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An experimental campaign is performed to the study of feedback lift control applied to a wind turbine blade. A 5-digit NACA profile whose trailing edge is rounded for circulation control purposes is used in combination with fluidic actuation. It is first shown in this article how the modified profile performs, in terms of aerodynamic forces, in both natural and manipulated cases. Then, the dynamics of controlled pressure (and thus lift) establishment is identified.

A discussion is given on the speed of lift dynamics in comparison with previous studies and on its ability to overcome lift perturbations due to external perturbations. Finally, a feedback lift control experiment is performed showing the feasibility of such control in a wind turbine environment.

Introduction

Wind turbines evolve in the atmospheric boundary layer at a height where strong wind velocity fluctuations in both amplitude and direction can be found [START_REF] Kaimal | Spectral characteristics of surface-layer turbulence[END_REF]. These fluctuations not only modify the actual forces acting on the blade but can also lead to dynamic stall [START_REF] Choudhry | An insight into the dynamic stall lift characteristics[END_REF][START_REF] Melius | Dynamic stall of an experimental wind turbine blade[END_REF], therefore creating undesirable mechanical Recently, Choudhry et al. [START_REF] Choudhry | Methods to control dynamic stall for wind turbine applications[END_REF] proposed to manipulate the flow using passive actutator to reduce the lift pertubation due to dynamic stall. Although the use of passive actuators revealed to be efficient in this purpose, it may be difficult to optimize their design for a variety of flow regimes. Moreover, the fact that they have to be permanently installed may cause efficiency penalty at standard functionning regime that might not be accepted by manufacturers and energy producers. Flaps and slats are also considered for this purpose [START_REF] Castaignet | Model predictive control of trailing edge flaps on a wind turbine blade[END_REF][START_REF] Castaignet | Full-scale test of trailing edge flaps on a vestas v27 wind turbine: active load reduction and system identification[END_REF][START_REF] Ortega Gmez | Load reduction potential on large wind turbines using active trailing edge flaps[END_REF][START_REF] Neuhaus | Mitigating loads by means of an active slat[END_REF] but additional moving parts, even very efficient, are often discarded by manufacturers due to the plausible additional maintenance costs. On the other hand, Active Flow Control (AFC) devices, such as systems using air injection to manipulate lift, has received a lot of attention in aeronautic applications to achieve a lighter and mechanically simpler high lift systems for transonic commercial transport aircraft [START_REF] Hartwich | Afc-enabled simplified high-lift system integration study[END_REF].

Since the early work of Englar and Williams [START_REF] Englar | Design of a circulation control stern plane for submarine applications[END_REF] and Englar [START_REF] Englar | Two-dimensional subsonic wind tunnel tests on a cambered 30 percent-thick circulation control airfoil[END_REF][START_REF] Englar | Experimental investigation of the high velocity coanda wall jet applied to bluff trailing edge circulation control airfoils[END_REF], circulation control (CC) using secondary injection and Coanda effect at the trailing edge is known to produce an efficient way of modifying the lift of a wing profile.

The lift gain produced by Coanda jet circulation control is obtained through two mechanisms. The main one is the displacement of the stagnation points at the leading edge and trailing edge, hence changing the circulation around the wing [START_REF] Englar | Experimental investigation of the high velocity coanda wall jet applied to bluff trailing edge circulation control airfoils[END_REF]. The second one is through suction by the very low wall pressure that the Coanda turning can produce on the Coanda surface [START_REF] Kadosch | Déviation des jets par adhérence à une paroi convexe[END_REF]. Circulation control using Coanda effect has been investigated for a great variety of field from helicopter blades to propellers, showing the great interest of the research community in such techniques [START_REF] Kweder | Applications of circulation control, yesterday and today[END_REF]. However, circulation control using Coanda has only recently been investigated in the field of wind turbine aerodynamics [START_REF] Dumitrache | Active and passive circulation control as enhancement techniques of wind turbines performance[END_REF][START_REF] Shires | Application of circulation controlled blades for vertical axis wind turbines[END_REF][START_REF] Baleriola | Circulation control on a rounded trailing-edge wind turbine airfoil using plasma actuators[END_REF][START_REF] Leroy | Comparison of flow modification induced by plasma and fluidic jet actuators dedicated to circulation control around wind turbine airfoils[END_REF][START_REF] Braud | Jet flow control at the blade scale to manipulate lift[END_REF]. Cagle and Jones [START_REF] Cagle | A wind tunnel model to explore unsteady circulation control for general aviation applications[END_REF] and Jones et al. [START_REF] Jones | An active flow circulation controlled flap concept for general aviation aircraft applications[END_REF] provided experimental feasability evidence of CC on wing profiles similar to the one used on wind turbines but only gave steady-state information on the system. To the author's knowledge, few studies aimed at revealing the dynamics of lift enhancement by means of circulation control systems while this is an essential Closed-loop control of the blade lift must be considered to dynamically alleviate the mechanical loads due to wind gusts. Closed-loop lift control has been of great interest especially for post-stall performance recovery of aircraft airfoils. Williams et al. [START_REF] Williams | Lift response of a stalled wing to pulsatile disturbances[END_REF][START_REF] Williams | Closed-loop control of a wing in an unsteady flow[END_REF] used leading edge actuation to recover lift on a 3D airfoil after separation of the boundary layer. Colonius and Williams [START_REF] Colonius | Control of vortex shedding on two-and threedimensional aerofoils[END_REF] puts forward that the dynamics response of lift shows some universal features, whatever the actuation or the type of profile of interest [START_REF] Woo | Transitory control of a pitching airfoil using pulse combustion actuation[END_REF][START_REF] Williams | Closed-loop control of a wing in an unsteady flow[END_REF]. They observed a response time of about a dozen of chord convective time t * = C/U ∞ , where C is the chord and U ∞ is the freestream velocity. The same order of magnitude is also observed by Darabi and Wygnanski [START_REF] Darabi | Active management of naturally separated flow over a solid surface. part 1. the forced reattachment process[END_REF][START_REF] Darabi | Active management of naturally separated flow over a solid surface. part 2. the separation process[END_REF] in a separated flow over a flap, by Mathis et al. [START_REF] Mathis | Experimental study of transient forced turbulent separation and reattachment on a bevelled trailing edge[END_REF] for a separation on a bevelled trailing edge and by Shaqarin et al. [START_REF] Shaqarin | Open and closed-loop experiments to identify the separated flow dynamics of a thick turbulent boundary layer[END_REF] in a thick separated boundary layer over a flap. Moreover, it is generally observed that a pulsed fluidic actuation has increased performances compared to a continuous fluidic actuation [START_REF] Jones | An active flow circulation controlled flap concept for general aviation aircraft applications[END_REF][START_REF] Shaqarin | Open and closed-loop experiments to identify the separated flow dynamics of a thick turbulent boundary layer[END_REF]. Initial vorticity when the jet is blown might explain the extra suction obtained by pulsed jets. Similar to the observation of initial lift gain of controlled stalled airfoils made by Colonius and Williams [START_REF] Colonius | Control of vortex shedding on two-and threedimensional aerofoils[END_REF]. It seems nevertheless that the research effort in closed-loop lift control has mainly been focused on post-stall lift recovery.

