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he objective of this paper is to present an overview of the work performed at Onera

over the last decade on the characterization and control of the buffet phenomenon.
This aerodynamic instability induces strong wall pressure fluctuations and as such lim-
its aircraft envelope, consequently it is interesting to understand the origin of this insta-
bility and to try to delay its onset, in order to improve aircraft performance, but also to
provide more flexibility during the design phase. First, results from wind tunnel tests on
2D airfoils are presented to explain the 2D buffet phenomenon and since it is used as
validation test case for numerical simulations. Then, results from several wind tunnel
tests on a 3D configuration are presented. The 3D buffet phenomenon is characterized
using steady and unsteady wall pressure measurements and LDV. Then, several types
of flow control have been investigated, either passive (mechanical vortex generators) or
active (fluidic VGs, fluidic trailing-edge device (TED)). It is shown than mechanical and
fluidic VGs are able to delay buffet onset in the angle-of-attack domain by suppressing
the separation downstream of the shock. The effect of the fluidic TED is different, the
separation is not suppressed but the rear wing loading is increased and consequently
the buffet onset is not delayed in the angle-of-attack domain, but only in the lift domain.
Closed-loop control of the fluidic VGs is also investigated, to adapt the mass flow rate
to the aerodynamic conditions.

Introduction

The shock-wave/boundary layer interaction on the upper side of a
wing at high Mach number and/or high angle of attack induces a mas-
sive flow separation, which can lead to instability. This phenomenon
is a global flow instability known as "buffet" and can further lead to
structural vibrations (“buffeting”). Buffet results in lift and drag varia-
tions that greatly affect the aircraft aerodynamics and, as such, limit
the aircraft flight envelope, since a margin of 30% on the lift coef-
ficient at cruising conditions must be respected by design standards.

For the last twenty-five years or so, a structured multi-disciplinary re-
search program has been defined at Onera for addressing buffet char-
acterization and control on, firstly turbulent airfoils, and then wings.
This research program had comprised very detailed complementary
experimental and numerical studies.

Two complementary devices/technologies had been developed for
buffet control:

* either a "VG-type" (Vortex Generator) actuator, the effect of
which is to add momentum and kinetic energy to the turbulent bound-
ary layer which develops upstream of the shock and the induced
separation, in order to suppress, or at least to delay, the appearance
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of separated unsteady flows, which is at the origin of the buffet phe-
nomenon;

* or a "TED-type" (Trailing Edge Device/Deflector) actuator, which
behaves as a trailing edge, or cambered trailing edge, by increasing
the rear loading of an aerofoil and then postponing the buffet onset at
a higher lift coefficient.

Thus, several reports and publications have been made for 2D rigid
airfoils ([1]-[3] [7]-[8], [11]-[12], [15]-[17]). In particular, the ef-
ficiency of a closed-loop approach using mechanical “TEDS” was
shown, the control laws being extracted from a semi-empirical model
[8]. Furthermore, very few studies were made for 2.5D ([2], [15] or
[17]) or 3D transonic wings [5]; early attempts of control via me-
chanical TEDs in open-loop have not been very successful for a 3D
wing [8], as yet. These aforementioned studies referred mainly to
mechanical devices.

Therefore, a new joint Onera research project was launched at the
beginning of 2007, aimed at addressing buffet studies on 3D turbulent
wings [9]. The focus was to investigate buffet control via the use of
fluidic devices, which should be easier to handle than “mechanical
TEDs for closed-loop” control applications. In parallel to this research
project, the EU-funded AVERT “Aerodynamic Validation of Emission
Reducing Technologies” project, coordinated by Airbus Operations
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Ltd, was launched in January 2007. For high speed technologies,
demonstration tests were focused on buffet control and were per-
formed on a 3D half wing/fuselage body at the Onera S2MA facility,
in March 2010 [10]. Thus, the efficiency of delaying the buffet onset
was shown using an open loop approach, with either fluidic VG or
fluidic TED, at constant flow rate. The main characteristics of fluidic
VGs and TED were defined by Onera and LEA Poitiers, respectively.
Later on, Onera pursued buffet investigations on a 3D wing, the
geometry of which being similar to that of the model tested at the
Onera S2MA wind tunnel, but adapted to fit in the test section of the
“research-type” Onera S3Ch wind tunnel [6], [14]. Flow topologies
on both wings — either at the S3Ch or at the S2MA wind tunnel — were
very consistent at the buffet onset and beyond. Blowing at rather large
values of constant flow rates was applied for different angles of at-
tack, at a Mach number close to 0.815; furthermore, various pulsed
flow rates (duty cycle = 0.5) at frequencies in the range 100 to 500
Hz, were investigated for strong buffet conditions.

Later on, within the framework of the Clean Sky SFWA-ITD (Smart
Fixed Wing Aircraft — Integrated Technology Demonstrator), comple-
mentary high-speed tests were carried out on the 3D turbulent wing
at the Onera S3Ch wind tunnel, using fluidic devices at continuous
and pulsed flow rates. First of all, the open loop approach was applied
at relatively low values of constant flow rates, for several fluidic VGs
conditions. Then, a closed loop approach was applied by establishing
a feedback between the fluidic VG opening and:

e Either the rm.s. value of an unsteady pressure sensor close to
the trailing edge;

* Or, the average value of the shock position, estimated from 10
unsteady pressure sensors that were monitored continuously, in or-
der to estimate the shock location in real time.

Last, but not least, within the framework of the Onera joint research
project [9], closed loop control using fluidic VGs or fluidic TEDs was
applied rather recently, at the beginning of 2012, on the 3D half wing/
fuselage body at the Onera S2MA wind tunnel. The results are cur-
rently under analysis and are not mentioned in this review paper.

