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ABSTRACT

Open and closed-loop control experiments were success-
fully performed to reattach a thick turbulent boundary layer,
thanks to large scales of the facility (i.e. wind tunnel Carlier
& Stanislas (2005)). This extends to large Reynolds num-
bers and large time scales the range of flow conditions for
which open and closed-loop control configurations were in-
vestigated for turbulent flow separation configurations. Ex-
periments were performed at three Reynolds numbers based
on the momentum thickness of the turbulent boundary layer,
varying from Reg ~ 7500 to 12600. First open-loop tests were
conducted to identify the systems. They were found to behave
like a first order linear one, with coefficients that need to be
adapted depending on the Reynolds number. Then, simple
controllers (Proportional-Integral and Linear Quadratic Regu-
lator) were implemented in closed-loop configurations. They
were able to significantly improve the reactivity of the system
and consequently the cost of the control. A test of robust-
ness was performed from variations of the free-stream veloc-
ity which highlights the need to improve it using more com-
plex controllers.

1 Introduction

In the last decades many different flow control config-
urations (flat plates, ramps, bumps, ducts, airfoils, wind tur-
bines ....etc) were investigated to delay or prevent turbulent
boundary layer separations. Early studies using passive de-
vices have demonstrated the influence of many geometrical
parameters on the control efficiency (see e.g. Lin (2002)).
Also, the flow in which the devices are embedded influences
the dynamics of the produce vortices. Therefore, depend-
ing on the flow configuration, the optimal control parameters
vary. To adapt the control to the flow situations passive de-
vices were rapidly replaced by active devices. Many active
device types were then developed for which, depending on the
control source used, the control is of different nature (acoustic
actuators, plasma actuators, fluidic actuators ...). When fluidic

round jets are slanted relatively to the wall and to the main
stream of the baseline flow, they are able to generate stream-
wise vortices, qualitatively similar than the so-called Vortex
Generator (VG) actuators, which can entrain high-momentum
fluid towards the wall, hence energizing the turbulent bound-
ary layer, increasing quantities such as wall shear stress, tur-
bulence intensities, momentum transfer, etc ... and delay-
ing separation. The operating operators of the active devices
(i.e. pulsating frequency, duty cycle, amplitude of the jet)
were recently used in closed-loop configurations to demon-
strates its ability to further decrease the cost of the control
or/and to make it more robust (see e.g. Allan er al. (2000);
Becker er al. (2007); Henning & King (2005); Benard et al.
(2010)). Controllers using models which represents turbulent
flow separations are generally of high dimension and need a
high computational time which limits real time experimental
implementations. Model-free approaches such as extremum
seeking (Becker et al. (2007)), slope seeking (Benard et al.
(2010)) or simple linear models limited to the tested config-
uration such as PID (Allan et al. (2000)) were thus generally
preferred. However, they are limited to the tested configu-
rations (airfoils Benard et al. (2010), backward facing-step
Henning & King (2005) ...). To improve the fundamental un-
derstanding of the separation mechanisms, some studies have
extracted the transient time when going from the two states of
the flow (i.e. separated/attached) (Amitay & Glezer (2002);
Darabi & Wygnanski (2004); Mathis & Bonnet (2009); Siauw
et al. (2010)). The understanding of such mechanisms will
enable to improve significantly the control robustness. Un-
fortunately, this time scale is not systematically reported by
closed-loop studies and more experiments are needed over a
larger spectrum of separated configurations.

In the present work, a thick turbulent boundary layer is
generated on an inclined ramp, which produce a slight adverse
pressure gradient coefficient dC,/ds =0.06 before a separa-
tion. Thanks to the large scales of the facility (i.e. wind tun-
nel Carlier & Stanislas (2005)), this extends to large Reynolds
numbers and large time scales the range of flow conditions for



which open and closed-loop control configurations are inves-
tigated. In a previous set of experiments (Cuvier et al. (July
2011)), a parametric study was conducted to choose the op-
timal actuator arrangements (exit hole geometry, spacing be-
tween jets, orientations ...) at the highest Reynolds number
Reg = 12600. In the present study, open loops experiments
were first performed to extract the dynamic of the systems for
three Reynolds numbers based on the momentum thickness
of the turbulent boundary layer, varying from Reg ~ 7500 to
12600, and their associated time scales. Then, simple con-
trollers (Proportional-Integral and Linear Quadratic Regula-
tor) were implemented in closed-loop configurations to get a
better reactivity of the system and to improve the robustness
under variations of the free-stream velocity.

