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Abstract To support the model of the buffet mechanism given by Lee [1] the present investigation aims at
capturing the wave propagation in the flow field outside of the separation of a transonic buffet flow over a
DRA 2303 supercritical airfoil using high-speed PIV. To show the sensitivity of the shock wave to upstream
propagating sound waves, the flow field is influenced by an artificial sound source which excites a noticeable
change of the shock oscillation properties. The airfoil flow shows a distinct buffet flow at a Mach number of
= 0.73 and an angle of attack of 3.5°. The buffet flow case is described in detail in Hartmann et al. [2].
The wave propagation is detected by the correlation of the surface pressure signals as well as by correlating
the velocity fluctuations in the flow field. The obtained propagation speeds are in good agreement with Lee’s
buffet model.

1. Introduction
Supercritical airfoils are characterized by a local supersonic flow field on the upper surface that is
terminated by a shock. A highly complex and time-dependent flow pattern can exist in the direct
vicinity of the airfoil surface including a shock-induced separation of the turbulent boundary layer.
Under certain flow conditions, self-sustained shock oscillations known as buffet may develop. The
investigation and understanding of the buffet phenomenon and the aeroelastic behavior of future,
highly flexible, light-weight wing structures in the transonic flight regime is a major part in the
development of modern, fuel efficient aircraft. The phenomenon also plays an important role
regarding the compressor blades of fuel efficient engine configurations. The numerical simulation
of buffet or even a precise prediction of the pressure distribution combined with the resulting twist
and bending of the wing structure is still challenging. To further improve the accuracy and
complexity of such simulations, detailed experimental data are needed to gain further insight into
the complexity of transonic flow, especially buffet flow, as well as the corresponding dynamics of
the fluid-structure interaction. Although the buffet boundary mainly represents an upper bound to
the performance of an airfoil, the phenomena defining the buffet mechanism may also play a role at
pre-buffeting conditions such as transonic flutter, the development of limit-cycle oscillations
(LCO), and the formation of the transonic dip.
Among many other studies, Tijdeman & Sebass [3] and Lee [1] give a comprehensive review on
this topic. However, all studies show the physical mechanisms behind the shock oscillations are to
be not fully understood yet. The most common model to describe the mechanism leading to buffet
is described by Lee [1]. The shock generates disturbances that travel downstream towards the
trailing edge of the airfoil where upstream propagating waves are generated. These waves, e.g.,
sound waves are caused by the abrupt change turbulent eddies encounter when they pass over the
trailing edge since the wall-bounded flow almost discontinuously change into a free-shear layer
flow. The waves propagate upstream as described by Voss [4] and force the shock wave to travel
into the upstream direction resulting in a modification of the separation and thus a modified trailingedge noise-source thus forming a feedback loop. Recent experimental studies by Hartmann et al. [2]
show that the varying shock position directly influences the conditions at the trailing edge and as
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such the sound pressure level at the shock location that allows the shock to move
downstream/upstream by a decreasing/increasing sound pressure level. Thus, the frequency of the
shock oscillation is determined by the time the disturbances travel up- and downstream as described
by Lee [1]. Attempts to directly measure or simulate the upstream and downstream propagating
waves, and in particular, their propagation speeds, led to contradictory results. Especially the
detection of the upstream part of the feedback loop, e.g., by correlating the unsteady surface
pressure signals, is quite challenging since the signals are scattered by the separated flow
downstream of the shock.
Thus, to support the model of the buffet mechanism given by Lee [1], the present investigation
aims at capturing the wave propagation in the flow field outside of the separation of a transonic
buffet flow over a DRA 2303 supercritical airfoil using high-speed PIV. To show the sensitivity of
the shock wave to upstream propagating sound waves, the flow field is also influenced by an
artificial sound source which excites a noticeable change of the shock oscillation properties.
2. Experimental setup
The experimental investigation has been conducted in the Trisonic Wind Tunnel of the Institute of
Aerodynamics. This facility is an intermittently working vacuum storage tunnel reaching Mach
numbers ranging from 0.4 to 3.0. The air is dried using a silica gel based drier to keep the relative
humidity of the air well below 4% at a total temperature of about 293 K to exclude any influence on
the shock-wave position [5]. The dried air is stored in the settling balloon of the tunnel prior to the
