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Abstract
Propeller noise generally exhibits a rich mixture of tonal and broadband components related to
different physical mechanisms. Specifically, the tones are characterized by having deterministic
and persistent characteristics, while the broadband counterpart has random behaviour. The
separation is essential for the experimenters as they provide information on the different noise
sources. In this framework, the study presents a novel wavelet-based method able to separate the
noise emitted by a low Reynolds number propeller into its tonal and broadband components.
The technique is applied to an isolated rotor operating under different loading configurations,
including hover and cruise conditions. The acoustic pressure data are obtained in the anechoic
tunnel (A-tunnel) of the TU Delft low-speed laboratory with a near-field polar and azimuthal
distribution of microphones. The method is based upon a threshold varying procedure that
separates the tonal and broadband components through the computation of two-point statistics.
Advantages and drawbacks with respect to other methodologies already known from the
literature are discussed. The application of the method provides the spectral content of the tonal
and broadband components as well as the different polar and azimuthal directivity. Specifically,
the observed dipole-like shape directivity for the tonal part and flatter broadband OASPL,
confirm that the method can provide quite a good separation. Furthermore, the overall flow
behaviour is inferred from the decomposition and validated through benchmarked flow
visualizations.

Keywords: wavelet decomposition, drone, propeller noise, aeroacoustics, PIV

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

1. Introduction

Environmental sustainability has led to the deployment
of disruptive solutions for improving aircraft performance,
prompting the industry and the scientific community to opt

∗
Author to whom any correspondence should be addressed.

for relatively larger propeller rotors with relatively lower disk
loading [1]. This has led to stronger interactions between the
rotors and the supporting structures, due to the reduced dis-
tances between the propulsive unit and the airframe compon-
ents. Concurrently, in the last decades, advances in electronic
control systems and propulsive devices promoted the deploy-
ment of a very broad range of vehicles, from small unmanned
aerial vehicles to larger urban air-mobility ones, with very
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different missions [2]. The common denominator of all these
vehicles is their manoeuvrability, automated stability, and the
extensive range of operations including hover and vertical
take-off/landing. This creates a range of turbulence interac-
tions between rotors with the onset of tonal and broadband
noise contributions that are difficult to understand and predict.
Therefore, to ensure a sustainable deployment of all vehicles
in urban areas, it is crucial to be able to separate and under-
stand all physical phenomena of noise generation, in order to
deploy proper strategies to mitigate the different contributions.

Studies from literature [3–6], show that many are the
sources that contribute to the noise emissions from vehicles
with relatively large rotors. Amongst all of them, generally the
most significant is the propeller contribution, often separated
into three components: harmonic or tonal noise, narrow-band
noise, and broadband noise [7, 8].

The harmonic noise is determined by the blade loading
and thickness contributions, which are determined by the rota-
tional motion of the object. Therefore, propeller harmonic
components are indeed expected to be integer multiples of the
fundamental frequency related to the engine rotational speed.
On the other hand, the broadband component is a random non-
periodic contribution either determined by the trailing-edge
noise scattering of the blade, or by other stochastic phenomena
related to complex mechanisms, including turbulence inges-
tion or blade-vortex interactions, which are typically weakly
correlated with the rotor revolutions per minute (RPM). The
different nature of the two aforementioned components, leads
to a different directivity of the acoustic emission as well as
to a different noise amplitude dependency upon the scaling
parameters (e.g. Reynolds number, advance ratio). Therefore,
a solid understanding of each noise component is essential for
modelling and predicting rotor noise, as well as for evaluating
the efficacy of noise-mitigation strategies which can be later
investigated by computational models. Only a few research
works presented in the literature are conceived as tonal isol-
ation techniques, and they include peak-finding algorithm,
moving average curves, phase averaging, and broadband extra-
polation procedures such as the Sree’s Method [9–11]. An
interesting example is the one of [12], in their investigation on
fan noise, the authors employed aVold–Kalman filter to extract
the harmonic noise sources [13]. They concluded that a separ-
ate estimation of the tonal and broadband noise for fan noise
allows for predicting propulsion-airframe integration effects.
Recently Antoni et al [14] proposed a data-drive algorithm
flexible enough to extract very large numbers of tones in a
reasonable time, providing a very efficient separation when
applied to counter-rotating open rotors.

