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Introduction

One of the main objectives in research on future vehicles concerns the reduction of fuel consumption and CO2 or toxic NOx gases emissions. A solution consists in improving the vehicles aerodynamic performances by means of flow control. MacMynowski and Williams [START_REF] Macmynowski | Flow Control Terminology Fundamentals and Applications of Modern Flow Control[END_REF] defined flow control as a modification of the natural state of the flow to a wanted state. It consists in manipulating free stream or wall bounded flows, using active or passive devices, in order to produce favourable changes in the flow such as preventing separation, delaying laminar-turbulent transition, reducing noise or enhancing mixing. Flow control is thereby a technical solution for both safety and environmental issues.

Boundary layer separation is a mostly unwanted phenomenon for many vehicle related applications and even dangerous in aeronautics. Separation occurring over flaps is indeed responsible for large performance losses especially during take-off as it simultaneously drastically increases drag and reduces lift [START_REF] Gad-El-Hak | Separation Control[END_REF]3]. Passive and active devices have been manufactured to encounter this phenomenon but only active closed-loop control enables to adapt the control to the configuration (take-off, landing and cruise are three different examples of configurations for an airplane) and external ). Closedloop control indeed considers electrically commanded actuators for manipulating the flow, and a set of sensors indicating the state of the flow and used to adapt the actuator control [3]. More precisely, wall shear stress sensors are required as wall shear stress is a key-element in wall turbulence equations. The wall shear stress τ is proportional to the velocity gradient at the wall and in 2D-flows, it is given by equation ( 1): τ = μ • (∂u ∂y ⁄ ) wall [START_REF] Macmynowski | Flow Control Terminology Fundamentals and Applications of Modern Flow Control[END_REF] where µ is the air dynamic viscosity, u is the flow velocity parallel to the wall, and y is the axis normal to the wall. Flow separation can be characterized by wall shear stress, as shown in Figure 1. An attached flow is indeed characterized by a mean positive shear stress. When a flow is separated, there is a recirculation area, where the shear stress is negative (change of flow direction). The point of separation is the limit between the two states and is characterized by a shear stress equal to zero. A separated flow can also be qualitatively characterized by the wall shear stress fluctuations as they increase sharply when the flow separates [START_REF] Leu | MEMS flexible thermal flow sensors for measurement of unsteady flow above a pitching wind turbine blade[END_REF].

Therefore, accurate time-resolved wall shear stress measurement is crucial for implementing a closed-loop control of separation. Flows at moderate Reynolds numbers exhibits typical length scales of 100 µm at the wall or less and time-scales require several kilohertz of bandwidth [START_REF] Sheplak | Characterization of a siliconmicromachined thermal shear-stress sensor[END_REF]. Microelectro-mechanical systems (MEMS) are thereby a technical solution to resolve turbulent flows.

Micro machined wall shear stress sensors are usually divided into two groups depending on their measurement techniques: direct techniques using floating element devices [START_REF] Chandrasekharan | A Microscale Differential Capacitive Direct Wall-Shear-Stress Sensor[END_REF][START_REF] Lv | Design of a micro floating element shear stress sensor Flow Measurement[END_REF] and indirect measurement such as thermal anemometry [START_REF] Sheplak | Characterization of a siliconmicromachined thermal shear-stress sensor[END_REF][START_REF] Talbi | A micro-scale hot wire anemometer based on low stress (Ni/W) multi-layers deposited on nano-crystalline diamond for air flow sensing[END_REF].

Löfdahl and Gad-El-Hak [START_REF] Löfdahl | MEMS-based pressure and shear stress sensors for turbulent flows Measurement[END_REF] presented a review on MEMS based shear stress sensor and discuss the advantages and drawbacks of each techniques. It has to be noted that in most literature papers, the devices are calibrated in a flat plate configuration in wind, but just a few papers used the MEMS sensors to characterize complex flows like separation. For instance, Jiang et al [START_REF] Jiang | A flexible micromachine-based shear-stress sensor array and its application to separation-point detection[END_REF] mounted an array of MEMS hot-films on a cylinder for detecting separation. Later, on the same research team, Xu et al [START_REF] Xu | Flexible shear-stress sensor skin and its application to unmanned aerial vehicles[END_REF] integrated an array of MEMS hotfilm sensors on a semi-cylindrical aluminium bloc whose angle of attack is changed. The array successfully detected the flow separation point. Leu et al [START_REF] Leu | MEMS flexible thermal flow sensors for measurement of unsteady flow above a pitching wind turbine blade[END_REF] studied a pitching wind turbine blade equipped with 25 MEMS hot-films. All of them detected separation by mean values of output voltage but they needed the RMS value to get more precision. Indeed, their hotfilm technology only detected the amplitude of shear stress and not the sign and the sharp peak of RMS value was more accurate for detecting the point of separation.