test run. Depending on the Mach number, the entire test run lasts about 10 seconds at 2-3 seconds of
stable flow conditions at a turbulence intensity less than 1% [6]. The total pressure and temperature
of the wind tunnel are determined by the ambient conditions. Therefore, the Reynolds number
depends on the Mach number and the ambient temperature ranging from 1.2 to 1.4 x 107m−1 in the
present experiments. For transonic flows, the
tunnel is equipped with a 0.4 m x 0.4 m twodimensional adaptive test section consisting of
parallel side walls and flexible upper and
lower walls to simulate unconfined flow
conditions [7]. The wall contours are a-priori
calculated by the one-step method solving the
Cauchy integral based on the time-averaged
pressure distribution. Since the resulting wall
contours are time-averaged, the time-resolved
wall pressure distribution is also measured by
26 dynamic pressure transducers distributed
along the centerline of the upper and lower
wall.
Additional to the clean tunnel configuration
self sustained buffet flow investigations
mentioned above, a powerful BMS-4591 midrange driver with a power rating of 150W AES
and an efficiency of 118 dB (1 W/1 m) is
installed at the settling chamber at the upper
wall. A horn is connected to the driver
Fig. 1: Schematic side view (upper) and top designed to amplify the desired acoustic
view (lower) of the mid-range driver and horn frequency at the respective ambient conditions.
installed at the upper wall of the freestream The horn contours have been calculated at the
chamber
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Institute of Technical Acoustics of the RWTH Aachen University [8]. The open end of the horn is
orientated towards the airfoil model so that the generated acoustic disturbances enter the flow area
through an inclined rectangular hole in the upper guidance wall. The distance between the horn exit
and the trailing edge of the airfoil is 0.4 m. Figure 1 displays an overview of this configuration. The
sound-pressure level and the frequency of the acoustic waves can be adjusted in a wide range using
this setup. The signals are generated by an HP32120A signal generator. The signals are amplified
using a 1600 W Palladium P-1600 amplifier. Using the above setup, sound pressure levels up to
136 dB 1 W/1 m are achieved at wind-off conditions. Note that the distance between the model and
the horn virtually increases by a factor of four at a freestream Mach number of 0.73 while the sound
pressure level decreases with distance by the power two. This explains the need of such a powerful
sound source.
The rigid airfoil model is the supercritical laminar type profile DRA 2303 which was one of the
reference geometries in the Euroshock project [9]. The airfoil has a relative thickness to chord ratio
of 14% and a chord length of c = 200 mm. The laminar-turbulent transition of the boundary layer is
fixed at 5% chord using a 117 µm zigzag shaped transition strip. For steady pressure
measurements, the airfoil model comprises 43 pressure taps on the upper surface and 42 pressure
taps at the lower surface. The distance between the pressure taps downstream of x/c = 0.025 is
0.025 with five additional pressure taps in the leading-edge region on each side of the airfoil.
Furthermore, the model is equipped with 20 Kulite XCQ-080 and two Entran EP-I sub-miniature
pressure transducers ranging from x/c = 0.40 - 1.0 at the upper surface and at three positions,
namely 0.3, 0.5, and 0.7, at the lower surface. Figure 2 depicts an overview of the pressure
measurement locations for the first airfoil model. Each transducer is installed in closest proximity to
the corresponding pressure orifice to minimize the damping and phase shift of the measured
pressure signal against the actual signal on the airfoil surface. Even though the resulting phase shift
ϕu/ϕi and the gain pu/pi, with u denoting the original value and i the measured value of this pressure
installation, are negligible, they are considered for the data evaluation using a first order
approximation for the transfer function developed by Tijdeman [10]. This approach has already
been successfully used by Hartmann et al. [2]. The pressure transducer signals are recorded by a
data acquisition (DAQ) system consisting of five data acquisition boards Imtec T-112 with
simultaneous analog-to-digital conversion of 40 channels, 12 bit resolution, and up to 1.25 MHz
sampling rate per channel. In the present experiments, a sampling rate of fs,DAQ = 20 kHz is selected.
The signals are conditioned by 4-pole Butterworth low-pass filtering with 10 kHz corner frequency
and hundred-fold amplification at a
bandwidth of 100 kHz by Endevco 136
DC-amplifiers.
In addition to pressure measurements,
time-resolved
particle-image
velocimetry (TR-PIV) with the laser
light sheet positioned parallel to the
incoming flow is employed to analyze
the flow field from x/c = 0.4 - 0.9 on the
test section center line. Droplets of
DEHS are used as seeding with a mean
diameter of 0.6 µm as per datasheet of
the Topas GmbH ATM 242 atomizer.
To achieve a homogenous seeding
distribution, the seeding is added to the
Fig. 2: Overview of the pressure measurement
flow in the dry air reservoir of the wind
locations
tunnel prior to each test run. The
particle response time τp is calculated to
-3-

