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Abstract: The aim of the present manuscript is to investigate the noise footprint of an isolated
propeller in different flight configurations for the propulsion of a hybrid-electric aircraft. Experimental
tests were performed at the Low-Turbulence Tunnel located at Delft University of Technology with
a powered propeller model and flush-mounted microphones in the tunnel floor. The propeller
was investigated at different advance ratios in order to study the noise impact in propulsive and
energy harvesting configurations. For brevity, this work only reports the results at the conditions
of maximum efficiency in both propulsive and energy harvesting regimes, for a fixed blade pitch
setting. Comparing these two configurations, a frequency-domain analysis reveals a significant
modification in the nature of the noise source. In the propulsive configuration, most of the energy
is related to the tonal noise component, as expected for an isolated propeller; however, in energy
harvesting configuration, the broadband noise component increases significantly compared to the
propulsive mode. A more detailed analysis requires separation of the two noise components and,
for this purpose, an innovative decomposition strategy based on proper orthogonal decomposition
(POD) has been defined. This novel technique shows promising results; both in the time and in the
Fourier domains the two reconstructed components perfectly describe the original signal and no
phase delays or other mathematical artifices are introduced. In this sense, it can represent a very
powerful tool to identify noise sources and, at the same time, to define a proper control strategy
aimed at noise mitigation.

Keywords: energy harvesting; rotor noise; proper orthogonal decomposition; wavelet transform

1. Introduction

In recent years, the urgency of reducing humans’ environmental impact has led to
an awareness of countries and their governments. For this purpose, NASA has pointed
out strict constraints for energy consumption, nitrogen oxides (NOx) and noise for three
generations of aeroplanes [1,2]. Moreover, the International Civil Aviation Organization
(ICAO) set certification standards for noise and NOx emissions in 2020 [3]. In this scenario,
aircraft concepts involving electric propulsion (EP) have become of great public interest [4],
because through electrification, a strong reduction of aircraft environmental impact can
be achieved. Among the many solutions for aircraft design opened by EP, one of the most
interesting and well-studied is distributed electric propulsion (DEP). The key idea behind
distributed propulsion is to spread the propulsive elements over the airframe [5]. DEP
has the potential to drastically reduce the take-off noise, fuel consumption and emission
levels for the lighter aircraft sector [5,6]. In addition to advanced propulsion integration,
EP enables energy harvesting solutions. Specifically, during part of the mission that does
not require power input, electric engines can be used as generators, resulting in energy
recovery during flight that will impact the total mission energy, especially when aiming for
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steep descent trajectories. In particular, one way to harvest energy is to use the propellers
as airborne wind turbines in specific parts of the flight mission, as in the present study.
In this approach, the blade sections will operate at negative angles of attack, resulting in
an inversion of the direction of the aerodynamic forces. This results in the generation of
a negative torque that can be converted into electrical energy by the motor. The idea of
using propellers to recover energy has already been proposed for gliders and ships [7–11],
and also for turbofan engines [12,13]. These studies confirm that it is possible to employ
rotors to recover energy in windmilling conditions by considering the reversed direction of
the aerodynamic forces and moments (due to the shift to negative angles of attack on the
blade section), necessary for the harvesting of energy. Furthermore, the use of propellers
to recover energy has been explored in the literature, for example in Cherubini et al. [14].
More recently, Erzen et al. [15] displayed the potential of using propellers to recover energy
for an electric aircraft.

Even though the scientific community has shown great interest in the use of propellers
to recover energy, little attention has been given to the study of noise generated in these
unconventional operating conditions. In an energy harvesting configuration, increased
separation of the blades is expected compared to the conventional propulsion configura-
tion [16], which may lead to stronger broadband noise emissions. These issues suggest that
common noise reduction strategies, useful for the propulsive mode, may not be equally
effective in the event of a shift to such a usage regime.

In propeller-driven aircraft, the main noise sources are the engine and the propeller itself [17].
The noise radiated by propellers has been described in detail in the literature [18–22].

Generally, the propeller aerodynamic noise is divided into narrow- and broadband compo-
nents [18,23–25]:

p′(x, t) = p′NB(x, t) + p′BB(x, t) (1)

where p′NB(x, t) is the narrowband (or tonal) component of pressure fluctuations, whereas
p′BB(x, t) is the broadband counterpart.

