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ARTICLE INFO ABSTRACT

Keywords: This study investigates a widely researched passive noise control strategy for reducing propeller trailing edge

Drones ) noise. The research aims to demonstrate how serrated drone blades can mitigate broadband noise components

:emdyna"{‘cs while simultaneously reducing tonal noise components. An experimental study involving the design, manufacture,
eroacoustics

and testing of 23 propellers was performed to establish a relationship between serration geometry and noise
mitigation. Acoustic characterization during hovering was carried out at a constant rotational speed of Q = 4000
RPM using near-field microphone measurements. Subsequently, detailed aerodynamic and acoustic investigations
were performed, employing load cells, Particle Image Velocimetry, and microphone array measurements in an
anechoic wind tunnel. The tests were carried out at a constant rotational speed of Q = 5000 RPM and different
advance ratios. The results indicate that by properly tuning the serration geometry, a significant reduction in both
tonal and broadband noise components can be achieved, with reductions of 3 and 4 dB respectively. However,
this comes with the drawback of a nearly 20% loss in thrust coefficient during advanced flight, as well as a
20% reduction in energy consumption. Broadband noise reduction is attributed to the cancellation of spanwise
correlation length, while tonal noise is influenced by the reduced load on the blade and tip vortices intensity.
Average and root mean square velocity fields reveal that serrated trailing edges promote the break up of peak
vorticity in the tip-vortex region, potentially reducing interaction noise between the tip vortex and surrounding
drone structures. Proper Orthogonal Decomposition (POD) analysis of the velocity field shows that serrations
reduce trailing edge vorticity and tip vortices by shifting energy from large-scale to small-scale structures.

Rotor noise
Proper orthogonal decomposition

1. Introduction

The increasing diffusion of drones has driven renewed research in-
terest in propeller-based propulsion systems [1], particularly for small-
scale applications [2]. This interest is largely attributed to the advan-
tages of these vehicles, including compact size, simple construction,
excellent maneuverability, and vertical takeoff and landing capabilities
[3]. With the drone market projected to reach €53.1 billion by 2025 [4],
noise reduction has become a key factor in enhancing public acceptance
and market competitiveness. Multicopters typically operate at low alti-
tudes and in close proximity to populated areas, making propeller noise
a critical concern. Despite their high rotational speeds, these propellers
operate in a low Reynolds number regime, leading to unique aerody-
namic and acoustic challenges. Noise optimization strategies have re-
vealed the need for a trade-off between maximizing propeller thrust and
reducing noise emissions, underscoring the importance of innovative ap-
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proaches to propeller design and operational strategies [5-8].

Several studies on propeller noise can be found in literature, for exam-
ple, see [8,5,6,9-16,7,17-19].

The use of trailing-edge (TE) serrations for noise reduction has been
extensively studied in the literature. The theoretical basis was given
by Howe [20,21], which stated that serrations mitigate noise through
destructive interference of scattered surface pressure fluctuations. The
noise mitigation is dependent on the serration height-to-wavelength ra-
tio, with a reduction of 10log;, [1 + (4n/ 1)2] , where £ is the half-height
and A the wavelength of the serration. Moreover, Lyu et al. [22] and
Huang [23] developed theoretical models demonstrating an achievable
noise reduction of 10 —20 dB. In addition, different serration configura-
tions have been addressed in the literature, including iron-shaped [24],
combed-sawtooth [25,26], and slitted-sawtooth configurations [27,28].
Nevertheless, at the actual state of the art it is not available in the liter-
ature a design approach for TE serration.
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Moreover, most studies have focused on add-on serrations, that may
introduce unfavorable structural properties due to vibrations [29,30].
As an alternative, cut-in serrations, as in the present manuscript, have
been explored [29,31,32] demonstrating comparable noise reduction ef-
fectiveness.

The application of serrations to rotors and wind turbines has given
promising results. Aerodynamic and acoustic investigations on UAV
rotors equipped with full-span serrated TE configurations have demon-
strated systematic noise reduction between 0.9 and 1.6 dB while main-
taining a constant thrust of 3 N [30,33]. Ning and Hu [30] also gives
guidelines for the design of serration stating that 2b/h, where b denotes
the base and & the height of the tooth, must be lower than 4 to guarantee
a noise effect. Additionally, serrations applied to hovering rotors have
been found to suppress high-frequency broadband noise [17], however
tonal noise levels at lower frequencies tend to increase at high rotational
speeds.

Studies on varying serration depths indicate that beyond a certain depth
threshold further noise reduction benefits are negligible [34]. Small-
scale propellers with TE serration demonstrate a noise reduction up to
10 dB in the low frequency region. Such effect is associated with a damp-
ing in the tale of the distribution function [7,35]. Experimental tests on
multicopter rotors equipped with cut-in serrations in both hovering and
forward flight conditions have shown reductions of up to 8 dB in the
high-frequency range [36]. Similarly, wind turbine blades with TE ser-
rations achieved an average noise reduction of 3.2 dB [37].

One significant concern for the application of TE serrations is the impact
on aerodynamic performance. For cut-in serrations, the lift coefficient
and lift-to-drag ratio show slight increase in comparison to the BL model
[29]. Lee et al. [38] experimentally investigated the noise and thrust
variation of serrated propellers achieving a noise reduction of 5.8 dB
at 3000 RPM. A preliminar explanation of noise reduction mechanism
from flow field perspective was provided by Yang et al. [39,40]. More-
over, Gu et al. [3] demonstrated that the optimal design of a propeller
with round serrations can achieve a noise reduction of approximately
64%, while limiting the increase in energy consumption to less than 5%
at constant thrust.

The present manuscript aims to clarify whether serrated trailing edges
can be used to reduce the noise produced by drone propellers. The ob-
jective of the present research activity is to establish a relation between
the noise reduction and serration geometry. For this purpose, a compre-
hensive experimental investigation has been conducted, involving load
cells, microphones, and Particle Image Velocimetry (PIV) measurements
within an anechoic wind tunnel facility, to characterize the propulsion
system and the control strategy proposed from aerodynamic and aeroa-
coustic point-of-view.

The manuscript is organized as follows: details on the design of the
propellers, the experimental setup and the noise control strategy are ad-
dressed in Section 2. The main results are reported in Section 3 whereas
conclusions and final remarks are given in Section 4.

