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Highlights

e An innovative MEMS-based flexible sleeve is introduced for measuring
unsteady surface pressure with minimal installation effort.

e The sensor-embedded sleeve is experimentally validated against con-
ventional unsteady pressure measurement techniques.

e Unsteady aerodynamic interactions between a propeller slipstream and
a NACA 633018 wing are characterized experimentally.

e Microphone data capture propeller tip vortex traces and slipstream
deformation over the wing surface.

e The intermittency of the turbulent pressure fluctuations on the wing
owing to the interaction with the propeller slipstream is analysed.
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Abstract

This work investigates the unsteady aerodynamic interaction that arises from
the impingement of a propeller slipstream on a wing. To this end, an inno-
vative measuring device for unsteady pressure is deployed, comprising a flex-
ible printed circuit board sleeve embedded with MEMS pressure sensors and
microphones. The device performance is validated against conventional mea-
surement techniques. The wing is a benchmarked NACA 633018 airfoil-based
model, and the propeller is the TUD-XPROP-S. In addition to pressure mea-
surements, oil flow visualizations are performed to elucidate the flow pattern
on the wing when the propeller operates at advance ratios of 0.8 and 1.8,
and nominal blade pitch angles of 30° and 45°. The measurements reveal
the formation of a laminar separation bubble on the portion of the wing not
washed by the propeller slipstream. The flow is seen to remain attached on
the advancing blade side, at least for the tested angles of attack. The micro-
phone mmeasurements capture the trace of the propeller’s tip vortices over the
wing and the deformation of the slipstream over the wing. This work serves
a dual purpose. Firstly, presenting an innovative measuring device for un-
steady pressure, as the sensor-embedded sleeve requires minimal installation
efforts and allows for a comprehensive measurement of the unsteady surface
pressure field. Secondly, discussing the complex spatio temporal interaction
that is formed from the impingement of a propeller slipstream onto a wing.

Keywords: MEMS, unsteady pressure measurement, propeller-wing
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1. Introduction

Propeller-driven aircraft are expected to play a key role in the electrifica-
tion of the aviation industry [1, 2]. A proper understanding of the interaction
effects between a propeller and a downstream wing is crucial to correctly as-
sess the performance of an aircraft [3].

The interaction between a tractor propeller and a downstream wing is
mutual [4]. From a time-average perspective, the propeller induces axial mo-
mentum and swirl to the flow, increasing the dynamic pressure and changing
the effective angle of attack locally seen by the wing, due the propeller slip-
stream interacting with the wing. This changes the loading distribution over
the wing in an anti-symmetrical way [5]: the up-going blade induces upwash
downstream, while the down-going blade induces downwash. For the remain-
der of this paper, these regions are labelled up-going blade side (UBS) and
down-going blade side (DBS), respectively. The combination of these effects
leads to an uneven loading distribution along the span, which can lead to an
increase in lift [6, 7, 8,9, 10]. On the other hand, the wing induces upwash
upstream, yielding an increase in the angle of attack seen by the propeller,
which changes the load distribution on the propeller disk in an asymmet-
ric way [11]. The down-going blade sees an increased angle of attack and
dynamic pressure, generating an increased aerodynamic loading, while, for
the up-going blade, the opposite is true. In addition, the wing-induced pres-
sure field locally reduces the effective inflow velocity at the propeller plane,
causing additional non-uniformity in the blade loading distributions.

Several studies (e. g. [12, 13, 14]) have shown that the time-average ap-
proach is not sufficient to fully describe the physics of the propeller slipstream
interaction with the lifting element, as it fails to account for the unsteady
pressure distribution. This can have an impact on the vibrations transmitted
to the structure, on the noise emissions [15] due to the fluctuating pressure
field, and induce fluctuations of the aecrodynamic forces [16]. In this regard,
experimental data is valuable, as numerical simulations involving propellers
are often computationally expensive due to the unsteadiness and the three-
dimensionality of the flow. To correctly assess the described flow physics,
high temporal and spatial resolution are needed.

3



Journal Pre-proof

Knowing the pressure distribution over a wing allows to evaluate many
of the effects so far discussed. In addition, measuring the unsteady surface
pressure acting on a surface can also provide insight to topics unrelated to
propeller-wing interaction, as are the radiated noise [17, 18], to vibrations
transmitted to the supporting structure [19, 20], or to the local behaviour
of the flow [21]. Surface pressure is usually measured through pressure taps
that populate the surface of the test object. Besides altering the surface and
inner characteristics of the model, this approach prioritizes accuracy at low
frequencies (< 500 Hz), owing to the length of the connecting tubes, which
usually affects the frequency response of the system [22]. Microphones can
instead be used to measure unsteady pressure fluctuations at frequencies as
large as 20 to 25 kHz. However, a typical electret microphone only measures
pressure fluctuation relative to the time-averaged value with a limited ampli-
tude range. A common installation for microphone capsules is a pinhole cap.
The microphone is installed inside a cavity and only a small hole connects
it to the external surface [23, 24]. This approach requires space beneath the
surface and introduces a maximum cut-off frequency due to acoustic reso-
nance in the cavity [25, 26]. Sensors that enable pressure measurement for
a wider range of amplitudes and with a high-frequency response exist, yet,
they are expensive and it might not be possible to fit them in all models due
to geometric constraints. Other approaches, such as pressure-sensitive paints
(PSP), offer the possibility of having spatio-temporal resolved data up to a
few kHz. However, some aspects of the technology and its implementation
still pose technical challenges, namely the binder used to make the PSP [27],
the thermal sensitivity, and the need to perform an in situ calibration, mak-
ing it a more complex approach with respect to the methodologies previously
discussed.

