albeit with a modulated strength depending on the
buffet cycle phase.

A crucial contribution to the understanding of transonic two-
dimensional (2-D) buffet has been given by the authors of Ref. [7],
who described transonic buffet as the result of a modal instability,
obtaining values for the buffet onset conditions that are in perfect
agreement with experimental observations. These results were also
validated by the stability analysis of Ref. [8].

All the previous studies were conducted on airfoils corresponding
to unswept infinite-wing conditions, whereas more dedicated
research on swept wings has been pursued only in more recent years.
The study of buffet on swept wings is very relevant because of its
possible occurrence in real flight conditions and actual wing con-
figurations; however, a complete comprehension of the phenomenon
is still far from being achieved. In the presence of wing sweep, the
buffet mechanism appears to be much more complicated, with oscil-
lations of the shock wave in the chordwise direction being of lower
amplitude [9] as compared to the airfoil case and occurring at much
higher frequencies. For swept wings, the typical 2-D isolated peak at
St = 0.07 is substituted by a broadband peak in the range of
0.2 < St < 0.6, with St being the Strouhal number based on the
freestream velocity and the chord of the wing (St = f - ¢/U ). From
the recent experiments in Ref. [10] on a 30 deg swept wing based on
the OAT15A airfoil, a buffet onset of Ma = 0.82 at @ = 3 deg was
obtained. It should be noticed that the angle of attack has an important
influence as well, inducing either simultaneous 2-D and three-dimen-
sional (3-D) shock-buffet behaviors or only 3-D behavior, depending
on the trailing-edge separation characteristics [11]. The simultaneous
presence of these two behaviors is also confirmed by a modal
decomposition (of a zonal detached-eddy simulation) on a wing/body
configuration [12].

Reference [13] described the flow pattern of a 30 deg swept wing
based on the OAT15A airfoil section, resulting in a normal shock
wave and a quasi-2-D flow for outboard locations, as well as a A shock
and highly 3-D flow for inboard locations.

Reference [14] studied the effect of the sweep angle, obtaining
that for infinite wings with sweep angles larger than 20 deg, the
difference in behavior with respect to 2-D models is very relevant. In
contrast, for sweep angles of A < 20 deg, no substantial difference is
observed. The main cause for this difference is associated with the
spanwise convection of particular flow structures that occurs at high
sweep angles, which was referred to in Ref. [14] as buffet cells. The
buffet cells consist of pressure disturbances of alternating signs,
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which are periodically convected from the wing root (aft of the 1
shock) toward the wingtip.

The presence of buffet cells is also confirmed by different exper-
imental studies such as in Refs. [9-11]. In Ref. [9], different exper-
imental databases belonging to four projects (BUFET’N Co, AVERT,
DTP tremblement, and FLIRET) are compared. The different data-
sets were all based on wings with a sweep angle of 30 deg, and they all
showed the presence of a spanwise convection velocity equal to 0.25 -
U, proceeding outboard in the shock wave oscillation range. In
addition to the previous convection phenomenon, another spanwise
convection velocity of 100 m/s (0.36 - U,) was observed in the
separated area, with similar results also obtained in Ref. [15]. Con-
vection phenomena were also detected in the chordwise plane and
attributed to a Kelvin—Helmholtz instability (with a typical propaga-
tion velocity of 0.65 - U,). A discussion of the origin of the buffet
cells was also given in Ref. [16], where the buffet cells were described
as reminiscent of the stall cells observed in low-speed conditions.

Reference [14] has also addressed the finite-wing effect, showing
that for a finite swept wing, end effects and wall interference are
present. These effects cause the formation of tip vortices, which
influence the transonic buffet behavior in the more outboard sections
[14] while recovering the infinite swept-wing behavior in the more
inboard sections. These results are also confirmed by the numerical
study of Ref. [17].

In contrast, finite-wing effects on transonic buffet in connection to
unswept wings have received relatively little attention in the literature
and require further research. Nevertheless, some studies have been
conducted on the confinement effects on airfoils (therefore, in the
absence of a free wingtip), such as in the numerical study of Ref. [18],
where differences in the airfoil performance were noted when mod-
eling top, bottom, and sidewalls of the wind tunnel. The authors of
Ref. [3], by analyzing oil flow visualization results, commented that
possible 3-D sidewall effects are contained in proximity of the two
extremities of the airfoil model. However, there is not such a study in
that literature that experimentally compares the performance of an
airfoil and a finite unswept wing under transonic buffet conditions.

Besides the physical description given in Ref. [14], Ref. [19] has
also described three-dimensional buffet by applying stability analysis
to both swept and unswept infinite wings. In the presence of wing
sweep, spatial modes were found to become unsteady, propagating
periodic flow structures toward the wingtip, which is in good agree-
ment with the existing literature. For an unswept wing, these spatial
modes are still present, although steady, in addition to the classical 2-
D buffet mode. This analysis has also been extended in Ref. [20] to
finite wings.

It should be considered that the experimental swept-wing models
investigated in the literature, as in the experimental database dis-
cussed in Ref. [9], differ from 2-D buffet models: not only for the
presence of the sweep angle but also for the taper ratio and the
presence of a fuselage. Therefore, it is difficult to isolate the effect
of the sweep angle in transonic buffet. To achieve this goal in the
current study, wings with different sweep angles and with constant
chord have been studied and compared to the behavior of an airfoil
that fully spans the wind-tunnel test section in order to quantify both
sweep and tip effects.