2. Material and methods
2.1. Design of the serrated propellers

For the experimental campaign, a commercial propeller model APC
9 X 4e was employed as baseline (BL) having a diameter of 228.6 mm
and a pitch of 4 degrees. A total of 23 STE propellers were manufac-
tured by removing material from the trailing edge.
The serration geometries considered had a base width b ranging from 3
to 6 mm and a height /4 between 3 and 8 mm, ensuring compliance with
the constraint 2b/h < 4. This condition guarantees a serration angle «
below 45°, which is critical to achieve noise reduction [31,41,30].
Furthermore, the lower bound of b is dictated by the structural integrity
of the material, while the upper bound of 4 is based on the findings
of Intravartolo et al. [34], which demonstrate that exceeding 46% of
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Fig. 1. Representation of the serrated trailing edge. In the enlargement the main
geometrical parameters of the tooth are reported: tooth basis b, height 4 and the
serration angle a.

Table 1
Test matrix of the preliminary measurement campaign
where each case corresponds to a propeller.

Case b; [mm] h; [mm] n 2b/h Marker

1 4 4 10 2 ®
2 4 3 10 266 @
3 4 6 10 1.33 ®
4 4 8 10 1 @
5 4 4 5 2 A
6 4 3 5 266 A
7 4 6 5 1.33 A
8 4 8 5 1 A
9 5 3 10 3.33 v
10 5 6 10 1.66 v
11 5 4 5 2.5 o
12 5 3 5 3.33 u
13 5 6 5 166 ®
14 6 4 10 3 ¢
15 6 6 10 2 ®
16 6 8 10 15 *
17 6 6 5 2 <
18 6 8 5 1.5 <
19 3 3 10 2 *
20 3 6 10 1 *
21 3 8 10 075 *
22 3 6 5 1 >
23 3 8 5 0.75 >

the mean aerodynamic chord does not provide any additional noise re-
duction benefits. An additional parameter was considered: the number
of teeth n. Therefore, for each analyzed geometry, two propellers were
made: one with n = 10 teeth and another with n=35.

The geometrical parameters are depicted in Fig. 1. The details of the test
cases are provided in Table 1.

2.2. Experimental setup

The experimental analysis consisted of two activities: an acoustic
study in hover conditions and an aeroacoustic characterization in both
hover and advanced flight conditions.

2.2.1. Anechoic chamber experimental setup

The experimental tests were performed in the anechoic chamber of
Niccold Cusano University, which is 3x1.6x3 m in size. The propellers
are driven by a brushless motor AXI 2204 and controlled by an Elec-
tronic Speed Controller Hobbywing Skywalker 20A. Measurements were
performed at constant rotational speed Q = 4000 RPM, corresponding to
a Reynolds number Re ;5 = 2.5 10* and a tip Mach number M = 0.12.
Pressure fluctuations were sampled by using Microphone Gefell M360
and National Instrument ACQ board type NI cDAQ-9174. The micro-
phones present a free-field Sound Pressure Level that ranges from 30 to
135 dB, a diameter of 1/4 inch, and a frequency linear range between 20
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Fig. 2. Sketch of the experimental setup used for the acoustic qualification (a) and for the wind tunnel tests campaign(b).

Hz and 20 kHz. All pressure signals are acquired for 10s at sampling fre-
quency of 51.2 kHz. The microphone was mounted on a manual stage,
allowing rotation within the polar angle 6 from —90° to 60°, spanning
from the suction side to the wake region of the propeller for conducting
directivity analysis. The microphone was located within the near field,
at a radial distance from the propeller disk r =460 mm = 2D. The ex-
perimental setup and the polar reference system adopted are depicted
in Fig. 2(a).

2.2.2. Wind tunnel experimental setup

The aerodynamic and aeroacoustic characterization was performed
at the TUDelft University of Technology. The experimental tests were
carried out in the A-Tunnel, a vertical, open-jet wind tunnel, where the
surrounding of the nozzle outlet consists of an anechoic chamber as de-
picted in Fig. 2(b). The exit nozzle is circular with a diameter of 0.60
m. The low cut-off frequency of the anechoic chamber is about 200 Hz.
The measurements were conducted in 3 operative condition Q = 4000
RPM, Q =5000 RPM and Q = 6000 RPM. Moreover, the inflow velocity
was varied in the range from 0, to simulate hover condition, to 11 m/s
corresponding to an advance ratio J = - ranging from 0 to 0.6 (the
zero-thrust condition for the baseline propeller).
The propeller is connected to a profiled aluminum nacelle for minimum
interference with the propeller flow, the instrumentation (composed of a
motor, an encoder, a load cell, and a torque cell) is embedded in the na-
celle. The nacelle is supported by stiffened hollow aluminum NACA0012
profiles of 60 mm chord. Nacelle and vertical support are used as cable
routing of the power supply, cables for encoder and load cells, and even
motor control signals. The entire structure is held up above the nozzle
of the tunnel by 4 steel-wire tubes of 20 mm diameter fixed to the tunnel
to avoid vibrations. The propeller is driven by an electric brushless mo-
tor Leopard Hobby 3536-5T 1520 KV with a diameter of 27.8 mm and a
maximum power of 550 W. The motor is powered by a Delta Elektronika
DC power supply with a voltage range of 0 - 15 V and a current range of
0 - 100 A. The motor rotational speed is measured by means of a US Dig-
ital EM1 transmissive optical encoder, coupled with a US Digital disk of
1 in diameter and 200 pulses per revolution. Rotor thrust is measured
using a Futek LSB200 load cell excited with 5 VDC. The load cell is char-
acterized by a maximum capacity of 22.2 N, nonlinearity and hysteresis
of + 0.1% of RO, and an operating temperature between -50 to 90 °C.
The torque is measured using a Transducer Techniques RTS-25 torque
sensor excited with 10 VDC. It has a maximum capacity of 0.18 Nm,
nonlinearity and hysteresis of + 0.1% of RO and an operating temper-
ature between -54 to 93 °C. The thrust and torque signals are acquired
by a National Instrument acquisition board with a sampling frequency
of 5 kHz and an acquisition time of 30 s.
Far-field noise measurements are performed employing microphones
mounted on a semicircular array, centered at the propeller axis, as
sketched in Fig. 2(b). The array has a radius of r = 1.20m = 5D and

Table 2
Details of Imaging Parameters.