There is a huge amount of literature on the control of the shock/
boundary layer interaction. The control methods can be gathered into
two main categories. In the first category, the objective is to weak-
en the shock by splitting it to have a bifurcated A shock structure.
Several studies over the last decade have examined passive control
devices to bring about the modified shock pattern: a cavity covered
with a perforated plate [20], grooves and stream-wise slots [21]-
[22] underneath the shock foot. These various concepts have led
to moderate success, the reduction in wave drag being sometimes
outweighed by viscous penalties [23]. This can be alleviated by us-
ing active devices, such as boundary layer suction through a slot,
but these devices require auxiliary equipment, which offsets any drag
reduction benefits [24]-[25]. A promising method to lower the total
pressure loss through the shock system is the control by a bump. In
the beginning, 2D-shape bumps were investigated and led to signifi-
cant wave drag reductions with moderate viscous penalties, but were
found to perform very badly under off-design conditions [25]-[26].
More recent studies were performed with 3D bumps, which have a
limited spanwise extent, to enhance the off-design performance [27]-
[29]. The & shock structure has been found to propagate between
the bumps, giving total pressure decreases across the span. More-
over, streamwise vortices developed along the bump sidewalls have a
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beneficial effect on the downstream boundary layer behavior, render-
ing this passive control device as a promising concept.

The second category is aimed at energizing the boundary layer up-
stream of the shock, making it more resistant to the adverse pressure
gradient and consequently less likely to separate downstream of the
shock. Mechanical vortex generators [30]-[36], fluidic vortex gen-
erators and synthetic jet fall in this category. Previous studies done
at Onera [37] have shown that mechanical VGs are able to delay the
buffet onset to higher angles of attack. However, even though they
have shown their efficiency for buffet onset delay, mechanical vor-
tex generators have the drawback of increasing drag under nominal
cruising conditions. This is the reason why fluidic VGs, which can
be turned off, are also investigated. Moreover, they can be used in a
closed-loop strategy to optimize the flow control and consequently
to reduce auxiliary equipment for actuation, which is an important
constraint for aircraft manufacturers. Concerning these fluidic VGs,
they have mostly been studied to control the shock/boundary layer in
internal flows [38]-[41], but there are also few papers on 2D airfoils
[42]-[44].

This review papers is aimed at providing the main outcomes from all
these experimental tests, as well as from the computational investiga-
tions performed from the high-quality database generated through all
of these afore-mentioned testing campaigns.

Buffet Characterization: Experiments and Simulations
2D Turbulent Airfoil

First, the buffet phenomenon has been investigated on a 2D airfoil.
The study was carried out in the continuous closed-circuit transonic
S3Ch wind tunnel of the Onera Meudon Center. This facility has a test
section size of 0.78 x 0.78 x 2.2 m. The upper and lower walls are
flexible, so as to reduce wall interferences near the model, the adapta-
tion technique being based on a steady flow hypothesis [14]. The side
walls are equipped with Schlieren quality windows. The experimental
arrangement is shown in figure 1. The model is an OAT15A profile
with a relative thickness of 12.3%, a chord length ¢ = 230 mm, a
span of 780 mm (which gives an aspect ratio of 3.4) and a thick trail-
ing edge of 0.5% of the chord length. The central region of the profile
is equipped with 68 static pressure orifices and 36 unsteady Kulite
pressure transducers.

adaptive wall

windows

|
adaptive EL

%

Figure 1 - OAT15A supercritical profile in the S3Ch transonic wind tunnel
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Schlieren films were recorded using a high-speed camera allowing
acquisitions of 1000 frames per second, which means 14 images per
period since the shock oscillation frequency is 70 Hz (see figure 5).
The exposure time is set equal to 1.9 10 s or 1.3 10 the oscillation
period. Examples of pictures obtained for A7, = 0.73 and a =3.5°
are shown in figure 2 (these conditions are those of the other inves-
tigations presented next). The two pictures correspond to the most
upstream (red upward pointing arrow) and downstream locations
(green upward pointing arrow) of the shock during its oscillation for
these conditions. The wave observed upstream of the field is due to
the transition triggering strip. Its apparent importance is amplified by
the spanwise integration of light deviation, which tends to magnify the
image contrast. In reality, surface pressure measurements showed
that the variations of the flow conditions across this wave were negli-
gible. The picture in figure 2a reveals a lambda-shaped region typical
of the transonic shock wave/boundary-layer interaction with a shear
layer (in white), which develops along the slip line originating from the
lambda structure triple point. The separated boundary layer above the
profile, behind the shock (in black), is also visible. When the shock
wave moves upstream, the separation size increases, as well as the
corner flow separation on each side wall. Deformations of the shock
surface associated with these corner flows are visible in figure 2a,
when the shock is at its most upstream location.

a) Shock most upstream location

b) Shock most downstream location

Figure 2 - Instantaneous Schlieren pictures for ¢ =3.5°, M =0.73
(a) Shock most upstream location, (b) Shock most downstream location

The oil flow visualization in figure 3 reveals that the time-averaged
shock remains parallel to the leading edge on nearly 80% of the wing.
Flow deviations are apparent in the lateral wall region. These cor-
ner flow separations, which are due to interactions with the side wall
boundary layers, remain confined to nearly 10% of the profile span at
each end.
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Figure 3 - Qil flow visualization of the upper surface of the wing
for a =3.5°, M=0.73, viewed from downstream: a) left side, b) right side.
The center region of the airfoil is free from oil flow.

Figure 4 shows the distributions of the wall pressure coefficient Cp
measured for A7, = 0.73 and fourincidence angles (2.5 < a <3.9°).
As shown in this figure, a supercritical profile is characterized by a
pressure plateau preceding the compression due to the shock. For
a = 2.5and 3°, the shock remains steady (no buffet) and is located
at x/c = 0.48. The shock starts to oscillate for &« = 3.5°, with a
maximum upstream excursion detected at x/c = 0.3 for ¢ = 3.9°.
The spreading of the recompression region in figure 4 results from
the temporal integration of flow intermittency during shock oscilla-
tion. Note also that the pressure decreases at the trailing edge when
« increases, which corresponds to an increase of the separation
extending from the shock foot to the trailing-edge.
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—TT T =39, M, =073

0 10 20 30 40 50
Figure 4 - Time-averaged wall pressure coefficient

Power spectra obtained with the unsteady pressure transducer lo-
cated at x/c = 0.45 are plotted in figure 5 for « = 3, 3.1, 3.25,
3.5, 3.9°. The frequency resolution was set to 1/3 Hz. For « = 3°,
the shock is stable, the signal energy remaining low and distribut-
ed over all frequencies. However, a bump can be detected between
40 and 95 Hz, the amplitude of this bump increasing for & = 3.1°
with a peak emerging at 70 Hz, together with its first harmonic. This
peak corresponds to the buffet frequency, as shown by the curves
obtained at higher incidences (« = 3.25 and 3.5°). Beyond buffet
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onset, the spectra are marked by high harmonics and by background
turbulence. One can note that the energy background overshoots for
a = 3.25° before settling down to a lower level for higher incidences.
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Figure 5 - Influence of the incidence on the pressure power spectrum at
x/c = 0.45 (M = 0.73)

This experimental test case has been computed by several numeri-
cists at Onera with various levels of turbulence modeling: in URANS
by Deck [11] and Brunet [1][3], in ZDES by Deck [11] and Brunet et
al. [4] and in LES by Garnier & Deck [12].

