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Abstract— This paper presents and discusses the results
obtained with a MEMS high temperature gradient sensor for
time-averaged and fluctuating skin-friction measurements in
highly turbulent flows. Designed as a robust wall-mounted
suspended hot-wire structure, the micro-sensor showed a high
temperature variation for low power consumption. Successfully
implemented into two air wind tunnels, the sensor was tested for
velocities going up to 270 m/s, mean velocity of airliner cruise
flights, and corresponding to a shear stress of 150 Pa. The micro-
sensor thereby demonstrated its value for measuring turbulence
in aerodynamic applications, particularly in aeronautics.
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I. INTRODUCTION

Turbulence has been a complex field of study for fluid
mechanics since its introduction in 1933 by O. Reynolds. It is
indeed characterized by a disorderly behaviour with vortices
whose size, location and orientation constantly vary. In fact,
understanding, predicting and controlling turbulence are the
three major goals of research in this domain. The consequences
are crucial: predicting the behaviour of turbulent flows in order
to control and manipulate them would, in many fields of
application, save energy, improve systems performances and
protect the environment [1]. The most obvious example is the
one of transport industry, which is confronted to the problem of
aerodynamic drag on vehicles. Controlling turbulence for this
application means manipulating the laminar-turbulent
transition of the flow around the vehicle, controlling the
phenomenon of separation of the boundary layer or reducing
the noise pollution... in order to reduce power and fuel
consumptions and limit CO; and NOx emissions.

However, turbulence is an unresolved problem in classical
physics and does not present a simple solution. Numerical
simulations make it possible to find solutions in the case of
simplified geometries and low Reynolds number flows. Still, to
target industrial applications, it is necessary to work in flows
with high Reynolds numbers and with complex geometries. It
is then impossible to predict the behaviour of turbulence in
these configurations without relying on empirical data [2]. In
other words, numerical calculations need modelling, analysis
and especially experimentation. Nevertheless, working in
turbulent high Reynolds numbers generates very short spatial

and temporal scales: spatial scales whose order of 100 pm or
less and time scales require a bandwidth of at least 10 kHz [3].
Experiments thus require small, fast, implementable sensors in
various configurations and models, and allowing non-intrusive
measurements of the flow. More precisely, the aerodynamicists
require sensors allowing the measurement of skin-friction also
called wall shear stress [4]. This parameter that corresponds to
the tangential viscous force of the fluid at the wall is indeed
essential in turbulence equations.

Micro Electro Mechanical Systems (MEMS) are devices
whose characteristic lengths are submillimetre. Therefore, they
can reach the required spatial scales in fluids mechanics. In
addition, downscaling leads to an increase of the sensitivity to
small and fast fluctuations. Consequently, MEMS sensors
dedicated to fluid mechanics and aerodynamics have been
developed, particularly for the measurement of turbulence and
reactive flow control. Thermal wall shear stress sensors have
then been developed, exploiting the heat transfer by forced
convection between an electrically heated wire and the flow.
The manufactured sensors were mainly based on hot-film
design, which allows robustness but suffers from conduction in
the film [5]-[9]. Another design is the one of wall mounted
hot-wire sensors ([10], [11]). However, these structures are
intrusive in the flow and they are fragile and therefore not
suitable for high-speed flows.

In this paper, we present a thermal based MEMS sensor
designed for high sensitive skin-friction measurements and
tested in highly turbulent flows whose velocity goes up to
270 m/s. The microstructure of the sensor combines free
standing hot-wire, avoiding conduction in the substrate, and
mechanical robustness. This design enables a high temperature
gradient localized in 3 pm x 1 mm area. The micro-sensor was
tested in low Mach number flows, that is to say in flow whose
velocity goes up to 40 m/s, as well as in high Mach number
flows whose velocity ranges from 180 m/s to 270 m/s.

II.  HIGH TEMPERATURE GRADIENT MICRO-SENSOR

A. Sensor microstructure design

The MEMS sensor is based on a patented thermal
microstructure [12] characterized by both a high temperature
gradient and a high robustness. It is composed of a suspended
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3-um-wide by 1-mm-long micro-hot-wire separated from the
substrate by a 20-pm-deep cavity and mechanically supported
along its length by periodic micro-bridges as shown in
Fig. 1 (a) and (b). The hot-wire structure is multilayered
(Fig. 1 (c)): the heater gold layer is on top of the wire, and then
comes an insulator SiO2 layer (in black) and the Ni/Pt alloy
measurement wire. The final bottom SiO2 layer for robustness.
As detailed in [13], [14], measurement and heating have been
uncoupled in this microstructure, unlike conventional hot-film
and hot-wire sensors. This particularity improves the
performances of the sensors by uncoupling the choice of
materials: gold is very stable against oxidation and temperature
and is therefore perfect for heating whereas Ni/Pt performs
high sensitivity to temperature for measurements. The
fabrication of the devices was realized in the cleanroom at
IEMN, using CMOS-compatible MEMS techniques.