An alternative to the approaches so far described can be found in micro-
electromechanical systems (MEMS). The advancements in MEMS technology
[28] represent an opportunity to use miniaturized components that can be
installed within an integrated circuit board. They are used in a wide range
of applications, including automotive, wearable devices, smartphones, and
different kinds of sensors such as pressure sensors and microphones [29]. The
applicability of MEMS microphones for aeroacoustic measurements has al-
ready been demonstrated [30]. Unsteady surface pressure measurements have
also been achieved with MEMS components, as shown in [31], while in-flight
tests using MEMS pressure sensors have also been performed [32]. Neverthe-
less, all the discussed applications required an ad hoc model or system.
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This work presents a sensor-embedded sleeve (SES) developed at Delft
University of Technology, made from a flexible printed circuit board (PCB)
containing MEMS pressure sensors and microphones. The novelty of this
sensor lies in the ease of installation without requiring any modifications to
the target surface. In addition, the system is fully reusable, making it a highly
versatile measuring device. The combination of MEMS microphones and
pressure sensors results in comprehensive and cost-effective measurements of
both steady and unsteady surface pressure.

The technology is validated by installing the SES on a benchmarked
NACA 633018 airfoil-based model. The model, described in [33], is instru-
mented with pressure taps, allowing for a direct conmiparison of the pressure
distribution. The measured wall pressure spectra were also validated us-
ing empirical laws based on the integral parameters of the boundary layer
(34, 35].

Finally, the SES is used to study the interaction between a propeller
slipstream and a downstream wing. A specific point that requires further
investigation is the temporal analysis of the unsteady pressure in the slip-
stream impingement region. As discussed, the propeller slipstream is highly
non-uniform in space and time and represents a source of tonal (coherent)
and broadband (turbulent) fluctuations seen on the wing surface [12]. By us-
ing the SES, good spatio-temporal resolution is achieved, which contributes
to the understanding of propeller-wing interaction.

2. Methodology and test cases

2.1. PCB flexible sensor embedded sleeve

The SES comprises 18 Knowles SPW0690LM4H-1 digital microphones
and 6 Bosch BMP390 barometric pressure sensors. The layout of the sensor
sleeve is shown in Figure la. It consists of a rectangular PCB sleeve of 170
mm in width by 350 mm in length. The MEMS sensors are installed on
rigid, non-flexible surfaces, while the rest of the sleeve is flexible. The 18
microphones are arranged in three rows of six microphones each, with a non-
uniform spacing, as indicated in Figure la. The sensor was designed to be
easily installed on any target surface. In the present case, it is deployed on a
wind tunnel model of a wing; for this reason, a larger central flexible gap was
included to account for the curvature around the leading edge. The entire
sleeve is divided into four ribbons, facilitating the installation of the sensor.
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Figure 1: (a) Sensor embedded sleeve and details of (b) microphones’ installation and
(¢) BMP390 pressure sensors and microphones: The indicated distances and sizes are
measured in mm. The black numbers indicate the microphone channel, while the green
numbers indicate the absolute pressure sensor’s channel.

The absolute pressure setisors have dimensions of 2.5 mm x 3 mm by 0.85
mm in height, while the microphones are 2 mm x 2 mm by 0.75 mm. The
chosen microphone has its sensing element on the same side that is in contact
with the PCB, which allows it to be installed flush-mounted. It is connected
to the exterior through a hole drilled in the PCB as depicted in Figure 1b.
The pressure sensor is installed on the opposite side of the PCB relative to
the microphone due to the location of the sensing element being opposite to
the side that is soldered to the PCB. A detail of the installation is shown
if Figure lc. This installation arrangement results in a thickness of 2.5 mm
for the SES from the bottom of the microphone to the top of the pressure
Sensor.

The absolute pressure sensors have a full scale ranging from 300 to 1250
hPa, and an absolute error of 450 Pa. The microphone’s calibration fre-
quency response is flat between 100 Hz and 10 kHz, with an amplification of
-3 dB and 3 dB at 45 Hz and 15 kHz, respectively. The peak resonant fre-
quency is expected at 26 kHz. Finally, the total harmonic distortion (THD)
is below 2% for a measured SPL of 125 dB for frequencies ranging from 100
Hz to 4 kHz. At higher frequencies, the THD increases, never exceeding 4%
within the measurable range.
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2.2. Facility and model

The SES was installed on a wing model based on a NACA 633018 airfoil
with a chord of 200 mm and equipped with pressure taps arranged to measure
the chord-wise pressure distribution (further details can be found in [33]).
The wing was placed inside the SLT wind tunnel at TU Delft and mounted
in a wall-to-wall arrangement to minimize the effects of the boundaries. The
test section of the SLT has a rectangular geometry, with 90 cm in width and
60 cm in height; the total length is 180 cm. The wing model is mounted
on two circular side plates, embedded into the tunnel’s walls with a 50 cm
diameter that act as turntables, allowing for changes in the angle of attack
in steps of 3 degrees.