For thin blades operating at subsonic Mach numbers (M < 1), the narrowband contribution
is given by the sum of two main sources:

p′NB(x, t) = p′T(x, t) + p′L(x, t) (2)

where p′T denotes the pressure fluctuations related to blade thickness while p′L is related to
aerodynamic loading. The thickness term accounts for the fluid displacement due to the body,
while the loading component takes account of the force distribution over the body surface.

However, propeller broadband noise is related to the interaction of turbulent flow structures
with the blade edge and to flow separation. Generally, the broadband contribution can be split as:

p′BB(x, t) = p′TE(x, t) + p′LE(x, t) + p′S(x, t) (3)

where p′TE(x, t) is the trailing edge component related to the interaction of the turbulent boundary
layer over the blade surface, p′LE is the leading edge component related to the incoming flow
and p′S is the separation term. A schematic representation of the main broadband noise sources
involved is presented in the Figure 1.

Propeller sound emissions provide a great challenge to the task of noise characteriza-
tion and prediction. Indeed, the main noise sources remain consistent with those associated
with helicopters. In the case presented in this work there are numerous unknowns to be
investigated, such as the effect of reduced size or the balance between tonal noise and
broadband noise [26].

In the study of rotor noise, there is great interest in the definition of advanced analysis
tools, in particular for the decomposition of the pressure signal into its tonal and broad-
band components. A rigorous procedure for signal decomposition is essential in order to
assess the proper noise control strategy and even to interpret the results from high-fidelity
prediction tools. At the state-of-the-art, the noise decomposition is achieved by the use of a
phase-averaged mean that represents the tonal component, which is then subtracted from
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the raw time history to obtain an estimate of the broadband component. This procedure
does not work properly for propellers because noise components cannot be separated
correctly. Such limitation is related to the complex flow structure around the propeller and
other noise effects that induce random phase shifts in the acoustic data. The most suitable
decomposition strategies for these kinds of applications, found in the literature, are the
Vold–Kalman filter [27] and Sree’s algorithm [28,29].

Figure 1. Schematic representation of the main broadband noise sources around an airfoil.

The main goal of this work is is to characterize the noise emissions of the propeller
in both propulsive and energy harvesting configurations. In addition, the present study
proposes an innovative decomposition strategy based on an energy criterion in order to
quantify the impact of each of the tonal and broadband components on the sound spectrum.
These objectives cannot be achieved without acquiring detailed knowledge of the noise
sources involved in these innovative applications. For these reasons, particular attention
is given to the differences between the sound emissions in the propulsive and energy
harvesting flight conditions.

The present manuscript is organized as follows. Section 2 describes the experimental
setup, and the theoretical background of proper orthogonal decomposition (POD) and the
wavelet transform. In Section 3, a discussion of the main results is presented and then in
Section 4, final remarks and future perspectives are discussed.

2. Materials and Methods
2.1. Experimental Setup

An isolated propeller experiment was performed in the low-speed Low-Turbulence
Tunnel (LTT) at Delft University of Technology, as shown in Figure 2. The LTT features an
octagonal closed test section of 1.80 m × 1.25 m and has a low inflow turbulence level of
0.02–0.03% at 40 m/s. For a schematic representation of the experimental setup within the
wind tunnel, see Figure 3. The experiment was performed using a three-bladed propeller
with a blade design representative of previous-generation turboprop aircraft. The propeller
diameter was D = 0.4064 m. The propeller features modified ARA-D profiles, with a
maximum thickness-to-chord ratio (t/c) of 0.05 at the tip, 0.12 at r/R = 0.5 and 0.20 at the
hub. The distance between the propeller center and the wind tunnel wall was 0.625 m in
the vertical direction and 0.9 m in the lateral direction.

The loads of the propeller were measured using a six-component internal load cell
and an external balance, to enable separation of the interaction effects between propeller
slipstream and support structure. A plate containing 9 microphones was placed in the floor
of the test section to quantify the acoustic output of the propeller. For the microphone
position, see Figure 3. In the linear microphone array, five LinearX M51-type and four
LinearX M53-type microphones were used in line to the rotation axis. The microphones
were characterized by maximum SPLs of 150 dB and 130 dB, respectively, a diameter of
1/2 inch and a frequency range between 20 Hz and 20 kHz. The microphones were properly
calibrated by means of a piston phone GRAS 42AA, which outputs a tonal noise signal
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with amplitude 114 dB at a frequency of 250 Hz and an uncertainty lower than 0.09 dB for
a confidence level of 99%.

