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Abstract

Flow control of a transonic Shock-Wave / Boundary-Layer Interaction (SWBLI) is inves-
tigated in the context of transonic air inlets. A shock-wave / turbulent boundary-layer

configuration with separation zones is considered in the transonic wind tunnel S8Ch at
ONERA Meudon.

After an introduction on the general context of the study, a state of the art is developed
on the different control methods used for SWBLI with separation. This part focuses espe-
cially on the mechanical (vane-type) and fluidic Vortex Generators (VGs). Of particular
interest are the studies on the interaction between a jet and a transverse flow.

Then, presentation of various experimental means of investigation and numerical tools
is considered. On the experimental side, a careful attention is paid to the description of the
tomographic Particle Image Velocimetry technique (Tomo-PIV). On the numerical side,
both Reynolds Averaged Navier Stokes (RANS) and Zonal Detached Eddy Simulation
(ZDES, a hybrid method between RANS and Large Eddy Simulation, LES) are described
as well as their implementation for the modeling of the SWBLI. The overset meshing
method used for an automatic and rapid modification of the small jets configuration is
also specified.

The third part presents the RANS simulations of the uncontrolled SWBLI, the results
are compared to previous experimental results. The structure of the central and corner
flow separations are highlighted.

A Kriging-based optimization process applied to a fluidic control of the SWBLI is
detailed. In a first step, the pitch and skew angles of ten fluidic VGs are optimized. An
optimal configuration found during this process is then used as a central control while
a jet is added to control specifically the corner flow separation. A second optimization
is applied to four parameters defining the lateral jet: the pitch and skew angles, as well
as the spanwise and streamwise locations of this added jet. All these processes aim at
improving the homogeneity of the flow and reducing the total pressure losses downstream
of the interaction. The optimal control configuration found uses jets blowing slightly in the
upstream direction (opposite to the main flow direction). The vorticity patterns developed
by these jets are investigated.

Using the results of the optimizations, two control configurations are adapted to the
wind tunnel test section constraints. Actuators are specified and tested in order to mod-
ulate the flow inside the VGs. The first configuration is close to classical configurations
found in the literature (i.e. jets oriented in the main flow direction) and the second one is
derived from the optimal jets configuration thanks to the optimization process.

Finally, comparisons of results are carried out between the clean case and the two con-
trolled cases using notably steady and unsteady pressure measurements and tomographic
Particle Image Velocimetry (Tomo-PIV). This confirms the capacity of fluidic VGs to con-
trol a tridimensional SWBLI with massive central separation and the interest of using
slightly reversed jets to control corner flow separation.

For French readers, a digest of this manuscript is presented in the Appendix A.1.
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Introduction:
Shock-Wave / Boundary-layer
Interaction

If we knew what it was we were doing, it would not be called research, would it?
Albert FEinstein

Context

Traveling faster than sound remains a dream, which since 2003 and the Concorde’s last
flight, is reserved to fighter pilots. The recent revival of interest for the civilians supersonic
airplanes brings to the fore once more the high complexity of the conception of effective
supersonic aircraft. Notably, the conception of the air intakes remains a preeminent chal-
lenge during the design process.

(a) View of the air intakes positioned under the(b) Schlieren visualization of the flow pattern in
ogival delta wings of a Concorde. the air intake.

Figure 1: Air intakes of a Concorde.

The shock-wave system allows to decelerate the supersonic flow to subsonic velocity
inside the inlet before its injection into the engine. Due to total pressure losses through
the shocks, the efficiency of the aircraft propulsion is going to decrease with an increase
in Mach number. The role of the air intake is to provide the maximum thrust for the
minimum induced drag (see Laruelle [111]). The maximum thrust is ensured by converting



the maximum of kinetic energy of the incoming flow to pressure before the engine. The
minimum drag will be ensured by the capacity of capturing just the flow needed by the
engine without needing to dismiss some part of it. This energy conversion (from kinetic
to potential) must be done with the minimum induced inhomogeneities in order not to
generate non uniform constraints in the engine.

The development of the air intakes has been historically a long process of experimental
tests and step by step improvements (see Surber and Tinapple [163]). These improvements
led to complex system such as the one used for the Concorde air inlet presented on Fig. 1.
The air inlet is a combination of several external oblique shocks, a normal shock in the
vicinity of the inlet entrance and a boundary-layer trap shown on Fig.1. This device is used
to control the interaction between the normal shock and the boundary-layer to prevent
separation, and also to damp the unsteadiness linked to such interaction.

Indeed, one difficulty of the air inlet conception lies in the fact that the shock-wave
necessary to this mechanism is going to interact with the turbulent boundary-layer de-
veloping at the wall. The well known phenomenon of Shock-Wave / Boundary-Layer
Interaction(SWBLI) often provokes the separation of the flow. Therefore, this separation
leads to losses, inhomogeneities and unsteadiness of the flow.

Shock-wave

Shock-waves are discontinuities that happen in supersonic flows. The flow endures a rapid
rise of pressure, density and temperature with a deceleration among a really small length
(close to 10 to 20 times the incident flow molecular mean free path). If the shock-wave
takes place on a surface, the surface experiences a local high load and high temperature
which can be problematic on high speed vehicles. Furthermore, shock-waves generate a
rise in the entropy of the flow and thus a decrease of total pressure.

Physical quantities’ variation through the shock-waves are governed by the Rankine-
Hugoniot equations (see for example Babinsky and Harvey [6]). These equations for two
types of shock-waves, normal and oblique. Normal shock-waves are encountered when the
shock-wave is perpendicular to the main flow whereas oblique shock-waves are linked to
a variation in flow direction. An oblique shock-wave decelerates the flow but the latter
may remain supersonic downstream of the shock-wave. For the oblique shock-waves, two
solutions coexist: a strong one where the resulting flow is subsonic and a weak one where
it normally remains supersonic. Strong shock-waves and especially normal shock-waves,
induce more entropy creation and thus more loss of total pressure. This is why several
oblique shock-waves are frequently preferred to a normal shock-wave.

A common source of drag Hence shock-waves are a source of drag which can be sig-
nificant at high velocities. shock-waves are quite common in aerodynamic configurations,
they happen in air inlets as seen before but also on civil aircraft wing, turbojet’s or heli-
copter’s blades. Even for aircraft flight at Mach 0.8 cruise condition, shock-waves appear
on parts where the flow is accelerated, as the wings and the fuselage. A visualization of
the shock-waves producing drag on the Common Research Model airliner is presented on
Fig. 2. The recent calculations of Hue et al. [91] evaluate to 5% the portion of drag pro-
duced by shock-waves on a commercial airline. So shock-waves are a common and complex
problematic both in internal and external aerodynamic.




Figure 2: Visualization of the volumes (in red) where shock-waves produce drag on the
Common Research Model Airliner (from Hue et al. [91]).

Air inlet In the context of air inlet design, the shock-waves can be chosen to be placed
internally or externally. The use of Pitot type air inlet' generates a single normal shock
which is penalizing at high Mach numbers. Since the work of Oswatitsch [128], several
oblique shock-waves are used to decelerate the flow on supersonic aircraft. Indeed, the
number of shock-waves used to decelerate the flow also influences the theoretical pressure
recovery and thus the efficiency of the air inlet (see Fig. 3). Nevertheless, Pitot air inlets
may still be chosen depending on a compromise between efficiency, maximum velocity and
stealth (see for example the Rafale from Dassault Aviation). Indeed, on recent aircraft,
the stealth is a researched characteristic and external shock-waves which are induced using
external diverters increase the radar signature of the airplanes (see Laruelle [111]).

In a nutshell, all air inlets present different complex combinations of shock-waves de-
pending on a compromise between several parameters: their efficiency and so the consump-
tion of the aircraft, their radar discretion, their weight and their objective of maximum
velocity (see Laruelle [111]). Nevertheless, all inlets present shock-waves which are going
to interact with boundary-layers.

Boundary-layer

When a flow passes along a surface, viscous phenomena set up a velocity distribution
which goes from the main flow velocity far from the wall down to a null velocity at the
wall. For flows where the Reynolds number? is high enough, the flow transitions from
laminar to turbulent and small structures appear near the wall. In this study, only the
fully turbulent flows will be considered. Turbulent boundary-layers are a wide subject
of study Lighthill [114], George [80]. Their numerical modeling remains a challenge for

'Pitot air inlets are the simplest air intakes, only composed of a single tube without compression system.
2The Reynolds number characterizes the ratio between the inertial effects and viscous effects.




Figure 3: Theoretical pressure recovery with respect to the Mach number and the number
of shock-waves used in the air inlet (from Surber and Tinapple [163]).

complex configurations at high Reynolds numbers. This subject will be rapidly addressed
in the choice of numerical method; the reader is referred to the work done at ONERA for
a more detailed presentation of their characterization and numerical modeling (see Pamies
[131], Renard [139], Bannier [10] for example).

Figure 4: Boundary-layer triple deck decomposition from Rizzetta et al. [141] with € ~
Re~1/8,

The main characteristics to keep in mind for the following study are described hereafter.
A turbulent boundary-layer can be decomposed into three main parts (called triple deck

4



decomposition by Lighthill [114]) which are presented on Fig. 4. The outer boundary-layer
is where the turbulent structures dominate the flow, the lower deck is the region really
close to the wall where the viscous effects dominate the flow. In between an overlap region
or middle deck takes place. The part of the flow close to the wall is really sensitive to
adverse pressure gradient. Even if more resistant than laminar boundary-layer due to
a smaller viscous sublayer, the turbulent boundary-layers may detach when suffering a
strong adverse pressure gradient.

The turbulent boundary-layer is also the location of an energy transfer, the kinetic
energy of the flow is transferred along a cascade of turbulent structures down to really
small scales where the energy is dissipated into heat. This dissipation is thus a source of
drag which is damaging for the vehicle.

Corner flow boundary-layers The development of turbulent boundary-layers in cor-
ner is also of interest for internal flows as it adds complexity to the flow. Indeed, the
boundary-layer at a corner for turbulent flows differs from laminar ones. The velocity
does not only depend on the distance to the closest wall. On a slice perpendicular to the
corner, secondary flows have been identified. They have been measured and explained in
Gessner [81]. The turbulent shear stress in the corner induces a flow directing to the corner,
going along the corner bisector. This secondary flow is going to provoke local thickening
of the boundary-layers on the two walls forming the corner as it can be seen on Fig. 5.
These parts of the boundary-layer are more sensitive to interaction with shock-waves.

Tz
Isolach
\\ (laminar) [
Isotach
(turbulent) I
Corner N |
bisector
Secondary flow N / )
{turbulent) Axial flow
direction X
~
" -

— — — —

¥

Figure 5: Modification of the isotach in a turbulent corner flow with respect to laminar
corner flow (from Gessner [81]).

Interaction

The Shock-Wave / Boundary-Layer Interaction (SWBLI) is a common problem in aerody-
namic as it takes place in a wide variety of configurations and leads to unwanted situations




such as buffet on wings (see for example Sartor et al. [152], Délery [48]), separations on
subsonic air inlets (see for example Coschignano and Babinsky [37, 38], Coschignano et al.
[39]), and buzz phenomenon in supersonic air inlets which is the starting point of the
current study.

From a more theoretical point of view, several configurations have been studied: in-
cident reflected shock, ramp induced shock or normal shock-wave. The latter one will be
the one studied here. The reader is referred to the reference books Délery [50], Babinsky
and Harvey [6] for a more precise description of the other configurations and for a more
applied point of view to Seddon and GoldSmith [156].

When a normal shock-wave is impinging a boundary-layer, it provokes locally a severe
adverse pressure gradient which competes with the longitudinal momentum. For strong
enough pressure gradient, separation happens and the normal shock-wave takes the form
presented on Fig. 6, called A shock-wave near the wall. The normal shock-wave is decom-
posed into two oblique weak shock-waves. The leading oblique shock-wave provokes the
separation and the thickening of the boundary-layer. The rear oblique shock-wave appears
at the triple point where the leading shock and the normal shock meet. It ensures the
compatibility between the flow passing through the leading shock-wave with the one pass-
ing through the normal shock. It should be noticed that the flow may remain supersonic
after the rear shock , forming a supersonic tongue. With the mixing effects of turbulence,
the flow then reattaches.

The main sources of drag are the separation zone, which is responsible for the main
losses (viscous drag) but also the normal shock-wave (wave drag). Indeed the compression
system composed of the two "legs’ of the shock (leading shock and rear shock on Fig. 6) is
almost isentropic and this part of the shock system is more effective in terms of pressure
recovery than the normal shock part.
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Figure 6: Scheme of a transonic separated interaction between a normal shock and a
turbulent boundary-layer (from Seddon and GoldSmith [156]).

Another important aspect of this kind of interaction is that, due to the fact that the
flow is subsonic after the interaction, the shock-wave is not ”shielded” from any acoustic




perturbation coming back from downstream. This makes this interaction really dependent
of downstream conditions.

Unsteadiness It has been noticed during experiments that, in separated transonic
SWBLI, natural unsteadiness frequencies appear and drive the shock movement. This
phenomenon has been widely studied (see Délery [50], Dupont et al. [58], Dussauge et al.
[59], Dolling [56], Babinsky and Harvey [6], Doerffer et al. [55], Sartor et al. [154], Gaitonde
[69] among others), and the unsteadiness have been linked to an acoustic interaction with
the downstream flow. This differs from the unsteadiness found in different SWBLI con-
figurations where the unsteadiness may be linked to the incoming turbulent structures
in the boundary-layer and to a ”respiration of the recirculation bubble” (see Babinsky
and Harvey [6], Piponniau et al. [136], Humble et al. [92], Clemens and Narayanaswamy
[32], Robinet and Casalis [142]).

This unsteadiness may provoke strong movement of the shock-wave which can be dam-
ageable to the structure where the interaction takes place.

Buzz In particular, this unsteadiness may be linked to the buzz phenomenon which takes
place in air inlets and may lead to their unstart. This is obviously damageable for the
engine. Two different scenarios from Dailey [42] and Ferri and Nucci [64] are considered
for the buzz phenomena which itself can be decomposed in two distinct phases: little and
big buzz. Recent numerical works of Trapier et al. [170, 171] manage to reproduce, using
Delayed Detached Eddy Simulation (DDES), the big buzz phenomenon. The different steps
of this phenomenon linked to the Dailey criterion (a massive separation on the compression
ramp), are presented on Fig. 7. The apparition of a huge separated zone (b) provokes a
strong oscillation of the last shock-wave which adopts a super-critical configuration (d)
and (e) before going back to the beginning of the cycle. This may lead to a reversed flow
and an unstart of the engine in the sub-critical regime (a).

Figure 7: Big buzz steps decomposition obtained from a DDES modeling (from Trapier
et al. [171])

It can also be noticed that the study of Trapier et al. [171] emphasizes the importance
of the corner flow separation in the buzz phenomenon, this specific separation zone should




be precisely controlled in order to improve the operation of air inlets close to buzz limit.




Objective

In order to prevent the drawbacks linked to the buzz phenomenon which limit the flight
envelop, many different control devices have been studied: bleeding, blowing, adaptive
geometries like 2D and 3D bumps, diverters, and Vortex Generators(VGs)(see Lin et al.
[115], Babinsky and Ogawa [7], Rosenblum [143], Ternoy et al. [165] for examples of review
of the control methods). These methods require a full understanding of the complete
problem. They should improve the efficiency of the air intake, taking into account their
added mass and relative energy consumption. The physic field of flow control is detailed
including its fallacies and limits in Crowther et al. [40]. Indeed, the technology of flow
control using VGs, even if widely explored over the past 50 years, only resulted in few
usages on real aircraft air intakes. For Vortex Generators, they can be seen on the air
inlet of the F111 only. The preferred options for control are bump, diverter and bleed
device as on the Concorde. Nevertheless, as it can be seen on Fig. 8, at high velocities, the
bleed becomes the main source of drag for supersonic aircraft and so this control method
should be improved with other control methods in order to gain efficiency.

Figure 8: Decomposition of drag for a supersonic aircraft intake with respect to the Mach
number (from Surber and Tinapple [163]).

Following the conclusion of Laruelle [111], ” Air intakes must be designed by a ’system’
approach. Optimising them is a long and difficult process”, the author of the current study
choose to investigate the control technique of air jet Vortex Generators from a fully 3D
point of view. This control device seems promising as it displays the same advantage as
the mechanical VGs which have been proven to be efficient to reduce the separation zone
(see Lin [116], Lee et al. [112], Titchener and Babinsky [167], Bur et al. [20]). Furthermore
it has the advantage of being energy efficient, generating less compression waves than the
mechanical VGs thus improving the drag of the air intake and it can easily be turned off
when not necessary and so not be a drawback in other flight conditions.

The goal of the study is to decrease the total pressure losses and to recover as much




as possible the homogeneity of the flow of a transonic separated normal Shock-Wave /
turbulent Boundary-Layer Interaction by using air Vortex Generators.

10



Outline

The study is organized as follow: firstly, a presentation of the different control methods of
the shock-wave boundary-layer interaction is developed in Chap. I, with a particular inter-
est taken to the mechanical and fluidic Vortex Generators and to the physical phenomenon
resulting from the interaction between a jet and a transverse flow.

Secondly, Chap. II is dedicated to the presentation of the main experimental and
numerical tools used. The transonic wind tunnel studied is introduced as well as the
measurement techniques implemented, with a special attention paid to the tomographic
Particle Image Velocimetry (PIV). The numerical methods of Reynolds Averaged Navier
Stokes (RANS) and Zonal Detached Eddy Simulation (ZDES) and parameters used to
simulate the flow without and with the presence of fluidic vortex generators are then
developed.

Thirdly, the RANS numerical modeling of the 3D uncontrolled Shock-Wave / Boundary-
Layer Interaction are displayed in Chap. III. The central and corner flow separations are
examined and compared to experimental results from previous studies.

Fourthly, a global optimization process devoted mainly to the pitch and skew angles
of the air Vortex Generators is presented as well as its results in Chap. IV. This Kriging
optimization is decomposed in two steps, the first one is focused on the central separation
control while the second one adds a corner flow separation control. The control configura-
tions are detailed as well as an explanation of their effectiveness based on a study of the
vortices developed by the interaction of a single pitched and skewed jet with a transverse
flow.

Fifthly, the process of conception and implementation of two control configurations
for the wind tunnel tests, derived from the optimization, is described in Chap. V. The
dynamic capacities of the actuators chosen for the control are presented as well as the
limitations deriving from their characterization.

Sixthly, Chap. VI and Chap. VII presents comparison of experimental and numerical
results of the characterization of the uncontrolled and fluidic Vortex Generators controlled
configurations. Schlieren flow visualizations and measurements (wall pressure by Kulite
sensors and velocity field by tomographic PIV) give information on the effective capacity
of control of the air vortex generators.

Lastly, a summary of the principle results and conclusions and perspectives of this
study are detailed in Chap. VIII.
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Flow control context
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I.1 General concept

The idea of controlling the Shock-Wave / Boundary-Layer Interaction has been a long and
vast domain of research over the past eighty years due to the fact that the unsteadiness and
the losses associated with SWBLI can be really damageable to wings in the case of buffet
phenomenon, and to air inlet in the case of buzz phenomenon. The interested reader is
referred to Délery [50], Joslin et al. [98], Ashill et al. [4], Babinsky and Harvey [6], Ternoy
et al. [165] for regular reviews of the whole diversity of control methods. The wide diversity
of control methods are composed of basic principles: the control either of the shock-wave,
by the use of specific geometries such as bump or cavities, or the control of the incoming
boundary-layer by the use of mechanisms to re-inject energy into it. This classification
does not imply that some tools can control the boundary-layer without controlling the
shock-wave and vice versa. Nevertheless, it considers the part the method is meant to
control directly, the other one (the boundary-layer or the shock-waverespectively) being
modified by the retro-action of the modification of the pressure gradient. This pressure
gradient along the wall, is linked to both the shock-wave intensity and the size of the
boundary-layer.

The precise definition of a perfect control for a SWBLI is arduous since, as explained
in Délery and Bur [52], the control of the shock-wave influences the boundary-layer and
vice versa in opposite direction. Indeed, when trying to reduce the drag generated by
the shock-wave, the control smears the shock-waves and thus provokes a thickening of
the boundary-layer. This increases the friction drag due to the boundary-layer. On the
contrary, in the case of separation, the control of the incoming boundary-layer diminishes
the separation and thus, the width of the oblique shock-wave (the "legs” of the A shock-
wave) and so expands the normal shock-wave. This increases the wave drag. The impact
of each method on the total pressure losses, is detailed on Fig. I.1. The total pressure loss
can be linked to friction or wave drag.

In the case of an air inlet, the most important part of the interaction to control, is the
boundary-layer since the separation may lead to the buzz phenomena. In the case of the
wing of a civil aircraft, the control of the shock-wave may be more interesting since the
balance between wave drag and friction drag may be in favor of friction drag (see Délery
and Bur [52], Babinsky and Ogawa [7]).

The definition of a control device also have to take into account the feasibility and the
efficiency of the system. Indeed, the advantage brought by the control system needs to
overcome its weight.

