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ABSTRACT

The present paper proposes a numerical/experimental in-
vestigation of the aerodynamics and aeroacoustics of an
isolated low-Reynolds rotor. An experimental campaign
is carried out to evaluate the flow field downstream of
the rotor through PIV measurements, whereas two mi-
crophone arrays are adopted to characterize the noise di-
rectivity. The numerical analyses are performed by the
combined application of a boundary integral formulation
suitable for the potential aerodynamics solution around
lifting/thrusting bodies and the Farassat 1A formulation
for the evaluation of the radiated noise. Several operat-
ing conditions are tested. The results demonstrate a good
agreement between numerical predictions and experimen-
tal measurements sets the basis for the creation of a wide
database exploiting the potentiality of both approaches
in the perspective of establishing low-cost methods to be
used in the preliminary design of complex, innovative so-
lutions.

Keywords: rotor noise, piv, aeroacoustics, boundary ele-
ment method.

1. INTRODUCTION

In recent years, demand for air transport has grown dra-
matically and is expected to double in the next ten years,
[1]. Concerns about the worsening environmental impact
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and the rising cost of oil due to the pandemic and the in-
ternational political situation have revived the interest in
propeller-driven configuration since efficient propulsion
systems are required to achieve a step-change in the per-
formance of future aircraft designs. In this context, indus-
try and the scientific community have shown a great inter-
est in hybrid-electric [2] and fully-electric [3] propulsion.
Electric propulsion is expected to modify the classical fre-
quency spectrum of the sound emission, altering the rela-
tionships currently used between noise exposure and an-
noyance. Additionally, the use of UAV (Unmanned Aerial
Vehicle) systems is rapidly growing in a wide range of
applications, such as surveillance, search and rescue mis-
sions, and delivery. A consequence of this fact is the com-
pelling need to identify noise reduction technologies in
order to guarantee environmentally sustainable aviation in
conformity with the increasingly demanding requirements
and certification rules [4]. This results in a growing in-
terest in the investigation of the aerodynamics and aeroa-
coustic of propellers which represent the primary source
of noise for these configurations [35, 6].

The noise emitted by low-Reynolds rotors has been
experimentally and numerically investigated in many re-
search studies, focusing on the directivity of the isolated
propeller [5] as well as on the effect of the blade ge-
ometry and on the rotor-airframe interactions [7, 8]. A
different approach was followed by Tinney et al. in [9]
to compare the noise due to isolated rotors, quadcopters,
and hexacopters operating at static thrust. More recently,
work done by Grande et al. [10] experimentally showed
the presence of laminar separation bubbles and subsequent
broadband noise for a similar SUAS rotor under varying
operational conditions. Though those previous studies
have uncovered some significant aerodynamic and aeroa-
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coustic aspects, only a few studies can be found that focus
on defining numerical/experimental procedures aimed at
developing rapid methods for analyzing single- and multi-
rotor configurations.

In order to guarantee a significant reduction of the
acoustic nuisance, it is mandatory to include it as a con-
straint since the early vehicle’s design phases. However,
this need clashes with the high burden of a reliable aeroa-
coustic characterization of innovative and complex con-
figurations. For this reason, an alternative low-cost so-
lution to direct costly simulations/tests should be found.
In this perspective, a possible solution has been proposed
in [11, 12], where computational costly simulations were
used to evaluate a numerical database used for metamod-
els training. Indeed, once trained, surrogate models can
be conveniently used as fast tools for the vehicle’s design,
having the great potential to predict the quantity of interest
at the cost of an analytical expression evaluation. The idea
at the basis of this work is similar: to set the basis for the
creation of a wide database to develop low-cost method-
ologies, exploiting the potentialities of both numerical and
experimental approaches.

As a first step of this research project, a preliminary
campaign is performed to investigate the level of agree-
ment between the numerical and the experimental data in
terms of aerodynamics and aeroacoustics. To this aim,
different operative conditions are examined to better un-
derstand their range of variation for which the correlation
is still satisfactory. In this paper, the focus is on a single
propeller configuration, with the idea that once validated,
the proposed methodology can be applied to more com-
plex systems.

The configuration herein investigated is an isolated
low-Reynolds propeller, the APC-8x45MR, at static thrust
conditions mounted in a pusher position [13]. Both aero-
dynamics and aeroacoustics are studied numerically and
experimentally for several operating conditions, varying
the propeller speed within a typical range of applications.
The pusher configuration was chosen in that it presents
some benefits [14]: i) turbulent high-speed wake does not
flow over the nacelle resulting in less drag; ii) the stream
tube energizes the flow in front of the propeller, suppress-
ing flow separation on the bodys; iii) its use results in re-
duced cabin noise; iv) unobstructed forward view in UAVs
and normal force aft of the center of gravity increases the
stability.