Most of the experimental studies present in the literature make use
of pressure measurements on the suction side of the wing, employing
either unsteady pressure transducers [9,10,21] or pressure-sensitive
paint [11,22,23]. In this paper, the main investigation is conducted by
using stereoscopic particle image velocimetry (stereo-PIV) for recon-
structing the three velocity components, in several planes of meas-
urement oriented along the freestream direction, at different spanwise
locations. The use of particle image velocimetry (PIV) is not uncom-
mon in the study of transonic buffet on airfoils (see, for example,
Refs. [5,24,25]); however, to the best of the authors’ knowledge, no
previous study has considered PIV to study transonic buffet on swept
wings. The application of PIV could help to visualize and analyze the
main flow structures characterizing transonic buffet on swept wings,
which is not always allowed with wall pressure measurements.

In addition to PIV, the background-oriented schlieren (BOS) tech-
nique has been used to provide a further characterization of the

flowfield. BOS was already successfully adopted in Ref. [6] for the
study of transonic buffet on a 2-D airfoil, but its application in this
intrinsically three-dimensional application has not been demon-
strated yet and will be tested by comparing the results with PIV.

II. Experimental Investigation
A. Facility and Flow Conditions

The current experimental study has been performed in the tran-
sonic—supersonic wind tunnel (TST-27) of the Delft University of
Technology, which is a blowdown wind tunnel with a test section that
is 25.5 cm high and 28 cm wide. The experiments have been carried
out with a total pressure of py, = 2 bars, a total temperature of
Ty = 288 K, and with the freestream Mach number in the range of
Ma,, = 0.70-0.81 using a solid-wall test section with a boundary-
layer thickness of 20 mm [26] and a freestream turbulence intensity of
3.5% [27]. The variation of the transonic Mach number is achieved by
adjusting a throat located downstream of the test section, allowing an
accuracy of Ma, to the third decimal digit to be achieved. The values
of the main flow conditions are reported in Table 1.

B. Wing Models

The models used for the experiments are wings obtained from the
extrusion of an OAT15A airfoil with three different sweep angles of
A =0 deg, A = 15 deg, and A = 30 deg; a chord c of 8§ cm; and a
span b of 25 cm. The choice of the airfoil (OAT15A) and the values of
the sweep angle are motivated by similar studies present in the
literature (see Refs. [9,28]). The wings are clamped at the root to
one of the sidewalls (see Fig. 1, right), with optical access provided
from the opposite side of the test section. In addition to the three
wings, an airfoil having a chord of 10 cm and a span of 28 cm
(clamped at both sides of the wind tunnel) has been tested as well.
This model has been extensively studied in the same wind tunnel for
buffet applications in previous experiments [24]. For the finite-span
wings, the distance of the wingtip to the side windows (3 cm) has been
chosen to ensure that the wingtip was not immersed in the turbulent
boundary layer developing on the sidewall of the test section.

A sketch of the top view of the different wing models is shown in
Fig. 1 (left), with the main geometric characteristics included. In
Fig. 1 (right), the 15 deg swept wing is shown together with the
clamping piece by which the models are mounted to the wind-tunnel
sidewall. Similar to other studies [3,5], a transition trip has been
applied to all the models at 7% chord to ensure a turbulent boundary
layer. The trip has been realized with Carborundum 500 (SiC)
particles, as in Ref. [24].

Because the wing models are subject to higher loads in view of the
different clamping conditions, high-performance Impax Supreme
steel has been selected for the three wing models, whereas stainless
steel has been used for the airfoil. Different natural frequencies of
oscillation are thus obtained for the different models, as summarized
in Table 2.

For the airfoil, the most developed buffet condition is obtained for
Ma = 0.7 and a = 3.5 deg, as shown in a previous experimental
study [24] in the same wind tunnel. Correcting the Mach number for
blockage effects, a value of Ma = 0.73 is achieved, which is in good
agreement with the value found in Ref. [3] for the same airfoil.

The goal of this study is not that of evaluating and comparing the
most developed buffet condition for the different models but rather to
study the occurrence and the impact of finite-wing and sweep effects

Table1 Flow conditions (normal with respect to

leading edge)
Parameter Symbol Value
Freestream normal Mach number Ma,,, 0.7
Freestream normal velocity Uen 225 m/s
Total temperature Ty 288 K
Total pressure 2 2 bar

Reynolds number per unit length ~ Re/L  2.6-107 1/m




Downloaded by TU DELFT on December 21, 2022 | http://arc.aiaa.org | DOI: 10.2514/1.J061974

D’AGUANNO, SCHRIJER, AND VAN OUDHEUSDEN 6717

100 80 | 80 /| )
//4*7
/‘/ //
280 / /
1159 / L 30°
¥y =
A=0° §/A=15° /i AS30°
Airfoil Wing !/ Wing / i/ Win

Fig.1 Sketch of models based on OAT15A airfoil (left) with dimensions in millimeters and angles in degrees. On the right is the 15 deg sweep angle model
attached to the clamping piece, with indication of the two coordinate systems used.

Table 2  Structural properties of the models

Parameter Airfoil Wings
Clamping conditions Clamped—clamped Clamped—free
Material Stainless steel Impax Supreme steel
Young modulus E, GPa 190 205

First natural frequency f,, Hz 580 103

on transonic buffet while keeping all the other parameters constant.
For this reason, in this study, the different wings are tested with the
same value of the normal Mach number with respect to the leading
edge (Ma,,, = 0.7), although the values of Ma,, and a for which
the most developed buffet conditions are experienced may be differ-
ent for the various models.