A TUD-XPROP-S propeller [36, 37] was used for the experiments. It is
a 6-bladed propeller, with a 203.2 mm (8-inch) diameter (D). The propeller
was placed at a distance equal to one diameter upstream of the wing’s leading
edge (LE), such that the accelerated flow by the propeller is directed towards
the wing. In the chosen reference frame, indicated in Figure 2a, the r—axis
and the y—axis are aligned with the propeller rotation axis and the wing
spanwise direction, respectively, with the origin placed at the LE. It is worth
noting that the propeller is nounted such that it always stays at a zero degree
angle of attack relative to the freestream and does not change orientation
together with the wing.

The propeller drive train is equipped with an encoder allowing for direct
control of the rotational velocity (n). A one-per-revolution trigger signal
from the encoder was acquired in sync with other measurements to conduct
a phase-averaging of the sampled data.

The propeller rotation direction and the positive angle of attack conven-
tion are indicated in Figure 2b. The up-going blade side corresponds to
y >0, while the down-going blade side to y < 0. Figure 2b also shows the
convention adopted for advancing and retreating sides relative to the pro-
peller’s rotation direction. The terminology, advancing and retreating side,
refers to the direction the blade is moving with respect to the wing. If the
blade is moving away from the wing’s surface, that side is labelled as the
retreating side, while if it is moving towards it, then that side is indicated as
the advancing side. Conversely, UBS and DBS indicate if the propeller blade
is moving from the pressure side to the suction side or from the suction side
to the pressure side, respectively.
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Figure 2: Experimental setup with the propeller at the highest position along the span: (a)
Side view of the pressure side and (b) downstream view indicating the propeller rotation
direction and the convention adopted for positive angles of attack. (1) microphone, (2)
absolute pressure sensor, (3) pressure taps.

2.8. Pressure measurements

The pressure taps in the wing model (described in [33]) were used for
comparison with the pressure data obtained with the SES. The pressure taps
were connected to two 16-channel differential pressure transducers with 2.5
kPa range and 0.25% full-scale accuracy (+6 Pa); the total sampling time was
60 seconds. Before every measurement conducted with the SES, a wind-off
offset measurement was taken. To reduce data volume, the measurements
with the SES were taken for 30 seconds instead of 60 seconds. It was con-
firmed that this was sufficient to obtain converged statistics.

To measure the pressure field over a significant spanwise extent of the
wing, it was chosen to move the propeller along the spanwise direction (Ay
in Figure 2a) to simulate the movement of the sensor of the wing. This
approach was considered acceptable given the quasi-2D installation of the
wing. This approach leads to a spanwise resolution of 12 mm (6% of the
chord) for the pressure captured from the SES.

The microphones were calibrated by evaluating the frequency response
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amplitude to a sinusoidal pressure input from a GRAS pistonphone at 1 kHz
and 114 dB. The chord-wise location of the measuring points is indicated in
Table 1.

Table 1: Pressure and microphones chord-wise locations.

(x/c)
Suction side 0.17 0.37 0.56
Pressure side 0.12 0.32 0.55

The results obtained from the pressure taps and from the absolute pres-
sure sensors and microphones on the SES will be reported in terms of the
pressure coefficient (C,) according to:

X, t)—

C,(x,t) = p()—pw’ (1)
Qoo

where ¢, and p., are the dynamic pressure and the static pressure of the

flow, respectively.

Wall pressure spectrum

The pressure spectrum measured beneath the boundary layer developed
over the wing was compared against the empirical relations obtained from
the adverse pressure gradient model (APG) proposed by Rozenberg et al.
[34]. As discussed in [35], the model is based on a relation between the
power spectral density associated with the pressure signal (¢,,), the integral
parameters of the turbulent boundary layer, and the fluid properties. Namely,

¢pp<w) = F(é, 5*797P7 v, Twaﬁxp7 H) . (2>

Here, w is the angular frequency, ¢ is the boundary layer thickness, 0* is the
displacement thickness, 6 is the momentum thickness, p and v are the fluid
density and kinematic viscosity, respectively, 7, is the skin friction, 0,p is
the pressure gradient along the wall parallel direction, and II is the wake
strength parameter.

Due to the absence of flow field measurements, the missing parameters
were estimated using XFOIL [38] with a forced transition setting. The bound-
ary layer thickness was computed according to [39], while the wake strength
parameter was estimated using the same relation used to derive the model
for ¢,,(w) proposed by Rozenberg et al. [34].

9
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Triple decomposition

For the cases in which the propeller is running (from now on referred to as
propeller-on), the unsteady pressure fluctuations p'(x,t) can be subdivided
into two components: a coherent fluctuation, associated with the propeller
rotation, and a stochastic fluctuation. These two can be separated by apply-
ing a triple decomposition [40, 41, 42]. For the pressure in time and space,
the decomposition reads:

p(x,t) = p(x) +p'(x,1) (3)
=Dp(x) +p(x,t) +p"(x, ). (4)

The right-hand side terms in Equation 4 correspond to the time-average p(x),
phase-correlated p(x,t), and stochastic p”(x,t) components, respectively:

p(x) = Jim / PECY) dt (5)
P 0) = (o) £ 69 (6)
(p(x,1)) —nggo—prHkT (7)

p”(X, t) R (Xa t) - < (X7 t)> (8>

In equation 7, the operator (-) indicates phase averaging according to a char-
acteristic time 7. It is worth noting that for signals for which the time average
is zero, the phase-average and the phase-correlated signals coincide. It can
be shown that the sum of the root mean square (rms) of the decomposed fluc-
tuations, namely p”  and P, is equivalent to p/, .. This is also expected,
as p” and p are uncorrelated by definition.