Figure 2. Photos of the experimental setup employed for the measurement campaign at Delft
University of Technology’s Low-Turbulence Tunnel.

Figure 3. Schematic representation of the experimental setup located within the wind tunnel.

A constant free stream velocity of 30 m/s was used and the rotational speed was
varied to achieve both propulsive and energy harvesting conditions. For the acoustic
measurements, all results discussed in this paper were obtained at a fixed blade pitch
setting of 15 degrees at 70% of the radius. Pressure–time series were acquired for 30 s
with a sampling frequency of 51.2 kHz. Note that the LTT is not an anechoic tunnel and
hence acoustic reflections will have been present that will have affected the measurement
results. For this reason, the pressure–time series were pre-processed using a low-pass filter
to cancel out the frequency range below 100 Hz, which was dominated by noise from the
wind-tunnel fan. For the purposes of this study, therefore, the results can be considered
reliable as there are several orders of magnitude between these two noise sources.

In addition, for further confirmation of the validity of the results, the noise related to
the wind tunnel was quantified and it was, on average, more than 20 dB lower than the
noise produced by the propeller.

To determine the effective velocity in the closed test section, wind tunnel correc-
tions are (normally) needed, but in the case presented here the combination of solid and
slipstream blockage amounted to a blockage effect on a velocity of about −0.5% for the
positive thrust case, +0.2% for the 0 thrust case and +1.5% for the regenerative case. This
means that the corrected freestream velocity would be −0.5% up to +1.5% different for
the different cases. For the purpose of the comparison in this paper, corrections are not
considered required because the comparison between the different loading conditions will



Fluids 2022, 7, 217 5 of 17

not change (without walls the same loading conditions would be obtained at a slightly
different advance ratio).

In addition, several tests at constant advance ratio J were performed in order to check
the repeatability of the experiment. As an example, Figure 4 shows a noise spectrum for the
propulsive and the energy harvesting configurations. This figure confirms the repeatability
of the experimental measurements, thereby providing confidence in the quality of the data
set. Moreover, in order to obtain a quantitative measure, the overall sound pressure level
(OASPL) was calculated for all the repeated test cases and the difference between repeated
measurements was in the order of 1%, whereas it is less than 3% when considering the
band-limited OASPL relative to the first harmonic.

Figure 4. Repeatability test: comparison between noise spectra. (a) test performed at advance ratio
J = 0.7. (b) test performed at advance ratio J = 1.2.

2.2. Proper Orthogonal Decomposition

In order to investigate the different sources of noise involved, a proper orthogonal
decomposition (POD) analysis was performed; in particular, an innovative application of
such investigation tool was defined.

POD is a common mathematical procedure for extracting a basis for modal decompo-
sition from an ensemble of signals. The method has been widely used in turbulent flows
since it provides a low-dimensional representation of a characteristic large-scale structure
by decomposing it into a set of uncorrelated, data-dependent components. The components
are the eigenfunctions of a two-point correlation tensor. For a comprehensive review about
the mathematical formulation of proper orthogonal decomposition and its application to
turbulent flows the reader may refer to the large body of literature (e.g., [30–32]).

In this paper, a novel application of POD is reported; the modal decomposition is
applied to a pressure–time series p(t) in the near field in order to split the signal into
its components: tonal and broadband. The starting point for the innovative formulation
presented here is the so-called snapshot POD [31,33]. The idea is to apply windowing to the
pressure–time series p(t) and, subsequently, to re-arrange the obtained vector in a matrix P.