Imaging Parameters

Camera 2 Imager sCMOS
Number of pixels [px] 2560 x 2160
Pixel size [um] 6.5x 6.5

Focal length [mm] 50
Magnification 0.05

FOV [cm?] 35x35

Imaging resolution [px/mm] 8

is constituted by 4 LinearX M51 and 4 LinerarX M53 free field micro-
phones, with a maximum SPL of 150 dB and 130 dB respectively, a
diameter of 1/2 inch and a frequency linear range between 20 Hz and
20 kHz. The Data Acquisition System (DAS) consisted of two National
Instrument modules NI9234. A polar reference system has been adopted
to define the angular position of each microphone with respect to the
propeller center, the reference system is defined in Fig. 2(b). Pressure
fluctuation time histories have been recorded for 30 s at a sampling rate
of f, =51200 Hz.

Thereafter, a stereoscopic PIV investigation was conducted to measure
the propeller flow field. Sets of 500 images have been recorded. The
flow is seeded with particles of 1-micron median diameter produced
by a SAFEX Twin Fog generator with SAFEX-Inside-Nebelfluid, a mix-
ture of dyethelene glycol and water. The particles are introduced in the
wind tunnel circuit to ensure a uniform concentration while recircu-
lating. Illumination of the field of view is provided by a double cavity
Quantel EVerGreen EVG00200 Nd:YAG laser with 200 mJ/pulse energy.
A schematic representation of the stereoscopic PIV setup is shown in
Fig. 3, which also reports the generation of the laser beam and its con-
version into a laser sheet of 2 mm through light optics. The laser sheet
is aligned with the propeller axis of rotation. Two Imager sCMOS cam-
eras with 2560 x 2160 pixels and four Nikon lenses with 50 mm focal
length at f# 8 have been used for the measurements. In order to align
the measurement plane with the focal plane, Scheimpflug adapters have
been mounted on each camera. The camera calibration, acquisition, and
post-processing have been carried out with the LaVision Davis 8.4 soft-
ware. The images are processed with a window deformation iterative
multi-grid with a final interrogation window size of 16 X 16 pixels and
50% overlap. Spurious vectors are isolated through a median filter and
replaced by interpolation. Details of the PIV setup apparatus are given
in Tables 2 and 3.

3. Results and discussions
3.1. Noise assessment in the near field during hover

The initial phase of the investigation aims to investigate the serra-
tions influence on noise emissions. For this purpose, the OverAll Sound
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Fig. 3. Schematic representation of the stereoscopic PIV setup: (left) side view, (right) top view.

Table 3
Details of PIV Parameters.

PIV Parameters

Software LaVision Davis 8.4
Pulse separation [ps] 10
Number of recordings 500

Windows size [px?] 16x 16

Pressure Level (OASPL) of each propeller was calculated in different an-
gular positions. For brevity, only the results regarding the rotor plane,
identified by 6 = 0°, and the wake region, identified by 6 = 30° and
0 = 60°, are reported as they are considered of primary interest, as they
simulate the condition of a drone flying above people, the obtained
results are plotted in Fig. 4. For the definition of the polar angle see
Fig. 2(a).

The OASPL was computed as:

P 2
OASPL =10 log;, ( L > )
Pref

where the o is the standard deviation of the pressure time series eval-
uated as:

f2
op= / PSD(f)d f @
N

where f| and f,, the extremes of the region of interest, are set to cover
the entire microphone linear operating range, and the PSD is the Power
Spectral Density of the pressure signal expressed in Pa?/Hz. Moreover,
DPrey is the reference pressure equal to 20 pPa (threshold of human hear-
ing).

In Fig. 4, a red dash-dotted line representing the OASPL associated with
the BL propeller (i.e., a propeller without trailing edge serrations) was
included in each plot to provide a reference point. The most prominent
result is that the noise source exhibits strong directivity. Such char-
acteristic complicates the acoustic optimization of propellers. On the
contrary, efforts must be focused on targeting specific regions for noise
reduction. Regarding the results in the rotor plane (Fig. 4(a)), it can be
observed that all test cases, except one, demonstrate a reduction in the
OASPL. Moving towards the wake region, it is observed that at 6 = 30°
(Fig. 4(b)), some STE propellers produce higher noise levels compared
to the baseline, while at 8 = 60° (Fig. 4(c)), a significant mitigation
in acoustic emissions is observed, involving all investigated STE pro-
pellers except for a single case. This behavior underscores the variability
in acoustic emissions across different configurations, each defined by
unique combinations of the geometric parameters under consideration.
As a result, the criterion 2b/h < 4 does not ensure noise reduction. These
findings challenge the validity of existing models and raise questions
about the necessity of developing dedicated models to address this spe-
cific scenario. These considerations validate the present work as it can
serve as a starting point for the development of a mathematical frame-

Table 4
Test cases under investigation.

Test Case b [mm] h [mm] AR, [-] Number of teeth AS%
STE 1 4 3 2.66 5 2
STE 2 6 6 2 10 10

work to study propeller serrations. Moreover, as one transitions from
the rotor plane (Fig. 4(a)) to the wake region (Fig. 4(c)), the serrations
influence becomes increasingly pronounced.

One of the objectives of this analysis was to identify, among all the con-
sidered test cases, those of greatest interest in order to focus the rest
of the study on them. It was decided to focus on the wake region as it
is considered of primary interest. The test cases with the highest and
lowest acoustic impact, as indicated by red circles in Fig. 4(c), were se-
lected for further investigation and labeled as STE1 and STE2 in the
following. The geometrical parameters of these cases are detailed in Ta-
ble 4.

One of the objectives of this study is to support the design of serrations.
For this purpose, Fig. 5 presents the variation of the OASPL at 0 = 60°
by first fixing the height i (Fig. 5(a))) and then the base b (Fig. 5(b)),
with a constant serration number n = 10 in both cases. The results for
varying h align with the findings of Intravartolo et al. [34], which in-
dicate that once the ratio 2/c exceeds 46.67%, the acoustic benefits of
serrations become less effective. Indeed, Fig. 5(a) shows that increasing
h initially improves the acoustic performance, but a degradation is ob-
served at h/c = 0.58. Notably, in this range, the presence of serrations
consistently provides an acoustic benefit compared to the BL. On the
other hand, regarding the effect of b, the results show that increasing
this parameter enhances the acoustic performance, in agreement with
Moreau and Doolan [42], Moreau et al. [43]. Consequently, in the de-
sign of the sawtooth pattern, it is preferable to employ wider teeth while
maintaining a serration depth below 40%. From the results in Fig. 4(c),
the optimal value of 25/h for the best acoustic performance is found to
be 2.