The values of the freestream Mach number and angle of attack used
for each model are summarized in Table 3 together with the respective
geometric parameters (chord and span).

C. Experimental Setup

The experiments have been conducted using two different optical
techniques: background-oriented schlieren, and particle image veloc-
imetry. BOS has been selected instead of schlieren because, for the
three finite wings, the optical access was possible only from one side
of the wind tunnel. The setup used for the BOS experiments consists
of a light-emitting diode (LED) lamp for illumination and a high-
speed recording camera looking directly at a speckle pattern, with the
latter being attached to the clamping piece at the wing root. A sketch
of the BOS setup in the top view is shown in Fig. 2 (left). A LaVision
Imager Pro HS4 camera is used with an acquisition frequency of
4.65 kHz, which allows us to resolve the shock oscillation in time.
To reach that acquisition frequency, the resolution of the camera
has been cropped to 1008 x 468 pixels, acquiring 4000 images per

Table3 Flow and geometric properties of

the models
Model Ma,, a,deg c¢,m b,m
Airfoil 0.7 35 0.10 0.28

A = 0 deg wing 0.7 35 008 0.25
A =15 degwing 0.72 34  0.08 0.25
A =30 deg wing 0.81 34 008 0.25

Camera

wind-tunnel test. By using a 105 mm lens, a field of view (FOV)
including the entire chord of the models has been obtained, as
indicated in Fig. 2 (right).

The speckle pattern has been realized with black dots on a white
background. An example of the speckle pattern used is given for the
unswept wing in Fig. 3 (left), with clear compressibility effects
revealed in the area where the speckle pattern is deformed. The region
in which high compressibility effects are evident is not a line, as it
should be in the presence of a normal shock wave at a given spanwise
position. The reason for this is associated with the integration of the
variable-density gradient along the span of the wing/airfoil. To
minimize the 3-D effects in the BOS images, the viewing direction
of the camera has been aligned along the leading edge of the different
wings, as is also sketched in Fig. 2 (left).

To quantitatively investigate the flowfield, stereo-PIV tests have
been performed using the setup shown in Fig. 4 (left). Two high-speed
cameras (Photron Fastcam SA1.1) in a stereoscopic configuration
with an acquisition frequency of 4.65 kHz and in a double-pulse
mode (pulse separation of At = 3 us) have been used for acquiring
images, for a total time duration of t = 0.94 s (4365 pairs of images
per camera). To achieve the selected acquisition frequency, the
sensor of the cameras has been cropped to 1024 x 640 pixels. Both
cameras have been equipped with lenses with a focal length of
105 mm and an f stop of fx = 8; in addition, two Scheimpflug
adaptors have been used to align the focal plane with the image
plane (laser plane). These settings resulted in a field of view in the
chordwise plane that is 8 cm long and 5 cm high (12 pixels/mm), as
sketched in Fig. 2 (right). Limitations in the optical access have
constrained the angle between the cameras to approximately 60 deg.
The use of the stereoscopic configuration allows the determination
of the out-of-plane velocity component, which is of crucial impor-
tance to characterize a 3-D flow.

The seeding particles used are diethylhexyl sebacates, which have
a relaxation time of 2 us (see Ref. [29]) and are produced by a
PIVTEC GmbH PIVpart45 seeder with 45 Laskin nozzles. In view
of their relaxation time, the particles are not able to faithfully follow
the flow in regions of strong flow deceleration, as is notably occurring
for shock waves. Therefore, in such flow regions, the velocity meas-
urement is affected by a particle slip uncertainty (eg;, = 50 m/s
across the shock wave).

The particles are illuminated by a high-speed dual-cavity Mesa™
PIV laser (neodymium-doped yttrium aluminum garnet, Nd:YAG),
forming a light sheet of 1.5 mm in thickness. The laser illumination
was synchronized with the cameras using a LaVision high-speed

LED Lamp " Window

LY

KM

BOS FOV

Speckle pattern Wing

c=8cm

Fig.2 Top view of BOS setup (left). On the right is the BOS and PIV FOVs.
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Fig.3 Instantaneous image of the deformed speckle pattern (left) together with the processed BOS image, which displays the horizontal displacement of

the speckle pattern (right).

controller (item-number 1108075). The laser beam is introduced in
the test section by means of a laser probe entering from one of the
sidewalls of the wind tunnel (see Fig. 4, left). By simultaneously
sliding the laser probe and the cameras, tests at different span
locations have been performed: in particular, at y/b = 0.4, 0.5,
0.6, and 0.7 for the unswept wing and at y/b = 0.5, 0.6, and 0.7
for the remaining two wings, as indicated in Fig. 4 (right).

D. Data Processing and Uncertainty

Both the BOS and the PIV images were collected and partly
processed in LaVision Davis 10.0.5 software. For the BOS images,
each instantaneous snapshot of the speckle pattern in the presence of
density gradients was cross correlated with a reference image
(obtained with the wind tunnel off). A multipass approach with an
initial window size of 32 X 32 pixels, a final window size of
16 x 16 pixels, and an overlap of 75% was applied, reaching a final
vector spacing of 0.028 cm (corresponding to 0.28% chord for the
airfoil and 0.35% chord for the wings). In Fig. 3 (right), an example of
aBOS processed image is shown, resulting from a cross correlation of
the raw image in Fig. 3 (left) with the reference no-flow image. This
processed image clearly quantifies the deformation of the pattern due
to the (density) compressibility effects, and as such visualizes the
near-normal shock wave as well as the oblique Mach wave originat-
ing from the transition trip.