2.4. Oil flow visualization

Oil flow visualization is used to elucidate the flow pattern on the wing.
This is useful to identify the flow direction, laminar to turbulent transition
lines, and flow separation regions. The oil mixture used is a combination of
paraffin and a few drops of A-680 fluorescent additive, with the exact quantity
being chosen on a case-by-case basis. A UV spotlight was used to provide the
necessary illumination, while the images were captured with a 20 MP reflex
camera. Lastly, the sensor sleeve was removed for the oil flow visualization
images. Propeller-on and nacelle-only cases were evaluated. With this, a
comparison with the data obtained by the SES is possible.

10
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2.5. Test cases

The tests were carried out at a free stream velocity (Us) of 20 m/s,
corresponding to a Reynolds number based on the wing’s chord equal to
2.68 - 10°. Transition phenomena must be taken into account, as, purposely,
no transition trip was installed.

In total, 19 propeller positions with a step of 12 mm were tested. For each
position, 18 microphone measurements and 6 pressure sensor measurements
were captured. This approach leads to a spanwise resolution for the micro-
phones ranging from 3 mm to 12 mm, deemed acceptable for our purpose,
albeit not improving the chordwise resolution.

Two propeller-on cases were studied. Firstly, a case with a blade pitch
angle at 70% (Bz—o7) of 30° and an advance ratio (J.= Us/(nD)) of 0.8.
Secondly, a case with Jz_o7 = 45° operated at J = 1.8. These cases were
chosen since they represent conditions that are close to the propeller’'s max-
imum efficiency, which should result in amore coherent slipstream [13]. Far
from the optimal operating conditions, the blades are likely to stall in some
regions, which would lead to a less colierent and more turbulent slipstream.
The differences between the cases are summarized in Table 2, indicating the
Reynolds (Re) and Mach (M) numbers at 70% of the blade radius, the thrust
coefficient (T, = T'/(gomR?)) and the revolutions per second n.

Table 2: Propeller operating conditions.

Configuration Rer_o7 Mz_o7 T. n [Hz|

froo7=230°& J=0.8 60- 103 0.17 099 123
froor=45°& J=18 32- 103 0.09 014 547

The parameters in Table 2 were obtained from reference data and exploit-
ing the BEMT code described in [6]. Due to the higher thrust coefficient,
the first case (J = 0.8) will induce a higher velocity to the flow, and the tip
vortices impinging on the wing will be more frequent as the advance ratio is
lower. Lastly, due to the different blade pitch angle and advance ratio, the
slipstream helix angle [13] will be less steep for the case at J = 1.8.

In addition to the propeller-on cases, nacelle-only cases for angles of attack
of 0°, 6°, 9°, and 12° were also evaluated. For these cases, the propeller

11
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was removed while maintaining a dummy spinner, which is geometrically
equivalent to removing the blades. The same measurement procedure was
followed with respect to that used for the propeller-on cases.

Table 3: Test conditions. The superscripts a and b indicate configurations used exclusively

together.
Parameter nacelle-only propeller-on
Reynolds number Re, [-] 2.68 - 10° 2.68-10°
Free-stream velocity Uy, [m/s] 20 20
Angle of attack a [deg] 0,6,9, 12 0, 6,9, 12
Advance ratio J [-] - 0.8%, 1.8°
Blade pitch at /R = 0.7 [deg] - 307, 45°

3. Validation tests

To validate the outputs from the absolute pressure transducers on the
SES, the results were compared to those obtained from the pressure taps and
XFOIL computations. The chordwise distribution of time-averaged pressure
coefficient (C,), measured at an angle of attack of a = 9°, is shown in Figure
3. The values nieasured with the pressure taps are directly compared with
the ones obtained by the SES, showing that the SES is sensitive enough
to capture the static pressure distribution. The average absolute difference
between the C, measured by the SES and by the pressure taps is 0.084.
The uncertainty bar on each data point represents the sum of the standard
deviation and the absolute error in the measured value. The latter is 450
Pa for the BMP390 pressure sensor; in this regard, it would be better suited
to applications where the pressure differentials involved were greater, as this
error would represent a smaller fraction of the measured value.

A basis of comparison for the measurements obtained with the micro-
phones was obtained by leveraging the model proposed by Rozenberg [34] to
estimate the power spectral density (PSD) of the pressure fluctuations inside
a boundary layer with an adverse pressure gradient.

12
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Figure 3: Comparison between the pressure coefficient measured with pressure taps (cir-
cles) and with the SES (squares): nacelle-only case as well as estimated with XFOIL
(dotted line).

The PSD of the measured wall pressure fluctuations at an angle of attack
a = 0° at a chordwise position z/c = 0.37 is shown in Figure 4. It is obtained
by the Welch algorithm, using 64 segments and a Hanning window with 50
% overlap, leading to a final spectral resolution of 2.82 Hz.

