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The static calibration of two MEMS calorimetric shear-stress sensors is performed. In a first step, a
calibration range of 7,, = £2Pa is obtained in a two-dimensional channel-flow facility. The long-term
repeatability of the sensors output, over a two-weeks period, is shown to be very good, with a standard
deviation of less than 1% of the mean. In a second step, the sensors are calibrated in a large subsonic
wind tunnel up to a velocity of 100 m/s, which corresponds to a range of t,, = £14 Pa of wall shear-stress
that is closer to realistic values in low-speed aerodynamic flows. A method to measure the frequency
response of the calorimetric sensors is also proposed. At an average wall shear-stress of 7, = 1Pa, the
sensors exhibit a cut-off frequency of approximately 1 kHz. Finally, the strong influence of the inter-beam
distance on the static and dynamic characteristics of calorimetric sensors is demonstrated.’

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The friction stress caused by the flow of air over a solid sur-
face is a fundamental parameter in aerodynamics. Beside being
related to the total friction drag and hence to the performance of
aerial and terrestrial vehicles, the local value of the wall shear-
stress is a signature of flow physics occurring near the surface
(e.g. laminar/turbulent transition, flow separation). Over the years,
many types of shear-stress measurement devices have therefore
been investigated, for example direct force sensors [1], indirect
pressure sensors [2], or optical sensing of the deflection of micro-
pillars [3]. Notwithstanding these developments, in practice the
wall shear-stress on aerodynamic surfaces is still mainly measured
with thermal sensors like near-wall hot wires [4]| or more com-
monly hot-film sensors [5]. The main advantage of the hot film is its
ruggedness compared to the hot wire. However, both types of sen-
sors are insensitive to the flow direction, which can be a drawback
when the detection of flow separation is required.

Recently, the authors introduced a new MEMS calorimetric
shear-stress sensor for aerodynamic applications [6]. Contrary to
hot wires or hot films, calorimetric sensors have the advantage of
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measuring the direction of the wall shear stress as well as its ampli-
tude. On the other hand, the main drawback of calorimetric sensors
is that their output is non monotonic, which implies that their range
isnecessarily limited [6,7].In [6] the sensor prototype was tested up
to a wall shear-stress of t,, = 1.2 Pa. This is insufficient for most
aerodynamic applications where the wall shear-stress can be of the
order of tens of Pascal or even much more when the flow speed is
increased. Furthermore, in addition to mean-flow measurements,
shear-stress sensors can be used to measure the fluctuations of the
wall shear-stress on the surface. This is particularly important when
the flow state transitions from laminar to turbulent, or when the
flow is fully turbulent [8]. Because turbulent fluctuations have a
wide range of scales, this implies that the frequency response of
the sensors must be characterized [9].

In this article we address these issues by first demonstrating the
usefulness of the new MEMS calorimetric sensor in a larger range
of wall shear-stress compared to [6] and second, by proposing a
method to measure its frequency response when subjected to a
fully turbulent flow.

2. Sensor design

Fig. 1 shows a sketch of our MEMS shear-stress sensor. Three
horizontal beams are suspended over a small cavity. The mid-
dle beam, called the heater, is heated by an electrical current
and the two side beams, called detectors, are used as resistance
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Fig. 1. Sketch of the MEMS calorimetric sensor (side view) [6].

thermometers. The flow of air over the heater generates a hot
wake towards the downstream detector, whose resistance tends
to increase compared to the upstream detector. The difference in
electrical resistance between the two detectors is thus a measure of
the wall shear-stress 1, just upstream of the cavity. The sensor can
be categorized as a calorimetric sensor since it essentially detects
the asymmetry of the temperature profile around a heated element
[7]. As explained in [6] the main advantage of calorimetric sensors
compared to anemometric sensors like hot wires or hot films is
that the former are direction sensitive, which means that they can
detect the sign of the wall shear-stress as well as its magnitude.