16th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 08-12 July, 2012

be approximately 1.98 µs using the
approach
by
Melling
[11]
corresponding to a frequency response
of fp = 505 kHz.
The flow is illuminated using a
Quantronix Darwin Duo 100 doublepulsed Nd:YLF laser with a
wavelength of 527 nm. The thickness
of the laser light sheet was about
1 mm. The optical access for the laser
beam was provided through an
aperture in the freestream chamber of
the wind tunnel downstream of the test
section. The laser pulse separation in
the experiments is 3.0 µs leading to a
mean
particle
displacement
of
approximately 0.7 mm corresponding
to approximately 8 pixels in the
acquired flow images. The particle
images were either recorded with a
Fig. 3: Plan view (top) and side view (bottom) of the Photron Fastcam SA-3 CMOS camera
TR-PIV setup
or with a Photron SA-5 to achieve a
higher sampling rate. The camera is
equipped with a 1024 x 1024 pixels sized sensor capable to achieve a frame rate of either 2000 Hz
or 7500 Hz at full resolution, respectively. An 85 mm Nikon 1:1.8 lens is mounted to the cameras.
The optical settings result in a particle diameter of approximately 3 pixels in the recorded images.
Due to the pixel size of the cameras of 17 µm and 20 µm, respectively, the resulting image particle
diameter of 3 pixels is likely to be caused by lens aberrations. No defocusing technique is applied.
Since the PIV measurements aim at the detection of high-frequency, upstream propagating waves,
the flow field was acquired at a recording rates of fs,PIV = 2.5 to 10 kHz. Since the resolution of the
cameras depend on the recording rate, the parameters of the PIV configurations used are
summarized in table 1. Figure 3 depicts an overview of the test setup.
The acquired images are analyzed using the PivTec / ILA GmbH software PivTecIla. The images
are evaluated using adaptive cross-correlation with window shifting and deformation schemes. The
final window size is 24 x 24 pixels with an overlap factor of 50 %. This leads to a vector spacing of
1.26 mm. For post-processing, a window velocity and a local median filter is used to identify and
remove outliers.
Table 1: Parameters of the PIV setup
camera
fs,PIV
# of image pairs
measurement time
measurement plane
resolution
magnification M
final window size
overlap factor
vector spacing

PIV configuration I
SA-5
4000 Hz
6295
1.57 sec
0.4 < x/c < 0.9
0.0 < z/c < 0.4
1024 x 888 pixels
0.19
24 x 24 pixels
50%
1.26 mm

PIV configuration II
SA-5
10000 Hz
15637
1.56 sec
0.48 < x/c < 0.82
0.12 < z/c < 0.34
704 x 520 pixels
0.19
24 x 24 pixels
50%
1.26 mm
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PIV configuration III
SA-3
2500 Hz
5450
2.18 sec
0.53< x/c < 0.70
0.14< z/c < 0.31
512 x 512 pixels
0.19
24 x 24 pixels
50%
1.26 mm
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3. Description of the DRA 2303 buffet flow
The unsteady aerodynamic flow field of the airfoil has been intensively investigated under various
flow conditions to get insight into the unsteady flow field. The airfoil flow develops into a distinct,
self sustained buffet flow at a Mach number of 0.73 and an angle of attack of α = 3.5°. In the
following, only the most important findings mainly based on time resolved pressure and stereo PIV
measurements relevant for the present investigation are summarized. For detailed information on
the DRA 2303 flow field, the reader is referred to Hartmann et al. [2].
The images in figure 4 represents one time sequence of the flow field containing a complete
oscillation cycle of the shock wave measured by time resolved stereo PIV. The cycle starts at time
step ~
t with the shock wave traveling downstream towards its most downstream position of x/c =
0.49 which is reached at time step ~
t +2∆t. In the subsequent time steps the shock wave moves
further upstream until it reaches its most upstream position x/c = 0.45 at ~
t +6∆t before it moves
back to x/c = 0.49 in the remaining time steps. Thus, a sinusoidal Tijdeman type A motion at an
oscillation frequency of 129 Hz (reduced ω* = 2πfc/u∞ = 0.68) is observed [3]. The main buffet
mechanism of the undisturbed case can be identified as an interaction of upstream propagation
sound waves interacting with the shock wave as proposed by Lee [1]. The sound pressure level of
the disturbances at the location of the shock wave varies with the extension of the boundary-layer
separation, which is directly connected to the shock position. At time step ~
t +6∆t, the extension of
~
the separation at the trailing edge has increased compared to time step t . The various separation
regions are also shown by the Reynolds stress distributions in figure 5. The larger separation means
that the noise generated at the trailing edge has decreased since the velocity gradient near the
trailing edge is less pronounced, resulting in a different noise source. The noise generation area has
widened and the sound waves undergo a stronger refraction in the free-shear layer yielding a
weakened sound pressure level which interacts with the shock wave. Figure 5 clearly evidences a
major change in the shear stress distribution for the maximum and minimum shock location, i.e., the
rate of change of the streamwise velocity normal to the airfoil surface is larger in figure 5(b) than in