In the following, a short presentation of the shock control methods is undertaken
before a more complete presentation of the boundary-layer control methods. Especially,
the mechanical VGs studies are detailed as well as the lessons learned which can be used
for fluidic VGs. Then, the vortices produced by normal and angled jets in cross flow are
presented as well as some studies of control using fluidic VGs.
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Figure I.1: Influence of the shock and boundary control on the total pressure losses through
the Shock-Wave / Boundary-Layer interaction.
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1.2 Shock control

2.a Bump

One way to control the flow is to use a special geometry which is going to modify the
pressure gradient near the wall and thus modify the intensity of the shock system. This
control is optimized generally for wings (see Ogawa et al. [127], Babinsky and Ogawa [7]) or
for subsonic inlets with locally supersonic regions due to high angles of aero-engine intake
lips (see Coschignano and Babinsky [37, 38|, Coschignano et al. [39]). The general idea is
to use 2D or 3D bumps to wider the A and this causes the triple point to rise, this decreases
the wave drag as the two oblique shock-waves generate a lower rise of entropy than the
normal shock-wave. The drawback of this mechanism is that it is really depending on the
position of the bump relative to the shock-wave. Indeed, as it can be seen on Fig. 1.2, if
the normal shock-wave is positioned to far upstream, the flow re-expands on the bump
and forms a secondary shock-wave which generates new losses. On the contrary, if the
shock-wave is positioned to far downstream, the re-expansion takes place before the rear
shock of the A\. Furthermore, the interaction between the rear shock-wave and the end of
the bump may generate non expected vortices if the bump is 3D.

Figure 1.2: Limitation of the control using 3D bump from Ogawa et al. [127].

2.b Cavity

Another way to modify the shock system shape is to place a cavity covered by a porous wall
in the region of the SWBLI interaction, the pressure difference between the two part of the
cavity will induce a natural re-circulation in the cavity and decompose the normal shock
into a A shape. This system has been studied for example in Bur et al. [18], Galli et al.
[71], Galli [70], Délery and Bur [52]. The disadvantage of this system is that it provokes a
huge thickening of the boundary-layer and thus provokes viscous losses. In order to reduce
this drawback, more sophisticated system have been tested such as the combination of a
cavity with a suction system which remove part of the thickened boundary-layer as it can
be seen on Fig. 1.3. This system necessitates an active control and thus the weight induced
by this control may overcome its benefits.
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Figure 1.3: Mixed control device using cavity and suction (from Délery and Bur [52]).

I.3 Boundary-layer control

3.a Bleed

A classical system used for the control of SWBLI is the removal of the boundary-layer
after the interaction. This limits the losses and inhomogeneities in the downstream flow
and prevents the boundary-layer developing into the inlet to separate. Furthermore, it
allows to stabilize the interaction. This system can be seen for example on the Concorde
(see Délery and Marvin [53], Seddon and GoldSmith [156] for more details). Nevertheless,
the energy absorbed by the air inlet and dismissed by the bleed is lost. This can be
limiting at high speed as seen in the Introduction on Fig. 8. Thus, others systems have
been developed which work on the boundary-layer before the interaction in order to inject
some energy from the inviscid flow into the boundary-layer.

3.b Mechanical vortex generators

The idea of mechanical vortex generators is to place small devices in front of the interaction
in order to induce vortices which are going to mix the boundary-layer. This passive device
have been largely studied and precise literature reviews can be found in Lin [116], Lu et al.
[120], Panaras and Lu [132], Titchener and Babinsky [167].

Most of the VGs studied present the form of vanes shape or wedge presented on Fig. 1.4.
Different shapes have also been studied such as in Rybalko et al. [145], Cohen and Mo-
tallebi [33], Humrutha et al. [93] without clear improvement. The general idea is the
same for all VGs: to produce one or two vortices. The vanes are designed to create one
strong vortex and the classical wedge with the upper part downstream, a pair of counter-
rotating vortices. The vanes are paired either in a co-rotating arrangement as presented on
Fig. I.5(a) or in counter-rotating pair as presented on Fig. I.5(b). The pressure contours
presented on these figures allow to distinguish the presence of the vortices produced by
these configurations.

The main conclusions of the reviews by Lin [116], Lu et al. [120], Titchener and Babin-
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CHAPTER I. FLOW CONTROL CONTEXT

(c) More complex shapes.

Figure I.4: Different geometries of mechanical Vortex Generators (from Lu et al. [120]).

sky [167] for the control of transonic separated SWBLI are the following:
1. micro VGs of size close to 0.2 — 0.50 are sufficient to control these separations,

2. the VGs should be placed around 104 upstream of the interaction in order to leave
the time to the vortices to mitigate the boundary-layer,

3. the control induced by the VGs generally does not erase completely the separation
but instead generates a strongly 3D pattern with numerous smaller zones of separa-
tion,

4. the counter-rotating configurations seem to be more efficient,

5. for wind tunnel of small width, the control of the central separation is strongly
influenced by the corner flow separation.

A control using mechanical VGs worth mentioning is the one which took place in the
wind tunnel of the current study. In Bur et al. [20] and Sartor et al. [153], the authors used
different configurations of mechanical VGs in the form of vanes in co and counter-rotating
pairs. These configurations managed to reduce the size of the central separation as it can
be seen on the oil flow visualization presented on Fig. 1.6. It can also be noticed that the
control of the central separation zone increased the corner flow separation. Furthermore,
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Figure 1.5: Representation of the two different common configurations of mechanical VGs
and of the vortices they produce (from Titchener and Babinsky [167], Pearcey [134]).

(a) Clean case. (b) Co-rotating vanes case. (c) Counter-rotating vanes case.

Figure 1.6: Oil flow visualizations of the friction lines on the lower wall of the Délery bump
with mechanical VGs (from Bur et al. [20]).

the co-rotating configuration is generating an asymmetrical flow with one corner separation
stronger than the other one. This is may be damageable in the case of a real air inlet.
The mechanical VGs have proven to be efficient to control transonic separated SWBLI,
however, they have a drawback. In configurations where they are not necessary, they
induce drag and thus losses. This is the major advantage of the following method of
control: the air VGs. Indeed, even if more complicated to design and test experimentally
due to their wide number of parameters and to the fact that they are more complicated
to implement in wind tunnel, the air VGs have the advantage of being easily turned off
when they are not needed. Furthermore, they remove the risk of a mechanical VG being
sucked into the engine in case of failure. Before presenting the air VGs, a short digression
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on the co and counter-rotating vortices pair is developed.

Streamwise vortices close to a wall In order to understand the advantages and the
drawbacks of the co and counter-rotating configurations, the induced velocities resulting
from a pair of co and counter-rotating vortices close to a wall have been plotted on Fig. 1.8
and Fig. 1.7. Following the law of Biot-Savart, the velocities induced by each vortex on
the other one is reproduced as well as the velocity induced by the presence of the close
viscous wall. The latter one is equal to the velocity induced by an image vortex placed
virtually symmetrically with respect to the wall. It should be noticed that the velocity
induced by the image of the vortex 1 is neglected on the vortex 2 with respect to the two
other induced velocities and vice versa.

Vi I, /2nd
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Figure 1.7: Induced velocities for a pair of co-rotating vortices close to a wall (diagonal
effects are neglected).

In the case of co-rotating vortices, the general induced velocity is going generate a
lateral movement of the two vortices. During this movement, the induced velocity is going
to repel the vortex number 1 from the wall and to bring closer the vortex 2. It should be
noticed that the ratio between the distance from the wall of the vortices, and the distance
between the vortices is going to influence strongly the movement of the vortices. Similarly,
if the two vortices do not have the same vorticity, the induced velocity will be modified.
The weaker vortex will be moved up or down more efficiently. Another important point is
that for a theoretical infinite range of co-rotating vortices, the up or down movement will
be annihilated.

In the case of the counter-rotating vortices, the resulting movement will be an elevation
of the two vortices far from the wall and the two vortices will be attracted toward each
other. Again, small variations in intensity and distances will modify the resulting velocities.

All these interactions should be taken into account while designing a control system.
This made the system complex. Furthermore, when considering the corner flow, the lateral
wall will also interact with the vortices and thus induced other velocities.

To conclude, the counter-rotating vortices seems to be more rapidly ejected from the
boundary-layer. Nevertheless, they have been reported to be more efficient for the control
in the literature. This seems to be due to a positive interaction between the two vortices,
delaying their collapse, see Leweke et al. [113] and Gardarin et al. [73]. Another effect worth
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Figure I.8: Induced velocities for a pair of counter-rotating vortices close to a wall (diagonal
effects are neglected).

mentioning described in Leweke et al. [113] is the ”"rebound” effect, when a unique vortex
is placed close to a viscous flow, it manages to create and extract from the boundary-layer
another vortex of opposite direction. This produces a vertical velocity for the main vortex
and thus makes it look like the vortex rebound on the surface of the wall. Nevertheless, in
case of sub micro vortex VGs, the VGs need to be placed close to the SWBLI and thus,
the rebound phenomena has no time to happen and is not observed most of the time. The
same happens with the Crow instability which can develop between two vortices.
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3.c Fluidic vortex generators

The mechanical VGs have a considerable advantage with respect to fluidic VGs, they are
easy to implement in wind tunnels for tests. On the contrary, the latter VGs necessitate
more adaptations as well as a circuit of injection. Nevertheless, these last ones may be
preferred to the mechanical VGs because they have one major advantage, they can be
easily turned off during flight phases when they are not necessary. Indeed mechanical VGs
generate drag in off-design situations. Furthermore, the fluidic VGs may be adjustable
and even activated at different frequencies as pulsed jets. Thus, if they do not require a
too high fluidic mass flow rate, they could be really attractive for SWBLI control.

The idea of using fluidic jets to generate vortices goes back to the work of Wallis
[174]. He noticed that small jets managed to reduce the separation zones on a wing close
to stall. The interaction between a jet and a cross flow has also been widely studied in
fluid dynamic research since this fundamental phenomenon can be found in lot of different
situations in which a mixing is necessary like combustion for example.

This study of fluidic generators will be presented in three parts, first a quick reminder
of the characteristics of a perpendicular jet in cross-flow, then a more detailed presentation
of the studies on pitched and skewed jets in cross-flow and then finally a presentation of
some of the studies where pitched and skewed jets are used as fluidic vortex generators to
control separation in diverse configurations.

i Perpendicular jet

The interaction between a perpendicular jet and a transverse flow is well characterized (see
Margason [121], Jacquin [95], Karagozian [99, 100]), it produces a counter-rotating pair of
vortices which can be used to mix the boundary-layer with the upper flow. The topology
of vortices produced by a normal jet is presented on Fig. 1.9. The principal vortices are
the ones denoted CVP for Counter-rotating Vortex Pair. Three other types of vortices
are also visible: shear layer vortices, horseshoe vortices and wake vortices. Nevertheless,
they are really less energetic than the counter-rotating vortex pair and they will not be
considered in the following study.

The trajectories of the vortices are self similar and depend on the momentum flux
ratio r defined in Eq.I.1 and the diameter of the jet d (or on the velocity ratio VR for
incompressible flow). For more details, the interested reader is reported to Margason [121].

2
r= Pi%s

= I.1
PooUozo ( )

Where p designates the density and U the velocity, the subscript j is for jet and oo stands
for the cross flow.

However, the normal jet may not be optimal for flow control as the CVP is projected
vertically and may leave easily the boundary-layer, due to the impulse of the jet penetration
and due to the vertical velocity induced by the vorticity of the two vortices. Thus pitched
and skewed jets seem to be a better alternative.

ii Pitched and skewed jets

The literature on pitched and skewed jets is less extensive to the author’s knowledge. Most
of the literature being composed of non exhaustive experimental tests. This is due to the
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Figure 1.9: Principal vortex structures produced by a jet normal to a main transverse flow
(from Karagozian [100]).

complexity of testing a lot of different parameters such as the pitch and skew angles, the
velocity ratio, the Reynolds number, the jet diameter or even the frequency of excitation.
Furthermore, the two angles variations need to be considered at the same time as they
both influence the vorticity pattern formed by the jet.

First of all, for the following study, the pitch and skew angles noted respectively a and 5
are defined following the convention defined on Fig. I.10. The configuration («, ) = (0,0)
corresponding to a jet parallel to the main flow.

Some important studies, essentially incompressible, are detailed in the following, their
general characteristics are reported in Table 1.1 and their main physical parameters are
presented in Table 1.2.
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Figure 1.10: Definition of the pitch and skew angles, respectively named («, 3) used in this
study.
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Table I.1: Main pitched and skewed jets studies: general characteristics

Author Year Type Subject Means of investigation Conclusion
Compton and Johnston [34] 1992 Expe Single jet 5hole P probe/ vorticity Best (45,45-90)
Zhang [181] 1993 RANS Single jet Velocity /vorticity Small VR Best(45,60-90)
RANS CoR jets Velocity /vorticity independent distance, I' \, quicker CtR
RANS CtR jets Velocity /vorticity w " for closer VGs
Bray and Garry [15] 1999  Theorical Single jet Vortex circulation circulation=f(mass flow,P) best(30,60)
Han et al. [8§] 2000 Expe Single Jet Mie-scattering visu " spreading reverse jet, trajectory prevision
Khan and Johnston [102] 2000 Expe Single jet LDV Best (30,60)
Rixon and Johari [140] 2003 Expe Single jet LDV/PIV linear variation of circulation with VR
Godard and Stanislas [84] 2006 Expe CoR jets Friction/ PIV small influence skew, distance
Expe CtR jets Friction/ PIV 3D Cf, best(45,90)
Shapiro et al. [157] 2006 Expe Pulsed single jet Hot wire/photograph Influence f on jet penetration
Kostas et al. [105] 2007 Expe CoR jets pulsed Hot wire/ friction/ SPIV  impulse /* penetration, influence f, best(45,90)
Expe CtR jets pulsed Hot wire/ friction/ SPIV best (45,135)
Beresh et al. [13] 2007 Expe Single jet SPIV Structures vortices, close to sonic velocity
Dai et al. [41] 2016 Expe/LES Single jet PIV/ LIFD/ LES frequency, influence VR
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Table 1.2: Main pitched and skewed jets studies: detailed characteristics

Author  f [Hz] VR Reynolds d [mm] Pitch angle[’] Skew angle[’] Number ¢ [mm] Uy [m/s]
Compton 0 0.7-1.3 01 1500 6.35 45 0-90-180 1 14 15
Zhang 0 0.25-3 01 1500 6.35 45 0-45-90-120 1 14 15
0 1.5 91 1500 6.35 45 60 2 14 15
0 1.5 01 1500 6.35 45 60 2 14 15
Bray 0 MaR=0.7-2 - 2.25-13.5 30-60 30-60 1 41.5 Ma 0.06
Han 0 r = 5-10-20 - 4.6 45-135 0 1 0 1.65
Khan 0 1 41 1100 2.54 30-30-30-45 60-45-90-60 1 ) 0.2
Rixon 0 1-2-003 01 715 4.76 45 90 1 3.4 0.2
Godard 0 1.6-4.7 - 4-6. 45 45-90 3-006 7 10
0 1.6-4.7 - 4-6. 45 45-90 2 7 10
Shapiro 0-130 2.5-4 Dj 1420-36600 7.62 90 0 1 7.6 1.1-1.8-2.2
Kostas  2-10-40 2.3-3 6 125000 6 45 90 7 150 10
2-10-40 2.3 6 125000 6 45 135 4 150 10
Beresh 0 4.62 20 * 106 9 45-60-75-90 90 1 14.8 Ma 0.8
Dai 0 0.5-2 1712 23 35 0 1 - -




The first study of a pitched and skewed jet is an experiment by Compton and Johnston
[34], the authors measured using a five hole pressure probe, the vorticity produced by a
jet with a pitch angle of 45° and of varying skew angle. As most of the studied presented
here, the skew angles are limited to downstream oriented jets (for which the longitudinal
velocity component is aligned with the flow). This study claims that the jet parameters
producing the maximum vorticity are («, 3) = (45, 90).

This study was corroborated by the numerical RANS calculations of Zhang [181]. It
confirmed also that pitched and skewed jet manage to produce strong vortices even for
small velocity ratio. Zhang [181] tested more skew angles and found that the maximum
vorticity for a jet of pitch angle equal to 45° is for a skew angle between 60 and 90° (see
Fig. I.11).
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Figure I.11: Influence of the skew angle on the cross plane circulation for a jet of pitch
angle equal to 45° from Zhang [181]

Zhang [181] also tested for the first time co-rotating and counter-rotating couples of
jets. He noticed that the level of vorticity is independent of the distance between the jets
for co-rotating jets and higher for closer jets in the counter-rotating configuration. He also
noticed that the co-rotating jets vorticities decreased quicker than for the counter-rotating
jets.

In 1999, Bray and Garry [15] developed a model using the result of the experimental
tests of his PhD Thesis (Bray [14]) for angles, both between 0 to 60°. This really complex
model used 25 constants. His conclusion was that the optimal angles are («, ) = (30, 60).

After this, Han et al. [88] studied experimentally the effect of the pitch angle for a jet
aligned with the flow. He noticed that for a jet oriented upstream, the vorticity produced
by the jet is better dispersed in the flow as it can be seen on Fig. 1.12. Once again only
one angle was modified, the skew angle being fixed to 0°. The authors also proposed a
change of variable based on the angle of the jet with the normal which allows to retrieve
the prediction of trajectory using the model of the normal jet.

Khan and Johnston [102] have performed LDV measurements for four different couples
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(a) Pitch angle equal to 90°  (b) Pitch angle equal to 135°  (c) Pitch angle equal to 45°

Figure 1.12: Influence of the pitch angle on the dispersion of the flow (from Han et al.
[88]).

of pitch and skew angles, they noticed that the jet producing the maximum vorticity was
oriented following (o, 8) = (30,60). They also managed to measure the first turbulent
field for pitched and skewed jets.

Rixon and Johari [140] studied one jet of parameters (o, 3) = (45,90) using PIV and
LDV. They found that the vorticity was linearly depending on the velocity ratio.

The work of Godard and Stanislas [84] on rounded jets is part of a more global work
comparing the mechanical VGs (Godard and Stanislas [83]) and slotted jets (Godard
et al. [85]). This study concludes that counter-rotating fluidic VGs may be as effective as
mechanical VGs for relatively low velocity ratio (around 1.5). They studied only a pitch
angle of 45° and found an optimal skew angle of 90°. Nevertheless, the small number
of angles studied do not allow to be fully affirmative. The measure of friction allows
to confirm a control varying along the width of the wind tunnel. This complicates the
comparison of velocity profiles they measured, as the latter were only measured at one
transverse position.

Beresh et al. [13] studied experimentally the effect of the variation of pitch angle on
the vorticity structures produced by a jet with skew angle equal to 90°. These structures
are visible on Fig. I.13. The map of vorticity discloses vorticity structures that are more
complex than just two vortices for some angles. Beyond these precise measurements, this
study is also of interest as the main flow is close to sonic velocity and it found similar
structure as the previous subsonic studies.

Pulsed Jets The work by Kostas et al. [105] and Shapiro et al. [157] is interesting
as they tested the effect of frequency excitation on normal and pitched jets. Indeed, at
some particular frequencies, called fundamental frequency and subharmonics, the main
behavior of the jet is modified and the penetration of the jets is amplified (see also Johari
[96], Karagozian [100]). This phenomenon can be observed on the photograph of Shapiro
et al. [157] on Fig.I.14. Kostas et al. [105] presented a small literature review of pulsed
pitched and skewed jets. They measured the impact of the frequency on the mean friction
for low frequency actuation. They found that the friction is lowered by the actuation, this
may also be linked to the fact that they worked at constant velocity ratio. Nevertheless,
they found that the vortices were directly impacted by the actuation, meaning that they
present the same frequency as the actuator farther downstream. These considerations
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(a) Pitch angle equal to 90°  (b) Pitch angle equal to 75° (c) Pitch angle equal to 45°

Figure 1.13: Influence of the pitch angle on the vorticity produced by a jet with a skew
angle of 90° (from Beresh et al. [13]).

should be taken into account when trying to activate the air VGs in an hypothetical
closed-loop control.

a) HHz(s) 55 Hz (s) 73.5Hz (s) 85 Hz 110 Hz (s) 125 Hz 147 Hz

Figure 1.14: Influence of the frequency on the trajectory and penetration of a normal jet,
short exposure above an long exposure below. The frequencies denoted (s) are subharmonic
frequencies (from Shapiro et al. [157].)

More recently, Dai et al. [41] have carried out LES calculation of the interaction between
a jet pitched by 35° and a cross flow. They were able to noticed the presence of streamwise
vortices developing above the plume. More work should be done in order to understand
their interaction with the principle counter-rotating vortex pair. This structure may be
linked to the fundamental frequency of the jet found in the preceding studies.

The elegant work of Feng et al. [63] is also noticeable, they develop a model for the
trajectory of a pitched and skewed jet from the model of trajectory of a normal jet.
Nevertheless, this model is incomplete as it only takes into account the velocity of the jet
projected on the normal axis. This model should be furthermore false for jet pointing in
an upward direction, as it does not take into account the re-direction of the velocity of the
jet going backward.

