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Abstract

®

CrossMark

Two piezoelectric series bimorph sensors were embedded below the skin of a NACA 0012
symmetrical airfoil to detect the local state of the boundary layer during wind tunnel testing.
Small vanes piercing the airfoil skin were glued onto the bimorphs providing a mechanical
coupling to the local mechanical force fluctuations imparted by the local unsteady boundary
layer flow. The state of the boundary layer at the sensor sites was varied by changing the angle
of attack. The objective of this work was to establish the ability of this sensor concept to
accurately distinguish among typical boundary layer states such as attached laminar flow,
turbulent flow and separated flow. The output of the sensor was compared to concurrent
time-resolved particle image velocimetry measurements, which served as a validation
technique. Using the developed sensor response envelope, a single data point time series of the
piezo electrical signal was proven to be sufficient to accurately detect the boundary layer state
on classical airfoils in the low Reynolds number regime. In projected future applications, single
or arrays of bimorph sensors can be used to map the boundary layer of more complex or
morphing shape airfoils. The fast response of the sensor can in principle be utilised in
closed-loop flow control systems, aimed at drag reduction or lift enhancement.

Keywords: piezoelectricity, laminar-to-turbulent transition, separation, wind tunnel experiments,

particle image velocimetry

(Some figures may appear in colour only in the online journal)

1. Introduction

The boundary layer plays an important role in the lift-to-drag
ratio of airfoils, through the coupling of viscous and invis-
cid mechanisms. Typically, boundary layers can be classified
as either laminar, which can be described as organised flow
containing non-intersecting smoothly developing and predict-
able paths, or turbulent, which can be described as an almost
random chaotic flow. The region in between the two states,
where laminar flow changes into turbulent flow, is governed by
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the so-called laminar-to-turbulent transition process, typically
(but not exclusively) governed by the emergence and growth of
shear layer instabilities. Laminar or turbulent, boundary layers
can experience so-called detachment or separation. Then they
are unable to follow the shape of the aerodynamic surface, cre-
ating large recirculating areas.

A major difference between laminar, turbulent and separ-
ated flow is the drag generated which increases continuously
when going from laminar to turbulent to fully separated [1-3].
Here, turbulent flow increases skin friction drag compared to
laminar flow, while separated flow increases the total pres-
sure drag acting on the airfoil. In most aerodynamic applic-
ations, a high lift-to-drag ratio is desirable, as it leads to a
higher aerodynamic efficiency. One way of increasing the lift-
to-drag ratio of airfoils is to postpone transition and separation
and to bring their locations as far downstream on the wing as
possible. This can be achieved by passive means such as airfoil

© 2021 The Author(s). Published by IOP Publishing Ltd
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shape optimization [4] or by active means such as applying
a feedback loop to an overactuated morphing aircraft wing,
or by operating micro-actuator devices such as jet or plasma
actuators [5-8].

In case of active flow control techniques, proper perform-
ance of such a feedback loop requires a measurement device
that is able to locally detect the state of the boundary layer
in real-time. The intrinsic differences between the boundary
layer states include the shear stress at the skin of the air-
foil, the heat transfer between the air and the skin, and the
increased high frequency pressure fluctuations [1]. Given these
differences, various measurement techniques to be used in
wind tunnel testing have been developed to determine the local
state of the flow around the airfoil, such as pressure or sound
transducers [9-11], hot film sensors [12—15], infrared radi-
ation (IR) thermography [16-18], and shear stress measure-
ments [19-22]. Pressure or sound transducers either meas-
ure the absolute pressure occurring at discrete locations on
an airfoil, or rely on dynamic pressure fluctuations. Typical
drawbacks of such measurements are the complication when
multiple aerodynamic phenomena, such as transition and sep-
aration, coincide, as they provide similar pressure signatures.
Hot film sensors and IR thermography rely on the fact that
turbulent flow has a higher heat transfer capacity compared to
laminar flow. Drawbacks of these measurements are the long
minimal measurement time required and the need for active
heating. Using shear stress measurements laminar, turbulent
and separated flow can be measured as they all cause different
magnitudes of shear stress to occur acting on the airfoil. The
challenge here is the extremely low magnitude of the stresses
to be measured as well as the reliance on delicate and damage-
prone hot-film sensors [21, 22].

A promising and robust alternative sensor material which is
capable of detecting dynamic pressure fluctuations are piezo-
electric materials. These materials directly generate an electric
signal as response to a dynamic mechanical stress [23]. While
they experience the same drawbacks as other pressure based
sensors, their high frequency bandwidth can be used to dis-
tinguish among various aerodynamic phenomena. Although
their generated output voltage is generally rather low, specific
mechanical boundary conditions can be applied to mechan-
ically amplify the input force signal and hence, obtain signi-
ficantly enhanced output voltages. An example of such pass-
ive amplification also utilised in the present work, is the use
of a so-called bimorph, which in essence is a piezoelectric
element clamped on one end, while the mechanical force is
applied to the other end. Using this method, the output voltage
and signal-to-noise ratio can be increased by an order of mag-
nitude, while the (undesirable) pyroelectric contribution is
supressed [24].