Recently, Troshin and Seifert [START_REF] Troshin | Performance recovery of a thick turbulent airfoil using a distributed closed-loop flow control system[END_REF] performed closed-loop lift control on an airfoil with distributed fluidic actuation on the suction side of an unstalled thick wing, aiming at the recovery of lift loss due to surface degradation. They observed the lift to respond as a second order system with a typical response time of 8.1 convective chord time (i.e. in the same order of magnitude of the stalled cases). They also showed that the system dynamics may vary with both the Reynolds number and the angle of attack (AOA). The higher is the AOA, the higher is the gain, with a possibly faster response when AOA or Reynolds number increases (it is not possible to distinguish AOA and Reynolds number effects from their results).

Therefore, the aim of this paper is to provide a steady-state as well a dynamical information of lift control of a wind turbine blade profile whose trailing
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edge is modified to allow circulation control. The control objective is to compensate atmospheric perturbations from manipulation of the lift, and closed-loop control is considered to dynamically maintain this objective. The experimental apparatus is described in the section II, then the average natural and actuated flow fields are described using PIV results in section III, providing information on the actuation functioning. In section IV we provide steady state information on lift control. Section V is dedicated to the dynamics of lift control in both open-and closed-loop configurations. Concluding remarks are given in section VI.

Experimental set-up

Blade profile

The trailing edge of a N ACA-65 4 421 airfoil profile has been rounded (radius of curvature 2% of the chord) and the camber of the airfoil has been adjusted to compensate aerodynamic degradation due to the round trailing edge. The profile is presented in figure 1 (left). The standard NACA-65(4)421 profile is a thick profile with two C L drops corresponding to a first boundary layer separation at the trailing edge of the profile for AOA 8˚, called latter α sep , and a second strong flow separation at the leading edge for AOA 20˚ [START_REF] Devinant | Experimental study of wind-turbine airfoil aerodynamics in high turbulence[END_REF].

From α sep to 20˚the separation point moves gradually from the trailing edge to the leading edge, corresponding to a gradual variation of the loads. As can be seen in figure 1, this is also the case for the modified NACA-65(4)421 of the present work as shown by Balériola [START_REF] Balériola | Etude expérimentale dactionneurs plasma surfaciques pour optimiser les performances aérodynamiques dun profil éolien[END_REF] and Aubrun and Leroy [START_REF] Aubrun | Aerodynamic loads fluctuations alleviation by circulation control on wind turbine blades[END_REF]. The relation between the two C L drops and the flow separation state of the current profile has been investigated by Balériola [START_REF] Balériola | Etude expérimentale dactionneurs plasma surfaciques pour optimiser les performances aérodynamiques dun profil éolien[END_REF] using PIV measurements. We focus our wing.

The discrete microjets are distributed along the wing span from the stack of thin profiles (1 mm spanwise) and thick blind profiles (20mm spanwise). The thin profiles possess a round hole connected to a small air circuit (of 1 mm width) open to the surface of the profile. This is illustrated in figure 2 (Left).

The thick profile possess the same round hole with no connection to the surface.

Once stacked, the holes form a plenum chamber in the span direction of the profile, which can be connected to pressurized air to generate discrete squared fluidic microjets. The same principle is reversely used to measure the pressure distribution around the chord. The measured pressure is hence integrated along the span of the profile, providing results close to what can be obtained in a 2D pressure field.

Wind tunnel

The section is below 0.4% and the operating speed of the wind tunnel is set to 

U ∞ = 10m/

Unsteady angle of attack

A step in Reynolds number would be pefectly suited to model a gust effect.

However, it is not trivial to perform a wind step with a standard wind tunnel.