Two new sensor prototypes were manufactured at IES-
Montpellier using classical micro-fabrication techniques [6,10]. In
both prototypes, the height of the cavity is h. =400 wm, its width
is we = 1700pm, and its length is I- =2000 p.m. The 0.8 wm thick
beams are all made of a 500 nm layer of SiNx and a 300 nm layer of
Pt. In between, a Cr,03 or Ta;05 adhesion-promoting layer is used
[11]. In both prototypes, the width of the heater is wy = 50 wm.
The differences between the two prototypes consist in the width
wy of the detectors and in the inter-beam distance d between heater
and detectors. For prototype 1,w; = 10 pmand d = 10 wm, whereas
for prototype 2, wy = 5 um and d=5 pm. In addition, prototype 2
features three SiNx support bridges between the heater and the
detectors, in order to increase its mechanical resistance to the flow
and to improve the flatness of the 3-beams system. Indeed, early
testing with a third prototype with I. =2000 pwm, wg = 5 wm and no
support bridge demonstrated poor results because of the flexibil-
ity of the detectors. Fig. 2 shows a Scanning Electron Microscope
(SEM) image of prototype 2 and Fig. 3 shows a zoom on one of the
SiNx support bridges, which have a width of 10 wm. SEM images of
prototype 1 are available in [6].

Both MEMS sensors were packaged on a 16-connector metal-
lic support and bonded with aluminum wires. The support was
itself secured on a machined plastic plug that can be inserted
in a wind tunnel flush to a test surface (Fig. 4). For functional
investigations, a dedicated electronic circuit was designed. It con-
sists in a custom-built, constant-temperature anemometer (CTA)
circuit for the heater and in a Wheatstone bridge for the detec-
tors. The CTA circuit maintains the heater at an overheat ratio
of ay =(Ry, —R4)/Rg=0.7 (AT=T;, — T, =~ 185°C), while the detectors
are fed with a constant current of 2mA for prototype 1 (wy =
10 wm) and 1 maA for prototype 2 (wg = 5 m). In these relations
the subscript h refers to the heater temperature and the sub-
script a to the air temperature. Note that the cold resistance of the
heater is around 30 €2 and that of the detectors is roughly 130 2
(wg = 10 pm, prototype 1) and 280 2 (wy = 10 wm, prototype 2),
respectively. The electronic circuit features two outputs: the calori-
metric output Eg4e. is proportional to the difference in the electrical
resistance of the two detectors while the anemometric output Ect,
is the output voltage of the CTA circuit. The latter output is useful
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Fig. 2. SEM image of prototype 2.
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Fig. 3. SEM image of prototype 2, zoom on one support bridge.

because the heater wire can also be used as arelatively wide surface
hot wire [4].

3. Static calibration

The two sensor prototypes were first calibrated at ETS-Montréal
in the two-dimensional channel flow facility pictured in Fig. 5. The
channel has a length of 1.6 m, a height of 15mm, and an aspect
ratio of 11. The wall shear-stress in the channel is obtained from
the measurement of the pressure gradient along its length, which
gives a value within a few percent of what would be obtained with
the more accurate technique of oil-film interferometry [12]. The
maximum wall shear-stress achieved in the channel is 7, = 2Pa
and the flow is fully turbulent for t,, > 0.1 Pa. For measurements
of negative shear-stress, the sensor is rotated by 180°. Thus, the
complete calibration range of the calorimetric sensor in the channel
is Tw = +2 Pa. While this range of wall shear-stress is still relatively
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Fig. 4. MEMS sensor mounted in its plastic plug.
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Fig. 5. ETS channel-flow facility.
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Fig. 6. Calibration curves in the range £2 Pa. Blue curves: Ege, red curve: Ec,. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

limited for aerodynamic measurements, the channel-flow facility
has the advantage of being inexpensive to use, which has enabled
an investigation of the variability of the results, as will be discussed
below.