This will lead to calculation of the autocovariance matrix as:

C̃ = PTP (4)

Then, the procedure is to resolve the corresponding eigenvalue problem:

C̃Ai = λiAi (5)
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and to re-order the obtained solutions by the size of the obtained eigenvalues:

λ1 > λ2 > .. > λN (6)

The eigenvectors of Equation (5) comprise the basis of the POD modes φi, defined as:

φi =
∑N

n=1 Ai
npn

‖∑N
n=1 Ai

npn‖
, i = 1, . . . , N (7)

where Ai
n is the n-th component of the eigenvectors corresponding to λi of Equation (5)

and ‖ · ‖ represents the discrete 2-norm defined as ‖l‖ =
√

l2
1 + l2

2 + ... + l2
N (where l is a

generic vector of N components).
The time signal can be reconstructed as:

p(t) =
N

∑
n=1

anφn (8)

where an denotes the POD coefficients defined as the projection of the pressure signal onto
the POD modes:

aN =
N

∑
i=1

an
i φi = ΨTaN (9)

The matrix Ψ is composed of the POD modes as

Ψ =
[
φ1 φ2 . . . φN

]
(10)

Having imposed Equation (6) it is ensured that the most energetic mode is the first one.
Generally, this means that the first mode is associated with the fundamental harmonics and
thus the dominant tonal peak at the blade-passage frequency for propeller noise is reflected
in the first POD mode. It is important to underline that for isolated propellers the main
source of tonal noise is ascribable to the fundamental tone at the blade passage frequency,
while the amplitudes of the higher harmonics are irrelevant and become smaller with
increasing harmonic number. Therefore, the tonal noise component can be reconstructed
correctly by looking at the first few modes.

Figure 5 reports the application of this innovative separation technique to a synthetic
signal: a sine wave with the addition of white noise. In more detail, Figure 5a reports
the synthetic signals employed for the validation and the reconstructed components in
time domain; Figure 5b shows the reconstructed tonal components compared with the
original one in the frequency domain. Finally, Figure 5c reports the Fourier transform of
the broadband components compared with the Fourier transform of the raw signal. These
figures show very good agreement in both time, see Figure 5a, and frequency domains,
Figure 5b,c, for the obtained reconstructed signals compared to the original one. The main
evidence is that the reconstructed signals fit the original one perfectly in the time domain,
as can be seen in Figure 5a. Moreover, in the frequency domain, it can be seen that the tonal
peak of the sine wave is perfectly described (see the region HBPF = 1) by the decomposed
signal, while in the other frequency regions the reconstructed tonal signal has less intensity
than the original signal. Looking at the broadband counterpart instead it becomes clear
that the tonal peak is not present anymore and the reconstructed signal fits perfectly the
noisy part of the raw signal.

Such results can be interpreted as a validation of the presented strategy so it can
represent a powerful tool with which to study a time series for the application where a
periodic effect is embedded in a broadband phenomenon, like the one investigated in this
manuscript.
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Figure 5. Application of the POD–based decomposition strategy to a synthetic signal: a noisy sine
wave. (a) Signals, total and reconstructed, in the time domain; (b) the total and reconstructed
tonal signals in the frequency domain; (c) the total and reconstructed broadband signals in the
frequency domain.

2.3. Wavelet Transform

Wavelet transform analysis has become a common tool for the study of localized vari-
ations of power embedded in a time series. The wavelet transform (WT) permits expansion
of a space/time history on a large variety of suitable functions. This feature makes the
WT very interesting in a wide range of applications [34–37]. One of the main properties of
the WT is its duality in both time and frequency domains, allowing determination of both
the dominant modes of variability and how those modes vary in time. Consequently, the
WT often better fits waves present in nature and with higher convergence velocity than
the corresponding Fourier problem. The Fourier transform (FT) uses sine and cosine basis
functions that have infinite span and are globally uniform in time. Consequently, the FT
does not contain any time signal dependence and cannot provide any local information
regarding the time evolution of its spectral characteristics [38]. However, WT uses gen-
eralized basis functions with a flexible resolution in frequency and time. As a result, by
using the WT it is possible to achieve the optimal resolution with the lowest number of
basis functions [38].

WT can be regarded as an evolution of the Fourier transform and the application fields
are almost the same [39]. However, some fundamental differences can be found. Both
the transformations are based on projection on an orthogonal basis function, and for this
reason they both are invertible. Nevertheless, the FT basis is composed of sine and cosine
functions; conversely, an infinite number of basis functions can be found for WT, as long as
the admissibility criterion is satisfied [40,41]. These properties permit decomposition of a
space/time series among a great variety of suitable functions, allowing selection of a basis
specific for each problem [39].