At the blade scale, a simple steady shear inflow in front of a wind turbine rotor disk induces a cycling variation of the blade incidence [START_REF] Hansen | Aerodynamics of wind turbines[END_REF]. Therefore, some aerodynamic facilities have modeled mean wind shear inflows effects using an active rotation of the wing [START_REF] Melius | Dynamic stall of an experimental wind turbine blade[END_REF]. Also, additional devices can be used at the inlet of the test section to explore different slow harmonic perturbations [START_REF] Tang | Experiments and analysis for a gust generator in a wind tunnel[END_REF]. These studies do not however take into account the additional impact of small turbulence scales. Impact of free-stream turbulence has been investigated for the present NACA profile by Devinant et al. [START_REF] Devinant | Experimental study of wind-turbine airfoil aerodynamics in high turbulence[END_REF]. They show that high turbulence levels have a major effect on aerodynamic properties when the separation point moves from the trailing edge to the leading edge (AOA > 8˚). At the rotor scale, active grids are nowadays used to reproduce spectral features similar to those found in the atmospheric boundary layer [START_REF] Reinke | Flow modulation by an active grid[END_REF]. These perturbations can adequately model stationary mean and turbulent flow properties of atmospheric
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A the time of writing this article, a perturbation system is under development in our wind tunnel facility to take into account the impact of more realistic gust conditions on the control efficiency. However, a first simplified approach is considered in the present work. The wing is mounted on a specific bench that automatically controls the AoA of the wing to simulate a constant shear inflow in front of the wind turbine rotor. We focus on the linear part of the lift curve (AOA < 8˚) with only modest explorations towards AoA for which the flow separates at the trailing edge (i.e. AOA 10˚but

AoA << 20˚).

The wing can oscillate at a chosen frequency and amplitude of the incidence, around a specified AOA. The maximum allowed frequency is 1 Hz (or St max = f C U = 0.03) and a maximum amplitude of 6˚was used in the present study.

Air delivery system

The compressed air circuit delivering the air to the actuator is composed of a pressure regulator, a plenum tank and the actuation is monitored through the help of electric valves. The pressure regulator is used to expand the incomming compressed air to a given pressure, monitoring the actuation intensity by setting the microjet stagnation pressure. The expanded air is then stocked in an intermediate plenum tank working as a decoupling capacitor, ensuring the stability of the actuator stagnation pressure while the flow is rapidly set when opening the valves. The momentum coefficient C µ is used as a measure of the actuation strength. It is defined as :

C µ = Q µj V µj 1/2ρ ∞ U 2 ∞ S ref , (1) 
where, Q µj is the injection mass flow rate, V µj is the injected flow velocity,

S ref = C • L
is the reference area of the wing, and the subscript ∞ refers to the external flow conditions. It is straightforward to show that:

C µ = 2 • P µj M 2 µj P ∞ M 2 ∞ • S µj S ref , (2) 
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where P µj is the static pressure of the microjet at the exit section, M µj is the exit Mach number of the microjet and S µj the exit section area of the actuators.

The present experimental set-up allows to vary C µ from 0 to 0.14.

As long as the injection stays subsonic, P µj is equal to the pressure at the location of the actuator. Hence, at constant incoming flow conditions, fixed AOA and fixed microjet exit section, C µ solely depends on the ratio of microjet to external Mach numbers M µj /M ∞ . This ratio can only be changed by increasing the stagnation pressure of the micro-jet. The relationship between C µ and the stagnation pressure of the micro-jets is theoretically non-linear, but in the limited range of M µj that could be set in the present experiment C µ can be well approximated by a linear function of the microjet stagnation pressure.

Note that we used the compressible form of the C µ because the micro-jet Mach number can easily exceed M µj = 0.3 (the respective stagnation to static pressure ratio is 1.064). Furthermore, since M µj is directly obtained from the isentropic relations, there is no need to know the temperature of the microjet flow to compute the C µ , which makes this formulation easier to use.

Measurement apparatus 2.4.1. Balance

First, the profile was placed on a 6-axis balance system to measure the time averaged lift and drag. The balance was carefully calibrated so that lift and drag uncertainties were estimated to be less than 2% in the free stream velocity range used in this study. with this configuration. Note that this sampling frequency is fast enough with respect to the characteristic time scales of interest in this paper. At each rising edge of the trigger signal, the pressure scanner performed an acquisition of all the channels and sent the digital values over the network to a dedicated computer. The number of received samples were compared to the number of rising edges to control that no packet losses were encountered.

The closed loop controler we used was integrated in a PC running a Linux OS with a RT PREEMPT patch for hard real time performances. This computer was equipped with an ADC PCI board for the input-output purposes. The expected input of this controler is analog voltage values from pressure transducers.

Since the pressure scanners embed their own ADC, it was not possbile to use them in our feedback-loop. Therefore a set of 16 FirstSensor analog pressure transducers was used, allowing to measure the pressure using a standard acquisition board on a PC. These sensors have a response frequency of 2kHz, sligthly faster than the pressure scanners.

PIV

The flow field around the actuator was probed using Particle Image Velocimetry (PIV). A 2D-2C PIV system was used for cross-sections of the profile 6 µm slightly smaller than the pixel size [START_REF] Adrian | Particle-imaging techniques for experimental fluid mechanics[END_REF]. Nevertheless, thanks to the sufficient amount of light provided by the 200 mJ laser, the actual particle images were bigger and no sign of peak-locking could be observed in the data. The flow was seeded with olive oil particles generated through Lazkin nozzles. Their averaged diameter is less than 1 µm giving a response time of 2 µs which is sufficient for the time scales of interest in this paper. We set the inter-frame time accordingly to the maximum displacement and/or out of plane motion to maximize both the measurement accuracy and the cross-correlation value. The inter-frame time ranged from 5 to 20µs.