Fig. 6 shows examples of the calibration curves obtained for the
two sensor prototypes. The blue curves represent the calorimet-
ric outputs Ege, Which are a measure of the difference in electrical
resistance of the two detectors. The red curve shows the anemo-
metric output Ec;, which is almost identical for the two sensors
since the dimensions of the central beams are the same. As already
mentioned above, E.; can be interpreted as the response of a
surface hot wire since the heater is essentially a CTA-operated
anemometric sensor. It can be seen in Fig. 6 that the E4q; curves
are approximately anti-symmetric, whereas the E.¢; curve is sym-

Hot film

Fig. 7. Test section of the subsonic wind tunnel at ECL-LMFA.

metric withrespect to the y axis. This illustrates the main advantage
of calorimetric sensors compared to anemometric sensors, namely
their sensitivity to the flow direction. The Eg4er and Ectz curves are
both non linear, which is expected for anemometric as well as
calorimetric sensors [7]. However, in the 1, = +2Pa range, the
calorimetric output for both prototypes appears to be more sen-
sitive than the anemometric output since the slope of both blue
curves is everywhere larger than that of the red curve. Finally,
the calorimetric sensor with d =10 pm (prototype 1) appears to be
more sensitive than the sensor with d =5 pm (prototype 2). This is
expected since it was showed in [6] that for relatively low values
of Ty, the sensitivity of calorimetric shear-stress sensors increases
with the inter-beam distance d.

Calibrations experiments similar to those shown in Fig. 6 were
repeated for a total of twenty times over a two-weeks period
with prototype 1. In some instances, the sensor was removed and
reinstalled in the channel flow facility. The electronic circuit was
also disconnected and reconnected between some tests. The stan-
dard deviation of the output voltage calculated over the 20 repeat
runs was always less than 1% of its mean value in the t,, = £2Pa
range, which demonstrates a very good repeatability of the sensor.
Previous characterization experiments showed that the electrical
resistance of the heater and detectors is stable within 0.01% [11].

The two sensor prototypes were also calibrated in the main sub-
sonic wind tunnel of the Centre Acoustique at Ecole Centrale de
Lyon (ECL-LMFA) in France. In this facility, the flow is generated
by a 850 kW Howden double-stage centrifugal blower delivering
a nominal mass flow rate of 23 kg/s. Air passes through a settling
chamber as well as through a honeycomb and several wire meshes
designed to reduce free-stream turbulence. Acoustic treatment on
the wind-tunnel walls and baffled silencers allow flow noise levels
and contamination of the acoustic measurements performed in the
anechoic chamber to be kept to a minimum. This results in an air
flow at ambient temperature with a low background noise and low
residual turbulence intensity, less than 0.5%. As shown in Fig. 7, the
flow is finally guided into a large anechoic room of 10 m x 8 m x 8 m
by a rectangular nozzle with a cross-section of 0.4 m by 0.3 m over
a flat plate measuring 1.2 m in streamwise direction and 0.6 m in
spanwise direction.

The MEMS calorimetric sensors were successively mounted on
the centerline of the flat plate at a distance of 280 mm from the noz-
zle exit. The wall shear-stress on the plate was measured using a
hot film and a Preston tube [ 13], each mounted at the same stream-
wise location but at £60 mm on each side of the centerline (see
Fig. 7). For some runs, an obstacle-wire sensor [14] was used in
place of the Preston tube. Finally, the measured values of 7,, were
verified through the use of Clauser’s method on boundary-layer
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Fig. 8. Calibration curves in the range 414 Pa. Blue curves: Eqe, red curve: Ec,. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

velocity profiles measured with a hot-wire anemometer [13]. The
maximum potential velocity of 100 m/s at the nozzle exit resulted
in a maximum wall shear-stress of approximately 14 Pa at the sen-
sor’s position, thus increasing the calibration range by more than
an order of magnitude compared to [6]. Based on a comparison
between the different techniques that were used, the uncertainty
in 7y, is estimated at +5% in the wind tunnel. Note that here also,
the sensor was rotated by 180° for measurements of negative shear-
stress.