Even if this review is not exhaustive, it shows that physics of a pitched and skewed
jet in a cross flow are highly complex, depending on both angles. It also shows that no
general model was found to predict the vorticity developed by the jet. A jet can form
either a pair of counter-rotating vortices, or a unique strong vortex for small pitch angles
and skew angle close to 90°. Furthermore, the notion of vorticity level developed by a jet is
not enough to quantify the control efficiency, indeed, the structure of vortices can modify
strongly the efficiency of the resulting mixing.
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Another important aspect is that most of the studies focused on the jet ”aligned with
the flow”, not considering the jet oriented upstream which however may present better
mixing properties.

iii Pitched and skewed jets used for flow control

Several studies on fluidic VGs are now presented. These studies differ from the previous
ones as they attempted to directly control a separation and not to study the vorticity
developed by the VGs. They take a more general and applied point of view on the fluidic
control. Once again this presentation is not intended to be exhaustive but rather gives a
good overview of the different aspects of fluidic control. The main characteristics and con-
clusions of theses studies are presented in Table 1.3 and the physical details are presented
in Table I.4. In the physical details, the momentum coefficient ¢, is notably given. This
coeflicient characterizes the energy of the jets compared to the one of the main flow, it is
defined in Eq. 1.2. This coefficient is used to give an idea of the energy cost of the control,

it is nevertheless, highly sensitive to the choice of reference surface for the main flow S.
 BpjeUz et
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The oldest paper found in which the author used small jets to inject energy in the
boundary-layer in order to prevent separation is the one by Wallis [174]. The small per-
pendicular jets are used to delay the separation occurring on thin swept wings. The control
managed to suppress laminar separation and to delay the turbulent separation and thus
to increase the lift performances of the wing.

A more detailed study has been done in the PhD Thesis of Rao [138] with some of
its results presented in Pearcey et al. [135]. Rao [138] has performed visualization in
water tunnel to understand the formation of vortices. This formation is coherent with
the works presented above. He parameterized the shape of the jet exit. He found that
for a constant blowing pressure, the jets exiting from a rectangular shape are producing
stronger vortices. Nevertheless, to maintain a constant blowing pressure, the mass flow
rate needs to be augmented so there is no real gain in terms of efficiency on the control
with respect to its cost. This study proved the interest of fluidic VGs to reduce or delay
the separation occurring on transonic wings. Different tests were done in terms of pitch
and skew angles, the best configuration found was for pitch angles varying between 30
and 45° and with a skew angle of 45°. Nevertheless, once again only a small number
of combinations of angles were tested. This study also confirmed the importance of the
blowing pressure for the formation of vortices. The minimum pressure ratio found for the
formation of a vortex was 1.0. It also underlines without explaining it, the strong impact of
the distance between VGs on the efficiency of the control system. Indeed, strong vortices
tend to dissipate quicker if they are formed to close to each other.

In Lin et al. [115], the authors studied a lot of different control methods on a backward
facing ramp. The subsonic flow separation was, inter alia, controlled using fluidic VGs.
Several configurations of pitched and skewed VGs were tested. First, the impact of the
skew angle was tested with the pitch angle fixed at 45°, the best results were found for a
skew angle chosen between 60 and 90°. Then the skew angle was fixed at 90° and the pitch
angle was varied from 15 to 90°. This time the best control was for a pitch angle between
15 and 25°. They found that the normal jet did not control the separation. This may be
due to the fact that the pressure is too high and the counter-rotating pair of vortices is

(L.2)
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pushed away of the boundary-layer. This study once again exhibited the interest of the
fluidic VGs. However, the pressure measurements were only done on a longitudinal line in
the symmetric plane of the wind tunnel. This may induced errors in the interpretation of
the results as 3D phenomena may happen between two VGs.
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Table 1.3: Main fluidic VGs control studies: principal characteristics

Author Year Configuration Means of investigation Conclusion
Wallis [174] 1952 Thin wing Pressure measurement Improved lift
Rao [138] 1988 SWBLI bump Pressure measurement Separation reduced
best (30-45,45)
Lin et al. [115] 1990 Subsonic bump Pressure measure/Oil flow visu Separation reduced
best (15,90)
Pearcey et al. [135] 1993 SWBLI bump Pressure measurement Separation reduced
Hansen and Bons [89] 2006 Turbine blade SPIV Comp mormal pitch skew,
phase pulsed, 3D
Kumar and Alvi [108] 2006 Subsonic bump PIV /Pressure/Oil flow visu Subsonic, only center plane,
relatively hight blowing
Kumar and Alvi [109] 2009 Subsonic bump PIV / Unsteady pressure Study angle position,
best low cp, slightly reversed
Souverein and Debieve [159] 2010 Impinging Shock Hotwire 2D PIV Small separation’s reduction
Dandois et al. [44] 2010 Buffet RANS/ Oil flow visu / Pressure Pitch skew
comp meca, best (30,60)
Molton et al. [125] 2013 Buffet Pressure unsteady/LDV/PIV Separation controlled,
pulsed effect low freq * mvt choc
Garnier [75] 2015 Sduct Pressure Rake/ Pressure unsteady Frequency,
avoid natural frequency
Verma et al. [172] 2015 SWBLI cylinder obstacle Oil flow visu / Schlieren/ pressure Separation reduced,

pitched better than normal
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Table I.4: Main fluidic VGs control studies: detailed characteristics

Author f [Hz| cu (7] Reynolds 106  d [mm] Orientation Number  Plbar] 0 [mm] Uy [m/s]
Wallis 0 ~ 0.04 0.75-3.75 ~T7 7(45,90) ? - - 18
Rao 0 - ~3 3.81 (45,60-90) 9 CoR 9.5 006 Mal-15
Lin 0 - 6 9000 1.6 (45,60-120),(15-90,90) CoR - 2.54 40
Pearcey 0 - 3 7.6%1.6 (30-45,45-90) 6 CoR 1.-1.8P0 ?760.6 Mal-15
Hansen 5 ; 0.04 4 (90,0)(30,90) 9 CoR - 87 ~20
Kumar 0 429 1.3 0.4 (112.5,0) 60 0.69-1.7 18 40
Kumar 0 617 1.3 0.4 (75-90-112,0) 12 0-1.7 18 40-65
Souverein 0 3 5.5 0.8 (45,90) 10 CoR 0.4 9.9 Ma 2.3
Dandois 0 0.033 3 1 (30, 60) 40 CoR 1.76 1.3 Ma 0.843
Molton 10-510 0.005 2.5 1 (30,60)* 40 CoR - 1.8 Ma 0.82
Garnier ~ 50-1000 3 and more 1.5 1 (30,75) 14 CoR - - Ma 0.4
Verma 0 r 0.77-3.43 7.6 0.6 (90-45-45-0,0-90-135-0) 16 CoR  1.40-6.40 3.35 Ma 2.18




In 2006, Hansen and Bons [89] studied the impact of fluidic VGs on the separation
occurring on subsonic turbine blade. They used Stereo Particle Image Velocimetry (SPIV)
to study more precisely the structure of the vortices for a normal jet and a jet oriented
following («, ) = (30,90). The advantage of this study is that they were able to disclose
the 3D deformation induced to the boundary-layer and thus to the separation. They
concluded that a normal jet was less efficient in mixing than the pitched and skewed jet.

Another interesting point is presented on Fig. I.15. They studied the impact of pulsed
jets on the boundary-layer. Using several SPIV measurement planes, they were able to
reconstruct a 3D visualization of the impact of the pulsed jet on the boundary-layer at
several instant of the pulse cycle. The jets seem to have an impact on the separation even
during the phase of the pulse when the jet is OFF as it can be seen on Fig. 1.15. This may
be due to the induced velocity field developed by the jet but it needs other measurements
for a better physical understanding. This can be a huge advantage for pulsed jets which
necessitate less mass flow rate and thus less energy than continuous jets.

Another study by Kumar and Alvi [108, 109] looked at the control of a subsonic bump
using small diameter supersonic jets. They used PIV to validate the impact of the VGs on
the flow. They validate the control and then carried out an optimization on the control
parameters, meaning the pitch angle of the jet and the blowing pressure in order to reduce
the energy needed. It should be noticed that their momentum coefficient ¢, is based on
the area represented by the boundary-layer times the width of the wind tunnel. This
criterion of efficiency is more severe than the usual one considering the whole height of
the wind tunnel, even if maybe it has more physical sense for this configuration. With a
classical definition of ¢,, they are closer to 0.4% which makes this control quite efficient.
The optimization found that a jet with a pitch angle slightly above 90° is more efficient,
even if this is also dependent on the blowing pressure.

The control of separation in supersonic SWBLI has also been tested by Souverein and
Debieve [159]. Using co-rotating fluidic VGs, pitched and skewed, they tried to suppress
the separation zone. This was not achieved completely. The separation was however
reduced, displaying a separation line corrugated at the spanwise positions of the VGs.
This confirmed the preceding conclusions of Titchener and Babinsky [167] for mechanical
VGs, that the use of VGs is more efficient for transonic flows than for supersonic ones.
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(a) Clean boundary-layer.

Normal Injection ' Angled Injection

(b) Controlled boundary-layer, t/T =0, jet ON.

yid

(c) Controlled boundary-layer, t/T =0.275, jet OFF.

(d) Controlled boundary-layer, t/T =0.775, jet OFF

Figure 1.15: 3D visualization of the iso surface of velocity(u/Us = 0.5) colored by y/d5
pink oval represents the position of the jet pulse (from Hansen and Bons [89]). 3



Another study of transonic SWBLI is the work of Dandois et al. [44] and Molton
et al. [125]. They used first RANS modeling techniques to test the influence of pitch and
skew angles of fluidic VGs for the control of buffet phenomenon on a wing. This confirmed
again that optimum pitch angle is dependent of the choice of the skew angle and vice versa.
By doing one study at fixed skew angle and one at fixed pitch angle, the most effective
configuration is found for («, ) = (30,60). This configuration was implemented in wind
tunnel and tested as well as mechanical VGs. Both fluidic and mechanical VGs managed
to reduce the separation zone linked to the buffet onset which is visible on Fig. 1.16. They
also studied the effect of pulsed fluidic VGs on the buffet phenomenon. They found that
at low frequency, the shock-wave was really sensitive, with an amplitude of movement
increased. At higher frequencies, the shock-wave amplitude and position are close to the
one of continuous jets.

o

transition shock

80% 70% || 60% 50%

separated area

(a) Uncontrolled wing.

(b) Controlled wing, using mechanical VGs (above) and fluidic VGs (below).

Figure 1.16: Oil flow visualizations of the impact of mechanical and fluidic VGs on a wing
in buffet regime (from Molton et al. [125]).
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In Garnier [75], the author presented the experimental results of a control of a S-Duct
with pulsed fluidic VGs. The position and angles of the VGs have been chosen following
numerical modeling (see Garnier et al. [78]). This study proved once more the interest
of using fluidic pulsed VGs in the case of subsonic separation, by actuating the VGs at
the natural frequencies of the separation zone and above. Surprisingly at the natural
frequencies of the flow, the control can be detrimental for the flow distortion compared
to the clean case. This study is also interesting for another point, as this configuration is
intended to represent an air inlet, the authors considered the distortion of the flow in the
channel using a criterion called DC60. This criterion will be considered in the optimization
process presented in Chap. IV.

Finally, Verma et al. [172] used fluidic VGs to control a SWBLI separation which is
fully 3D. They controlled the separation caused by a cylinder protuberance in a supersonic
flow. Once more the separation is reduced using the VGs and the authors found a better
result for pitched and skewed jets than for normal jets at higher pressure. A disadvantage
of this study was that that only the pressure measurements on the central plane are
presented even if the flow may be asymmetric for the angled jets positioned in co-rotating
configuration.

Another study on subsonic flow control is presented in Chabert [24]. The configuration
tested is a flap at varying angles of attack. The control method differs slightly from the
ones presented in the current review as the control is undertaken using longitudinal slots
which generate longitudinal vortices. However, this study is notable as they managed to
use friction sensors in order to have an information about the separation and thus design
a closed-loop control. This is another advantage of the fluidic control, it can be used for
closed loop control.

3.d Corner flow separation control

In order to understand more precisely the 3D aspect of a SWBLI in a rectangular air inlet,
a review of the studies on corner flow separation is then presented.

Flow structure in corner As it was presented earlier, the turbulent flow in corner has
been precisely described in Gessner [81]. Nevertheless, recent experimental works of Sabnis
and Babinsky [146] have emphasized the importance of the history on this corner flow in
transonic flows. Indeed, the pressure distribution in the channel due to expansion waves,
is going to break the symmetry between the two walls of the corner and thus increase
more importantly the boundary-layer on one of the walls. The vorticity distributions
induced by the two configurations presented on Fig. 1.17, the full and half set up one,
are shown on Fig. 1.18. The asymmetric configuration may result into asymmetric corner
flow separation. This statement also supports the idea that in numerical computations,
the whole channel should be computed in order to take into account the real corner flow
distribution which can influence strongly the separation zones.

Complex structure of flow separation in corner The corner flow separation hap-
pening in the corners of rectangular wind tunnel has not been deeply studied to the author
knowledge in the literature, excepted the early work of Chriss et al. [31]. Most of the re-
searches focused on different kind of corner separation (see for example Gand [72], Babinsky
and Harvey [6], Verma et al. [172]) happening over obstacles in a transonic flows. However,
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Figure 1.17: Two configurations studied by Sabnis and Babinsky [146].

Figure 1.18: Influence of history on corner flow, vorticity distribution for the ideal case a),
the full configuration b) and the half configuration c¢) (from Sabnis and Babinsky [146]).

a flow visualization of the corner flow separation topology in a rectangular channel can be
found in Babinsky and Harvey [6], presented on Fig. 1.19. This representation, obtained
following the critical point theory developed by Legendre (see Délery [51] for an overview
of Legendre work) on oil flow visualization allows to observe the influence of the corner
flow separations on the central separation. The central separation is composed of a line
of separation (S) and a line of attachment (A) perpendicular to the main flow. On the
border, the central separation ceases to be two dimensional and is corrugated by a focus
point positioned on the lower wall slightly in advance of the central separation. On the
lateral wall, another focus point is visible, the separation linked to this latter one being
more important than the lower one.

Bruce et al. [16] and Burton and Babinsky [21] proposed the configuration presented
on Fig. 1.20 as an interpretation of the surface flow topologies found in their study. The
corner separation is linked to compression waves, modifying the central A shock-wave and
the one appearing on the wall. Bruce et al. [16] introduced a criterion based on the ratio
between the boundary-layer displacement thickness d; and the width of the wind tunnel
which allow to predict if a central separation will occur, this last one being linked to the
existence and the width of corner flow separation. The recent experimental works of Xiang
and Babinsky [178], Xiang [177], Xiang and Babinsky [179] on the separations formed by
a reflecting shock-wave at Mach 2.5, shown that the corner flow separations influence
strongly the central one. Indeed, when the compression waves linked to the corner flow
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SECTION I.3. Boundary-layer control

Figure 1.19: 3D topology of friction lines of a SWBLI with separation in a channel flow
from Babinsky and Harvey [6].

separations intersect in the center of the wind tunnel before the central separation, the
latter one is reduced. When these lines intersect in the central separation, the central
separation is increased. Finally, when the lines crossed behind the central separation,
this latter one is close to a quasi 2D separation with small influence from the corner flow
separation.

Normal shock

Sidewall separation

Triple point

Corner separation

Intermediate region

Floor separation

Compression waves / /

Flow

Figure 1.20: Proposed topology for the corner flow separation produced by a normal shock-
wave in a rectangular channel (from Burton and Babinsky [21]).
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The strong influence of the corner flow separation on the central separation was ob-
served experimentally in Rybalko et al. [145], Bur et al. [20] and was also observed numer-
ically in the LES or DES of Garnier [74], Roussel [144], Wang et al. [175]. Nevertheless,
on the dynamical point of view, these studies did not manage to find a clear correlation
between the dynamic of the central shock-wave and the ones of the corners.

Control of corner separation Different methods of control have been tested by Babin-
sky’s group to control the corner flow separation (see Babinsky et al. [8], Titchener and
Babinsky [166], Burton and Babinsky [21], Koike and Babinsky [103], Xiang and Babin-
sky [178], Xiang [177]). Notably for our study, Koike and Babinsky [103] used mechanical
VGs in the shape of vanes to control the corner flow separation. The result of the study
shows that in some precise configurations, the vortex developed by the VG, oriented in
the direction that lift up the flow in the corner, managed to reduce the corner flow sep-
aration. Nonetheless, this reduction is linked to the formation of a side-wall separation.
Furthermore, a lot of different VG configurations are disadvantageous for the flow as they
increase the corner flow separation or they induce new separation regions. The control of
the corner flow is really sensitive and its benefit should be assessed with respect to the
whole configuration in the case of a 3D air inlet.

I.4 Conclusion and specificity of the current study

Different methods of control of the SWBLI have been developed along the years, the most
promising one being the control of the upcoming boundary-layer as these methods allow
to control the interaction for a wider range of shock position, and they are more efficient
than bleed.

A lot of studies have focused on the development and the optimization of mechanical
Vortex Generators due to the fact that they can be easily mounted in wind tunnels. They
have proven their capability to control SWBLI (see Bur et al. [20], Babinsky et al. [9],
Baydar et al. [11] for example). The different studies allow to draw conclusions which can
be used for every control using vortices: the use of micro VGs is validated and encouraged
as it diminishes the drag generated by the VGs, the VGs should be placed in front of the
interaction, closer if the VGs are smaller. In addition, the counter-rotating pairing of VGs
seems to generate a more efficient control than the co-rotating configuration.

Nevertheless, these actuators generate drag when they are not useful, that is why
fluidic VGs, which can be easily turned off, appear to be a better option. Furthermore,
recent work of Giepman et al. [82] on Mach effect on the mechanical VGs displayed that
an increase in Mach number has a negative effect on the efficiency of the VGs. On the
contrary the fluidic VGs pressure can be augmented in order to tackle the Mach variation.
Besides, the fluidic VGs can be actuated in frequency and potentially integrated in an
active closed-loop control which can improve again their efficiency (Chabert [24]).

In that respect, the fluidic VGs have been compared to mechanical VGs (see for exam-
ple Lin et al. [115], Godard and Stanislas [83], Godard et al. [85], Godard and Stanislas
[84], Dandois et al. [44], Molton et al. [125]). The fluidic VGs performed as well as me-
chanical VGs. They managed to control subsonic separation (Lin et al. [115], Hansen and
Bons [89], Kumar and Alvi [108, 109], Garnier [75], Chabert [24]) and 2D SWBLI without
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corner flow separation consideration (see Rao [138], Pearcey et al. [135], Souverein and
Debieve [159], Dandois et al. [44], Molton et al. [125] ).

However, the fluidic VGs appeared to be more complex to optimize as they present
more parameters than the mechanical VGs, e.g. the jet diameter, the velocity ratio and
the pitch and skew angles. Indeed, the vortices developed by a jet in a cross flow have
been the subject of several studies (Compton and Johnston [34], Zhang [181], Bray and
Garry [15], Han et al. [88], Khan and Johnston [102], Rixon and Johari [140] Godard and
Stanislas [84], Shapiro et al. [157], Kostas et al. [105], Beresh et al. [13], Dai et al. [41]).
The latter were able to test only a small number of combination of parameters and thus no
clear preferential couple of angles is found neither for the level of vorticity developed nor
for the control efficiency (see Compton and Johnston [34], Zhang [181], Bray and Garry
[15], Khan and Johnston [102], Godard and Stanislas [84], Kostas et al. [105]Rao [138], Lin
et al. [115], Dandois et al. [44]).

Noticeably, few VGs with jets pointing upward have been tested (only Kumar and Alvi
[109], Verma et al. [172]) even if they present a better mixing (Han et al. [88]).

On another note, the fluidic VGs allow to pulse the control and so to lower the mass
flow needed with a still efficient control. Few studies have been undertaken on this subject
but they disclosed promising results (see Shapiro et al. [157], Molton et al. [125], Chabert
[24], Garnier [75]).

As the fluidic VGs are complex to optimize, an optimization based on numerical cal-
culation is chosen. Since the studies of Dandois et al. [44], Albugues [1] validate the use of
RANS modeling in elsA (Cambier et al. [22]) for control using blowing methods. This mod-
eling technique will be used in an optimization process in order to find a efficient control of
SWBLI. Other studies using the numerical optimization were carried out to find optimum
control parameters for subsonic configurations using mechanical VGs in Anderson et al.
[2, 3] and fluidic VGs in Flaszynski and Szwaba [65].

The current study develops an optimization process focusing mainly on the skew and
pitch angles of the fluidic VGs and the control of the global flow separation. Indeed the
pitch and skew angles can be of crucial importance, they influence other parameters as the
separation distance between two VGs, the height and intensity of the vortices and thus the
efficiency of the control system. Furthermore, the study will consider the effect of corner
flow separation which appear to be critical for the global efficiency of the control. The

control of the corner separation itself is conceivable since it was achieved using mechanical
VGs.
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Tools for the study

Every machine is a smoke machine if you operate it wrong enough.
Anonymous

Objectives

is stressed out.

This chapter is dedicated to the presentation of the transonic wind tunnel and the
reference uncontrolled flow in a first step. Then the different experimental means
of investigation are described; especially, a more detailed presentation of the im-
plementation of the tomographic PIV measurement is highlighted. In a third step,
the RANS modeling used for the optimization is presented. Finally, the method of
Zonal Detached Eddy Simulation (ZDES) and its implementation in the elsA code
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II.1 S8ch wind tunnel and measurement tools presentation

l.a S8ch wind tunnel

The present study takes place in the Laboratoire de Mécanique des Fluides (LMF) at
ONERA Meudon center in the S8Ch wind tunnel. This transonic wind tunnel presented
on Fig. I1.1, is supplied with desiccated atmospheric air using two downstream compres-
sors. This open-loop wind tunnel has the advantage of being easily used for several hours
continuously. The air dryer upstream of the test section allows to control the humidity
level of the flow allowing to constraint the rise of temperature under 5° along long duration
experiments.