For the PIV images, to reduce the laser reflections from the model, a
minimum subtraction has been used by means of a Butterworth filter
with a filter length of seven snapshots (for more details, see Ref. [30]).
Subsequently, a stereoscopic cross-correlation procedure was per-
formed, again using a multipass approach with an initial window size
of 96 X 96 pixels, a final window size of 32 X 32 pixels, and an
overlap of 75%. These settings resulted in a vector spacing of 0.82%
chord. The vector uncertainty associated to the cross-correlation pro-
cedure can be computed similarly for BOS and PIV, as described in
Ref. [31]. The associated value is lower than 0.1 pixels, and therefore
leads to an uncertainty in the PIV velocity evaluation lower than
6.7 m/s. In Table 4, the main PIV and BOS settings as well as corres-
ponding uncertainties are summarized (for a more detailed derivation
of the PIV uncertainties, the reader is referred to Ref. [32]). Further
processing for both BOS and PIV data has been carried out in MAT-
LAB. To reduce the impact of the lack of vectors in the determination

Camera 1 Camera 2

/ Window

Laser probe
U, /
i = Measurement /

planes

Wing

Laser

y/b (-)

0.5
0.4

Y] —

Table4 BOS and PIV settings and uncertainties

Parameter BOS PIV
Acquisition frequency, kHz 4.65 4.65
Number of images 4000 4365
Final image resolution, pixels 1008 x 468 1024 x 640
Final window size, pixels 16 x 16 32%x32
Window overlap, % 75 75
Vector spacing, chord 0.28% (mﬁ011)—0.35% 0.82%
(wings)
Cross-correlation uncertainty <0.1 pixels <6.7 m/s
Particle slip Not applicable <30 m/s (in shock
areas)

of the statistics, an outlier detection was carried out. A first detection of
outliers was based on discarding vectors when their values were not
included in £3 standard deviations with respect to the average value of
both of the velocity components. Those outliers were substituted with
an interpolation of the neighboring vectors. To correct images with
large patches of outliers, caused by intermittent particle seeding, an
interpolation in time instead of in space was applied as well.

III. Comparison of Airfoil and Unswept-Wing Behavior
A. Flow Features Analysis by Means of Oil Flow Visualizations

Although there are many studies in the literature that describe
transonic buffet behavior on airfoils, there is no study where a
comparison between the performance of an airfoil (clamped to both
sides of the wind tunnel) and an equivalent unswept wing of finite
span (with a free wingtip) is addressed. In this section, these two
behaviors are directly compared using oil flow visualizations on two
models at the same flow conditions (Ma = 0.7 and a = 3.5 deg).

The main differences between the two oil flow visualizations (see
Fig. 5) are in regard to the shock wave position and shape (red dashed
lines), the separated area (blue solid line), and the tip effects. For the
airfoil case, the shock wave appears relatively uniform along the span
(except near the two extremities of the model due to sidewall
influences) and is located around 40% chord. For the finite unswept
wing, the shock wave position varies significantly along the span,

NA=0°

Fig. 4 Stereo-PIV setup (left) and location of the PIV planes of measurement (right).
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Fig. 5 Comparison of oil flow visualizations for airfoil (top) and
unswept wing (bottom): average shock wave position (red dashed lines),
separated area (blue solid line), corner effects (green dotted lines), and
streamline orientation (yellow dashed lines).

with the most downstream shock wave position experienced in
proximity of the midspan plane (slightly more inboard). It is also
evident that for the unswept wing, the shock wave is located more
upstream, with the average position at approximately 25% chord.

In correspondence with the clamping locations of the models (at
both sides for the airfoil and at one side for the unswept wing), corner
effects are highlighted with green dotted lines, with vortical structures
indicating flow separation being present near the trailing edge of both
the models tested. Moreover, for the unswept finite wing, a tip effect is
also present, which results in an inboard flow contribution on the
suction side of the model, in view of the pressure difference between
the two sides of the model, which is in agreement with the literature
(see, for example, Ref. [33]). As aresult, the streamlines on the suction
side of the unswept wing are clearly diverted inboard near the tip.
Streamlines oriented along the freestream direction are only recovered
ataround y/b = 0.5 (see yellow dashed lines). It is worth pointing out
that because the boundary-layer thickness on the sidewalls is about
20 mm [27] (whereas the distance of the wingtip to the sidewall is
30 mm), it is reasonable to assume that no interaction between the
wingtip vortex and the sidewall boundary layer takes place.

Another important difference is the absence of a separated region
for the unswept wing: at least in an average sense. Differently, this
flow feature is clearly present for the airfoil, as underlined by the blue
line in Fig. 5 (top).

B. Shock Dynamics Comparison by Means of BOS

Once a first qualitative visualization of the flowfield is given by
means of oil flow visualizations, the shock position has been tracked

65 Y v v Y
= Airfoil
60 Unswept wing | |

55

50
45
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» 40
35
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25

20 ;
0.12 0.14 0.16 0.18 0.2
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for both configurations using the BOS images. In detail, the shock
position has been tracked by evaluating the maximum of the gradient
of the density field along horizontal lines, at 0.15¢ from the surface of
the airfoil, as sketched in Fig. 3 (right).