The current study presents a novel wavelet-based algorithm
able to separate the broadband components from acoustic sig-
nal emitted by a propeller, typically dominated by tonal noise.
Due to the mathematical formulation of the wavelet trans-
form, the method provides with the reconstruction in the phys-
ical time domain of both tonal and broadband components
as separated time series. The analysis is carried out using a
benchmarked database from a low Reynolds number propeller
operating in hover and cruise conditions. The presented res-
ults in this manuscript focus on a subset of the full database

corresponding to the benchmarked APC 9× 6-based propeller
(Re≈ 104) tested at TU Delft in the low-speed anechoic A-
tunnel. Data corresponding to two advance ratios J = 0 and
J = 0.4, and different rotational velocities (4000 and 5000
RPM) are selected for the present analyses. Noise measure-
ments were performed using a microphone array positioned in
the polar and azimuthal direction on the propeller disk plane
[15] while a statistical random and phase-locked analysis was
carried out in the slipstream and at the blade level with planar
PIV. The decomposition method has been first assessed using
single and two-point statistics with the scope of verifying the
procedure’s validity. The extracted tonal and broadband con-
tributions are further analyzed in terms of directivity character-
istics highlighting the effects of the different propeller in-flow
conditions. Finally, an empirical scaling is presented provid-
ing a satisfactory collapse of the noise amplitudes and directiv-
ity for both tonal and broadband components.

The paper is organized as follows: the experimental setup
is reported in section 2, the wavelet methodology with tonal-
broadband noise separation technique in section 3. Results,
including the flow visualizations and the assessment of the
method are discussed in section 4, whereas conclusions are
reported in section 5.

2. Experimental setup

2.1. Wind tunnel and propeller rig

The experiments have been carried out in the anechoic tun-
nel (A-tunnel) of the low-speed laboratory of TU Delft. The
A-tunnel is a vertical, open-jet wind tunnel installed in an
anechoic chamber with walls covered by melamine wedges
[16]. A circular exit nozzle with a diameter of 0.60m and a
contraction ratio of 15:1 has been employed for this study. The
propeller used for this investigation is a benchmarked version
obtained from a derivation of an APC 9× 6 blade scaled up to
D= 30 cm. For practical purposes the blade profiles have been
reshaped to NACA4412 airfoil (see [15]). The propeller, made
of an aluminium alloy, has been manufactured using computer
numerical control machining at TU Delft with 0.4–0.8µm
Ra finish. The propeller is connected to a profiled aluminium
nacelle of 5 cm diameter for minimum interference with the
propeller flow. Within the nacelle, a motor, an encoder, a load
cell, and a torque cell are assembled. The nacelle is supported
by stiffened hollow aluminium NACA 0012 profiles of 6 cm
chord, inside which all the cabling is housed and remotely con-
nected to the instrumentation outside the jet. The entire struc-
ture is held up above the nozzle of the tunnel by four steel-wire
tubes of 2 cm diameter fixed to the tunnel to minimize vibra-
tions and interference. The propeller is driven by an electric
brushless motor Leopard Hobby 3536-5T 1520KV, with a dia-
meter of 27.8mm and a maximum power of 550W. The motor
is powered by a Delta Elektronika DC power supply with a
voltage range of 0–15V and a current range of 0–100A. The
motor rotational speed is measured using a US Digital EM1
optical encoder, coupled with a US Digital disk of 25.4mm
diameter and 200 cycles per revolution (1.8 deg of uncertainty
on the position).
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Figure 1. Details of full experimental setup in the A-tunnel: (a) microphone distribution; (b) propeller set-up.