(a) Photography

(b) Sketch

Figure I1.1: S8Ch wind tunnel presentation
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The wind tunnel is composed of a settling chamber where the stagnation conditions are
measured, a convergent part, the test section in which a bump forms the first throat and
a second throat of adjustable cross section at the outlet. This second throat represents
the critical section of the wind tunnel and provokes by chocking effect a shock-wave on
the Délery bump. The position of the shock-wave on the bump is accurately fixed by
modifying the height of the second throat. The test section’s dimensions are 120mm wide
and 100mm high at the entrance of the channel. The origin of the co-ordinate system is
at the beginning of the lower wall (see Fig. I1.1). The X-axis is along the lower wall in the
streamwise direction, Y is normal to the lower wall and Z corresponds to the transverse
direction.

The stagnation conditions of the flow are near atmospheric pressure and ambient tem-
perature: Py = 0.96 - 10° 4 300Pa and Ty = 300 & 10K.

The incoming boundary-layer is fully turbulent and its properties at x = 135 mm,
just upstream of the interaction obtained by LDV measurements in Bur et al. [18] are:
physical thickness § = 3.9 mm, displacement thickness §; = 0.46 mm, momentum thickness
f = 0.25 mm, and incompressible shape parameter Hi = 1.6. The associated unit Reynolds
number is around 14 x 105m™!, which leads to a value of Reg = 3500 for the incoming
flow. Due to the design of the bump (moderate pressure gradient along the growing part of
the bump), the properties of the boundary-layer on the rear part of the bump are close to
the one of the incoming flow. This has already been measured on the same configuration
by Délery [48].

1.b Shock-wave / boundary-layer interaction

Figure 11.2: Délery bump

This study is realized on the well-documented geometry called the Délery bump (case
C) configuration which is detailed in Délery [48], studied in Bur et al. [20], Galli et al.
[71], Galli [70], Sartor et al. [152, 154], Merienne et al. [124] and presented on Fig. I1.2.
The shape of the bump has been specially designed to induce a strong interaction between
the boundary-layer and the shock at a nominal Mach number being equal to 1.4, which
generates a massive separated zone. A sketch of the interaction and its corresponding polar
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(a) Shock structure (b) Shock polar diagram

Figure I1.3: Shock-Wave / Boundary-Layer Interaction (from Sartor et al. [154]).

shock are presented on Fig. I1.3. The interaction presents a A shock pattern. This shock
pattern can be decomposed in two parts: the first one is composed of the weak oblique
shock-wave S1 and the near normal ’trailing’ shock S2, the second one is composed of the
normal shock S3. These two parts merge at the triple point I from which a slip line is
generated due to different upstream properties of the flow. This structure separates the
flow in four states, the @ and @ being compatible separated by the slip line -i.e. different
velocities but same static pressure level- on both sides of the slip line.

Following the recommendations of Galli et al. [71], the tangent to the mean position
of the normal part of the A shock-wave is positioned at 12.5mm from the end of the
bump. This position maximizes the size of the separation zone and ensures a nominal
Mach number of 1.4 before the shock-wave.

In order to characterize the flow, the wind tunnel is equipped with different equipments
which are detailed below.

1.c Pressure taps and sensors
i Static pressure measurement

Thirty nine continuous pressure taps are positioned on the lower wall along a line at
10mm of the centerline with a higher concentration close to the end of the separated
zone. Their positions are summed up in Table II.1 and represented on Fig. I1.4. They
are 0.4 mm diameter wide and are connected to ESP-32HD transducers via rubber tubes.
They have pressure measurement uncertainties for £500 Pa. 300 measurements are done
at 3Hz before averaging.
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SECTION II.1. S8ch wind tunnel and measurement tools presentation

N°  X(mm) | N°  X(mm) | N°  X(mm) | N°  X(mm)

1 45 11 245 21 3434 |31 425 i
2 65 12 255 22 3564 | 32 435 '
3 85 13 265 23 366.4 | 33 445

4 105 14 275 24 3764 |34 465

5 125 15 285 25 385 35 485

6 145 16 295 26 390 36 505

7 165 17 305 27 395 37 525

8 185 18 314 |28 400 38 545

9 205 19 3234 |29 405 39 575

10 225 20 3334 |30 415

Table II.1: Static pressure sensors’ position

Figure I1.4: Pressure taps location on the wind tunnel lower wall.
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CHAPTER II. TOOLS FOR THE STUDY

ii Kulite sensors

The bump is also equipped with five absolute unsteady pressure sensors, Kulite series
XCQ-093-15A positioned along the center-line. The first one is close to the shock foot,
two are in the separation zone, one close to the end of the central separation zone and
the last one downstream of the reattachment. A further three sensors are positioned
laterally in the central separation zone in order to measure the sidewall effects due to the
corner flow separation. Their positions are summed up in Table I1.2 and represented on
Fig. I1.5. The sensors are 0.8 mm diameter and have a pressure measurement uncertainties
of +105Pa. They manage a 100kHz acquisition which is sufficient to measure low and
medium frequencies characteristic of the interaction (Sartor [151]). Some of the positions
are close to the one of previous studies Sartor [151], Galli et al. [71] which allows to compare
the measurements to previous data.

i 035 Xfm]

Figure I1.5: Kulites sensors’ position.

1.d Pitot rake

In order to be able to characterize the effects of the control on the shock-wave boundary-
layer interaction and on the subsequent downstream flow, a movable Pitot rake has been
conceived to measure the stagnation pressure losses far downstream of the interaction,
both for reference and controlled cases. A CAD modeling and a photography of its im-
plementation in the downstream part of the wind tunnel are presented on Fig. I1.6. The
rake is monitored using a stepper motor and Pitot tubes could be in contact with the wind
tunnel lower and upper wall. The rake is composed of eight Pitot tubes whose shape allows
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Name X(mm) Z(mm)

K1 316.4 0.0
K2 336.4 0.0
K3 356.4 0.0
K4 390.0 0.0
Kb 421.4 0.0
K6 356.4 -20.0
K7 356.4 -40.0
K8 356.4 -50.0

Table II.2: Kulites sensors position on the lower wall.

“a ;
a) CAD visualization b) Implementation near the second throat
(a) p

of the wind tunnel

Figure I1.6: Pitot rake device.

to safely reach the walls and are placed in two ranges of four. Its head can be rotated in
order to measure in two passes half of the wind tunnel, the two positions are visible on
Fig. I11.6a). Two Pitot tubes are placed less than 1 mm away from the lateral wall. The
plane measured is positioned in the subsonic zone after the interaction, at x = 468.4 mm,
112 mm away from the end of the bump and 96 mm downstream of the normal shock-wave.
Its position can be visualized on Fig. I1.7. The resulting measurements will be presented
in Chap. VII. The size of the rake at its maximum amplitude has been designed to be less
than the critical area of the second throat. Nevertheless, as the wake generated by the rake
is perturbing the flow, the second throat needs to be regulated during the measurement in
order to maintain the shock-wave at its nominal position. Furthermore, at its maximum
amplitude, some additional flow needs to be collected by using an external pump to ensure
stable flow conditions.

l.e Schlieren visualization apparatus

In order to get an instantaneous general appreciation of the main flow features and to
accurately place the shock-wave, Schlieren visualization apparatus has been set up using
a Jal camera (acquisition up to 10kHz) and a blue Led activated for a pulse of 0.5ps.
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Figure I1.7: Mach number map of the central plane of the wind tunnel showing the position
of Pitot rake’s screening plane (RANS result see Chap. III).

The Schlieren visualization is a common technique in fluid visualization, based on the
Gladstone Dale law: the light rays are deflected due to variations of the flow density, such
as boundary-layer and shock-wave.The light is cut using a knife edge at the focal point of
a spherical mirror in the emitting part of the bench, before being send through the wind
tunnel. The light is again cut at the focal point of a spherical mirror on the receiving
part of the bench. The resulting light is then send to a receipting camera. During the
crossing of the flow, the light is deflected toward or away from the knife edge and thus
produces a shadow pattern that is a light-intensity representation of the expansion zones
(low density) and compression zones (high density) which characterize the flow.
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II.2 Tomographic PIV implementation and treatment

Tomographic Particle Image Velocimetry (PIV) is a 3D extension of the 2D PIV method,
this method was introduced by Elsinga et al. [61]. It consists, using a set up of cameras
and a laser volume illumination, of reconstructing the full 3D velocity field of a seeded
flow. Even if this technique is more complex and longer to implement, it permits to study
coherent 3D structures in the flow. The implementation of tomographic PIV in the S8Ch
wind tunnel is quite a challenge as it has few optic accesses and the Délery bump lower
wall increases the difficulty by being a wide surface of laser reflection. First, a detailed
presentation of the technical implementation of the image capture system in the wind
tunnel is developed before an explanation of the main process of tomographic PIV.

Tomographic PIV is a complex method which has not been applied to strong SWBLI
on large volume except in the work of Humble et al. [92]. Nevertheless, the latter differs
from the current study as the shock studied was an impinging shock-wave which is thus not
transonic and occurs on a plane surface. Furthermore, the boundary-layer thickness of their
case was more than six time higher than the one of the current study (6 gumpie = 20 mm).
They measured a volume which was 2mm above the plane surface. Their work was also
more oriented on instantaneous flow field characteristics including the correlation with
the shock movement, whereas the present study is oriented to 3D mean flow topology
measurements with the goal of characterizing the impact of the control method on the
mean flow.

2.a Implementation

i Characteristics of the material

The laser used for the illumination is a Nd-YAG Q-Smart T'wins Quantel developing 380 mJ
per flash at a wavelength of 532nm. The two pulses are distant of 2 ps. The laser beam is
then expanded in two directions using a set of lenses in a volume generator and cut using
a diaphragm, providing a volume of 100 x 100 x 20 mm rectangular parallelepiped in the
(X,Y,Z) frame defined on Fig. II.1 b). This laser beam is sent using three mirrors visible
on the CAD representation of the set-up presented on Fig. I1.8, until a last mirror itself
mounted on a rotating plate allowing to change the angle of entrance of the laser volume
in the wind tunnel from above. This property is used for the corner flow study detailed
below.

The image recording is done using four cameras LaVision Imager Pro provided with
4 Mpixel 2048 x 2048 CCD sensors. The cameras are placed on both sides of the wind
tunnel, their physical positions are chosen due to optical limitations detailed below. All
the cameras are equipped with 105 mm lens set at an aperture number f# = 8 and a two
tilts Scheimpflug to compensate the distortion due to the perspective viewing and placed
with the focus plane parallel to the illuminated volume. This prevents some particles to be
out of focus in the outer part of the field of view. In order to strongly limit the reflection on
the lower wall of the wind tunnel, this has been painted with rhodamine. This fluorescent
paint has the capacity of absorbing the wavelength around 532nm and to re-emit it in
a different wavelength which is filtered before the camera sensor. Filters lens which only
transmit 532 nm are placed in front of the cameras to remove the re emission of the paint,
the noise due to ambient light and the blue led of the Schlieren visualization. Even if this
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Figure I1.8: CAD representation of the PIV and Schlieren apparatus (the Schlieren optical
range is represented by the transparent tube).

Interrogation volume (x3) | 1.55 x 1.55 x 1.55 mm
Objective focal length 105 mm
f-number 8
Laser pulse separation 2us
Seeding density 0.05ppp
Spatial resolution 16 pixels/mm
Estimated uncertainty 0.1 pixel
Number of runs per volume 10
Number of images per run 100

Table I1.3: Summary of the tomographic PIV recording parameters.

does not remove completely the reflection, it allows to diminish them drastically. Without
this painting, the strong reflection corrupts near-wall flow zones on a quite large extent.
This prevents the images to be processed as the contrast is too high and an important
part of the images are corrupted. The paint appears with a pink color on the different
pictures of the bump as on Fig. I1.13. The details of the tomographic PIV recording are
summed up in Table II.3.

The flow is seeded using sub-micronic droplets of Di-Ethyl-Hexyl-Sebacate (DEHS),
provided by a TOPAS, an atomiser aerosol generator placed far away upstream of the
test section in order to ensure a uniform distribution of the particles in the flow. These
particles have a density of 900kgm™> and a typical particle size of about 0.5 pm. The
Stokes number (ratio between the particle response time and the flow characteristic time)
has been calculated by Sartor et al. [154]. It is equal to 0.07 which indicates that the
particle response lag is below the limit of a PIV study in compressible flow with presence
of shock-wave.
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Figure I1.9: Upper view of the tomographic PIV installation.

ii Optical and geometrical limitations of the implementation

The optical set-up has the advantage of providing all cameras with a complete view of the
whole illuminated volume. Nevertheless, several optical aspects limit the positions of the
cameras.

First of all, the high intensity laser flash provokes significant reflections of the lower
wall, these reflections even limited by the rhodamine paint generate zones non measured
in the field of view of the cameras (as visible on Fig. I1.10 b)). Due to the shape of the
bump, it prevents the cameras from being placed downstream of the flow because the end
of the bump provokes a strong reflection even if the camera are placed parallel to the lower
wall.

Furthermore, the limited size of the test section optical accesses also imposes restric-
tions on the possible camera placements.

Besides, the density gradient provoked by the shock-wave is going to deviate the light
rays. In order to take this into account, previous studies (Lopez Hernandez [118]), advise
to place the optical axis of the cameras either in the plane formed by the shock-wave either
more than 20° away from this plane.

The best compromise has been found by placing two cameras (number 1 and 4) at the
lower wall height with a shallow angle, this allows them not to see any lower wall reflection
and two cameras (number 2 and 3) upstream with a slightly upper view, with a shallow
angle to the tangent of the end of the bump. This allows them to have a small reflection
zone with a view on the whole illuminated zone. The field of view of the cameras 1 and
2 is presented on Fig. I11.10 with the illuminated volume delimited by the green lines. A
photograph of the lateral view of the set-up is provided on Fig. II.11. The cameras still
see some reflections on the lateral and upper windows of the wind tunnel but these are
limited to zones of less interest except the boundary-layer for the cameras 2 and 3.
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(a) Camera 1 (b) Camera 2

Figure I1.10: Field of view of the cameras 1 and 2 (symmetric of cameras 3 and 4).

Figure II.11: Side view of the position of the cameras.

2.b Treatment

Tomographic PIV is mainly composed of two main steps: first a 3D reconstruction of a
distribution of particles and their intensities in a volume using a tomographic algorithm
method and then the classical correlation method used in 2D PIV, extended to 3D, to
deduce the velocity field using two instantaneous distribution of particles. These two
steps are presented on Fig. I1.12.

In order to be able to achieve the two main steps of tomographic PIV, several pre-
processing need to be performed. First a calibration, then a pre treatment of the images
before the reconstruction. These steps are detailed below.
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correlation
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Figure I1.12: Main steps of tomographic PIV from Cheminet [29]

i Calibration

The calibration is a crucial step in the tomographic PIV process as it allows to accurately
know the physical position of each of the cameras of the set up, and thus the exact position
of each light ray coming to each pixel of the camera sensor. It maps the physical 3D points
of the studied volume on the 2D images of the four cameras. In order to do this, an object
of well-defined geometry is used to calibrate the cameras. This object called a calibration
target is presented on Fig. II.13a). Due to the fact that the cameras are positioned
on both sides of the wind tunnel, all windows need to be closed during the calibration
process and thus the calibration target cannot be varied in position easily. Therefore, a
rotating calibration target has been designed in order to be easily moved using only two
wires actuated through a hole drilled in the wind tunnel. The mechanism is presented on
Fig. I1.13. The calibration target is only visible by two cameras at a time so the first image
taken by two cameras defined the work frame and then this work frame is transmitted to
the two others cameras when they start to share pictures with the two first cameras. The
calibration process and the pinhole models of the cameras provided with two Scheimpflug
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Figure I1.13: Calibration target.

Before Rejection Projection error 16606 observations: mean 0.10 pixel / std 0.10 pixel
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(a) Before rejection. (b) After rejection.

Figure I1.14: Calibration error.

tilts are presented in Cornic et al. [35, 36]. The two Scheimpflug tilts are optical adapters
which allow to place the whole illuminated volume in the wind tunnel parallel and in
the focus volume even if the cameras are not parallel. The position of the calibration
target is estimated through an automatic algorithm detecting the centers of the markers
and recognizing the special central pattern. Furthermore, after a first optimization of the
matrix linking the 2D images to the 3D reality, a rejection of the outliers positions and a
bundle adjustment (see Cornic et al. [35]) of the movements of the calibration target, the
mean error of the calibration goes down to 0.1 pixel which is the recommended limit (see
Wieneke [176]). The resulting error distribution is visible on Fig. I1.14.

The usual self-calibration process (re-calibration of the cameras using the position of
particles during the tests see Cornic et al. [36], Wieneke [176]) has been considered for
these tests. Nevertheless, after several preliminary tests, this process is not necessary in
this case as in Humble et al. [92], Elsinga [60]. This could be explained by the fact that
the cameras are sufficiently far from the wind tunnel and solidly mounted on a separated
structure. Furthermore, the test runs are really short, less than two minutes due to the
deposit of seeding particles on the windows, and so the calibrations are always done less
than 30 minutes before or after the runs.
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ii Pre-processing of the images

The images taken by the four cameras are first pre-processed before the tomographic
reconstruction. The first step is to subtract the historical minimum over 100 images
in order to remove the permanent reflections on the windows, the lower wall and more
importantly on the scratches on the windows. Then intensities of the four images are
adjusted in order to have corresponding intensity distributions levels. And finally, a low
pass Gaussian filter of size 3 by 3 pixels kernel is applied to increase the particle image size
and diminish the impact of remaining calibration errors. This is doable without affecting
the reconstruction quality as the seeding is very low (close to 0.005 ps).

Besides, a mask is applied on the images to retain only the studied volume for the
following process. As it can be seen on Fig. I1.10, all the cameras see the whole illuminated
volume which allows to consider that the reconstructed volume is equal to the illuminated
volume which improves the quality of the reconstruction (see Cheminet [29]).

iii Processing

Tomographic reconstruction Reconstruction of the position and intensities of the par-
ticles is performed using an MLOS (Multiplicative Line-Of-Sight) initialization, followed
by SMART (Simultaneous Multiplicative Algebraic Reconstruction Technique) iterations
(see Atkinson and Soria [5]). It allows to quickly and memory saving construct a vol-
ume of possible particles distribution in the studied volume by multiplying the voxels
crossed by lines of sight of non null intensity. The voxels distribution are then corrected
to take into account the growth of general light intensity in the volume resulting from the
multiplication.

The reconstruction problem, which amounts to an inverse problem, consists in recreat-
ing the volume distribution of intensity F(X,Y, Z) from a set of 2D intensity maps I(z,y)
with the corresponding weight of intensity, w; ; which are supposed to be simply summed
along the line-of-sight. A figurative description of the problem is presented on Fig. 11.15,
N; being the number of j voxels contributing to the image intensity of the i** pixel. The
relation expressing the inversion problem is presented in equation II.1.

> wiB(X;, Y5, Z)) = I(i,y;) (IL1)
JEN;

The inversion problem consists in finding the field £ using the images I, the weighting
matrix W, gathering the w; ; being geometrically defined by the calibration process. This
problem presents naturally multiple solutions due to the fact that the limited number of
cameras does not enable to distinguish between physical particles and so called ”ghost
particles” which are the results of crossing line-of-sight from different physical particles.
Iterative processes are the best and most common process to address this problem.

The SMART algorithm iteratively updates the volume distribution E corrected by the
ratio of the measured pixel intensity I with the current pixel intensity resulting from the
precedent volume distribution. The exponent w; ; allows to only update the voxels affected
by the it" pixel and the p exponent is a relaxation parameter chosen below or equal to one
to ensure the convergence of the algorithm. The resulting formula used at k£ + 1 iteration
is presented in Eq. I1.2.
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Figure I1.15: Representation of the imaging model used in tomographic reconstruction.
The voxels are represented as sphere which simplifies the calculation of the weight of the
voxel intensity projected on the pixel intensity through the line-of-sight (from Scarano
[155]).
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Following the recommendations of Cheminet [29], Champagnat et al. [26], 25 steps of
SMART algorithm are applied to the reconstructed volume after the MLOS first guess,
this allows to reconstruct sufficiently clean volume of particles which are next used in the
cross correlation step for the reconstruction of the volume velocity field.

Cross correlation The cross correlation is done by the FOLKI-3D algorithm presented
in Cheminet et al. [30] and is an adaptation to 3D of the planar PIV software exposed
in Champagnat et al. [25] The idea of the algorithm is to find the best correlated volume
to each interrogation volume by minimizing a functional built as the sum of squared
intensity differences between the two instants, in the given interrogation volume. The
problem is then solve iteratively by introducing a multi-resolution pyramid, whereby the
particle volumes are averaged with a low-pass filter, and then decimated, the operation
being repeated several times, building several pyramid levels. Progressing one level up in
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SECTION II.2. Tomographic PIV implementation and treatment

the pyramid leads to a volume with each dimension, and displacements in each direction,
divided by two. This technique, also referred to as multigrid coarse to fine resolution, allows
to have really small displacements in terms of voxel per instant for the coarsest level. Thus
these small displacements are close to the solution u = 0, allowing this solution to be the
first guess of the Gauss-Newton iterations which minimizes the cost function. Between
each Gauss-Newton iteration, the volumes are deformed using the current velocity field,
using cubic B-Spline interpolation. The solution of the biggest level is then projected on
the level below and used as first guess in the following Gauss-Newton minimization. The
exact derivation of the algorithm can be found in Cheminet et al. [30], Champagnat et al.
[25].
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Figure I1.16: Study of the effect of the IV size, visualized in the median plane of a snapshot.