The calibration curves obtained in the subsonic wind tunnel are
shown in Fig. 8. Generally speaking, the shape of the curves is con-
sistent with those obtained in the calibration channel (Fig. 6). A
noteworthy point is that the sensitivity of the calorimetric output
clearly decreases with increasing wall shear-stress, as demon-
strated by the decreasing character of the slope of both Eg4e curves.
For prototype 1 (d=10 pwm), the calorimetric output even features
a maximum at 7, = 7 Pa. Therefore, when the calorimetric output
reaches this maximum, the wall shear-stress becomes undefined.
This clearly shows that calorimetric sensors have a maximum range
of wall shear-stress above which their output becomes ambiguous.
As shown in [6] with simulations and experiments, this maximum
range strongly depends on the inter-beam distance d: a smaller
value of d implies a larger range. This is confirmed by the data
of Fig. 8. For prototype 1 (d=10 wm), the range is approximately
7 Pa but for prototype 2 (d=5 pm), the range is larger than 14 Pa
since the calorimetric output continues to increase at the edge
of the domain. The inter-beam distance d thus appears to be a
fundamental design parameter that affects both the range and sen-
sitivity of calorimetric shear-stress sensors. Furthermore, the range
of our prototype 2 (d=5wm) appears to be well suited for wall
shear-stress measurements in aerodynamic flows up to 100 m/s. To
the author’s knowledge, such a large measurement range as never
been achieved with a calorimetric shear-stress sensor before. This
is essentially due to the smaller value of our inter-beam distance
compared to typical sensors designed for mass-flow measurements

[7].

4. Dynamic calibration

We now turn our attention to the dynamic behavior of the
new MEMS sensors. When measurements of the fluctuating wall
shear-stress under transitional or turbulent boundary layers are
performed, the frequency response of sensors is fundamental for
a correct interpretation of the results. For near-wall hot wires, the
frequency response can generally be obtained using an electrical
square-wave or sine-wave test, as with conventional hot wires [4].

Ea V)
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Fig. 9. CTA square-wave test, 7, = 1Pa.

For hot films, the interpretation of electrical tests is complicated
by the thermal conduction towards the substrate and no reliable
method currently exists [15,16]. In the case of calorimetric sensors,
the authors are not aware of any existing theory either. The thermal
problem is fairly complicated, since both conduction and convec-
tion of heat in the upstream and downstream directions need to
be taken into account. Several one-dimensional models have been
developed for calorimetric mass-flow sensors (e.g. [17-19]), but
none is directly applicable to the current design.

In the present work we tackle the problem purely experimen-
tally by using the output of the heater wire when the sensor is
placed in a fully turbulent flow. As mentioned above, the heater
is essentially a CTA-operated near-wall hot wire that produces a
fluctuating output voltage under turbulent conditions. This means
that the spectral characteristics of the fluctuating wall shear-stress
- in the absence of any flow reversal - can be measured using
the anemometric output. Furthermore, the cut-off frequency of the
CTA can be obtained from a classical electrical square-wave test,
and is typically of the order of a few tens of kHz [15]. Thus, by
comparing the spectral characteristics of the calorimetric output
with that of the anemometric output, the frequency response of
the calorimetric output can be experimentally obtained.

Fig. 9 shows the square-wave response of the anemometric
output E., at an average wall shear-stress of T, = 1Pa. This was
measured in the ETS two-dimensional channel flow facility (Fig. 5).
The response was obtained by injecting a 1kHz, 0.2 mA square-
wave current signal into the diagonal of the Wheatstone bridge in
the CTA circuit [20]. The width At~30 s of the pulses indicates a
cut-off frequency fr = 1/1.3 At~ 25 kHz according to Freymuth'’s cri-
terion[15,20]. Thus, the spectral characteristics of the anemometric
output are expected to be accurate up to this cut-off frequency. Note
that the small asymmetry between the positive and negative pulses
are most likely caused by non-linear effects and do not affect our
conclusion [21].

Fig. 10 shows the power spectral density (PSD) of the fluctuat-
ing wall shear-stress t;, measured with both the anemometric and
calorimetric outputs of prototype 1 (d=10 wm), respectively. The
data was again obtained at 7, = 1 Pa but this time in the absence
of any square-wave electrical input. The time traces of tj, were
computed from the respective output voltages Ect, and Ege; by fit-
ting a fourth-order polynomial function to the calibration curves
reported in Fig. 6, and by removing their respective mean value. The
PSDs were computed using Welch’s modified periodogram method
using 256 averaging windows [22]. The time traces were measured
for 180 s under fully turbulent flow conditions and the spectra were
scaled to match the amplitudes at low frequency. It can be seen that
the PSD of (ty,) 4 faithfully follows that of (t},)., up to approxi-
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Fig.10. PSD of fluctuating wall shear-stress measured with the anemometric output
((7}y)etar red curve) and with the calorimetric output ((7}, )4q,, blue curve), ©, = 1Pa.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 11. Frequency response of the MEMS calorimetric sensors, t,, = 1Pa.