From an experimental point of view, the aerodynamic
investigations are performed through Particle Image Ve-
locimetry (PIV). The acoustic measurements were per-
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formed in an anechoic environment using two test set-ups:
the first, having the sensors on an arc of circumference
in the propeller plane, representing the azimuthal direc-
tivity, and the latter, in line and parallel to the propeller
axis of rotation, describes the polar directivity. In both
cases, the microphones are far enough from the propeller
to assume a far-field propagation. The numerical investi-
gations are performed through a boundary integral formu-
lation suitable for the aerodynamics solution of potential-
incompressible flows, coupled with the Farassat 1A for-
mulation for the evaluation of the tonal noise contribution.
The paper is structured as follows: first, in Sec. 2, the
numerical solvers applied are briefly described. Then, in
Sec. 3, the experimental procedure is detailed, focusing on
the description of both the aerodynamic and aeroacoustic
measurements setups, in Sec. 3.1 and in Sec. 3.2, respec-
tively. Finally, in Sec. 4, the numerical/experimental re-
sults are reported, and a deep comparison is proposed to
highlight the similarities and differences between predic-
tions and how they depend on the operative conditions.

2. NUMERICAL SOLVERS

The numerical investigations are performed through in-
house solvers for the solution of the aerodynamic and the
acoustic fields, widely validated in the past [15] by com-
parison against experimental data.

The aerodynamic analysis is performed through a
Boundary Element Method (BEM) solver based on the
boundary integral formulation introduced in Ref. [16].
Under the assumption of potential and incompressible
flows, it is possible to define a potential field, denoted by
¢, such that v = V. The potential field is given by
the superposition of two contributions: a scattered poten-
tial, denoted by ¢g, and an incident one, denoted by ¢;.
Sources and doublets distributed over the body surfaces,
Sp and doublets distributed over the portion of the wake
closer to the trailing edges (the so-called near wakes, indi-
cated as Svj}’,), determine the scattered potential. Instead,
the incident potential is associated with the doublets dis-
tributed over the so-called far wakes Sy, [16], namely
the wake region complementary to the near wake. the
scattered potential is given by the following integral for-
mulation [16]:

oG
pstent) = [ ]G0, —u) =0 | dsta)
Sz " (1)
oG
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where G = —1/4mr is the unit-source solution of the
free-space, three-dimensional Laplace equation, with » =
ly — || (namely the distance between observer posi-
tion, x, and source position, y); Aypg is the potential
jump across the wake surface, known from past history of
potential discontinuity at the corresponding body trailing
edge through the Kutta condition [17, 18]; v,, = vp - n,
where vp represents the body velocity and n the body
outward unit normal, while ©,, = u; - nn, with w; denot-
ing the velocity induced by the far wake.

Considering the far wake discretized into M panels,
assuming the potential jump constant over each panel, and
recalling the equivalence between surface distribution of
doublets and vortices, the incident velocity field is eval-
uated through the Biot-Savart law applied to the vortices
having the shape of the panel contours. Furthermore, the
Rankine finite-thickness vortex model is applied to guar-
antee a regular distribution of the induced velocity within
the vortex core and thus a more stable algorithm in case of
wake-body interactions [16]. Thus, the scattered potential
is influenced by the incident potential through the induced
velocity, which is then affected by the scattered potential
by its trailing-edge discontinuity (which is convected by
the wake’s material points and defines the intensity of the
wake’s vortices).

Once the potential field is known, the Bernoulli the-
orem yields the pressure distribution over the body sur-
face [19], which represents the input for the acoustic anal-
ysis. In particular, the acoustic solver is based on the
Farassat 1A boundary integral formulation [20] for the
solution of the Ffowcs Williams and Hawkings equation.
The radiated noise is given by the superposition of two
contributions: one depending on the blade geometry and
kinematics, the thickness noise, and the other depending
on the blade kinematics and the pressure distribution, the
loading noise [21].

3. EXPERIMENTAL SETUP AND PROCEDURE

The aerodynamics and aeroacoustics of the different con-
figurations were experimentally analyzed using PIV tech-
nique and microphone measurements, whose set-ups are
described in the following sections.