In order to carry out a continuous wavelet transform (CWT), the first step is the choice
of a proper wavelet function, called the mother wavelet ψ(t). ψ(t) can be real or complex.
In this study case, the mother wavelet used is the Morlet function, which is a complex
solution of the wave equation [42], defined as:

ψ(t) = π−1/4eiω0te−t2/2 (11)

where t is the dimensionless time and ω0 is the wavelet frequency center.
Starting from the mother wavelet ψ, a family of continuously translated and dilated

wavelets (the orthogonal basis functions) can be generated and normalized in the en-
ergy norm:

ψs,τ = snψ

(
t− τ

s

)
(12)

where s and τ are two real positive numbers called scaling parameter and time shifting,
respectively. By varying s and τ, it is possible to represent the amplitude of any features
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versus the scale and how this amplitude varies with time in a single picture. In the present
study, L-2 normalization has been applied to the mother wavelet thus n = − 1

2 and:∫ ∞

−∞
|ψs,τ |2dt = 1 (13)

Finally, the CWT is defined as:

w(s, τ) = s−1/2
∫ ∞

−∞
x(t)ψ∗

(
t− τ

s

)
dt (14)

where w(s, τ) is the wavelet coefficient and ψ∗ is the complex conjugate of the dilated and
translated mother wavelet function.

One of the main differences between WT and Fourier transform is that, for a non-
sinusoidal periodic signal, the latter spreads the energy content across several sub-harmonics.
However, the former gives back only a few components with significant energy content.

In order to maintain a connection between these two transformations it is possible to
convert the scaling factor s into a pseudo-frequency by using the following equation:

f =

 4πs

ω0 +
√

2 + ω2
0

−1

(15)

3. Results

The pressure fluctuations in the near-field were measured for different propeller opera-
tional conditions. The test matrix is composed of several measurements. The corresponding
values of pitch angle β, rotational velocity Ω and advance ratio J are listed in Table 1. For
brevity, the most interesting results are reported in this paper. These are concerned with
the propeller operational conditions of maximum efficiency in the propulsive regime, the
transitional regime (namely the crossing point between the propulsive and the regenerative
configurations) and, finally, the most efficient regime in energy harvesting configuration
at zero thrust. The blade pitch angle was fixed and the maximum efficiency values are to
be considered exclusively as related to this specific configuration. These 3 case studies are
related to 3 different rotational speeds, which are consequently characterized by different
tip Mach numbers and different Reynolds numbers. As a result, the loading over the blade
is very different in the 3 cases, leading to some variation in the propeller behavior.

Table 1. Pitch angle β, rotational speed n and advance ratio J values for each operational condition
investigated.

Test Case β, deg n, Hz J [−]

Propulsive 15◦ 134.0 0.60
Transitional 15◦ 98.5 0.75

Energy harvesting 15◦ 67.0 1.10

In order to evaluate the difference between the considered operational conditions, a
spectral analysis was carried out. Figure 6 reports the noise spectra in a normalized form of
the sound pressure spectrum level (SPSL) defined as:

SPSL = 10 log10

(
PSD ∆ f

p2
0

)
(16)

where PSD is the power spectral density of the pressure time history, ∆ f is the frequency
resolution and p0 is the reference pressure equal to 2µPa (threshold of human hearing).
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In addition, the spectra are represented in nondimensional frequency; specifically, the
harmonics of the blade passing frequency are reported, defined as:

HBPF =
2π f
BΩ

(17)

where f is the frequency of sound emissions in Hz, B is the number of blades (for the present
study B = 3) and Ω is the rotational velocity expressed in rad/s. The main observation
is that when moving from the propulsive to the energy harvesting configuration, the
most relevant noise source changes with a transfer of energy from the first harmonic
(HBPF = 1) to the broadband counterpart at higher frequency. Such effect results in
an increase in the noise amplitude in energy-harvesting mode for HBPF greater than 3
compared to the propulsive condition. In addition, the higher-order harmonics, observable
for HBPF = 2, 3 & 4, are almost hidden in the broadband noise floor in both the transitional
and regenerative conditions, while they appear evident in the propulsive regime. According
to the literature [17,23,43,44], tonal noise can be associated with aerodynamic loading and
its thickness over the blade. In the energy harvesting condition, the absolute loading on
the blade was smaller than in the propulsive regime. This is because of the less efficient
production of lift in this regime and is also due to the lower tip Mach number. This leads to
a reduction in tonal noise. At the same time, in this configuration, the propeller is working
in off-design condition and it generates more intense turbulent structures that result in
increased broadband noise [16].