2.2. Flow visualization and acoustic measurements

Data from the extensive stereoscopic PIV measurement cam-
paign from Grande et al [15] are employed to explain the
different flow interactions which contribute to the acoustic
footprint, further analyzed with the wavelet decomposition
method. For this study, the stereoscopic PIV measurements
pertaining to the propeller slipstream, as reported in figure 1,
have been used from the benchmark dataset. Detailed informa-
tion about the data can be found in the study of [15]. More spe-
cifically, the flow field is seeded with particles of 1µmmedian
diameter produced by a SAFEX Twin Fog generator with
SAFEX-Inside-Nebelfluid, a mixture of dyethelene glycol and
water. Illumination of the field of view is provided by a double
cavity Quantel Evergreen EVG00200 Nd:YAG laser with 200
mJ/pulse energy. To measure the flow in the propeller slip-
stream with sufficient resolution, data pertaining to differ-
ent fields of view have been acquired. Two Imager sCMOS
cameras with 2560× 2160 pixels and two Nikon lenses with
respectively 105mm and 200mm focal lengths at f# 11 have
been used for the different fields of view. Sets of 500 images
have been recorded and averaged to obtain the flow statistics in
the slipstream and close to the propeller blade. Camera calib-
ration, acquisition, and post-processing have been carried out
with LaVision Davis 8.4 software. The images are processed
with a window deformation iterative multi-grid algorithm [17]
with a final interrogation window size of 24× 24 pixels and
75% overlap corresponding to a maximum spatial resolution
of 0.4mm in the detailed field of view and 0.8mm in the slip-
stream. Spurious vectors are isolated through a median filter
and replaced by interpolation.

Acoustic measurements are carried out with a microphone
distribution arranged in the horizontal and vertical directions,
to obtain both polar and azimuthal directivity of the propeller
noise. To the purpose 13G.R.A.S. 40PH analogue free-field
microphones are employed, having a diameter of 7mm, a
frequency range between 10 and 20KHz, and a maximum
sound pressure level (SPL) of 135 dB. The microphones are
calibrated using a G.R.A.S. 42AA pistonphone with a 250Hz

pressure wave having an amplitude of 114 dB (reference sound
pressure of 20µPa). The uncertainty of the calibration is less
than 0.09 dB (99 confidence level). The data acquisition sys-
tem consists of a National Instrument PXIe-4499 sound and
vibrations data acquisitionmodule. The distance between each
microphone is 0.5D (0.15m), microphone 7 is at the propeller
plane, microphone 1 is 3D (0.9m) above the propeller plane,
and microphone 13 is 3D below. Microphone voltages have
been recorded for 30 s at a frequency rate of 50 kHz. A pho-
tograph of the experimental setup and a schematic of the pro-
peller is additionally shown in figure 1.

3. Methodology

3.1. Wavelet analysis

The wavelet technique allows for the simultaneous represent-
ation of a temporal signal in terms of a time shift (t) and a
resolution time scale (s) which inversely corresponds to the
frequency (f ) [18–20]. The application of the wavelet trans-
form is performed by projecting the acquired signal onto the
basis of compact support functions localized both in the time
domain and in the transformed space. Formally, the wavelet
transform of a time signal, in this case, the propeller pressure
signal p(t), is defined as the L2 inner product between p(t) and
the wavelet family ψ(t):

w(s, τ) = s−1/2
ˆ ∞

−∞
p(t)ψ∗

(
t− τ

s

)
dt, (1)

where s ∈ ℜ+ is the scale dilation parameter, τ ∈ ℜ is the
translation parameter corresponding to the position of the
wavelet in the physical space andψ∗( t−τ

s

)
is the complex con-

jugate of the dilated and translated mother wavelet ψ(t). In
order to highlight the time intermittent behaviour of the detec-
ted features by removing the dependence on the local energy,
the so-called local intermittency measure (LIM) [18, 21] is
calculated. It represents a normalized version of the wavelet
scalogram obtained by the time-frequency distribution of the
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Figure 2. A schematic view of the algorithm.

square of the wavelet coefficients. The formal definition of
LIM is the following:

LIM(s, τ) =
||w(s, τ)||2

⟨||w(s, τ)||2⟩t
, (2)

where |w(s, τ)|2 is the local energy density and ⟨|w(s, τ)|2⟩t
is the average value of the energy density. The notation ⟨. . .⟩t
indicates the time average of the considered quantity. Inter-
mittent events were identified by a LIM higher than one, while
LIM lower or equal to this threshold determines the presence
of signatures continuous in time.

3.2. Decomposition algorithm

The wavelet decomposition algorithm proposed in this work
uses the discrete wavelet transform, which employs a discrete
mother wavelet as a support function. In the presented method,
two simultaneous time signals (Po) are necessary to extract
the two components because of the separation criteria based
on the cross-correlation evaluation. Furthermore, acquired

signals were filtered before the decomposition procedure using
a high-pass frequency filter to avoid low-frequency spurious
effects, localized between 0 and 40Hz.