3D Turbulent Wings

First, it appears important to define the buffet onset limit to answer,
for example, the question of how much this limit has been delayed
using flow control. The buffeting is the dynamic structural response
to the aerodynamic buffet excitation. The buffeting limit during flight
tests corresponds to a value of the acceleration measured at the pilot
seat. However, in wind tunnel tests, since the dynamic response of
the model structure is different from a real aircraft, new definitions of
the buffeting onset must be defined. There are global criteria (based
on the kink in the lift curve, the divergence of RMS value of C, or the
RMS value of the accelerometers, etc.) but also local criteria (based
on the divergence of the Cp value at the trailing edge, the RMS value
of the pressure, etc.).

The main problem with the local criteria is that they may be inappro-
priate for the case, for example, where the spanwise spacing of the
fluidic VGs is varied and where there will be attached and separated
zones, depending on the spanwise section. Figure 6 shows an ex-
ample of the application of three criteria on a 3D configuration without
control at A = 0.82 and Pi = 0.6 bar. In this case, all criteria are in a
good agreement with a buffet onset angle of attack equal to 3° +0.1°,
but the starting point of divergence of the r.m.s. pressure curve is
very subjective.

Before being performed in an “industrial-type” wind tunnel, tests
have been carried out in the S3Ch wind tunnel of the Onera Meudon
Center. The objective of this test was to assess the efficiency of the
fluidic ¥Gs, by comparison with a more classical solution based on
mechanical VGs. The experimental set-up is shown in figure 7. The
model is composed of a swept wing attached on a half-fuselage. This
model was designed during the BUFET’N Co project and most of
the wing is based on the supercritical OAT15A airfoil. The swept angle
at the leading edge is equal to 30°. The wing twist was adapted to
ensure a constant pressure along the span under cruising conditions,

erospacelab

as well as a shock parallel to the leading edge. Due to the significant
confinement of the model in the wind tunnel test sections, all wind
tunnel walls were taken into account during the design phase of the
model in CFD. From root to tip, the chord varies between 240 mm
and 200 mm over a span of 704 mm. In the end, no separation at the
wing root was ensured using adapted profiles and twist in that region.
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Figure 6 - Comparison of the different buffet entry criteria based on:
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Figure 7 - Experimental set-up in the S3Ch wind tunnel

Oil flow visualization for o = 2.8°, 3° and 3.5° at M, = 0.82 on the
upper side of the model are shown in figure 8. The trace of the shock
wave at the wall is clearly visible, as well as the supersonic region
upstream. It starts at about 20% of the root and extends over 92% of
the span. At « = 2.8° (figure 8 (top)), before buffet onset, there is
no separation even though the skin friction lines start to be parallel to
the trailing-edge at y/b = 50 and 60%. At « = 3° (figure 8 (center)),
at buffet onset, a small separated zone is visible between 55 and 75%
of the span and on 25% of the chord. Indeed, oil comes from the
lower side of the model and goes backwards towards the shock foot.
The shock is also located more upstream compared to « = 2.8°. At
a = 3.5° (figure 8 (bottom)), these conditions correspond to a well-
established buffet regime. Downstream of the shock foot, the flow is
fully separated. The massive separated flow extends from the foot
shock up to the trailing edge of the wing.
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Figure 8 - Qil flow visualization for the uncontrolled case
a =28,3and3.5°, M, = 0.82
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The wall pressure coefficient distributions for « = 2.5, 2.6, 2.8 and
3° at y/b = 0.7 are plotted in figure 9. The appearance of the flow
separation at the trailing-edge of the model is marked by the diver-
gence of the pressure from the previous angles-of-attacks and by the
displacement of the shock in the upstream direction. Figure 9 shows
that these conditions are fulfilled for o = 3°, which corresponds to
the buffet onset. Then, like for the 2D configuration in “2D turbulent
airfoil”, the higher the angle-of-attack, the lower the pressure at the
trailing-edge is.
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Figure 9 - Wall pressure distributions at y/6 = 0.7 for the uncontrolled case
a =25103.0°M,=10.82

The unsteady aspects of the buffet phenomenon are analyzed from
pressure measurements obtained by the Kulite sensors at y/5 = 0.6.
The Strouhal number (S7) is defined by

St = fi ’
UO
where £ is the frequency, ¢, is the mean aerodynamic chord length
and U, is the freestream velocity.

The results are presented for four sensors located respectively at
x/c = 0.45 (at the shock foot) and x/c = 0.5, 0.6 and 0.7 down-
stream of the shock in the separated area. The sampling frequency
is equal to 20 kHz (St = 16) and the length of the signal is 4 s.
The number of overlapping blocks is 163, which results in a 20 Hz
(St = 0.016) resolution frequency. The results (figure 10) show the
power spectral density (PSD) of the pressure signal as a function of
the Strouhal number.

At x/c = 0.45, in the shock displacement region, there is a significant
increase of the PSD and one can note the presence of a bump on the
PSD between St = 0.2 and St = 0.6. It is important to note that this
is the typical signature of the 3D buffet phenomenon at the shock
foot. The 3D buffet has a completely different characteristic than the
2D buffet, which is characterized by well-marked peaks in the spectra
(see figure 5).