2 LML Wind tunnel facility and the model

The experiments were conducted in the boundary layer
Wind Tunnel of “Laboratoire de Mécanique de Lille” (LML).
The LML wind tunnel is extensively described and character-
ized in Carlier & Stanislas (2005). The working section is 1
m high, 2m wide and 21.6 m long. The flow is produced by
a fan and a motor that allow the variation of the free-stream
velocity U, from 3 m/s to 10 m/s with a stability better than
0.5%. The turbulence level in the free stream is about 0.3%
of Us, and the temperature is kept within £0.2C° by use of
an air-water heat exchanger in the plenum chamber. The tur-
bulent boundary layer under study develops on the lower wall
of the working section after being tripped at the entrance by
a grid fixed on the floor. The long length of the working sec-
tion (21.6m at most) induces a thick turbulent boundary layer:
around 0.3 m at the entrance of the test section. A ramp model
was added in the test section. It is composed of four parts (fig-
ure 1). First, a smooth converging part with a contraction ratio
of 0.75 is needed to generate an adverse pressure gradient in
the following part. The second part is an articulated flat plate
that can rotate from o = 2° to o = —4° around its leading
edge. For oo = 0° the flat plate is parallel to the streamwise di-
rection. The third part is also an articulated flat plate and will
be called later flap. It can rotate from § = —5° to = —40°
around its leading edge. Finally, the fourth part of the model
consists of a flexible sheet of PVC that is shaped to obtain a
smooth transition with the wind tunnel floor.
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Figure 1. Schematic view of the model.

As shown in previous results (Cuvier et al. (July 2011)),
by adjusting o, a favorable, adverse or zero pressure gradi-
ents can be obtained on the flat plate. Also, for § = —19,

a separation occurs on the flap which is 2D over 70% of its
span. In the present study the flat plate is set to @ = —2, gen-
erating an adverse pressure gradient and the flap is adjusted
to B = —22°. The origin of the coordinate system is located
on the lower wall, at the mid-span, at the beginning of the
converging part, corresponding to a distance of 14.4m from
the tripping device. The separation line is at s = 3500 mm
at the intersection between the flat plate and the flap. The
separation length, was roughtly estimated from wool tufts vi-
sualisation to Ly, ~ 0.8m. For this configuration the bound-
ary layer thickness is approximatly 20 cm before separation
and the pressure gradient is dC, /ds=0.06. Experiments were
conducted at three Reynolds numbers (from Reg ~ 7500 to
=~ 12600 or for three free-stream velocities Us, = 5, 8 and
10m/s).

3 Actuators
3.1 Geometrical arrangement

To generate streamwise vortices similar to the ones ob-
tained from passive devices (Godard & Stanislas (2006)),
round jet orifices were inclined relatively to the wall and to the
flow. In the present study, only tunable parameters that can
be used in closed-loop implementations are varying and the
others are fixed from previous optimizations of Cuvier et al.
(July 2011) of the same configuration. A spanwise line of 22
co-rotating jets of diameter & =6mm was placed on the flat
plate upstream of the separation at s = 3219 mm. They were
inclined by 135° relatively to the free-stream velocity (i.e.
blowing upstream) and by 45° from the wall. Jets were lo-
cated 47® upstream of the separation line and their axis were
spaced by 13.6® from each others.

