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Accurate near wall flow measurement plays a key role for technical applications such as flow control in domains including aerospace, aeronautics, micro-fluidics, or process control, and for the understanding of unsteady flows and turbulence. When measuring fluctuations quantities in high Reynolds number turbulent boundary layers, flow sensors have to resolve both small length-and velocity-scales and high frequencies, in the view of Kolmogorov scales 1 . For instance, considering an airplane flying at 230 m/s with the wing chord of about 3 m, the Reynolds number is about 50×10 [START_REF] Ayaz | 49th AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace Exposition AIAA 2011-337 4 -7[END_REF] and the resulting l min is about 5 µm. Therefore very small, fast and high sensitive measurement devices are needed and Micro-Electro-Mechanical Systems (MEMS) technology allows the development of miniaturized flow sensors that can fulfill such requirements in terms of high spatial and temporal resolutions performances as well as low-cost mass production and high reliability.

Micro-machined flow sensors can be classified into two groups based on different measurement methods: 'direct' or 'indirect' measurement sensors 2 . The first ones usually use a floating element displaced laterally by tangential viscous forces in the flow and the movement implies a variation of an electrical parameter: capacitive sensors 3 or cantilever based sensors 4 are part of this category. For indirected flow measurement, various methods have been applied as for examples, microfences using a cantilever structure and piezoresistors [START_REF] Von Papen | [END_REF] , optical resonance such as whispering gallery modes of dielectric microspheres shifted with radial deformations of the spheres due to the shear stress [START_REF] Ayaz | 49th AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace Exposition AIAA 2011-337 4 -7[END_REF] , the deflection of a) Electronic mail: cecile.ghouila@onera.fr micro-pillars 7 and thermal-based sensors, which are developed below. Among all these devices, thermal sensors are widely adopted when dealing with fluids dynamics including laminar or turbulent flows as they do not contain mechanical moving parts and are thus less prone to wear than the others.

Thermal flow sensors are themselves classified into two categories: hot-wires sensors and hot-film sensors. The difference between them lies in the designed structure: in hot-wire sensors the metallic wire resistor is free from the substrate and placed within the flow whereas in hot-film sensors it is deposited on a membrane placed adjacent to the flow. Hot-film sensors suffers from heat losses in the membrane on which the metallic wire is deposited: various materials have thus been used and we report hot-film sensors made on silicon nitride 8 , glass 9 , 10 or flexible polymer 11 , 12 . These sensors are nonetheless often used for flow separation detection and wall shear stress measurement as they are robust and easy to mount flush to the wall. Hot-wire sensors are more fragile than hot-film sensors. The wire is mainly free from the substrate which enable an optimal heating uniformity and high sensitivity 13 , 14 , [START_REF] Fan | [END_REF] .

In this letter we present a thermal sensor designed for flow control applications and separation detection whose structure is a compromise between conventional hot-wires and hot-film sensors. In our case, the heating and measurement elements consist of very high aspect ratio metallic wires free from the substrate over a 20 µm deep cavity and suspended by periodic silicon oxide micro-bridges.

This design allows efficient thermal insulation as well as mechanical robustness. The sensor operates in constant current anemometric mode or constant temperature anemometric mode and is sensitive to near wall flow variations (velocity, wall shear stress) and flow direction. The sensor design is patented by the IEMN LIA LICS/LEMA 16 , 17 .

The device geometry (Fig. 1 (a)) consists in four 1mm-long and 3-µm-wide free from the substrate wires supported by silicon oxide micro-bridges over a 20-µmdeep cavity: one is the heater and the other three are measurement wires. The heater is over a sensitive wire: they form a multilayer at the center of the sensitive part with a layer of silicon oxide ensuring electrical insulation between them. Measure and heating are electrically uncoupled to improve the signal to noise ratio. The other sensitive wires are arranged on both sides of this central element. Each wire is separated from the substrate to avoid heat losses by solid conduction into the substrate and to increase gaseous conduction. The sensitive elements exhibit a very high aspect ratio (length versus width) of 333 to perform high sensitivity enhanced by proper temperature uniformity. The oxide silicon microbridges provides the structure mechanical toughness over the fluid flow despite the wires length. The mechanical stress in this design is engineered using multilayer materials enabling a self compensating stress. Measurement wires are indeed 30 nm-Ni/40 nm-Pt multilayers reaching 130 nm height. The design allows sensor to operate in constant current mode or constant temperature mode. When the gold resistor is heated by electric current, the heat is transferred to the measurement wires and the surrounding fluid by conduction (Fig. 1(b). The changes in the heat distribution on the wire imply a temperature change at the wire level. Temperature variations cause material resistivity change and consequently resistance variations in the measurement wires. Here, we chose Ni/Pt multilayer as it allows high resistance sensitivity to temperature as described below. Fig. 2 shows the micro-machining process performed on a 3 inches (100) silicon wafer allowing the fabrication of about 140 sensors.