A last example could be the study of Buder et al [START_REF] Buder | AeroMEMS polyimide based wall double hot-wire sensors for flow separation detection[END_REF] in which the flow separation on an airfoil model was characterized using wall mounted double hot-wire micro-sensors. With two hot-wires mounted close one to the other, the work successfully detected separation on the airfoil model using differential measurements. No information on dynamic responses of the sensors regarding separation was given in this work, neither the possibility of closed loop flow control.

In this paper, micro machined wall shear stress micro-sensors based on both thermal anemometry and calorimetric principle are reported along with their utilization for flow separation control application, and more precisely aiming closed-loop separation control. Based on an unconventional thermal microstructure [START_REF] Viard | A robust thermal microstructure for mass flow rate measurement in steady and unsteady flows[END_REF][START_REF] Ghouila-Houri | High temperature gradient micro-sensor for wall shear stress and flow direction measurements[END_REF], the micro-sensors enable the measurement of bidirectional wall shear stress in aerodynamic flows. The purpose of this work is to use an array of such micro-sensors for detecting flow separation on a flap model and characterizing flow separation control.

The first part of the paper introduces the micro-sensors design whose technology was published in previous works [START_REF] Ghouila-Houri | High temperature gradient micro-sensor for wall shear stress and flow direction measurements[END_REF][15][16].

The second part is devoted to characterizations in a turbulent boundary layer wind tunnel. Then, the third part presents the implementation of an array of twelve calorimetric microsensors for equipping a flap model, with miniaturized electronics. Given the complex geometry of the model and the necessity for smooth surface integration, both the microsensors and the miniaturized electronics were embedded on a flexible package. The final part of the paper presents and discusses the flow separation detection and control on the flap model using the array of micro-sensors as measurement devices.

Presentation of the thermal micro-sensor

The micro-sensors at stake in this paper are based on both thermal anemometry and calorimetric principle. They are composed of an electrically heated micro-wire, called a heater, and two cold-wires placed on both sides. The central wire is devoted to the indirect measure of wall shear stress using thermal anemometry. It measures indeed the forced convection heat transfer from the hot-wire to the fluid. More precisely, the heat transfer is due to the interaction between The two lateral wires, identical in dimensions and materials, are symmetrically heated by the central hot-wire. The flow direction breaks the thermal boundary layer symmetry and the upstream lateral wire is more cooled than the downstream one (Fig. 2 (a)). This principle is called calorimetric. Coupling both principles, the micro-sensors are able to measure the wall shear stress amplitude and sign. This property gives a direct advantage for flow separation detection, as this phenomenon is characterized by both a diminution of the wall shear stress amplitude and an inversion of its sign.

The micro-sensors sensitive part is composed of three parallel micro-wires whose dimensions are 1 mm long, 3 µm wide and less than 1 µm thick (330 nm for the lateral wires and 730 nm for the central wire). The lateral wires are composed of a SiO2 layer for mechanical support and a Ni/Pt multilayer forming the metallic measurement wire. The central hot-wire is engineered with multiple layers including SiO2, a Ni/Pt multilayer, another layer of SiO2 and an Au layer. The heating current crosses the Au layer and the Ni/Pt multilayer thermistors used for measurement. Contrary to conventional designs of hot-wire and hot-film sensors for which the heater is used for measurements, this microstructure uncouples heating and measure and built-on purpose electronics were therefore developed. The micro-wires are separated from the substrate over a 20 µm deep cavity for avoiding thermal losses by conduction in the substrate and enhancing heat transfer by convection with the fluid.