The evaluated PSD is normalized by the boundary layer parameters ob-
tained from XFOIL and compared with the prediction provided by Rozen-
berg’s nodel. Although the C, obtained from XFOIL shows an offset with
respect to the one obtained experimentally, as seen in Figure 3 on the suc-
tion side, the pressure gradient is well reproduced, which is what is ultimately
used for Rozenberg’s model.

The experimental data correspond to the signals sampled by three dif-
ferent microphones at different relative positions between the nacelle and
the sensor’s center line, such that the microphones are all at y = 0 and
x/c = 0.37. The predicted and measured PSD are in good agreement for

13
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Figure 4: Comparison between the wall pressure power spectral density ¢pp(w) measured
and estimated at a = 0° at x/c = 0.37: nacelle-only case.

normalized frequencies (wd*)/u, higher than 107!, as in this range only the
turbulent fluid-related fluctuations are expected. For frequencies lower than
this, it is likely that other spurious sources of noise, such as the wind tunnel
driving motor or general vibrations of the tunnel, are also captured by the
microphonies. This comparison shows how the microphones capture the wall
pressure spectrum in both amplitude and frequency.

4. Results

4.1. Nacelle-only cases

The nacelle-only cases are useful to identify the location of the laminar to
turbulent transition and separation lines without the flow distortion induced
by the propeller. They also serve as a baseline for evaluating the propeller’s
effect later. Figure 5 shows the oil flow visualization obtained for the nacelle-
only cases, for which the SES was removed. For the chosen airfoil at the tested

14
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Reynolds number (Rey,) of ~ 2.6 - 10°, a laminar separation bubble (LSB)
is formed, as previously described in [33]. By increasing the angle of attack,
the LSB is known to move towards the leading edge on the suction side and
become thinner [43], as also observed in visualizations in Figure 5. Lastly, the
wake of the nacelle causes the LSB to disappear locally around the midspan
of the wing, probably due to a local increase in the inflow turbulence [44].

laminar \ nacelle wake -

separation S ' \\.

Figure 5: Oil-flow visualization on the suction side, nacelle-only cases: (1) laminar flow,
(2) laminar separation bubble, (3) turbulent flow, and (4) trailing edge separated flow.

The C}, s for the nacelle-only case at an angle of attack of 6°, overlaid
on the oil flow visualization, is shown in Figure 6. The overlay is performed
manually, as an optical calibration prior to taking the images was not per-
formed. It can be seen how the measurement taken from the microphones
resembles the oil flow visualization, as the higher pressure fluctuations are
found where the LSB is observed in the oil flow. Indeed, laminar separation

bubbles are characterized by higher pressure fluctuations with respect to the

15
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attached flow, as discussed in [45]. Looking into the spectral content of the
pressure fluctuations in different regions allows to distinguish laminar flow
from turbulent or separated flow, as each is characterized by a different shape
of the pressure spectrum. Figure 7 shows the evaluated PSD on the suction
side at y/c = 0.4 at three chordwise coordinates. The data is given in terms
of the chord-based Strouhal number:

_ e

St.
Uss

(9)
where ¢ is the chord of the airfoil and f is the corresponding frequency.

/
Cp,rms

0.04

1 0.02

Figure 6: Overlay of the unsteady pressure coefficient rms Cj, ,.,,, on the oil flow visual-
ization at a = 6°, nacelle-only.

For the selected case, z/c = 0.37 falls within the LSB. This is indicated
by the presence of a ‘hump’ on the wall-pressure spectrum for 10 < St. < 20,
in agreement with the observations reported in [45] and with the oil flow
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Figure 7: Wall pressure PSD measured at y/c = 0.4 for « = 6° at 20 m/s, nacelle-only
case.

visualization in Figure 6. The difference between the turbulent and laminar
regimes can be appreciated. The PSD corresponding to z/c¢ = 0.56 shows
stronger fluctuations and energy content at higher frequencies, which decay
proportionally to f~>° as observed in [46], indicating a turbulent flow regime.
On the contrary, at z/c = 0.17, the pressure spectrum decays faster for
increasing frequencies, and the fluctuations have a lower amplitude overall.

4.2. Propeller-wing interaction

The propeller slipstream interacting with the wing strongly modifies the
flow structure with respect to the nacelle-only cases. For the 6%20,7 = 30°
propeller at J = 0.8 (Figure 8), the LSB disappears from the portion of the
wing washed by the propeller slipstream. However, it is still present outside
it. A clear distinction is seen between the UBS and DBS: The flow separates
earlier in the UBS and stays attached in the DBS even for a = 12°; in line
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with the observations made in [14]. The slipstream deformation is greater at
higher angles of attack. For the cases at & = 9° and a = 12°, some flow lines
from the DBS are directed towards the UBS. A possible explanation for this is
that the lower pressure experienced on the UBS generates a pressure gradient
that forces flow into that region. The unsteady nature of the problem is not
captured by the oil flow visualization, which will be later discussed in detail,
based on the data sampled by the SES.

Figure 8: Oil-flow visualization on the suction side, propeller-on cases with fz—o.7 = 30°
at J = 0.8. (1) separated flow at the trailing edge. (2) separation bubble. Blue arrows
indicate the approximate slipstream edges over the wing.