The procedure’s first step is applying the wavelet transform,
with which a matrix of the wavelet coefficients (W( f, t)) is
obtained. This passage of the algorithm is repeated in paral-
lel for the two signals (see figure 2). It is worth noting that
for this application, the mother wavelet selection is not trivial
due to the presence of harmonics features. However, according
to biomedical experiences (see e.g. [22–24]) in the denoising
of electrocardiogram signals, which are characterized by peri-
odic tones, the authors employed for this application a Symlets
mother wavelet [22, 25]. This nearly symmetric mother wave-
let is characterized by different vanishing moments, whose
value has been selected in the presented algorithm at 6 (i.e.
Sym6).

The core of the procedure is the iterative process which runs
according to previous works performed in different applic-
ations, e.g. [20, 22, 26], and it enables us to separate the
wavelet coefficients into two sets: in this case, we assume
that coefficients exceeding the threshold (T) are related to the

4
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tonal component and those having magnitude lower than the
threshold are considered representative of the broadband part.
Before the first iteration, all the tonal and broadband compon-
ents wavelet coefficients matrix have a pre-defined value equal
to zero.

One of the non–trivial steps of this method is the defini-
tion of the threshold value. In the present study, we define the
threshold level similarly to previous papers that performwave-
let denoising procedures, such as [23, 26, 27], by evaluating it
as follows (see also [28]):

T=
√
2p ′

bit
log10Ns, (3)

where p ′
b is the variance of the signal counterpart related, for

this application, to the broadband component, Ns is the num-
ber of samples, and it identifies each iteration. In the first iter-
ation, the variance is computed from the original signal (see
figure 2). At each iteration, the presumed broadband signal
is reconstructed using the inverse wavelet transform, and its
variance is used to vary the threshold (see equation (3)) until
a proper convergence criterion, explained below, is satisfied.

The convergence criterion is based on the computation of
the cross-correlation between the presumed tonal components
extracted from two consecutive microphones. Formally, the
cross-correlation reads as follows:

Ri,i+1 = ⟨p(x, t),p(x+ ξ, t+ τ)⟩, (4)

where ξ is the distance in the polar direction between the two
consecutive microphones, τ is the time lag, and the symbol
⟨ ⟩ denotes a time average. The cross-correlation coefficient
ρi,i+1 is obtained by normalizing Ri,i+1 by the product of the
standard deviations of the two pressure signals.

Being the cross-correlation computed between two peri-
odic or quasi–periodic signals, it exhibits an oscillatory trend.
According to equation (5) the iterative procedure stops when
the mean value of this oscillation amplitude does not vary
between two consecutive iterations, as an indication of purely
periodic signals.

mean(peaks(ρt))(it−1) −mean(peaks((ρt))(it) < err. (5)

It is worth noting that to have an excellent decomposi-
tion, the error should be fixed at values about 10−8. The error
value is strictly connected to the number of iterations and
the evaluation time, which increases by reducing the error.
From the authors’ experience, error values lower than 10−10

do not influence the number of iterations and the quality of the
decomposition.

As previously mentioned, the broadband and tonal signals
are eventually reconstructed in the physical space through the
inverse wavelet transform. It is pointed out that the reconstruc-
tion of the tonal and broadband components as time series rep-
resents one of the main advancements with respect to existing
methodologies. Based on the authors’ knowledge, the most
appropriate decomposition method developed in literature is

the one published in [9, 11]. This procedure extracts the broad-
band counterpart by removing an average tonal waveform
from the original signal and evaluates the tonal spectrum with
subtraction in the Fourier domain. Themajor drawbacks of this
method are that the broadband spectrum may contain irregu-
lar tone-like spikes due to unaccounted random phase shifts
in the original signal, and although it is effective in the recon-
structions of the tonal and broadband auto-spectra, it does not
provide their counterpart in the physical domain.

4. Results

4.1. Flow statistics

In the present section, a few details regarding the mean
and instantaneous flow features are reported. For a thorough
description of the flow features in the slipstream and in the
near vicinity of the blade the reader can refer to the study of
[15]. Flow features are summarized in figure 3wheremean and
instantaneous (one single snapshot) velocity and vorticity dis-
tributions are presented for the two tested advance ratios J = 0
and J = 0.4. The mean flow analysis confirms a stronger con-
traction of the slipstream for J = 0 with respect to J = 0.4.
At the higher loading case (lower J), the vorticity distribution
in the wake shows that the tip-vortex helix pitch is relatively
small, approximately 0.05D. This determines a non-negligible
component of blade-vortex interaction for this specific case.
To the extent of the blade wakes convected downstream by
the induction field, a relatively more pronounced span-wise
coherence can be appreciated for J = 0.4 with respect to
the J = 0 case. The tip-vortices mutual auto-induction for
J = 0 instead determines the breakdown of the slipstream
already at less than half a rotor diameter from the propeller
disk. These differences in the blade loading distributions affect
the acoustic footprint, as it will be confirmed by the acoustic
analysis.