FIG. 2. Micro-machining process

First, 300 nm of silicon oxide (SiO 2 ) were deposited using Plasma Enhanced Chemical Vapor Deposition (PECVD). Measurement wires were then patterned using photo-lithography techniques and Ni/Pt multi-layer was deposited by evaporation. The metal was then removed using lift-off techniques to precisely define the wires. Another layer of SiO 2 was deposited using Low Pressure Chemical Vapor Deposition (LPCVD). The heater was then patterned using the same techniques as for the wires: photo-lithography, metalization by evaporation and liftoff. The next step was the micro-bridges etch using Reactive Ion Etching (RIE) technique with CF 4 and ChF 3 plasma gas. On the corresponding picture (e) from Fig. 2, two view are shown: the left one is the cross-view were there is no bridge and the right one is the view of the silicon oxide bridge. After the micro-bridges etching, the large contacts were defined and patterned (this step is not shown in Fig. 2). The wafer was then cut to separate all the sensors. Finally each sensor was etched using XeF 2 plasma to separate the wires and the bridges from the substrate (Fig. 2 uses a Keithley 2400 source-meter and a probe station. Experimentally the temperature rise coefficient reaches 7.8 ±0.9 K/mW for the central measurement wire and 5.0 ±0.8 K/mW for lateral wires.

Finally, we characterized the sensor response to the fluid flow in a turbulent boundary layer wind tunnel located at the ONERA Lille center (Fig. 5(a)). This 30 cm x 30 cm test section wind tunnel operates with velocities going from 0 m/s to about 40 m/s.The sensor mounted flush to the wall (Fig. 5(b)) and the fluid velocity at the center of the test section is measured by a Dantec hotwire probe. . We characterized the sensor evaluating resistance variation with the flow velocity at the center of the wind tunnel. We performed the experiments using the sensor in constant current mode, with 7 mA heating current, corresponding to about 11 mW. Results in (Fig. 6) show resistance variation ∆R with flow velocity as ∆R = R(0 m/s) -R(x m/s) for both central and lateral wires. As the wires are placed perpendicular to the flow lateral wires are distinguished as upstream and downstream the flow. Error bars represent the measure error which is not only due to the sensor noise but also to the wind tunnel flow velocity fluctuations.

The two lateral wires share electrical and thermal characteristics, so the difference of resistance variation present here, when the flow velocity is high enough, is only due to the flow direction. The wire upstream the flow is more cooled than the wire upstream the flow.

As the resistance variations present a square-root behavior with the flow velocity, the sensor exhibits a sensitivity of about 0.06 %/ m/s for the central wire and the lateral upstream wire. FIG. 6. Resistance variation at the tunnel wall versus flow velocity at the center for both central and lateral wires Flow direction measurements were performed using the resistance difference between the two lateral wires. The aim in this experiment is to detect flow separation as the velocity field near the wall is reversed for a separated flow. The sensor setup in the wind tunnel enable to rotate the sensor from 0˚to 180˚. Measurement results are shown in Fig. 7 and present the variation of the difference of resistance between the two lateral wires. The reference is taken for 90˚when the In conclusion, we demonstrated an efficient and high sensitive high ratio hot wire based thermal MEMS sensor, presenting in this letter design, fabrication process, electro-thermal characterizations and wind tunnel experiments results. As a compromise between conventional hot-wires and hot-films sensors and taking advantages from both structures, the design consists in free hot-wires supported by silicon oxide micro-bridges. The sensor experiences high sensitivity to the near wall flows as well as low power consumption. The fabrication using micro-machining techniques allows low cost and high volume production and possibility of on-chip integration.

FIG. 1 .

 1 FIG. 1. Schema of the proposed sensor design (a) and working principle simulated on COMSOL Multiphysics (b)

  photo-lithography, metalization by evaporation and liftoff. The next step was the micro-bridges etch using Reactive Ion Etching (RIE) technique with CF 4 and ChF 3 plasma gas. On the corresponding picture (e) from Fig.2, two view are shown: the left one is the cross-view were there is no bridge and the right one is the view of the silicon oxide bridge. After the micro-bridges etching, the large contacts were defined and patterned (this step is not shown in Fig.2). The wafer was then cut to separate all the sensors. Finally each sensor was etched using XeF 2 plasma to separate the wires and the bridges from the substrate (Fig.2(f)) by isotropic etching. Fig.3(a) and (b) are Scanning Electron Microscopy (SEM) pictures of our manufactured micro-sensor: Fig.3(a) shows the complete structure with the microbridges supporting the wires and Fig.3(b) is a zoom on the central elements, allowing to distinguish the heater from the measurement wire.
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 3 FIG. 3. SEM picture of the realized hot-wire sensor: general view (a) zoom on the central wire (b)

FIG. 5 .

 5 FIG. 5. (a) Turbulent boundary layer wind tunnel in ONERA Lille (b) MEMS Sensor mounted on the wall

FIG. 7 .

 7 FIG. 7. Resistance variation of the difference of resistance between the two lateral wires at the tunnel wall versus flow velocity for different flow directions: 0˚, 90˚and 180s
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