As the maximum working temperature of the micro-sensors is 90°C, radiation can be neglected in the heat transfer mechanism, and then the whole heat transfer measured by the thermal micro-sensor is due to the interaction between the thermal boundary layer and the fluid boundary layer. Suspended periodic perpendicular micro-bridges are disposed along the wire length for mechanical support (Fig. 2 (a)).

The fabrication process uses microtechnology techniques and includes seven main steps that are presented in details in [15]. The micro-sensors, with front-side contacts, are welded on a flexible packaging (Fig. 2 (b)).

Characterizations in turbulent boundary layer

The micro-sensors were characterized in a turbulent boundary layer as published in [16]. The wind tunnel used for experiments has a 30 cm × 30 cm test section and nominal free-stream velocity U ∞ goes up to about 35 m/s. The microsensor was integrated in the wall of the wind tunnel, at a position where the mean flow was two-dimensional as measured using a hot-wire probe (Dantec 55P11).

We characterized the micro-sensors the same way as it was done in [16] by evaluating their response to wall shear stress variation.

We first indirectly evaluated the wall shear stress variation with the flow velocity. For that, we characterized the boundary layer from 10 m/s and 35 m/s using hot-wire probe to measure the flow velocity in the boundary layer and deduce its thickness δ = 19 mm. We could calculate the momentum thickness θ from each velocity profile (equation 2).

θ = ∫ u(x,y) U ∞ (x) δ 0 (1 - u(x,y) U ∞ (x)
) dy

The This method links the hot-wire measurements at the center of the wind tunnel test section with the shear stress or the wall velocity. . In (a), the amplitude of the response is measured using the central wire via constant temperature anemometry, and the sign is given by the difference of resistance (equivalent to the difference of temperature) between the two lateral wires. The sensitivity of the micro-sensor is less important as obtained in [16] due to the different package, but it is sensitive enough to fit the classical third-order polynomial curve [START_REF] Sheplak | Characterization of a siliconmicromachined thermal shear-stress sensor[END_REF].

C f = 2 ( 1 k ln Re θ + C) -2 (3) 
with k = 0.384, C = 4.127, τ = 1 2 ρ U ∞ 2 C f (4) 
We also evaluated the sensor response to wall shear stress fluctuations by measuring the power spectral density (PSD). This means that the micro-sensor in this package is blind to the smallest scales of the wall turbulence and underestimates the turbulent kinetic energy present in the boundary layer. These characteristics must be taken into account in the experiments on models, as the sensor measurements will not give all the information about the turbulent spectrum. Nonetheless, such kind of mounting is enough to detect the flow separation while ensuring robustness and implementation possibility.

Integration of an array of micro-sensors in a flap model

Flaps are used on airplanes to delay separation during take-off and landing by changing the profile of the wing.

The model used in this study (Fig. 4 (a)) is composed of an 867-mm-long flat-plate and a plain unslotted flap with a chord length of 220 mm. The flap profile was based on a NACA 4412 airfoil shape. It was equipped with an array of microsensors as presented above and seven pulsed jet actuators. 

Active flow separation control experiments

We conducted active flow control experiments with two objectives: first, the characterization of the natural flow separation using the micro-sensors array, and second, the characterization of open-loop active flow control using the pulsed jets. These experiments are preliminary to further work focused on closed-loop separation control. The flow separation is characterized by a negative mean wall shear stress. The first objective was then using the calorimetric micro-sensor to detect the flow separation on the flap model. Given the curvature of the profile, the separation is meant not to appear abruptly but the separation point moves from the trailing edge to the leading edge, as the flap angle increases. The 12 micro-sensors are meant to detect the moving point of separation. The central wire of each micro-sensor gives the variation of amplitude of the shear stress component perpendicular to the wires, while the lateral wires detected the sign. The combination of both information thus allows the determination of the bonded or separated nature of the flow field on the flap. Moreover, separation causes a fall in turbulent energy and it therefore can be characterized using the turbulent spectrum (frequency-weighted PSD). This characteristic explains the working of flow control: fluidic actuators are meant to add momentum to the boundary layer to compensate the lack of turbulent energy on a separated flow. The experiments were conducted at a nominal free-stream velocity U ∞ = 24.5 m/s corresponding to a Reynolds number based on the chord of Re c = 3.45 × 10 5 .