Downstream from the shock, at x/c = 0.6, the energy level in the
signal is lower than at the shock foot. Then, the PSD level increases
with x/c. The Strouhal number bump remains, but is less clear than
at the shock foot and its center of mass seems to be shifted to lower
frequencies.
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Figure 11 - Uncontrolled configuration o = 3.5°, M, = 0.82 - Estimation
of the shock oscillation amplitude at /6 = 0.6 - (a) LDV iso-contours of
RMS longitudinal velocity, (b) time-averaged and RMS longitudinal velocity
distributions
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Figure 11a presents fields of root-mean-square (RMS) values of the
longitudinal velocity, obtained by LDV 3C measurements in the plane
y/b = 0.6 (cu/U,: RMS of the longitudinal velocity, non-dimension-
alized by the free stream velocity). The average location of the lead-
ing shock is represented by a dash-dot line. These results show two
regions of high RMS values. The first one is around the time-averaged
shock location, the second one is in the separated region. The maxi-
mum velocity fluctuations are concentrated in the mixing layer above
the separated zone, where large vortex structures are present. Below
this second region, the backflow characterized by the oil flow visual-
ization exhibits a small level of RMS values. This result confirms the
unsteady wall pressure measurements in this region. Indeed, fluctua-
tions levels are smaller than at the separation point.

The unsteadiness of the shock location can be characterized by high
fluctuation levels of the axial component of the velocity at the crossing
of the shock. The regions of high RMS values are represented by the
gray lines around the time-averaged shock position. This behavior is
explained partly by a strong deceleration of the flow at the crossing
of the shock, on the one hand and by the shock unsteadiness, on the
other hand.

Measurements along a line across the shock (gray dots) are per-
formed to quantify the shock displacement (see figure 11a). A large
number of samples (one million) have been acquired to insure sta-
tistical convergence. For each position, it is possible to compute
histograms for each component of the velocity. Figure 11b shows
the change in the longitudinal velocity and its fluctuation along this
exploration line. The decrease of the axial velocity extends over 4% of
the chord, which is very limited compared to the one on a 2D profile.
The velocity fluctuation profile has a maximum at the average shock
position.

This test case has been computed in ZDES by Brunet & Deck (see [5]
for more details on the numerical method). The mesh size is 190.108
cells. Figure 18 shows a QO-criterion iso-surface of the instantaneous
flow.

Figure 12 - O-criterion iso-surface « = 3.5° M, = 0.82

Then, after these first validation tests, wind tunnel test have been per-
formed in the S2Ma wind tunnel of the Onera Modane-Avrieux Center.
This wind tunnel allows larger models to be tested. Moreover, it is
equipped with a balance, which enables to study the buffet onset by
varying the angle of attack of the model.
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Figure 13 shows the AVERT model in the S2Ma wind tunnel. The half-
model geometry consists in a wing, a fuselage and a peniche. The
wing cross-section geometry is based on the OAT15A airfoil, as for
the S3Ch model in figure 7. The wing span is larger (1.225 m) and
the sweep angle is the same (30°). The chord length is 0.450 m at
the wing root and 0.225 m at the wing tip. The mean aerodynamic
chord is 0.3375 m.

e

Figure 13 - AVERT model in the S2MA wind tunnel.

First results are provided from oil-flow visualizations at different an-
gles of attack (figure 14). When increasing the angle of attack up
to 2.5°, the wall flow is fully attached. At «= 3.5° there is some
separated flow between 42.5% and 82.5% of the spanwise extent;
indeed, the flow from the lower side is contaminating the upper side
(figure 14(b)). For higher angles of attack, the separated areas in-
crease greatly. Thus, it can be guessed that the buffet onset corre-
sponds to an angle of attack of between 2.5° and 3°, which is fully
consistent with the divergence of the r.m.s. pressure curve in figure 6,
which comes from this wind tunnel test.

Pressure distribution curves are provided in figure 15, for a Mach
number of 0.82 and a stagnation pressure of 0.6 bar. Considering,
for instance, the spanwise section y/b = 72.5%, when the angle of
attack increases up to 2.5°, the shock position is moving backwards
and the supersonic “plateau” level ahead of the shock increases.
Then, from 3.0°, the shock is moving upwards while the “plateau”
level still increases and separation occurs just upstream of the trailing
edge with a more pronounced effect at 3.5°. These pressure distribu-
tions are fully consistent with the onset of buffeting recorded from
gither oil-flow visualizations or r.m.s. curves. These observations are
valid also at the internal spanwise section (y/6 = 55%).
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To summarize, figure 16 shows the buffet onset in the (Mach, Angle
of Attack) domain for the baseline configuration at i = 0.6 bar in
the S2Ma wind tunnel.

Buffet Control: Open Loop Approach for 3D Turbulent
Wings

Mechanical VG

As explained in the section "Buffet Characterization: Experiments and
Simulations", the first objective was to define a reference configura-
tion with control, in order to compare the efficiency of fluidic VGs. It
is well known that mechanical VGs are able to postpone buffet onset,
so they have been chosen as a reference. Since the wing is swept,
only co-rotating VGs are considered here. The VGs, whose vertices
are located at 20% of the chord, consist in 27 small triangles with
a height 7 =5 = 1.3 mm and a length equal to 5 4. Their skew
angle has been defined using numerical simulations [18] and is equal
to » =30° with respect to the freestream direction (and so B =0°
with respect to the leading edge normal). The first VG is located at
51% of the span (b), the last one at 89%, and the spacing between
the VGs is 1.7% of the span (1 = 12 4).

Figure 17 shows an oil flow visualization of the controlled configura-
tions with mechanical VGs. By comparing against figure 8, one can
observe that flow separation has been suppressed over most of the
wing span, except between y/b = 0.5 and 0.6 where a recirculation
zone remains. Let us recall that VGs are only located at between 50%
and 90% of the span, which leaves the first half of the wing uncon-
trolled and prone to separation, like for the baseline. Just downstream
of the VGs, an interesting 3D flow pattern can be observed in the
shock foot region and the footprint of the longitudinal vortices (darker
lines normal to the leading-edge) created by the mechanical VGs.
These vortices deform the shock along the span leading to a very
complex but almost periodic 3D shock / vortices interaction.