While we here target a specific application, piezoelec-
tric materials are not uncommon for use in wind-driven
applications. Typical examples are flags or inverted flags for
energy harvesting applications [25, 26], or the use of a piezo-
electric bimorph as flow rate sensor [27]. Another example
more applicable to the application envisioned in this paper
demonstrates the use of piezoelectric bimorphs for measuring
low shear stresses in typical fluid flow [20]. In that set-up two

piezoelectric bimorphs were mounted in parallel, with their tip
connected to a rigid plate of a few square centimetres area. By
applying a force parallel to the plate, pressure fluctuation val-
ues as low as one Pascal were measured, which is well within
range of shear stresses typically found in boundary layers.
Other research in this field involved the use of a piezoelec-
tric composite bimorph of about 72 by 26 mm surface area,
flush mounted on a flat plate acting both as a sensor and actu-
ator [28]. While in sensor mode, the bimorph produced similar
results to microphone sensors mounted on the same flat plate
when tested in a wind tunnel.

While the first efforts in using piezoelectric bimorphs as
flow sensors have shown promising results, such bimorphs
would be used more optimally in case they were capable of
detecting the large variety of boundary layer states. To date,
no systematic effort has been spent on establishing these cap-
abilities, neither for nominal (e.g. flat plate) nor more real-
istic aerodynamic geometries (e.g. airfoils). Considering an
airfoil, the entire range of boundary layer states such as lam-
inar, turbulent separating or attached can appear depending on
the Reynolds number, angle of attack and shape of the airfoil.
An effective sensor needs not only to locally detect flow fluctu-
ations present in each of these states, but must be also coupled
to an informed interpretation algorithm able to distinguish per-
tinent flow features.

In the present work we set the first step towards the gener-
alisation of these piezoelectric bimorph sensors by conducting
the first systematic study of their response to several boundary
layer states developing on a typical airfoil. The aim of the work
is not to develop a holistic sensing strategy (i.e. sensors, sensor
placement, algorithms and implementations), rather to recon-
cile the output signal from an installed sensor to the incoming
boundary layer. This forms the first step in characterising the
envelop of this sensor and provides physical insights into the
interpretation of the signals.

Two piezoelectric series bimorph sensors, including amp-
lifiers, are installed within a NACA 0012 symmetrical airfoil
commonly used in laminar and flow control studies [29, 30].
The piezoelectric sensors are located under the skin of the air-
foil, and are attached to a vane piercing the skin to detect flow
fluctuations or perturbations in the boundary layer. One sensor
is located near the leading edge, while the other sensor is closer
to the trailing edge. The local boundary state at each sensor
was varied by systematically varying the angle of attack. Con-
current time-resolved particle image velocimetry (PIV) meas-
urements performed on the same setup are used as validation
technique. We show that a single data point obtained from
the piezoelectric sensor is sufficient to define the state of the
boundary layer.

2. Method

2.1. Piezoelectric sensors

Our in-house knowledge of piezoelectric materials enabled us
to design our own piezoelectric bimorphs, providing excel-
lent control over layer thicknesses, materials and poling con-
ditions [31-36]. The procedure followed is typically used in
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10.0 mm
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/0 mm

Carbon
electrode

Pernifer 45 Ep0x3>/I\fi-balls Piezoelectric
substrate bond PZT-5A4

Figure 1. Layup and dimensions of the piezoelectric bimorph. The
arrows in the PZT-5A4 plates indicate the poling direction which
have to be pointed in opposite direction of each other.

industry to manufacture piezoelectric bimorphs. First, com-
mercially produced piezoelectric PZT-5A4 plates with a size
of 74 x 45 x 0.25 mm and silver electrodes on both sides were
poled at 150 °C under a2 kV mm~! DC electric field for 5 min.
After poling, two PZT-5A4 plates were bonded to either side of
a Pernifer 45 substrate using epoxy (Epotek epoxy 302-3 M,
Epoxy Technology Inc.) containing 5 wt% Ni-balls with a dia-
meter of about 10 ym. The Ni-balls make the bond conductive,
electrically connecting one of each of the PZT-5A4 electrodes
to the conductive Pernifer 45 substrate. Both PZT-5A4 plates
were bonded in such a way that the poling directions were
opposing each other, meaning that both poling directions were
either pointing towards, or away from, the Pernifer 45 sub-
strate. This is critically important for a series bimorph to work,
because this cancels the pyroelectric effect and adds, instead
of subtracts, the voltages generated by the piezoelectric effect
[23]. After bonding, the two free electrodes on the PZT-5A4
were covered in carbon paste, acting as a protective electrically
conductive coating. Finally, the sandwich structure was sawed
using a diamond blade to the desired size of 3 by 10 mm. This
size was chosen in order to achieve a high enough resonance
frequency, which in this case was measured to be nearly 3 kHz
(this is including the mechanical constrains introduced by the
enclosure discussed in the next paragraph). This way, because
turbulent flow inherently possesses kHz vibrations while lam-
inar flow does not, turbulent flow will amplify the natural fre-
quency of the bimorph. The layup described in this paragraph
is visualized in figure 1. The capacitance and dielectric loss
were measured at 1 kHz and 1 V with an Agilent 4263B LCR
meter (Santa Clara, CA, USA), and were found to be 900 pF
and 0.02, respectively.