mately 1kHz, above which the PSD of the calorimetric output is
further attenuated. Since, as verified above, the cut-off frequency
of the anemometric output is much higher than 1 kHz, we can con-
clude that the difference in the two PSDs is caused by the natural
roll-off of the calorimetric output. Therefore, by dividing the two
PSDs, the frequency response of the calorimetric output can be
obtained.

The frequency response of both calorimetric MEMS sensors,
measured using the above-described procedure and expressed in
dB, is shown in Fig. 11. For both sensors the response is essentially
flat until approximately 300 Hz, after which it starts to decrease.
The decrease is more pronounced for the d = 10 um sensor, with the
—3dB cut-off at 800 Hz. For the d =5 pm sensor, the —3 dB cut-off is
higher, at 1300 Hz. We conclude that the frequency response of the
calorimetric sensor is lower than that of a CTA-operated near-wall
hot wire. Nevertheless, at this value of the average wall shear-stress
(tw = 1 Pa), the cut-off frequency improves when the inter-beam
distance d decreases.

Sheplak et al. [23] suggested a required frequency response of
10kHz for shear-stress sensors used in turbulence research. This
is about an order of magnitude higher than what can be achieved
with the current prototypes and it remains to be seen if such a
frequency response could be attained by further reducing the inter-
beam distance and optimizing the sensor dimensions. Furthermore,
it should be mentioned that the current sensor dimensions are
not adapted for the measurement of small-scale, near-wall tur-

bulent fluctuations. At the maximum wall shear-stress attained in
the wind tunnel (7, = 14 Pa), the viscous length scale is I, ~4 pm,
which is much smaller than the length of the beams and the height
of the cavity. Nevertheless, the current prototypes, with their fre-
quency response of approximately 1kHz, are still quite useful for
aerodynamic applications which do not necessarily require the
accurate measurements of high-frequency turbulent fluctuations.
These prototypes were for example used in [24] to investigate the
low-frequency contraction and expansion of a turbulent separated
flow.

5. Conclusion

The static and dynamic calibration of two MEMS calorimetric
wall shear-stress sensors was performed. The sensors are made of
three parallel beams mounted over a cavity, perpendicular to the
flow direction. The central beam is maintained at a constant tem-
perature while the electrical resistance of the two side detectors is
measured and compared. The output voltage of the CTA circuit is
referred to as the anemometric output while the difference in elec-
trical resistance of the detectors is referred to as the calorimetric
output.

The static calibration was first performed in a two-dimensional
channel-flow facility for a range of t,, = +-2 Pa and second on a flat
plate in a subsonic wind tunnel for a range of t, = +14Pa. The
inter-beam distance d between the heater and the detectors was
shown to have a strong influence on the sensor’s sensitivity and
its measurement range, as already shown in a previous publica-
tion [6]. With an inter-beam distance of d =10 wm, a measurement
range of 7 Pa was achieved, whereas with an inter-beam distance
of d=5 wm, the measurement range exceeded 14 Pa. The repeata-
bility of the sensor output over a 2-weeks period was shown to be
very good, with a standard deviation of less than 1% of the mean.

A method to measure the frequency response of the calorimetric
sensors was also proposed. It consists in measuring the cut-off fre-
quency of the CTA-operated heater wire and comparing the spectral
characteristics of both the anemometric and calorimetric outputs.
For an average wall shear-stress of 7, = 1Pa, the d=10 pm sensor
was shown to have a cut-off frequency of approximately 800 Hz
while the d =5 pm sensor has a higher cut-off frequency of 1300 Hz.
Further work is still required in order to investigate the variation
of the frequency response with the average wall shear-stress.
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