3.2 Apparatus to pulse the jets

Contrary to passive devices, the control depends strongly
on the perturbations delivered by the actuator which is a re-
sult of the flow produced inside the device and, in most of
experimental investigations, the actuator validity and limita-
tions are not properly known (Cattafesta & Sheplar (2011)).
In the present work, a specific apparatus was used to pulse the
jets. It is composed of a reservoir, a solenoid valve, a throat
which creates a sonic orifice and a tube. The air is supplied
in a reservoir at pressure p, and flows through the valve, the
throat and then along a tube of diameter ®. It is discharged
into the atmosphere at constant pressure p,. The throat sec-
tion S, is small with respect to the tube section § = 72 /4.
These actuators can be operated continuously with the valves
open or can be pulsed by switching the valves ON and OFF
alternatively. The velocity at the exit of the tube for these two
operating modes was modeled by Braud & Dyment (2011).
This offers the ability to fix and optimize the working condi-
tions of the actuator, according to criteria defined in advance.
In the continuous mode, the exit velocity is characterized by
the small dimensionless parameter S.p,/(Sp,). In the pulsed
mode, characterized by the time scale L/c,, the exit veloc-
ity is driven by two dimensionless parameters, the same as in
the steady state S.p,/(Sp,) and by L/D. Hence, the working
conditions can be set by adjusting the parameters S.p,/Sp,
and L/D. In the present work two nozzles were designed with
two different throat diameters 0.8mm and 1.3mm which per-



mits to stay within the assumptions of the model and thus to
have a perfect knowledge of the transfer function of the actu-
ators. A fixed delay of 1ms exists at the opening of the valve,
it adds to a delay which depends on the tube length equal to
L/c, = 0.6 ms for the present experiments using a length of
L =20cm.

3.3 Air circuit

The air circuit which was used to provide compressed
air to the actuators is composed of a compressor, a filtra-
tion system, a proportional valve, two volumetric flow me-
ters (Qy), a manometer (p,), a thermometer (7;-) and a large
reservoir of 90 liter. The main purpose of this circuit is to
adjust and measure the velocity at the exit of the actuators.
The proportional valve adjust the exit velocity, while its mean
value is obtain through the measurement of the mass flow rate
(QOm = Qv * pr/RT, with R = 287J/(Kg.K)) using the mass
conservation, Q,;, = p;S;U;N;, with p; the density of air at
the exit of the actuator, S; the cross section of the jet, U; the
mean velocity at the exit of the jet and N; = 22 the number of
jets. For incompressible jets, the temperature and pressure at
the exit of the jet are equal respectively to the ambient tem-
perature 7, and pressure P,. Hence, the mean exit velocity of

the actuator is given by U; = (220
’ iNila

4 Sensors

Detecting the separation of a turbulent flow is always
a difficult task as the separation is unsteady. Moreover, in
the present facility, it occurs over a large domain that cannot
be simply covered using classical techniques (PIV, hot-wire,
LDV, hot-films ...). In the present study, it was decided to have
both a global overview of the flow separation using wool tufts
and a local measure using hot-films on the flap. This combi-
nation provides a quick assessment of the control efficiency.
The hot-film probe is sensitive to the absolute value of the skin
friction |t|. Under control action, the skin friction gain in-
creases, i.e. | t|—|T| > 0 with |7p| the skin friction in the non-
actuated case (Godard & Stanislas (2006); Cuvier et al. (July
2011)). Above a certain level of the gain in skin friction, esti-
mated from the wool tufts visualizations, the flow is attached.
In the following, the gain in voltage £ — E, will be used in-
stead, since non-linearities introduced by the calibration make
the control implementation more complex without reasons. At
Us = 5m/s the flow is attached for £ — Ey = 0.035V and this
value increases when the free-stream velocity increases. One
hot film probe (Senflex SF9902) was placed on the flap close
to the separation line at s = 3555 mm, in the wake of a pro-
duced streamwise vortex at z = 164 mm. The probes were
connected to a constant temperature anemometer AN 1003
manufactured by AAlabSystems.