To further characterize the acoustic source, the variation of OASPL con-
cerning the polar angle @ is reported for only these two configurations.
The results are reported in the Fig. 6(a). In this case, as well, the re-
sults related to the baseline propeller are included for comparison. From
these observations, it can be noted that the presence of serrations does
not ensure a consistent acoustic effect; rather, preferred directions exist
where changes in the acoustic impact occur. Specifically, STE2 exhibits
a noticeable decrease in noise for 0 values greater than 0°, whereas, for
negative polar angles, the reduction is less pronounced. Moreover, for
STE1 a slight increase in the noise produced is observed for positive po-
lar angles, which becomes more evident for negative polar angles. To
quantify which noise component the measured effects were associated
with, the Band-Limited Sound Pressure Level (BLSPL) was computed at
various polar angles. Specifically, it can be calculated as in [44,45]:

op
BLSPL =20log;, | — 3
pref
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constant tooth height 2 = 6 mm (b) for polar angle § = 60°. The red dash-dotted
line represents the baseline propeller as a reference.
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(d).

using the definition of op given in Eq. (2) with the appropriate fre-
quencies range. Specifically, the analysis focused on the low-frequency
region (Fig. 6(b)) and the first (Fig. 6(c)) and the second (Fig. 6(d)) har-
monics. The selected regions have been selected for several reasons. The
tonal component, primarily responsible for annoyance, is linked to blade
loading. Implemented as described in this study, serrations have effec-
tively reduced the blade surface area. A decrease in thrust and in the
tonal noise produced is expected. Regarding the broadband component,
it is known from Amiet’s theory that serrations will modify the power
spectral density [46,47]. Previous studies have shown that this effect is
more pronounced at lower frequencies [7]. Hence, our focus was on a
frequency range from the microphone’s lower acquisition limit up to the
first harmonic. The main result is that the STE2 propeller demonstrates a
reduction across the entire polar plot, both in the low-frequency region
(Fig. 6(b)) and for the first harmonic (Fig. 6(c)), while the STE1 shows
a minor modification for the first harmonic that becomes more signifi-
cant at the second harmonic (Fig. 6(d)). These findings, along with those
from the ensemble, suggest that by varying the tooth geometry, it may
be possible to affect different frequencies. Such an effect opens up vari-
ous application possibilities.

Furthermore, focusing on § = 60° case a spectral and a statistical anal-
ysis is provided and the results were compared to those of the baseline
propeller. The spectra are presented in the normalized form of the Sound
Pressure Spectrum Level (SPSL), that according to [48-50], is calculated
as:

PSDAf> @

SPSL = 1010g10 <2—
p ref
where A f is the frequency resolution equal to 1 Hz. Moreover, the noise
spectra are represented as a function of the Harmonics of the Blade Pass-
ing Frequency defined as:
2r f

HBPF = —= 5
e (5)

where f is the frequency, B is the blade number and 2 is the propeller
rotational velocity.

The obtained results are consistent with the previous findings, provid-
ing further insights. Specifically, a dual phenomenon is observed. More
in detail, in Fig. 7(a), for HBPF = 1, a significant reduction effect on
the tonal component is observed for STE2, quantifiable at 12 dB. Ad-
ditionally, both STE1 and STE2 show a reduction of approximately 10
dB compared to the baseline for the second harmonic. The effect on the
broadband component is even more evident for HBPF < 1, where both
STE propellers show a reduction in terms of SPSL. This effect is observed
for all frequencies for the STE2 propeller, while STE1, beyond the first
harmonic, tends to behave similarly to the baseline. This observed effect
on the tonal component could suggest a reduction in the thrust gener-
ated by the propeller, as will be analyzed later, but it remains highly
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intriguing. Since, by employing serrations, it is thus feasible to man-
age both noise components. These findings are further supported by
the examination of the Probability Density Function (PDF) of the pres-
sure time histories reported in Fig. 7(b). The variable is represented in
a reduced form to achieve a zero mean and unit standard deviation.
The PDFs exhibit a bimodal behavior, more pronounced for the base-
line propeller and STE2, characteristic of a periodic phenomenon as
the present one. However, a deviation from the Gaussian distribution
is observed for the baseline propeller. This effect is exacerbated by the
STE1 propeller and canceled by the STE2. Such deviations in the dis-
tribution tails are commonly associated with intermittent phenomena
embedded in the pressure time series, known to contribute to broad-
band noise.

This allows us to provide an initial interpretation of the serration ef-
fect. By properly modifying the trailing edge, the spanwise correla-
tion length is reduced, leading to a decrease in broadband noise as
coherent structures embedded in the time history are eliminated. Con-
versely, if geometric parameters are incorrect, the intermittency phe-
nomenon is exacerbated, resulting in an overall increase in noise pro-
duction.

3.2. Characterization of aerodynamic and aeroacoustic aspects

An aerodynamic characterization was performed in terms of thrust
and power coefficient ¢ and cp. The results are reported in Fig. 8 for
both hovering and advanced flight conditions. For the sake of brevity
only the results regarding the rotational speed © = 5000RPM, corre-
sponding to a Reynolds number Re;;s = 3.08 X 10* and a tip Mach
number M =0.15, are reported in the present study. The inflow veloc-
ity is expressed in dimensionless form as the Advance Ratio J = %‘5,
where v, represents the inflow velocity, n is the rotational velocity
in Hz, and D is the propeller diameter. The range of Advance Ra-
tio considered spans from J =0 to J = 0.6, with the upper limit set
at the condition of zero thrust. The thrust coefficient is defined as in
[51]:

CTZIYLZZIATDz (6)
3 pSV 3 pS(Q 5)

where T is the thrust force expressed in N, p the air density kept con-
stant at 1.225 kg/m?, S is the effective surface of the propeller, Q the
rotational frequency expressed in rad/s and D the propeller diameter
in m. The employed formulation differs from the typical one commonly
used for rotors, as discussed in various studies [52]. This choice was
made to account for the variations in the lifting surface among the pro-
pellers so that the observed differences in the thrust coefficient (¢;) can

be attributed to flow modifications. Similarly, the power coefficient is
expressed as:

P Q
cP:lAzzlAQD3:1AQD3 )
7pSV- FpSQ3 2T 2pSQ2 2

Fig. 8 reveals a significant decrease in the cy, particularly for the STE2
propeller. Similar results are reported in the literature [30,39]. It has
been demonstrated that a longer tooth length induces a greater loss of
thrust [34,7]. Furthermore, the ¢; reduction involves both the hovering
(Fig. 8(a)) and the advanced flight conditions (Fig. 8(b)). Specifically,
in hovering, the decrease in c; is less than 5% for the STE1 propeller,
while it reaches 12% for the STE2 propeller. In advanced flight, the im-
pact on thrust generation is more significant, with a reduction of 10%
and 20% for the STE1 and STE2 propellers, respectively. Such effects
highlight the importance of proper serration design for a successful mis-
sion.