For the Stereo-PIV the lenses were mounted to the cameras with Scheimpflug adaptors. It was possible to set both camera at a 45 degree viewing angle, ensuring that measurement errors are well balanced between all the velocity components [START_REF] Willert | Stereoscopic digital particle image velocimetry for application in wind tunnel flow s[END_REF][START_REF] Prasad | Stereoscopic particle image velocimetry[END_REF].

The PIV image processing was performed using an iterative algorithm with deforming interrogation windows [START_REF] Huang | On errors of digital particle image velocimetry[END_REF][START_REF] Scarano | Iterative image deformation methods in piv[END_REF] and seeding adaptivity [START_REF] Wieneke | Adaptive piv with variable interrogation window size and shape[END_REF]. The initial window size was set at 32x32 pixels with an overlap of 50%. Outliers were rejected using a correlation peak-ratio of 1.3 together with a Universal Outlier Detection spatial filter [START_REF] Westerweel | Universal outlier detection for piv data[END_REF]. The processing was carried out in both Davis expands for about 5% of the chord length downstream, which represent about one trailing edge diameter and is a typical bluff body recirculation bubble size.

When the control is on, the presence of the micro-jet flow is evident from the yellow trace that is left in the streamwise velocity iso-contours. Contrary to what was originally expected, the micro jet shows a limited turning angle 265 around the trailing edge Coanda surface: it separates rather early from the wall. This is due to a combination of a too high microjet height relative to the Coanda surface radius, and three dimensional effects from the finite span of the
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discrete actuation slots [START_REF] Kadosch | Déviation des jets par adhérence à une paroi convexe[END_REF][START_REF] Englar | Experimental investigation of the high velocity coanda wall jet applied to bluff trailing edge circulation control airfoils[END_REF]. Nevertheless, we can see from figure 4 that the actuation diminishes the overall size of the recirculation bubble and displaces the wake towards the high pressure side of the wing, which is highlighted from the change of sign of the vertical velocity component in the wake (see figure 4 (Right)). Therefore, even if the actuation do not seem to perform as initially expected and that the circulation control can probably be improved using a better suited microjet/Coanda-surface pair geometry, the actuation solution proposed here has a strong effect on the flow and it will be used later to analyze the dynamic response of the flow over the blade for pre-stall configurations (see section 5).

Cross-flow velocity field

As presented in the section 2 the fluidic actuation is three dimensional in our study, hence we need to verify how it performs along the span and seek for possible three dimensional effects. To summarize, we have shown that the proposed circulation control system affects the averaged flow field by reducing and by imposing a three-dimensional effect on the recirculation area behind the trailing edge. It has also been shown 305 that these effect are localized in the neighboring area of the microjet main axis.

In the following, we want to provide a quantification of the actuation effect on From this figure, we can see that the actuation has numerous effects on the lift curves. First of all, as expected from previous circulation control attempt, the lift is increased for all angles of attack [START_REF] Seifert | Oscillatory blowing: a tool to delay boundary-layer separation[END_REF][START_REF] Jones | An active flow circulation controlled flap concept for general aviation aircraft applications[END_REF]. This is an important characteristic if one aims at controlling the lift perturbations created by external wind gusts for example. It is also clear from the C L curves that the actuation plays a significant role in progressively delaying the threshold angle at which the onset of boundary layer separation, α sep , occurs at the trailing edge [START_REF] Balériola | Etude expérimentale dactionneurs plasma surfaciques pour optimiser les performances aérodynamiques dun profil éolien[END_REF]. It should be noted however that it was not possible with the available blade design to blow jets that decrease lift. A new design is under progress for this purpose and only Thrust compensated drag (left)

alleviation of gust that increase wind speed are considered here.

Another observation that can be made from figure 6 is that the static gain is not only dependent on the actuation strength C µ but also on the flow state (i.e. the angle of attack). As can be seen, much more lift is gained after the threshold angle α sep than at attached flow regimes (α ≤ α sep ). This behavior was already observed for various CC devices [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF], therefore showing that the currrent CC strategy works with the same principles as what can be found in the litterature.

Note however that the maximum gain seems to be located around α = 10˚and reduces for higher AOA.

In figure 7 left we present a comparison of the C D curves for different C µ .

At a first glance, one could think that the control decreases the drag of the profile. However, this is a simple microjet thrust effect. Indeed, each individual microjet acts as a small nozzle that creates thrust in the opposite direction of drag, that can be measured with zero free stream velocity. By removing this thrust effect on the drag measurements, drag curves overlap for all controlled cases (see figure 7 

Sensitivity of actuation

We plot in figure 8 We present on the same figures linear regressions of the measured lift increments. We provide the estimated slope ∂∆C L ∂Cµ in the legends of figure 8 and we see that the actuation efficiency is greater for higher angle of attack (from left to right). Note that this trend was also obsered by Troshin and Seifert [START_REF] Troshin | Performance recovery of a thick turbulent airfoil using a distributed closed-loop flow control system[END_REF] in a different control configuration. In our case, the natural position of the stagnation point at the trailing edge moves upstream with increasing AOA. This provides more room for the control to displace it downstream, allowing for more circulation changes at higher AOA.