The variation of the shock position in time is shown in Fig. 6 (left).
As qualitatively observed from the oil flow visualizations, it is
evident that the shock wave is located much more upstream for
the unswept wing (the mean shock position for the unswept wing
is Xswavg = 28.3% of the chord; whereas for the airfoil, this is
Xswavg = 42.8% chord) and the amplitude of the oscillation is
larger for the airfoil. This is confirmed by the standard deviation
(STD) of the shock position, which is Xgw stp = 7.1% chord for the
airfoil and Xqw stp = 2.7% chord for the unswept wing (these data
are also summarized in Table 5). The values of the average shock
position and STD reported for the airfoil are very similar to the values
reported in Ref. [24] for the same flow conditions, as obtained with
schlieren and PIV techniques, confirming the accuracy of BOS for
2-D applications.

When analyzing the shock position, it is evident that for the
unswept-wing case, the shock behavior is less periodic, with
higher-frequency contributions being observable in the shock wave
behavior. To complete this discussion, the spectral content associated
with the shock position for both the airfoil and the unswept wing is
represented by its power spectral density (PSD) and shown in Fig. 6
(right). The PSD is computed with the Welch method, and each PSD
is normalized by their respective variance. Both the configurations
display a main contribution of the spectrum at about 160 Hz (like
Ref. [24]). However, for the airfoil, a distinct peak is present at
exactly 160 Hz; whereas for the unswept wing, there is a more
broadband contribution with two relative peaks at 142 and 160 Hz.
The general behavior of the PSD greatly difters for the two models,
with the airfoil configuration having only minor contributions at
frequencies other than 160 Hz, which is in contrast to the unswept
wing. For the latter, additional contributions are present at 280—
320 Hz, for which the frequency values are double the main buffet
contributions (142-160 Hz). The reason for a higher energetic con-
tribution at the first harmonic of the buffet frequency for the unswept
wing is not certain. Nonetheless, it is supposed to be associated with a
more irregular behavior of the shock wave position signal (also in
view of the shock wave position variations along the span), which
introduces contributions at the first harmonic of the buffet phenome-
non. For the unswept wing, additional contributions associated with
the structural vibration of the wing occur at 60 and 100 Hz. Although
for frequencies above 1050 Hz there is a good agreement between the
two PSDs, the frequency contributions between 500 and 1050 Hz are
more relevant for the unswept wing. These frequencies correspond to
Strouhal numbers of St = 0.18-0.4, which are in the same broad-
band range of Strouhal numbers that is often associated with the
transonic buffet behavior of a swept wing [28]. This observation
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Unswept wing
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Fig.6 Time behavior of shock position for airfoil and unswept wing (left) with relative power spectral density (right). The green dot in the left-side figure

indicates the snapshot shown in Fig. 3.
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Table5 Average and standard deviation of shock wave

position for different configurations

Configuration SWavg: %c SWgrp, %c
BOS, airfoil 42.8 7.1
BOS, A = 0 deg wing 28.3 2.7
PIV, A = 0 deg wing, y/b = 0.4 353 35
PIV, A = 0 deg wing, y/b = 0.5 35.2 33
PIV, A = 0 deg wing, y/b = 0.6 30.5 2.8
PIV, A = 0 deg wing, y/b = 0.7 27.7 24

suggests that the buffet phenomenon is highly influenced by finite-
wing effects and clamping conditions.

C. Flowfield Analysis for the Unswept Wing

To better address the clamping condition effects, the PIV measure-
ments carried out for the unswept wing at different spanwise posi-
tions (y/b = 0.4, 0.5, 0.6, and 0.7) are discussed. For this purpose,
the average velocity field is shown in Fig. 7 (left) for the two most
extreme measurement planes (y/b = 0.4 and y/b = 0.7). The com-
parison shows that in the most inboard section, the supersonic area
encompasses a much wider region than for the plane of measurement
in the neighborhood of the tip of the unswept wing. To better compare
the average horizontal velocity fields, in Fig. 7 (right), the velocity
profiles forz/c = 0.2and for 0.1 < x/c < 0.95 (corresponding to the
dashed line in Fig. 7, left) are shown for all four measurement planes.
The plot confirms an upstream shift of the average terminating shock
position when moving from the most inboard test location to the most
outboard. In addition, for the most outboard location, a further
reduction of the velocity is observed for 0.5 < x/c <0.95. Very
similar results are obtained for y/b = 0.4 and y/b = 0.5: both in
terms of shock wave position and velocity development downstream
of the shock wave.

These observations are in good agreement with an oil flow visu-
alization performed on the same model and flow conditions (Fig. 5,
bottom), where the most downstream shock wave position is
observed within the range of 0.4 < y/b < 0.5. In addition, the pres-
ence of both the wing root and wingtip interaction is noted.

The shock wave has been tracked using the PIV data by monitoring
the gradient of the horizontal velocity component. The computed
values of the average shock position and standard deviation are
reported in Table 5. The results confirm the observations from Fig. 7,
with more downstream shock wave positions being present for
y/b = 0.4 and y/b = 0.5, where the widest range of oscillation of
the shock wave is also achieved. By comparing the shock wave

100 5%
: ; 0
20 40 60 80 100
300
2
e 200 £
100 >~
1 1 1 1 0
20 40 60 80 100
x/c(%)

properties of the unswept wing computed with both BOS and PIV,
it is evident that the BOS data are closer to the range of values
observed for the most outboard PIV planes of measurement.