3.1 Aerodynamic tests

The flow field velocity immediately downstream of the
propeller was measured in the “G. Guj” fluid dynamics
laboratory at Roma TRE University through planar 2D
PIV measurements. A sketch of the experimental setup is
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shown in Figure 1. It consists of an Nd:Yag double-pulse
laser (200 mJ/pulse at 10 Hz each) and a LaVision SX 4M
CCD camera with a resolution of 2360x1776 pixels and
a maximum frame rate of 15 Hz, equipped with Nikon
lens characterized by a focal length of 50 mm. A Pro-
grammable Timing Unit (PTU) provides the trigger sig-
nals to synchronize the cross-correlation camera and the
Nd-Yag laser to allow the image acquisition. The follow-
ing Cartesian reference system is adopted: O-XYZ with
the origin O in the intersection between the rotor disk and
the rotational axis of the propeller chosen as reference.
The X-axis is oriented radially and Z-axis is parallel to the
axial direction. The air was seeded with smoke particles
having a mean diameter of about a few micrometers in or-
der to correctly follow the flow field. A high uniform seed-
ing density in the region of interest was achieved guaran-
teeing a correct cross-correlation analysis. The PIV im-
age analysis was carried out using the software Davis La
Vision. 100 couples of images were acquired at the maxi-
mum frequency available from the PIV system to evaluate
the instantaneous and averaged flow field.

Figure 1. PIV experimental set-up.
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3.2 Aeroacoustic tests

The experiments were conducted in the small anechoic
chamber “G. Guj” fluid dynamics laboratory at Roma
TRE University. The test facility is acoustically treated
through wooden-insulated walls covered with sound-
absorbent panels (further details are reported in [22,23])
and measures 3 m in height, 2m in width and 4 m in length.
Due to the expected recirculation and turbulence ingestion
effects, the flow was facilitated through an outlet and each
microphone was shielded with a foam windscreen. A total
of seven Microtech Gefell M360 free-field microphones
were used to measure the pressure fluctuations from the
rotors. The microphone array set-ups for the azimuthal
and polar directivity characterization are shown in figures
2 and 3, respectively.

=4D
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D

Figure 2. Experimental set-up to characterize the az-
imuthal directivity.

The circular array was aligned with the plane of the
rotors and spanned a range of 90 degrees with a step size
of 15°. The linear array was assembled parallel to the test
stand. The closest microphone to the rotor in the linear
array, and all the sensors in the circular one, were lo-
cated at a radial distance of 8 rotor radii from the hub
center distance, corresponding to the acoustic far-field of
the propellers. One more microphone was placed in the
nearfield, at a distance not influencing the flow evolution,
for the purpose of retrieving and synchronizing the rota-
tional speeds.

The acoustic data were acquired simultaneously for 5
seconds at a sampling rate of 100 kHz, using a NI PXI-
6143 data acquisition unit installed on a NI PXIe-8840
chassis.
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Figure 3. Experimental set-up to characterize the po-
lar directivity.

The acquired data were analyzed in the Fourier do-
main using the Welch algorithm. The average FFT was
calculated on a block of 216 samples for a frequency reso-
lution of 1.5 Hz. A Hanning window and a 50% overlap
were applied between each window of the time series.

4. NUMERICAL/EXPERIMENTAL
INVESTIGATIONS

The propeller tested is the APC-B8x45MR two-bladed ro-
tor made up of fiberglass composite and characterized by
a fixed pitch and a diameter (D) of 203 mm. From the
datasheet provided by the manufacturer, the blade geom-
etry is described by the low Reynolds number Eppler E63
airfoil with a Clark-Y similar airfoil near the tip. The ro-
tor was mounted in pusher configuration on a 1.5 D high
cylindrical supports made of wood to prevent mechani-
cal vibration and ground effect. A SunnySky X2212 III
1400Kv brushless motor drove the propeller. The rota-
tional rate of the motor is regulated by a FullPower PRO
electronic speed controller (ESC), which receives time
pulse signals from the digital output of a NI PXI-6143
board. A LabView program was implemented for the
open-loop control on the rotational speed, w. The rotor
is tested in hovering condition, at three different angular
velocities, 6000 RPM, 7000 RPM, and 8000 RPM.

For the numerical analyses, the geometry of the rotor
was reconstructed starting from the blade sectional prop-
erties provided by APC. It is important to note that only
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the blade geometry is considered in the numerical simula-
tions, whereas the rotor hub is neglected. The results are
obtained by discretizing the propeller blades with 35 pan-
els in the chordwise direction and 50 panels in the span-
wise direction. The wake surface is discretized by 90000
panels (1800 in the azimuth direction and 50 in the radial
direction, distributed along ten revolutions). Furthermore,
the aerodynamic computation proceeds in azimuthal steps
of 3° and a total of 20 rotor revolutions were computed,
whereas, for the acoustic analysis, an azimuthal step of
0.35° is used and the signal recorded for one rotor revolu-
tion.

4.1 Aerodynamics

First, a numerical trim analysis is performed to evaluate
the blade collective pitch to obtain the same experimental
thrust. This is a required preliminary step in that if the
same collective pitch of the experimental test is consid-
ered, an underestimation of the forces is numerically ob-
served. The results of this analysis are reported in Tab. 1,
which shows the target thrust [24] and the additional col-
lective pitch that guarantees the match between the numer-
ical and the experimental thrust with a maximum error of
0.1 N.