Fig. 4: Time sequence of the velocity field at buffet flow at M= 0.73, α = 3.5° for one oscillation
cycle, time step ∆t = 0.67 ms, black line marks U/c∞ = 1 contour
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Fig. 5: Reynolds shear stress distribution (−u'w'/u∞²) and phase averaged velocity profiles at buffet
flow M= 0.73, α = 3.5, (a) the shock located most upstream at x/c = 0.46 and (b) most downstream
at x/c = 0.49
figure 5(a), i.e., the angle φ2 is greater than φ1. At the most downstream shock location, the
maximum shear and velocity gradient are located close to the surface resulting in an increased noise
level that induces an upstream motion of the shock wave. Furthermore, the separation is less
pronounced such that the sound waves undergo refraction effects which are less strong compared to
the most upstream shock location. The latter, i.e., figure 5(a), also shows the maximum shear-stress
and velocity gradient located further off the surface. This weakened noise level and the stronger
refraction effects result in a reduced sound pressure level leading to a downstream shock motion.
The findings confirm the theory introduced by Lee [1]. Following this theory the frequency of the
self-sustained shock oscillation primarily depends on the propagation speeds of the upstream and
downstream traveling disturbances and the distance between the trailing edge and the mean shock
location. Therefore, the frequency of the shock oscillation is described by

⎛ c − xs c − xs
f = ⎜⎜
+
uu
⎝ ud

⎞
⎟⎟
⎠

−1

(1)

with ud and uu beeing the downstream and upstream propagation velocities of the pressure
fluctuations, and xs the mean shock position. Attempts to directly measure or simulate the upstream
and downstream propagating waves, e.g., by correlating the pressure fluctuations, led to
contradictory results, i.e., on the one hand, to an agreement with Lee’s model, see e.g., Deck [12],
Xiao & Tsai [13], Chen et al. [14], and Hartmann et al. [2], and on the other hand to a deviation
from the model, see e.g., Jacquin et al. [15] and Garnier & Deck [16]. The detection of the upstream
and downstream propagation speeds in [12] led to an agreement with Lee’s model. However, the
findings are revised in Garnier & Deck [16]. Using Large-eddy simulations the authors suggested
that the waves follow a path on the lower surface around the leading edge to reach the shock wave.
To the authors' knowledge it is hardly possible that this is the only mechanism driving the shock
oscillation since the waves decay towards the leading edge as reported by Tijdeman [3]. Therefore,
the approach given by Deck [12] is followed in the upcoming discussion.
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4. Wave propagation properties
Figure 6(a) displays the correlation

R nm (τ ) =

p ' n (t ) ⋅ p ' m (t + τ )