Discussion on the performance of the current actuation

The comparison of performances with literature is a difficult exercise because of the variety of the different techniques that were used to manipulate
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lift. In a review, Greenblatt and Wygnanski [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF] proposed two main parameters to evaluate the performances of various actuation devices proposed in the literature. The first one ∆C L,max corresponds to the gain in maximum lift, and the second one is the maximum post-stall lift gain ∆C L . We will only use the first one here, since we do not deal with stalled cases in our current study. For example, Seifert et al [START_REF] Seifert | Oscillatory blowing: a tool to delay boundary-layer separation[END_REF] reported a 21% increase of ∆C L,max for a C µ = 0.001 using a 2D continuous injection on a flapped NACA 0015 airfoil. From figure 6 we can see that the current actuation device offers a ∆C L,max of 32% but for a C µ = 0.139. Additionnaly, Cagle and Jones [START_REF] Cagle | A wind tunnel model to explore unsteady circulation control for general aviation applications[END_REF] and Jones et al. [START_REF] Jones | An active flow circulation controlled flap concept for general aviation aircraft applications[END_REF] used the ratio of lift gain over injection coefficient ∆C L ∆Cµ to evaluate the actuation efficiency at a given AOA. They reported a ratio of 50 at α = 0˚, for a similar concept of lift control but using 2D actuation. Here, we measured a more modest but non negligible ∆C L ∆Cµ of 1.29 at the same AOA. It is believed that these discrepancies are due to the three-dimensional actuation performed in our study. Let's assume that the circulation control is localized in span along the 2D sections of the foil where the micro-jets exists, which is not a strong assumption given the observations made in the previous section.

We can therefore recompute the lift gain using the sum of the individual orifice spans, l a , instead of the wing span, L, as follows: ∆C L,max2D = ∆C L,max • L/l a . This leads to a gain of 840% of ∆C L,max2D at C µ = 0.139 corresponding to a non negligible 6% increase of ∆C L,max2D for C µ = 0.001. This is closer to the reported gains of Seifert et al. [START_REF] Seifert | Oscillatory blowing: a tool to delay boundary-layer separation[END_REF]. Similarly, we then have a 2D lift to momentum coeficient ratio of ∆C L,2D ∆Cµ = 26, which is of the same order of magnitude than the results of Cagle and Jones [START_REF] Cagle | A wind tunnel model to explore unsteady circulation control for general aviation applications[END_REF].

This shows that the chosen actuation method performs in a comparable manner as the different techniques reported in the literature and confirms that most of the lift gain is actually obtained through local modifications of the circulation, as we inferred from the observations of the PIV results in the previous section. x/C = 0.09
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P(t)-P i [Pa] t*=tU/C [s] measured -5
.67 e -t/3.46e+00 x/C = 0.89

P(t)-P i [Pa] t*=tU/C [s] measured -8
.88 e -t/5.54e-01 As can be seen, the pressure response for detached flow cases no longer resembles to a response of a first order ODE system. At these AOA, it is possible to recognize an under-dumped second order ODE system response, with a small overshoot.

In order to have a better overview of the multiple outputs of the system, we x/C = 0.09

P(t)-P i [Pa] t*=tU/C [s]
measured -14.84 e -t/2.08e+00 x/C = 0.89

P(t)-P i [Pa] t*=tU/C [s]
measured -14.18 e -t/1.33e+00 fitted the following first order type response for each pressure response:

∆P (x, t) = P (x, t) -P i = K u(t) 1 -e -t/τ , (3) 
where P is the pressure, t the time, K = K(x) the steady state gain, τ = τ (x) the time constant of the system (i.e. time to reach 63% of the steady state), P i = P i (x) the initial value of the pressure over the upper surface of the blade and u(t) is the control input that is equal to unity when actuation is ON and to zero otherwise. Typical fitted results are given in figures 9 and 10. Even though, this response type is not adapted to the pressure response at high angles of attack, it can be seen in figure 10 that the error between the fitted function and the measured response is relatively small such that the gains and response times obtained are fairly representative of the real system. Results can be separated in two areas. The first one near the actuator were a significant peak, proportional to the control input C µ , is observed and should induce an increase of the pitching moment as usually observed in CC devices [START_REF] Englar | 2-d circulation control airfoil benchmark experiments intended for cfd code validation[END_REF]. The second area is plotted in figure 11 using the different dimensionless steady state gains found around the chord of the profile for different control inputs (i.e. C µ ) at α = 0.

First of all, contrary to what is reported by many authors [START_REF] Darabi | Active management of naturally separated flow over a solid surface. part 1. the forced reattachment process[END_REF][START_REF] Darabi | Active management of naturally separated flow over a solid surface. part 2. the separation process[END_REF][START_REF] Mathis | Experimental study of transient forced turbulent separation and reattachment on a bevelled trailing edge[END_REF], we didn't find significant differences between dynamic responses to an actuation step ON -K/(0.5 ρ (open symbols of figure 11) and an actuation step OFF (closed symbols of figure 11). The main difference between these studies is the initial state of the flow before control. In the results of figure 11 the flow is attached all the time while in the other studies the flow is either initially separated [START_REF] Darabi | Active management of naturally separated flow over a solid surface. part 1. the forced reattachment process[END_REF][START_REF] Darabi | Active management of naturally separated flow over a solid surface. part 2. the separation process[END_REF], or the final targeted state is the flow separation [START_REF] Mathis | Experimental study of transient forced turbulent separation and reattachment on a bevelled trailing edge[END_REF].