The power spectral densities associated with the shock wave posi-
tion in the different measurement planes have been plotted in Fig. 8.
The different spectra are practically overlapping over the entire spec-
trum, except for the most outboard location (y/b = 0.7). It is also
interesting to note that for only the more outboard locations
(y/b = 0.6;0.7), the main buffet frequency contribution appears more
broadband (as observed from the BOS data in Fig. 6, right); whereas at
the more inboard locations, a distinct peak at 160 Hz is observed.

Comparing the spectral analysis in Fig. 8 (based on the PIV data)
with the plot of Fig. 6 (right) (based on the BOS data), a very good
match between the two techniques is achieved. This confirms that
BOS is able to characterize the main features of buffet on an unswept
wing, although it is not capable of characterizing the flow features at
different spanwise locations.

IV. Effect of Sweep Angle
A. Instantaneous Flowfield

To describe the behavior of transonic buffet in the presence of the
sweep angle, the instantaneous Mach number field (computed from
the velocity data with the assumption of constant total temperature)
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Fig.8 Power spectral density of SW position tracked in the four differ-
ent measurement planes from PIV measurements.
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Fig. 7 Average streamwise velocity component V, for A = 0 deg wing for y/b = 0.4 and y/b = 0.7 (left). On the right is the comparison of average

velocity profiles for z/c = 0.2 and for y/b = (0.4, 0.5, 0.6, 0.7).
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is discussed for one entire buffet cycle for the A = 30 deg wing for
y/b = 0.6. To analyze the cycle, six snapshots with a time separa-
tion of 3Ar (i.e., 0.645 ms; with Ar = 0.215 ms being the time
interval between subsequent acquisitions) are taken into consider-
ation (see Fig. 9).

In the first time step #,, the shock wave is located in its most
upstream position (x/c = 0.35). In the following image of Fig. 9
(t = ty + 3At), the shock wave moves downstream; and a region of
accelerated flow is observed for 0.4 < x/c < 0.7. In the following
time step (image in the top right), this region has become locally
supersonic; and a secondary shock wave structure appears at
x/c = 0.65. In the figure in the bottom left, the main shock wave
structure has moved downstream, whereas the secondary shock wave
is moving upstream. As a result of the opposite motion of the two
shock wave structures, they are observed to merge in the r = ¢, +
12At image, with a primary shock wave structure reaching its most
downstream position (x/c = 0.5). In the following time step, the
shock wave again starts its upstream movement. A similar descrip-
tion of secondary supersonic areas can be found in Ref. [34] for a
similar range of flow conditions (although for nonbuffet conditions)
and is attributed to the curvature of the airfoil.

To characterize the time evolution of the Mach field for a larger
interval, the profile of the Mach number field for y/b = 0.6 and
z/c = 0.2 is shown in Fig. 10 for the A = 15 deg and the A =
30 deg wings. The Mach number profile of the latter (Fig. 10, right)
clearly reveals the oscillation of the primary shock wave structure
(between 40 and 55% chord) and the intermittent presence of a
secondary supersonic area, which extends approximately until 80%

t=to

t=to+3At

6721

chord. As shown from the instantaneous images in Fig. 9, the
secondary supersonic area is formed during the second half of the
downstream travel of the primary shock wave and disappears when
this shock reaches its most downstream position.

Differently, the time evolution of the profile of the A = 15 deg
wing (Fig. 10, left) shows a more upstream shock wave location
(between 25 and 35% chord) with only subsonic expansions of the
flow downstream of the supersonic area.

B. Averaged Velocity Fields

In Fig. 11, the time-averaged velocity fields for each of the three
components (oriented along the x, y, and z axes, as defined in Fig. 1;
right) is shown for the A = 30 deg swept wing for y/b = 0.6 (and
with Ma = 0.81 and o = 3.4 deg). The extent of the supersonic area
is quite evident from both V, (streamwise velocity component, in the
direction of the wind-tunnel centerline) and V', (velocity component
along the y axis, in the direction normal to the wind-tunnel sidewall).

For this configuration, at least in an average sense, no appreciable
separated area can be observed, with a relevant reduction of the
streamwise velocity component occurring only in proximity of the
trailing edge of the wing. The vertical velocity component (V_, in
the direction normal to the plane of the wing) has its maximum value in
the most upstream region of the FOV, due to the curvature of the airfoil.
A slight increase of vertical velocity is also observed in the shock wave
oscillation area for x/c=0.45. Regarding the out-of-plane velocity
component V, in addition to the supersonic area, a region of negative
velocity is observed in the area close to the trailing edge. In the

t=to+6At
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Fig. 9 Instantaneous visualization of the Mach number field in six different time steps for the A = 30 deg wing for y/b = 0.6.
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Fig. 10 Mach number profile for y/b = 0.6 and z/c = 0.2, for the A = 15 deg (left) and the A = 30 deg wings (right).
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Fig. 11  Average velocity field for V. (left), V, (center), and V, (right) for the 30 deg swept wing for Ma = 0.81 and @ = 3.4 deg at 60% of the span.

remaining portion of the FOV, the variations of velocity of the out-of-
plane component remain limited.