5 Control set-up

Two measurement chains were set-up. One for open-loop
experiments which separates the management of signals from
the actuators and sensors. And one closed-loop which is using
the hot-film signal, E — Ey, to drive the valves. In both con-
figurations, the signal from the hot-film probe was digitized at
a sampling frequency fuq using a PCI-DA56036 acquisition

board and an anti-aliasing filter with a cutting frequency f.
(fag = 20khz and f, = 5khz in open-loops; fu; = 200Hz and
fe = 50Hz in closed-loops). Valves are closed or open using
a signal of respectively 0 and 24 Volts. Therefore, they can be
pulsed using a square wave signal from O to 24 volts, allowing
to define the Duty Cycle DC = t;, f with t; the opening time
and f the pulsating frequency. This signal is provided inde-
pendently using a ATmegal280 micro-controller to avoid any
time delay and is recorded with the above data acquisition sys-
tem for synchronization purposes. In open-loop tests, the de-
sired Duty Cycle is set through the micro-controller before the
acquisition is performed. In closed-loop configurations, the
micro-controller is set so that it send a square wave signal with
a Duty Cycle proportional to a continuous signal provided by
the output of the acquisition board. It was checked that a con-
trol order can be sent every 10ms without any jitters from the
management of the operating system. This control speed was
found fast enough compared to the time scales of the sepa-
ration/reattachment mechanisms of the present configuration
(see section 6.1.2). The square wave signal is then distributed
towards the 22 solenoid valves using electronic rapid commu-
tation components. The control laws that provides the contin-
uous signals to the micro-controller are implemented in C++
home made programs. When using the DC as an input vari-
able, an additional digital low pass filter is needed to remove
oscillations due to the actuation frequency in the input vari-
able. Therefore, the minimum duration between two control
actions was limited by the value of the pulsating frequency f.

6 Results

Open-loop tests were performed to define the best in-
put/output variables, to extract time scales of the system and
to identify it. Based on these results closed-loop experiments
were performed with different objectives. The first one is
to reattach the flow with the best reactivity and the mini-
mum control expense. The second one is to keep the flow
attached while the system is perturbed with variations of the
free-stream velocities.

6.1 Open-loop

The system to control is composed of the actuators, the
flow over the ramp and the sensors. Open loop tests performed
in the present work are described as follows: departing from
the separated baseline configuration, the valves are suddenly
opened at a given value of the input variable, u, during 5 sec-
onds, then they are suddenly closed. When using the DC as
an input variable, measurements are repeated 100 times and
are phase-averaged. The response of the system to this step
function was observed through the chosen output variable, y.
The opening time is chosen long enough to stabilize the dy-
namic response of the system in its steady state, ys;. When
the chosen input variable is VR = U; /U, with U, the local
free-stream velocity, the steady state corresponds to continu-
ous mode of the actuator. This procedure enables to extract
the transfer function of the separation/reattachment dynamic
process.

6.1.1 Input/output variables The state of the
flow is given through the signal y(¢) = E(t) — E¢ from the hot-



film probe located smartly on the flap (see section 4) using
previous results of Cuvier et al. (July 2011). By manipulat-
ing VR, it is possible to act on the output variable. Moreover,
the steady state value of the hot-film signal was found lin-
early proportional to VR. Thus, as a first approach, VR could
be considered as an appropriate input variable for closed-loop
implementations. However, varying dynamically VR limits
the time between two control actions due to the inertia of the
compressed air circuit. Therefore, the DC candidate was ex-
plored instead, as suggested by Kostas et al. (2009). Indeed,
the strength of the streamwise vortices and thus the ability to
reattach the flow being proportional to the mass flow rate, a
similar result should be obtained by varying either VR in the
continuous mode, or DC in the pulsed mode. Moreover, when
using the DC as an input variable, the minimum duration be-
tween two control actions, given by 1/f, can be reduced to
around 3ms when using the present valves. The ability of this
variable to be used as an input variable for closed-loop imple-
mentations was checked for all the Reynolds numbers investi-
gated. For that purpose, different values of DC were set using
a fixed value of VR = 3.6 and a time step of the control action
around 0.1s (i.e f = 15Hz). Under these conditions, the flow
attached for DC > 50%. A step function was then sent to the
system by a sudden opening at a given DC during 5 seconds
and then the valves are suddenly closed. Results show that DC
is able to control the output variable E — E( and thus the state
of the flow, with an affine relationship between them (see e.g.
figure 2 for Reg = 7500 using U = Sm/s). This will be the
input variable used for all the following control experiments.