Table 1. Trim conditions
RPM Thrust [N] Pitch [rad]

6000 2.8 0.096
7000 3.7 0.082
8000 4.9 0.088

Once the collective blade pitch is evaluated, the aero-
dynamic solver is applied to evaluate the flow-field to be
compared with the experimental PIV measurements. The
instantaneous velocity fields, in this case, were acquired
on the wake side immediately downstream of the pro-
peller, imaging an area of about 120x90 mm. The re-
sults of this investigation are shown in Fig. 4, Fig. 5 and
Fig. 6, for the angular velocities equal to 6000 RPM, 7000
RPM, and 8000 RPM, respectively, comparing the numer-
ical predictions and the experimental measurements.

The experimental measurements and the numerical
predictions show an overall good level of agreement. In
particular, the streamtube dimension along the blade ra-
dial direction and its contraction as the distance from the
blade increases are well captured. Only slight differences
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Figure 4. Comparison between the average velocity
magnitude at 6000 RPM: first row experimental mea-
surements, second row numerical results.

are observed in the middle region of the blade, where a nu-
merical overestimation can be noticed. Major discrepan-
cies are present in the region closer to the rotor axis, where
the numerical simulations provide significantly lower ve-
locities due to the absence of the rotor hub in the numeri-
cal setup.

4.2 Aeroacoustics

This section is addressed to the numerical/experimental
correlation in terms of acoustic data. As already de-
scribed, two microphones’ arrays are considered as shown
in Figs. 2 and 3.

The comparison between the numerical predictions
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Figure 5. Comparison between the average velocity
magnitude at 7000 RPM: first row experimental mea-
surements, second row numerical results.

and the experimental measurements is shown in Fig. 7,
here discussed in terms of overall sound pressure level
(OASPL), evaluated by integrating the energy spectrum
with respect to frequency and defined as follows:

d
OASPL = 10[0910M = 20l0g10 g

ref Dref

@)

where ¢p, is the power spectral density of the measured
acoustic pressure, prr represents the reference pressure
equal to 20pPa and o indicates the standard deviation of
the pressure signal, intended as the square root of the vari-
ance.

Globally, an underestimation of the emitted noise is
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Figure 6. Comparison between the average velocity
magnitude at 8000 RPM: first row experimental mea-
surements, second row numerical results.

noticeable at all the microphones investigated, with an av-
erage difference between the computation and the exper-
iments in line with the literature available on this topic
[24,25].

First, for the azimuthal array, as expected, the numer-
ical solver predicts an OASPL not affected by the micro-
phone’s angular position. Indeed, for the case herein in-
vestigated, namely a hovering isolated rotor, the pressure
field over the propeller blades is time-invariant. On the
contrary, in the experimental measurements, the OASPL
shows a dependency on the polar angle. Some explana-
tions for this unexpected behavior can be found in the
presence of some asymmetries in the rotor inflow. Thus,
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the directivity pattern appears to be influenced by the pro-
peller speed exhibiting a stronger dependence when in-
creasing the velocity.

Focusing on the polar array, the computations predict
an OASPL which is higher in the rotor disk plane and then
increases as the polar angle increases, regardless of the
propeller angular velocity. In the overall, the experimen-
tal data show the same trend with some spurious micro-
phones where the general trend is not respected (for in-
stance, at 25°).

Furthermore, it is important to remind that in the nu-
merical predictions, only the tonal contribution is captured
(due to the hypothesis the numerical solver is based upon),
whereas the experimental data take into account both the
tonal and the broadband contributions.

5. CONCLUSION

A numerical/experimental investigation of the aerody-
namics/aeroacoustics of an isolated rotor in different oper-
ative conditions has been proposed. A good agreement be-
tween the experimental measurements and the numerical
predictions in terms of both flow-field and noise directiv-
ities has been observed, in line with what is found in the
literature. The computations predict a velocity field that
agrees well with the experimental outcomes in almost all
the investigated regions, with major discrepancies in the
region near to the rotor rotational axis due to the absence
of the hub in the numerical simulations. Concerning the
noise measurements, the numerical simulations underesti-
mate the OASPL with respect to that experimentally mea-
sured of about 5 dB even though it strongly depends on the
microphone’s position, and the differences increase as the
rotor angular velocity decreases. Regardless of the afore-
mentioned differences, the good agreement between nu-
merical and experimental results paves the way to exploit
the potential of both methods to create a wide database
with a reduced computational/experimental burden to be
used since the early design phase of more complex inno-
vative solutions.
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