(2)

p' n ² ⋅ p' m ²

of the pressure signals for the present DRA 2303 buffet flow for the signals pn and pm located at two
airfoil positions xn/c and xm/c separated by the time delay τ. On the upper surface, the correlation is
done for a constant xn/c of 0.45 and varying xm/c of 0.3 ≤ xm/c ≤ 1.0 and delays of
−0.025 s ≤ τ ≤ 0.025 s. The correlation of the signals on the lower surface is done for the same
range of τ using the three lower pressure transducers plus the pressure transducer located at the
trailing edge. The origin for the correlation is xn/c = 0.5. The velocity of the downstream
propagating waves inside the separation of the boundary layer at 0.55 ≤ x/c ≤ 1 are well detected to
be ud = +19 m/s. In the shock foot area, i.e., in front of the shock wave and just behind the shock,
upstream propagating signals are found at a propagation velocity of uu = −80 m/s. At supersonic
speeds upstream propagating waves are not able to directly propagate into this region. These waves
result from disturbances that propagate upstream in the subsonic part of the flow field and they
cause Mach waves inside the supersonic pocket which also propagate upstream. Therefore, these
fluctuations are also called pseudo-upstream waves. Since a lower pressure in front of the shock
results in a higher Mach number and in a stronger shock at a higher pressure downstream of the
shock, the shock wave acts as a low-pass filter which is indicated in the figure by the phase change
of π in the region of the shock location of x/c = 0.45 − 0.5. This behavior is also reported in the
literature, e.g., by Dussauge et al. [17]. Note that the velocity of uu = −80 m/s almost coincides with
the value of c∞ − u = 88.6 m/s. The correlation of the pressure signals provides more accurate
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Fig. 6: Correlation of the surface
pressure distribution Rnm (eqn. 2), (a)
upper surface non-filtered, (b) upper
surface high-pass filtered, and (c)
lower surface non-filtered
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results if the raw data are filtered to emphasize a certain frequency range before the correlation.
Therefore the signals are conditioned by a high-pass filter at ω* = 3 prior to the correlation as
depicted in figure 6(b). Here the influence of the upstream waves is significantly higher indicating
an upstream speed of uu = -80 m/s though the correlation is somewhat weak and a few areas still
show a downstream slope of the signal. This is attributed to the scattering of the trailing-edge noise
inside the separation, leading to non-periodic signals that cannot be detected by the two-point
correlation. This is also highlighted by the correlation of the surface pressures on the lower surface.
Here, the pressure distribution is not disturbed by separated flow so that the correlation shows a
clear upstream propagation at a speed of uu = -80 m/s as depicted in figure 6(c).