Furthermore, serrations not only affect the thrust coefficient but
also the power coefficient, as observed in Fig. 8(c)-(d). A notice-
able reduction compared to the BL can be observed for this coeffi-
cient in the presence of serrations, with the STE1 propeller exhibit-
ing a reduction of approximately 2% in hovering, increasing to 3-
4% during forward flight. For the STE2 propeller a reduction of ap-
proximately 14% in hovering and 20% during forward flight is ob-
served. The reduction in energy consumption has been previously
discussed in the literature [39], while the increase in consumption
due to the presence of serrations reaches a maximum of approxi-
mately 10%. This result is consistent with the trends reported in
Fig. 8 and does not introduce significant operational constraints for
the drone, leading to a slight reduction in endurance. This effect is as-
sociated with the downstream displacement of wake vortices due to
serrations, resulting in increased trailing-edge pressure and reduced
pressure drag. A similar mechanism is utilized for flow control on
blunt trailing-edge airfoils [53]. These features of TE serration make
them favorable to UAV manufacturers from an aerodynamic point-of-
view.

Having previously assessed the serration effect in the near-field, in the
present paragraph the results concerning the far-field microphone mea-
surements are presented. To maintain brevity, the manuscript focuses
exclusively on the results related to the advanced flight conditions at
a constant advance ratio J = 0.36. This value has been chosen as it is
representative of a typical operating condition for a small-size drone.
Initially, the OASPL has been calculated and the results are reported
in Fig. 9 in the form of directivity diagram. The polar angle is de-
fined as illustrated in Fig. 2(b). The main outcome is a relevant noise
level reduction for both propellers. The mitigation ranges between 3
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Fig. 9. OASPL measured at different polar angle 6 and advanced flight condition;
the inflow velocity is V, =6 m/s (J =0.36) and the rotational velocity is Q =
5000 RPM. The o represents the baseline propeller, the /\ the STE1 propeller
and the ¢ line the STE2 propeller.

and 4dB for the STE2 propeller, whereas the STE1 propeller induces
an approximate reduction of 2 dB. In addition, such an effect is inde-
pendent of the polar angle 6, the forward flight case exhibits a more
substantial decrease in the thrust coefficient compared to the hover
case. However, this reduction is coupled with a more favorable acoustic
gain.

A spectral analysis of the wake region at § = 50° in forward flight is
conducted to compare with hover conditions, showing consistent results
(Fig. 10). A reduction in noise can be observed in the low-frequency re-
gion for both STE propellers compared to the baseline, in particular the
STE propellers cancel the two peaks for the baseline propeller in the re-
gion HBPF < 1. The effect is quantificable in 10 dB. In addition, a slight
decrease in the tonal component is observed for the STE propellers of
almost 3 dB. As expected, in the case of forward flight, the effects of
the serrations are still present, although less intense. Furthermore, a re-
duction of 4-5 dB in the broadband noise component is observed in the
region beyond the third blade passing frequency (BPF), consistent with
previous findings by Wang et al. [54], Treuren and Wisniewski [55].
This effect is attributed to the attenuation of blade-wake interactions in-
duced by the serrations. Furthermore, the reduction in broadband noise
can be associated to the serrated structure, which disrupts large-scale
vortices [3], leading to a decrease in /, and consequently mitigating
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this noise component [8]. This effect on the broadband component can
be explained by the analysis of the probability density functions (PDFs)
in the Fig. 10. As in Fig. 7(b), a reduction in the tails of the distribution
can be observed, this time involving both STE propellers. As a result,
with the wind tunnel switched on, the STE propellers exhibit similar
acoustic behavior, confirmed by both the spectral and the statistical
analysis. In forward flight, the STE2 propeller, which performed bet-
ter in hover, experiences a greater loss in thrust coefficient compared to
STE1, while the acoustic benefit is less pronounced. This is because part
of the blade is stalled, reducing the effective number of teeth influenc-
ing the acoustic performance. This phenomenon is crucial for serration
design, suggesting that modifying the entire trailing edge geometry is
unnecessary. Instead, adjustments should focus solely on the region near
the tip, which serves as the primary working area.

3.2.1. Time-frequency analysis in wavelet domain

The acoustic behavior is also investigated through a time-frequency
analysis in wavelet domain. Continous Wavelet Transform (CWT) is a
powerful tool to achieve a detailed investigation into the temporal lo-
calization of acoustic characteristics across various frequencies. Unlike
Fourier transform methods, which only offer frequency information,
CWT provides a comprehensive understanding of how these acoustic
properties evolve over time, crucial for identifying transient or inter-
mittent phenomena in propeller acoustics [56,57]. Additionally, WT is
highly effective in capturing and characterizing various types of non-
sinusoidal periodic patterns, providing a deeper understanding of their
underlying dynamics. In this regard, WT offers advantages over the clas-
sical Fourier representation [58]. For a more detailed overview, the
authors recommend the comprehensive reviews available in Camussi
and Guj [59], Farge [56], Mallat [60], Daubechies [61], Torrence and
Compo [62]. CWT has been intensively applied to aeroacoustics in re-
cent years due to its specific properties [63-65,15].
The process to perform a CWT involves the convolution between the
time-dependent signal x(¢) and the Mother Wavelet ¥(¢), in the present
study, the chosen mother wavelet is the Morlet function, that is a plane
wave modulated by gaussian envelope of unit width. As a result, the
continuous WT is defined as:

[
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where w(s, 7) are the wavelet coefficient, y* is the complex conjugate
of the dilated and translated mother wavelet function, s is the scaling
parameter and 7 is the time shifting.