Figure 6. Dimensionless spectra of the near-field pressure signals for each operational condition.

To further clarify these aspects, a space–frequency representation of the noise spectra
is reported in Figure 7 in order to investigate the evolution in the axial direction with
respect to the propeller center. Observing Figure 7c, it appears evident that the broadband
region is much more developed and the first harmonic is strongly damped for the energy
harvesting configuration compared to the propulsive mode. However, for the propulsive
condition (Figure 7a), most of the energy is associated with the first harmonic. Moreover,
the transitional configuration presents a strong peak at HBPF = 1 (see both Figure 6
and Figure 7), but the higher-order harmonics have been eliminated, resulting in a small
increase of the broadband noise in the high-frequency region. In this sense, the transitional
configuration lies in between the other 2 operational conditions. In addition, for all 3 test
cases, it is possible to observe an increase in the broadband component in the x-direction
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that is attributable to the dissipation of the vortices shedding from the propeller moving
away from it.

Figure 7. Contour map of the sound pressure spectrum level of the near-field pressure signals along
the axial distance for each operational condition. (a) Propulsive configuration. (b) Transitional
configuration. (c) Regenerative condition.

The effect of the operational regime on coherent structures embedded in the pressure
time series can be demonstrated by analysis of the probability density function (PDF) of
the pressure time history, as reported in Figure 8. The random variable is represented
in reduced form in order to have zero mean and unit standard deviation. In addition,
a Gaussian distribution was added in Figure 8 in order to make a comparison. The
main difference between the distributions for the three operational conditions is that
the propulsive condition displays in a bi-modal distribution characterized by a positive
skewness, while the transitional and the regenerative configurations are described by a
Gaussian distribution (see Figure 8a). Such effect can be interpreted as a loss in signal
periodicity when the propeller is employed to harvest energy instead of generating thrust.
Moreover, the distribution functions are also reported in logarithmic scale (Figure 8b); this
alternative representation shows a departure of the tails of the distribution from the normal
distribution for the transitional and regenerative regimes. Physically, this can be ascribed to
the presence of coherent structures in the pressure time series, induced by the non-optimal
operational conditions for the propeller. In these configurations, the propeller is generating
a more turbulent flow structure resulting in higher broadband noise.

Figure 8. Probability density function of the near field pressure signals for each operational condition.
The PDFs are reported in both linear (a) and logarithmic scales (b).

The observation of this dual nature of the signals suggests that decomposition of the
noise components would enable a more detailed characterization of the individual noise
sources involved. For this purpose, the POD-based signal decomposition, as defined in
Section 2.2, has been applied and the results are reported in Figure 9. Before the results
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are discussed, it should be noted that a convergence study was first performed to assess
whether the measurement duration was sufficiently long. Figure 10 shows the values
taken by the eigenvalues, normalized with respect to the sum of all the eigenvalues, for
different time intervals. It can be seen that after 10 s, the values obtained remain constant.
This confirms that convergence has been achieved and thus ensures the reliability of the
obtained results. In this figure, the first row (Figure 9a–c) shows the results for the
propulsive configuration, the second row (Figure 9d–f) for the transitional configuration
and the third row (Figure 9g–i) for the energy harvesting configuration. In the first column
of Figure 9a,d,g, the time history of the raw signal is reported and, in order to enable
comparison, the tonal and broadband counterparts are reported for each test case.

Figure 9. Application of the POD–based decomposition strategy to the test cases under analysis.
(a) Time history of the raw pressure signal and of its tonal and broadband components for the
propulsive regime. (b) Nondimensional spectra for the propulsive regime. (c) Energy percentage
associated with the POD modes for the propulsive regime. (d) Time history of the raw pressure signal
and of its tonal and broadband components for the transition regime. (e) Nondimensional spectra for
the transitional regime. (f) Energy percentage associated with the POD modes for the transitional
regime. (g) Time history of the raw pressure signal and of its tonal and broadband components for the
regenerative configuration. (h) Nondimensional spectra for the regenerative configuration. (i) Energy
percentage associated with the POD modes for the regenerative regime.