Using a 3D printer (Ultimaker 3, Ultimaker B.V., Utrecht,
The Netherlands), a polylactic acid (PLA) enclosure was 3D
printed to house the piezoelectric bimorph. About 2 mm of the
piezoelectric bimorph length was clamped in one of the walls
of the enclosure, leaving a free length of 8§ mm. On the free end
of the piezoelectric bimorph, a 3D printed PLA vane was glued
using cyanoacrylate adhesive. This vane was installed such to
protrude through an opportune opening in the skin of the airfoil
to mechanically couple the external flow to the piezoelectric
bimorph. The vane reached a height of about 1.7 mm above
the airfoil skin, and had a width of 6.0 mm. We purposely
tailored the height of the vane to be this large in order to cover
at least the entire (expected) boundary layer thickness. The
width of the vane was also chosen to be relatively large in order

x = direction of the chord (and firee stream)
y = direction of the airfoil span
z = direction normal to the chord

6.0mm rl.0 mm

17 mm] Vane
Airfoil skin
Z
\ﬁ i
. | y PLA enclosure
Piezoelectric
0.5 mm-—»—=— bimorph

Free stream

direction

z
yI—»x

Figure 2. Schematic representation of the piezoelectric bimorph
inside a PLA enclosure mounted underneath the airfoil skin. The
vane is piercing the skin to transfer the oscillations originating from
the boundary layer to the piezoelectric bimorph.

to increase the force acting on the bimorph, thereby increas-
ing the signal-to-noise ratio. However, these dimensions used
here are most likely on the large side, and future experiments
are required to find optimal dimensions. Besides the width and
height of the vane, the other dimensions were chosen taking
into account the dimensions of the airfoil and the spaces left
for mounting them. Rounded edges were introduced to limit
strong disturbances in the surrounding flow. A schematic rep-
resentation of the piezoelectric bimorph including the vane
inside the enclosure is given in figure 2.

An ultra-low input current CMOS amplifier was directly
connected to both carbon electrodes of the piezoelectric
bimorph, providing a resistive load of 100 M2. The amplifier
copies the voltage obtained from the piezoelectric bimorph,
amplifies it, and drives a data acquisition unit without signal
loss due to wiring and circuit load. To minimise environmental
noise, the wires between the piezoelectric bimorph and amp-
lifier were kept as short as possible. The amplifiers send the
analogue signal to a data acquisition unit, which converts it
to a digital signal, at a sampling frequency of 40 kHz. The
used data acquisition hardware has a built in anti-aliasing fil-
ter which requires one to measure about ten times higher than
the highest desired frequency to measure. We were therefore
able to measure accurately up to 4 kHz.

A NACA 0012 airfoil with a chord length of 200 mm and
a span of 400 mm was used for the characterisation of two
separate sensors. We chose to go for two sensors in order to
have one measuring a transition without a laminar separation
bubble (LSB), which on a NACA 0012 airfoil typically occurs
near the LE, and one measuring a transition with LSB, which
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PIV field of view

PIV field of view

| '
_______________ 2

LE sensor NACA0012

TE sensor

200 mm

TE sensor LE sensor
. 45 mm 45 mm, /

400 mm

Figure 3. Schematic representation of the locations of the
piezoelectric sensor located near the LE and the TE of the airfoil.
The top image shows the side view with the chordwise locations,
including a representation of the respective PIV fields of view, while
the bottom image shows the view from the LE with the spanwise
locations.

typically occurs near the TE. These positions are shown in
figure 3. To prevent the turbulent wedge created by the LE
sensor to influence the measurements taken by the TE sensor,
the two sensors were positioned 45 mm on either side of the
mid-span of the airfoil.

It must be noted that, although the manufacturing was per-
formed as accurately as possible, the actual dimensions of
the piezoelectric bimorph and PLA enclosure can vary from
sensor to sensor. This in turn can have an influence on the res-
onance frequency and sensor sensitivity. However, the primary
objective of the sensor is to infer the state of the local boundary
layer in its vicinity. As will be shown in subsequent sections,
this can be performed in a relativistic manner, meaning that
the exact values of the resonance frequency and sensor sens-
itivity are not crucial. The amplitude will be extracted from a
range of frequencies, and hence, as long as the resonance fre-
quency stays within the respective range, the exact value is not
important. In addition, we do not require an exact amplitude
measurement, as we only compare relative values. As such,
a detailed uncertainty evaluation of the sensor is not deemed
necessary for boundary layer state estimation.

2.2. Experimental setup

The wind tunnel experiments were performed in the A-Tunnel,
at the Low Speed Laboratory of the Delft University of Tech-
nology. The A-Tunnel is a low turbulence tunnel with a turbu-
lence intensity of below 0.1% and interchangeable exit nozzles
[37]. For the present study, an open-jet exit nozzle with a cross
section of 600 by 400 mm was used, allowing a maximum
free stream velocity of about 35 m s~!. The NACA 0012 air-
foil was positioned in the midplane, approximately 200 mm
from the exit nozzle. To ensure spanwise invariant conditions,
flat side plates of 600 mm width and 1000 mm length were
used. During the experiments this free stream velocity was
monitored using a pitot-static tube located upstream of the air-
foil. For the experiments reported here, the tunnel was oper-
ated at 12.5 m s~!, corresponding to a chord Reynolds num-
ber of 165 - 10°. The Reynolds number was calculated using a

kinematic viscosity, v, of 1.5111 - 107> m? s~!, and a charac-
teristic length, L, of 200 mm, equal to the chord length of the
airfoil. The airfoil angle of attack was digitally controlled and
set using an automatic rotation table with a positional resolu-
tion of 0.1°. Furthermore, the boundary layer on the pressure
side of the airfoil was tripped to turbulence using a zigzag tape.
This eliminates any possible influence of pressure side separ-
ation on the suction side developing flow.