Figure 6 shows the averaged and normalized by maximum measurements of the voltage variations of three microsensors, located respectively in x/c = 0.3 (black curve and square symbols), in x/c = 0.64 (red curve and round symbols) and in x/c = 0.86 (red curve and triangle symbols).

The first one was one of the two individual micro-sensors at to the leading edge. The other two were located on the flexible strip.

The first thing to note is the location of the separation point as a function of the flap angle. Thanks to the detection of the sign of the shear stress component perpendicular to the wires, the calorimetric micro-sensors could intrinsically detect separation, which was not the case in the study of Chabert with the hot films. In the work of Chabert et al [18], the flow separation point was deduced by comparing one hot-film response to the ones close to it. A correlation between the hot films was indeed necessary. Detecting the flow direction, the micro-sensors presented in this paper did not need such comparison: they could detect the flow separation by their own, independently one from the other. The correlation was indeed made between the lateral wires of one calorimetric micro-sensor. The three micro-sensors being located at different locations along the chord, the shifting of the separation point as a function of the angle of attack was detected. For x / c = 0.86, the separation appeared at an angle of 10°. Then the point of separation went up to appear for 13° at x / c = 0.64. Finally, the micro-sensor at x / c = 0.20 detected the point of separation at 18°.

Then, active flow control experiments were performed using the Festo MHE2 valves as pulsed jets actuators and the microsensors as sensing devices. The pulsed jets worked at 60 Hz with 50 % duty cycle and were supplied by 20 g/s of airflow.

The following results, displayed in Figures 7 and8, deal with the control of separation, using pulsed jets as actuator devices.

When the flow is attached, the goal of flow control is to avoid or at least delay the separation apparition. Here, we did not focus on controlling a separated flow, which aims at reattaching it. All the following results comes from the second individual sensor placed at x/c = 0.3, with an upstream velocity U ∞ = 24.5 m/s. Figure 7 presents the normalized voltage variation of measurements obtained without and with control. The normalization was made using the maximum voltage variation, obtained for 0° with pulsed jets control. It corresponds to the configuration where the maximum shear stress is obtained.

As shown on Figure 7 and previously in Figure 6, the separation at x/c = 0.3 occurred for an angle of about 18°, which was detected by the change of sign that is to say, the change of flow direction. On the contrary, with pulsed jets control, the flow direction did not change after 18° of angle, meaning that the shear stress remains positive, and so even at 30° of angle. The flow therefore remained attached to the flap. The present demonstration of both the detection of separation and the effect of control provides promising preliminary results for implementing closed loop separation control.

Conclusion

This paper presented micro machined sensors based on thermal transduction and calorimetric principle and their application for wall shear stress measurement and flow separation control applications in aeronautics. The main advantages of the micro-sensors compared to conventional sensors lie in the miniaturized dimensions, the integration capability for implementation in models and the simultaneous measurement of wall shear stress amplitude variation and flow direction.

The first part of the paper presented the unconventional design of the micro-sensors along with the calibrations performed in a canonical boundary layer. These experiments demonstrated the ability of the micro-sensors to measure bidirectional wall shear stress after calibration.

The second part was devoted to the presentation of the implementation of twelve micro-sensors with miniaturized electronics into a flap model designed for flow separation control. This part successfully demonstrated the integration of the micro-sensors with build-on purpose electronics in a complex environment.

For future work, we are actually working on improving the electronics to enlarge the bandwidth up to several dozens to hundreds of kilohertz. We also develop a new packaging to improve the signal to noise ratio and avoid damping signals.

The final part of the paper presented the detection of the natural separation on the flap, as the angle of attack increased.