To quantify the unsteadiness present in the velocity field, the
standard deviations of the three velocity components are shown in
Fig. 12 for the same plane of measurement (y/b = 0.6). The plot
clearly shows unsteadiness due to the shock oscillation for both the
streamwise (left) and the out-of-plane velocity components (center)
in the range 0.4 < x/c¢ < 0.5. Although upstream of the shock wave
the unsteadiness is very limited, additional unsteadiness (caused by
the pulsating formation of the secondary supersonic region) is
observed downstream (0.5 < x/c < 0.6). Further fluctuations occur,
for all the velocity components, in proximity of the trailing edge,
suggesting the presence of an intermittent separated area. For the
vertical velocity component (right), relevant oscillations are observed
between 40 and 60% of the chord and are attributed to fluctuations of
the shock wave position and inclination throughout the buffet cycle.

For brevity, for the 15 deg sweep angle wing, only the horizontal
velocity component and the corresponding standard deviation are
presented (see Fig. 13). It is clear that, compared to the 30 deg wing,
the extent of the supersonic area is much more limited, with the shock
wave located more upstream (x/c~0.3) and the relative amplitude of
oscillation reduced to 10% chord. No unsteadiness is present at the
trailing edge of the wing, suggesting that for this configuration and
these flow conditions, the separated area is not even present in an
intermittent fashion. No velocity fluctuations are observed down-
stream of the shock wave oscillation range, confirming the absence of
a secondary supersonic area.

C. Shock Dynamics

To quantitatively compare the behavior of the shock wave for the
different configurations, its position has been tracked in all the PIV
measurement planes, as commented on previously for the unswept
wing in Sec. II.
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Fig. 14 Sketch of the three wings with indication of average and stan-
dard deviation of shock wave oscillation for each plane of measurement.

In Fig. 14, the region of oscillation of the shock position is
indicated for all the wings and for all the span locations, providing
its average value and the relative standard deviation. The wing with
the largest amplitude of oscillation is the A = 30 deg wing, for which
the values of the STD are in the range of 3.9-4.9% chord. From the
BOS images, a slight underestimation of the fluctuations of the shock
position is obtained for the A = 30 deg wing, with SWgrp.pos =
3.8% chord. The PIV data confirm that in presence of the largest
sweep angle, the most downstream average shock wave positions are
achieved (0.44 < Xgw avg/ ¢ < 0.47). In contrast, forboth A = 0 deg
and A = 15 deg, values close to 30% chord are computed. However,
it should be remembered that, although the normal Mach number is
constant, the freestream Mach number differs for each of the wings.
From the comparison of the range of the shock wave oscillations, it
emerges that only for the unswept wing is there a relevant variation of
the shock wave position along the span. This observation may be
explained by the fact that in presence of sweep angle, the tip vortex
affects a smaller extent of the span.
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Fig.12 Standard deviation of velocity field for V, (left), V, (center), and V. (right) for the 30 deg swept wing for Ma = 0.81 and @ = 3.4 deg at 60 % of

the span.
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Fig. 13 Average (left) and standard deviation (right) of velocity field for the V, component of the 15 deg swept wing for Ma = 0.72 and @ = 3.4 deg at

60% of the span.
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Fig. 15 Comparison of PSD of SW position for different wings for y/b = 0.6 (left). The right shows comparison of PSD of SW position for different
measurement planes (y/b = 0.5,0.6,0.7) for A = 30 deg wing. Purple line indicates PSD of spanwise velocity componentinx/c = 0.45,z/c = 0.15,and

y/b = 0.6.

From the time behavior of the shock position, the corresponding
power spectral density has been determined for all the measurement
planes. To have a comparison between the spectral content of the
shock wave position for the different wings, the PSD of the shock
position is shown for all the wings and for the same spanwise plane of
y/b = 0.6 in Fig. 15 (left). The wings exhibit a similar spectral
content, with main contributions at 60 Hz (oscillation of the model),
160 Hz (2-D buffet frequency), and 400 Hz (wind-tunnel contribu-
tion). In addition to these peaks, additional energetic contributions
are observed in the range of 450-850 Hz that, as previously com-
mented, is in the same range of frequencies obtained in the literature
for 3-D buffet. When comparing the different configurations, it is also
observed that, with the increasing value of the sweep angle (also
associated with an increase of the freestream Mach number), there is
an increase in the wind-tunnel contribution at 400 Hz.

To verify variations in the spectral content of the shock wave
oscillation along the span, the PSDs of the shock wave position are
compared for the different measurement planes of the 30 deg sweep
angle wing (see Fig. 15, right). Also, in this case, a similar distribution
of the PSDs is observed, with no variation in the relevance of the 2-D
buffet peak (at 160 Hz) or in the range of 450-850 Hz. However, an
increase of the values of the PSDs for f > 1000 Hz is observed for
both y/b = 0.7 and y/b = 0.5 as compared to y/b = 0.6.

D. Spanwise Velocity Component

To analyze the spanwise behavior of the velocity field, a rotated
coordinate system oriented along the leading edge of the wings # and
in the orthogonal direction ¢ has been adopted (see the two coordinate
systems in Fig. 1, right). The velocity component orthogonal to the
leading edge V and the one oriented along the leading-edge direction
of the wing V,, are computed as

Ve=V,cos A=V, sinA (€))]
V,=V,sinA+V,cos A 2)

with V, being positive, going from the root to the tip of the wing. In
Fig. 16, the average spanwise velocity is shown for the A = 30 deg

0 20 40 60 80 100 0 20 40
x/c(%)

60

x/c(%)

wing for all the measurement planes (y/b = 0.5 on the left, y/b =
0.6 in the center, and y/b = 0.7 on the right). In the large part of the
FOV, there is a nearly uniform outboard velocity of approximately
120 m/s in the shock wave oscillation region and in the range from
70 to 100 m/s in the trailing-edge area.