Time-resolved two-component planar PIV measurements
were performed for the characterization of the boundary
layer in the vicinity of the sensor. A Photron SA1.1 with a
1024 x 1024 pixel CMOS sensor was equipped with a 105 mm
macro objective, set at aperture number of 5.6. A Quantronix
Darwin Duo Nd: YLF high speed laser (30 mJ per pulse) was
used in conjunction with a set of spherical and cylindrical
objectives to form a laser light sheet of approximately 1 mm
thickness. The laser sheet was aligned to the x—z plane and
was positioned such as to intersect the mid of the piezoelectric
sensor vane. Pairs of images were captured at 6 kHz sampling
rate, over a total measurement time of about 1 s. Inter-pair
time separation was set to 60 us, resulting in average particle
displacement of approximately 14 pixels in the freestream.
The flow was seeded with theatrical smoke produced using
an atomised water-glycol mixture, resulting in tracer particles
of about 1 um diameter. Synchronisation of camera and laser
as well as image acquisition was performed using LaVision
Davis software.

The flow developing in the vicinity of the LE and TE sensor
was imaged independently. A field of view of approximately
90 x 45 mm was imaged, with a magnification factor of
approximately 0.08. Particle image pairs were processed using
multi-pass correlation algorithms in Lavision Davis 10 soft-
ware. A final interrogation window of 16 x 16 pixels and 75%
overlap was used, producing a final vector spacing of 88 pm.
The random error in the instantaneous velocity fields is estim-
ated to be less than 1% [38].

Using the PIV data, two boundary layer thicknesses were
calculated being the displacement thickness, 6 , and the
momentum thickness, 8 [1, 2]. These thickness can be calcu-
lated using:

Ymax

5*/(1”‘3)@ 1)

0
”(y)) dy. 2)

Uoo

Uoo
0

In here, ymax is the value of y where the local external (i.e.
outside the boundary layer) velocity (#oo = (Y = Ymax)) 1S
reached, and u(y) is the boundary layer velocity in the x-
direction.

2.3. Test cases

Prior to the PIV measurements, the output of both piezoelec-
tric sensors was measured over a time period of 10 s in static
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Table 1. Imposed angles of attack for the concurrent PIV and
piezoelectric sensor measurements.

LE sensor TE sensor
Angle of attack, «, (°) 1 1
4 2
6 3
6.5 4
7 5
7.5 6
8 13
8.5 16
9
13
16

conditions (i.e. at a constant freestream velocity and angle of
attack). These measurements were taken at angles of attack
from 0° to 18°, with a step size of 0.5°. The measured data
was analysed in Fourier space using Welch’s method, splitting
the data into 20 segments with a 50% overlap [39]. The power
spectral density (PSD) of the signal is calculated at discrete
frequencies with a resolution of 20000 data points. The PSD
is further scaled by the equivalent noise bandwidth of each
window in order to arrive at an estimate of spectral power at
each frequency (given in dB).

The PIV measurements were performed on one of the two
piezoelectric sensors at a time to achieve higher spatial resolu-
tion. Concurrent with each PIV measurement, the output of the
piezoelectric sensor was also measured. The angles of attack
for which PIV acquisitions were made were chosen based on
the piezoelectric data obtained earlier, such to reveal pertin-
ent features underlying the developing flow. Additional angles
with a small step size were taken in regimes of strong vari-
ations of phenomena. The imposed angles of attack for both
sensors are listed in table 1.

3. Results

3.1. Piezoelectric data

Figure 4 shows the spectral analysis of the piezoelectric sensor
measurements which were measured prior to the PIV syn-
chronized measurements. The PSD of the data is shown versus
the frequency, f, for a large range of angles of attack, o.
As earlier mentioned, the raw voltage data obtained from
the piezoelectric sensors are analysed using Welch’s method
to obtain the frequency domain results, divided into results
obtained using the LE sensor and the TE sensor. The row of
peaks just below 3 kHz occurs due to the resonance frequency
of sensor.