6.1.2 System identification and time
scales The response of the system to a step function
was observed for three free-stream velocities (5, 8 and 10
m/s). The pure delay 7p.q, Observed at the beginning of
the step responses has two origins: the first one is the delay
of the actuators which is of the order of 1.6 ms (section
3.2), the second one is the time necessary for the input
signal to be convected towards the output signal through the
system fcony. From the measurement of 7.,, a convective
velocity Ugony can be estimated using the Taylor hypothesis
teony = Leony/Ucony With Leony = 0.44m the distance between
the actuator and the hot-film probe. Structures produced from
jets which are blowing upstream, traveled first in the turbulent
boundary layer with a slight adverse pressure gradient and
then in the separated area where complex mechanisms occurs.
For Us, = 5,8 and 10 m/s the ratio Ugppy/Us is respectively
0.6, 0.4, 0.4. Hence they are convected at around half the free
stream velocity while, assuming the flow is reattached by the
actuator, the mass conservation in the diverging part of the
bump leads to a reduction of around 2% of the free stream
velocity.

After this pure delay, all systems are observed to behave
like a first order linear system for both the attachment and
separation process (see for instance figure 3). Therefore they
will be modeled in the state space representation as follows:

= ax(t) + bu(r) (1)
y(t) = ex(r) )
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Figure 2. Open-loop response of the system using DC as an
input variable and the hot-film probe number 1 as an output
variable: a) to a step function and b) input/output relationship
in the steady state.

with x(¢) the state of the flow, u(r) the input variable
(i.e. DC(t)), y(t) the output variable (i.e. E(t)—E,) and a,
b constants obtained from a least square approximation be-
tween the open-loop response and the solution of the previous
system while is set to ¢ = 1 . In the steady state (i.e. when
¢4 — 0) the output variable is given by ys = %l‘b The re-
lation between the steady state value of the output variable ygg
and the input variable u is linear as observed experimentally
(figure 2b) and the slope, also called the steady state gain H,
is given by H = ’T"b. The settling time f5er = 1999 + Ipejay
is the time needed to reach 99% of yss with f99g, the time
scale of the system without pure delay (figure 3). f99¢ can
be directly obtained from the knowledge of the coefficient a,
f99q, = éln(0.0l).

The different systems corresponding to the attachment
and separation process for the three Reynolds numbers were
identified using the previous procedure. The obtained coef-
ficients a,b and c are given in table 1 together with the time
scale tz; and the steady state gain H for the same input vari-
able u; = DC = 100%. Note that the time scale associated to
both the separation/reattachment process are similar.

Thanks to large scales of the facility, the time scale z; is
much larger than the convective time 7., and the time scale
of the actuators, which will be both neglected in the follow-
ing. In other words, the measured time scales #; of the system
through the open-loop tests will be assimilated to time scales
of the separation/reattachment process. A dimensionless rep-



Uo [m/s] | a b Om [1077 Kg/s] | teer [s] H Lt = 13h)
5 -1.74 | 0.001 1.64 2.65 | 0.00057 16.6
8 -2.46 | 0.0025 2.64 1.87 | 0.00101 18.7
10 -4.85 | 0.005 3.2 0.95 | 0.00103 11.9
Table 1. Summary of the time scales and steady state gains of the system for VR ~ 3.6.
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Figure 3. Definition of the involved time scales from the

open-loop response to a step function. 7p,,y is a pure delay
at the opening of the actuators and tse; = tpejay + 999, is the
settling time with fg9¢, the time scale of the: (a) attachement
process and (b) separation process (the origin is the closure of
the valve).