This test case has also been computed by Dandois et al. [18]. Fig-
ure 18 shows a Q-criterion iso-surface (9= 100U~ / h*) colored by
the Mach number and the separated zone (in black) for the fine grid.
The streamwise vortices created by the co-rotating mechanical VGs
are clearly visible. A small separated zone (in black) at between 20
and 50% of the span remains as observed in figure 17 (in green).
The small separated zones at the shock foot between the stream-
wise vortices observed in the experiment are also visible. Figure 18
also shows the wall pressure distribution for the controlled flow with

20 mechanical VGs

4 7 4 5
/Ay E—

80% 70% 60% 50%

Figure 17 - Qil flow visualization with mechanical VGs (left) and zoom at
y/b=T75% (right) (e = 3.5°, M, = 0.82)
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mechanical VGs. If the mesh is sufficiently refined in the wake of the
VGs, the agreement between the numerical simulation and the experi-
mental data is very good. The shock location, as well as the pressure
level downstream, are very well predicted.

-Cp

05| i "'!

0|, —
05| ﬂ(p. sich

. Coarse mesh
X Fine mesh

> ; -1

v/b=70%

x/c

0 02 04 06 08 1

Figure 18 - O-criterion iso-surface (Q=100U? / h*) colored by Mach
number and separated zone (in black) and comparison of wall pressure
distributions between experiment and RANS computation

Fluidic VG (continuous flow rate)

On the S3Ch model, a cover with 40 co-rotating fluidic VGs has been
manufactured to try to reproduce the effect of the mechanical VGs,
with the advantage of being able to activate them only when they are
necessary. The fluidic VGs consist in small nozzles with a conical
shape and a supersonic exit flow at A, = 2. The exit diameter of
the nozzles (d) is equal to 1 mm and the pitch angle (defined between
the jet direction and the local wall tangent, see figure 19 (left)) is
a = 30°. The 40 continuous fluidic VGs are located at between 53
and 82% of the span, with a spacing equal to 0.85% of the span
(A= 6mm). A different cover with 25 pulsed fluidic VGs has also
been manufactured. They are located at between 50 and 84% of the
span with a spacing equal to 1.63% of the span (4 = 11.5mm).

The orientation of the jets with respect to the leading edge of the
model g being an important parameter, it has been studied numeri-
cally (Dandois et al. [18]), in order to define the most interesting skew
angles to be tested. Thus, on the S3Ch model, two skew angles for
continuous fluidic VGs have been tested: p= 30° and 60° (and are
named VGF4 and VGF5 respectively) and one for the pulsed fluidic
VGs: B= 60° (named VGFp). These pulsed fluidic VGs consist in
Onera home-made piezoelectric actuators supplied with compressed
air and driven by an electric square signal. They are located at 23%
of the chord.

Figure 19 - Sketch showing the definitions of the main parameters of the
fluidic VGs
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For the fluidic VGs, the momentum coefficient Cu is defined by:
ij U, qU,

J

7:00SU(§

u

lpoSUé

where P, and U/ are respectively the density and velocity of the jets
(time- averaged in the pulsed blowing case), S, the sum of all of the
orifice surface area based on the hole diameter (not the projected sur-
face) and ¢ is the mass flow rate (time-averaged in the pulsed blow-
ing case). When the flow at the exit of the nozzles is supersonic, the
Mach number (M = 2) and thus U. are fixed and only the mass flow
rate continues to increase with the air supply stagnation pressure.
The variables p, and U, are, respectively, the fregstream density and
velocity of the main flow, the wing area corresponding to a half span
being denoted by S.

Figure 20 shows a comparison of the Cp distributions at y/6 = 0.7
between the baseline, mechanical and fluidic VGs configurations.
This spanwise section is representative of the most separated region
on the upper wing. The results show that the control effect on the
pressure plateau level upstream of the shock is negligible. The shock
location has been shifted more downstream on the wing, at around
x/c = 0.55, because of the separation alleviation for all controlled

o '
4 ‘.4!’/1

-0.5

0
V
LE'S_I —e—Clean
05 i —a—Conf. 1 (VGm) .
: —a—Cont. 2 (VGF4) - €, =0.0009 ||
+ : —_e—Conf. 3 (VGF5) - d’:oooog 1
0 20 40 60 80 x/c 100

Figure 20 - Effect of the fluidic VGs mass flow rate on Cp distributions at
yb=07-a=35, M,=082

cases. The shock seems to be located more downstream in the fluidic
VGs case than for the mechanical VGs. For this value of the momen-
tum coefficient C , which corresponds to a saturated effect of the
fluidic VGs, the skew angle S seems to have no effect on the wall
pressure distribution.

The RMS pressure chordwise distributions at /5 = 0.6 (only section
equipped with Kulite sensors) of the clean and controlled configura-
tions are compared in figure 21. The RMS values are computed on a
signal length of 4s. For the three controlled configurations, the maxi-
mum level corresponding to the crossing of the shock is located at
about x/c = 0.55. More downstream, the pressure fluctuation levels
are lower in all controlled configurations than for the baseline. This
confirms that unsteadiness in the separated region has been damped
with either passive or active control. One can also note that the low-
est levels are obtained by fluidic VGs. However, pressure fluctuation
levels at the shock location are greater in the controlled cases than for
the baseline, because the shock is located between two sensors for
the baseline (see the shock position in figure 21) and consequently
the peak is not visible in the figure. As for the Cp distribution, there is
no significant effect of the skew angle of the fluidic VGs on the RMS
pressure distributions.
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& | |—@— Conf.3 (VGF5)
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0.04 L
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: i
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Figure 21 - Comparison of RMS pressure distributions at y/6 = 0.6
a=35,M =0.82

Figure 22 - O-criterion iso-surface (Q= 100U / k) colored by the Mach number and separated zone (in black) showing the streamwise vortices created

by the co-rotating fluidic VGs
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Figure 23 - Close-up view of the oil flow visualization around the fluidic VGs
at a =3°and C,=5.810*

This test case has also been computed by Dandois et al. [18].
Figure 22 displays a Q-criterion iso-surface (Q=100U / h*)
colored by the Mach number and the iso-surface Vx = 0
(streamwise velocity = 0, in black) for the fine overset grid. The
streamwise vortices created by the co-rotating fluidic VGs are clearly
visible. As observed in the experiment, there remains a small sepa-
rated zone between 50 and 60% of the span.