U 2 ) x/C C µ =0.051 C µ =0.112 C µ =0.139 C µ =0.051 C µ =0.112 C µ =0.139
The second important observation is a clear effect of the actuation intensity on the steady state gains: the stronger the actuation, the higher the steady state gain. This is in agreement with the previous results of the balance measurements (see figure 8). At last, results show that the respective contributions of both areas (i.e. nearby the actuation and around the chord) to the integrated gain (lift coefficient) are of the same order of magnitude. Therefore, the actuation used in this study, although very local, modifies the overall pressure field around the wing, similarly as can be found in other circulation control configurations [START_REF] Jones | An active flow circulation controlled flap concept for general aviation aircraft applications[END_REF][START_REF] Cagle | A wind tunnel model to explore unsteady circulation control for general aviation applications[END_REF]. time needed to reach 63% of the steady state. The 99% steady state response time, τ 99 , is three times τ . τ 99 is found to range from 1.5 to 13.5 convective times. Note that previous studies did not investigate the response time around the chord but rather close to the actuation, however, for locations close the leading edge (or away from the actuation) the response time of pressure is of the same order of magnitude of the one reported in the literature in separated flow over a wing [START_REF] Colonius | Control of vortex shedding on two-and threedimensional aerofoils[END_REF][START_REF] Williams | Lift response of a stalled wing to pulsatile disturbances[END_REF] and in detached boundary layer flow [START_REF] Mathis | Experimental study of transient forced turbulent separation and reattachment on a bevelled trailing edge[END_REF][START_REF] Shaqarin | Open and closed-loop experiments to identify the separated flow dynamics of a thick turbulent boundary layer[END_REF].

Results of the present study show a clear trend of the response time around the chord. For all input values, the time constant is increasing with the distance from the actuation. If the static gains were homogeneously distributed around the profile, no steady states change in pitching moment is expected. However, the fact that the pressure takes longer to establish far from the actuation indicates that transient pitch torque is created during the establishment of the modified circulation. This is rather important behavior for final application, that might also be found in other CC devices.

We present in figure 13 effect is observed on the pressure side. The highest gain is found for α = 10 in good agreement with the gain of C L found in figure 6. For higher AOA, the gain deacreases, also in good agreement with figure 6.

Regarding the response time of pressure, no effect of the angle of attack on the response time is perceived for attached flow cases. As previously observed, longer response times are measured for locations farther from the actuator. This observation is no longer valid for detach regimes where the response time seems to be more evenly distributed along the chord. The α = 10˚results show that for x/C < 0.6 the response times are comparable to smaller AOA whereas for x/C > 0.6 the response times are increased compared to the attached flow cases.

For α = 14, the response times are clearly slowed near the trailing ege (i.e. for x/C > 0.5) and accelerated near the leading edge (i.e. for x/C > 0.5) inducing a relativelly constant time response over the chord. This is an indication that the separated flow possesses a different dynamics than the attached one.

The results of this section show that the dynamic response of the flow over an airfoil is strongly dependent on the presence of flow detachment on the suction side of the wing. Even though no direct measurement of the pitching moment was performed, the results of this section show that a transient pitching mo-
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ment is expected from the local response time of the pressure that depends on the distance to the actuation. Hence, the fact that the local response time of pressure depends on the distance to the actuation is an interesting result that should be beard in mind.

Nevertheless, it seems that the pressure response to the actuation can be reasonably approximated by typical first order system types, demonstrating that the dynamics of pressure establishment remains relatively simple.

Phase locked C L response

From the former phase locked pressure step responses, it is possible to build the corresponding lift step responses by simply integrating the pressure field on the wing surface :

C L (t) = 1 S ref S C p (x, t)dx (4) 
where

C p = P -P∞ 0.5ρU 2 ∞
the pressure coefficient with x the projection of the profile skin coordinates in the streamwise direction. The lift response ∆C L (t) can then be directly obtained by spatially integrating the measured pressure response at each time step:

∆C L (t) = 2 ρU 2 ∞ S ref S ∆P (x, t) dx, (5) 
where ∆P (x, t) is defined in equation 3.

The measured lift step responses are plotted in figure 14 for the three different momentum coefficients at α = 0. The lift gain is normalized by the steady state gain and all the lift responses collapse onto a single curve corresponding to a typical step response from an ODE system. A least-square approximation of equation C L (t) = 1 -K L e -t/τ L is performed and plotted against experimental measurement points. The response time to reach 63% of the steady state is found of the order of one convective time τ = U∞ C while the response time to reach 99% of the steady state is more than 3 convective times.

Theoretical lift response to gusts for attached flow cases is usually given by the
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Küssner's function [START_REF] Küssner | Zusammenfassender bericht über den instationären auftrieb von flügeln[END_REF] obtained using potential flow theory. The derived lift response can be approximated by a three exponential term function [START_REF] Jones | The unsteady lift of a wing of finite aspect ratio[END_REF]:

C Lg (s) = 1.0 -0.236e 0.058s -0.513e 0.364s -0.171e 2.42s , (6) 
where s = t C 2U∞ is the dimensionless time based on the freestream velocity and the half chord. The former equation is also reported on figure 14.

As can be seen, the measured lift response is faster than what is theoretically predicted. There might be several reasons why the theory fails in recovering the measured response time. First of all the theoretical model uses inviscid flow and thus cannot model the fact that the CC actuation modifies the flow separation on the trailing edge. Moreover, the theory and the experiment do not use identical type of perturbation: in the theoretical model the gust is modeled as a local camber modification of the wing whereas in the experiment the perturbation is introduced at the trailing edge. It is therefore difficult to conclude on the observed differences but it must be noticed that blade profiles For detached cases, the response curves are different and show an overshoot of lift before it reaches the steady state value, which is a typical behavior of under-damped second order system. The response time of lift at these angles of attack is therefore slightly longer than for attached cases. As a matter of comparison, we derived the step responses from the indicial lift response measured by Colonius and Williams [START_REF] Colonius | Control of vortex shedding on two-and threedimensional aerofoils[END_REF] on a semi-circular wing with leading edge flow separation. This curve is reproduced on figure 15 and also exhibits an overshoot but with a slower response than for our cases for which only trailing edge flow separation occurs.