Figures 4(b) and (d) show the same data as in figures 4(a)
and (c) but now in the form of contour plots to easily distin-
guish among the different regimes found. Figure 4(b) shows
the measurement of the LE sensor, and shows three major
regimes of angles of attack respectively named ‘regime a’
through ‘regime c¢’. For the LE sensor, regime a extends to

LE Sensor
300 T T
(a)
—-70
175
200
{-80
2 2
2 g
5 100 -85-5'
A A
_y Y
-90
N
95
-100
N )] SRR BT TN
TE Sensor
300 T T
—-70
1-75
200
+-80
T =
22 &
3,100 =
a —85'5'
A
G &
-90
0 N
i
| -95
|
1
|
1
: -100
-100~ s S , 100 10t 10 10
10" 10* 10° 10 F[Hz]
f[Hz]

Figure 4. PSD versus frequency, f, as a function of angle of attack,
a. LE sensor data plotted as (a) separated lines and (b) contour plot.
TE sensor data plotted as (c) separated lines and (d) contour plot.
For clarity, the lines in (a) and (c) are shifted by 10 dB Hz™! per
0.5° angle of attack increase.

an « of about 8°, were relatively little activity is present. In
regime b, which occurs between about 8° and 14°, the amp-
litude over the entire range of frequencies increases, with addi-
tional sharp peaks just below 3 kHz. Finally in regime c, above
14°, only a broad range of low frequency activity is observed
below 100 Hz, while minimal activity is observed above this
frequency. Figure 4(d), providing the measurements of the
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TE sensor, reveals a similar regime distribution. The main
difference is the border between regime a and b, which in this
case lies around 4°.

In summary, figure 4 confirms the ability of the piezoelec-
tric bimorph sensor to detect a wide range of events, occur-
ring in distinctly different frequency bands. The dependence
of these frequencies on the angle of attack suggests that indeed
the sensor is activated by coherent fluctuations in the local
flow. In the following sections we will use the time-resolved
PIV measurements to identify these fluctuations as well as to
infer the local boundary layer state.

3.2. Statistical velocity fields

Figure 5 shows an overview of the velocity fields obtained
through the PIV measurements also showing the airfoil sur-
face contour and the outline of the sensor. Velocity vectors
are time averaged over the full measurement period. The con-
tours of the data points having a negative velocity in the x dir-
ection, or negative u, are marked by the blue contour line to
highlight reversed flow. The grey scale background presents
the normalized standard deviation of velocity fluctuations of
u (white background corresponds to standard deviation as for
undisturbed flow, dark background corresponds to high stand-
ard deviations as for disturbed flow).

Figure 5(a), which shows the velocity field near the LE
sensor, indicates a large wake behind the sensor vane up until
7°, which is considerably reduced at 13° angle of attack. This
happens because transition at or near the site of the sensor vane
occurs at an angle of attack around 8°. Hence, a developed tur-
bulent flow exists above this angle, which suppresses separa-
tion, enhances mixing and results in a smaller wake. At 16°,
massive flow separation (i.e. airfoil stall) occurs over the entire
airfoil. Interestingly, the effect of the vane on the upstream
flow field is rather small, indicating that the vane records the
naturally occurring flow phenomena, rather than induces arti-
ficial flow phenomena related to the presence of the vane itself.

Taking a look at figure 5(b), which shows the velocity field
near the TE sensor, a region of reversed flow upstream to the
vane is observed at 1°. This is a typical manifestation of a LSB
for this airfoil [30]. Furthermore, the LSB moves upstream
at an angle of attack of 4°. We also note the reduced wake
behind the sensor at an angle of 4° compared to the 1° case,
again indicating a turbulent flow. At higher angles this wake
increases again, up until separation happens at an angle of 16°.

4. Discussion

4.1 Boundary layer state from PIV

The state of the boundary layer can be extracted from the stat-
istical PIV measurements in various ways. First, we consider
the values of the standard deviation, o, occurring in the flow.
As shown in the previous section, the boundary layer devel-
ops a characteristic topology of velocity fluctuations near the

(a) LE Sensor
a=1°

B e L S S

x/c [-]

Figure 5. Processed PIV images with the piezoelectric sensor vane
drawn in it, showing the time averaged velocity fields over the full
measurement time, varying the angle of attack, «, of the sensor
mounted near the (a) LE and (b) TE. The red arrows show the
flowfield, the blue lines the contour of reversed flow, and the
grayscale background the normalized standard deviation.
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Figure 6. Maximum standard deviation values both the u and v
vector versus the angle of attack, o, measured near the (a) LE sensor
and (b) TE sensor. The values are extracted at an x-coordinate 4 mm
upstream of the piezoelectric sensor.

wall and in the vicinity of the piezoelectric vane. Generally,
the value o in a turbulent flow is higher compared to a lam-
inar flow, and peaks around transition, due to the appearance
of large coherent structures prior to breakdown [10]. To facil-
itate proper comparison of cases at different angles of attack
we choose an x-coordinate upstream of the sensor to probe the
maximum o in the boundary layer. We choose the probing loc-
ation such that it lies sufficiently close to the sensor, yet is not
directly affected by the sensor itself. By inspection of the fluc-
tuation field topology for the majority of cases, the optimum
probing location was found to be at x/c = 0.23 (LE sensor)
and 0.73 (TE sensor), which corresponds to 4 mm upstream
of the vane. At this x-coordinate, the maximum o occurring
through the entire y range was extracted per angle of attack
for both u and v velocity components. The results are shown in
figure 6.