B. Electro-thermal characterizations

We characterized the thermal properties of the
microstructure to evaluate the performances and sensitivity of
the micro-sensor. The measurement of the temperature
coefficient of resistance, realized using a hot plate, gave about
0.24%/°C [14]. We used a thermal infrared camera for
evaluating the thermal profile as shown in Fig. 2. The
microstructure is heated at 40°C for realizing the thermal
image. We measured a high temperature gradient with a
variation of temperature of 70°C for only 7 mW of heating
power. This result also shows that the heating is confined in the
3-um-wide wire: the thermal insulation from the substrate is
successfully achieved.
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Fig. 2. Thermal imaging of the micro-sensor heated with 7 mW and
achieving 70°C of temeprature variation.

III. MEASUREMENTS IN TURBULENT FLOWS

The micro-sensor is devoted to wall shear stress
measurements in turbulent flows. We tested it in two different
air wind tunnels addressing two ranges of wall shear stress. We
characterized its time-average response as well as its dynamic
response to fluctuations.

A. Implementation in wind tunnels

Firstly, we tested the micro-sensor in a wind tunnel in
ONERA Lille, presented a low velocity range going up to
40 m/s. In terms of Mach number, which is the ratio of the
airflow velocity to the velocity of sound in air, it corresponds
to a maximum Mach number of 0.1. Previous works presented
the wind tunnel geometry and the way we evaluated the
corresponding wall shear stress in the test section ([14], [15]).
The range of skin-friction considered here is 0 to 2.5 Pa.

The second set of measurements took place in the S8Ch
wind tunnel in ONERA Meudon (Fig. 3). The mainstream flow
velocity in this facility ranges from 180 m/s to 270 m/s
corresponding to a Mach number ranging from 0.5 to 0.79. The
measurement of the wall velocity gave an estimation of the
wall shear stress by (1).

_ 2
T Upan X P (1)
where T is the wall shear stress, uwan the wall velocity and p
the density.
In both cases, the micro-sensor was implemented on a flat
plate designed for wall shear stress measurements in an
established boundary layer.

B. Results and discussions

The MEMS thermal sensor works in constant temperature
mode where electronics regulate the heating current to
maintain the wire temperature constant. Therefore, the
variation of heating current is the measured variable as a
function of either the mainstream velocity or the skin-friction.

Fig. 4 presents the time-averaged measurements and the
estimated wall shear stress as function of the mainstream
velocity.
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Fig. 4. Time-average response of the micro-sensor as function of the
main-stream flow velocity and with the correcponsing wall shear
stress measured. Inset: zoom on the measuremet realized for
velocities inferior to 40 m/s

The sensor presents a high sensitivity to wall shear stress
with more than 10% variation for a corresponding shear stress
of 150 Pa (mainstream velocity of 270 m/s and corresponding
Mach number of 0.79). These results demonstrate the
robustness and the usefulness of the micro-sensor for flow
measurements in high-speed flows, compatible with velocities
on airliners (Mach number ranging 0.7 - 0.8).

We also evaluated the sensor response to velocity
fluctuations by measuring the power spectral density. More
precisely, the frequency weighted power spectral density
corresponds to the turbulent kinetic energy of the flow [16]. As
shown in Fig. 5, it is characterized by a hump shape. The
interval of frequency centered in the hump is characteristic of
the turbulent eddies that transport energy in the flow. For a
mainstream velocity of 36 m/s, which corresponds to a Mach
number close to 0.1, the hump is reach for 700 Hz. For a Mach
number of 0.79 (270 m/s), the hump is reached for 5.3 kHz.
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Fig. 5. Frequency-weighted power spectral density (PSD) measured for
36 m/s and 270 m/s mainstream velocities.

The factor between the two Mach number is aso obtained
between the two hump frequencies. Ongoing work on the
electronics aims at widening the bandwidth of the sensor to
capture the complete high-speed turbulent spectrum.

Overall, the wind tunnel experiments demonstrated
that the high temperature gradient micro-sensor is suitable for
turbulence measurements in high-speed flows for aerodynamic
aplications.

IV. CONCLUSION

In this paper, we discussed the results obtained with a high
temperature gradient MEMS sensor for airflow measurements
in highly turbulent flows. We presented the original design of
the suspended micro-wire thermal structure that demonstrated
high sensitivity, with a high variation of temperature for low
power, and high robustness in wind tunnel experiments.
Experiments were performed in low-speed and high-speed
subsonic wind tunnels.

The results demonstrated the ability of the MEMS sensor to
perform time-averaged and fluctuating wall shear stress
measurements up to 150 Pa, corresponding to Mach-0.8-
turbulent flows with mainstream velocity of 270 m/s, mean
velocity of cruise airliner flights. The presented results thereby
show the value of the MEMS sensor for aerodynamic
applications.

Further work will focus on increasing the sensor sensitivity
to small spatial and temporal turbulent scales for testing its
response in transonic and supersonic flows.
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