The size of the interrogation volume has been chosen following a parametric study,
three results of which are presented on Fig. I1.16. The size of the interrogation volume
should be a good compromise between the number of particles in the volume and the
smallest scales resolved by the tomographic PIV. Looking at the correlation coefficient for
the three different sizes of interrogation volume (IV) on the median plane of the studied
volume presented on Fig. I1.16 a),b) and c), it is visible that the IV size of 11 voxels is
too small as the resulting velocity field is highly noisy (the small size of the IV allow to
have volumes of small gradient highly correlated, but also zones with less particles causing
noise) and the IV size of 31 voxels is too high as it smooths too much the turbulent
structures in the mixing layer and complicates the correlation in downstream zones. The
correlation coefficient below 0.1 regions represent zones where the algorithm has difficulty
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to correlate due to high gradient in the volume, this is why the phenomenon is more
prominent in the zone after the SWBLI where more turbulent structures develop (this can
be seen on Schlieren visualization on Fig. VI.3a presented in Chap. VI). Therefore the IV
size of 21 voxels, which is a fair compromise between noise and precision, is always used
in the following results. This size of interrogation volume, of 1.55 mm is bigger to the one
used in 2D PIV due to the inherent limitations of the tomographic PIV.

These two steps are realized on four GTX 1080 Ti GPU cards with 3584 CUDA cores
and a total memory of 2Go, the complete process of tomographic reconstruction and cross
correlation takes 4 minutes.

Volume masks During this whole process, a volume mask is taken into account by the
algorithm, it prevents the algorithm from creating particles below the level of the lower
wall of the wind tunnel and imposes a zero velocity at the wall. This process improves the
physical validity of the reconstruction in a region with less particles. The volume mask
corresponds to the volume delimited by the green lines on Fig. I1.10.

iv  Post Processing

The reconstructed velocity field is then re-projected on the ”real world” frame, converted
from voxel per instant to ms~!, masked and analysed using Cassiopee, ONERA’s in house
software Cambier et al. [22]. The instantaneous data allows to calculate on 1000 images
the mean and fluctuating flow velocities which are presented in Chap. VI and Chap VII.

Convergence This number of images has been verified to allow the convergence of the
mean and turbulent quantities. This is presented for four points disclosed on Fig. 11.17.
the first point studied is placed close to the triple point, but in the clean zone just after
the normal shock-wave, the two following points are located close to the two others shocks
and the last one is placed in the mixing layer.

The accumulative mean of the velocities for the four selected points at the 1000 instants
are presented on Fig. I1.18 a), c),e). These curves certified the satisfactory convergence
of the velocities for the four points. On Fig. I1.18 b), d) and f), the accumulative mean
of the three turbulent velocities of the four points are presented. The values are fully
converged for the four points with higher levels and more complicate convergence for the
point number 3 which is placed in the turbulent mixing layer. The transverse fluctuations,
w'? quantity seems less converged due to the smallest scale of the w'? curve.
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Figure I1.17: Four points studied for the physical quantities’ convergence study presented
on an instantaneous field of U velocity of the median plane of the central volume. The
central volume is visible on Fig. I1.19.
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Figure I1.18: Convergence curves of the accumulative mean of the mean velocities and
diagonal terms of the Reynolds stress tensor for the 1000 instants, for the four points

presented on Fig. I1.17.
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v  Reconstructed volumes

Four different volumes have been measured for this study, the three one which finally
could provide exploitable results are represented on Fig. I1.19. These volumes of same size
100 x 100 x 20 mm are the central one and three shifted in the spanwise direction ( with
median plane at z = —0mm, z = —14mm, z = —26 mm and z = —38 mm ) of the wind
tunnel close enough to measure as close as 2 cm from the lateral wall. The fourth volume
studied closer to the side wall needs a rotation of the incoming laser volume due to an
opaque part of the upper wall. This oblique angle provokes an oblique reflection on the
lower wall and thus a stronger intensity on the lateral windows. Some scratches on the
windows generate strong brightness at several positions and thus strong noise on the final
velocity field.

Figure 11.19: Three volumes studied in the wind tunnel by tomographic PIV. The lighter
zones correspond to volumes reconstructed with only two cameras.

vi 2 cameras reconstruction

The reflection on the lower wall of the wind tunnel present in the images of cameras 2 and
3 induce masked zones in the turbulent boundary-layer. In order to remove these zones,
tomographic reconstruction have also been done with only the cameras 1 and 4. These
reconstructions are done on zones of only 2.5 cm height, with the same parameters as the
previous ones. Due to the fact that the reconstruction only uses two cameras, the position is
less accurate in the lateral direction but improved close to the wall. A correlation coefficient
map of the reconstruction with two cameras is presented on Fig. I1.20. Unfortunately, the
zone delimited by black lines is badly correlated due to the fact that the thickness of the
bump still hides part of the field of view of the cameras. Nevertheless, these reconstruction
allows to study more precisely the separation zone and the mixing layer downstream of
the bump.
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CHAPTER II. TOOLS FOR THE STUDY
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Figure I1.20: Correlation coefficient map on the central plane of the wind tunnel for a
reconstruction for two cameras.
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I1.3 Numerical modeling: RANS principle method and im-
plementation

In this section, a first quick reminder of the fluid mechanics equations is presented with an
overview of the different numerical methods of resolution. Then the Reynolds Averaged
Navier Stokes equations! are detailed along with the implementation parameters used
within this study in Chap. IV and Chap. III.

3.a Fluid mechanics equations and numerical methods of resolution

In the context of compressible transonic flow, the system can be modeled using the classical
Navier Stokes equations for a compressible, non weighting fluid.
The first equation is the conservation of mass:

dp

ot
with p the density of the flow, u the velocity vector and ¢ the time.
The second equation is the conservation of momentum:

+V.-pu=0 (I1.3)

ag;u—i-v-(puxu)—v-ar (IL.4)

With ¢ the Cauchy’s strain tensor.
And the last one is the conservation of total energy:

%pgz—i—v-(peu)—v-(af-u%—q) (IL.5)

With e the total energy. The Cauchy’s strain tensor can be decomposed as ¢ = —pl + 7
with p the pressure, | the identity tensor and 7 the viscous stress tensor.

This leaves a system of 5 equations for 18 scalar unknowns (p, u,e,p,q and 7), which
calls for some closure models.

i Constitutive equations

Considering that air is a Newtonian fluid for the pressure and temperature ranges consid-
ered here, the viscous stress tensor can be further decomposed as:

=NV -u)l + 2ud (I1.6)

Where A\ and p respectively represent the volumic and shear viscosity and d is the
strain rate tensor equal to the symmetrical part of the Jacobian of Velocity:%(Vu +!Vu).

Supposing the Stokes hypothesis is valid: A = —% -

Using the Fourier law to model the heat flux vector:

a=—kVT (IL.7)

with k the thermal coefficient of conductivity and T the absolute temperature.

! Along these calculations, the following conventions are chosen: bold characters as u represent vectors
of dimension 3 and capital letters with double bar as r represent matrix of size 3 x 3.
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ii Laws of state

Considering that air is a perfect gas, with constant specific heats, of ratio v = ¢/c,,
pressure and internal energy (and so total energy sum of internal energy and kinetic
energy) can be linked to absolute temperature by:

p= prT (HS)

1 2
e=cT+5 | DT (IL.9)
i€[1,2,3]

1 and & still have to be modeled, this will be done using the Sutherland law for the

dynamic viscosity:
T1+ CS/TO
= — I1.10
R=IN 1y e,)r (TL.10)

With Cs the Sutherland constant and pg and Ty a reference state.
K, the thermal conductivity is modeled as linearly dependent of the viscosity following
the law:

TR
v—1Pr

(IL11)

With Pr the Prandtl number supposed to be constant and equal to 0.72.
The whole system is now closed but not easy to solve, due notably to the non linearity
of the advection term V - (pu x u).

3.b Overview of methods of resolution

Several techniques have been developed along the years to solve this complex system of non
linear equations. The main methods found in the literature are presented on Fig. 11.21.
The method involving less empirical notions is called Direct Numerical Simulations (DNS)
and consists in directly solving the discretized Navier Stokes equations. Nevertheless, this
technique necessitate to solve the smallest dynamically active scales of the flow. These
scales, at which the dissipation occurs are typically of few micro meters. This leads to
extremely small grid size and time steps which make this method very computationally
demanding and not usable for high Reynolds flows.

In order to simplify the resolution of these strongly non-linear system, Reynolds intro-
duced a decomposition which consists into a separation of each physical quantity between a
temporally averaged field and a fluctuating field. Using a model, called turbulence model,
for the fluctuating terms included in the mean flow equations, the mean quantities can
therefore be calculated. This technique is denominated Reynolds Averaged Navier Stokes
(RANS) method. RANS relies on empirical dimensioning of turbulent constants. The
precise equation system used is described in section 3.c. This modeling gives satisfying
results for simple configurations with small detached flow. Furthermore, a temporal com-
ponent of the flow can be introduced in this system if the main phenomenal frequencies
are clearly separated from the higher frequencies linked to turbulence (approached called
URANS for Unsteady RANS). Nevertheless it fails at capturing the dynamics of some phe-
nomena such as SWBLI on the Délery bump (see Sartor [151]) while being able to capture
it in other configurations such as a wing in buffet condition (see Goncalves and Houdeville
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[87], Kourta et al. [106], Sartor [151]). In order to set up an optimization process involving
a high number of calculations (see Chap. IV), the RANS method of modeling has been
chosen, taking advantage of its relatively small calculation’s cost.

Closer to DNS, another method called Large Eddy Simulation allows to get a more
precise modeling of the flow by calculating more turbulent structures. The main idea is to
filter the smallest structures and so the high frequencies of turbulence, and to introduce
a model to take into account the dissipation of energy the filtered structures produce.
This method rapidly presented in section 4.a, loosens slightly the constraint on the size of
the mesh relative to DNS, and allows to capture the dynamic of SWBLI (see for instance
Garnier et al. [76], Sandham et al. [150]). However, the study of a full channel with the
four walls remains a major challenge due to the massive mesh size and will not be treated
in this study.

In order to take advantage of both RANS and LES techniques, hybrid methods have
been developed which allow to alleviate the resolution constraint in the near-wall regions.
The first one to become largely used is called Detached Eddy Simulation (DES) presented
in Spalart et al. [161]. The method which is used in this study, referred to as Zonal
Detached Eddy Simulation (ZDES), introduced in Deck [46], is an improvement on this
DES method and is detailed in 4.b.
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Figure I1.21: Classification of the methods of numeric calculation with respect to their
level of modeling (from Sagaut and Deck [148]).

3.c Reynolds Averaged Navier-Stokes equations

As explain above, the Reynolds Averaged Navier Stokes equations are found by introducing
for every physical quantity ¢, a mean over time part noted ¢ and a fluctuating part noted

o'

p=9¢+¢ (I11.12)
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For flows with variable density, it is common to introduce the Favre decomposition:

d=0¢+¢" (11.13)

with ¢ = % the mass weighted average and ¢”, the fluctuations of ¢ such as ,;q\bﬁ =0 and
@ #0.

By applying the Favre operator to the total energy and to the velocity, and the Reynolds
operator to the density and the pressure in the equations I1.3, I1.4 and II.5, it gives the
systemQ:

p ~
o v, I1.14
o V- pu (I1.14)
(%u = —-V-(puxu+pl)+V-(7— ﬁ(u”/\x/u”)) (I1.15)
Opé —
g = —V-(peu+pu)+V-(T-u—q) — V- (peu’) (IL.16)

The only fluctuating term remaining in the movement equation, —ﬁ(u”/;:u” ) can be
defined as the Reynolds stress tensor 7;. Defining k the turbulent kinetic energy :

1 —~2
k=g >l (I1.17)

i€[1,2,3]

the Reynolds stress tensor can be identified using the Boussinesq hypothesis® and
defining p; the eddy viscosity such as:

2 ~ 2
Tt = —g,ut(v . ﬁ)” + 2,utd — gkﬂ (1118)

In the energy conservation equation, some terms will be developed and approximated
as following:

_ i

= —cp,—VT 11.19
q Cp Pr ( )
_ T

~ —cp,—VT 11.20
q CP PTV ( )

The approximation I1.20 is obtained by neglecting the fluctuations of the molecular
viscosity p and considering T' > T".

A4 7r-u+7" -0 (I1.21)
(I1.22)

<

T-u

<
o

T-u =

*Noticing p¢ = pé and pdib = pdt) + pd"" + p¢""h + p@" " = pdi) + p@" "
30ther RANS models can be derived without using the Boussinesq hypothesis see for instance Loyau
et al. [119], Gand [72]
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The approximation I1.22 is obtained considering again 7 >> T" and by neglecting the
molecular diffusion of turbulent energy, 7 - u”, as the turbulent energy is small compared
to the enthalpy.

The last two terms to simplify are considered at once:

pu+ pe’u” = pi+pu’ + peld” (11.23)
1

= pu—+ cppTu” + pu-u"u” + §pu” -uu” (I1.24)

pu+pe'n” ~ pu+cplu’ 7,0 (11.25)

Where the second equation 11.24 is obtained using the law of state and the development
of ¢ and the approximation I1.25 is obtained by neglecting the transport of the turbulent
kinetic energy compared to the enthalpy and identifying as before the Reynolds stress
tensor.

Finally, defining the turbulent transport of heat q; as:

q = —cpplu” (I1.26)
Mt o5

~ —c,—=—VT 11.27

q: CpPTt ( )

with Pr; the turbulent Prandtl number equal to 0.9.
The system of equation can be written as:

op .

o = Vi (I1.28)
%‘1 = -V (puxa+pl)+V-(F+r) (I1.29)
dpe R ~ i BN v

Tl —V.(pea+pa)+ V- ((T+7¢) -0+ Cp(Pr + Pre )VT) (I1.30)

This system is closed as soon as a model is given for u; and k.

i Turbulent models
Two different turbulent models have been used in this study, they are detailed below.

1. Spalart Allmaras: The first turbulent model used in this study has been presented
in Spalart and Allmaras [160]. It is based on only one variable (the turbulent kinetic
energy is neglected in the Reynolds Stress Tensor), 7 the kinematic viscosity trans-
form?. This model is based on an equation for & considering its convection, diffusion,
production, cross diffusion and destruction with respect to one geometrical variable
d,, the distance to the nearest wall. The equation is defined as:

By ; . 7
(‘TZ — V.t P4 0,80 +ﬁw-w—cwlfwc% (I1.31)
ag N——" g
g production N~ N—— ,_/w
diffusion cross diffusion

destruction

4The classical notation has been used here even if this variable is not Favre averaged.
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with, denoting €2 the vorticity:

5 1% X 1+063 1/6
S =100+ oy furs fo=1— P fy= (M
‘ ’ K2d%)f2 f2 1+val (96_’_0313)
_ 6 _ v Gy (1+Cha)
g—r—i-ng(T —T’) T_S'T%’ C’wl_ﬁ—’_?

The turbulent eddy viscosity is finally defined by u; = pv f,1 with:

3 ~
X pU
fvl

== 53 X=T—
X2+ C3 m

Jv1, fv2 functions are corrections dedicated to the near wall regions to guarantee the
logarithmic law in the meso sub-layer (or log layer) for respectively 7 and S. And
the purpose of the f,, function is to accelerate the destruction of ¥ far from the wall.

All the constants of the model, summed up in Table I1.4, have been dimensioned in
Spalart and Allmaras [160] with respect to several experiments.

Table I1.4: Parameters used for the Spalart-Allmaras model.

Cn Chp2 o K | Cuw | Cuz | Cn
0.1355 | 0.622 2/3 041 | 0.3 2 7.1

2. k — w Shear Stress Tensor:
The second turbulent model tested in this work is the k& — w Shear Stress Tensor
(k — w SST) model developed in Menter [123]. This model presents two equations
for the two variables pk the turbulent kinetic energy and w = €/(3*k), the specific
rate of dissipation of the eddies.

The turbulent eddy viscosity pu; is defined as:

alk‘
= S I1.32
pe=pre max(ajw, QFy) ( )
And the two equations of the model are:
Opk *
- = V- (pku) 4+ P — B*pwk 4+ V - (1 + oppe) V) (11.33)
Ow _ g d? 21 v v
S = V- (pow)+pad — Bpw’ + V- ((p+ owpm) Vo) +
1
2(1 = F1)po,2—Vk-Vw (11.34)
w

With the functions Fj allowing the transition between a k — w model in the near
wall region and a k — € model in the free stream region as the latter has a smaller
free stream sensitivity. The function F5 ensures that in boundary-layer region with
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3.d

adverse pressure gradient (where the production of k is larger than its dissipation
Q > ajw), the shear stress tensor is proportional to the turbulent kinetic energy.

Their definitions are:

F, = tanh(arg}) (I1.35)
: : VEk 5000, 4ouok

with argi = min (max (ﬁ*wdw’ 2w ) CDkwd%U) (I1.36)
1

and CDy, = max(2p0,0—Vk-Vw,10719) (11.37)
w

F, = tanh(arg3) (I1.38)

2Vk
with args = max (ﬁ*g;w, {;()1212:/) (I1.39)

The production of turbulent kinetic energy is defined as:

P =min (Tr(r - Vu), 108" kw) (IL.40)

Finally, defining ®; the vector of constants: (a;, i, 0wi, ok;) with ¢ € [(),1,2], the
constants terms in ® are defined in order to switch from k — w closure constants, ®;
in the near wall region to k — € closure constants @ in the free stream, following the
function:

=0 F) + (I)Q(l — Fl) (1141)

The remaining constants are presented in I1.5, more detail on their choice can be
found in Menter [123].

Table I1.5: Parameters used for the k¥ — w SST model.

arp | oo B1 B2 B* Okl | Ok2 | 0wl | Ow2
5/9 0.44 3/40 0.0828 9/100 0.85 1 0.5 | 0.856

Overset Meshes

The system of equations presented above are solved using numerical methods on meshes
presented hereafter. Due to the objective of an automatic optimization, in order not to have
to mesh several times the whole wind tunnel for each air VGs’ configuration, overset meshes
are employed. The whole preprocess is handled using the ONERA software Cassiopée [12].

The meshes are on display in Fig. I1.22. The main idea is to have a really fine mesh
(in blue in Fig. 11.22) close to the VGs position in order to fully capture the flow coming
from the jets and their interaction with the incoming boundary-layer. The dimensions of
the cells of this mesh matches those used to mesh the jets. The numbers of grid points of
the meshes are reported in Table I1.6. Close to the walls, the cells are lower than 2 pym
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Figure I1.22: Overset meshes of the wind tunnel with fluidic VGs: fine mesh (blue), jets’
meshes (red) and coarser mesh (black).

Table I1.6: Mesh characteristics

Number of Points: Total X direction Y direction Z direction
Unitary jet 252 681 57 57 143
Mesh in the jets vicinity 60 839 100 1073 60 945
Whole wind tunnel mesh 4 922 640 344 159 90

which results in a dimensionless wall distance y* smaller than 1 almost everywhere. The
boundary-layers thicknesses are described using about 50 points. This allows to capture
at the same location as the experimentally measured one, a boundary-layer thickness 6 =
3.3mm, a displacement thickness §; = 0.42mm and an incompressible shape parameter
H; = 1.33 which are close to the ones measured experimentally in the wind tunnel in [20].

3.e Boundary Conditions and Initial States

In order to accelerate the convergence of the calculations, three initial states have been
used. They correspond to the same stagnation conditions Py = 0.96 x 10° Pa and T, =
300 K with different Mach numbers. The first initial state of Ma = 0.01 is imposed on the
almost static zone in the convergent of the channel, the second state with a Ma = 0.6 is
imposed on the central part of the test section-including the first throat associated with
the bump- and the last one with Ma = 1.3 is used to initialize the second throat which
controls the flow rate.

At the entrance of the wind tunnel a subsonic injection condition is imposed using Py,
and the stagnation enthalpy corresponding to the first state. At the end of the diffuser,
a condition of supersonic outflow is imposed. As the mesh only represents half of the
wind tunnel, a condition of symmetry is imposed on the median plane. Everywhere else
is imposed a condition of viscous wall.
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Figure I1.23: Illustration of the blanking process.

When the jets are added, the coarser mesh is blanked by the fine one using a Cassiopee
function. The process called chimera method is illustrated in Fig. I1.23, the fine mesh is
represented by the yellow shape, the non blanked cells of the coarser mesh are visible and
the interpolation cells are localized at the intersection of both. At least two cells of each
mesh are kept inside of the overset mesh in order to perform a proper interpolation. Some
other examples of the use of this function can be found in [91]. Furthermore, the lower wall
of the fine mesh is set to a doubly defined condition, meaning that the wall is considered
as viscous wall, yet the cells crossed by a jet are considered as overlap boundary.

3.f Solver

The structured RANS computations are executed with an ONERA’s in house software:
elsA [22]. This software uses a cell-centered finite volume discretization on structured and
overset grids. The spatial and time integration are respectively carried out using a upwind
second-order Roe scheme with Harten entropy correction and a backward-Euler scheme
with implicit lower /upper symmetric successive overrelaxation.

The turbulence is modeled using the one-equation Spalart—Allmaras and the k—w SST
model supplemented with the Quadratic Constitutive Relation (QCR) correction Dandois
[43]. This correction enriched the Boussinesq relation with anisotropic terms, it allows to
improve the precision of the model in the corner flow separation zone.