In figure 6(a) the results near the LE sensor are shown.
Both u and v fluctuations show a similar trend, having a relat-
ively low value at low angles, peaking near 8.5° to 9°, and
then continue to stay at a higher value compared to before
the peak. Typically, the observed evolution of fluctuations
confirms expectations on the development of transition, as
the latter moves upstream with increasingly adverse pressure

gradient (i.e. increasing angle of attack). Based on these obser-
vations, transition from laminar to turbulent flow at the probe
location is occurring at the site of the LE sensor in the range
of angles of attack between 8.5° and 9°. Figure 6(b) shows the
results near the TE sensor, and reveals a corresponding fluctu-
ation peak at 4° to 5°.

A second independent evaluation of a boundary layer state
can be made based on the consideration of integral quantit-
ies, such as momentum and displacement thickness, and their
respective ratio (i.e. the so-called shape factor). A boundary
layer in turbulent state will possess less momentum compared
to a respective laminar state due to increased wall shear. This
will directly entail a larger momentum thickness. Similarly,
due to less momentum, a turbulent boundary layer will also
thicken, displacing the outer inviscid streamlines more than
when laminar. This will correspond to an increase in displace-
ment thickness. However, due to the increased mixing in a tur-
bulent boundary layer, momentum is largely redistributed in
the layer, causing the two thicknesses to increase differently.
This results into a different shape factor (& . /0) for laminar and
turbulent boundary layers, with the latter begin typically lower
(H = ~1.4 for turbulent vs. H = ~2.6 for laminar states in
flat plate conditions). Considering the shape factor of a given
boundary layer provides a robust estimate of its state, purely
based on time averaged statistical velocity information.

For the present cases, the integral boundary layer thickness
and resulting shape factors are estimated based on the PIV
velocity measurements at an x-coordinate of 4 mm upstream
of the sensor vane. The results are shown in figure 7.

Figure 7(a) gives the thicknesses found near the LE sensor,
and shows thickening of the boundary layer near 8° to 9°,
which is in good agreement with the increase of velocity fluc-
tuations associated to transition. For the case of the TE sensor,
the displacement thickness given in figure 7(b) shows an early
peak around 3°, corresponding to the emergence of a LSB, vis-
ible in figure 5. The appearance of a LSB is well documented
for the current airfoil and Reynolds number [30], and increases
the complexity of the fluctuation flow as will be shown later.
The momentum thickness further shows an increase around
transition near an angle of 4° to 5° . Around 13° a major
increase in thickness is observed, corresponding to the emin-
ent global separation of the flow, as was earlier seen in figure 5.
In addition, it becomes evident that in all cases the vane height
is considerably larger than the incoming boundary layer thick-
ness, with the exception of the massively separated flow at an
angle of attack of 16°.

The results presented up to this point clearly indicated
the ability of the used configuration to assume a wide range
boundary layer states. Relatively wide ranges of angle of
attack are defined in laminar or turbulent states, with a clear
transition point while specific angles reveal the appearance of
LSBs or fully separated flows.

4.2. Detection of boundary layer fluctuations

From the aforementioned observations it becomes clear that
the piezoelectric bimorph sensor is exposed to a wide range of
fluctuations in the identified angle of attack regimes. Similarly,
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Figure 7. Boundary layer displacement thickness, § ", momentum
thickness, €, and shape factor, H, versus the angle of attack, «,
measured near the (a) LE sensor and (b) TE sensor. The values are
extracted at an x-coordinate 4 mm upstream of the piezoelectric
sensor. The angles of incidence tested for the LE and TE were
selected separately to get the most informative datasets for both.

the inspection of the PIV measurements allows proper identi-
fication of the boundary layer states as function of chordwise
location and angle of attack.

Nevertheless, while the PIV measurements provide a
spatio-temporal representation of the flowfield, the bimorph
sensor essentially extracts a single time series of data, corres-
ponding to the integrated mechanical force acting on the vane.
In order to facilitate the comparison of the velocity fluctuations
found in the PIV data to the unsteady output signal of the
piezoelectric bimorph, a procedure is devised for the extrac-
tion of pertinent velocity information. The chosen method is
not unique, however it was found to be effective in facilitating
this comparison.

The extraction method is visualized in figure 8. First, we
define xy-coordinates from which to extract u and v vectors.
The x-coordinate is fixed at 4 mm upstream of the sensor vane,
as this was found to be a sufficient distance to avoid measure-
ment interference originating from the upstream effects of the
sensor vane on the boundary layer. An exception was made
for the case of an angle of attack of 16°, with the x-coordinate
chosen on the downstream side of the vane due to the flow dir-
ection reversal, as can be seen in figure 5. The y-coordinate was
chosen to be 1, 2 and 4 mm above the airfoil surface. Although
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Figure 8. Method used to extract the oscillations occurring in the
boundary layer from the PIV measurements. (a) Multiple probe
coordinates are defined upstream of the sensor vane. (b) The time
domain u signal is extracted from the probe coordinates. (c) Welch’s
method is used to obtain the frequency domain signal, and the
power is calculated within two frequency bands.

for the majority of the cases the boundary layer is thinner than
these values, lower y-coordinate locations were avoided due
to areas of high light reflections, which reduce the confidence
in the PIV data. The chosen xy-coordinates are visualized in
figure 8(a).