4. Detection of the wave propagation properties using high speed PIV
Since the accuracy of detecting the upstream part of the feedback loop on the upper surface is not
satisfactory due to the disturbances inside the separated flow region, the wave propagation
properties are detected outside the separated flow region using high speed PIV.
The correlation
U ' (t ) ⋅ U ' m (t + τ )
(3)
Rnm (τ ) = n
U 'n ² ⋅ U 'm ²
of the fluctuation quantities of the absolute velocity distribution U'n and U'm located at two positions
xn/c and xm/c along three time-averaged streamlines at various positions z/c as indicated in the time
averaged velocity field in figure 7 is discussed in the following. The instantaneous absolute
velocities along these streamlines are influenced by the extension of the pulsating separation, even
though the time-averaged streamlines are located outside the time averaged separated flow area.
Note that the instantaneous data are taken at these specific coordinates along these three time
averaged streamlines, even though they do not represent a streamline at a random instantaneous
time step. At streamline #3 which is furthest from the wall, hardly any large scale influence of the
separation on the velocity distribution is observed. When separation region is largest, it reaches
streamline #2 and influences the velocity distribution of the streamline downstream of x/c = 0.7. At
streamline #1 which is closest to the
surface, the influence of the separation is
visible somewhat downstream of the shock
wave at approximately x/c = 0.6. Compared
to the correlations of the unsteady surface
pressures, the detection of upstream
propagating waves becomes weak as soon
as the influence of the large scale structures
inside the separation dominates the flow
structure. Therefore and for conciseness,
only the correlation at streamline #3 is
further discussed.
It is shown in figure 8(a) that the
Fig. 7: Time averaged velocity field, the correlation of the velocity distribution of
instantaneous absolute velocity distributions along streamline #3 far off the airfoil surface for
the three streamlines (SL) are used for the the PIV configuration #1 detects
correlation
downstream propagating disturbances at a
velocity of ud = 19 m/s for the entire
streamline from 0.48 ≤ x/c ≤ 0.86 This
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nature, the delay τ between two maxima of the correlation values corresponds to the buffet
frequency of 129 Hz at the low-frequency range in figure 8(b), and to a frequency of the highfrequency waves of approximately 1000 Hz as depicted in figure 8(c). Note that the temporal
resolution of the PIV data is not high enough to precisely detect the values of the delay and thus, the
propagation speeds. The delay between the signals at the shock position and the trailing edge equals
only a few samples. This leads to the fact that a small variance in the delay results in a remarkable
change of the corresponding propagation speed. Therefore, the correlation of the absolute velocity
distribution along streamline #3 is employed again, but this time using the results obtained by the
PIV configuration #2 providing a higher sampling rate of 10 kHz. Figures 9(a), (b), and (c) displays
the corresponding results confirming the values for the propagation speeds detected by the pressure
correlations in figure 6 and by PIV configuration #1 in figure 8 as well as the value of the
corresponding frequencies of the waves.
Following Lee’s theory and equation 1, the obtained propagation speeds of ud = 19 m/s and uu = 80
m/s result in an oscillation frequency of f = 146 Hz. This is quite close to the measured frequency of
129 Hz. However, this small deviation immediately leads to a modification of the shock-trailingedge interaction model. The acoustic waves disperse almost circularly from the trailing edge. In
Lee’s model, the distance c - xs between the trailing edge and the mean shock position right at the
surface is regarded as the characteristic length for the downstream and upstream propagating waves.
The shock wave possesses its highest strength right at the shock foot and weakens at increasing
distance from its the wall z/c. Furthermore, a weaker shock is more sensitive to upstream
propagating sound waves than a strong shock. Therefore, it is stated that not the shock foot but the
upper end of the shock wave is the main point for the waves to act on the shock and small
deviations of the shock in this area, e.g., an upstream displacement, will cause the whole shock to
react to these changes and thus, initiate the displacement of the complete shock into the upstream
direction. This small adjustment of equation 1 for the buffet frequency does explain small
deviations of the buffet frequency observed for different airfoils even though their mean shock
location and the surrounding flow velocities are in the same range. The extension of the supersonic
region and the shock wave for the present buffet flow on the DRA 2303 is approximately x/c = 0.6
obtained by standard shadowgraph imaging. The distance between the trailing edge and the upper
end of the shock wave results in lshock/c = 0.8. Considering this as the characteristic length, equation
1 gives a frequency of f = 133 Hz at likewise propagation speeds of the waves for both directions.
The strong correlation between the measured frequency and the computed highlights that the
buffet mechanism to be dominated by a feedback loop of downstream and upstream propagating
disturbances on the suction side. The downstream convecting part of this feedback loop is the
extension of the separation which is directly connected to the shock position. It has been shown that
the extension of the separation influences the noise generation at the trailing edge and the scattering
of the noise convecting through the separated area. The sound waves generated at the trailing edge
represent the upstream part of the feedback and the resulting sound pressure level at the shock wave
is responsible for displacing the shock into the upstream direction.
In the literature, a mechanism for the generation of trailing-edge noise and thus, upstream
propagating waves is based on large-scale vortical flow structures passing over the trailing edge
[18, 19]. Figure 10 displays a time series of the instantaneous distribution of the contours of the
two-dimensional Q criterion [20]

Q=−

(

1
2
S − Ω
2

2

)

(4)

with S and Ω denoting the strain and the rotation tensor. The large-scale structures in the flow are
clearly visible. The mean distance between two vortex pairs results in lv/c = 0.092. Considering the
downstream propagation speed of ud = 19 m/s, a frequency of 1032.6 Hz is expected to be emitted
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Fig. 10: Time series of one representative oscillation cycle of the instantaneous vortical structures
represented by Q-contours
when these structures pass over the trailing edge. The distance between the vortical structures
remains almost constant for one complete oscillation cycle of the shock wave such that the
frequency of the generated noise at the trailing edge does not change significantly during one
oscillation cycle. The fact that the trailing-edge noise, which is responsible for the generation of
upstream propagating waves, also depends on the convection of downstream propagating structures
that locally pass a virtual measurement point at the same frequency, also explains the difficulty to
detect the upstream convection speed uu inside the separation. Furthermore, the high frequency
corresponding to these vortex structures evidences that the change in the circulation distribution of
the airfoil according to the Kutta condition at the trailing edge does not define the mechanism of the
shock oscillation although these so-called Kutta waves are regarded to be potentially responsible for
the shock displacement [21, 22].