4.2. Time-frequency analysis

The scalogram and LIM of segments of pressure signals
obtained in hover and at low loading conditions are reported
in figure 4. Plots of the phase-locked vorticity distribution,
when the blade is just entering the plane, are also presented
for clarity. It can be observed that three main contributions
can be identified from the scalogram distribution in terms of
frequency. The low frequency content is periodic and corres-
ponds to the blade passing frequency. In the wavelet domain
the trace of the periodic effect is a continuous line in the scalo-
gram and is not evidenced in the LIM. This low frequency sig-
nature is slightly modulated by the second contribution corres-
ponding to the rotational frequency of the electric motor [15].
As expected, the very low imbalance of the electric engine is
more visible in the scalogram for the case J = 0.4, due to the
relatively lower loading of the propeller blade. The third com-
ponent is appreciated for the lower J at a relatively higher fre-
quency, around 2 kHz. It mostly corresponds to the acoustic
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Figure 3. Mean and instantaneous flow results for the two propeller condition J = 0 (first row) and J = 0.4.

Figure 4. Wavelet scalograms, LIM contour maps and phase-locked out-of-plane vorticity for J = 0 (first row) and J = 0.4.

footprint of the noise produced by the coherent flow structures
generated from the separated shear layer on the propeller blade
(see [15]). In hover, the high frequency energy contribution is
relatively more intense as an effect induced on the blade by the

tip-vortex (i.e. incipient blade-vortex interaction) as shown in
figure 4(c).

To the extent of the LIM distributions (figures 4(b) and (e)),
the signature of the first BPF is not evident because it does not
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Figure 5. SPLs comparison: (a) RPM = 4000 and U = 0m s−1; (b) RPM = 4000 and U = 8m s−1. po denotes the spectrum of the original
signal, pt of the tonal component, pb of the broadband component.

exhibit any intermittency. On the other hand, the LIM high-
lights the effect of the rotor imbalance at higher frequencies,
which results quite intermittent for the propeller in hover, with
a LIM amplitude between 2.5 and 3, and more persistent in
time at J = 0.4. This indicator confirms that the reduction of
the blade loading increases the time-persistency of the noise
generated by the rotor imbalance. For frequencies higher than
1 kHz, the LIM behaviour is quite chaotic and intermittent, as
expected for the broadband acoustic component.

4.3. Tonal and broadband decomposition of the acoustic
signal

Decomposed results were analyzed by using a series of indic-
ators. The first one is the Fourier transform in terms of SPL
evaluated as follows:

SPL= 10log10

(
PSD∆fref
P2
ref

)
, (6)

where PSD denotes the power spectral density computed using
the Welch’s method,∆fref is the frequency bandwidth and Pref

is the reference pressure in air (equal to 20µPa).
Spectra are reported in figures 5(a) and (b) in hover

and for J = 0.4, respectively. It is clearly noticed that the
decomposition algorithm in both cases provides a satisfactory
extraction of the tonal peaks related to the blade passage from
the broadband region of the whole spectrum. The tonal com-
ponent correctly reproduces the spectral signatures of the BPF,
which are slightly perceptible in the broadband counterpart.
The separation technique also extracts the tonal contribution
of the motor noise that, as also reported by [15], is in the range
approximately from 1 kHz to 2 kHz. As the contributions of
the motor noise give a small imbalance in the loading, which is
synchronized with the rotational frequency of the blades, the
decomposition is appointing this effect partially in the tonal

and partially in the broadband part of the signal. Additionally,
from the broadband part, a clear difference can be seen
between advance ratio J= 0 and J= 0.4. In the second one, the
effect of the laminar separation bubble can be appreciated from
the extra hump at about 2–8 kHz, also isolated by the wavelet
method (see also figure 3). In the more loaded hover case, the
spectra follow decay that resembles the conventional trailing
edge noise at a relatively high frequency. The validity of the
decomposition procedure has also been estimated in the time
domain through the computation of cross-correlations(see
equation (4)) between the separated tonal and broadband
signals. Results are reported in figures 6(a) and (b) for the
same cases of figure 5. The original signals, as expected, are
characterized by pseudo periodic oscillatory trends (the red
curves of figure 6). The cross-correlation of the broadband
components (pb) in both cases results stochastically uniform
in time, and harmonic effects generated by the blade passing
frequency are no longer observed. The tonal component is
correctly extracted and provides a periodic evolution of the
correlation.