The time series of the u vector component is extracted
at each of the defined coordinates, as shown in figure 8(b).
We use Welch’s method to obtain the frequency domain sig-
nals. Two frequency bands of interest are defined based on
the preceding analysis of the piezoelectric data (figure 4). The
lower band is defined between 50 and 100 Hz. While consid-
erable activity in the piezoelectric signal was present at fre-
quencies as low as 10 Hz, the choice of a higher cut-off was
made due to an artefact in the measurement routine. More
specifically, the PIV laser was aligned to illuminate the mid-
span of the vane, and as such it was found to intensively
heat one side of the piezoelectric bimorph for a short time
during acquisition. This caused a low frequency pyroelectric
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contribution to the overall sensor output, which was largely
suppressed by the choice of the frequency range boundaries.
The higher band is chosen to be from 100 Hz to 3 kHz, which
as mentioned earlier is the resonance frequency of the sensor
assembly. By not including the resonance frequency, similar
results are obtained. The main difference between including
and excluding the resonance frequency, is the signal-to-noise
ratio of the piezoelectric sensor signal. We therefore chose to
include it.

The frequency bands are shown in figure 8(c). The total
fluctuation amplitude within these frequency bands was cal-
culated by integrating the frequency band within this range.
The resulting amplitudes correspond to the statistical fluctu-
ation strength within that particular frequency band occurring
at the corresponding extraction location coordinate. Equival-
ent spectral analysis and frequency band definition was fol-
lowed for the piezoelectric sensor data.

The outcomes of the spectral analysis method applied
on both PIV and piezoelectric sensor data are visualized in
figure 9 for the LE sensor. The low and high frequency bands
are shown in figures 9(a) and (b) respectively. Each data point
in the figure represents one PIV and one piezoelectric sensor
measurement.

An evident dependence of the PIV fluctuation amplitude
on the y-coordinate of velocity extraction can be observed
for both low and high frequencies. While all three extraction
probes reveal similar trends, one of the coordinate locations
(y = 2 mm) reveals the closest agreement with the piezoelec-
tric sensor output, as it shows a clear change in amplitude
around transition located at an angle of about 8°-9°. This is
expected as the flow at y = 2 mm occurs in the vicinity of
the tip of the vane, causing a larger momentum acting on the
piezoelectric bimorph compared to the flow at y = 1 mm. The
flow at y = 4 mm on the other hand is out of reach of the
sensor vane. In general, both PIV and piezoelectric data sig-
natures reveal low power values at angles below 8°, with an
increase at higher angles. An outlier is present for the angle
of 16° were only low frequencies remain, while high frequen-
cies are largely dissipated. This was largely expected as at this
angle of attack the location of the sensor vane is deeply in stag-
nant low velocity reverse flow, where high frequencies due to
turbulent flow are absent [40].

Furthermore, a non-monotonic amplitude behaviour is
observed in the high frequency band. More specifically, for
the probe location of y = 1 mm, as well as for the piezoelec-
tric sensor output, a local maximum is registered at angles of
attack of 8° to 9°. This is attributed to two separate effects.
Firstly, laminar-to-turbulent transition is occurring at these
conditions in the vicinity of the sensor as shown in the pre-
vious section. For low Reynolds airfoils, transition is known
to be forced by the appearance and amplification of coher-
ent boundary layer instabilities such as Tollmien—Schlichting
waves [8]. These reach maximum amplitude prior to turbu-
lent breakdown. Furthermore, due to their spanwise coherency
and narrow frequency band, the amplitude of these instabilit-
ies can well exceed turbulent fluctuations, thus producing local
maximum evident in figure 9(b). Secondly, the boundary layer
thickness increases at transition, as was seen before in figure 7,
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Figure 9. Power measured near the LE sensor of the piezoelectric
and PIV data between (a) 50 and 100 Hz and (b) 100 and 3000 Hz.
The PIV data is extracted from the coordinate about 4 mm upstream
of the sensor vane and various y values above the airfoil skin. The
general trends are shown by the dash lines, constructed by taking the
moving average of the data.

effectively bringing the high fluctuation activity closer to the
height of the piezoelectric vane as well as to the PIV probe
locations.

In conclusion, the correspondence of piezoelectric sensor
output to the PIV measurements is considerable, with strong
similarities found in the evolution trend. The agreement fur-
ther appears to be a function of the wall normal distance, as
the sensor is evidently more sensitive to near-wall velocity
fluctuations. The general sensing envelope of the LE sensor is
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Figure 10. Power measured near the TE sensor of the piezoelectric
and PIV data between (a) 50 and 100 Hz and (b) 100 and 3000 Hz.
The PIV data is extracted from the coordinate about 4 mm upstream
of the sensor vane and various y values above the airfoil skin. The
general trends are shown by the dash lines, constructed by taking the
moving average of the data.

characterised by low relative amplitudes in attached laminar
flow (low angles of attack), high relative amplitudes in attach
turbulent flow (high angles of attack), and considerable low
frequency content at flow separation (angle of attack 16°). In
addition, the sensor produces a characteristic maximum when
the transition location corresponds to the vane position which
happens at an angle of attack of 8.5°.