For the S2MA model, like for the S3Ch model, micro-nozzles with a
throat diameter of 0.8 mm and an exit diameter 4 = 1 mm have been
used. Since the model is larger than the S3Ch model, there are 50
fluidic VGs instead of 40. They are also located closer to the leading
edge at 15% of the chord, in order to be outside the fuel tank region
on a real aircraft. They are located between 46% and 89% of the
wing span. The spacing between each hole is 4 =14.4 4. Like for
the S3Ch model, the pitch angle « is fixed equal to 30°. Since on
the S3Ch model no difference was observed between the two test-
ed skew angles, only B =60° (taken from the normal to the leading
edge line) has been tested on this model. The maximum mass flow is
0.5 g.s"" per hole and the fluidic VGs can operate in continuous blow-
ing mode, or in pulsed blowing mode (between 0 and 700 Hz) using
piezoelectric actuators inside the model.

Figure 23 shows a close-up view of the oil flow visualization of
the controlled flow by fluidic VGs (C, = 5.8 10%) at « = 3°. The
streamwise vortices created by the VGs are traced by the streamwise
line of oil washing between accumulations of blue oil. The shock foot
is also modified by the interaction with the streamwise vortices. For a
higher angle of attack « = 4.25° (see figure 24), in the uncontrolled
case, the flow is separated on one third of the span in the central part,
whereas in the controlled case with fluidic VGs, a flow separation
starts to appear at around 40% of the span where the flow is not con-
trolled (the fluidic VGs are located between 46 and 89% of the span).
Thus, the fluidic VGs are able to delay the separation appearance as
well as the mechanical VGs.

Since the S2MA wind tunnel is equipped with a balance, the effect of
the fluidic VGs on lift and drag can be investigated. The lift change
with the angle of attack is given in figure 25 for the baseline, the me-
chanical VGs case and the fluidic VGs for some selected values of C,
The control has no influence on the lift curves for a < 2.5°. For «
> 2.5, the lift curves of the baseline and the controlled case start to
diverge, the control increases the lift. Then, for & > 49, the lift incre-
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Rot. 7256
Mach : 0,820
Alpha = 4.25° - Lot 843
PI0 = 0.60

Rot. 7258
Mach : 0,820
Alpha = 4,25° - Lot 858
P10 =0.60

Figure 24 - Qil flow visualizations of the baseline (left) and the fluidic VGs
case (C,=5.810-4) at o =4.25°

ment is nearly constant. The lift increment, observed for angles-of-
attack larger than the buffet onset at « = 3°, increases with C but
quickly reaches a saturation for C, = 4.6 10 ,which corresponds
to a low value C, (5% of the maximum C) and the mass flow rate
(5.9gs'=" of the maximum masse flow rate). The micro-nozzles
are not even shocked. In figure 25, the lift curves for C,= 46104
and 1.7 10 are superimposed. The effect of the fluidic VGs on lift
is comparable to the mechanical VGs one for a very low value of C,
equalto 1.510“ (3 g.s)

Fluidic VG (pulsed flow rate)

The wall pressure distributions for the baseline, the continuous blow-
ing VGs and the pulsed fluidic VGs case at a mass flow rate of 4 g.s™
are given in figure 26 for an angle-of-attack of 4.25° and y/b = 72.5%.
The actuator command varies between 0 and 100% of the fluidic VGs
opening. As for the continuous blowing fluidic VGs, the effect of the
pulsed fluidic VGs is to suppress the flow separation characterized by
the Cp increase at the trailing edge, which occurs for « = 3° for the
baseline and to shift the shock downstream. The effect of the forcing
frequency of the pulsed fluidic VGs is to modify the Cp gradient at the
shock foot at around 50% of the chord: for f = 65 and 125 Hz, this
gradient is smaller than in the continuous blowing case and than that
for pulsed fluidic VGs with f = 185 Hz. This lower Cp gradient char-
acterizes in 2D the shock motion on the suction of the airfoil so here,
for a forcing frequency of 65 and 125 Hz, the shock motion amplitude
is increased compared to the baseline.
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Figure 25 - Lift change with the angle of attack for the baseline, the mechanical VGs and some selected fluidic VGs cases

-15

RN

00 10720 30 40 0 70 80 9000

—a— Baseline x/c
4 —=— VGF continuous q=3 g/s
0.5 = VGF plused =65 Hz q=4 ¢/s
( —=— VGF plused f=125 Hz q=4 ¢/s
VGF plused f=185 Hz q=4 g¢/s
—= VGF plused f=245 Hz q=4 g¢/s
1 VGF plused f=290 Hz q=4 g¢/s

Figure 26 - Wall pressure distribution for the baseline, continuous blow-
ing fluidic VGs and pulsed fluidic VGs at 4.25° and different frequencies at
4 g.s" and an actuator command between 0 and 100%.

Figure 27 gives the Frequency Response Function of the shock loca-
tion versus the command signal. The amplitude of the FRF decreases
strongly as the frequency increases. The global shape of the FRF am-
plitude is "smooth" without any "resonance peak". The analysis of the
FRF phase is similar to a pure delay. Using the phase information over
[10-100]Hz, the time lag can be estimated at 2.2 ms, which gives an
estimation of the time delay in the whole system including all electric,
mechanic, aerodynamic response times.

Synthetic Jet Actuator

A cover equipped with 14 synthetic jets has also been tested during
the S2MA wind tunnel campaign. Seven of these have a hole exit
diameter 4 of 0.5 mm and the seven others have a diameter of 1 mm.
Their peak velocity without freestream has been measured at between
120 and 140 m.s™" for 4 = 0.5 mm and between 110 and 150 m.s™!
for d = 1 mm. Figure 28 shows the static wall pressure distribution
(left) and its fluctuation level on the upper side of the model (right)
for the baseline and the controlled configuration with synthetic jets
(two frequencies: purple and blue) and fluidic VGs at a very low mass
flow rate of 0.5 g.s" (in cyan) for comparison. This figure shows that
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these synthetic jets have no effect on the static wall pressure distribu-
tion as well as on the pressure fluctuation level, since the curves are
superimposed with the baseline ones. This is probably due to the too
low peak velocity of these synthetic jets compared to the local one
(around 420 m.s").