The calculations are processed on a NEC cluster, more precisely on 256 cores dis-
tributed on 10 processors. It takes an equivalent of 3800 CPU hours to achieve 30 000
iterations and a proper convergence of the residuals.

In order to demonstrate the sufficient convergence of the calculation, the criterion
used in the optimization process (see Chap. IV) has been plotted for the case of the first
optimization which is used in the second step of optimization along with the dimensionless
mean stagnation pressure (Pipyeqno) and the dimensionless mean kinetic energy (¢meano)
in the transverse plane of interest on Fig. 11.24.
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II.4 ZDES principle and method

In order to study the dynamics of the Shock-Wave / Boundary-Layer Interaction, different
approaches have been considered. Unsteady RANS approach may has been used to initial-
ize a ZDES calculation. Nevertheless, as in the 2D URANS made by Sartor [151] on the
same configuration, it failed to retrieve clearly the unsteadiness of the interaction. Thus,
more complex modeling approaches are now considered. Large Eddy Simulation (LES)
has been proven to be able to capture such unsteadiness in closely similar interactions
(see for instance Touber and Sandham [168], Garnier et al. [76]). However, the use of this
modeling is unfeasible for this study due to the cumbersome meshes necessary to capture
the full 3D flow in the channel, with four walls and thus, four boundary-layers to mesh
(the estimated mesh size is about 30 billion points). In order to overcome this difficulty,
a hybrid RANS-LES method, namely the Zonal Detached Eddy Simulation (ZDES) has
been selected. Therefore, the philosophy and the equations of the LES are first briefly
recalled before a presentation of the ZDES methodology and its implementation in the
current study. For a more general and precise presentation of LES, the readers are re-
ported to the books of Sagaut [147], Garnier et al. [77] for respectively incompressible and
compressible flows.

4.a Large Eddy Simulation

CPU cost
=4 = =4
&0 & e
2 L 2
Solved Solved
LES DNS
> > >
log(zTn} IOQ(ZTH:' lug(zTn)

—

Turbulence Solved

Figure I1.25: Different modeling techniques of turbulent flows (adapted from Gand [72])

The main concept of the Large Eddy Simulation is to solve more turbulent scales
than the RANS simulation (which only models their effects), and yet, less than the DNS.
This allows to use coarser meshes as the scale constraint at the wall is relaxed. The
biggest structures are calculated and the smallest ones are modeled. These structures
of size smaller than the grid are called subgrid scale structures. These structures are
exchanging energy with resolved scales. In the case of isotropic turbulence, the energy is
injected by the advection into biggest scales and then transferred along the Kolmogorov
logarithmic cascade down to the smallest scale, called Kolmogorov scale, where the energy
is dissipated into heat (more details on this description of isotropic turbulence may be
found in Kolmogorov [104]). The level of modelization of the turbulent structures are
represented on the Kolmogorov energy cascade for RANS, LES and DNS on Fig. I1.25.
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In brief, the flows structures needs to be filtered with a low pass filter for the frequencies
and wave length - meaning a high pass filter for the space and temporal variables - and
the impact of the filtered structures has then to be modeled.

Using the same notation as the Reynolds average in the previous section for the LES
filter in this section:

o=+ (11.42)

This filter has to respect the following properties, conservation of the constants, lin-
earity and commutativity with the derivatives.:

9 0B 9B 0D

a=a,YacR, O+V¥ =047, 87@28:1:1-’ % = B

(I1.43)

It is noticeable that the filter is not mandatory idempotent as the Reynolds average
operator:

4D (I1.44)

Several examples of admissible filters can be found in Sagaut [147]. In practice, in a
wide majority, the LES calculations are done with an inhomogeneous filter. This filter is
carried out using the fact that the smallest structures are not captured by the mesh if
they are smaller than two times the size of the cell and that the dissipation introduced by
the numerical scheme damps the highest resolved frequencies of the flow. The filters are
characterized by their cut-off length scale in the physical space: A.. This inhomogeneous
cutoff lengthscale is then defined for each cell by:

Ac = Az = max(Ag, Ay, Ay) (I1.45)

Following the same practical objective as before, an operator, called improperly the
Favre filter (even if it does not follow all the properties necessary to be a filter in the
LES sense) can be defined. This filter, here considered homogeneous to alleviate the
presentation, allows to simplify the expression of the filtered Navier Stokes equations for
compressible flow.

Using again the same notations as before for a different operator:

¢ = po (I1.46)

p
b=0¢+¢" (11.47)

Filtered compressible Navier Stokes equations The equations obtained by apply-
ing the Favre filter to the equations 11.3 and I1.4 are the following:

95 )
9% _ g5 I1.48
Y pu (11.48)
o
% = V- (paxa+pl)+ V74 A+ A (IL.49)
withA; = —V-(pluxu—1uxa)) (11.50)
and Ay = V- (7 —7) (IL51)
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The term p(u X u — @ x @) is denoted 7445 and called the subgrid stress tensor.

For the energy equation I1.5, different form may be derived, following the chosen vari-
able. The one presented here was proposed by Vreman [173]. The new variable of energy
called calculable energy, denoted pe is defined as:

~ P 1 ~ 9
fo=——7+3 > G (I1.52)
1€[1,2,3]

Injecting this into the filtered equation of energy gives:

dp S ~
g = V- (peit+pi) +V-§+ By + Bo+ By + By + Bs + Bg + Br(IL53)
1
with By = ———V - (p - pi) (IL54)
-
By = —pV-u+pv-i (IL55)
By = —V:(rsgid) (I1.56)
By = 7. -Vi (IL57)
Bs = 7-V-u—-7V-u (I1.58)
Bg = V- (rii— i) (I1.59)
B = -V-(a-a) (IL.60)
(IL61)

Following the recommendations of Vreman [173] only the terms A;, By, B2 and Bg will
be considered here. The other terms have been proven to be negligible with at least one
order of magnitude of separation thanks to a DNS.

Closure and modeling The equations of LES claims for a model in order to be closed.
The model proposed here is a functional model following the classification of Sagaut [147],
meaning that it does not try to reproduce the mathematical structure of the subgrid
stress tensor but only the dissipative mechanical action of the tensor. Several models can
be found in Vreman [173], Sagaut [147], Garnier et al. [77]. Only the one used here will
be described. It is the Smagorinsky model which is chosen as it is naturally used in the
Zonal Detached Eddy Simulation method based on the Spalart Allmaras model.

The Smagorinsky model (Smagorinsky [158]) is an eddy viscosity model in which the
subgrid stress tensor is defined as follow:

PTsgs = ﬁchggé (11.62)
with S =d — étr(&) (I.63)
_ 1 NN
1,5€[1,2,3]

The term Cy is called the Smagorinsky constant and A, is the cut off length scale of the
filter.
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The equations are finally closed by the introduction of a subgrid scale thermic conduc-
tivity Ksgs to model the last two terms By and By see Vreman [173].

Bi+By = Vdys (IL.65)
With Qugs = Kags VT (I1.66)
and Kggs = cp'tj;iSVT (I1.67)

(IL.68)

Itsgs being defined in the closure of the subgrid stress tensor.

The system is now closed and can be solved on a sufficiently precise mesh.

Due to computer limitations, the method used in this study is based on a mix between
RANS ans LES method called Zonal Detached Eddy Simulation detailed below.

4.b Zonal Detached Eddy Simulation principle

The Zonal Detached Eddy Simulation (ZDES) is a general hybrid RANS / LES method
proposed by Deck [46] based on the concepts of Detached Eddy Simulation (DES97) pre-
sented in Spalart et al. [161]. This method has now proven its ability to model for instance,
the dynamic of launcher afterbody (Pain et al. [129]), civil aircraft buffet (Brunet and Deck
[17]) and several complex configurations of the generic flight envelope of transport civil
aircraft presented in the survey by Deck et al. [47].

This approach is a generalization and improvement of several preexisting hybrid RANS
/ LES method mainly DES97 and its improvement the Delayed Detached Eddy Simulation
(DDES). For the sake of clarity, these methods will be explained before a presentation of
the mode of ZDES used in this study. Indeed, the ZDES allows the user to impose 3
different modes in distinct zones of the flow, following the flow physics needs anticipated
in these zones.

The three different modes are presented on I1.26. The first mode, mode I, is dedicated
to separation generated by a salient geometry, it consist in an improved version of the
classical DES97. The second mode, mode II, is dedicated to separation generated by a
pressure gradient, it consist in an improved version of the DDES which ensures to treat
the boundary-layer in RANS and the detached flow in LES. And finally, the third mode,
mode III, allows the user to capture separation strongly influenced by the dynamic of the
turbulent boundary-layer. In this mode, the position of the interface between RANS and
LES is imposed by the user and is positioned in the boundary-layer. Thus, some turbulent
fluctuations should be prescribed on this limit in order for the LES part to match the
low-order statistics given by the URANS calculation. The modes I and III will not be
presented in this study but the interested reader can find a more precise presentation in
Deck [46] and in french in Laraufie [110], Renard [139]. A fourth mode of the ZDES called
mode 0 may be added, it simply consists in RANS mode which allows to ”protect” , in
some well defined zones, the boundary-layers known to be attached from switching into
LES mode.

DES97 The DES proposed by Spalart et al. [161] is based on the Spalart Allmaras model
presented in 3.c. Its equation II.31, is recalled below.
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Figure 11.26: Classification of separations in turbulent flows: I: separation fixed by the
geometry, II: separation induced by a pressure gradient on a curved surface, III: separation
strongly influenced by the dynamic of the incoming boundary-layer (from Deck [46]).
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(11.69)

It can be noted that in the case of equilibrium between production and dissipation,
the eddy viscosity scales with the distance to the closest wall d,, and the local vorticity
modulus S as 7 o« S d?. This is the form of the subgrid scale Smagorinsky model presented
in 4.a. Thus, Spalart proposed to replace the distance to the wall d,, with the cut off length
scale A, when this one is smaller than the distance to the wall. This allows to switch from
a RANS model close to the wall with turbulence completely modeled to LES farther with
the subgrid scale turbulent structures modeled. The distance used in the model becomes

dppsor = min(dy, CpsA.) (11.70)
with Ay = Apee = max(Ag, Ay, Ay) (IL.71)
and CDES = 0.65 (11.72)

However, this model only depends on the mesh size to switch from LES to URANS.
Furthermore, in the case of structured meshes, the size of the cells in the principal direction
is the limiting factor and is transmitted down to the wall. Thus, LES is used in the
boundary-layer, the DES97 becomes a Wall Modeled Large Eddy Simulation (WMLES)
which suffers from Modeled Stress Depletion (MSD). The turbulent structures solved by
the LES do not compensate the absence of the turbulent stress normally modeled by the
RANS. This may provoke a diminution of the modeled turbulent kinetic energy and thus
a re-laminarisation of the boundary-layer. The boundary-layer becomes more sensible to
pressure gradient and generates non physical separations called Grid Induced Separations
(see Deck [45], Sagaut et al. [149] for more details). This problem is treated by the
development of the Delayed Detached Eddy Simulation (DDES).

DDES The DDES was proposed by Spalart et al. [162] to improve the behavior of DES
for separation induced by a pressure gradient and not a physical salient geometry. The
principal idea is to used a shield function f; conceived to be equal to one in the logarithm
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part of the boundary-layer and to tend toward zero outside of the boundary-layer. The
detail of the shield function is:
1 — tanh((8r¢)?) (IL.73)

fa
with rg = mtv (IL.74)

\/Zi,je[l,Q,S](gTu;)QKQd%)

The DDES length scale is redefined as:

dDDES = dw — fd maX(O, dw — CDESAC) (11.75)

This solves the problem of GIS in many situations. Nevertheless the choice made in DDES
of Apaz as a cut-off length scale, even if physically justified, has been proven to slowly
delay the development of instabilities in free shear layer. In addition to allowing a simple
general framework for complex hybrid RANS / LES calculation, the ZDES addresses this
problem by the use of a different length scale.

ZDES mode ITI The mode II of ZDES uses the classical A, length scale in the
boundary-layer-to shield the boundary-layer- and A,y or A, in the LES region. The
volumic length scale is defined as:

Avol = VDA A, (IL.76)

This smaller length scale only depending on the mesh, allows to diminish the level of the
eddy viscosity and thus promotes a more rapid and physical development of shear layer
instabilities. The open discussion on the validity of this length scale can be found in Deck
[46].

The second length scale considered here is linked to the mesh and the vorticity of the
flow. It has been proposed by Chauvet et al. [28] and is defined as follows:

A, = \/NgAyAZJrNgAxAZJrNZ?AwAy (IL.77)
withN = = (IL78)
|w|

w being the vorticity vector. 3
To sum up, the length scale of ZDES mode II, Ag g can be defined as follows using
the shield function of the DDES:

Ao = (0.5 +sign(0.5, f1 — fa0))Amaz + (0.5 — sign(0.5, f4 — fao))Door  (IL79)

It should be noticed that A[DIES is now a function of A;, Ay, A, u, 14 and fqo, a pa-
rameter, here chosen equal to 0.8.

The length scale is then injected in the previous system of equations and the whole
system is solved numerically using the implementation detailed below.
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Table I1.7: Principal characteristics of the ZDES meshes

‘ Nm Ny NZ Aa—cs_mzn A;_mzn Aj—mm Ajﬁ_ma:t A;_mam Ajmax
Part I | 540 456 512 200 1 1 200 200 200
Part I | 89 456 512 200 1 1 6100 200 200

4.c Zonal Detached Eddy Simulation implementation
i Mesh

In order to alleviate the calculations, only the part of interest of the wind tunnel (from
z = 230mm to z = 683 mm ) is modeled using the ZDES mode II method. The RANS
Spalart Allmaras calculation presented in Chap. III is used to impose the inflow and the
wind tunnel is meshed all down to the supersonic outflow. This method has been chosen
in order not to be influenced by the RANS calculation in the last part of the flow. The
latter being less precisely modeled than the entrance of the wind tunnel. Furthermore, in
order to alleviate a little more the mesh, only the part containing the SWBLI, named Part
I, is meshed using a constant step in the x direction. In the second part, called Part II
(from z = 470 mm to the end), A, follows a geometric progression of common ratio 1.04.
This can be done without degrading the result as the last part is the second throat where
the supersonic acceleration blocks any compression wave. The different parts of the mesh
are presented on Fig. 11.27.

Following the recommendations found in Renard [139], the mesh has been designed
with a maximum value of A and A} of 200, a minimum one of 1 at the wall®. The size
of the cells follows a geometric progression of common ratio 1.05, in the direction y and z.
This allows to have around 90 cells in the boundary-layer. The distribution is presented
on the slice x = 468 mm on Fig. I1.28 with one over two points represented. The principal
characteristics of the mesh of the two parts are reported in Table I1.7. For both meshes,
the number of grid points (N, Ny, N.) in each direction are mentioned as well as the
minimum and maximum size of the cells in wall units. The total mesh is of around 145
millions points with 125 millions in Part I and 20 millions in Part II.

ii Boundary Conditions

The boundary conditions prescribed are: viscous wall condition on the lateral, top and
lower walls, a supersonic outflow at the end of the channel and an injection given by the
precedent RANS simulation. This allows to impose the lower central boundary-layer which
have been validated with respect to LDV measurement. The pv field injected in the ZDES
mode II at the inflow is presented on Fig. I1.29. It can be noticed that the boundary-layers
are already thicker in the corners and that, due to the pressure gradient on the lower wall,
the boundary-layer is thinner on the bottom wall.

iili Solver

The computations are executed with an ONERA’s in house software: elsA [22] as for the
RANS calculations. The spatial integration is carried out using an Advection Upstream

SWith -T notation corresponding to the non dimensionalization using the classical internal boundary-

[y, _
layer units, y™ = =¥ with wu,, the friction velocity at the nearest wall defined as u, = %
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Figure I1.27: Presentation of the partition of the modeling techniques, the black mesh
correspond to the RANS steady model, while the green and orange meshes are modeled
using ZDES mode II, the green part represents the zone of interest (the SWBLI).
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Figure I1.28: Presentation of the y and z mesh distribution on the slice x = 468 mm for
the ZDES calculation, one point over two is represented.

Splitting Method Plus (AUSMP) scheme. The use of an upwind scheme allows to stabilize
the calculation.

A backward-Euler scheme proposed by Gear, with implicit lower/upper symmetric
successive overrelaxation is used to proceed to time integration. The maximum of the
Courant Friedrichs Lewy Number is fixed to 12 and the corresponding time step is equal
to 5 x 107 8s.

The details of these two methods can be found in french in Bannier [10] and the original
version in Liou [117] and Gear [79] respectively.

In order to initialize the calculations, the calculation has been conducted for 0.004s in
URANS and then 0.013s in ZDES with a time step of 1 x 10~"s before the beginning of the
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Figure 11.29: Field of pv imposed at the inlet of the mesh.

extractions. The calculations were limited to 36.5 ms due to computer time’s limitation.

The calculations are processed on a NEC cluster, more precisely on 1120 cores dis-
tributed on 40 processors. It takes an equivalent of 11200h CPU to achieve 10 000
iterations with 4 gear sub-iterations for each.

iv  Extraction

In order to describe the dynamic of the flow, several sensors have been positioned to record
the pressure in the flow. Their positions are presented on Fig. I1.30 and summed up in
Table I1.8. They are measured at a frequency of 4000 kHz.

Name X(mm) Z(mm)

Kz17  327.0 0.0
K721  340.0 0.0
KZ25 3514 0.0
K727  359.5 0.0
KZ37  392.0 0.0
KZ47 4245 0.0
K763 3514 -20.0
KZ65 351.4 -40.0
KZ67 3514 -50.0
K769 3514 -60.0

Table I1.8: Kulites sensors position.

Furthermore, two slices have been periodically extracted from the flow. The slice
z = 0mm is thought to permit comparison with precedent 2D numeric calculations and
2D measurements of experiment. The second slice is for z = 468 mm, this slice corresponds

83

s



Figure I1.30: Position of the different pressure sensors for the ZDES calculation.

to the plane measured experimentally with the Pitot tube rake and to the plane of the
DC50 criterion of the optimizations in Chap. IV. These slices are extracted at a frequency
of 200 kHz.
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Validation of the RANS modeling
technique for the Optimization

Science is what we understand well enough to explain to a computer. Art is everything
else we do.
Donald Knuth

Objectives
This chapter is dedicated to the presentation and the study of the RANS modeling
of the reference case: the uncontrolled SWBLI.

The RANS modeling is presented and validated with respect to some preceding
experimental data. A more precise insight will be taken at the physical structure of
the corner flow separation. A more detailed comparison to experimental data will
be done in Chap. VL.

Contents
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l.c The corner flow separation . . . . . .. ... ... ... ... .. 91
1.d Impact on far downstream flow . . . . . .. .. ... ... ... 93
l.e Conclusion . . . . . .. .. L 93

III.1 Reynolds Averaged Navier Stokes modeling

This section describes the results obtained with the numerical method described in sec-
tion 3.c of Reynolds Averaged Navier Stokes modelization of the shock-wave boundary-
layer interaction appearing in the S8Ch wind tunnel presented in the section II.1.
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l.a General remarks

The RANS equations are closed with different turbulence models, namely the Spalart-
Allmaras model with and without QCR correction and the k—w Menter SST model. Their
results are globally compared before a more detailed presentation of the most satisfying
one.

i Quadratic Constitutive Relation (QCR) correction

The Spalart-Allmaras modeling has been tested with and without the Quadratic Constitu-
tive Relation (QCR) correction presented among others in [43]. This correction adds some
cross terms in the linear Reynolds stress tensor 7; using an anti-symmetric normalized
rotation tensor. These terms are added in order to improve the modeling of the corner
flow’s simulation as the presence of two perpendicular walls induced an anisotropy in the
development of turbulence which is not taken into account by the classical Boussinesq
eddy-viscosity hypothesis.

The results of the simulations clearly show far downstream of the interaction, on the
slices x = 468 mm presented in Fig. III.1 that the Spalart-Allmaras model without
correction displays huge non physical corner flow separations notably in the higher corner
of the flow. These corner flow separations have not been observed experimentally before
while the lower ones are known to appear in previous experiments (see Bur et al. [20]).

Momentum x[kg.m~!.s7}]
0 20 40 60 80 100120 140 160 180 200
01 With QCR Without QCR

0.08

0.02

L L I L L I L
004  -0.02 0 002 004 006
z[m]

Figure III.1: Longitudinal momentum at z = 468 mm for Spalart-Allmaras with QCR
correction (on left) and without QCR correction (on right).

Hence the QCR correction will be used for both models in the following comparison of
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Spalart-Allmaras and k — w Menter SST models.

ii Turbulence model choice

In order to visualize the separation zone on both the corner flow and the central flow,
a colorized map of the longitudinal friction is presented on Fig. II1.2. Friction lines are
added in order to appreciate the size of both separation zones. The Spalart-Allmaras
model produces a wider central separation zone which is closer to the results presented in
Bur et al. [20]. The k£ —w model, for its part displays an important corner flow separation
which by its amplitude, narrows the central separation. Both models displays the two foci
characteristics of a corner flow separation. Nevertheless, the Spalart-Allmaras produces
a flow field closer to the experimental one and will thus be used for the optimization
process presented in Chap. IV. The accordance between the Spalart-Allmaras and the
experimental results will be more detailed in Chap. VI.