Measuring both the variation of amplitude and the variation of sign of wall shear stress, the micro-sensors detected by their own the separation point shifting from the trailing edge to the leading edge. As the flap was also equipped with pulsed jets, open-loop flow control experiments were performed. The micro-sensors successfully detected and characterized the effect of active control. These experimental results are preliminary for future work focused on closed-loop flow control, using the micro-sensors as input for the reaction loop.
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 1 Figure 1. Schematic of flow separation perturbations (crosswind, vehicle overtaking, etc.). Closedloop control indeed considers electrically commanded actuators for manipulating the flow, and a set of sensors indicating the state of the flow and used to adapt the actuator control [3]. More precisely, wall shear stress sensors are required as wall shear stress is a key-element in wall turbulence equations. The wall shear stress τ is proportional to the velocity gradient at the wall and in 2D-flows, it is given by equation (1): τ = μ • (∂u ∂y ⁄ ) wall (1)
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 2 Figure 2. (a) SEM image focused on the HTGC micro-sensor sensitive part along with legend and schematic (b) Integration of the micro-sensor on a flexible package the thermal boundary layer around the hot-wire and the velocity gradient at the wall, as the transducer is mounted in the wall. Electronic reaction on the heating current allows the hot-wire to work in constant temperature mode and therefore.The two lateral wires, identical in dimensions and materials, are symmetrically heated by the central hot-wire. The flow direction breaks the thermal boundary layer symmetry and the upstream lateral wire is more cooled than the downstream one (Fig.2 (a)). This principle is called calorimetric. Coupling both principles, the micro-sensors are able to measure the wall shear stress amplitude and sign. This property gives a direct advantage for flow separation detection, as this phenomenon is characterized by both a diminution of the wall shear stress amplitude and an inversion of its sign.

  relation of Coles-Fernholz in the equation (3) gave then the skin friction coefficient C f [17]. The wall shear stress τ was finally deduced from relation (4) as a function of C f and U ∞ .

Figure 3 .

 3 Figure 3. (a) Characterization of the micro-sensor in the package used for the implementation on models (b) Frequency-weighted power spectral density (PSD) measured for τ = 2.2 Pa with the same package

Figure 4 .

 4 Figure 4. (a) Schematic of the experiment on the flap model (b) Flap model set up in the ONERA L1 wind tunnel and equipped with the array of micro-sensors.

Figure 5 .

 5 Figure 5. (a) The two leading edge micro-sensors (b) Individual constant-temperature electronics for the leading edge sensors (c) Flexible strip with zoom on two micro-sensors (d) One of the three instrumentation electronics boxes embedded below the flat plate.

Figure 5

 5 Figure5shows in (a) a zoom on the leading edge individual micro-sensors and in (b) their miniaturized CT electronics. The micro-sensors electronics was only 3 mm thick and 50 mm long. The micro-sensors were mounted as flush as possible at the flap model surface using PMMA support manufactured for following the flap camber. Figure5 (c)shows the 115 mm long flexible strip with a focus on two micro-sensors. There are 10 micro-sensors embedded into the flexible strip, 8 mm away one from the other. Figure5 (d)shows an instrumentation box with amplification electronics. Three boxes were needed: one for each individual sensor and one for the strip. The three boxes presented dimensions small enough to be embedded inside the flat plate upstream of the flap.
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 5 Figure5shows in (a) a zoom on the leading edge individual micro-sensors and in (b) their miniaturized CT electronics. The micro-sensors electronics was only 3 mm thick and 50 mm long. The micro-sensors were mounted as flush as possible at the flap model surface using PMMA support manufactured for following the flap camber. Figure5 (c)shows the 115 mm long flexible strip with a focus on two micro-sensors. There are 10 micro-sensors embedded into the flexible strip, 8 mm away one from the other. Figure5 (d)shows an instrumentation box with amplification electronics. Three boxes were needed: one for each individual sensor and one for the strip. The three boxes presented dimensions small enough to be embedded inside the flat plate upstream of the flap.

Figure 6 .

 6 Figure 6. Detection of separation: normalized response of the micro-sensors located at x/c = 0.3, x/c = 0.64, x/c = 0.86 for U ∞ = 24.5 m/s.

Figure 7 .

 7 Figure 7. Control of separation: normalized response of the micro-sensor located at x/c = 0.3 for U ∞ = 24.5 m/s, comparison without and with pulsed jets control

Figure 8 .

 8 Figure 8. (a) Natural separation on the flap at x/c = 0.3 for U ∞ = 24.5 m/s: Frequency-weighted Power Spectral Density for 2°, 10°, 20°, 30°. (b) Control of separation: Frequency-weighted Power Spectral Density for 30° with active flow control using pulsed jets
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