4. Effects of artificially generated trailing-edge noise
The results shown in Hartmann et al. [2] directly demonstrate the capability of upstream
propagating sound waves to force a shock wave to travel into the upstream direction. However, the
generated signals are of a low-frequency nature while the trailing-edge noise, which is driving the
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natural buffet mechanism, is represented by high-frequency broadband noise. Thus, in the
following, the flow is investigated using the high power mid-range driver and horn installed in the
test section to generate high frequency upstream propagating waves that are similar to the waves
generated at the trailing edge of the airfoil. These measurements are to qualitatively demonstrate the
capability of these high frequency waves to affect the shock wave and to emphasize the capability
of PIV to detect these low amplitude fluctuations using a periodic signal.
Thus, the signal imposed onto the flow is a pure sine wave at a frequency of 1030 Hz which
simulates the impact of vortical structures passing over the trailing edge. Figure 11(a) shows the
power spectral analysis of the shock position derived from the unsteady pressure distribution as
described by Blackerby & Cahill [23] of the reference case with the driver and the horn installed in
the freestream chamber. It shows that the setup itself does not influence the flow since the power
spectral analysis remains unchanged compared to the results obtained by the clean tunnel
configuration still containing the increase of the fluctuation level ω* = 0.68 as shown in [2]. In
figure 11(b) the noise signal with the maximum amplitude which is achieved by the driver is
applied to the flow. The spectral analysis of the unsteady shock position shows a distinct peak at the
excitation frequency of ω* = 5.4. Furthermore, two additional regions show an increased fluctuation
level around ω* = 2.1 and ω* = 3.1, while the increase of the fluctuation level in the spectrum
around ω* = 0.68 is less developed compared to the undisturbed flow illustrated in figure 11(a).
Furthermore, the spectrum indicates a plateau-like distribution for frequencies below ω* = 1. This
means that the shock oscillation directly responds to the sound waves and that the sound waves
disturb the natural feedback loop around ω* = 0.68. Since the speaker setup partly blocks the path
of the incoming light sheet, the investigations of the wave propagation are based on PIV
measurements using configuration #3 with a decreased field of view. However, the resulting
correlation of the absolute velocities along streamline #3, as described in section 3, clearly show the
present wave propagation properties as depicted in figures 12(a) and 12(b) and therefore, underline
the accuracy of the results obtained at the non-disturbed flow case.

5. Conclusion
An extensive investigation of the flow around a supercritical DRA 2303 airfoil has been performed.
The airfoil flow exhibits buffet flow conditions at a Mach number of = 0.73 and an angle of attack
of α = 3.5°. Besides steady and unsteady pressure measurements, flow field information is obtained
using time resolved stereo particle-image velocimetry to synchronously capture the time dependent
development of the boundary-layer separation and the shock position. Although a combination of
disturbances that travel around the airfoil at the lower surface and disturbances that directly
approach the shock at the upper surface is likely, the dominant driving mechanism behind the buffet

(a)

(b)

Corr
Corr
elati
elati
on
on
of
of
Fig. 12: Correlation of the absolute velocity distribution Rnm (eqn. 3) along streamline #3, PIV
the
the
configuration
#3, (a) low-pass filtered, and (b) high-pass
filtered
abso
abso
lute
lute
12
velo
velo
city
city
distr

distri

16th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 08-12 July, 2012

phenomenon is seen as a feedback loop between the shock position and the noise generation at the
trailing edge of the airfoil. The varying shock position directly influences the conditions at the
trailing edge and as such the sound pressure level at the shock location that allow the shock to move
downstream/upstream by a decreasing/increasing sound pressure level. Thus, the frequency of the
shock oscillation is determined by the time the disturbances travel up- and downstream [1]. An
approach to directly measure the upstream and downstream propagating waves, e.g., by correlating
the pressure fluctuations, led to promising results supporting the validity of the aforementioned
buffet mechanism, though the acoustic waves are not of a periodic nature which would lead to a
stronger correlation.
Therefore, artificial noise has been introduced downstream of the airfoil to directly show that
upstream propagating sound waves similar to these generated at the trailing edge have an impact on
the shock oscillation. A mid-range driver mounted to a horn is used to generate high-frequency
sound waves at the maximum sound pressure level that is reached by the driver. Using these flow
configurations it is shown that in the current parameter regime only the feedback loop between the
shock wave and the acoustic waves caused by vortical structures passing over the trailing edge is
the essential mechanism for the shock oscillations. The obtained propagation speeds for the
upstream and the downstream part of this feedback loop are in good agreement with the measured
frequency of the shock oscillation.	
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