~n 028 0

Figure I11.2: Comparison of friction distribution on the half wind tunnel between Spalart-
Allmaras (above) and k& —w (below) models. The streamlines correspond to friction lines.

iii Incoming Boundary-Layer

In order to validate the right development of the incoming boundary-layer, the profile
of longitudinal velocity is compared to the LDV measurement by Galli et al. [71] on
Fig. II1.3. The general tendency and levels are well predicted. Nevertheless, there is a
small discrepancy in the region close to the wall which can explain the difference between
the experimental and numerical boundary-layer thicknesses, respectively § = 3.9 mm and
0 = 3.3mm. This difference may be due to a too low level of initial turbulence in the
simulation. However, the incompressible shape parameter obtained numerically, H; = 1.33
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is closer to the one of a classical turbulent boundary-layer (H; = 1.4) than the experimental
one equal to H; = 1.63. The higher value is due to the lack of LDV measurements in the
vicinity of the wall and the profile is interpolated from the last measured point. Yet, this
incoming velocity profile is considered satisfying for the following calculations.
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Figure II1.3: Comparison of velocity distribution downstream of the interaction (at x =
135mm) between LDV measurements from Galli et al. [71] (symbol) and RANS Spalart-
Allmaras QCR (line).

iv  Pressure measurements

The static pressure measurement along the centerline of wind tunnel are compared to
experimental measurement (from Bur et al. [20]) in Fig. III.4. The two curves present
a good agreement of the pressure jump through the shock-wave pattern. The RANS
calculation suggests a shock-wave located slightly upstream which generates a stiff plateau
corresponding to the detachment zone. The separation zone seems to be of equivalent size
since the interpolation between two experimental points leads to uncertainty on the shock
intensity measurement. The re-compression is slightly quicker in the experiment but it
converges toward the same level as the numerical ones at the end of the channel.

The numerical pressure field on the lower wall of the wind tunnel is compared to Pres-
sure Sensitive Paint (PSP) measurements presented in Merienne et al. [124] on Fig. IIL5.
The difficulty for the comparison resides in the fact that the part of the lower wall close to
the lateral walls is less effectively measured due to optical access limitation. However, the
two figures exhibit coherent levels and general shapes (taking into account the different
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SECTION III.1. Reynolds Averaged Navier Stokes modeling

1.0
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Figure I11.4: Pressure distributions on the lower wall, comparison between RANS Spalart-
Allmaras QCR and experimental results (Bur et al. [20]).

color bar). The beginning of the central separation, positioned on the left part of the
picture is well corresponding. The end of the separation seems to correctly fit even if the
end of the bump is less well measured by the PSP with an incoherent pressure increase at
the limit. This non physical jump of pressure may be due to a non uniform thickness of
paint at this sharp position. Nonetheless, the corner flow separation seems to be slightly
over-predicted by the simulation. The position of the beginning of the corner separation,
(the green triangle shape close to the lateral wall) fits well but the separation appears
wider in the simulation. Yet, the PSP measurement is more noisy in this zone close to the
wall.

0.08 it 006
TH000
TO000
oo o b
55000
SO00
! b 002
35000
-0.02 002
<004 004 =
e 03 0.35 o4 0 . — 0.35 04
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(a) RANS result (b) Measured using PSP method from Merienne
et al. [124].

Figure II1.5: Pressure field on the lower wall of the wind tunnel.
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CHAPTER III. VALIDATION OF THE RANS MODELING TECHNIQUE FOR THE
OPTIMIZATION

1.b The central separation

300 310 320 330 340 350 360 370 380 390 400
x [mm]

(a) RANS result (b) measured using 2D PIV method from Sartor
et al. [152].

Figure II1.6: Longitudinal velocity fields at the median plane of the wind tunnel.

The computed flow field in the median plane of the wind tunnel is compared to 2D
PIV results obtained by Sartor et al. [152] in Fig. II1.6. The longitudinal velocity fields
are well matching and the size of the separated zone in the streamwise direction is well
predicted even if the height of the bubble is slightly overestimated by computation. Nota
bene, the white cells in the red and blue area in Fig. I11.6a are due to the blanking function
used to show both fine and coarser mesh superimposed and thus do not reflect an error
in the computation. The cross term of the 2D Reynolds stress tensor, u'v’, calculated
using the Boussinesq relation, is presented on Fig. II1.7a and II1.7b for respectively the
RANS calculation and the 2D PIV measurement. The shock-wave motion is not detected
numerically due to the RANS approach. However, the shear stress distribution of the
intense fluctuation zone is close to the experimental one even if the turbulence acts more
strongly and in a finer zone in the RANS calculation. The RANS calculation also presents
higher levels of shear stress than the experimental 2D PIV, this is not clearly visible here
due to the saturation of the color map chosen by Sartor et al. [152]. Nevertheless, this
last remark can be mitigated by the fact that the PIV is based on window correlation and
that the window size influences the size of the smallest structures solved. This may result
in lower levels than the real ones.

To conclude, the central separation is reasonably predicted by the Spalart-Allmaras
RANS calculation, even if it does not completely capture the physics of the separation
zone.

340

0 N . ]
310 320 330 34‘-6 3% 360 370 380 350 400
x [mm]

(a) RANS result (b) measured using 2D PIV method from Sartor
et al. [152].

Figure II1.7: Shear stress fields at the median plane of the wind tunnel.
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1.c The corner flow separation
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(b) RANS.

Figure I11.8: Comparison between an experimental colored oil visualization and the friction
lines of the RANS calculation for the corner flow separation on the lower wall.
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Figure I11.9: Comparison between an experimental colored oil visualization and the friction

lines of the RANS calculation for the corner flow separation on the lateral wall.

In order to validate the use of the QCR correction, a colored oil visualization has been
performed in the wind tunnel and is compared to the friction lines of the RANS calculation
for the corner flow separation on the lower and lateral walls on respectively Fig. I11.8 and
I11.9. The position and the size of the corner flow separation at the lateral wall is well
predicted numerically, which confirms the interest of the QCR correction for a fine enough
mesh in a confined configuration contrary to previous results observed in Cartieri et al.
[23] for a wing body separation flow. Nevertheless, once again, the corner flow separation
seems to be slightly over-predicted when looking at the lower wall. On the lower wall,
it is also noticeable that the beginning of the central separation is well predicted but its
length is over-estimated by the RANS calculation. The node from where the friction lines
diverges is closer to the wall in the experiment than in the computation.

The friction lines exhibit the two divergent foci characteristics of the corner flow sep-
aration. The two resulting vortices are presented on Fig. II1.10. The first one appearing
in the flow is the lower one at the end of the bump whilst the lateral one is positioned
downstream and above the first one. These two vortices will have to be damped thanks to
the fluidic vortex generators devices in order to mitigate their impact downstream of the
interaction.
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SECTION III.1. Reynolds Averaged Navier Stokes modeling

(a) Bottom vortex structure of the corner flow sep-  (b) Lateral vortex structure of the corner flow sep-
aration aration

Figure II1.10: Streamlines decomposition of the corner flow separation.

1.d Impact on far downstream flow

The zero iso-surface of vanishing longitudinal velocity is presented on a 3D view on
Fig. II1.11. The central separation is visible and is quite confined to the center of the
channel, inducing that this interaction has a complex 3D pattern, the corners separation
interacting with the central separation. The shape of the corner flow separation reflects
the positions of the two vortices with the first one being positioned on the lower wall and
the second one being located on the lateral wall. Far downstream of the interaction, at
r = 468 mm, the stagnation pressure level presents two weak zones, one corresponding
to the central separation and a second wider one corresponding to the lateral part of the
corner separation. This is due to the fact that the lateral corner separation spreads more
downstream than the central one and has less time to be mitigated in the flow. There is
also a separation at the top corner of smaller amplitude and a small separation also occurs
at the top wall of the wind tunnel (not shown on Fig. III.11 for clarity purpose). The
main separation zones are indicated on Fig. III.11.

l.e Conclusion

To conclude, the RANS calculation using the Spalart-Allmaras QCR turbulence model
has proven its capacity to capture the principle characteristics of the flow in the S8Ch
wind tunnel. It has been successfully compared to PSP measurement, static pressure
measurement, colored oil flow visualization and 2D PIV for the central separation. These
comparisons reveal that the separation zones are well captured along the wall of the wind
tunnel even if their height amplitude may be over estimated. This study validates the use
of RANS Spalart-Allmaras QCR modeling for the following process of control optimization.

The flow field presents a complex topology with six zones of separation. Two separa-
tions arise in the center of the channel on the lower and upper walls. Four others develop
in corner regions, the lower ones being widely more important than the upper ones. It can
be noticed that contrary to other studies on SWBLI (see Bruce et al. [16]), no separations
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CHAPTER III. VALIDATION OF THE RANS MODELING TECHNIQUE FOR THE
OPTIMIZATION

Dimensionless
Stagnation Pressure

Figure I11.11: Non dimensionalized stagnation pressure on the DC50 plane, volume of the
reverse flow-white surface- for the RANS reference case.

along the side wall are pointed out. This may be due to the fact that the bump induces a
strong pressure gradient on the lower wall which provokes strong separations, notably in
the corner. The corner flow separation prevents or is merged with the lateral separations.

The RANS calculation also allows to investigate the corner flow separation zone. It
has been distinctly decomposed into two vortices. The first one is slightly upstream on
the lower wall and the second one is positioned on the lateral wall.
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Optimization Process

Linformatique, ¢a fait gagner beaucoup de temps... a condition d’en avoir beaucoup devant
soi !
Mireille Sitbon

Contents

IV.1 Optimization Approach: a Kriging based algorithm .. 96
l.a Short presentation of the wide zoology of optimization methods 96
1.b Theory of the Kriging model . . . . ... ... ... ...... 99

l.c Kriging based optimization method applied to a simple 2D ex-
ample . ... 103
1.d Summary of the Kriging based optimization method . . . . . . 111
Iv.2 First Optimization: separation’s control................ 112
2.a Optimization Parameters . . . . . .. ... ... ... ..... 112

95



2.b Objective Function: DC50 Criterion . . . . . . ... ... ... 113

2.c Results. . . . . . . . 115
IV.3 Second Optimization: the Corner Flow Separation’s
L7001 o) ISP 121

3.a New Optimization Parameters. . . . . . . .. ... ... .... 121

3.b Results. . . . . . . . . . . o 122
IV.4 Furthers Analysis on the Vorticity Patterns Gener-
ated by Downstream and Upstream Blowing VGs........... 126
IV.E Conclusion ..ot 129

IV.1 Optimization Approach: a Kriging based algorithm

After a general introduction on optimization methods, the mathematical development
of the Kriging model is exposed. The algorithm of optimization based on this Kriging
modeling is then applied to a simple example, during which the other more trivial parts
of the process are detailed.

1l.a Short presentation of the wide zoology of optimization methods

Historically the optimization methods have been developed to solve two distinct kinds of
problems: the combinatorial ones (the most known example being ”the traveling sales-
man”) and the continuous ones (as an example the minimization of any physical law).
The studies of these two categories have resulted in exact and effective methods for simple
problems (low dimension problem or linear functions). Nevertheless, for difficult optimiza-
tions, meaning high dimensions problems or non linear functions, others methods had to
be developed.

The optimization methods for the non linear functions can be classified into two main
categories, the local methods and the global ones. The local methods are based either on
the gradient of the function such as the classical Newton method or on a random local dis-
placement as in the Random Search Algorithm. The local methods without gradients are
not really effective and can be extremely long to converge. For the gradient based meth-
ods, their drawback is that for each step of the optimization, the gradient of the implicit
function should be approximated using the rate of change calculated for each dimension
which can be really costly for high dimensions functions. Furthermore, these methods
are heavily dependent on the first guess, they can be slow to converge and can converge
toward a local minimum of the function. Furthermore as their name indicates, they are
local methods meaning that they do not give information about the global tendency of the
function with respect to each of the variables. And their most important disadvantage is
that they cannot discriminate between local optima and the global optimum.

Due to all these reasons, global methods are more promising for the optimization of
a costly numerical function. These methods can be classified between two categories, the
heuristics (from the ancient greek evpiokw meaning ”find”) and the metaheuristics (from
ancient greek pera meaning here ”above”). The heuristic name regroups the techniques
designed for solving specific difficult optimizations quicker than the classical methods.
They are also designed to find an approximate solution when the classical methods do not
manage to find the exact solution of a specific problem. The metheuristics are heuristics
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Figure IV.1: Classification of the different methods of optimization- adapted from Dréo
et al. [57].

methods that are designed in order to be able to solve more diverse and generals prob-
lems, they may be a combination of different heuristics. These metaheuristics such as the
particle swarm or the genetic algorithms are more adapted to a difficult optimization of a
function which can present local optima. Nevertheless these methods suffer from another
inconvenient, even if they do not need a lot of calculations of the local gradient, they need
a huge amount of evaluation of the objective function to converge.

This classification of methods is not entirely fixed and some methods can be hybrids be-
tween two or more methods which complicate the classification. The classification adapted
from Dréo et al. [57] is presented on Fig. IV.1

The main idea of the current process of optimization is to minimize a function really
expensive to evaluate as each RANS calculation takes 15 hours. In order to effectively
optimize a costly objective function, methods of surrogate modeling or meta-model have
been developed. They are presented below.

i Meta model

In order to find the minimum of a complex objective function named f with respect to
k parameters x = [z1..2k|, a common idea is to build a low cost model of this function
f called a surrogate model. In the current case since each RANS calculation of a control
set up takes 15 hours, the surrogate model needs to be conceived using a really effective
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method, meaning using a method which needs as little calls to the test function as possible.

The main idea of the use of a surrogate model is that f the model of the function will
be explicitly known and thus a search of an optimum on this model can be done using more
precise and more resources demanding methods. The process is summed up in Fig. IV.2.

[ SAMPLING PLAN ]

Y

[ OBSERVATIONS |

Evaluation of f |‘ )

Y

CONSTRUCTION OF THE
SURROGATE MODEL f

[ CHOICE OF NEW POINT ]

A

Y

SEARCHES INFILL CRITERION on f |
using ressources demanding metaheuristic |

Y

[ CONVERGENCE ]

Figure IV.2: Tllustration of the process of meta model based optimization.

For the current study, the meta model chosen is a Kriging model. As the phenomena of
the interactions between a jet and a cross flow and between a vortex and a shock-wave can
be really non linear, a Kriging algorithm is chosen.This method has been widely employed
in various optimization processes, such as for example: porous media Evans et al. [62],
aerodynamic design J. Toal et al. [94], fluid structure interaction Chanzy and Keane [27].
It has the advantage of not inferring the smoothness of the function. Furthermore as
the objective function can be really flat with only very localized maxima, this method of
search should be quicker than a conventional Newton method. Another method would
have consisted in running an adjoint state method to calculate the gradient, nevertheless
the size of the mesh is still a huge obstacle to its application. The Kriging model has the
advantage of being able to model efficiently complex non linear functions. Furthermore,
it allows the use of the Expected Improvement Function as criterion for enrichment of
the model. This criterion is well adapted for the construction of surrogate models since it
permits to compromise between two main kinds of enrichments: the exploration enrichment
and the improving enrichment. The Kriging model theory is presented below as well as
the expected improvement function.
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1.b Theory of the Kriging model
i History and mathematical hypothesis

The Kriging method is named after Danie G. Krige [107]. Krige was a mining engineer
which was confronted to the difficult geostatistical modeling of the gold veins in the gold
deposits with the minimum number of test drilling. His method was then developed and
formalized in the work of Matheron [122].

The advantages of this method is that it is adapted to really complex non linear func-
tion. It consists in the modeling of the objective function seen as a stochastic distribution
function of mean p and standard deviation o.

The only hypothesis is that the correlation between two points of the search space only
depends on the distance between the two points. Thus this correlation will be modeled
using a chosen function and from this an optimal statistic distribution model of the objec-
tive function will be derived. This way of modeling comes from the geostatistic field with
a continuity of correlation along the gold deposits. It is well adapted for physical problems
and is finally less assuming than other classical models of interpolation that necessitate C?
condition.

ii The Kriging modeling

After evaluating the sampling plan, the method called Kriging is used to construct a first
model. This method is clearly explained in Forrester et al. [66] and Jones [97]. The main
idea when building a model is to use a base of functions to calculate the model at each
point of the parameter space.

In Kriging, the basis functions are defined in Eq. (IV.1), each i*" one linked to a i
calculated point of the n points already measured.

V' (z) = exp(— Z@kkc}ﬂ — i |P*) (IV.1)

k=1

With :L‘};, x1, the coordinates in the k" dimensions of respectively 2?, z, the it calculated
point and the evaluation point. The ©, and p; are variable parameters.

These functions are close to Gaussians with parameters © and p; which allows to
balance the influence of each sample point in every dimension in order to find the best
model. These functions takes advantages of the fact that the validity of the surrogate
model is more certain near to a calculated point and of the fact that the function can
change more or less quickly near to each calculated point.

iii Correlation

The Kriging model comes from the notion of correlation. The correlation between two
variables y1, o is usually defined as in the equation IV.2.

El(y1 — p1)(y2 — p2)]
0102

corr(yr, y2) = (IV.2)

Where 1, po and o1, 09 stand for respectively the mean and standard deviation of the
variables y1,y2. F is the function called expectation value.
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The correlation coefficient is a way to measure the dependence between two variables.
Here the way of studying the variables is changed since the two variables are supposed to be
linked by a correlation coefficient equal to the basis functions chosen. The new correlation
coefficient is shown in the equation IV.3. This is a strong hypothesis since it supposes
that the correlation between two points only depends on the distance between these two
points. Nevertheless, this hypothesis is almost always verified in physical modeling and this
is weaker than the ones used for others models which need conditions on the derivability
and smoothness of the objective function.

corr(Y(z!),Y (z™)) = exp ( — Z Ozt — x};”]p’“> =Y (IV.3)
k=1

With these correlation coefficients a n x n matrix ¥ called the correlation matrix is
defined.
All the measured values are grouped in a vector n x 1, named y.

y! Y (x')
yv=.]=[ .. (IV.4)
y" Y (z")

All these values are supposed to have the same mean pu, and the same standard devi-
ation ¢ which will be specified later.

iv Likelihood

Another statistic notion is now needed, the likelihood. The likelihood function of a set
of parameters here p and o, giving the outcome y, is equal to the probability of those
observed outcomes given the parameter values. Here as the results are supposed to follow
a normal distribution with a standard deviation ¢ and a mean p, for a n variables function,
the likelihood L is found to be of the form:

L=—— exp [— (y_ul)t;;(y_ ”1)] (IV.5)

(270?)3 | 0|2

This likelihood would be maximized to find the best parameters. To do this more
easily, the natural logarithm of the likelihood is now studied.

(y — p1)" 0 (y — pl)
202

1
In(L) = —~In2r — ~lno? — Sl le) -

5 5 (IV.6)

By taking derivatives of the equation IV.6 with respect to p and ¢? and making it
equal to zero, the expressions of ug and 0(2) which maximize the likelihood as a function of
¥ are found.

1101y
=— 2 V.
Ho = Trg=iy IV.7)
— o)y — pol
o2 = (y — pol) _ (y = pol) (IV.8)
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These values are injected in the equation IV.6, then the constant terms are removed
to find what is known as the concentrated In-likelihood function:

1
In(L) = —g In(of) - 5 n|¥ (IV.9)

This function only depends on W, so on the measured values and the parameters ©
and p. By maximizing this implicitly known function with respect to the parameters
© and p, the best estimate of the objective function will be found. Nevertheless, this
function cannot be derivated as for g and o2. Here, a metaheuristic algorithm is needed
to maximize concentrated In-likelihood function, such as the genetic algorithm.

v  Predictor

Once this tuning phase is done with the already measured data, it is now possible to
construct the Kriging model predictor. To evaluate this model at a point x, the correlation
will be used again. First the value of the model at x is named y and y = {y*,y}!. Then
the correlation vector n x 1, 1)(x), a function of z, is defined to complement the correlation
matrix now named W.

P! ()
W)= . (IV.10)
P (x)
W (z) = exp(— Y Okla, — zgl™) (IV.11)
k=1
U= (;I’t ?) (IV.12)

It’s from here that comes the definition of the basis functions presented in equation
IvV.1.
The new In-likelihood is now:

_ - —1,_
(¥ — pol)" 0 (y — pol)
20(2]

_ 1. -
In(L) = —g In(27) — gln(ag) — 5P| (IV.13)

The idea is now to find y thanks to this equation. The only term which depends on

y is the last one, so this term is just derivated with respect to y and using the paritioned
inverse decomposition applied to ¥, putting the derivative equal to zero, this gives:

—1 t\If_l . 1
(ﬁu—ww4w>@‘“@+<%u—%wﬁ$>—0 (1v.14)

So:

y(z) = po + V" (y — pol) (IV.15)

This equation shows how the radial basis function are used to calculate the response
of the model thanks to the vector .
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vi Expected Improvement

Once the meta model is calculated thanks to our first sampling, the algorithm needs to
choose a new point to calculate to try to improve the minimum of the function. In order
to do this the expected improvement is now considered.

The great advantage of Kriging is that as it is a process based on Gaussian functions,
an estimated error in the model can be calculated. This is going to help to know where
to improve the model to find the optimum design. The mean squared error of the Kriging
model is calculated as:

(IV.16)

1tw-11
After this, y(x) is again considered as a randomly distributed variable along a normal

distribution, with ¢(z) the mean and most probable value of the function at the point x
this allows to calculate the probability of an improvement I = y,,:, — y():

0 — ()2
P[I(z)] = W/OO emp[— (1252?/((@))] df (IV.17)

A graphical interpretation of this can be seen on Fig. IV.3.