Figure 10. Convergence analysis of the eigenvalues for the POD decomposition for each operational
condition. (a) First eigenvalue λ1; (b) second eigenvalue λ2; (c) third eigenvalue λ3.

The time coordinate has been normalized by the revolution time in order to display
one complete revolution of the propeller. Furthermore, the Fourier transform is addressed
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in the second column, see Figure 9b,e,h. Finally, the third column (Figure 9c,f,i) shows the
percentage of energy associated with each POD mode, calculated as the ratio of the single
eigenvalue to the sum of all eigenvalues. It is important to remember that the eigenvalues
have previously been rearranged in descending order so that the first is associated with the
most energetic mode that is to be considered ‘dominant’ (see Section 2.2). The pressure time
series can be interpreted as the sum of the tonal and broadband components obtained by
the decomposition. This aspect is fundamental in the fact that the tonal (or the broadband)
component can even overcome the raw signal. The analysis in both time and frequency
domains demonstrates the quality of the separation strategy, which describes the original
signal with very good agreement. In addition, the presented algorithm does not involve
a time delay between the raw and the reconstructed signals as it is typical for the filters
already present in the literature. Looking at the bar diagram (Figure 9c,f,i), it appears
evident that in the propulsive regime, where most of the energy of the pressure time signal
is related to tonal noise, the first and second POD-modes contain more than 30% (38% and
36%, respectively) of the energy. This suggests that these modes are representative of the
tonal noise while the higher-order modes can be ascribed to the broadband counterpart,
which is characterized by lower energy. In fact, having recognized the tonal component of
the pressure fluctuation fields in the POD modes of first and second order, it is ensured
that our strategy, based on the projection on the low-order modes, is consistent and the
results are in agreement with sound spectra and the PDFs seen previously in Figures 6–8.
The regenerative configuration, i.e., Figure 9g,h, shows unexpected behavior. In the time
history of the tonal component, a periodic component does not seem to be recognizable.
Nevertheless, a tonal peak can be observed in the frequency domain, but it is associated
with much less energy than the broadband component. Moreover, Figure 9i shows that the
energy is distributed among several POD modes, whereas in the propulsive regime it is
almost totally associated with the first and second modes.

Having defined such a powerful tool for decomposition allows accurate isolation of
noise sources. For this purpose, the PDFs of the normalized pressure signal have been
provided for the tonal and broadbrand parts of the pressure time series. Figure 11 reports
the results regarding the tonal components in both linear and logarithmic scales. Thereby,
results regarding the broadband noise components are shown in Figure 12. The results are
in agreement with those obtained from the raw pressure time series (see Figure 8), where
the propulsive regime displays a bi-modal distribution. However, the transitional condition
presents a normal distribution. It is interesting to note that the regenerative condition
presents a departure from the Gaussian distribution since the distribution function tends
to a bi-modal one, confirming the tonal component observed in Figure 9. A bi-modal
distribution is ascribable to a periodic phenomenon. Conversely, a random phenomenon
is expressed in a Gaussian PDF. Therefore, the results obtained confirm what has been
seen previously; that is, only in the propulsive case is a tonal component observable,
while in the transitional and regenerative cases the tonal component is embedded within
the broadband component, which dominates the acoustic emissions at the operational
conditions considered in this paper.

Moreover, Figure 12 reports the probability distribution functions for the broadband
component. In this case, all the operational conditions are characterized by a normal
distribution as expected. Nevertheless, the logarithmic scale (Figure 12b) highlights a
positive skewness of the distributions and also a departure from the Gaussian distribution
regarding the tails of the distributions, confirming the presence of coherent structures
embedded in the time series. The distribution functions suggests that the increase in the
broadband noise may be ascribed to the off-design operational condition of the propeller,
which results in more vortex shedding at the trailing edge. Such effect can induce a more
turbulent wake region. In addition, the decomposition technique herein proposed may be
a useful tool for isolating the intermittent structure embedded in a time series; this aspect
needs further investigation.
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Figure 11. Probability density function of the tonal component of pressure signals for each operational
condition. The PDFs are reported in both linear (a) and logarithmic scales (b).

Figure 12. Probability density function of the broadband component of pressure signals for each
operational condition. The PDFs are reported in both linear (a) and logarithmic scales (b).