The results in terms of wavelet scalogram are presented in Fig. 11 for
the forward flight case at J =0.36 and rotational speed Q = 5200 RPM
for the baseline propeller (a), STE1 (b), and STE2 (c). Due to its defi-
nition, the use of the WT allows for a detailed characterization of the
tonal component. The main result observable in Fig. 11 is that all three
propellers exhibit a fluctuating tonal component. Instead of a continu-
ous streak for HBPF = 1, a patchy behavior is evident. Notably, these
patches tend to disappear for the STE2 propeller, whereas the baseline
and STE1 propellers exhibit very similar intensity levels. This further
supports the tonal reduction observed in Fig. 10(a) while also provid-
ing additional insight. It can be stated that the reduction in the tonal
component is not only related to a decrease in blade loading but also
to the elimination of fluctuations within the same component. Fur-
thermore, as seen in Fig. 10(a), a fluctuating component is present at
HBPF = 0.5, that can be associated with the characteristic frequency
of the motor. For the STE2 propeller, this component is entirely can-
celed, whereas it persists for STE1 due to reduced power absorption.
As shown in Fig. 8(d), serrations decrease aerodynamic drag, lowering
power consumption at a fixed rotational speed and reducing the motor’s
tonal component.

These results provide valuable insights for optimizing the design
of serrations. As demonstrated by Moreau et al. [43], Moreau and
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Fig. 10. Dimensionless spectra(a) and Probability Density Function of the far-field pressure signals for the STE1 and the STE2 blade at constant rotational velocity
Q =5000 RPM and inflow velocity V_, =6 m/s (J =0.36) in comparison with the baseline propeller for the polar angle 6 = 50°.
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Fig. 11. Time-frequency representation of the wavelet intensity of the pressure
fluctuations sampled by microphones positioned at = 50° at constant rota-
tional velocity Q = 5000 RPM and inflow velocity V,, = 6m/s (J = 0.36) for the
baseline (a), the STE1 (b) and STE2 (c) propellers.

Doolan [42], wider serrations are more effective in noise reduction.
Furthermore, it is observed that longer serrations contribute to greater
noise attenuation. However, [34] showed that once the serration length
exceeds 46% of the mean aerodynamic chord, no additional noise re-
duction benefits are achieved. Considering the constraint reported by
[30,33], the present results indicate that an aspect ratio of 2b/h =2 is
acoustically advantageous.

3.3. Analysis of the velocity fields

In order to understand how serrations impact the flow around the
blade and establish a correlation with noise generation, a stereoscopic
Particle Image Velocimetry (PIV) analysis of the propeller slipstream
was conducted. For the sake of brevity only the results concerning con-
stant rotational speed of Q = 5000 RPM and advance ratio J =0.36 are
included.

The average velocity and root main square velocity distributions within
the propeller slipstream are reported in Fig. 12 in the first and second

rows, respectively. The reference system is centered at the propeller hub,
as depicted in Fig. 2(b), the x and y axis are normalized relative to the
propeller diameter. The flow is aligned with the y-axis. The average ve-
locity fields reveal an increase in the axial velocity downstream for all
the propellers. More in detail, the wake velocity for the baseline and
STE1 propellers (Figs. 12(a)-(b)) exhibits similar values. Whereas, the
STE2 propeller demonstrates a reduction in wake velocity. This aspect is
more evident in Fig. 13, which reports the velocity profiles for the three
propellers at three different stations across the slipstream, respectively,
y/D=0.2(a), y/D=0.4 (b) and y/D = 0.6 (c). As observed previously,
the STE1 and baseline propellers exhibit nearly identical maximum ve-
locity, while the best propeller demonstrates a reduction of approxi-
mately 20% compared to the baseline. Furthermore, the serrations also
affect the distribution of induced velocity along the x-direction. The x-
position of the maximum velocity for the STE2 propeller differs from
that of the STE1 propeller and is closer to the propeller root. Moreover,
the rms velocity contour in the second row of Fig. 12 emphasizes that
the majority of velocity fluctuations are related to the generation of tip
vortices, which are subsequently shed into the wake. The intensity of the
tip vortex generated by the STE1 propeller (Fig. 12(e)) is slightly lower
compared to the baseline. Additionally, it is evident that the tip vortex
for the STE2 propeller is almost canceled (Fig. 12(f)). These results con-
firm that the serration leads to a faster dissipation and a reduced trailing
edge vorticity sheet intensity. Tip vortices are, in agreement with Pang
et al. [17], Kim et al. [66], Miljkovi¢ et al. [67], associated with un-
steady noise generated by blade-vortex interaction as well as tonal noise.
Therefore, the observed reduction involving both noise component can
be attributed to this phenomenon.

To investigate the shedding of vorticity along the blade trailing edge
and its impact on wake dynamics, Phase-locked (PL)-PIV measurements
were performed. In Fig. 14, the rms velocity distribution is presented for
three distinct phases. In this figure the baseline propeller is addressed in
the first row, the STE1 propeller in the second row, and the STE2 pro-
peller in the third row. The PL-PIV analysis reveals the generation of
the trailing edge vorticity sheet at the rotor plane, depicted in Figs. 14
(a)-(d)-(g). Subsequently, this vorticity sheet is released into the wake,
as illustrated in Figs. 14 (b)-(e)-(h), and further travels downstream,
as seen in Figs. 14(c)-(f)-(i). The performance of the STE2 propeller is
particularly noteworthy, as the rms velocity distribution displays clear
evidence of the serration pattern. This observation indicates a disrup-
tion in the spanwise correlation length which cause a mitigation of TE
noise [8]. It can be concluded that the implementation of serrations at
the trailing edge reduces and, in specific configurations, eliminates a
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Fig. 12. Average velocity field for the baseline propeller(a), the STE1 propeller (b) and the STE2 propeller (c). RMS velocity field for the baseline propeller (d), the
ST1 propeller (e), and the STE2 propeller (f). Contour plot obtained at constant inflow velocity v, = 6m/s and rotational speed © = 5000 RPM.
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Fig. 13. Average velocity profiles at (a) y/D =0.2, (b) y/D =0.4 and (c) y/D = 0.6 for inflow velocity v, = 6m/s and rotational speed Q = 5000 RPM.

key source of tonal noise. This observation explains the dual effect ob-
served in the Fourier domain and indicates that the reduction in tonal
noise is not solely due to the loss of thrust.