Fluidic TED

The fluidic TED consists in a slot located on the lower side of the model
at the trailing-edge. The blowing angle is normal to the lower surface
(see figure 29). Its design is similar to that developed by LEA for the
VZLU WT tests during the AVERT European project [19]. The slot is
located at x/c = 95% and its width is equal to 0.5 mm. The spanwise
length of the slot is 490 mm (between 45% and 85% of wing span). The
design of the plenum that supplies the slot with air is based on the TED
design for VZLU tests: 4 transverse sections can be feed separately, the
maximum mass flow being equal to 180 g.s" (4 x45 g.s™").

Abs FRf: Shock Position / Command
0.8 ‘ ‘ 0695 o =3, =Ag/s = +/4g/s-[10->T00}Hz
® 0690 @=3q,=4g/s q,= +/-4g/s-F=65Hz
06 ® 0691 @=3"q, =4g/s q,=+/-4g/sF=125Hz |
® 0692 ¢ =3°q, =4g/s q,=+/-4g/s-F=185Hz
04r 0693 =3°q,=4g/s q,=+/-4g/sF=245Hz 4
: ® 0694 a=3q, =4g/s q,=+/-4g/s-F=290Hz
0.2r i
0] I i I i i |
100 200 300 400 500 600 700
Frequency (Hz)
200 “phase () | | | |
100 \\V\/ |
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-100

100 200 300 400 500 600 700
Frequency (Hz)

Figure 27 - Frequency Response Function: Shock Location vs. Command
Signal
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Figure 28 - Wall pressure distribution (top) and RMS pressure level as a
function of x/c (down)

The lift change with the angle-of-attack is given in figure 30. The ef-
fect of the fluidic TED is a constant increase in its value over the
entire angle-of-attack range. This global variation on C, is progressive
with the increase of the C,. Up to the maximal value of C, (0.0090),
corresponding to the maximal mass flow rate of the test device, the
observed effects vary linearly with C,: the effect for C, = 0.0090 is
approximately three times that for C, = 0.0027.
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estimated at o = 2.75°, as well as for baseline than for FTED cases.
When the fluidic TED slot is not blowing (slot open - dashed line) there
are only slight differences in the pressure distributions compared to
the baseline configuration case. For section /b = 55%, the strong
upper side shock wave moves downstream (about 5% of the chord),
while the wide supersonic plateau upstream of it becomes lower. On
the aft part of the wing, the pressure distribution is “opening”, both on
the upper and lower side. For section y/b = 72.5%, the effect is the
same as in the 55% section, but the downstream displacement of the
strong shock wave is more important (10% to 15% of the chord) and
the opening of the distribution on the rear aft of the wing is stronger.
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Figure 31 - Wall pressure distributions (3/=0.82, Pi=0.6 bar): increasing fluidic TED effect at a constant value of the lift coefficient C,=0.66 corresponding

to buffet onset
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Open Loop Result Summary

Figure 32 summarizes the behavior concerning buffet onset and de-
velopment for the mechanical and fluidic VG configurations at dif-
ferent C, levels, in comparison with the baseline configuration at
M= 0.82 and Pi=0.6 bar. The RMS fluctuations values are plotted
versus the angle-of-attack and versus the lift coefficient for the upper
side Kulite pressure transducer named K2, located near the trailing
edge at x/c=85% on the spanwise section y/6=75%.

At low values of « or lift coefficient, fluidic or mechanical VGs do not
produce any increase of the mechanical vibration level. For mechani-
cal VGs, the strong increase in the pressure fluctuation and mechani-
cal vibration corresponding to buffet is clearly postponed to higher
angle-of-attack and lift values. Moreover, the increase in the pressure
fluctuation seems to be reduced when buffet becomes stronger. The
buffet onset limit is estimated at « = 3° (instead of 2.75° for base-
ling).

For fluidic VGs, the effects are similar, but stronger. At C, = 0.0006,
the buffet onset limit can be estimated at « = 3.25° and the increase
in the pressure fluctuation when buffet develops is lower, as for the
baseline or even the mechanical VGs configuration.

Concerning the control by the fluidic TED, it is important to note that
this flow control device does not delay the buffet onset at higher an-
gles-of-attack (see figure 32 (left)) but only at higher lift values (see
figure 32 (right)), since, as was shown in figure 30, the effect is a
constant lift increase over the entire angle-of-attack range and the
kink visible on the lift curve at around 3° is not delayed by the fluidic
TED.

Buffet Control: closed loop approach

Different closed-loop control architectures were tested in the S3Ch
wind tunnel for A = 0.82, Pi = 1 bar and an angle-of-attack of 3°.
The main control parameters are described in table 1 depending on
the signal and the objective function used in the closed loop.

1000
RMS K2 (Pa) 3=062 Pi=0.6b
900 [1=082 Pi=0.6b] /},

800
700

600 =+ FTED C,= 0.0027
5004 -+ Baseline

a0 | V6 C,=00006 Vi
-=Mechanical /
300 A
200 // | f‘/
100 A A
0 FF‘H‘I" o (o)
1 15 2 25 3 35 4 45 5

Criterion

RMS value Time-averaged value
Sensor
Trailing edge Kulite Minimization Maximization
(/e = 90% & y/b = 60%)
Shock location signal Minimization Maximization

Table 1- Control configurations tested in S3Ch

The first schematic closed loop control architecture is shown in figure
33. The objective is to minimize the RMS value of an unsteady pres-
sure transducer located at the 90% of the chord. The feedback law
can be associated to a disturbance rejection strategy. In this case,
no reference input is applied to the system, the control architecture is
aimed at minimizing its response to a specific perturbation. This part
deals only with a quasi-steady approach of a feedback control. The
quasi-steadiness property results from the fact that the system out-
put is passed into an integrator block, in order to estimate a specific
criterion over a "long" time (RMS value, averaged value).

— — — Outputs
Disturbance |—
—_—
| Plant | Kulite
Command | Signal

Controller €—| RMS |

Figure 33 - Block diagram of the first control approach

The main results are plotted in figure 34. Starting from the uncontrolled
configuration, the pressure fluctuations level (estimated through the
RMS value) is very high. The command of the pulsed fluidic VGs is
proportional to the RMS value. After a rise time and settling time, the
control command converged to a fixed value.