The effectiveness of the separation method is even clearer
for the case of non-zero advance ratio, where the harmonic
oscillations in the original cross-correlation are masked by
non-periodic effects but instead are well visible in the tonal
counterpart (see figure 6(b)). This is explainable considering
the operational regime of the propeller: in hover, the convect-
ive velocity of the tip-vortices is governed by the induction
field of the propeller. Due to the relatively high loading and
the low tip-vortex helix pitch, a residual contribution of the
potential flow of the vortical structures on the propeller is left
(very similar to BVI, see figure 3). This might determine the
presence of residual harmonics in the broadband component.
With the presence of a positive advance ratio, the loading is
reduced as well as the strength of the tip vortices that are closer
to the blade. This results in a more effective separation of the
broadband and tonal contributions.

7
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Figure 6. Cross correlation comparison: (a) RPM = 4000 and U = 0m s−1; (b) RPM = 4000 and U = 8m s−1.

Figure 7. Azimuthal directivity: (a) original; (b) tonal; (c) broadband.

4.4. Analysis of the noise directivity

The directivity of the decomposed signals is analyzed for three
cases: J = 0 and RPM = 4000, J = 0.4 and RPM = 4000, J
= 0.4 and RPM = 5000. The directivity patterns attributed to
each noise component were obtained by computing the Over-
all Sound Pressure Level (OASPL), defined as follows:

OASPL= 10log10

(
p ′2

P2
ref

)
, (7)

where p ′2 is the variance of the pressure signal and pref is the
reference pressure in air (equal to 20µPa).

Figures 7 and 8 show the polar and azimuthal directiv-
ity for the original signal and the two extracted components.
At J = 0, the original OASPL curves are dominated by the
rotor noise whereas the harmonic contributions become sig-
nificantly lower when the wind tunnel flow is present. At J
= 0.4, the shape of the directivity of the original signal, in
both directions, is dictated by shear layer effects induced by
the wind tunnel. Figures 7(b) and 8(b) present the directivity
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Figure 8. Polar directivity: (a) original; (b) tonal; (c) broadband.

Figure 9. Empirically scaled tonal directivity: (a) polar; (b) azimuthal.

of the tonal components for both the polar and the azimuthal
directions. The observed trend is very similar to the one pre-
dicted in literature (e.g. [7, 29]) where the propeller directivity
is analytically represented by an array of dipoles. As expected,
the tonal directivity is weakly affected by the advance ratios
whereas the increase of the rotational velocity leads to a relev-
ant amplification of the tonal noise on almost the whole polar
arc. This behaviour can be ascribed to the increase of the pro-
peller thrust. The tonal OASPL obtained from the decomposed
signals in the advancing cases, can be scaled on the basis of a
proper exponent of theMach number evaluated at the tip of the

blades, denoted asMt. The scaling law that better collapses the
present data is given by the following expression:

OASPLlt = OASPLht − 20 · log10
(
Mth
Mtl

)α

(8)

where OASPLt is evaluated from the tonal counterpart of the
decomposed signal, Mth and Mtl are the tip Mach numbers
for the higher and lower rotating velocity propeller, respect-
ively, and the exponent α is taken equal to 4.5. As shown
in figure 9 the directivity well scale with Mt by using 4.5 as

9
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exponent. Indeed, a good collapse of the curves is observed,
with a maximum error lower than 2 dB in both azimuthal and
polar directions. According to the literature [7], the exponent
4.5 suggests that the physics of the tonal counterpart can be
related to the blade thickness and loading contributions.