3.3.1. Proper orthogonal decomposition of the velocities fluctuations

A Proper Orthogonal Decomposition (POD) analysis was conducted
to identify the most energetic structures in the flow field and the impact
of serrations on them.
Proper Orthogonal Decomposition (POD) is a mathematical technique
initially introduced by [68] in hydrodynamics to extract a basis for
modal decomposition from an ensemble of signals. For a detailed ana-
lytical formulation the authors suggest [69-71,63,15,72-75]. POD pro-
vides a mathematical model to decouple, from a turbulent field, spatial
and temporal variations, judged essential according to energetic criteria.
As a result, the flow is decomposed into both time and space orthogo-
nal modes which are inherently related, in the sense that each space
component is associated with a time component partner and vice versa.
In particular, the performed analysis is the so-called “Snapshot POD”,
presented by Sirovich [71]. Thereby, with the term snapshot each in-
stantaneous PIV measurement is indicated, since, in the present study,
the analysis is performed on 500 snapshots for each test case. A prelim-
inary step is to calculate the mean velocity field that can be intended as
the POD mode of order zero. The further study concerns the fluctuating
part V = (u,v,w)T (where u is the x-component, v is the y-component
and w the z-component) of the velocity field.

The fluctuating component is organized in a matrix, called the Snapshot
Matrix:

1 2 N
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where N is the number of snapshot and M is the number of element
componing the velocity vector. This lead us to calculate the autocovari-
ance matrix as:
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Fig. 14. Velocity rms distribution of the phase-locked PIV measurements for the baseline propeller (first row), the STE1 propeller (second row), and the STE2
propeller (third row) at inflow velocity v,,, = 6m/s and rotational speed Q = 5000 RPM.
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Then, the procedure is to resolve the corresponding eigenvalue problem:

CA' = J'A an
and to re-order the obtained solutions by the size of the obtained eigen-
values:

Al> 2> >4V (12)

The eigenvectors of the Eq. (11) compose the basis of the POD modes
¢', defined as:

N
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where A! is the n-th component of the eigenvectors corresponding to A‘
of the Eq. (11) and the || - || represent the discrete 2-norm.
Each snapshot can be expanded in a series of the POD modes with ex-
pansion coefficients a;, called POD coefficients, for each mode i. The
POD coefficients are defined as the projection of the velocity fields fluc-
tuating part onto the POD modes:

i=1,.,N (13)

aVN =gV a4

the matrix W is composed of the POD modes as ¥ = [qbl PPN ] . There-
fore, the expansion of the fluctuating part of a single snapshot # is:

10

(15)

The total kinetic energy of the velocity fluctuating component of a single
snapshot is proportional to the eigenvalue 4; [76], by having imposed
the Eq. (12) it is ensured that the most energetic mode is the first one.
Generally, this means that the first mode is associated with large-scale
flow structures namely the dominant flow structures are reflected in the
first POD mode. Therefore, the fluctuating velocity can be reconstructed
correctly by using only the first few modes. To improve result clarity and
highlight the most relevant structures, the POD analysis focused on a de-
fined Region of Interest (ROI) that included only the inflow region.
Furthermore, to ensure the accuracy of the results, the convergence of
the eigenvalues was assessed, and the results are presented in Fig. 15.
This figure illustrates the trend of the first three normalized eigenvalues
as a function of the number of snapshots N used to construct the ma-
trix U for the baseline propeller, STE1, and STE2, shown in figures (a),
(b), and (c), respectively. It can be observed that beyond N = 150, the
value of each eigenvalue 4; remains constant. This confirms that eigen-
value convergence has been achieved, indicating the reliability of the
POD outcomes.

Before presenting the obtained results, the authors aim to introduce the
main structures present in this type of problem and highlighted by this
approach. Fig. 16 reports the first POD mode related to the baseline pro-
peller as reference. The dominant structures include the hub vortex on
the left side of the figure at x/D = 0.15, the tip vortex in the x/D = 0.4
region characterized by alternating positive and negative zones, and the
trailing edge vorticity sheet, exhibiting a repeating horizontal pattern
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Fig. 16. Example of Proper Orthogonal Decomposition (POD) of a velocity field
downstream of a propeller. The dashed lines highlight the main observable struc-
tures.

with a spatial frequency of approximately 0.1D. These structures also
represent the three primary noise sources, and evaluating the influence
of serrations on them helps elucidate the noise reduction mechanism.

For conciseness, the reported results focus exclusively on the first and
third modes for each propeller. These modes were chosen based on their
higher energy levels. The second and fourth modes have been excluded
as they are degenerate modes. Degenerate modes occur when one or
more eigenvalues of the autocorrelation matrix are identical. The most
common scenario involves two identical eigenvalues, known as “dou-
ble modes,” which are characteristic of a traveling wave [77], as in the
present case. Consequently, the information obtained from the first and
third modes is of general significance. The results obtained for the STE
propellers compared to the BL are displayed in Fig. 17. The first row
shows the trend of the first mode, while the second row presents the
third mode for each propeller. The most evident result is a reversal of
behavior between the baseline propeller and the STE propellers. For the
baseline propeller, the three structures identified in Fig. 16 are observed,
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both for the first, Fig. 17(a), and third modes, Fig. 17(d). More in detail,
the first mode exhibits a pattern of horizontal stripes repeating approx-
imately every 0.1D, while the same pattern is observed for the third
mode, but with stripes repeating every 0.05D, corresponding to half
the wavelength. This indicates that between the first and third modes,
a main dynamic (associated with the first mode) and an internal sub-
dynamic (associated with the third mode) within the structure itself are
identified. This is easily noticeable by also observing the tip vortices; in
Fig. 17 (a), a bipolar trend is observed, while the third mode in the same
area exhibits a quadrupole-like structure, that is the internal dynamics
of the tip vortex. This behavior can be better appreciated in the enlarge-
ment reported in Fig. 18. What is very interesting is that the serrations
tend to excite these dynamics, giving it enough energy to be projected
onto the first mode (Fig. 17 (b)), since the third mode for the baseline
moved to the first one for STE propellers. Furthermore, a general loss
of coherence of the wake is observed for the STE1 propeller with the
breakdown of trailing edge vorticity, which is no longer a continuous
pattern but presents discontinuities. Such behavior can be interpreted
as a loss of energy in trailing edge vorticity, which contributes to the re-
duction of broadband noise. An example of this effect is evident in the
black squared region in Fig. 18. Another effect observed is that the ser-
rations leave a trace at the trailing edge in the region x/D = 0.3-0.4,
highlighted by the dashed line in Fig. 18. The third mode for the STE1
propeller (Fig. 17(e)) also confirms the breakdown of the spanwise cor-
relation length. In fact, there is a blue streak up to x/D = 0.25, then
becoming red. This is the most energetic structure associated with this
mode, and it is seen how compared to the BL, its length has halved. This
mechanism is the basis of the observed reduction in broadband noise
in Figs. 7-10. Regarding the STE2 propeller, the first mode, like for the
STE1, shows small-scale structures again, but compared to the other
propeller, this time the presence of serrations along the entire trailing
edge has further eliminated the spanwise correlation, greatly reducing
the energy of the vorticity at the trailing edge, as can be seen in the
circled region of Fig. 19(a), and the tip vortex, as reported in the en-
largement of Fig. 19(a). Having a serration that covers a larger surface,
this dynamic has completely lost coherence and is no longer easily dis-
tinguishable. This is also seen in the third mode in the region y/D = 0.1,
which previously consisted of a clear streak but now has an alternating
positive-negative trend. Such effect is enlarged in Fig. 19(b) where a
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Fig. 17. POD modes for the u-component of velocity vector in advanced flight condition at v = 6 m/s and Q = 5000 RPM: (a) first POD mode for the baseline propeller;
(b) first POD mode for the STE1 propeller; (c) first POD mode for the STE2 propeller; (d) third POD mode for the baseline propeller; (e) third POD mode for the STE1