The values of the spanwise component in the trailing-edge area are
very close to the convection velocity obtained by Ref. [10] for the
buffet cells. Differently, the value of spanwise velocity in the shock
wave oscillation range is higher than the convection velocity obtained
by Refs. [9,10] (where a convection velocity of approximately
60 m/s was reported).

In Fig. 15 (right), the spectral content of the time variation of the
spanwise velocity component V, in a point in the shock wave
oscillation range is reported (x/c = 0.45, z/c = 0.1, and y/b =
0.6). No relevant contributions are observable at the 2-D buffet
frequency (160 Hz), whereas relative higher energetic contributions
are present at higher frequencies.

V. Conclusions

In this paper, transonic buftet has been studied experimentally to
investigate finite-wing and sweep effects. This study showed an
appreciable difference in the transonic buffet behavior between a
full-span unswept wing (airfoil) and an unswept wing of finite span
(clamped on just one side of the wind tunnel). The results clearly
reveal that the buffet oscillations are more relevant and periodic in
the case of the airfoil than for the unswept wing (see Fig. 6), with the
shock wave located much more downstream in the former case. The
use of PIV in different planes of measurement demonstrated that
the shock wave is located more upstream and oscillating in a more
restricted region at outboard locations (Fig. 7). These results suggest
that at those locations, an effect of the wingtip vortex on the buffet
behavior is felt, as was also supported by additional oil flow visuali-
zation. Spectral analysis showed that the presence of the free tip of the
wing also gives rise to structural oscillation of the wing.

The application of both BOS and PIV for the study of the unswept
wing has also validated the use of the BOS technique for analyzing
transonic buffet on models with 3-D structures developing along the
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Fig. 16 Comparison of spanwise component of velocity for the A = 30 deg wing for y/b = 0.5 (left), y/b = 0.6 (center), and y/b = 0.7 (right).
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span. From the BOS images, it has been possible to obtain results in
agreement with the PIV data: in particular, in terms of the amplitude
of the shock wave oscillation. Thus, the use of the BOS technique
could be applied to future studies of transonic buffet on unswept
wings, especially when a qualitative visualization of the flowfield is
needed, or for the identification of the most developed buffet con-
ditions, for which purpose obtaining PIV measurements could be too
time consuming. Additional discrepancies could arise from BOS
measurements on swept models in view of the additional spanwise
variability of the flowfield. Notwithstanding this, by orienting the
BOS camera in the direction of the leading edge of the wings, a good
approximation (although underestimated) of the amplitude of the
shock wave is obtained.

To analyze the effect of the sweep angle, the behaviors of wings
with different sweep angles (A = 0, 15, and 30 deg) have been
compared, using the same normal Mach number for each wing (with
respect to the wing leading edge). At these flow conditions, much
more downstream shock wave positions and a wider range of oscil-
lations are achieved for the A = 30 deg wing, whereas similar results
are observed for the other two wings (see Fig. 14). For the configu-
ration with the larger sweep angle, a periodic formation of a secon-
dary supersonic area characterizes the shock wave oscillations during
the buffet cycle. An analogous behavior was not observed forthe A =
15 deg and the unswept wings (Fig. 10).

Evidence was found of an intermittent separated trailing-edge area
that occurs only for the larger sweep angle wing (Figs. 11 and 12).
Near the trailing-edge region of the A = 30 deg wing, spanwise
velocity components are found that are in the same range of the
convection velocities obtained by Refs. [9,10] for the buffet cells. To
better visualize the buffet cells, a PIV analysis in a measurement plane
oriented along the span or with a volumetric setup (tomographic PIV)
is suggested for further studies.

A similar frequency content of the shock wave dynamics has been
observed for the three wings. For all the models, there is a reduction of
the 2-D buffet peak as compared to the airfoil case, together with an
increase for frequencies in the range of 450-850 Hz. Regarding the
primary buffet frequency, a reduced relevance of the peak at 160 Hz
has been noticed for the A = 30 deg as compared to the other wings.
No relevant variations are instead visualized along the span of the
swept wing. The increase of frequency contributions in the range
between 450 and 850 Hz agrees with literature in terms of the
Strouhal number (St = 0.18-0.4).

Although these results show some variations in the shock wave
buffet oscillation in the presence of an increasing sweep angle, the
current findings also indicate that an aspect that could influence
the comparison of the behavior of an airfoil and that of a wing is
the different mechanical boundary conditions associated with the
clamping of the model, which lead to different structural oscillations
and to the occurrence of tip effects for the wings. These differences
introduce a nonsymmetric spanwise flow distribution for the unswept
wing with respect to the airfoil (see Fig. 5). Therefore, it is suggested
for future research that the buffet behavior of a finite-span swept wing
is also compared with the corresponding unswept (finite-span) wing
in addition to the corresponding airfoil. Similarly, the effect of the
boundary conditions of an unswept-wing model in transonic buffet
conditions should be further studied to better visualize and inves-
tigate the effect of wingtip vortices.
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