resentation of the time scales f;; similar to the one used in
other studies Amitay & Glezer (2002); Darabi & Wygnanski
(2004); Mathis & Bonnet (2009); Siauw et al. (2010) can be
expressed for sake of comparison, i.e. t, =1 p = tsetUoo [ Lsep
with Ly, = 0.8m the estimated length of separation (see ta-
ble 1). The attachment time is found larger in the present
study while the separation time is of the same order of mag-
nitude. This indicates that the mechanisms associated to reat-
tachment of the flow are different while the separation mecha-
nisms seems to be similar. Actuators are supposed to be at the
origin of the differences as, for this last mechanism, they are
turned off. In particular, the orientation of the present actua-
tors, which are blowing upstream, leads naturally to a smaller

reactivity of the system as the relative velocity is lower. How-
ever, more investigations are needed to conclude on this sub-
ject as several other factors may be involved such as the initial
state of the flow (i.e. attached or separated), the actuator type
and the flow configuration ...

6.2 Closed-loop

Using the same input/output variables as in open-loop
systems, simple linear controllers were implemented to im-
prove the control reactivity and to test the robustness of the
control under variations of the free stream velocity.

6.3 Controllers

First a Proportional Integral (PI) controller was imple-
mented using the following differential form % =kie+k, f’i—f,
discretized using backward finite differences. Then, a Lin-
ear Quadratic Regulator (LQR) controller was implemented
(Van.De.Vegte (1994)). The objective of this controller is to
give the best trade-off between performance and cost of con-
trol. It is formulated to minimize J given by J =[5 (x” Qx+
u” Ru), with xT Qx and u” Ru representing respectively a mea-
sure of the control efficiency and the control cost. The choice
of the coefficients Q and R allows the relative weighting of
state variables and control inputs. Increasing Q relatively to
R improves the control efficiency while the cost of the con-
trol is increased. The Choice of Q and R requires consider-
able trial and error until the transient response is satisfactory.
The optimal control is then implemented using a constant-
gain state feedback as follows u = —Kx with K = R™1BT P,
where P is a symmetric and positive definite matrix obtained
from the solution of the algebraic matrix Riccati equation
PA+ATP+Q—PBR'BTP=0.

6.3.1 Reactivity Starting from the separated flow
on the flap, the objective of the control was to reattach the
flow at a minimum cost with the fastest reactivity. The flow is
observed to be attached for DC > 50%. The objective of the
control is to target DC = 50% so that the flow is just attached
(i.e. optimal in term of the control cost). Therefore, the ref-
erence value is fixed and is given by r = DC = 50%. Figure
4 gives respectively the output variable and the output of the
controller (i.e. input variable) using P, I, and LQR controllers
for one Reynolds number Reg = 7500 (i.e. Us = Sm/s) and
a fixed value of VR = 3.6 and of the pulsating frequency
f=15Hz.

Compared to open-loop results, P and LQR controllers
were equally able to improve the reactivity of the system by
more than three times. Indeed, as shown for one Reynolds
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Figure 4. Response of the closed-loop system using differ-
ent type of controllers (P,I, PI and LQR) for U, = 5m/s, a fixed
value of VR = 3.6 and of the pulsating frequency f = 15Hz:
a) Output variable and b) Input variable.

number Reg = 7500 in figure 4a, t5.; = 0.8s while in the open-
loop configuration 5y = 2.65s. For the I controller no im-
provement of the reactivity could be found. For the two suc-
cessful controllers, the maximum value of the input variable
or control output is reached, i.e. u = 100%, during the first in-
stant (figure 4b) with the same cost of the control (i.e. integral
of the DC value over time). The maximum control effort oc-
curs during about 0.8s which corresponds to 30% of the time
scale of the open-loop system #.; = 2.65s. In the closed-loop,
the steady state value is reached at arround s, = 0.8s with
the maximum of the input variable DC = 100% while, in the
open-loop, the same steady state is obtained at ty; = 2.65s
with DC = 50%. Due to the short time action of the closed-
loop configuration, this represents a gain in term of cost of the
control. It can be quantified using the duty cycle times the
settling time, DC * t5;, wWhich is almost twice smaller in the
closed loop configuration.