Finally, a time–frequency representation of the decomposed signals is reported in
Figure 13 in terms of wavelet intensity. The first column (Figure 13a,d,g) reports the
wavelet transform for the original pressure signals for each study case, the second column
(Figure 13b,e,h) shows the obtained tonal parts and the third column (Figure 13c,f,i) repre-
sents the broadband component of the time series. The wavelet transform with its dual
definition in both time and frequency domains is a very useful tool in the analysis of turbu-
lent fields. Furthermore, by using WT and POD decomposition it is possible to achieve a
better understanding of the occurring phenomena. Figure 13f,i reveal the presence of some
intermittent events of low time scales that are related to the raising of the distribution tails.
The increase in the broadband noise for the regenerative configuration in respect to the
propulsive one, observed in Figures 6 and 7, can be ascribed to these events. Conversely,
for the propulsive regime, most of the energy can be ascribed to the tonal noise component,
resulting in a strong peak at HBPF = 1 over the entire time domain. To conclude, it can be
assumed that if the propeller is working to recover energy, consequently the load on the
blade tends to cancel, and the tonal component is eliminated. Moreover, since it is working
in an off-design condition, intermittent flow structures are generated that cause a strong
increase in the broadband component in the high-frequency region.
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Figure 13. Wavelet intensity of the near-field pressure signal for the raw signal and the tonal and
broadband components for each operational condition. (a) w(p) for the propulsive regime. (b) w(pT)

for the propulsive regime. (c) w(pBB) for the propulsive regime. (d) w(p) for the transitional
regime. (e) w(pT) for the transitional regime. (f) w(pBB) for the transitional regime. (g) w(p) for
the regenerative condition. (h) w(pT) for the regenerative condition. (i) w(pBB) for the regenerative
condition.

In Figure 9h, a tonal peak can be observed that is not present in Figure 13g, even though
these figures represent the same test case. Such result can be ascribed to a fluctuating tonal
component embedded in the broadband signal, which is captured by the Fourier transform,
because it averages the signal, but the WT does not recognize it in the investigated time
window. The WT, because of its dual nature, helps us to understand the presence of the
tonal peak of Figure 9h; when looking just at the FT it may seem as if there is an error
in the algorithm. However, it can be interpreted as a mathematical artifact related to the
procedure employed in the FT method. In this sense, the WT gives us a further validation of
the decomposition strategy in addition to the physical consideration previously reported.

4. Conclusions

The noise signature related to the usage of a propeller to recover energy has been
investigated by means of microphone measurements.

The spectral analysis demonstrates that when the propeller is employed as a wind-
turbine the broadband noise emissions increase. Conversely, in the propulsive regime the
most of the energy is associated with the tonal noise component. In the energy harvesting
condition, the propeller is working off-design since the load on the blade is very low
resulting in a reduction in the tonal noise.

The statistical analysis clarifies this aspect: the probability distribution function in
energy harvesting configuration shows a departure from the Gaussian distribution, reveal-
ing the presence of coherent structures embedded in the pressure–time series. Since the
propeller is used in order to harvest energy, it is working in off-design conditions resulting
in an increase in separation along the blade.

Moreover, a novel separation technique based on proper orthogonal decomposition
was presented that allows decomposition of the noise components into tonal and broad-
band contributions. The results in both time and frequency domains confirm the initial
conclusion and also prove the quality of the decomposition strategy employed. The proba-
bility density functions for the tonal and broadband components individually demonstrate
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the considerations already drawn. The tonal component of the propulsive configuration
is characterized by a bi-modal distribution typical of a sinusoidal periodic phenomenon,
while the transitional and energy harvesting configurations present a normal distribution
confirming that the broadband contribution is the most relevant for these two configu-
rations. In addition, the analysis of the broadband components clarifies the presence of
intermittent events within the pressure–time series. Such results suggest the need for
further investigation; consequently a wavelet-based analysis was provided. The wavelet
intensity in the time–frequency domain confirms the presence of vortex structures in the
pressure field, to which the increase in broadband noise can be ascribed.

In conclusion, in order to achieve eco-friendly propulsion of an aircraft, it is possible
to employ the propellers to recover energy in some particular flight stages. Such solution
influences the aircraft noise emissions, suggesting the need for a combination of noise
control strategies. In this way it is possible to reduce the noise emissions in all the flight
conditions that the mission involves.
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