propeller; (f) third POD mode for the STE2 propeller.

Fig. 18. First POD mode for the STE1 propeller with an enlargement of the tip
vortex.

bubble-like behavior can be observed. The results are consistent with
Prigent et al. [32] and Wei et al. [78] which demonstrate that TE ser-
ration induces a significant reduction of spanwise correlation and wake
coherence. As demonstrated by Gu et al. [3], the presence of serrations
modifies the vortex structure, leading to a reduction in vortex intensity.
In particular, a decrease in the shear layer length of the tip vortices and
a reduction in the central vortex scale are observed compared to the
BL configuration. These changes result in lower velocity and pressure
at the propeller tip, thereby reducing noise fluctuations and supporting
the overall decrease in aerodynamic noise.

The analysis of Proper Orthogonal Decomposition (POD) modes re-
veals that both STE propellers exhibit a correlation length approximately
equal to half the blade span. Consequently, it can be concluded that cov-
ering only half of the span is sufficient to achieve acoustic effectiveness.
Increasing the number of serrations and extending their coverage further
along the trailing edge does not provide additional benefits. Specifically,
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Fig. 19. First (a) and third(b) POD modes for the STE2 propeller with an en-
largement of the tip vortex and the trailing edge vorticity region.

serrations located near the hub appear to be inactive, likely due to pre-
existing flow separation in that region.

4. Conclusions

A total of 23 propellers were manufactured with a sawtooth pattern
applied at the trailing edge, and their noise signature was investigated.
The initial phase consists of an experimental analysis of the tooth impact
on noise emissions in hovering conditions. The OASPL was employed as
a metric to evaluate the noise performance revealing a possible noise
reduction of 3-4 dB. It was observed that careful attention is required
during the design of STE propellers, as an improper serration design can
potentially lead to an increase in propeller noise. From these results, two
configurations were selected for further testing. The investigation of di-
rectivity, both for the Overall and the Band Limited SPL, together with
spectral analysis, shows how the use of serrations influences both tonal
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and broadband noise.

The expected reduction in broadband noise aligns with previous stud-
ies in the literature. However, the effect on tonal noise has not been
observed yet. Furthermore, the results highlight a strong directivity, sug-
gesting the presence of preferential regions where the use of serrations
is more advantageous. In addition, the statistical analysis, in terms of
Probability Density Functions, indicates a damping in the tails of the dis-
tribution function for the STE propellers compared to the baseline. Such
results motivate a deeper investigation to enhance our understanding of
the problem.

This second part aimed at examining the aerodynamic and aeroacous-
tic properties of STE propellers, as well as analyzing the velocity field
downstream of the propeller, in hovering and forward flight conditions.
The analysis of the thrust coefficient shows a reduction in the thrust
force, consistent with existing literature, amounting to approximately
10-15%. This result suggests the implementation of this control strat-
egy should be carefully considered and limited to specific applications
where the loss in thrust does not compromise mission success.
Furthermore, the far-field microphone measurements reveal a noise re-
duction of almost 3-4 dB over the entire polar angle range in the pres-
ence of an inflow velocity. However, in hovering conditions, the noise
emissions are concentrated in a specific polar angle range. The statisti-
cal analysis once again highlights a departure from Gaussian distribution
in advanced flight conditions, indicating the presence of coherent struc-
tures within the time history, damped by serrations. The mitigation of
coherent structures could be the first hypothesis to interpret the mech-
anism underlying broadband noise reduction.

For this purpose, the flow field around the blade has been character-
ized using PIV. The mean velocity and root main square velocity fields
indicate a reduction in the wake velocity and the tip vortex intensity.
Moreover, the root main square velocity field obtained by phase-locked
PIV measurements shows also a lower intensity and faster dissipation of
the trailing edge vorticity sheet along the entire blade, which represents
the primary cause of broadband noise reduction. A Proper Orthogonal
Decomposition analysis has been performed on the velocity field to gain
further insights. The main outcome is a reduction in the wake coherency
and a modification of the spanwise fluid-dynamic correlation length,
which may be intended as the origin of the broadband noise mitigation.
Furthermore, the serrations excite small-scale structures associated with
the dynamics of the tip vortex and trailing edge vorticity, which be-
come dominant. The larger-scale structures have thus lost energy, and
this mechanism may account for the observed noise reduction.

In conclusion, the use of serration at the trailing edge as a passive con-
trol strategy to reduce the noise emission of a small drone proves to be
highly promising. This approach is particularly attractive for applica-
tions that demand minimal noise impact, such as urban environments,
or that prioritize reduced motion range, such as infrastructure recon-
naissance or mining operations. In these scenarios, a trade-off between
thrust reduction and noise reduction can be accepted, making serrations
a viable solution.
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