These results show that the closed-loop configuration im-
proves both the control reactivity and the cost of the control
by the introduction of more mass flow at the first instant of the
control action. In the present experiments the maximum con-
trol output was reached during these first instant using valves
in the continuous mode u = DC = 100% and VR = 3.6. A
higher mass flow can be obtain by increasing VR. Therefore,
to improve the reactivity and the cost of the control of the sys-
tem, the simplest way would be to have an initial value of VR
higher than VR = 3.6. VR being related by a linear law to the

inlet pressure in the reservoir of the valve p,., this is equivalent
to increase this pressure. However, over a certain threshold
of VR, the jets may be produced outside the boundary layer
thickness which would induce both additional drag penalty
and a reduction of the control efficiency. This threshold was
not reached in the present experiments due to limitation of the
valves.

6.3.2 Robustness Departing from the flow sep-
arated on the flap at U, = 5m/s and the best previous con-
troller, i.e. P controller with k;, = 1, perturbations were in-
troduced throught variations of the free-stream velocity in the
following range Us., 4.2m/s < U < 5.8m/s (figure 5a). An
ideal controller would keep the output variable at the desired
state, £ — EQ ~ 0.035, during the perturbation of the system.
As can be shown in the response of the output variable, the
P controller fails for this task during the perturbations (figure
5b). However, once the perturbation is gone, the control goes
back to the reference value. Hence, the P controller perfo-
mances are half sucessfull.

It can be noticed that the input variable starts to go back
to the reference value at r = 7s and t = 15s, before the per-
turbation changes its evolution at respectively + = 10s and
t = 17s. Indeed, from the observation of the control output
(figure 5c), its action progressively increases until a certain
threshold at # = 7s or ¢ = 15s, which is found enough to have
a reaction of the system. It is therefore sought that, as soon
as small perturbations of the free stream velocity are detected,
a strong level of control output during a short period of time
would be more appropriated to maintain the output variable
at the desired reference value. Of course a compromise has
to be found to avoid the instability of the controlled system.
This could be reached by using some modifications of the P
controller or by using a more appropriate one.

7 Conclusion

Flow separation control experiments were performed on
a ramp with a particularly thick turbulent boundary layer be-
fore separation, & ~ 20 cm, which induces high Reynolds
numbers and large time scales. Thanks to the specific char-
acterics of the present facility, the input variable (i.e. Duty
Cycle), was able to sent a control action at least 10 times
faster than the time scales of the separation/reattachement pro-
cess. The chosen output variable was the voltage signal from a
hot-film probe placed smartly on the flap to represent the two
states of the flow (i.e. attached/separated). The control objec-
tive was to reattach the flow in the separated region with the
minimum of mass flow rate. Open-loop tests were performed
to identify the dynamic of the system and their time scales for
three Reynolds numbers based on the momentum thickness
of the turbulent boundary layer, varying from Reg ~ 7500 to
12600. They were found to behave like a first order linear
one, with coefficients that need to be adapted depending on
the Reynolds numbers. Time scales were found to decrease
linearly when the Reynolds is increasing from fs,; = 2.65s to
0.98s (dimensionless time scale from r+ ~ 11.9 to 16.6).

Based on this analysis, different closed-loop controllers
were implemented (Proportional, Proportional and Integral,
and Linear Quadratic Regulator). Two objectives were tar-
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Figure 5. Response of the closed-loop system when per-
turbed by variations of the free-stream velocity: a) Perturba-
tions, b) Output variable and c) Input variable.

geted: the first one was to reattach the flow with the minimum
of mass flow rate and the maximum of reactivity, the second
was to test the robustness of the control under variations of
the free-stream velocities. Closed-loop configurations were
able to increase the reactivity by more than 3 times than open-
loop tests with an additional gain in term of mass flow rate.
The controller was found robust to maintain the desired state
of the flow under variations of the free-stream velocity with,
however, a larger delay in the time reactivity that needs to be
improved. Future work will aim at improving the robustness

of the closed-loop system for separated flows.
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