These result may suggest that the lift response strongly depends on whether the flow is separated or attached but also on how/where it separates from the wall. Separation close to the trailing edge seems to provide faster responses than separation at the leading edge of the wing.

Comparison with turbulent scales

The response time scale observed in the previous paragraph has to be compared with the times scales of perturbations that can be found in the atmospheric boundary layer. Typical spectrum of atmospheric boundary layer velocity fluctuations are given in figure 16, based on the formula given by Kaimal et al [START_REF] Kaimal | Spectral characteristics of surface-layer turbulence[END_REF]. This spectrum is plotted against a reduced frequency representative of the characteristic scales of an existing wind turbine blade with chord length of 1m and velocity of 60m/s. As can be seen, most of the velocity perturbations are low frequency with respect to the blade time scales: the peak frequency of all the perturbations are found below St < 0.1 for all the 3 velocity components. Since the open-loop control system has a characteristic frequency of St = 1, it is clear that the proposed system is rapid enough to account for those scales. This is illustrated in figure 16, where the shaded area corresponds to frequencies above the cut-off frequency of the open-loop system, and the transfer function of the lift system is presented in dark-grey. It should be mentioned that the response time of closed-loop systems can be made faster than the open-loop one, hence ensuring that it is physically possible the account for external perturbations at the blade scale.

Closed-loop control

Control Modeling

From the results of the former section a numerical model of the system can be built to evaluate the performances of a feedback controller. Since the system can be represented by a first order ODE system, a PID controller should be able to handle the system [START_REF] Shaqarin | Open and closed-loop experiments to identify the separated flow dynamics of a thick turbulent boundary layer[END_REF]. C Lp = 0.05 cos(w p t * ) with w p the perturbation frequency chosen according to figure [START_REF] Shires | Application of circulation controlled blades for vertical axis wind turbines[END_REF]. As can be seen, even with a binarized actuation the actuator is still able to minimize the effect of the perturbations so that the output lift stays close to the setpoint.

It is clear form figure 18 that the control could not entirely remove the lift perturbation. The remaining lift oscillations are due to the non-proportional behavior of the valves, indeed if the valves are modeled as ideal ones (i.e. have an infinitesimal reaction time), the incoming perturbations could be entirely removed as can be seen in figure 19.

Another important point that arises from the fact that our actuators are binary, is that parameters of the controller (i.e. PID) have very limited impact on the efficiency of the control. This is obvious considering that the actuation signal computed by the PID is actually binarized a posteriori by the valves. This 

Experimental results

Based on the encouraging results obtained using the model of the previous 600 section, an experiment has been designed to test the closed-loop control. The wing is mounted on a motorized bench allowing to vary the angle of attack, which acts as a perturbation in lift as sketched in the figure 20 (right). The profile is equipped with 15 pressure sensors on the suction side of the wing which serve to estimate the lift. Note that no sensor was placed on the pressure side of Since the actuation can only increase the lift, the perturbation consists in a sinusoidal variation of α defined as follows:

α(t) = α 0 -∆α • sin(2πf α t), (7) 
where α 0 is the AOA at which the lift setpoint is measured, ∆α is the amplitude of the perturbation and f α the oscillation frequency. The oscillation frequency is chosen so that St α = fαC U = 0.003. It is at the same time low enough to avoid dynamic stall effect and/or hysteresis effect that can be expected to appear around St = fαC U = 0.1 [START_REF] Choudhry | An insight into the dynamic stall lift characteristics[END_REF][START_REF] Mccroskey | An experimental study of dynamic stall on advanced airfoil sections[END_REF][START_REF] Mcalister | An experimental study of dynamic stall on advanced airfoil section[END_REF], but high enough to be representative of scaled atmospheric turbulent perturbations.

The feedback loop used in this experiment is shown in figure 20 (left). The error between measured lift and the setpoint is computed and fed to a proportional controller. The output of the controller is then binarized to a TTL electric signal that can be used to actuate the electric valves. Then a new estimate of lift is computed by integrating the pressure on the wing and compared to the setpoint, hence closing the loop. The results of the closed-loop control in the attached regime are presented in figure 21 for α sp = 4˚and ∆α = 2˚. Before the control is turned on, the lift oscillates in phase with the perturbation. It is clear that, as soon as the control is ON, the lift oscillations are reduced by 83%, proving that feedback control of lift using fluidic actuation is an efficient method. The results of the

PI

L 0 C µ - + L C µ * ΔL L(t) U ∞ α(t)
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closed-loop control in the separated regime is presented in figure 22. The main difference with the previous results is that there is a phase opposition between the AOA perturbation and the lift output before control. This is expected from the change of slope in the C L vs. α curve for AOA greater than 10˚. However, this does not modify the control efficiency which is found of the same order of magnitude. These results not only show the feasibility of feedback lift control but also show that this simple control can be applied even when the regime of the flow over the blade is in the non-linear part of the lift coefficient. 

Conclusions and Perspectives

5 1 M

 1 loads on the turbine that can lead to severe damages. Controlling the lift of the individual wind turbine blades may thus be considered to soften these undesired

Figure 1 :

 1 Figure 1: (Right) Arifoil profile. The original N ACA -65 4 421 airfoil is in red dash line and the control profile N ACA -65 4 421 -CC, used in this study, is in solid black line. (Left) modified profile aerodynamic performances from Aubrun and Leroy [33].