At Br_o7 = 45° with J = 1.8 (Figure 9) and angle of attack a = 0°,
the LSB does not fully disappear within the region washed by the propeller
slipstream, as for the previous case, but its position changes along the chord.
On UBS (induced upwash), the LSB starts closer to the leading edge than
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Figure 9: Oil-flow visualization on the suction side, propeller-on cases with Sz _o7 = 45°
at J = 1.8. (1) separated flow at the trailing edge. (2) separation bubble. Blue arrows
indicate the approximate slipstream edges over the wing

outside the slipstream. In contrast, the LiSB on the advancing side (induced
downwash) is positioned further from the leading edge. A likely reason for
this is that the low T, and high J lead to an angle of attack variation, relative
to the nacelle-only case, that is small enough such that it does not induce
turbulent transition, and thus, only moves the LSB chordwise position over
the wing.

The C, distribution at « = 6° for the propeller having Broo7r = 30°
operating at J = 0.8 is shown in Figure 10. It is known that the retreating
side (Figure 2b) experiences an increased suction with respect to the baseline
case. This occurs because the local angle of attack is increased due to the
propeller-induced upwash [6, 14]. As a consequence, the region characterized
by the lowest pressure is also shifted towards the leading edge. This is also
one of the reasons why an earlier separation of the flow is seen in the UBS
as discussed for the oil flow visualization images in Figure 8. Lastly, the
low-pressure region close to y = 0 is likely to be caused by a combination of
the nacelle wake and the blades’ root vortices.

The rms of the unsteady pressure coefficient (C, ,,,,) is reported in Figure
11. The trace of the propeller tip vortices represents the region of pressure
fluctuations with the maximum amplitude on the wing. A region of high-
pressure fluctuations is also detected close to y = 0, which supports the
observation made for the low-pressure region seen in the 5]0 distribution at
the same location, stating that the cause might be a combination of the
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Figure 10: Time-averaged pressure coefficient (C,) distribution obtained from the pressure
sensors. Wing at o = 6° and propeller with Sz _o.7 = 30° operating at J = 0.8.

nacelle wake and the propeller root vortex.

The deformation of the slipstream on the suction side and on the pressure
side is shown in Figures 12a and 12b, respectively. As previously seen in the
literature [12, 13, 47], the slipstream is deflected according to the rotation
direction, from the retreating side to the advancing side. The trace of the tip
vortices over the suction side at y > 0 in Figure 12a, corresponding to the
retreating side, is deflected towards the center of the propeller slipstream, in
line with the qualitative results obtained from the oil flow images in Figure
8. The same occurs on the pressure side (y < 0 in Figure 12b), however, the
effect is less pronounced.

For angles of attack equal to 0°, 6°, 9°, and 12°, the rms of the fluctuat-
ing pressure coefficient (C, ,,,,) along the spanwise direction is shown for the
suction side in Figure 13 and for the pressure side in Figure 14. The dashed
lines indicate the spanwise extension of the propeller. To focus on the span-

20



Journal Pre-proof

C/

p,rms

Trace of
the tip vortices

Nacelle wake

Figure 11: Rms of the unsteady pressure coefficient (C, evaluated from the micro-

,rms)

phones. Wing at a = 6° and propeller with 8= .7 = 30° operating at J = 0.8.

wise distribution, fixed chordwise positions were chosen for the suction side
(x/c = 0.37) and pressure side (z/c = 0.32).

The two peaks at approximately opposite spanwise coordinates close to
y/c = £0.5, correspond to the location of the tip vortex trace over he wing.
On the suction side, a small increase in pressure fluctuations is observed
at increasing angles of attack. The peak corresponding to the retreating
side (y > 0 for the suction side) shifts inboard (to the left), and the effect
seems to increase for higher angles of attack, suggesting a more pronounced
slipstream deformation. Additionally, the retreating side (y > 0) experiences
greater pressure fluctuations compared to the advancing side (y < 0). For
the pressure side (Figure 14), there is less difference between advancing and
retreating sides. Pressure fluctuations increase for increasing angles of attack,
in particular for the advancing side (y > 0 for the pressure side). Moreover,
at a non-zero angle of attack, the pressure fluctuations are more pronounced
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Figure 12: Rums of the unsteady pressure coefficient (C? ). Wing at o = 6° and propeller
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with Bz 0.7 = 30° operating at J = 0.8: (a) Suction side and (b) pressure side.

on the pressure side compared to the suction side. This is likely to be a
consequence of the installation, as the propeller does not move together with
the wing when changing the angle of attack.

On the suction side, the slipstream is deformed towards y < 0, following
the rotation direction of the propeller. On the pressure side, the traces of the
tip vortices are displaced towards y > 0 according to the propeller rotation,
as in this case the retreating side corresponds to y < 0. Nevertheless, the
deformation is less intense, as the traces of the tip vortices are closer to the
dashed lines indicating the spanwise extension of the propeller in Figures 13
and 14.

The unsteady pressure coefficient (C)) is constituted by the turbulent
random fluctuations and the fluctuations originating from the periodic forcing
associated with the blade passing frequency (BPF) and its harmonics.

Using the triple decomposition described in Section 2.3, it is possible to
separate the pressure field corresponding to the coherent propeller-induced
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Figure 13: Rms of the fluctuating pressure coefficient (C), ,,,;) measured on the suction
side at x/c = 0.37 for the case with 6%20,7 =30° at J =0.8.