20 . : .
— true funcfion
—— - RBF prediction s
15 | | © observed data | bl
------ Yimin \
—— distribution of Y(x)
10 P [I(x)] 4
g o -
q
0 4
_5 -
_10 1 1 1 1
0 0.2 04 0.6 0.8 1|

Figure IV.3: A graphical interpretation of the probability of improvement from Forrester
and Keane [68].

On this figure, the supposed Gaussian distribution of the possible values of the model
can be seen around the value given by the Kriging model (named Radial Basis Function
here). The probability of improvement is equal to the black area.

The probability of improvement is only a measure of ”is it possible to improve our
design”, the expected improvement function can be defined which is a measure of ”how
much the design can be improved”. The expected improvement is equal to the expected
value of the improvement:
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. 1 =00 ex . (ymzn —1— g(x))Z
E(I) = FENT /I | e [ 2700) })d] (IV.18)

This can be simplified by using integration by part as:

(Ymin — @(a:))%W) + S(w)¢(w> T5>0 1y 1)

0 ifs=0

E(I) =

Where ® and ¢ are the normal cumulative distribution function and density function
respectively. The expected improvement function is a good criterion of enrichment since
it takes into account the lowest predicted points of the model and the incertainty (and
possible error) of the model which are the two main strategies of enrichment for a meta
model.

vii Regression Kriging

Due to noise in the data, simple Kriging model is not always well adapted to the problem,
as it is an interpolating function. In order to take into account the noise in the data,
a regression constant A is added on the leading diagonal of W. The correlation matrix
becomes W + AI (with I the identity matrix of same size as V). Using the same derivation
as for the simple Kriging, the predictor function y, becomes:

yr(@) = g + (T + 2Dy — pel) (IV.20)
With
1T+ ALy
o2 (y = )" (¥ 4+ XD~y — pr1) (1v.22)

n

1.c Kriging based optimization method applied to a simple 2D example

Lets take a simple example in order to clarify the explanations and make them more
concrete: if you want to send a rocket of mass equal to 1000 kg to the moon, you want to
minimize the attraction force to consume less fuel. Therefore, you want to minimize the
weight of you rocket for a fixed mass. If you don’t know the physical law behind weight for
the terrestrial gravity acceleration®, you will measure the weight of the rocket at different
positions on Earth to find your optimum.

Here the two parameters of interest will be the longitude and the latitude coordinates
of the point of measurement. In order to get an effective first sampling, we will use the
method known as the best Latin hypercube sampling to choose the first points to measure.

1g=19,780318 x (1+5,3024 x 10~ x sin®(L) + 5,9 x 10~¢ x sin®(2L)) with L the latitude position.
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i The Latin hypercube sampling

The Latin hypercube method is a good method to design a first sampling which explores
at the maximum the variables space without privileging a direction. The method used
here is the one presented by Forrester et al. [66]. This algorithm is based on the Latin
hypercube method which is itself based on the Latin square. The main idea behind the
Latin square is really easy to visualize in two dimensions: to ensure a vast dispersion of
the sampling points, the exploration space is divided into n X n squares. Then the points
are distributed in the squares, being careful that there is not two points in the same row
or the same column. Two different Latin hypercube samplings for n = 4 are presented on
Fig. IV.4: the blue and red dots correspond respectively each one to one sample.
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Figure IV.4: Latin hypercube sampling in 2 dimensions for 4 samplings.

As it can be seen on the Fig. IV.4, if the blue sampling seems to ensure a sampling
without privileged direction, the red one is biased as it will priviledge the diagonal di-
rection. Thus, the definition of a sampling using the Latin hypercube is not sufficient to
ensure a sampling which does not priviledged a specific direction. In this example the red
sampling is really not appropriate for building a surrogate model. It will not allow the
model to understand easily the variation along the other diagonal axis. This is to show
that the Latin hypercube method needs to be improved. This is even more true for a
exploration space with more than two dimensions. So Forrester et al. [66] constructed a
way to find the best Latin hypercube distribution based on a criteria function ® defined
by Morris and Mitchell [126]:

Q=

Oy(X) = (D Jid; ) (IV.23)
j=1

Where X is the vector of the sampling points coordinates, di,ds, ..., d,, are the rect-
angular distances between all the couples of sampling points and Jy, Ja, ..., Jp, the number
of couples distant respectively of di,do, ...,d,, . g is varied to get several sampling plans.
A genetic algorithm is then used to improve the sampling based on the criteria function.
After all, the best sampling is chosen using the first but not easily applicable definition of
the best space-filling sampling plan: the sampling which maximizes the smallest distance
and minimizes the number of couples associated with this distance.
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The best sampling plan for the actual example is the blue one. The corresponding
points measured for the weight of the rocket are presented in Table IV.1.

Table IV.1: Latin hypercube sampling of the rocket’s weight measurements.

Latitude (°) Longitude (°) Weight (kN)

-22.5 135. 9787
-67.5 -45. 9824
67.5 45. 9824
22.5 -135. 9787

It can be noticed that in the case of the rocket’s weight, the first sampling gives only
two different values of weight. This sampling is intentionally biased in the case of the
rocket as the function is actually 1D. Nevertheless for an hypercube sampling of 5 or more
points, the function is directly very precisely modeled. In order to improve the interest of
this example this biased sampling is kept for the following.

ii Genetic Algorithm

In a second step, the Kriging parameters O rqtitude and © pongitude are tuned using a genetic
algorithm in order to minimize the likelihood of the statistic function of Kriging with
respect to the measured points (see iv).

The genetic algorithm was developed by Holland et al. [90]. This algorithm is based
on the principle of species evolution developed by Darwin in 1859. The main idea is to
effectuate crossing and mutations of the best known test points in order to find an optimal
solution for the initial problem. It is one of the most used metaheuristics because it is
really effective for optimal solution research in a small calculation time. It consists in
placing randomly points on the search domain, (here © rqsitude and O Longitude). Then the
positions are quantified by calculating the likelihood of the Kriging model. The particles
having the smallest likelihood are suppressed(natural selection). New particles are then
created by mixing the position of two valid particles. Some others are also randomly
modified to model mutation. This process is repeated several times until the particles
converge to the searched maximum.

The algorithm is briefly summarized below.

This optimization results in the values below and the Kriging model and Expected
improvement function presented on Fig. IV.5.

O 4 = 88.6 (IV.24)
@fgg}mde =81.2 (IV.25)

It should be noticed that due to the insufficient sampling, the algorithm cannot find
that the function varies only along one dimension.

Another interesting point to notice is also that the expected improvement function is a
plateau with importantly restraint peaks and valley. This type of function is really harsh
to optimize, that is why an algorithm of Particle Swarm Optimization is used to find its
maximum.
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Algorithm 1 Genetic Algorithm

1: First population randomly distributed

e Each individual is made of n bits linked to n chromosomes.
2: Evaluation

e For each individual a note is attributed to its result.
3: Selection

e Random selection of n/2 couples of individuals.

e Fach individual as a chance of being selected linked to its result.

4: Crossing and mutation

e Each couple gives 2 children.

e Crossing of the genetic material.
5: Mutations of the children.

e Random change of one bit.
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(a) Kriging model of the rocket’s weight at (b) Expected improvement function of the
iteration 1. rocket’s weight at iteration 1.

Figure IV.5: First iteration of the Kriging based optimization of the rocket’s weight.

iii Particle Swarm Optimization

The Particle Swarm Optimization algorithm is a metaheuristic algorithm developed by
Kennedy and Eberhart [101]. This metaheuristic algorithm is based on the social comport-
ment of bees and on the concept of distributed intelligence. Its principle is the following.

Several particles are considered on the search space. These particles are going to move
at each iteration of the algorithm, in function of three parameters:

e An inertial component : its current velocity v

e A personal component : the position of its own best known position Pb_ésti

106



e A social component : the best known position obtained by the group of its neighbors
Gbest

The first version of this algorithm written by Kennedy and Eberhart [101] took into
account an inertia coefficient for the inertial component and random coefficient for the
two other components. With x! the position of i'* particle at " iteration with x! =

[ 1, @ 5, -, @ p] and v} the velocity of the particle at t'h iteration:
vith = wvt + Kl.rtlﬂ-(Pbestﬁ —xi) + Kg.rg,i(Gbestt — x5 (IV.26)
xTh = xt 4 Vit (IV.27)

with w inertial constant

K1& K5 acceleration constants

rﬁ,i&ré,i are two random vectors uniformely taken in [0,1]” at each iteration.
The algorithm is summed up in Algorithm 2.

Algorithm 2 Particle Swarm Optimization

Initialise randomnly N particles : position and velocity.
Evaluate the position of the particles
For each particle i, Pbest; = x;
Calculate Gbest
while Stop criterion is not reached do
Move the particles
Evaluate the positions of the particles
Update Pbest and Gbest
end while

The Particle Swarm Optimization manages to find the maximum of the expected im-
provement function where a new point is added. Following this, the three steps -adding a
new point, tuning of the Kriging parameters, and looking for the maximum of the expected
improvement function- are repeated two times. The corresponding results are presented
on Fig. IV.6 and on Fig. IV.7. The values of the added points and of the resulting Kriging
parameters are summed up in Table IV.2.

It is noticeable that with just the addition of one point, the algorithm detects that the
function is actually 1D and ©prengitude is DOt important anymore as it is reduced to the
minimum of the search space for the © parameters(1.0e-05).

Another interesting fact is that the model is very well reproduced at iteration 2 and
the maximum of the expected improvement is really close to the actual minimum of the
function. The last added point is placed at only 0.02° of the actual minimum of the
function.

107

AN



Longitude ["]
Longitude [°]

0.200
150
9832 0175
0
%624 ! 0,050
9816 CHER 0125
oe 0 0.100
- L 0.078
SO0 i 0,07
o702 0.050
100
9784 0.025
1590
a7
0 -0 - -20 0 N 40 6

0,000
2 ) S0 60 0w o-: 0

l:llflf ude [°]

m W60 s

Latitude [

(a) Kriging model of the rocket’s weight at

(b) Expected improvement function of the
iteration 2.

rocket’s weight at iteration 2.

Figure IV.6: Second iteration of the Kriging based optimization of the rocket’s weight.

0.0008

Longitude ["]

0.0006

Longitude [°]

0.0004

00002

8 -60 w Mo 0 20 0 60 =

- 80 o 1w 20 0 20 0 w RO
Latitude [°] Latitude [

(a) Kriging model of the rocket’s weight at

(b) Expected improvement function of the
iteration 3.

rocket’s weight at iteration 3.

Figure IV.7: Third iteration of the Kriging based optimization of the rocket’s weight.

Table IV.2: Points added to the Kriging model of the rocket’s weight and the resulting
Kriging parameters.

Added Point

‘ Kriging parameters
Latitude (°) Longitude (*) Weight (kN)

@L(ztitude @Longitude

88.6 81.2
-22. 127.1 9787.6 5.0 1.0e-05
-0.02 -180. 9780.3 4.3 1.0e-05
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iv  About the expected improvement function

In order to visualize more precisely the interest of the expected improvement function,
the same study is now done with only one parameter: the latitude coordinate. The first
sampling is again chosen biased in order to fault the Kriging model. Due to this ill-posed
problem, the first model is far from the objective function in the central range of latitude
as it can be seen on Fig. IV.8. The limits of the variance of the model are presented. The
variance is equal to zero at the measured points and grows between the measured points.
It should be noticed that these variance limits are not the real limits of the distribution of
probability of the model. Since this probability is a Gaussian for each point of the model,
it extends farther than the variance. The expected improvement is the measure of the
quantity of probability times the improvement, meaning the possibility of being below the
actual minimum of the test points. Once the new point is added, the model manages to
predict the objective function and the new maximum of the expected improvement is close
to the actual minimum of the true objective function.

The lessons of these examples are that the first sampling is of the utmost importance
in the optimization process. It should provide enough information on the whole domain
and be uniformly spread out. This confirms the interest of the Latin hypercube sampling
method. Furthermore, as it can be seen on Fig. IV.8 b), d) and f), the diminution of the
maximum of the expected improvement is not sufficient to justify the convergence of the
algorithm. The maximum of the expected improvement is around 0.04 at the first iteration
and grows up to 0.7 at the second iteration before finally decreasing to 0.00025. Thus, the
diminution of the Expected improvement may be a criterion of convergence only if it is
correlated to the end of variation of the model with each newly added point.
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CHAPTER IV. OPTIMIZATION PROCESS
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Figure IV.8: 1D Kriging based optimization of the rocket’s weight.
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1.d Summary of the Kriging based optimization method

In order to proceed to an optimization of several parameters of the control, an optimization
method is set up. The idea is to be able to minimize an objective function described in
2.b with respect to some parameters described in 2.a and 3.a.

The different sequences of the method are described in Algorithm 3, with the parame-
ters of the metaheuristics used within the process, presented in Table IV.3. The complete
algorithm is presented on Fig. IV.9. The algorithm used for the following study is based
on a modified version of the python toolbox pyKriging by Paulson [133].

SAMPLING PLAN
Best Latin Hypercube

Y

OBSERVATIONS |
Evaluation with elsA J‘

Y

CONSTRUCTION OF THE
KRIGING MODEL [ ADDITION OF NEW POINT ]

tuned with Genetic Algorithm Y

SEARCH OF INFILL CRITERION ]
Expected Improvement Function
with Particle Swarm Optimization J

Y

[ CONVERGENCE ]

Figure IV.9: Kriging based optimization.
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Algorithm 3 Kriging based optimization

1: Sampling Plan

e Generation of the initial sampling points with a Latin hypercube sampling
method — Sec. l.ci

: Observations

[\V]

e Evaluation of these designs with elsA, see 3.c
3: Construction of the Surrogate model

e Construction of a surrogate model using Kriging method — Sec. 1.b ii

e Optimization of the © parameters using a Genetic algorithm — Sec. 1.c ii
4: Search of the Infill Criterion

e Construction of the model of the expected improvement — Sec. 1.b vi

e Search of the maximum of the expected improvement thanks to a Particle Swarm
Optimization — Sec. 1.c iii

5: Addition of a New Design

e Evaluation of the new design at the maximum of the expected improvement with
elsA.

e Addition of the new design to the model then back to step 3.

Table IV.3: Parameters fo the metaheuristics used in the general optimization process.

Genetic Algorithm H Particle Swarm Optimization
Population 50 Population 1000
Evaluation Max 30000 || Evaluation Max 200000
Elite 10 Neighbors 40
Mutation 0.05

IV.2 First Optimization: separation’s control

2.a Optimization Parameters

The achievement of the control depends on a wide variety of parameters: the numbers
of jets, their lateral and longitudinal positions, their injection pressure, their pitch and
skew angles for each of them. In order to keep the calculation time reasonable, only two
parameters are optimized in a first approach: the pitch and skew angles. The others
parameters are chosen thanks to some first trials and literature results on the mechanical
micro VGs. The basic configuration is defined as follows: ten VGs are positioned in the
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Figure IV.10: Positions of the jets.

spanwise direction, separated by 2.1 ¢ (with a bigger gap in the center of the channel due
to the presence of a pressure sensor) and 12 § in front of the shock-wave / boundary-layer
interaction which was the best location determined in a previous study with the same
interaction Bur et al. [20]. The positions of the jets can be seen on half of the wind tunnel
in Fig. IV.10, it corresponds to a position of z =0.280m. The total injection pressure is
fixed to 2 bar. The jets diameters are fixed to 1 mm. This is done to ensure a small velocity
ratio and a small momentum coefficient ¢, defined in Eq. (IV.28) which are main criteria
of efficiency for such fluidic control devices. The velocity ratio is comprised between 1.5
and 2 for the different configurations studied. The momentum coefficient ¢, characterizes
the energy of the jets compared to the one of the whole channel.

. EpjetszetSjet

_ ZPiettjet>jet V.2
“ T T 05pU2S (IV-28)

It should be noticed that the real shape of the injection hole is an ellipse which varies
with respect to the pitch and skew angles.

Furthermore, the VGs are chosen to be oriented in counter-rotating angles. Previous
studies (as Godard and Stanislas [83] for instance) demonstrated that even if the vortices
generated by a counter-rotating pair of VGs are more likely to interact and to generate
a zone in between with a velocity deficiency, they sustain each other and thus generate
a better mixing elsewhere. Moreover, in a rectangular channel, co-rotating VGs cause a
lateral speed which strongly deteriorates corner flows.

The two angles of the jets are defined in Fig. IV.11 with respect to the local tangents.
Due to physical constraints (the unfeasibility of drilling a hole of 1 mm diameter at really
small angles), the a angle is only varied between 30° and 150°. The angle (3 is varied
between 0° and 180°. Combined with the pitch rotation, this variation allows to consider
all the physical configurations including the upstream blowing jets which are less tested
in the literature.

2.b Objective Function: DC50 Criterion

¢ ¢ The goal of this study is to reduce the separation zone which should improve both
the homogeneity and the total internal energy of the flow downstream of the shock-wave
/ boundary-layer interaction. In order to quantify the improvement on both of these
quantities, a one dimension function has been selected. A distorsion criterion, called
DC50, is defined based on an existing criterion used by aircraft manufacturers: the DC60
criterion Goldsmith and Seddon [86], Garnier [75]. This criterion is calculated on a slice
perpendicular to the flow direction placed downstream of the separation zone as it can be
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CHAPTER IV. OPTIMIZATION PROCESS

Figure IV.11: Definition of o and S, respectively pitch and skew angles in the case of the
perpendicular jet producing the well known counter-rotating pair of vortices visualized on
a Q criterion equal to 3 - 108 isosurface colorized with longitudinal vorticity.

Dimensionless
Stagnation Pressure
0.98
0.94
0.9
0.86
0.82
0.78
0.74
0.7
0.66
0.62

Figure IV.12: Non dimensionalized stagnation pressure on the DC50 plane, volume of the
reverse flow-white surface- for the reference case (the blue line represents the position of

the VGs).
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Figure IV.13: Non dimensionalized stagnation pressure on the transverse plane of the
reference case used for the DC50 calculation with the 50 zones.

seen in Fig. IV.12 at £ =0.468 m. This position has been chosen because it is the location
of a mobile Pitot rake in the wind tunnel. The criterion consists in a comparison between
the spatial mean (denoted < . >’) stagnation pressure Pi in the slice with the worse mean
stagnation pressure in a fiftieth of the slice Pi,one. This quantity is divided by the mean
dynamic pressure g in the slice in order to give an information not only on the homogeneity
of the flow but also on the conservation of the energy. This criterion is summed up in Eq.
(IV.29). The fifty portions of the slice of the reference case (without control) are presented
in Fig. IV.13. The loss of stagnation pressure due to the boundary-layer and the corner
flow separation are clearly visible. The DC50 of the reference case is equal to 0.88. The
objective of the optimization is to minimize this criterion.

< Pi > —min(< Pi >one)
<q>

DC50 = (IV.29)

2.c Results

The process of optimization is illustrated in Fig. IV.14, the dots represent the calculated
points. Their colors are associated with their rank in the optimization process, the 7 first
sampled points are white and the dots are getting darker as the optimization progresses.

Six noticeable cases of the optimization are named in this figure with small letters
from a) to e). They correspond to vertical jets, aligned downstream blowing jets, aligned
upstream blowing jets, a sub optimum case, the optimum case and a case close to the
configuration used in several studies o = 30° and 5 = 60° Rao [138], Bray and Garry [15],
Dandois et al. [44]. Their physical geometries are presented in Fig. IV.15 and the diverse
vorticity patterns they generate are presented in Fig. IV.16. These vorticity patterns are
studied more precisely in section IV.4. In order to visualize the whole diversity of vorticity
patterns and the influence of each parameter on it, the vorticity patterns are integrated
to the model in Appendix A.2.

What can be noticed on the model of the DC50, presented in Fig. IV.14, is that the
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algorithm first finds a zone of interest close to the point d) where several points are added.
After this, the algorithm starts a second exploration and manages to find a second zone of
interest close to the point e). In a third time, after several enrichments, the algorithm starts
a third period of exploration during which it does not manage to find a new interesting
place even after adding three new points. Furthermore, the model is not modified any
more, the calculated points having values close to the ones predicted by the model and
thus the optimization is considered converged.

In order to add more physical considerations in the model and not for optimization
purposes, four points are added at no additional numerical cost as they all correspond to
the same configuration. Indeed, when the pitch angle is fixed to 90° the skew angle does
not have a real signification as the jets remain vertical with respect to the local tangents.

The final model is presented in Fig. IV.14, it does not interpolate all the points within
a 3% error margin following the philosophy of regression Kriging (the error is calculated
between the value of the regression Kriging model at the calculated points and the DC50
criterion calculated by the RANS code).

First of all, the upper and lower limits of the model corresponding to the axis § = 0° and
B = 180° are resembling but with reverse direction following the variation of a. Meaning
that for 8 = 0° the augmentation of « follows the same variation as the diminution of
«a for f = 180°. This is a fair result as for the jets with no lateral deviation meaning
B =0°or B = 180° when [ is changed from 0° to 180° the jets are just directed in the
opposite direction. Thus the « angle corresponds to its complementary angle to 180°. As
an example the configuration 8 = 0° and a = 60° is exactly the same as § = 180° and
o =120°.

Then the model presents a ”quasi-central symmetry”. This is coherent with the fact
that the intensity and position of the vortices generated by the jets symmetric with respect
to the centers of the model are symmetric along the longitudinal plane. The difference
of level of DC50 is due to the fact that the jets close to the center and the corner of the
channel interact differen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>