Considering the broadband components directivity, a distri-
bution quite different with respect to the tonal one is observed.
The polar directivity (figure 8(c)) indicates that the energy is
larger in the wake region downstream of the propeller prob-
ably as an effect of the blades vortex noise. This asymmetry is
less evident in the azimuthal directivity (figure 7(c)), since the
wake effects do not influence it. It should be stressed that the
conclusions obtained from the directivity analyses could not
be driven by the original signals (see figures 7(a) and 8(a))
because of the presence of the broadband component that
affects significantly the directivity patterns and intensity.

5. Conclusion

A wavelet-based analysis able to separate the tonal and the
broadband components of the noise emitted by a low-Reynolds
propeller has been presented. The database employed con-
sisted of a series of measurements from the benchmarked pro-
peller carried out in [15], including near-field acoustic pres-
sures with the rotor in hover and cruise conditions. The inter-
pretation of the wavelet results has been related to the already
available flow statistics of the propeller, measured with ste-
reoscopic PIV. The wavelet-time frequency analysis has been
used to connect the acoustic footprint with the differences
in blade loading distributions observed in the flow-field. The
main advantage of this new method is the reconstruction in
the physical domain of the tonal and broadband pressure com-
ponents. Furthermore, the presented procedure is completely
automatic with a reasonable computational time. The assess-
ment of the decomposition in terms of Fourier spectra shows
tones in the tonal counterpart with only slight traces in the
broadband component. The analysis in the physical domain
performed using the cross-correlation function highlighted the
oscillatory pseudo periodic trends in the tonal part that are
much more evident with respect to the cross-correlation of the
original signals. The effectiveness of the wavelet-based sep-
aration procedure is more evident in in-flight configuration,
where the BPF oscillations are masked by the wind tunnel
shear layer effects. The directivity of the separated tonal and
broadband components are determined by the computation of
the OASPL and are compared to results obtained from the ori-
ginal signal. A dipole-like shape has been observed for the
tonal part, whereas the broadband counterpart exhibits a flat-
ter OASPL that increases in the propeller wake zone because
of the presence of blade vortex noise. The tonal component
OASPL has been observed to decrease in the advancing con-
figuration proportionally to the reduction of the loading noise
due to the thrust reduction. On the other hand, the broadband
component strongly increases at a positive advance ratio as an
effect of the laminar separation bubble. An empirical scaling

law based on the blade trailing edge noise has been used for
the tonal counterpart in the advancing case, providing a good
collapse.

By the end, the assessment proved that the presented sep-
aration procedure provides efficient results when an isolated
propeller has been considered. However, the appraisal of the
extraction procedure on different propeller noise scenarios,
such as installed propeller, will be the topic of sequel research.
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Appendix

To better understand the advantages of the presented method,
a comparison with the phase averaging procedure, which is
well-assessed and widely used in the literature, has been
shown in this appendix. It is worth noting that the phase
averaging method is able to reconstruct the tonal component
time series without providing any information in the physical
domain for the broadband counterpart. Therefore, to be con-
sistent, only the extracted tonal component have been com-
pared in figure 10.

Similar results in terms of tonal spectra were observed
between the two methods at the low and mid frequencies.
On the other hand, at frequencies higher than 3 kHz, there
is a substantial difference. Specifically, some broadband con-
tribution still remains in the tonal counterpart when using
phase averaging. This is more evident in the advancing case
due to the higher level of broadband generated by the sep-
aration bubbles. In addition, peaks related to the motor noise
(see frequencies between 8–10 kHz) are accounted for in the
tonal component extracted by the phase averaging procedure,
this is partially incorrect, being this noise source not related
to the propeller cyclostationary noise. A further comparison
has been reported in the physical domain by cross-correlating
two consecutive tonal components extracted using the two
methods (see figure 11). The higher harmonic oscillations in
wavelet separated case testify to a more in-depth removal of
the broadband component. This difference is accentuated in
the advancing case. In conclusion, the presented method can
improve the results obtained by phase averaging by providing
a better separated tonal component, without any reduction of
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Figure 10. Tonal SPLs comparison: (a) RPM = 4000 and U = 0m s−1; (b) RPM = 4000 and U = 8m s−1. po denotes the spectrum of the
original signal, pt,P−A of the tonal component evaluated using the phase-averaging method, pt,wavelet of the tonal component evaluated using
the wavelet approach.

Figure 11. Cross correlation comparison: (a) RPM = 4000 and U = 0m s−1; (b) RPM = 4000 and U = 8m s−1.

the number of samples and by carrying out the time series of
the broadband component.
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