Figure 10 shows the corresponding comparison of the
piezoelectric sensor output data and the data derived from the

PIV measurements for the TE sensor. The strong dependence
of velocity fluctuations to wall normal probe location is sim-
ilar to the LE sensor case. Again the output of the piezo sensor
captures the same information as in the PIV signals. Yet, qual-
itative differences can be observed with respect to the readings
of the LE sensor. Compared to the LE sensor, amplitude of the
transition peak for the TE piezoelectric sensor is lower. This
possible occurs due to the existence of the LSB near the TE
sensor, as we saw earlier in figure 7, damping the effect of the
transition peak. At an angle of 4° the downstream end of the
LSB extends up until the sensor vane. The height of the vane
enables it to still be able to pierce through the bubble thick-
ness and ‘sense’ the external boundary layer flow. However,
only the top portion of the vane is able to sense this, causing a
lower overall mechanical input and hence a lower signal amp-
litude. Furthermore, another difference between the LE and
TE case is the magnitude of the low frequency curves of both
the piezoelectric output and PIV data. In the case of the TE
sensor, stronger low frequencies occur near separation com-
pared to the LE sensor. This simply occurs due to the stronger
reversed flow observed near the TE sensor. This was already
observed before at the 16° angle of attack cases in figure 5,
where the flow velocity vectors at the TE sensor are clearly
larger than those near the LE sensor.

In summary, the frequency intensities measured by the
piezoelectric sensor correspond well to the fluctuations found
in the boundary layer using PIV. In turn, these fluctuations can
directly be related to the state of the boundary layer, indicat-
ing that the properly processed piezo sensor signal indeed can
capture the state of the boundary layer.

4.3. How to read the piezoelectric sensor

The previous section has identified a clear relation between
the boundary layer state and the piezoelectric sensor output.
As mentioned in the introduction, the motivation for charac-
terising this type of sensor in a wide range of flow conditions
further serves in construction of a ‘response envelope’, which
can be used for real-time and stand-alone interpretation of the
sensor output as reference to the local boundary layer state. It
has to be noted that the sensing ability of the sensor is strictly
local and only refers to the boundary layer state at the loca-
tion of the senor. Based on the aforementioned analysis, this
response envelope can be summarised as follows:

o Laminar attached boundary layer: the sensor output is
mainly characterised by relatively low amplitudes at all fre-
quencies.

o Transition or eminent turbulent breakdown: the sensor out-
put indicates a maximum amplitude, specifically at high fre-
quencies. Transition can be driven by classical boundary
layer instabilities (i.e. TS waves) or through the formation
of a LSB.

o Attached turbulent flow: the sensor registers considerable
amplitude increase in both low and high frequencies. In
addition the resonance frequency of the sensor (3 kHz for
the present configuration) is strongly excited.
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Figure 11. Response envelope of the piezoelectric sensor.

o Massively separated flow: the sensor registers increased
fluctuation amplitude at low frequencies, but reduced amp-
litudes at high frequencies.

This response envelope is also summarised graphically in
figure 11. It must be stressed that the general applicability
of the envelope can be proposed for a relatively broad range
of classical airfoil flows at low Reynolds numbers, as the
NACA 0012 configuration in this work is fairly character-
istic of these regimes. Nevertheless, for significantly different
regimes such as encountered in swept wings, multi-element
airfoils, high Reynolds or Mach numbers, careful calibration
of the senor response envelope against independent bound-
ary layer state measurements should be performed. Further-
more, if the sensors are to be used outside the wind tun-
nel conditions, additional effects of changing temperature,
humidity, pollution levels, added weight and sensor lifetime
need to be taken into account as well. The current sensor
design does not aim to reach a robust all-weather state but
was developed to demonstrate the concept under the condi-
tions as encountered in a wind tunnel. As such the dimensions
and weight of the sensors and their wiring in a final real life
application are expected to remain small, and not to lead to
a serious weight penalty and or structural weakening of the
airfoil.

Finally, the importance of the height of the sensor vane
must be noted. If the vane is too small the mechanical input
from the flow might be too low and the reach of the vane
might not extend to important fluctuation events near the top
of the boundary layer. On the other hand, if the vane is too
large, it might not be sensitive enough to events near the
root of the vane and the influence of the vane on the sur-
rounding boundary layer might be excessive (i.e. increases
fluctuations and/or forces transition). In the cases measured
in this work the upstream and downstream effects of the
sensor vane appeared to be minimal. In future, the optimal
size of the sensor vane in relation to both measurement
sensitivity and downstream effect should receive dedicated
investigation for the corresponding conditions of full-scale
applications.

5. Conclusions

This paper presents a piezoelectric bimorph sensor embedded
in a NACA 0012 airfoil to measure fluctuations in the bound-
ary layer. The objective was to prove that such a sensor can be
used to distinguish among various boundary layer states.

Using PIV measurements as validation technique, we were
able to show a clear relation between the piezoelectric sensor
data and the boundary layer state. Dividing the signals into
two frequency bands, the same signal signatures were found
using the piezoelectric sensor and PIV measurements. Using
the developed sensor response envelope, a single data point
time series appears sufficient to specify the boundary layer
state on classical airfoils in low Reynolds number regimes.

In the future, such a sensor might be used to map the bound-
ary layer surrounding a more complex airfoil. It could also be
used as an input component in a closed-loop control system to
delay transition, and therewith reduce skin friction, possibly
optimizing the overall lift-to-drag ratio of an airfoil.
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