Figure 2 :

 2 Figure 2: Left: diagram of a thin (non-blind) profile. Right:photograph of the thick (blind) and thin (non-blind) profiles.

  s in the present study. The 2D blade is mounted between two vertical flat planes in order to achieve a 2D flow configuration. The wing span was equal to the distance between these two plates and measured L = 1.1m. At this free stream velocity, the Reynolds number of the flow based on the chord length (C = 0.3 m) is slightly above 2 × 10 5 .

2. 4 . 2 .

 42 Wall pressure sensing Two sets of pressure transducers were used during the experiments. The first one was used during the open loop characterization of the lift dynamics. The pressure taps were then connected to two Chell MicroDAQ pressure scanners to synchronously obtain the pressure field around the profile. The scanners were externally triggered at 500Hz, the maximum possible sampling frequency M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

(see figure 3 (Figure 3 :

 33 figure 3 (Right)). In both cases the cameras and the laser were placed on a traverse system allowing to change the measurement position without modify the calibration.

8 . 2 from 3 .Figure 4 :

 8234 Figure 4: Isocontours of the averaged streamwise (left column) and vertical (right column) velocity components for various injection coefficients: Cµ = 0 top row, Cµ = 0.051 middle row, Cµ = 0.11 bottom row. Results obtained from 2D-2C PIV in the center plane of the wing z = 0 (i.e. including an actuation micro-jet) and A0A = 0. The black line represents the U = 0 iso-contour, delimiting the recirculation bubble.

Figure 5 :

 5 Figure 5: Cross-flow velocity fields taken at x/C = 1.03 and AOA = 0 for the natural (left column) and for the actuated Cµ = 0.11 (right column) cases. The iso-contour maps represent the streamwise (top row), vertical (middle row) and spanwise (bottom row) velocity component.

Figure 6 : 4 .

 64 Figure 6: Comparison of actuated versus non-actuated lift curves for the current wing. (left) 10m/s

Figure 7 :

 7 Figure 7: Comparison of actuated versus non-actuated drag curves for the current wing (left).

Figure 8 :

 8 Figure 8: Lift coefficient as function of injection coefficient for α = 0 (left), α = 5 (center), α = 8 (right).

  the lift coefficient gain against C µ for various AOA in the attached regime (i.e. α ≤ α sep ). It is clear that the control gives a linear change in lift for all presented AOA. As stated earlier, the relationship between the micro-jet stagnation pressure and C µ can be well approximated by a linear relation. Since the relation between C µ and the micro-jet generating pressure is almost linear (see dedicated previous section), it means that the lift increment due to the actuation is directly proportional to the pressure set in the micro-jet stagnation chamber. This is an interesting consideration for a future feedback control strategy because pressure is a quantity easily measured.

Figure 9 :

 9 Figure 9: Pressure step response to actuation on the upper side of the wing at x/C = 0.09 (left) x/C = 0.89 (right). The results are presented for Cµ = 0.139 and α = 0.

Figure 10 :

 10 Figure 10: Pressure step response to actuation on the upper side of the wing at x/C = 0.09 (left) x/C = 0.89 (right). The results are presented for Cµ = 0.139 and α = 14.

Figure 11 :

 11 Figure 11: Evolution of the gains K with the chord for varying actuation intensities, the vertical axis was chose to cut-off the very high gains obtained in the neighborhood of the actuator, open and closed symbols are for opening and closing actuation respectively

Figure 12 showsFigure 12 :

 1212 Figure 12 shows the dimensionless time constants τ found around the chord of the profile for different control inputs. This response time corresponds to the

  the chordwise distribution of K and τ measured with C µ = 0.139 for varying AOA. As expected for the lift curve presented in figure6, the gain depends highly on the AOA on the suction side, while almost no

Figure 13 :

 13 Figure 13: Left: chordwise evolution of the gain K for different angles of attack. Right: evolution of the response time τ with the chord for different angles of attack. On both figure attached regimes are presented with black symbols, whereas blue symbols represent detached flow regimes.

  lift might have a faster response time than what is generally considered for fluid/structure interaction.

Figure 14 :

 14 Figure 14: Step responses of the lift coefficient C L for different actuation intensity obtained by integrating all the measured pressure responses at α = 0.

Figure 15 :

 15 Figure 15: Step responses of the lift coefficient C L obtained by integrating all the measured pressure responses for various AOA at Cµ = 0.14 compared with theoretical functions as well as other experimental results. For sake of clarity only one point over 10 is plotted.

Figure 16 :Figure 17 :

 1617 Figure 16: Spectrum velocity perturbations in an atmospheric boundary layer taken at an altitude of z = 80m and average velocity of 8m/s. The frequency is reduced by a wind turbine blade length and velocity scales. The grey curve represents the efficiency of the openloop control system: beyond St = 1 the control system becomes inefficient.

Figure 18 :Figure 19 :

 1819 Figure 18: Example of simulated lift control in the time domain (left). Comparison of normalized lift perturbation with the actuation signal duty cycle (right). The actuation is started at t * = 50.
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  the wing. Since the lift setpoint is evaluated by integrating the average pressureM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPTdistribution around the wing at a given angle of attack, this estimation of the lift information (using the suction side only) was found enough for an efficient and simple proportional controller implementation.

Figure 20 :

 20 Figure 20: Diagram of the feedback-loop used on the experiment (left), sketch of the external lift perturbation applied to the wing by varying the angle of attack (right).

Figure 21 :

 21 Figure 21: Time traces of normalized lift and angle of attack. The lift controller is set at t = 40s. Setpoint measured at α = 4˚: the flow is attached.

Figure 22 :

 22 Figure 22: Time traces of normalized lift and angle of attack. The lift controller is set at t = 40s. Setpoint measured at α = 12˚: the flow is separated.
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