Figure 14: Rms of the fluctuating pressure coefficient (C}, ,.,,,;) measured on the pressure

side at x/c = 0.32 for the case with Br—o7=30°at J=0.8.
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fluctuations (C),), from the stochastic ones (C}).

The rms of the purely turbulent fluctuations (Cy,,,), shown in Figure
15a, closely reminds of the oil flow visualization, highlighting how the inter-
action between the propeller slipstream and the wing cannot be described as
the superposition of two distinct effects, as the entire structure of the flow
and pressure field are modified [12, 48].

The coherent fluctuations (ép,rms)7 shown in Figure 15b, on the other
hand, are mainly limited to the tip vortices’ trace. The effect of the blades’
wakes is known to be stronger near the wing’s leading edge due to vortex
impingement, which is not measured in this study. Nevertheless, the prop-
agation of the vortical structures over the wing retnains coherent enough
so to be isolated by the triple decomposition from the stochastic pressure
fluctuations.

The stochastic component captures the LSB outside the slipstream at
y > 0. Close to y = 0, a region of large fluctuations is seen, which is
not, present in C’pﬂ,ms. A possible interpretation is that the source of these
fluctuations might not be related to the propeller but rather linked to the
wake of the nacelle, as it is uncorrelated with the propeller rotation frequency.
However, the root vortices might be merged with the nacelle and spinner
wakes, which could lead to them losing their temporal dependency on the
propeller rotation frequency.

The same observations made from the oil flow visualization in Figure 9,
regarding the case at a.= 0°, with 6%:0_7 = 45° at J = 1.8, can be extended
to the distribution of the rms of the stochastic pressure component (C},,,,)-
In Figure 16a the LSB on the retreating side (upwash) is anticipated, while
on the advancing side (downwash), it is delayed. As in the previous case,
the coherent comiponent, shown in Figure 16b, is mainly limited to the tip
vortices trace.

The effect of the propeller slipstream extends outside of the region defined
by the tip vortices’ trace. Figure 17 shows the wall-pressure spectrum (¢,,)
evaluated on the retreating side at z/c = 0.55 and y/c = 0.58 (y/R = 1.14)
for an angle of attack &« = 0°. For the chosen location, the case having
fr—o7 = 45° at J = 1.8 shows the characteristic ‘hump’ associated to an
LSB, yet, tonal peaks corresponding to the BPF and its harmonics are also
visible. Another interesting finding is the effect on turbulence. The nacelle-
only case shows a rapid decay in the energy content for St. > 20. Never-
theless, the propeller-on cases show a high-frequency content associated with
turbulent flow. For the case with 5§:0.7 = 30° at J = 0.8, the LSB is not
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Figure 15: Overlay of the pressure rms on the oil flow visualization at o = 6°, o7 =
30°, J = 0.8: (a) C7 s and (b) Cp s

p,rms

present, likely due to the higher propeller loading and to the different advance
ratio. A lower J means that the distance between consecutive tip vortices
is reduced. Moreover, these structures are convected faster, as the higher
loading corresponding to a lower J leads to a higher induced velocity inside
the propeller slipstream (considering a fixed freestream velocity for the con-
sidered cases). This implies that the periodic propeller-shed perturbations
interact with the wing boundary layer, triggering its turbulent transition and
impeding the formation of an LSB.

For the case with 5%20,7 = 45° at J = 1.8, the presence of an LSB
and high-frequency content, commonly attributed to turbulence, could be
explained in two different ways: 1) An intermittent process [49] might be
occurring similar to the work of Miley et al. [50] where the flow is shown to
undergo laminar to turbulent transition at each blade passage, leading to the
LSB existing only for a fraction of time. 2) The pressure field presents more
random fluctuations due to the nearby fluctuating pressure field caused by
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Figure 16: Overlay of the pressure ris on the oil flow visualization at o = 0°, Bz —o.7 =
45°, J =1.8: (a) C” s and (b) Cprpms-
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the propeller slipstream.

Using the wavelet transform, it is possible to describe the behaviour of
the pressure signal in both time and frequency, which can be used to eval-
uate its intermittent nature. Wavelets provide an adaptive resolution that
captures the teniporal multi-scale nature of turbulence better than the fixed
windowing of a spectrogram based on the Fourier transform [51]. This is of
particular-importance for intermittent signals as shown in [52, 53]. Figure
18a shows the magnitude of the pressure according to the wavelet transform
for the same microphone signal taken from the nacelle-only case in Figure 17,
while Figure 18b shows the same for the case with B§:0.7 =45° at J =1.8.
The time interval shown is given in terms of the rotational speed (n) for the
case at J = 1.8 for direct comparison.

The nacelle-only case shows that the amplitude of the fluctuations changes
in time; however, the fluctuations are concentrated in the frequency interval
10 < St. < 20, as expected for a laminar separation bubble [45]. It is worth
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Figure 17: Wall pressure spectrum evaluated on the suction side at z/c = 0.55 and
y/c=0.58 (y/R = 1.14) at av = 0° for the nacelle-only and propeller-on cases.

noting that, in-the absence of a coherent forcing, p’ and p” coincide.

For the propeller-on case, in the low loading condition considered here,
an intermittent process is observed. During a revolution (indicated from tg
to tg+ %), fluctuations in the 10 < St. < 20 range are not always present; in
addition, fluctuations at higher frequencies (i.e. St. ~ 40) are observed with
a certain periodicity, likely associated with the blade passing frequency. This
suggests that the LSB does not always exist, opposite to the case in Figure
18a.