1000
900 RMS (Pg) [/=0.82 Pi=0.60]
800

700 /|

600
500/ -« FTED C= 0.0027 / /
400| | - Baseline /

|| =« FVG C,=0.0006 / /
300/ _s Mechanical

200 // /

/l
102 — ;/ %’ // c

046 1.5 056 06 065 0.7 075 08 0.86

Figure 32 - Buffet entrance with fluidic and mechanical VGs; comparison with the baseline configuration at A7=0.82 and Pi=0.6 bar: unsteady wall pressure

measurements
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Figure 34 - Time evolutions of command, flow and pressure signals

A different closed-loop algorithm, consisting in maximizing the shock
location, has also been tested. The schematic control architecture is
shown in figure 35. In this closed loop approach, 10 unsteady pres-
sure sensors were monitored continuously, in order to estimate the
shock location in real time. The estimated signal was used as control-
ler input.

Outputs
Disturbance —1—
- —
Plant d
10 Kulite
Command Signals
. —->@ >
cortrol " Shock
ontroller =a tan |- Estimator

Figure 35 - Block diagram of the second control approach

The main results are plotted in figure 36. As for the previous case, the
evolution of the VG command is clearly proportional to the chosen
signal. With a small gain value, the actual command may result in
an inefficient VG command, or may converge to the desirable out-
put slowly. However, with a large control gain, the actual output may
reach the (maximum) saturation value or may never converge (i.e.,
the controller-plant system oscillates). At the end of the test point
shown in figure 36, the control efficiency shows that the shock lo-
cation occurs more downstream, at about 10% in chord, than for
the corresponding uncontrolled case. The RMS fluctuations of shock
location (but also of the unsteady pressure at the trailing edge) were
clearly decreased.

Conclusions
The aim of this paper was to summarize the work performed at Onera

over the last decade within the framework of several European and
self-funded projects.
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Figure 36 - Time evolutions of command, flow, pressure and shock location
signals

Sections “2D Turbulent Airfoil” and “3D Turbulence Wings” have
shown that the appearance of buffet under transonic conditions
leads to some common features, for example on the change in the
wall pressure distribution with the angle-of-attack (pressure plateau,
shock location, trailing edge pressure divergence), but also has some
fundamental differences. For example, it is important to mention that
the signature of the 3D buffet phenomenon on the wall pressure spec-
tra at the shock foot (a bump) is completely different from the 2D
buffet, which is characterized by well-marked peaks.

Then, the efficiency of flow control devices has been evaluated in
two wind tunnels under transonic flow conditions, at Mach numbers
between 0.80 and 0.84 and at different Reynolds numbers, from
2.83 10%10 8.49 106. These results, recorded in an industrial-type en-
vironment, have allowed the behavior of such active technologies to
be assessed and them to be brought to TRL "Technology Readiness
Level" values of 3-4.

Each model instrumentation was very detailed and comprised steady
pressure taps, unsteady transducers and accelerometers, which
complement the flow visualizations (oil-film and mini-tufts) and global
force measurements. This allows a perfect description of the turbu-
lent flow, the wall streamlines, the flow unsteadiness, the mechanical
vibrations and the buffet onset, for each of the tested configurations:
baseline or reference configuration ;

¢ mechanical VGs;

e fluidic VGs in continuous and pulsed blowing mode;

* fluidic TED “Trailing Edge Device” at a continuous flow rate.

The effect of both passive and active devices is to:
« postpone buffet onset at a higher angles of attack
(mechanical/fluidic VGs), or at higher lift values (all);
« decrease the extent of separated areas
(from oil-flow visualizations and mini-tufts);
* decrease the unsteadiness
(records provided by Kulite transducers and accelerometers);
« increase the lift coefficient for high angles of attack
(from force measurements).
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Many parametric investigations were performed (not shown here) for
different fluidic VG spacings, spanwise locations and also mass flow
rates, and thus momentum coefficients.

The effect of the fluidic VGs is similar to that of the mechanical VGs,
with a saturation reached for momentum coefficient C, above 910°%,
corresponding to a flow rate of 0.12 g.s™" per hole. Fluidic VGs at C
of 6 10+ have very similar aerodynamic performances to those of the
mechanical VGs case. The effect on unsteady components is very
similar.

Concerning the fluidic TED, a linear-type behavior has been noted
on the lift coefficient. It should be pointed out that the efficiency of
a fluidic TED with Cﬂ=0.0027 corresponds to that of a mechanical

TED or mini-flap deflected at ~30° when comparing to former results
obtained by Onera.

Concerning the closed-loop control, the objective of this work was
to demonstrate the feasibility of controlling the buffet using a closed
loop based on a quasi-steady approach. Under transonic flow condi-
tions, the buffet phenomenon is characterized by a strong interaction
between the shock wave and the boundary layer inducing a massive
flow separation on the upper side of the wing. Since all of the phe-
nomena are coupled and dependent, the closed loop strategy based
on the time-averaged shock location (respectively on the pressure
level at the trailing edge) provides the desired effects, but also some
effects on the pressure level at the trailing edge (respectively on the
shock location) il
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Nomenclature

x streamwise coordinate (m) f frequency (Hz)

y  spanwise coordinate (m) ¢, mean aerodynamic chord length (m)

z vertical coordinate (m) U, freestream velocity (m.s™)

¢ local chord (m) Re_Reynolds number based on mean aerodynamic chord

Cp wall pressure coefficient

M, freestream Mach number

o angle of attack (°)

C, lift coefficient

Pi freestream stagnation pressure (Pa)
St Strouhal number

mechanical vortex generator height (m)

boundary layer local thickness (m)

mechanical vortex generator spanwise spacing (m)
mechanical or fluidic vortex generator skew angle (°)
fluidic vortex generator hole diameter (m)
momentum coefficient
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Acronyms

LDV 3C (Three Component Laser Doppler Anemometry)

VG
TED

RMS
ZDES

(
(Vortex Generator)
(Trailing Edge Device/Deflector)
PSD  (power spectral density, (Pa%/Hz))
(root mean squared value)
(Zonal Detached Eddy Simulation)
(

AVERT (Aviation Emission Reduction Technologies (FP6 EC funded project))
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