The trace of the vortices over the wing corresponds to the region where
the pressure fluctuations are stronger (as in Figure 11) and are expected to
be more coherent. Focusing on the tip vortices traces, the evolution of these
structures can be assessed, and it is expected that they become less coherent
going downstream [13]. To this end, the case with Bz_q7 = 30° at J = 0.8
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Figure 18: Wavelet transform of p” taken at 2/c = 0.55 and y/c = 0.58 with a = 0°: (a)
nacelle-only case (b) Br—o7=45° at J = 1.8; n corresponds to J = 1.8.

was chosen, as the propeller blades induce a stronger circulation, leading to
a greater pressure fluctuation over the wing. Figure 19 shows the wavelet
transform of the stochastic pressure signal (p”) in three locations following
the tip vortex trace on the up-going blade side at o = 6° (for reference, y > 0
in Figure 12a). At z/c = 0.17, six distinct turbulent events are seen within
a revolution, suggesting that each blade passage induces turbulence that
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dissipates before the next blade passage. Further downstream, at z/c = 0.37,
the six blade passages are still roughly distinguishable; however, they are
less uniform compared to z/c = 0.17. At x/c = 0.55, it is no longer possible
to discern the blade passages, suggesting that the tip vortex structure is
less coherent. Moreover, the magnitude of the fluctuations is reduced going
downstream. This is likely due to the interaction of the propeller slipstream
with the boundary layer developing on the wing. Being the measurements
taken farther downstream, a stronger interaction has occurred, thus leading
to a more significant distortion of the signal [13].

5. Conclusions

The presented work introduces the SES, a MEMS sensor-embedded sleeve
for unsteady pressure measurements, and applies it to the study of propeller-
wing interaction, deepening the understanding by assessing the effects on the
surface pressure distribution over the wing.

The SES, based on a flexible printed circuit board (PCB), is able to
measure time-average and unsteady pressures, as shown by the validation
tests presented involving the NACA 633018 [33]. The time-averaged pressure
coefficient (C,) measured from the pressure taps and from the SES showed
an average absolute difference of 0.084. The power spectral density (PSD),
evaluated from the microphones, corresponding to the pressure fluctuations
inside the boundary layer, is compared with Rozenberg’s model [34], showing
good agreement between the predicted PSD and the measured one.

An application to the study of propeller-wing interaction is shown. A
TUD-XPROP-S propeller is installed upstream of the wing model. Two
propeller operating conditions are tested, namely advance ratios of 0.8 and
1.8, and nominal blade pitch angles of 30° and 45°, corresponding to thrust
coefficients (7T,) of 0.99 and 0.14, respectively, and representing the maximum
efficiency for the given pitch setting.

The measured root mean square of the unsteady pressure coefficient
(C,.+ms) captures the trace of the tip vortices of the propeller and the slip-
stream deformation. By performing a triple decomposition of the measured
pressure signals, the coherent (C),) and the stochastic (C})) pressure fluctu-
ations can be separated. The coherent component is mainly limited to the
tip vortex trace, while the stochastic component better captures the region
washed by the slipstream, highlighting how the interaction between the pro-
peller slipstream and the wing cannot be described as the superposition of
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Figure 19: Wavelet transform of p” for the case with 8- _g7 = 30° at J = 0.8 with a = 6°,

R

(z/c,y/c) coordinates: (a) (0.17,0.46), (b) (0.37,0.40), (c) (0.55,0.34)

two distinct effects, as the entire structure of the flow and pressure field are
modified.
Oil flow visualization is used to qualitatively elucidate the flow evolution
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over the surface. A laminar separation bubble (LSB) is formed in the nacelle-
only cases, typical of the low Reynolds number regime on the chosen airfoil.
For the propeller-on cases, an LSB was not observed for the high loading
case, while it was still detected at the low loading condition. It is concluded
that at low propeller loading conditions, the propeller-induced upwash and
downwash shift the LSB forward and backward, respectively, without causing
transition to turbulent flow near the leading edge of the profile.

An intermittent behaviour was observed along the tip vortices’ trace,
where, for each blade passage, turbulence is induced. Furthermore, the fluc-
tuations are reduced downstream, and the structures become less coherent
in time.

Besides deepening the understanding in propeller-wing interaction related
phenomena, this work serves as a presentation and validation of the sensor-
embedded sleeve (SES) for unsteady pressure measurements. The SES re-
quires minimal installation considerations, and it can be installed on virtually
any surface with a one-directional curvature; without requiring modifications
to the target surface, making it a versatile device. This opens the opportu-
nity for applications on surfaces that could not be instrumented otherwise,
as flight testing, for instance:

The main limitation of the SES on the presented application was the
chordwise spatial resolution. Although it could have been increased by shift-
ing the sleeve in the chordwise direction, similar to the approach used for
the spanwise resolution; this would have required further measurements. In
addition, these measurements would not be temporally correlated. Never-
theless, this limitation is only due to the sensor’s position on the PCB sleeve
and to the number of sensors installed on the SES, which could be changed
in a redesign of the SES to better suit the intended application. On a final
note, the SES is of interest not only for the pressure distribution over an
aerodynamic surface but could also be used to unravel the interaction with
buildings and/or complex environments.
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